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ABSTRACT
The ADAMTS (A Disintegrin and Metalloproteinase with TromboSpondin Repeats) are a
novel family of secreted metalloproteinases. There is increasing evidence that distinct
ADAMTS subtypes play key roles in embryonic development, reproduction and cancer.
Nineteen ADAMTS subtypes have been identified in humans but most of them have been
characterized only at the structural level. ADAMTS-1, -4, -5, -8, -9 and -15 have been
subclassified into a subfamily, known as aggrecanases, owing to their ability to cleave the
important extracellular matrix components, versican and aggrecan. Previous studies have
determined that ADAMTS-1 and -5 are expressed in first trimester decidual cells and are
regulated by IL-1ß and TGF- ß1. I have now found that gonadal steroids have complex
regulatory effects upon ADAMTS-1 mRNA and ADAMTS-1 levels in endometrial
stromal cells during the human menstrual cycle. I further demonstrate that progesterone
(P4) and 5α-dihydrotestosterone (DHT), differentially regulated ADAMTS-5, -8, and -9
mRNA and protein levels in human endometrial stromal cells, suggesting that
aggrecanases contribute to steroid-mediated ECM remodeling in the endometrium in
preparation for pregnancy. My loss- and gain- of function studies have confirmed a
function for ADAMTS-1 in endometrial cancer invasion. Overexpression of ADAMTS-1
in well-differentiated ECC-1 endometrial carcinoma cells promoted cell invasion. In
contrast, siRNA-mediated silencing of endogenous ADAMTS-1 in poorly differentiated
KLE cells decreased their invasive capacity. I have also found that 17ß-estradiol (E2) can
up-regulate ADAMTS-1 mRNA and protein levels in ECC-1 cells. This suggests that
ADAMTS-1 plays an important role in endometrial cancer progression, and that E2
promotes well-differentiated endometrial cancer cell invasion, at least in part by specific
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up-regulating ADAMTS-1 expression. Overall, my research provides useful insight into
the molecular mechanisms that regulate endometrial physiology and pathology, and
additional support for the concept that ADAMTS represent potentially useful prognostic
biomarkers of recurrent pregnancy loss and endometrial cancer.
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CHAPTER 1.

INTRODUCTION

The uterus is one of the most important reproductive organs in the female reproductive
tract. The endometrium, which is the inner lining of the uterus, undergoes cyclic
remodeling in preparation for pregnancy, primarily under the influence of steroid
hormones. There is increasing evidence that the abnormal levels of the steroids and their
receptors are major causes of infertility, pregnancy loss, in addition to endometrial
dysfunction and other pathological conditions (Eckmann and Kockler, 2009; Burney et
al., 2007; Igarashi et al., 2005; Cohen and Rahaman, 1995; Navaratnarajah et al., 2008).

In the 21st century, pregnancy loss is a major health concern, and an especially important
part of reproductive medicine. It has been estimated that about 50% of pregnancies never
come to term, and that approximately 15% of couples trying to establish a family suffer
from severe fertility problems (Paria et al., 2002; Rai and Regan, 2006; Dey, 2010;
Kamel, 2010). These are not just clinical problems because they also cause considerable
psychological stresses to the families involved. Unfortunately, these clinical problems
will likely increase in the future due to an increasing incidence of health issues, such as
obesity, which are also associated with anovulation and infertility (Nelson and Fleming,
2007; Vrbikova and Hainer, 2009). Furthermore, women in the developed countries
continue to delay child-bearing, and this results in ovarian aging and associated infertility
(Ventura et al., 2003; Martine et al., 2006, 2007).

The increasing number of infertility cases has led to an increase in the use of assisted
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reproductive technology (ART) (Ziebe et al., 2010). However, the problems that prevent
women from experiencing a natural conception may also contribute to the failure of ART
to achieve a successful pregnancy (Ziebe and Devroey, 2008). Despite recent advances
made in ART, the pregnancy rates from in vitro fertilization and embryo transfer (IVFET) have not changed appreciably (Nygren and Andersen, 2002), and this under-scores
the importance of better understanding the molecular mechanisms of embryonic
implantation and placentation.

1.1

Endometrial Physiology

1.1.1

Histological Features of Endometrial Receptivity

The classical work describing the dating of the endometrium by Noyes et al. (1950) was
first published 60 years ago. The human endometrium undergoes cyclic changes in
preparation for pregnancy, primarily under the regulation of progesterone (P4) and
estradiol (E2) (Noyes et al., 1950; Gellersen and Brosens, 2003). E2 promotes
endometrium regeneration that occurs following menstruation, and causes extensive
proliferation of epithelial and stromal cells, and the formation of a dense cellular stroma
containing narrow proliferative tubular glands and small blood vessels. After ovulation,
when P4 is the predominant steroid, the endometrium is characterized by secretory
glandular cells and stromal cell decidualization. By the late luteal phase of the menstrual
cycle, large, rounded cells that resemble the terminal differentiated decidual cells of
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regnancy surround the spiral arterioles in the endometrum become a predominant feature.
If pregnancy does not occur, P4 levels drop and menstruation ensues.

However, if fertilization is achieved, embryonic implantation may occur in the midsecretory phase of the cycle, which is also known as the “window of implantation”
(Adam et al., 1956). The hallmark of this receptive period in humans is decidualization,
which is characterized by distinct morphological and molecular changes in the luminal
epithelium and stroma of the endometrium, and this is a prerequisite for successful
implantation (Lindenberg, 1991). A specific structure, called a “pinopod”, is a belb-like
protrusion that is found on the apical surface of the endometrial epithelium (Usadi et al.,
2003), and is only present during the putative “window of implantation” (Nikas, 1999,
Aghajanova et al., 2003). Morphologically, decidualization presents as the differentiation
of stromal cells, which increase in size and acquire a polyhedral shape. Moreover, there is
an extensive development of the organelles involved in protein synthesis and secretion,
and the appearance of desmosomes and gap junctions in these cells (Lawn et al., 1971;
Wynn, 1974; Jahn et al., 1995; Maruyama and Yoshimura, 2008). There is also a
significant population of bone-marrow derived cells, which includes large granular
lymphocytes (LGLs), macrophages and to a lesser extent, T cells, which account for over
40% of cells in the decidua (Starkey et al., 1988; Bulmer et al., 1990). There is extensive
proliferation of LGLs in the uterus during the secretory phase of mestrual cycle and this
continues into early pregnancy. The LGLs are believed to control the placentation process
and protect the uterus from trophoblast over-invasion (King and Loke 1991; Bulmer et al.,
1988).
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The diverse populations of cells that constitute the decidua allow this dynamic tissue to
fulfill paracrine, nutritional, and immuno-regulatory functions throughout pregnancy
(Lala and Kearns, 1985; Kearns and Lala 1982). In addition, the decidua plays a key
embryo regulatory role by virtue of its intrinsic ability to regulate the invasion of
trophoblastic cells into the underlying maternal tissues and vasculature during early
pregnancy (Bischof et al., 2000; Cohen and Bischof, 2007, 2009). The depth of
trophoblast invasion is precisely controlled by the decidua, and a restricted period of
endometrial receptivity may protect the mother from being invaded uncontrollably by
embryounic tissues (Cohen and Bischof, 2007). Teklenburg et al. employed a human coculture model which consists of decidualizing endometrial stromal cells and single
hatched blastocysts. This study showed that the decidual stromal cells responded
differently in secreting implantation associated factors, such as IL-1ß, -6, -10, -17, -18,
eotaxin, and HB-EGF, when cultured with healthy blastocysts compared to the
chromosomally abnormal blastocysts (Teklenburg et al., 2010). This suggests that the
changes in the embryonic genome are opposed by maternal countermeasures and decidual
stroma cells, which thereby act as biosensors of embryo quality by synchronizing
implantation with embryo development (Teklenburg et al., 2010). Most importantly,
impaired cyclic decidualization of the endometrium is associated with pregnancy failure
(Cross et al., 1994; Paria et al., 2002; Salker et al., 2010).

1.1.2

Molecular Character of Endometrial Receptivity

Along with the cyclic change in the structure of the endometrium, gene expression
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patterns undergo cycle-specific shifts (Talbi et al., 2006). Among the differentially
expressed genes, integrin is one of the best-studied markers of endometrial receptivity.
Integrin α1ß1, α4ß1, and αvß3 are uniquely expressed during the implantation window
(Lessey et al., 1994). Among these, αvß3 presents on the pinopods, decidual stroma, and
epithelial cells of the embryo, and has been proposed as a potential receptor for embryo
attachment (Lessey et al., 1994; Lessey, 2000, 2003). Functional decidua can also
secrete prolactin (PRL) and insulin-like growth factor binding protein-1 (IGFBP-1)
(Maslar and Riddick, 1979; Lala et al., 1984). Within the human endometrium, IL-6
mRNA and protein levels increase gradually through the mid- to late-secretory phases, in
particular during the window of implantation, and decrease in the late-secretory phase
(Vandermolen and Gu, 1996; von Wolff et al., 2002a, b; Tabibzadeh et al., 1991, 1995).
Strong immuno-staining of IL-6 is present in the epithelial and glandular cells when
compared with the stroma (Tabibzadeh et al., 1995). In addition, the blastocyst and the
endometrium have been reported to have positive expression of IL-6 receptor (Sharkey et
al., 1995). IL-1 is also expressed in the stroma and glandular cells of human endometrium
throughout the menstrual cycle, and reaches maximal levels during the luteal phase
(Simon et al., 1993). These observations indicate that cytokines may be important
paracrine/autocrine mediators of local intercellular interactions in endometrial tissue
(Achache and Revel, 2006).

1.1.3

Endometrial Cell Model Systems

Most of our information regarding the process of decidualization and placentation relies
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upon histological studies of hysterectomy or term placental tissue specimens (Hertig,
1967; Hamilton and Grimes, 1970; Pijnenborg et al., 1980). The morphological
differences between decidualization in humans and in experimental and domestic animals
illustrate the limitation of animal studies (Leiser and Kaufmann, 1994). However, in vivo
experiments to understand the development of the uterine environment required to
support pregnancy in humans are not feasible. Consequently, several in vitro model
systems have therefore been developed to examine the biochemical and cellular
mechanisms underlying the development, maintenance and regression of the human
endometrium.

Ovariectomized rodent models were used initially to demonstrate that gonadal steroids
regulate the cyclic remodeling processes in the endometrium (Psychoyos, 1976).
Considering the fact that human decidualization initiates independently of the implanting
embryo at the late secretory phase of menstruation, and that this differs from the rodent
model (Noyes et al., 1950; Hertig, 1967), a variety of cell model systems have been
generated to investigate the molecular and biochemical mechanisms underlying the
differentiation of the human endometrium. These include cultures of endometrial explants
(Bentin-Ley et al., 1994) and endometrial carcinoma cell lines (Somkuti et al., 1997).
They also include primary cultures of cells isolated from endometrial tissues obtained
from women with various medical conditions at different stages of the menstrual cycle
and early pregnancy (Irwin et al., 1989; Fernandez-Shaw et al., 1992; Shiokawa et al.,
1996), as well as co-cultures of primary human endometrial stromal cells with human
pre-implantation blastocysts (Carver et al., 2003).
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These in vitro models include primary cultures of stromal and glandular epithelial cells
that can be enzymatically isolated and maintained in culture (Irwin et al., 1989;
Fernandez-Shaw et al., 1992; Shiokawa et al., 1996; Pierro et al. 2001). Bone marrowderived cells and vascular cells have also been recovered from endometrial decidua using
similar enrichment procedures (Starkey et al., 1988), and it is important to define and
characterize the cells present in the culture models because of the likelihood of
intercellular communication via soluble mediators (Wegmann et al., 1993). For example,
the addition of gonadal steroids to the culture medium of endometrial stromal cells
stimulates decidualization. It has been determined by morphological differentiation and
the production of biochemical markers including prolactin, laminin and IGFBP-1 (Irwin
et al., 1989). The removal of gonadal steroids from this model culture system mimics
many of the molecular and biochemical events associated with the late luteal phase and
menstruation (Salamonsen et al., 1997). In addition, the differentiation state of the cell
cultures is also an important variable that needs to be considered.

1.2

Endometrial Pathology and Endometrial Cancer

Endometrial cancer is one of the most severe uterine pathologies. It develops in about
142,000 women in North America each year and is the seventh most common malignant
disorder among women worldwide; the incidence varies in different geographic regions
(Amant et al., 2005; WHO, 2003). It is the most frequently diagnosed gynecologic
malignancy in North America, and both the incidence and mortality rates have recently
increased (Jemal et al., 2008; Ueda et al., 2008). The early appearance of symptoms
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leads to early diagnosis, thus the prognosis for endometrial cancer is excellent, with an
overall 5-year survival of around 80% if diagnosed at an early stage. However, tumors
with particular morphological variants, adverse histopathological features, and/or
advanced stage usually manifest aggressive behavior and poor prognosis, and the 5-year
survival rate of patients presenting with metastases is less than 20% (Jemal et al., 2005).
Over the last two decades, our understanding of endometrial carcinoma has improved
dramatically, and this may be attributed to advances made by basic scientists and clinical
researchers. In particular, animal studies have provided critical concepts about the actions
of hormones, and when coupled with studies using human subjects and tissues, they have
provided insights into the molecular mechanisms that are pivotal to the progress of
endometrial carcinoma. Biomarkers and genetic mutations involved in the early initiation
of endometrial carcinoma have also been identified. However, despite all efforts to
improve early diagnosis and treatment of endometrial cancer, the annual incidence and
mortality rates are still rising (Jemal et al., 2008). This indicates that further
comprehensive investigations of the molecular mechanisms underlying the development
of endometrial carcinoma are required to improve the diagnosis and successful treatment
of this disease.

1.2.1

Pathological Characteristics of Endometrial Carcinoma

Endometrial cancer arises in the epithelial glandular lining of the uterus (endometrium)
and accounts for about 90% of all uterine cancers. In 1983, Bockman first described the
two main clinico-pathological variants of endometrial carcinoma (Bockman, 1983). Type
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I tumors are commonly estrogen-related cancers and occur in younger, obese, or
perimenopausal women. These tumors are usually low-grade, well- to intermediatelydifferentiated and arise in a background of endometrial hyperplasia, which is a
proliferative process involving the glands that leads to an increase in the glandular:stroma
ratio. Endometrioid adenocarcinoma is the most common histological type, accounting
for 57-80% of cases (Hoffman et al., 1995; Longacre et al., 1995). The tumors strongly
express estrogen and progestin receptors and thus endocrine therapy has favorable
outcomes even in advanced stages (Sherman, 2000; Cohen and Rahaman, 1995; Nyholm
et al., 1993; Deligdisch and Cohen, 1985; Deligdisch and Holinka, 1986; Bockman,
1983).

The second type of endometrial carcinoma develops in older women who do not have the
classical risk factors for this disease. It is not associated with hyper-estrogenic states.
Type II endometrial cancers usually arise from the atrophic endometrium, they are mostly
high-grade, poorly differentiated serous-papillary or clear cell carcinoma, and present
clinically with deep myometrial invasion and early lymph node or distance metastases
with much poorer prognosis (Hamilton et al., 2006; Burton and Wells, 1998). There are
rarely detectable functional estrogen and/or progestin receptors, so this type of tumor is
poorly responsive to hormone treatment. Therefore, although type II endometrial
carcinoma constitutes less than 20% of endometrial tumors, it results in the majority of
endometrial cancer related deaths (Ueda et al., 2008; Hamilton et al., 2006).
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The molecular alterations involved in the progress of Type I carcinomas are different
from those of the Type II carcinomas (Lax et al., 1997; Matias-Guiu et al., 2001; Llobet
et al., 2009). Type I endometrial carcinomas are characterized by microsatellite
instability, and mutations in PTEN, k-RAS, PIK3CA and ß-catenin genes (Di Cristofano
and Ellenson, 2007; Hayes et al., 2006; Bussaglia et al., 2000; Catasus et al., 1998, 2008;
Catasus et al., 1996). Research has shown that endometrial carcinomas with these
features have relatively favorable outcomes. On the other hand, Type II endometrial
carcinomas are mostly characterized by p53 mutations, inactivation of p16 and Ecadherin, and alterations in genes that regulate the mitotic spindle checkpoint (STK-15)
(Okuda et al., 2010; Llobet et al., 2009; ).

1.2.2

Cell Model System of Endometrial Cancer Research

Immortalized cell lines allow the opportunity to study molecular mechanisms in most
human tissues. Over 40 years ago, Kuramoto generated the first endometrial carcinoma
cell line, HEC-1 (Kuramoto, 1972). Since then, many different endometrial cell lines
have been established and are fundamental tools for in vitro studies of endometrial
biology. Among these, are Ishikawa cells, one of the best-characterized endometrial
cancer cell lines (Nishida et al., 1985; Lessey et al., 1996; Castelbaum et al., 1997;
Lovely et al., 2000). This cell line maintains functional estrogen, progesterone, and
androgen receptors, and is particularly useful for a wide range of studies of steroidmediated factors involved in endometrial carcinoma. After athymic nude mice became
available, ECC-1 endometrial adenocarcinoma cells have been generated from EnCa101
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endometrial adenocarcinoma. They formed tumors with glandular structures after
transplantation to athymic nude mice (Satyaswaroop et al., 1983; Satyaswaroop and
Tabibzadeh, 1991; Vollmer, 2003). The EnCa101/ECC-1 tumor model is the most
complete endometrial tumor model because it is a stable and highly responsive cell line,
which maintains both estrogen receptors (ERα and ERß), both isoforms of the
progesterone receptor (PR-A and PR-B), and the androgen receptor (AR), along with the
steroid receptor co-activators NCOA1, NCOA2, and NCOA3 (Mo et al., 2006). This
model has been extensively used to study the regulatory mechanisms of hormone and
growth factors in endometrial carcinoma, such as estrogen-related signalling and steroid
mediated gene expression and regulation. This model also has been used to determine the
tumorigenic effect of selective estrogen receptor modulators (SERMs), such as tamoxifen
in endometrium (Molitoris et al., 2009; Gielen et al., 2005, 2006, 2007; Farnell and Ing,
2003).

KLE cells were generated from a poorly differentiated endometrial carcinoma
(Richardson et al., 1984). The original tissue was from a tumor metastasis in a 68-yearold Caucasian woman, and was inoculated into five nude mice. Tumors harvested from
the nude mice bearing inoculums for more than a month, resembled the original specimen.
They are aneuploid with chromosome numbers ranging from 51 to 66. Electron
microscopy showed microvilli, many junction processes, glycogenation, and a prominent
nucleolonema. The KLE cells lack the estrogen receptor in the nucleus and KLE cells in
female mice showed no increased growth under estrogen treatment, suggesting that KLE
cells are not hormone sensitive (Richardson et al., 1984). This characteristic makes KLE
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cells especially valuable for studies of the mechanisms underlying the growth of
estrogen-independent tumors, their gene regulation, signalling pathways and gene
expression profiles under chemo- and/or radiation therapy (Ikeda et al., 2010; Dong et al.,
2009; Bellehumeur et al., 2009; Du et al., 2009; Gagnon et al., 2008). In summary, these
endometrial cancer cell lines provide an opportunity to trace out the mechanism of
carcinogenesis in the human endometrium, to search for specific tumor markers,
including tumor-associated antigens, and importantly, to test therapeutically promising
cytotoxic agents in vitro.

1.3

Gonadal Steroids and Endometrial Remodeling

Gonadal steroids exhibit a broad spectrum of physiological functions ranging from
regulation of the menstrual cycle and reproduction (Noy et al., 1950; Gellerson and
Brosens, 2003), to the modulation of bone density, brain function, and cholesterol
mobilization. Any disruption in the bioavailability of these gonadal steroids during the
menstrual cycle, which may occur via the effects of endogenous or exogenous factors on
serum hormone concentrations and/or the spatiotemporal expression patterns/levels of
their corresponding receptors in the endometrium, may result in poor reproductive
outcomes

(infertility,

pregnancy

loss)

and

menstrual

disorders

(irregularity,

dysmenorrhea, endometriosis) (Fisher et al., 1998; Amanda et al., 2009). The
reproductive and menstrual characteristics established during the early stages of a
woman’s life may also influence her risk for endometrial cancer during the menopause by
influencing her lifetime exposure to estrogens (Shpiro et al., 1980).
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1.3.1

Role of Gonadal Steroids in Decidualization

Progesterone and estrogen are the dominant gonadal steroids that regulate endometrial
growth and differentiation during the menstrual cycle and early pregnancy. Like other
steroids, these gonadal steroids interact with target organs through their corresponding
and specific nuclear receptors.

Two structurally related subtypes of ER, commonly known as ERα and ERβ, have been
identified in humans and in other mammals (Green et al., 1986; Kuiper et al., 1996;
Mosselman et al., 1996). There is only 56% amino acid identity between ERα and ERβ in
their hormone binding domains, and their tissue distribution and ligand binding
characteristics are significantly different (Katzenellenbogen et al., 2000; Taylor and AlAzzawi, 2000; Pallottini et al., 2008). ERβ is able to activate transcription of estrogenresponse element (ERE)-containing reporter gene constructs (Kuiper et al., 1996).
Furthermore, homodimers and heterodimers of the two ER subtypes are capable of
activating transcription, in an estrogen-dependent manner, from reporter gene constructs
containing EREs. However, the activation of these reporter gene constructs is more
efficient with homodimers of ERα (Pettersson et al., 1997). ERα knockout mice have a
hypoplastic uterus and are unable to support implantation, while ERβ null mutant uteri
are able to support implantation (Ogawa et al., 1999; Wada-Hiraike, 2006), indicating
that ERα is the major functional receptor for estrogens in the uterus (Lubahn, 1993). The
ablation of ERα in PR-positive endometrium results in defective decidualization, again
indicating an important role of ERα in this process (Soyal et al., 2005). Studies have
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demonstrated that the ER also mediates gene transcription from an AP1 enhancer element
that requires ligand and the AP1 transcription factors Fos and Jun for transcriptional
activation. In this regard, the two ER subtypes have opposite regulatory modes of action
in response to treatment with the natural estrogen, estradiol (E2). For instance, ERα
activates transcription while ERβ inhibits transcription of a promoter containing an AP-1
site (Paech et al., 1997). This may also account for the different biological roles of these
ER subtypes in cancer (Pearce and Jordan, 2004).

Progesterone supports decidualization in ERα knockout mice suggesting that P4 is
sufficient for decidualization through its receptor (Curtis et al., 1999; Paria et al., 1999).
The PR has two isoforms, PR-A and PR-B (Truss and Beato, 1993), which are encoded
by a single gene under the control of distinct promoters (Kastner et al., 1990). Both PR
isoforms are capable of binding progestins and interacting with a progesterone-response
element (PRE). Female mice lacking both PRs are infertile with multiple ovarian and
uterine defects (Lydon et al., 1995). Although mice that lack PR-B are fertile, they have
defects in decidualization caused by loss of cell cycle regulatory control (Das, 2009),
revealing an important role for PR-B in supporting decidualization.

Both ERα and the PR are highly expressed in glandular epithelial cells and stroma cells
of the human endometrium during the proliferative phase of the menstrual cycle.
However, there is a marked decrease in ERα level as the menstrual cycle enters the
secretory phase (Snijders et al., 1992; Mertens et al., 2001; Taylor et al., 2005). The loss
of normal down-regulation of ERα may be caused by many factors, such as over-
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expression of the aromatase enzyme, or progesterone resistance. Thus, the loss of ERα
down-regulation in secretory endometrium is associated with infertility and endometriosis
(Eckmann and Kockler, 2009; Burney et al., 2007; Igarashi et al., 2005). In contrast, ERβ
levels are low in proliferative endometrial glands with maximum levels being detected in
this compartment of the secretory endometrium. ERβ is also present in endometrial
endothelial cells, suggesting that estrogens may also act directly upon the vasculature of
the uterus (Critchley et al., 2000; Lecce et al., 2001). Estrogens also up-regulate the PR,
whereas P4 decreases the levels of both PR isoforms in isolated human glandular
epithelial cells (Eckert and Katzenellenbogen, 1981; Evans and Leavitt, 1980;
Katzenellenbogen, 1980). In contrast, P4 up-regulates the expression of PR-A and PR-B
in human endometrial stromal cells in vitro (Tseng and Zhu, 1997). It has also been well
established that progesterone opposes the function of estrogen through down-regulating
estrogen receptors, and by modulating other signaling pathways that estrogen uses to
enhance cell proliferation, involving for instance WNT, FOXO1 and Mig-6 (Tulac et al.,
2003; Labied et al., 2006; Leong et al., 2009). A recent study has also introduced a new
idea that progesterone regulates the expression of microRNA (miRNA), to fine tune the
expression of endometrial genes (Kuokkanen et al., 2010; Lessey, 2010). MicroRNAs are
small nonprotein coding RNAs that regulate the levels of specific mRNAs posttranscriptionally by targetting them for degradation or by blocking their translation. The
precursor miRNAs of 70 to 90 nucleotides are transported to the cytoplasm, eventually
forming a single-stranded miRNA that binds to complementary sequences on target
mRNA and preventing their translation (Bartel, 2004). Binding of a miRNA to a mRNA
can also accelerate poly(A) tail removal, thereby hastening mRNA degradation (Eulalio
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et al., 2009). In tissues such as the endometrium where rapidly changing steroid hormone
signaling occurs, with well-demarcated stages of development, it is not be surprising that
miRNAs maintain a role in gene regulation. Studies have suggested a role for miRNAs in
down-regulating the expression of some cell cycle genes such as cyclins and cyclindependent kinases in the secretory-phase endometrial epithelium, thereby suppressing
cell proliferation (Kuokkanen et al., 2010; Bartel, 2004).

The role of androgens in remodeling events that occur in the endometrium under normal
and pathological conditions is controversial, and is especially interesting because the
concentrations of androgens in the human endometrium exceeds those in plasma
(Guerrero et al., 1975; Vermeulen-Meiners et al., 1988). Furthermore, chronic hyperandrogenism is associated with poor reproductive outcomes, and high androgen
concentrations may specifically act in the human endometrium in women with recurrent
miscarriage (Okon et al., 1998). In polycystic ovarian syndrome (PCOS) patient, there is
also an increase in the level of circulating androgen and over-expression of AR and
steroid co-activators in the endometrium (Apparao et al., 2002; Giudice, 2006).

The biological actions of androgens are mediated by the spatio-temporal expression of
the AR in the endometrium. The AR is immuno-localized to the nuclei of cells in human
endometrial stromal compartments and in first trimester decidua (Burton et al., 2003;
Milne et al., 2005). Recently, it has been reported that AR and PR regulate the expression
of genes that mediate decidualization. For example, AR may regulate genes involved in
cell motility and organization of cytoskeleton (Cloke et al., 2008). It has been suggested
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that progestogens-mediated anti-proliferative effects in the endometrium in the presence
of estrogens are involved in the up-regulation of AR expression in glandular epithelium
(Narvekar et al., 2004; Brenner et al., 2003).

Animal studies highlight the biological actions of androgens upon endometrial tissues,
where androgens can mimic the function of both P4 and E2. In the rodent uterus,
androgens primarily have an estrogenic effect. Testosterone (T) and the non-aromatizable
androgen, 5α-dihydrotestosterone (DHT), which cannot be converted into estrogen,
markedly increase uterine weight and the height of the uterine luminal epithelium, and
modulate biological events simply by mimicking estrogen. These effects are not inhibited
by the co-administration of anti-estrogens (Gonzalez-Diddi et al., 1972). There is also a
significant overlap between E2 and DHT stimulated gene expression in the rat
endometrium (Nantermet et al., 2005), which demonstrates that these two sex steroids
have both overlapping and distinct regulatory effects on genes underlying the
morphological and functional maturation of this dynamic tissue. DHT is also capable of
maintaining decidualization in the mouse but does not substitute for P4 in the priming of
the mouse endometrium, suggesting a dual role of androgens in rodent uterus that
depends upon the stage of the reproductive cycle (Zhang et al., 1996).

In the human, androgens may have progestogenic effect. Recently, we have identified
that DHT and P4 both increase the expression of ADAMTS-1, an extracellular matrix
(ECM) metalloproteinase, in human endometrial stromal cells, and that this is inhibited
by flutamide and RU486 respectively (Wen et al., 2006). Similar studies have shown that
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T significantly inhibited MMP-1, one of the key MMPs for menstruation and embryo
implantation in human endometrium, in a similar manner to progestins. Flutamide, a
specific androgen receptor blocker, completely reversed the decrease of MMP-1 induced
by testosterone in human endometrial stromal cells (Ishikawa et al., 2007). Previous
studies have also shown that T and DHT both induce prolactin (PRL) production, a
biochemical marker of decidualization, in a similar manner to that observed in cells
cultured with P4. Furthermore, a combination of P4 and T enhanced prolactin (PRL)
production in these cell cultures compared to those cultured in the presence of either
steroid alone. Flutamide also inhibits T- and DHT- but not P4-induced PRL secretion
(Narukawa et al., 1994). Collectively, these observations suggest that progestins and
androgens have independent but cooperative actions on endometrial stromal cell
differentiation in vivo and in vitro.

1.3.2

Role of Gonadal Steroids in Endometrial Cancer Development

It has been acknowledged for over 50 years that continuous exposure to estrogens in the
absence of sufficient levels of progestins promotes the development of endometrial
cancer. In the early 1970s, a 20-35% increase in the incidence of endometrial cancer was
reported in Caucasian women who had undergone estrogen replacement therapy (Shapiro
et al., 1980). Subsequently, numerous clinical, biological, and epidemiological studies
have all demonstrated that the typical risk factors such as obesity, anovulatory states,
early menarche and late menopause, nulliparity and exogenous estrogens will cause
excessive and/or prolonged exposure to unopposed estrogens. These circumstances
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increase the risk of endometrial carcinomas (Cohen and Rahaman, 1995; Sherman, 2000;
Kaaks et al., 2002).

The majority of women with early-stage endometrial cancer are obese, and obesity is
positively associated with a higher mortality rate (Courneya et al., 2005; Amanda et al.,
2009). Obesity causes an increase in endogenous estrogen because of increased
peripheral conversion of androstenedione into estrone by adipose tissue. Other than
obesity, estrogen-producing tumors, polycystic ovary syndrome (PCOS), cirrhosis, and
tamoxifen may also induce an estrogen predominant environment (Fisher et al., 1998).

The polycystic ovary syndrome is characterized by the absence of ovulation, and
increased secretion of ovarian androgens that are peripherally converted to estrogens.
Estrogen-producing tumors and PCOS carry a high risk for endometrial cancer in young
women (Cohen and Rahaman, 1995; Navaratnarajah et al., 2008). Unopposed estrogen
replacement in menopause is associated with a four- to eight-fold increased risk of
disease, whereas estrogen and progesterone replacement therapy in menopause decreases
the risk of disease. Progestin-containing or combination oral contraceptives taken during
the reproductive years also decrease the risk of disease in later life by approximately 50%
(Grimes and Economy, 1995; Sorosky, 2008).

Recently, there has been a focus on the importance of in situ estrogen metabolism and
synthesis in the etiology and progression of various human estrogen-dependent epithelial
neoplasms, including breast cancers and endometrial carcinoma. Higher concentrations of
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E2 have been reported in endometrial cancer tissue specimens, as compared with
microscopically normal endometrium (Berstein et al., 2003). It is also been reported that
E2, E1, and testosterone levels in the tumor tissues are several times higher than those in
serum (Ito et al., 2006). The enzymes such as aromatase, 17ß-hydroxysteroid
dehydrogenases (17-HSDs), steroid sulfatase (STS), and estrogen sulfotransferase (EST)
are primarily involved in the formation of E2. They are highly expressed in these cancer
tissues, and are responsible for the intra-tumoral elevation of estrogen in post-menopausal
patients with endometrial carcinoma (Segawa et al., 2005; Utsunomiya et al., 2004;
Sasano et al., 2000; Watanabe et al., 1995).

Ferreira et al. have outlined several possible molecular mechanisms to explain the link
between estrogens and cancer (Ferreira, 2009): (1) using ER-mediated signalling, by upregulation of WNT1 expression, which causes the tumor to escape from apoptosis (Katoh,
2003). (2) via ER-independent signalling in ER negative cells, such as phosphorylation of
AKT and ERK (Zhang et al., 2009). (3) Estrogens can generate toxic species such as
catechol-estrogens that can cause DNA damage and induce tumor development (Liehr,
2000; Roy, 1999; Fernandez, 2006). (4) Estrogens are associated with altered DNA
methylation status, and estrogen-induced hyper-methylation of the mismatch repair gene,
MLH1, is associated with endometrial cancer of Lynch syndrome (Campan et al., 2006;
Esteller et al., 1999, 1998). Furthermore, estrogens can activate the protein kinase A
pathway, insulin-like growth factor 1(IGF-1) receptor, and EGF receptor signalling (Song
et al., 2007).
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On the other hand, the roles of P4 in the regulation of the glandular epithelium of the
endometrium may antagonize estrogen-mediated cell proliferation and induce cell
differentiation (Graham and Clark, 1997). In the clinical setting, progesterone provides
some protection against the stimulatory effects of estrogenic agents. In vitro studies using
endometrial cancer cell lines and primary culture of endometrial cancer and stromal cells
have shown that progesterone can inhibit cell growth and invasion through regulation of
responsive genes, such as MMP-1, -2, -7, -9, FOXO1, Bcl-2, BAX and AP-1 (Di Nezza
et al., 2003; Ward et al., 2008; Vereide et al., 2005; Dai et al., 2003). There are also
compelling data suggesting that P4 resistance in endometrium contributes to infertility,
pregnancy loss, endometriosis, and endometrial cancer (Donaghay and Lessey, 2007;
Burney et al., 2007). However, the molecular mechanisms underlying steroid-regulated
endometrial carcinoma differentiation, invasion and cancer metastasis are still under
investigation.

1.3.3

Anti-steroidal Compounds

The use of anti-steroidal compounds to manage/treat steroid-dependent medical
conditions, including some forms of cancer and endometriosis, as well as facilitating
better control of menstruation and fertility, has gradually replaced surgery as the main
therapeutic approach during the last decade. In addition to their use in the clinical setting,
anti-steroidal compounds have become useful tools for studies of the molecular and
cellular mechanisms underlying the biological actions of gonadal steroids under normal
and pathological conditions.
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1.3.3.1

Anti-progestins

The physiological effects of progesterone and its synthetic analogs have been exploited
clinically, and they are consequently utilized as pharmacological agents in contraception,
the control of uterine bleeding, and hormone replacement therapy (HRT). The antiprogestins include pure progesterone receptor antagonists, selective progesterone receptor
modulator which has mixed agonists/antagonists effect, and progesterone receptor
modulators (Spitz, 2005; Chabbert-Buffet et al., 2005; Spitz and Chwalisz, 2000; Elger et
al., 2000). They are also major therapeutic candidates. For instance, mifepristone
(RU486), a progesterone and glucocorticoid receptor antagonist is the first and the best
characterized antiprogestin (Gagne et al., 1985). RU486 has an effective anti-gestational
function when given during the luteal phase of the menstrual cycle, and if it is
administered during pregnancy, it is abortifacient (Gobello, 2006). Gradually, antiprogestins have also been applied for the management of aberrant endometrial bleeding,
endometriosis, tumors, and contraception (Croxatto, 2003; Chwalisz, 2003). RU486 has
much higher binding affinity to the PR than P4, and results in lost of function of P4 in
cells (Baulieu, 1997). In addition, RU486 also decreases PR levels in the human
endometrium (Zaytseva et al., 1993). However, a recent study with HEC-1A and
Ishikawa endometrial carcinoma cell lines demonstrated that RU486 can up-regulate PR
expression in the cancer cell lines with no change in ER levels (Navo et al., 2008).
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1.3.3.2

Anti-estrogens

Anti-estrogens are a pharmacologic group of compounds that inhibit or modify estrogen
action, and they include the gonadotropin releasing hormones (GnRH) and their analogs,
aromatase inhibitors, and estrogen receptor blockers (Williams et al., 1996). Clomiphene
and tamoxifen citrate are synthetic non-steroidal anti-estrogenic compounds, which
competitively block estrogen receptors with a combined antagonistic-agonistic effect
(Hoffmann and Schuler, 2000). Such effect is tissue specific. For example, tamoxifen has
an antagonistic effect on the mammary gland that is used to treat breast cancer but an
estrogenic effect on the uterus that causes endometrial hyperplasia (Jordan, 1995).
Therefore, the carcinogenic effect of tamoxifen in the endometrium is of great interest in
both clinical medicine and basic research, and studies implicate gene regulation via an
estrogen receptor-dependent pathway as the mechanism of tamoxifen action in the uterus
(Shang, 2006).

ICI 182, 780, is a pure ER antagonist (Wakeling, 1991; Wakeling et al., 1991; Dukes et
al., 1992): its ER binding affinity is approximately 100 times greater than that of
tamoxifen, and it has no agonistic activity on target tissues including the endometrium
and uterus. It has been used in clinical trials to replace tamoxifen for the treatment of
advanced and tamoxifen-resistant breast cancer, as it has a longer duration of response
and fewer side effects (Robertson, 2001a, b; Hu et al., 1993). Additionally, ICI 182, 780
has been widely used experimentally to investigate the role of estrogen and other
hormones in vivo and in vitro.
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1.3.3.3

Anti-androgens

Flutamide is a non-steroidal anti-androgen that competitively inhibits the binding of
androgens to the AR (Hoffmann et al., 2000). Clinically, flutamide has yielded good
results in treating prostatic hyperplasia and prostate cancer with few side effects (Wirth et
al., 2007). In addition, hydroxyflutamide has anti-progestagenic activities in the uterus,
cervix, and hypothalamus of rats (Chandrasekhar and Armstrong, 1991; Chandrasekhar,
1991). Other than clinical applications, flutamide has been widely used in reproductive
and developmental research to study the mechanism of steroid-mediated cancer
progression (Vo et al., 2009; Welsh et al., 2009; Lovely et al., 2000).

1.4

Extracellular Matrix (ECM) Remodeling of the Endometrium

The ECM has become recognized as a key regulatory component in cellular physiology,
not only providing support and strength to cells within tissues but also providing an
environment for cell proliferation, differentiation, migration, and adhesion. It is
fundamental to normal development. Remodeling of the endometrial ECM is a key event
underlying the morphological and functional maturation of this dynamic tissue and in the
regulation of trophoblast invasion at the maternal-fetal interface.

Gene microarray studies in the mouse have demonstrated that approximately 560 genes
are differentially expressed in the uterus, and are thought to be involved in the
maintenance or regulation of ECM integrity (Helvering et al., 2005; Cox and Helvering,
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2006). The biological actions of gonadal steroids, in terms of regulating these ECM
remodeling related genes that are associated with endometrial physiology and pathologies
(Cox and Helvering, 2006), remain to be elucidated.

The ECM is a complex and incompletely characterized macro-molecular structure. The
ECM is composed of the structural proteins such as collagen and elastin; the adhesion
proteins which including fibrillin, fibronectin, vitronectin, and laminin; and the
proteoglycans that are connected to glycosaminoglycans with a core protein (Berrier and
Yamada, 2007). Some growth factors and cytokines are trapped within the ECM and are
activated at the appropriate time for remodeling of the tissue. Undifferentiated stroma
produces an ECM that has a classical mesenchymal composition; in particular collagens I,
III, V, and VI and fibronectin (Fn) have all been shown to be present and there are periglandular deposits of tenascin that appear to reflect the proliferative state of the epithelial
compartment (Vollmer et al., 1990). Regeneration of the endometrium during the
proliferative phase of the menstrual cycle involves the deposition of an ECM scaffold
(Aplin et al., 1988; Mylona et al., 1995; Church et al., 1996). The epithelium and blood
vessels are surrounded by basement membranes containing laminin, collagen type IV and
heparan sulfate proteoglycan (HSPG).

Decidualization is accompanied by changes in ECM components (Spiess et al., 2007;
Wewer et al., 1985; Kisalus et al., 1987; Ruck et al., 1994). Studies in cows indicate a
decrease in type I collagen, fibronectin and laminin of endometrium after implantation
(Yamada et al., 2002; Hirata et al., 2003). In addition, type IV collagen and laminin of
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the epithelial basement membrane also decreased remarkably during early pregnancy
(Yamada et al., 2002). Studies using a mouse model have shown that collagen I, III, and
V are expressed in the pregnant and non-pregnant endometrium, and that there are
significant changes in their expression and localization in response to decidulization and
implantation (Spiess et al., 2007; Wewer et al., 1988). Laminin and collagen IV are
highly expressed in human endometrial stromal and decidual cells. Laminin enhances
endometrial regeneration during the proliferative phase, but collagen IV becomes
dominant when decidualization occurs (Tanaka et al., 2008; Iwahashi et al., 1996).

Collagen IV plays an important role in angiogenesis. It also plays a key role in the
integration and structural stabilization of tissue architecture. Collagen IV is abundant in
endometrium during the proliferative phase, but its expression is lost during the secretory
phase (Aplin et al., 1988; Tanaka et al., 2009). Collagen IV may regulate endometrial
epithelial remodeling and stromal cell structures, viability and differentiation during the
menstrual cycle in an autocrine and paracrine fashion (Tanaka et al., 2009, 2008). The αchains of collagen IV can generate certain factors, such as Canstatin, Arresten and
Tumstain that are known endogenous angiogenesis inhibitors (Hamano and Kalluri, 2005;
Maeshima et al., 2001, 2002; Colorado et al., 2000; Kamphaus et al., 2000). It is
therefore not surprising that they are involved in the female reproductive cycle, tissue
repair, endometriosis, and endometrial cancer (Mundel and Kalluri, 2007).

Impaired expression and/or localization of the endometrial ECM components is
associated with endometrial pathologies. For example, laminin 5 as well as its main
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cellular binding protein, the integrin receptor α3ß1, are involved in the invasive activities
of cells in endometriosis tissue (Giannelli, 2007). Versican belongs to the large
aggregating chondroitin sulfate proteoglycan family of ECM components. In fact,
versican expression has been correlated with tumor progression in breast cancer,
melanoma, cervical cancer, and lung cancer (Kischel et al., 2010; Gambichler et al., 2008;
Suwiwat et al., 2004; Pirinen et al., 2005; Ricciardelli et al., 1998). An up-regulation in
versican expression causes a decrease in cell-ECM adhesion, and therefore promotes
tumor invasion and metastasis (Sakko et al., 2001). The stromal cells that enriched with
versican may also favour tumor progression in endometrial cancer (Kodama, et al., 2007).

Alterations in the composition of the endometrial ECM are coordinated with regulated
changes in the expression of cell-matrix receptors on the cell surface. In particular, during
the window of implantation in humans, there is a marked increase in endometrial levels
of αv and β3 integrin subunits, which are members of a gene super-family of calciumdependent cell-matrix adhesion molecules (Lessey, 2002). Aberrant expression of αvß3
integrin subunits in the endometrium is also associated with infertility and recurrent
pregnancy loss (Lessey, 1998; Gonzalez et al., 2001; Stoikos et al., 2010; Sokalska et al.,
2010).

The ECM has complex functions in regulating the behavior of cells connected to it, rather
than a simple scaffold tissue for physical support (Hidai et al., 2007). This is also true in
tumors. Remodeling of the ECM through altered expression of molecules that are
involved in the cell-to-cell and cell-to-matrix interactions, is critical in local tumor
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invasion and metastasis (Kresse and Schonherr, 2001). The ECM has extensive roles in
modulating the proliferation, differentiation, motility, and survival of tumor cells (Varga
et al., 2010; Gieni and Hendzel, 2008). In turn, the tumor cells are continually remodeling
and influencing the surrounding ECM (Kresse and Schonherr, 2001).

1.4.1

Proteolytic Mechanism of Endometrial ECM Remodeling

During the cyclic change of the endometrium, tissue remodeling involves the degradation
of ECM components. In the first trimester of pregnancy, the invading trophoblast further
degrades the decidua by using mechanisms resembling those in play during tumor cell
invasion and metastasis (Strickland and Richards, 1992; Bischof et al., 2000a, 2000b,
2003; Staun-Ram et al., 2009).

A large number of molecules with protease activities are involved in proteolytic
processing of the ECM (Curry and Osteen, 2001). Among the ECM proteases, the
urokinase plasminogen activator (uPA) system and the matrix metalloproteinase (MMP)
system have been extensively studied. They have been assigned key roles in the process
of tissue remodeling. In particular, uPA and MMPs have shown to work in concert or in
cascades in endometrum to degrade or process specific ECM components (Plaisier et al.,
2008; Curry et al., 2001; Fata et al., 2000). It has been recognized that some gynecologic
conditions such as infertility and recurrent pregnancy loss are associated with aberrant
expression or distribution of ECM components in the endometrial stroma (Ramon et al.,
2005; Jokimaa et al., 2002; Bilalis et al., 1996). Accumulating evidence also
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demonstrates the crucial role of proteolytic enzymes in cancer development and
progression. It is therefore important to define the full repertoire of proteinases, their
regulation, and individual contribution(s) to the development of a uterine environment
that is capable of supporting pregnancy, as well as their function in the cancer process.

1.4.1.1

Plasminogen Activators and their Inhibitors

The plasminogen activators are substrate-specific serine proteinases that convert
plasminogen to plasmin (Andreasen et al., 2000). The plasminogen activator system
includes the urokinase-type plasminogen activator (uPA), the tissue-type PA (tPA), and
their endogenous inhibitors, PA inhibitor-1 and -2 (PAI-1 and PAI-2, respectively) and
their common receptor, the uPA receptor. They play important roles in a wide variety of
physiologic and pathologic processes, such as menstruation, trophoblast invasion, the
implantation process, as well as tumor growth, invasion and metastasis (Mekkawy et al.,
2009; McMahon and Kwaan, 2008; Plaisier et al., 2008; Alfano et al., 2005; Blasi and
Carmeliet, 2002; Sidenius and Blasi, 2003).

The uPA is temporally expressed in endometrium during the menstrual cycle, with the
highest levels being detected during the secretory phase and in the first trimester decidua
(Plaisier et al., 2008; Casslen and Astedt, 1983; Koh et al., 1992). PAI-1 expression
levels are highest during the secretory phase and decline with the onset of menstruation
(Koh et al., 1992). There is an increase of uPA and a decrease of PAI-1 expression after
P4 withdrawal from the culture medium of endometrial stromal cells (Schatz et al., 1999).
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uPA is produced by human trophoblast cells in vitro and in vivo, and impaired expression
of ECM proteases is associated with poor trophoblast invasion. (von Steinburg et al.,
2009; Astedt et al., 1986; Queenan et al., 1987; Yagel et al., 1988). In addition, the
membrane-bound uPA receptor is expressed by invasive extravillous trophoblasts (EVTs)
during the first trimester of pregnancy (Multhaupt et al., 1994; Pierleoni et al., 1998;
Aflalo et al., 2005). Furthermore, IL-1β and epidermal growth factor (EGF) enhance
trophoblast invasion, and they up-regulate the expression of uPA in EVTs (Karmakar and
Das, 2002; Anteby et al., 2004). TGF-β1, a growth factor that inhibits trophoblast
invasion, also up-regulates the expression of PAI-1 and -2 in EVTs (Graham, 1997;
Karmakar and Das, 2002). Based on these observations, it has been suggested that uPA
plays a key role in regulating the decidualization and implantation processes. However,
mice null mutant for uPA, urokinase receptor (uPAR), or tPA, do not exhibit reduced
fertility (Bugge et al., 1996), indicating that other proteinases are also involved in these
complex processes.

Plasminogen activator and its inhibitor play an important role in tissue remodeling in
invasion and metastasis of many types of cancer cells (Kinder et al., 1993; Duggan et al.,
1995; Festuccia et al., 1998; Dano et al., 2005). uPA is overexpressed in a variety of
cancer cell lines in vitro and has been demonstrated to positively regulate cancer cell
invasion (Meissauer et al, 1991; Delbaldo et al, 1994; Liu and Rabbani, 1995; Xing and
Rabbani, 1996; Mohanam et al, 1997), likely by initiating proteolytic cascades that
facilitate the invasion of blood vessels by tumor cells. Furthermore, the uPA proteolytic
system enhances the dissemination of tumor cells through vascular and lymphatic vessels,

30

and thereby facilitates metastasis (Fisher et al., 2000). In addition, uPA is expressed by
the stroma of ductal breast cancer and colon cancer, and by macrophages in prostate
cancer and squamous cell lung cancer, where it may function in a paracrine manner
(Romer et al., 1991; Usher et al., 2005). Furthermore, PAI-1 can alternatively retard or
enhance cell migration and adhesion, and its concentration is critical for tumor invasion
(Bajou, 2004; Chazaud, 2002).

1.4.1.2

Matrix Metalloproteinases and their Endogenous Inhibitors

Matrix metalloproteinases (MMPs) belong to the metzincin superfamily of proteases,
which comprises 23 distinct members in humans (Woessner, 1991; Fata et al., 2000;
Nagase et al., 2006). These MMP subtypes can be further divided into several subgroups
based upon their substrate specificities and/or structural similarities: collagenases (MMP1, MMP-8, MMP-13), gelatinases (MMP-2, MMP-9), stromelysins (MMP-3, MMP-7,
MMP-10, MMP-11), membrane-type MMPs (MT-MMP1 through MT-MMP6) and a
miscellaneous group that contains MMP-12 and MMP-19 through MMP-26. In general,
MMPs are synthesized as latent zymogens that must be cleaved to become activated
(Nagase et al., 2006; Fingleton, 2006). Most MMPs can be activated by a variety of
serine proteases and by other MMPs (Nagase, 1997). On the other hand, MMPs are
potent ECM enzymes that are capable of cleaving cytokines, chemokines, cell adhesion
molecules like cadherins and integrins, zymogen forms of themselves, other MMPs, and
some proteanase inhibitors (Egebald and Werb, 2002).
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The activities of MMPs are regulated by endogenous tissue inhibitors of MMPs (TIMPs)
(Woessner, 1991; Handsley and Edwards, 2005). There are four homologous TIMP
subtypes; TIMP-1, -2, -3, and -4. TIMPs are small secreted proteins (21-28 kDa) that
form tight, non-covalent bonds with the proteolytic domains of the MMP subtypes
(Woessner, 1991; Egebald and Werb, 2002). TIMP-3 is able to bind heparan-sulphatecontaining proteoglycans and possibly chondroitin-sulphate-containing proteoglycans in
the ECM (Yu et al., 2000). TIMPs also exhibit other biological functions that are
independent of their ability to inhibit the proteolytic activity of MMPs.

MMPs and their inhibitors play important roles in female reproductive physiology and
pathology. As many as 13 MMPs have been detected in the human endometrium during
the menstrual cycle (Curry and Osteen, 2001; Fata et al., 2000; Goffin et al., 2003), and
the complex expression patterns observed for each of these endometrial MMP subtypes
suggests distinct roles for each in the development, maintenance and regression of this
tissue. Immunolocalization has shown that MMP-7, MMP-11, MMP-26, and MT3-MMP
expression is high during the proliferative phase of the menstrual cycle and is decreased
in the secretory phase. In contrast, MMP-2, MMP-19, MT1-MMP and MT2-MMP are
constitutively expressed in the endometrium throughout the menstrual cycle whereas
MMP-1, MMP-3, MMP-8, MMP-9, and MMP-12 are only detected in the endometrium
during menstruation (Salamonsen and Woolley, 1996, 1999). Their levels fluctuate in
response to gonadal steroids, and failure to do so increases the risk of pathological
conditions (Slayden and Brenner, 2006; Osteen et al., 2005). MMP-2, MMP-3, and
MMP-9 but not MMP-1 or MMP-7 have been detected in the decidua of early pregnancy
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whereas only MMP-2 and MMP-9 are expressed in the endometrium at term (Xu et al.,
2000).

The cellular localization of only some of the MMPs in the human endometrium has been
determined. MMP-1, MMP-2 and MMP-3 have been detected in the stroma during the
proliferative phase of endometrium, while MMP-9 is present in the glandular epithelium,
neutrophils and monocytes (Rodgers et al., 1993, 1994; Hampton et al., 1995; Irwin et al.,
1996; Jeziorska et al., 1996). In the secretory phase, MMP-3, MMP-10 and MMP-11 are
present in the stroma, while MMP-7 is located in the glandular epithelium, and MMP-9 is
present in the glandular epithelium and neutrophils (Rodgers et al., 1994; Irwin et al.,
1996; Jeziorska et al., 1996). During menstruation, MMP-2, MMP-9, MMP-10 and
MMP-11 are present in the stroma, MMP-1 and MMP-3 locate in stromal cells near blood
vessels, MMP-7 is in the glandular epithelium, and MMP-9 is in monocytes, neutrophils
and macrophages (Rodgers et al., 1993, 1994; Hampton et al., 1994, 1995; Marbaix et al.,
1995; Kokorine, 1996).

The human endometrium also constitutively expresses TIMP-1, TIMP-2, and TIMP-3 but
not TIMP-4 (Fata et al., 2000, Osteen and Curry, 2001; Goffin et al., 2003). There appear
to be only small fluctuations in the overall levels of TIMP-1, TIMP-2 and TIMP-3 in the
endometrium during the menstrual cycle.

However, localized increases in TIMP-1

mRNA and protein levels have been detected near small arteriolar and capillary tissues,
and TIMP-2 has a similar localization around the vasculature in the secretory
endometrium and menstrual tissue, suggesting that it may be focally regulated in the
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endometrial vasculature (Rodgers et al., 1993; Salamonsen and Woolley, 1996; Zhang
and Salamonsen, 1997). In pre-decidual cells, TIMP-3 levels are increased indicating that
it may serve as a cellular marker of decidualization and/or play a critical role in
regulating trophoblast invasion (Zhang and Salmonsen, 1997; Goffin et al., 2003). MMPs
and TIMPs are also produced by human trophoblasts and further regulate the
implantation process (Higuchi et al., 1995; Hurskainen et al., 1996; Ruck et al., 1996
Staun-Ram and Shalev, 2005). Therefore, the activity of endometrial MMPs is
counterbalanced by the spatial expression of various TIMPs within the two cellular
compartments of the endometrium.

Studies using primary cultures of human endometrial cells have revealed roles for MMPs
and TIMPs in the cyclic remodeling events that occur in the endometrium during each
menstrual cycle. The latent forms of MMP-1, MMP-2, MMP-3, MMP-9 and MMP-11
and TIMP-1, TIMP-2 and TIMP-3 have been detected in conditioned media from stromal
cells isolated from human endometrial tissues (Salamonsen et al., 1996). The addition of
P4, but not E2, to the culture medium of these primary cell cultures causes a significant
decrease in the levels of these MMP subtypes, and a concomitant increase in TIMP levels
(Marbaix et al., 1995; Osteen et al., 1994; Schatz et al., 1999). In contrast, the withdrawal
of gonadal steroids from the culture medium of endometrial stromal cells results in a
marked increase in all of the MMP subtypes in these primary cultures and allows steroidmediated menstruation (Salamaonsen et al., 1997). Studies have shown that unexplained
infertility and implantation failure in IVF cases correlate with differential expression of
MMPs, as the expression of MMP-2 and TIMP-3 were both dramatically down-regulated
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in the infertile group when compared with the fertile group (Konac et al., 2009). Studies
with trophoblast cells also indicate that MMPs are produced by cytotrophoblastic cells
and are instrumental to their invasive behavior (Cohen et al., 2010; Cohen and Bischof,
2007). These studies add some new information at the molecular level and highlight the
fact that ECM proteases are involved in the complex preparation of the endometrium for
implantation.

MMPs not only play important roles in physiological ECM remodeling, but are also
implicated in various pathologies, including inflammatory diseases, cancer development,
invasion and metastasis (Egeblad and Werb, 2002; Burrage et al., 2006; Page-McCaw,
2007; Kessenbrock et al., 2010). The roles of MMPs in cancer are diverse and complex.
They can facilitate tumorigenesis simply by degrading ECM components; thus enabling
tumor invasion, intravasation into the blood or lymphatic circulation, extravasation from
the circulation, and local migration/invasion at metastatic sites (Crawford and Matrisian,
1994; Jodele et al., 2006). MMPs are also involved in more complex processes that
regulate cancer cell invasion, and these include regulating cell-cell adhesion (Ribeiro et al,
2010; Moss et al., 2009; Hendrix et al., 2003), cell-ECM adhesion (Deryugina et al.,
2002; Ratnikov et al., 2002), and growth factor/cytokine availability (Zhang et al., 2004;
Koshikawa et al., 2005, 2010). MMP-2 and MMP-9 were among the first members of the
MMP family to be cloned and characterized (Liotta et al., 1982; Collier et al., 1988).
Localization of these MMPs in malignant cells has provided evidence for their respective
roles in cancer cell invasion (Collier et al., 1988). MMP-2, MMP-9 and MMP-14 are
involved in key events in cancer cells, including proliferation, apoptosis and angiogenesis
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(Goldman et al., 2003; Nguyen et al., 2001). Overexpression of MMP-2 or MMP-9 has
been associated with poor survival in endometrial cancer patients (Aglund et al., 2004).
The expression of MMPs in cancer is not solely confined to cancer cells, as their
expression has been documented in stromal and endovascular cells adjacent to cancer
cells. For instance, the expression of MMP-2 has been localized to stromal cells
surrounding invasive cutaneous melanomas (Hofmann et al., 2005). In addition, MMP-2,
MMP-9 and MMP-14 have been localized to vascular endothelial cells in certain cancers
(Basset et al., 1990; Jia et al., 2000; Chun et al., 2004), and they can modulate TGF-β
expression as part of their tumor-promoting effects (Tatti et al., 2008). MMP-9 has a
distinct role in tumor angiogenesis mainly by regulating vascular endothelial growth
factor (VEGF) expression, and MMP-3, -7, -9, and -16 can directly cleave matrix-bound
VEGF resulting in its altered bioavailability in tumor cells in vivo (Bergers et al., 2000;
Lee et al., 2005). Furthermore, in stomach cancer cells, MMP-7 was involved in
extracellular cleavage of E-cadherin and promoted tumor cell migration and invasion
(Lee et al., 2007). The function of TIMPs in cancer is complex. Indeed, the expression of
individual MMPs and their endogenous inhibitors correlates with tumor progression and
clinical outcome. An increased level of TIMPs has been detected in various human
cancer tissues (Shiomi and Okada, 2003). Consequently, TIMP-1 has been considered as
a growth promoting factor and/or anti-apoptotic factor for cancer cells (Mannello and
Gazzanelli, 2001). Perhaps, this is most obvious in colorectal cancer where high levels of
TIMP-1 correlate with lymph node and distant metastatic spread (Zeng et al., 1995;
Giaginis et al., 2009; Mroczko et al., 2010). Other studies have reported an association
between poor prognosis and high levels of expression of TIMP-1 in lung cancer and
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gastric cancer (Fong et al., 1996; Gouyer et al., 2005; Mroczko et al., 2009), and TIMP-2
in bladder cancer (Grignon et al., 1996; Eissa et al., 2010). TIMP-3 has been shown to
promote apoptosis in human melanoma and colon carcinoma cells (Smith et al., 1997;
Ahonen et al., 2003). An imbalance of the MMP-2: TIMP-2 ratio has been observed in
lymph node positive breast carcinomas (Onisto et al., 1995; Figueira et al., 2009;
Jezierska and Motyl, 2009). Patients with lymph node metastasis have higher MMP-2
levels relative to TIMP-2. These studies indicate that evaluation of the MMP: TIMP
balance and/or measurements of their serum levels may constitute an early prognostic
indicator in various types of human cancer (Onisto et al., 1995; Li et al., 2005; Jinga et
al., 2006).

Despite the important role of MMPs in cancer development, attempts to target MMPs for
cancer therapies have not been successful owing to their broad spectrum of substrates and
extensive roles in physiology (Coussens et al., 2002; Murphy and Nagase, 2008). In the
meantime, another family of metzincin has attracted much attention in this regard: the
ADAM and ADAMTS family.

1.5

The ADAMTS Gene Family of Metalloproteinases

ADAM (A Disintegrin And Metalloproteinase) and ADAMTS (A Disintegrin And
Metalloproteinases with ThromboSpondin motifs) families of metzincin proteinases are
closely related to the MMPs.
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The ADAMs are a family of transmembrane and secreted proteins with functions in cell
adhesion and proteolytic processing of the ectodomains of diverse cell surface receptors
and signalling molecules (Edwards et al., 2008). ADAMs possess some or all of the
following domains: a signal peptide, a propeptide, a metalloprotease, a disintegrin, a
cysteine-rich, an epidermal growth factor (EGF)-like domain, a transmembrane sequence
and a cytoplasmic tail (Duffy et al., 2003). Thus, the ADAMs have the potential to act as
adhesion molecules and/or proteinases. Two well-known functions of the ADAM
proteases are the proteolytic function of degrading ECM to facilitate cell
migration/invasion; and the function of working as sheddase to activate signalling
pathways through shedding of cell surface cytokines and growth factors (Reiss and Saftig,
2009; Edwards et al, 2008; Duffy et al., 2003; Black and White, 1998; Wolfsberg et al.,
1995). The ADAMs fulfills a broad spectrum of functions with roles in fertilization,
development, and cancer (Murphy, 2008; Edwards et al., 2008).

The ADAMTS are a novel family of secreted zinc-dependent metalloproteinases, and the
first to be described was ADAMTS-1, which was characterized as a cachexigenic tumor
selective gene product involved in inflammation (Kuno et al., 1997a). Since then, 19
ADAMTS subtypes have been described in humans (Porter et al., 2005). These enzymes
play important roles in the turnover of extracellular matrix proteins in various tissues, and
their altered regulation has been implicated in diseases such as cancer, arthritis, and
atherosclerosis. Unlike other metalloproteinases, ADAMTS members demonstrate a
narrow substrate specificity, this makes ADAMTS enzymes potential pharmaceutical
targets (Tortorella et al., 2009). Thus, considerable attention has been focused on
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elucidating their structure, biological function and molecular mechanisms in relation to
physiological and pathological conditions.

1.5.1

Structural and Functional Organization of ADAMTS Subtypes

The ADAMTS are organized into conserved domains. These domains are portrayed
schematically in Figure 1.1. All of the ADAMTS are characterized by four structural and
functional subunits: an amino terminal prodomain, a catalytic domain, a disintegrin-like
domain, and an ECM binding domain at the carboxy terminal end of the protein (which is
composed of a central thrombospondin (TSP) type 1 motif, a spacer region and a variable
number of TSP-like motifs) (Kuno et al., 1997b; Hurskainen et al., 1999; Vazquez et al.,
1999; Tang and Hong, 1999; Tang, 2001). The structural features of these domains are
further summarized in Table 1.1. Thus all members of this gene family have the potential
to act as MMPs and to regulate cell adhesion.

The ADAMTS are all synthesized initially as inactive pre-proenzymes that undergo Nterminal processing prior to being secreted from the cell. The initial step in ADAMTS
processing involves cleavage of the signal peptide domain by a signal peptidase during
translation and transit of the protein through the endoplasmic reticulum (Porter et al.,
2005). The removal of the pro-domain, which preserves the latency of the enzyme, then
occurs, and its removal may also be important for correct protein folding and secretion
(Russell et al., 2003). Following the pro-domain is the catalytic or MMP-like domain
(Apte, 2004). The MMP-like domain consists of a reprolysin-type zinc-binding motif
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characterized by an amino acid sequence of HEXXHXXG/N/SXXHD, where ‘X’
represents any amino acid residue (Porter et al., 2005). The aspartic acid residue is
conserved in ADAM and ADAMTS metalloproteinases but not in MMPs (Porter et al.,
2005). Furthermore, a methionine residue exists within the sequence downstream of the
third zinc-binding histidine residue and forms a structure known as a “Met-turn” (Kuno
et al., 1997; Vasquez et al., 1999; Tortorella et al., 1999; Porter et al., 2005), and this is
assumed to play an essential role in the structure and/or activity of metalloproteinases
(Gomis-Ruth, 2003). After the MMP-like domain is the disintegrin-like domain. This
domain shares sequence similarity to the soluble snake venom disintegrins, a family of
polypeptides in which some members contain an arginine-glycine-aspartic acid (RGD)
integrin recognition sequence (Williams, 1992; Porter et al., 2005). It has been reported
that the disintegrin-like domains of many ADAMs are capable of acting as integrin
ligands to support cell adhesion (Bridges and Bowditch, 2005). However, ADAMTS
subtypes do not contain an RGD sequence in their disintegrin-like domain and there is no
evidence yet to suggest that ADAMTS metalloproteinases interact with integrins (Porter
et al., 2005). The function of this domain in ADAMTSs therefore remains to be
elucidated.

The ancillary or ECM-binding domains perform their functions by interacting with
components of the ECM (Apte, 2004, 2009). The first ECM-binding domain is a central
thrombospondin type I-like (TSP) repeat (Kuno et al., 1997; Kuno and Matsushima, 1998;
Porter et al., 2005). Thrombospondins are multidomain calcium-binding extracellular
glycoproteins that associate with the ECM and play key roles in platelet aggregation,
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inflammatory responses, and angiogenesis during wound repair and tumor growth
(Bornstein et al., 2000; Tucker, 2004; Adams and Lawler, 2004). Thrombospondins have
also been shown to modulate cell proliferation, cell migration and invasion, possibly
through regulating extracellular proteinases, cytokines and growth factors (Adams, 2001;
Bornstein et al., 2004). Following the central TSP repeat is a highly conserved cysteinerich domain containing ten cysteine residues, a spacer domain of variable length and a
varying number of C-terminal TSP repeats that range in number from 14 C-terminal
repeats in ADAMTS-20 to none in ADAMTS-4 (Tortorella et al., 1999; Llamazares et al.,
2003).

Additional C-terminal modules are expressed in some ADAMTS subtypes. For example,
ADAMTS-9 and -20 contain a GON domain, first described in gon-1, an ADAMTS
subtype involved in gonadal development in C. elegans (Blelloch and Kimble, 1999). The
GON domain is characterized by the presence of several conserved cysteine residues
(Llamazares et al., 2003). ADAMTS-7 and -12 both have a mucin domain between the
third and fourth TSP repeat (Cal et al., 2001; Somerville et al., 2004). ADAMTS-13 is a
unique ADAMTS subtype that contains two CUB (complement components C1r/C1s,
Uegf (sea urchin fibropellins), and bone morphogenic protein 1) domains (Zheng et al.,
2001). Proteins that contain CUB domains are thought to be involved in developmental
processes such as embryogenesis or organogenesis (Bork and Beckmann, 1993). Finally,
ADAMTS-2, -3, -10, -12, -14, -17 and -19 contain a PLAC (protease and lacunin)
domain at their C-terminus (Cal et al., 2001; Somerville et al., 2003). Some ADAMTS
subtypes have been further sub-classified according to the identification of common
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substrates. ADAMTS-1, -4, -5, -8 and -15 have been assigned to the subfamily of
ADAMTS subtypes known as the aggrecanases, owing to their ability to cleave the large
chondroitin sulphates: versican, brevican, aggrecan and neurocan (Tang et al., 1999, 2001;
Nagase and Kashiwagi, 2003; Porter et al., 2005).

Removal of the ancillary C-terminal domain of the ADAMTS has a profound impact on
the proteolytic activity, substrate specificity and sub-cellular localization of these
enzymes. The C-terminal protein fragments of some of the ADAMTS also have
independent and distinct biological functions. For example, the C-terminal fragment of
ADAMTS-2 and -4 inhibits the enzymatic activity of the mature forms of these
ADAMTS subtypes, whereas those of ADAMTS-1 and -8 exhibit potent anti-angiogenic
properties (Porter et al., 2005; Rodriguez-Manzaneque et al., 2000; Vazquez et al., 1999).
Recently, the exogenous expression of the mature form of ADAMTS-1 was shown to
have pro-metastatic effects on carcinoma cells whereas the C-terminal fragment of this
ADAMTS subtype exhibited anti-metastatic effects on the cells in vivo (Liu et al., 2006).
The structural-functional relationships, and the molecular mechanisms underlying the
distinct biological activities of the C-terminal fragments of these and the other ADAMTS
subtypes that regulate the activation process remain to be elucidated.
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Figure 1. 1. Schematic representation of the basic domain structures of the
ADAMTS family of metalloproteinases. The ADAMTS are a secreted protein and are
comprised of a signal peptide, a pro-domain, a metalloproteinase domain, a disintegrinlike domain, and an ancillary/extracellular matrix binding region consisting of a central
thrombospondin (TS) type I domain, a cysteine-rich region, a spacer region, and
depending on the ADAMTS subtype, any number of TS repeats. The ADAMTS carboxy
terminal may further contain a PLAC domain, a GON-1 domain, a CUB domain and/or a
PNP domain.
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Table 1.1. Features of the structural and functional domains of the ADAMTS
DOMAIN
Signal Peptide Prodomain

MMP-domain

isintegrin domain

ECM Binding cassette
• Central TSP-1 domain
• Cysteine rich domain
• Spacer Region
• TSP-like domains

GENERAL FEATURES
All ADAMTS contain an SPC (subtilisin-like proprotein
convertase) cleavage site and with the exception of
ADAMTS-10 and -12 (furin recognition sequences
following the consensus RXR/KR).
ADAMTS-1, -6, -7, -10, -12 and -15 contain a cysteine
residue in their prodomain within a XXCGVD motif that
loosely resembles that of the cysteine switch in MMPs
A metalloproteinase domain with a reprolysin-type zinc
binding motif HEXXHXXG/N/SXXHD.
The conserved aspartic acid residue distinguishes the
ADAM and ADAMTS from other MMPs and a
methionine residue within the sequence V/IMAS/S or
Met-turn down, downstream of the 3rd zinc binding
histidine.

BIOLOGICAL FUNCTIONS
Maintain latency of catalytic domain.
Correct protein folding and secretion.
Cleaved in Golgi prior to secretion.
ADAMTS-7 and -13 can be catalytically
active with their prodomains still attached.

All ADAMTS subtypes exhibit proteolytic
activity in vitro.
ADAMTS-2, -13 and -14 are procollagen
N-proteinases: processing pro-collagens to
collagen. ADAMTS-1, -4, 5, -8 and -15
preferentially cleave hyalectans. ADAMTS13 cleaves the large proteoglycan, von
Willebrand factor (vWF)
Shares sequence similarity to the soluble snake venom No biological activity identified in any
disintegrin, a family of polypeptides which contain an ADAMTS subtype.
integrin recognition sequence (RGD).
No evidence that ADAMTS disintegrin
No ADAMTS has an RGD motif in their disintegrin domain associates with integrins.
domain.
TSP-1 repeat seen in thrombospondins 1 and 2.
Deletion mutants demonstrated that central
High sequence homology among ADAMTS subtypes, TSP-1, spacer region and TSP-1-like motifs
contains 10 cysteine residues.
all contribute to ECM binding and
Spacer region is of variable length with no distinguishing subsequent proteolytic activity/specificity of
structural features.
the ADAMTS, particularly, ADAMTS-1, Variable number of C-terminal TSP-1 motifs (range from 2, -4, and -8.
0 repeats in ADAMTS-4 to 14 repeats in ADAMTS-20).
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1.5.2

Cell Biology of ADAMTS

The majority of the distinct ADAMTS subtypes have been characterized only at the structural
level. However, studies suggest that these novel proteases are involved in organogenesis
during embryonic development (Cho et al., 1998; Tang, 2001; Shindo et al., 2000) and in the
development of thrombotic and inflammatory conditions (Kuno et al., 1997; van Goor et al.,
2009). There is also increasing evidence indicating that these proteases play important roles in
the cyclic remodeling of reproductive tissues (Cho et al., 1998; Boerboom et al., 2003; Young
et al., 2004) and in the onset and progression of cancer (Rocks et al., 2008; Porter et al., 2006;
Held-Feindt et al., 2006).

ADAMTS-1 was first identified in a cytokine-induced cancer cachexia in mouse; thus
establishing a role for this novel gene family in cancer and inflammatory diseases (Kuno et al.,
1997). Subsequently, many other members of the ADAMTS family such as ADAMTS-4 and
-5 have been studied in the initiation of inflammatory responses in osteoarthritis (Arner et al.,
1999; Tortorella et al., 1999; Kuno et al., 2000; Yamanishi et al., 2002). ADAMTS-4 and -5
are capable of cleaving the Glu373-Ala374 cleavage site in aggrecan and they are overexpressed in osteoarthritic articular cartilage (Arner et al, 1999; Tortorella et al, 1999). Mice
null-mutant for the ADAMTS-5 gene exhibit significant osteoarthritic cartilage destruction,
indicating the importance of this aggrecanase in the onset of arthritis (Rogerson et al., 2008).
In addition to ADAMTS-4 and -5, ADAMTS-1, -8, -9, and -15 have also been demonstrated
to have aggrecan-degrading abilities in vitro and in vivo (Kuno et al., 2000; Sandy et al., 2001;
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Somerville et al., 2003; Collins-Racie et al., 2004), so these ADAMTSs have been subclassified as aggrecanases.

Furthermore, ADAMTS-7 and -12 have recently been shown to play key roles in the onset of
osteoarthritis in part by their ability to degrade the cartilage matrix protein (Liu et al., 2006a,
2006b). The expression of multiple ADAMTS subtypes in articular cartilage suggests that
there is some overlap/compensation amongst these proteinases in initiating inflammatory
responses in arthritic disease. In view of this, it is possible that these ADAMTS genes present
overlapping roles in other physiological and pathological responses, such as in endometrial
decidualization and cancer development.

In addition to aggrecan, ADAMTS-1, -4, -5, -8 and -9 can cleave the closely related ECMassociated aggregating chondroitin sulfate proteoglycans versican and brevican (Russell et al.,
2003; Sandy et al., 2001; Somerville et al., 2003; Westling et al., 2004). Versican has been
identified in a variety of tissues and appears to be ubiquitously expressed (Wight, 2002).
Recent studies have demonstrated the importance of versican degradation by ADAMTS-1 and
-4 in cumulus and endothelial cells of the ovulating ovary and there is evidence to suggest
ADAMTS-1 plays key roles in versican-remodeling processes in vascular smooth muscle
cells in the human aorta (Jonsson-Rylander et al, 2005; Richards et al, 2005). Taken together,
these studies emphasize the importance of ADAMTS functions in a variety of tissues.

Angiogenesis is an essential characteristic of many physiologic processes. It has important
function in the organ development and growth, wound healing, and in the female reproductive
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cycle (Carmeliet and Jain, 2000). Angiogenesis is also a crucial event in solid tumor
development and progression (Carmeliet and Jain, 2000). ADAMTS-1 and -8 possess a potent
angio-inhibitory activity, inhibiting both fibroblast growth factor (FGF)-2 and vascular
endothelial growth factor (VEGF)-mediated angiogenic effects upon endothelial cells
(Vazquez et al., 1999; Basile et al., 2008). It is has been suggested that the C-terminal TSP
repeats facilitate these angio-inhibitory actions as it has been previously shown that the TSP
repeats in thrombospondin-1 and -2 inhibit angiogenesis (Vasquez et al., 1999; Lawler and
Detmar, 2004). The anti-angiogenic effect of thrombospondin-1 and -2 involves mechanisms
such as direct interaction with VEGF, inhibiting MMP-9 activation, suppressing endothelial
cell migration and inducing apoptosis (Lawler and Detmar, 2004). An up-regulation of
ADAMTS-4 mRNA expression has also been reported in an in vitro model of angiogenesis
(Kahn et al., 2000).

ADAMTS-2 is capable of processing procollagen I, II and III, whereas ADAMTS-3 and -14
process the N-terminals of procollagen I and II, respectively. Mutations in the ADAMTS-2
gene cause aberrant procollagen processing (Colige et al., 1999). Point and frame-shift
mutations in ADAMTS-2 result in the onset of dermatosparaxis in sheep and cattle, and
Ehlers-Danlos syndrome in humans, both of which disorders are characterized by severe skin
fragility (Colige et al., 2004; Bar-Yosef et al., 2008). In addition to developing fragile skin,
ADAMTS-2 null-mutant male mice were found to be sterile, characterized by a marked
decrease in testicular sperm (Li et al., 2001). This observation illustrates the putative
importance that ADAMTS-2 plays in spermatogenesis.
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ADAMTS-13 has been characterized as the von Willebrand factor cleaving proteinase
(vWFCP) (Zheng et al., 2001; Levy et al., 2001; Lenting et al., 2010). Deficiency of
ADAMTS-13 leads to the development of the disease thrombotic thrombocytopenic purpura
(TTP), characterized by the formation of microvascular vWF- and platelet-rich thrombi (Levy
et al., 2001; Sadler et al., 2004; Zipfel et al., 2010). Mutations in its CUB and spacer domains
have revealed the importance of these domains in ADAMTS-13 function. Furthermore,
function-inhibiting autoantibodies generated in people with TTP consistently interact with the
cysteine-rich/spacer regions of the ECM binding domain (Klaus et al., 2004). These findings
provide yet another example of the functional significance of the ancillary components in
ADAMTS function.

1.5.3

Regulation of ADAMTS Expression and Function

The similarity between the ADAMTS zinc-dependent catalytic domain and the catalytic
domain of MMPs established the possibility that ADAMTS subtypes could be inhibited by
the broadly effective MMP inhibitors, TIMPs. Studies have demonstrated that TIMP-3 is the
most potent natural inhibitor of the ADAMTS aggrecanases (Gendron et al., 2003). It can
potently inhibit ADAMTS-4 and -5 function and partially inhibited ADAMTS-1 (Arner et al.,
1999; Kashiwagi et al., 2001; Rodriguez-Manzaneque et al., 2002; Troeberg et al., 2009;
Pockert et al., 2009). In addition to TIMP-3, ADAMTS-1, -4, and -5 are effectively inhibited
by catechin gallate esters found in green tea (Vankemmelbeke et al., 2003). Finally, inhibition
of ADAMTS-1 by the synthetic inhibitors EDTA, 1,10-phenthroline, BB-94 and MMP-
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inhibitor-2 has been demonstrated (Arner et al., 1999; Kuno et al., 1999; RodriguezManzaneque et al., 2000).

Papilin is an ECM glycoprotein that contains a conserved sequence referred to as a ‘papilin
cassette’ (Kramerova et al., 2000, John et al., 2004; Fessler et al., 2004). The papilin cassette
shares close homology to the ancillary C-terminal domains of ADAMTS subtypes. In vitro,
papilin was capable of inhibiting ADAMTS-2 function in a non-competitive manner, thought
to be mediated by the interaction of the ‘papilin cassettes’ (Kramerova et al., 2000). Another
family of proteins structurally related to the ADAMTS metalloproteinases is the ADAMTSlike (ADAMTSL) family (Hirohata et al., 2002; Hall et al., 2003). These proteins are similar
in structure to papilin as they contain a papilin cassette. We do not have enough information
regarding vertebrate papilins and the related ADAMTS-like proteins. However, in vitro
studies indeed point out that some in vivo interactions between papilins and ADAMTS
metalloproteases are quite likely.

Growth factors, cytokines and hormones can regulate ADAMTS metalloproteinases. TGF-β1
has been shown to induce ADAMTS-2, -4 and -12 mRNA expression levels in osteosarcoma
cells, human fetal fibroblasts and fibroblast-like synoviocytes and to reduce ADAMTS-1, -5, 9, and -15 mRNA levels in prostatic cancer cells (Cal et al., 2001; Yamanishi et al., 2002;
Wang et al., 2003; Cross et al., 2005). Studies from our laboratory also indicated that TGF-β1
decreases ADAMTS-1 and -5 mRNA and protein levels in human endometrial decidual
stromal cells (Ng et al., 2006; Zhu et al., 2007). IL-1 induces the expression of the
aggrecanases ADAMTS-1, -4 and -5 in articular cartilage and chondrocytic cell lines (Pratta
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et al., 2003; Kashiwagi et al., 2004). IL-1β also increases the expression of ADAMTS-1 and 5 in decidual stromal cells (Ng et al., 2006; Zhu et al., 2007).

Hormones can regulate specific ADAMTS subtypes as well. Tri-iodothyronine (T3) was
shown to up-regulate the expression of ADAMTS-5, but not ADAMTS-4 in growth plate
cartilage during endochondral ossification whereas parathyroid hormone upregulated
ADAMTS-1 mRNA expression in bone and osteoblasts (Miles et al., 2000; Makihira et al.,
2003). ADAMTS-1 expression in granulosa cells is regulated by luteinizing hormone
(LH)/human chorionic gonadotropin (hCG) in a progesterone receptor (PR)-dependent
manner, as determined through PR knockout studies (Russell et al., 2003; Boerboom et al.,
2003; Shimada et al., 2004). They demonstrated that the mechanism by which the PR
mediates ADAMTS-1 gene expression does not involve classic PR binding elements within
the promoter, but rather it regulates promoter activity by regulating other transcription factors
through protein-protein interactions (Doyle et al., 2004). Studies from our laboratory
indicated that progesterone, 17β-estradiol, and dihydrotestosterone have complex regulatory
effects on the expression levels of ADAMTS-1 in human endometrial stromal cells (Wen et
al., 2006).

1.5.4

ADAMTS and Pregnancy

Recently we demonstrated that ADAMTS-1 is expressed in human endometrial stromal cells
and first trimester decidua stromal cells in vivo. It has been shown to be differentially
regulated by the cytokines IL-1β and TGF-β1 (Ng et al., 2006), and gonadal steroids (Wen et
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al., 2006) in vitro, suggesting that this proteinase play a role in ECM remodeling events
during the process of decidualization.

ADAMTS-1 is expressed in the uterus of pregnant mice (Shindo et al., 2000; Mittaz et al.,
2004) and a significant increase in ADAMTS-1 mRNA levels has been detected in the periimplantation endometrium (Kim et al., 2005). Gene knockout studies indicated that some
mice null-mutant for ADAMTS-1 developed large cysts in the endometrial tissues and
morphological changes during decidulization (Shindo et al., 2000), but some mice still can
undergo normal morphological decidualization (Mittaz et al., 2004). However, all ADAMTS1 gene knockout female mice are reported to have reduced pregnancy rates due to the
abnormality of the endometrium and ovulation (Shindo et al., 2000; Mittaz et al., 2004).
Studies also have demonstrated that ADAMTS-1 is expressed in granulosa cells of rupturing
follicles during ovulation and also that PR is involved in the regulation of ADAMTS-1 in the
mouse ovary (Robker et al., 2000; Espey et al., 2000, Shozu et al., 2005). These findings
suggest that ADAMTS-1 may play important roles in the process of ovulation and
maintenance of pregnancy and/or placentation (Mittaz et al., 2004).

ADAMTS-5 was determined to be specifically expressed in the 7-day mouse embryo, a
period that correlates with peri-implantation, and in trophoblastic cells lining the uterine
cavity in 8.5-day-old embryos (Hurskainen et al., 1999). Furthermore, ADAMTS-5
expression was shown to increase during the decidual reaction in mice, providing evidence
that this ADAMTS subtype also plays an important role during implantation (Hurskainen et
al., 1999). Recently we have demonstrated that ADAMTS-5 is expressed in human
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endometrial stroma in vivo and increases with decidualization, and is under the regulation of
cytokines (Zhu et al., 2007). These findings implicate a role for ADAMTS-5 in controlling
ECM-remodeling processes in endometrial and placental development. In addition, the
mRNA of other ADAMTS subtypes, ADAMTS-1, -4, -5, -6, -7, -9, and -10, has been
detected in human term placenta (Abbaszade et al., 1999; Hurskainen et al., 1999; Llamazares
et al., 2003; Somerville et al., 2003, 2004) and ADAMTS-2 in the first trimester placenta
(Farina et al., 2006). The expression of multiple ADAMTS subtypes in the human placenta is
supportive of their potential roles in ECM degradation/activation during placental
development.

1.5.5

ADAMTS and Cancer

Studies have demonstrated that aberrant expression of ADAMTSs has been found in diverse
tumor types and is involved in multiple steps of cancer development by regulating tumor cell
proliferation, apoptosis and invasiveness (Rocks et al., 2008). For example, ADAMTS-1 level
is down-regulated in non-small cell lung carcinoma when compared to non-cancerous tissues
(Rocks et al., 2006). ADAMTS-4 and -12 are differentially expressed between paired normal
gastric and brain tissues and in tumors, with expression levels consistently higher in the tumor
samples (Matthews et al., 2000; Cal et al., 2001). ADAMTS-4 and -5 are overexpressed in
human glioblastomas and contribute to the invasiveness of glioblastoma cells by cleavage of
brevican (Held-Feindt et al., 2006). Brain tumors possess lower levels of ADAMTS-8 and
ADAMTS-13 than the tissues of normal brain (Bohm et al., 2003, Dunn et al., 2006). It has
been reported that patients with an advanced stage and metastasis of cancer display lower
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ADAMTS-13 levels (Koo et al., 2002; Oleksowicz et al., 1999). Low ADAMTS-13 activity
could decrease vWF (Von Willebrand Factor) cleavage, and cause an accumulation of highly
polymeric vWF that facilitates adhesive interactions between circulating tumor cells and
platelets (Bohm et al., 2003). ADAMTS-8 and -15 are expressed in breast cancer, and
patients with increased levels of ADAMTS-8 and decreased levels of ADAMTS-15 are
associated with an unfavorable clinical prognosis (Porter et al., 2006). In the prostate, cells
that have differentiated into benign prostatic hyperplasia and prostatic cancers exhibit an
accumulation of the ECM proteoglycan versican, one of the main substrates of some
ADAMTS genes (Ricciardelli et al., 1998; Luo et al., 2002). Furthermore, versican
expression appears to be an indicator of poor prognosis in prostate cancers and is enhanced by
the tumor cell-derived growth factor TGF-β1 (Sakko et al., 2001; Cross et al., 2005).
Together, these data suggest a positive role for ADAMTS metalloproteinases in the
progression of specific cancers.

ADAMTS-1 is the best characterized ADAMTS gene. It was initially identified in an animal
model for colon cancer cachexia as an inflammation-associated protein (Kuno et al., 1997a).
Higher levels of ADAMTS-1 have been associated with pancreatic and hepatocellular cancer
(Masui et al., 2001), and ADAMTS-1 mRNA levels are decreased in lung carcinomas (Rocks
et al., 2006). Among pancreatic cancer cases, higher levels of ADAMTS-1 were associated
with increased local invasion and lymph node metastasis and poorer prognosis (Masui et al.,
2001). Furthermore, the exogenous expression of ADAMTS-1 has been shown to decrease
the experimental metastasis of Chinese hamster ovary cells (Kuno et al., 2004) but to increase
the metastatic potential of mammary and lung cancer cell lines in vivo (Liu et al., 2006).
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Further studies are required to evaluate the biological and clinical significance of
(dys)regulated expression levels of ADAMTS-1, alone or in combination with other distinct
ADAMTS subtypes, in the onset and/or progression of cancer to later stages.

1.6

Hypothesis and Rationale

The ADAMTS are a novel gene superfamily of metalloproteinases composed of 19
genetically distinct members in human. The expression of distinct ADAMTS subtypes has
been associated with pre- and postnatal growth and developmental of tissues and the onset
and progression of cancer, arthritis, Alzheimer’s disease and a number of inflammatory and
thrombotic conditions.

Studies from our laboratory have determined that ADAMTS-1 and -5 are spatiotemporally
expressed in the human endometrium during the menstrual cycle and in pregnancy (Ng et al.,
2006; Zhu et al., 2007). In particular, ADAMTS-1 and-5 expressions were readily detectable
throughout the glandular epithelium but restricted to the pre-decidualized stromal cells
surrounding the spiral arterioles of the secretory endometrium. Extensive ADAMTS-1 and -5
immunostaining were subsequently detected in the stromal cells of first trimester decidua and
were regulated by two cytokines, IL-1ß and TGF- ß1( Ng et al., 2006, Zhu et al., 2007). In
addition, I have determined that combinations of gonadal steroids and anti-steroidal
compounds have complex regulatory effects on ADAMTS-1 expression in endometrial
stromal cells (Wen et al., 2006). Our studies also show that ADAMTS-1 was expressed in the
well-differentiated human endometrial carcinoma cells in vitro.
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My study aimed to define the regulation and function of the ADAMTSs in the endometrium
during the physiological conditions of the menstrual cycle, as well as in endometrial
carcinoma.

OVERALL HYPOTHESIS

ADAMTS subtypes influence ECM remodeling events that occur in the human endometrium
under physiological and pathological conditions.

OBJECTIVE 1: To investigate the regulation of aggrecanases in the maturation of
human endometrium

Aim 1: Determine the ability of progestin, estrogen and androgen to regulate ADAMTS4, -5, -8, and -9 mRNA and protein levels in primary cultures of human endometrial
stromal cells.

To determine the regulatory effects of gonadal steroids on the aggrecanases expression in the
human endometrium, I examined the abilities of P4, E2, and DHT, alone or in combination, to
regulate ADAMTS-4, -5, -8 and -9 mRNA and protein levels in a dose- and time-dependent
manner. This was achieved by using primary cultures of human endometrial stromal cells.
The ability of gonadal steroids to regulate ADAMTSs mRNA and protein levels in these
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primary cell cultures was determined by using a real-time qPCR strategy and Western blot
analysis, respectively.

Aim 2: Determine the regulatory effects of antisteroidal compounds on ADAMTS-4, -5, 8 and -9 mRNA and protein levels in primary cultures of human endometrial stromal
cells.

I examined the regulatory effects of the antisteroidal compounds, RU486 (an anti-progestin),
ICI 182, 780 (an anti-estrogen) or flutamide (an anti-androgen) alone or in combination with
P4, E2, and DHT, to regulate ADAMTS-4 , -5, -8 and -9 mRNA and protein expression levels
in a dose- and time-dependent manner. This was achieved by using the same primary cell
cultures and approaches as described above.

OBJECTIVE 2: To test the hypothesis that members of ADAMTS subfamily play
integral roles in the progression of endometrial cancer.

Aim 2A: Investigate whether estrogen–induced cancer cell invasion involves regulated
ADAMTS-1 expression in well-differentiated human endometrial carcinoma cells in
vitro

I used a Transwell Matrigel invasion assay to explore the effects of gonadal steroids on the
invasion capacity of well-differentiated ECC-1 endometrial carcinoma cells. I then examined
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the regulatory effects of steroids on ADAMTS-1 mRNA and protein levels by real-time qPCR
and Western blot analysis in ECC-1 cells.

Aim 2B: Identify the function of ADAMTS-1 in endometrial cancer cell invasion

In this set of studies, I first examined the invasive capacity and the expression of
aggrecanases and versican in well- and poorly differentiated endometrial carcinoma cells,
respectively the ECC-1 and KLE cell lines, by using Matrigel invasion assays, RT-PCR and
Western blot analysis. Secondly, the full-length ADAMTS-1 cDNA construct and ADAMTS1 siRNA were transfected into ECC-1 and KLE cell, to examine the effects of loss and gain of
ADAMTS-1 on cancer cell invasiveness.
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CHAPTER 2.

MATERIALS AND METHODS

2.1

Cells and Culture Conditions

2.1.1

Tissues

Endometrial tissue samples were obtained from women (n = 12) 35 to 45 years old
undergoing a hysterectomy for reasons other than endometrial cancer or hyperplasia in
accordance with a protocol for use of human tissues approve by the UBC Clinical Ethic
Review Board. All of these women had normal menstrual cycles and did not receive
hormonal treatments for at least 3 months prior to the time of surgery. Menstrual cycle stage
was determined by the last menses and was confirmed by subsequent histological evaluation
(Noyes et al., 1950). Only endometrial tissues obtained prior to the perimenstrual stage of the
late secretory phase were used for stromal cell isolation.

Tissue samples of first trimester endometrial decidua were obtained from women undergoing
elective termination of pregnancy (gestation ages ranging from 6-12 weeks) (n=5).

The use of these tissues was approved by the Committee for Ethical Review of Research on
the Use of Human Subjects, University of British Columbia. All patients provided informed
written consent.
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2.1.2

Endometrial Stromal Cells

Enriched cultures of stromal cells were isolated from endometrial tissues by enzymatic
digestion and mechanical dissociation as previously described (Chen et al., 1998). In this
protocol, endometrial tissue samples were minced and subjected to 0.1% collagenase (type IV,
Sigma Chemical Co, St Louis, MO) and 0.1% hyaluronidase (type I-S, Sigma Chemical Co,
St Louis, MO) digestion in a shaking water bath at 37°C for 60 min. The cell digests were
then passed through a nylon sieve (38µm). The isolated glands and any undigested tissue
fragments were retained on the sieve, and the eluate containing the stromal cells was collected
in a 50ml tube. The stromal cells were then pelleted by centrifugation at 800 × g for 10 min at
room temperature. The cell pellets were washed once with phenol red-free DMEM containing
10% charcoal-stripped fetal bovine serum (FBS), and the cells were then resuspended and
plated in phenol red-free DMEM containing 25 mM glucose, L-glutamine, antibiotics
(100U/ml penicillin, 100µg/ml streptomycin) and supplemented with 10% charcoal-stripped
FBS. The culture medium was replaced 30 min after plating to reduce epithelial cell
contamination.

The purity of the endometrial stromal cell cultures was determined by

immunocytochemical staining for vimentin (fibroblast), cytokeratin (epithelial), muscle actin
(muscle cells) and factor VIII (endothelial). These cellular markers are used to determine the
purity of human endometrial cell cultures (Irwin et al., 1989). As defined by these criteria, the
endometrial stromal cell cultures used in these studies contained < 1% epithelial or vascular
cells.
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2.1.3

Endometrial Cancer Cell Lines

ECC-1 and KLE cell lines were obtained from the American Type Culture Collection (ATCC)
and maintained

in phenol red-free DMEM/F12 media containing 25 mM glucose, L-

glutamine, antibiotics (100U/ml penicillin, 100µg/ml streptomycin) and

10% charcoal-

stripped FBS (Intergen, Purchase, NY). Cells were grown in 10 cm2 culture dishes in an
air:carbon dioxide (95%:5%) atmosphere at 37°C.

2.2

Experimental Culture Conditions

2.2.1

Steroid Treatment

Endometrial stromal cells (passage 2 to 4) were grown to 80% confluence, washed with PBS
and cultured in phenol red-free DMEM supplemented with 10% charcoal-stripped FBS
containing either increasing concentrations of P4 (1-10µM), E2 (1-100nM), or DHT (1500nM) for 72h or a fixed concentrations of P4 (1µM), E2 (30nM) or DHT (100nM) for 0, 6,
12, 24, 48, or 72h.

To determine whether a combination of steroids was required for maximal ADAMTS-4, -5, -8,
and -9 expression in endometrial stromal cells, the cells were cultured in the presence of P4
plus E2, P4 plus DHT or E2 plus DHT for 0-72 h before harvesting for real-time qPCR and
Western blot analysis.
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ECC-1 cells were grown to 80% confluence in phenol red free DMEM/F12 with 10%
charcoal-stripped FBS and cultured with steroids in the concentrations described above.

2.2.2

Antisteroid Treatment

Endometrial stromal cells and ECC-1 cells were cultured in phenol red-free culture medium
with 10% charcoal-stripped FBS with either increasing concentrations of RU486 (25nM10µM), ICI 182, 780 (1nM-1µM)) or hydroxyflutamide (1nM-1µM) for 72 hours, or a fixed
concentration of RU486 (2.5µM), ICI 182, 780 (100nM) or hydroxyflutamide (100nM) for 0,
6, 12, 24, 48, or 72 hours.

To examine the inhibitory effects of anti-steroidal compounds on the steroid-mediated effects
on aggrecanases, the endometrial stromal cells were cultured with P4 (1µM) plus increasing
concentration of RU486 (25nM-10µM) or hydroxyflutamide (1nM-1µM), and DHT (100nM)
plus increased concentrations of hydroxyflutamide or RU486. The ECC-1 cells were cultured
in the presence of E2 (30nM) plus increasing concentrations of ICI 182 780 (1nM-1µM).

Endometrial stromal cells cultured with vehicle (0.1% ethanol) served as controls for these
studies. The concentrations of steroids and anti-steroidal compounds, and the time points
examined in this study, were based upon previous studies (Chen et al., 1998, 1999; Ling et al.,
2002). All of the primary cultures of endometrial stromal cells and ECC-1 cells were
harvested for either total RNA or protein extraction.
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2.3

Methods

2.3.1

RNA Preparation and Synthesis of First Strand cDNA

Total RNA was prepared from endometrial cell cultures using Tri-Reagent (Bio/Can,
Mississauga, Canada) using a protocol recommended by the manufacturer. Total RNA
extracts were treated with Deoxyribonuclease-1 (Sigma Aldrich) to eliminate possible
genomic DNA contamination. To verify the integrity of the RNA, aliquots of the total RNA
extracts were electrophoresed in a 1% (w/v) denaturing agarose gel containing 3.7% (v/v)
formaldehyde, and the 28 S and 18 S ribosomal RNA subunits were visualized by ethidium
bromide staining. The purity and concentration of total RNA present in each of the extracts
was quantified by optical densitometry (260/280nm) using a DU-64 UV-spectrophotometer
(Beckman Coulter, Mississuaga, ON, Canada)

Aliquots (~1 µg) of the total RNA extracts prepared from each of the cell cultures were then
reverse-transcribed into cDNA using a First Strand cDNA Synthesis Kit according to the
manufacturer’s protocol (Amersham Pharmacia Biotech, Oakville, ON, Canada). Briefly, an
aliquot (1µg) of the total RNA dissolved in DNase/RNase-free water (8µl in total) was heated
at 65°C for 10 min and cooled on ice. Dithiothreitol (DTT) (1µl), oligo-dT (1µl), and bulk
mixture (dATP, dCTP, dGTP, dTTP) (5µl) was added to the sample, and the mixture was
incubated at 37°C for 1 h. After incubation, the sample was boiled for 5 min to inactive
reverse transcriptase and subsequently stored at -20°C until use.
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2.3.2

Design of Oligonucleotide Primers

Nucleotide sequences specific for human ADAMTSs were identified in the Genebank
database using the BLAST (basic Local Alignment Search Tool) computer program
(www.ncbi.com). Forward and reverse oligonucleotide primers specific for ADAMTS-1, -4, 5, -8, -9 , versican and GAPDH, which served as an internal control, were designed using the
PRIMER EXPRESS software (Applied Biosystems) for real-time qPCR studies. The specific
nucleotide sequences of these primers are listed in Table 2.1. Forward and reverse
oligonucleotide primers specific for ADAMTS-1, ERα, ERβ, PR, AR and GAPDH that were
used for semi-quantitative RT-PCR were generated by Primer3 software. The specific
nucleotide sequences of these primers are listed in Table 2.2.

Table 2.1. Primer sequences for real-time qPCR analysis
Gene
GAPDH forward
GAPDH reverse

Primer sequence(5’-3’)
ATGGAAATCCCATCACCATCTT
CGCCCCACTTGATTTTGG

Position
269-290
325-308

ADAMTS-1 F
ADAMTS-1 R

GCTCATCTGCCAAGCCAAAG
CTACAACCTTGGGCTGCAAAA

1979-1999
2037-2016

59

ADAMTS-4 F
ADAMTS-4 R

CACATCCTACGCCGGAAGAG
GAGCCTTGACGTTGCACATG

536-555
596-577

61

ADAMTS-5 F
ADAMTS-5 R

AATAACCCTGCTCCCAGAAACA
GCGGTAGATGGCCCTCTTC

1785-1807
1844-1825

60

ADAMTS-8 F
ADAMTS-8 R

CCAGCATCAAGAATTCCATCAA
CCCATTTTTCATCTTCTACGATCA

774-795
839-816

66

ADAMTS-9 F
ADAMTS-9 R

GGAACAAAACAAACCCCACATC
CCTTCCTGTTGAGGGCTCTCT

595-616
661-642

57

ADAMTS-15 F
ADAMTS-15 R

GGCCTGCGTGGAGAGACA
CCCATTTGGCCCAGGAA

1507-1524
1568-1552

62

Versican F
Versican R

TCAGCCTACCTTGTCATTTTTCAAC
CATTTGATGCGGAGAAATTCAC

119-143
197-176

78

63

Product (bp)
57

2.3.3

Real-time Quantitative (q)RT-PCR

The first-strand cDNA generated from the endometrial stromal cell and ECC-1 cell cultures
served as a template for real-time qPCR using the ABI PRISM 7300 Sequence Detection
System (Perkin-Elmer Applied Biosystems, CA, USA) equipped with a 96-well optical
reaction plate for primers specific for ADAMTSs or the housekeeping gene, GAPDH.

Real-time qPCR was performed using 12.5 µl SYBR® Green PCR Master Mix (Perkin-Elmer
Applied Biosystems), 7.5µl of primer mixture (300nM) and 5µl of cDNA template (diluted 1:
8 v/v) under the following optimized conditions: 52ºC for 2 min followed by 95ºC for 10 min,
and 40 cycles of 95ºC for 15 sec and 60ºC for 1 min. All PCR reactions were performed in
duplicate, with the mean being used to determine mRNA levels. A negative control
containing water instead of sample cDNA was included in each plate. Each set of primers
generated a single PCR product of the appropriate size when visualized by agarose gel
electrophoresis, and by the melt curve analysis following qRT-PCR. Nucleotide sequences of
the resultant PCR products were confirmed by BLAST (http://www.ncbi.nlm.nih.gov). The
amplification efficiency was determined by plotting log cDNA dilution against ∆CT (∆CT
=CT.Target-CT.GAPDH), the slope of which was close to zero indicating maximal and similar
efficiency of the target and reference genes (data not shown). Relative ADAMTS-1, -4, -5, -8,
and -9 mRNA levels were determined using the formula 2−∆∆CT where ∆∆CT = (CT.TargetCT.GAPDH)X-(CT.Target-CT.GAPDH)0 . In this formula, X represents any time point or experimental
treatment with control cultures being assigned a value of zero (Kenneth and Thomas, 2001).
Data were analyzed using SDS 2.0 software (Applied Biosystems). This experimental
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approach was validated by the observation that differences between the CT for the target gene
and GAPDH remained relatively constant for each amount of DNA examined.

2.3.4

Semiquantitative RT-PCR

Semiquantitative RT-PCR was performed using the primer sets specific for ADAMTS-1, ERα,
ERß, PR, AR, GAPDH, and template cDNA generated from the total RNA extracts prepared
from ECC-1 and KLE cells. The primers and optimized numbers of cycles subsequently used
to amplify the ADAMTS-1, steroids receptors and GAPDH identified in each of these
samples are listed in Table 3. Aliquots (10 µl) of the PCR products generated from the cell
samples were separated by electrophoresis in a 2% (w/v) agarose gel and visualized by
ethidium bromide staining. The intensity of ethidium bromide staining of the PCR products
was analysed by UV densitometry (Biometra, Whiteman Co., Gottigen, Germany). Volume
counts (mm3) of the PCR products were then determined using the Scion Image computer
software (Scion Image Co., Frederick, MD).
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Table 2.2. Primer sequences and PCR conditions for the semiquantitative RT-PCR
analysis

Gene

Primer Sequence

ADAMTS-1

Forward: 5’-CGAGTGTGCAAAGGAAGTGA-3’
Reverse: 5’-CTACCCCATAATCCCACCT-3’

560bp

ER-ɑ

Forward: 5’-GTGCCTGGCTAGAGATAATG-3’
Reverse: 5’-GATGTGGGAGAGGATGAGGA-3’

401bp

ER-ß

Forward: 5’-CGAAGTGGGAATGGTGAAGT-3’
Reverse: 5’-ACAAAGCCGGGAATCTTCTT-3’

330bp

PR

Forward: 5'-ACACCTTGCCTGAAGTTTCG-3'
Forward: 5'-TTTGCCCTTCAGAAGCGG -3'

592bp

AR

Forward: 5’-CGAAGTGGGAATGGTGAAGT-3’
Reverse: 5’-CTCTCGCCTTCTAGCCCTTT-3’

378bp

GAPDH

Forward: 5’-CCCAATTCTCTACGGAGTCG-3’
Reverse: 5’-AATCTCCCAGGGTTGCTTCT-3’

203bp

2.3.5

Product Size

PCR Conditions
Denaturing: 94°C 60s
Annealing: 60°C 60s
Extension: 72°C 60s
30 cycles
Denaturing: 94°C 60s
Annealing: 58°C 35s
Extension: 72°C 60s
30 cycles
Denaturing: 94°C 60s
Annealing: 59°C 60s
Extension: 72°C 60s
30 cycles
Denaturing: 94°C 60s
Annealing: 60°C 60s
Extension: 72°C 60s
30 cycles
Denaturing: 94°C 60s
Annealing: 60°C 60s
Extension: 72°C 60s
30 cycles
Denaturing: 94°C 60s
Annealing: 55°C 45s
Extension: 72°C 60s
20 cycles

Western Blot Analysis

Endometrial stromal cell and endometrial carcinoma cell cultures were washed three times in
cold 1% PBS and incubated in 100 µl of cell extraction buffer (Biosource International,
Camarillo, CA) supplemented with 1mM PMSF and protease inhibitor cocktail at 4°C for 30
min on a rocking platform. The cell lysates were centrifuged at

10, 000 x g for 20 min at

4°C and the supernatants were used for Western blot analysis. The concentrations of protein
in the cell lysates were determined using a BCA kit (Pierce Chemicals, Rockford, IL).
ADAMTS-1 was detected using a polyclonal antibody directed against human ADAMTS-1
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(Biodesign Intl., Saco, ME). To standardize the amounts of protein loaded into each lane, the
blots were reprobed with a monoclonal antibody directed against human β-actin (Sigma
Chemical Co.). The Amersham ECL system was used to detect the amount of each antibody
bound to antigen and the resultant autoradiograms analyzed by UV densitometry. The
absorbance values obtained for ADAMTS-1, -4, -5, and -8 were then normalized relative to
the corresponding β-actin absorbance value.

2.3.6

Transwell Invasion Assay

In vitro cellular invasion assay was performed using Transwells fitted with Millipore Corp.
membranes coated with a thin layer of growth factor-reduced Matrigel (6.5-mm filters, 8-µm
pore size; Costar, Toronto, ON, Canada) as previously described (Zhou et al., 1997). Briefly,
growth-factor reduced Matrigel (BD Biosciences, USA) was thawed at 4°C overnight and
then diluted with cold serum-free DMEM/F12 at 1:40 ratio, then the diluted Matrigel was
plated into pre-cooled 12-well insert. After incubation at 37°C for 4 hours, the suspension was
removed. ECC-1 and KLE cells suspended in DMEM/F12 with 0.1% FBS were added (2x105
cells/ml, 250µl) to the upper wells of the Transwell chamber, which was then immediately
immersed into the culture well containing 800ul of DMEM/F12 supplemented with 10% FBS.
After 24 hours of incubation in a humidified environment (5% CO2) at 37°C, the medium
inside was poured out, and the insert was placed into methanol at -20°C for 30min for fixation
of cells. The insert was then immersed in PBS and stained with Hemacolor (EMD chemicals,
Germany). After washing with PBS, the noninvaded cells from the upper surface of the
Matrigel layer were completely removed by gentle swabbing, the remaining cells that had
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invaded into the matrigel appeared on the underside of the filter membrane. The membrane
was then excised from the Transwells, and mounted upside-down onto glass slides with
Cytoseal XYL (Richard-Allan Scientific, USA). Invasion indices were determined by
counting the number of stained cells in 10 randomly selected, non-overlapping fields at 40X
magnification using a light microscope. Invasion was tested in triplicate wells, on three
independent occasions.

2.3.7

siRNA Transfection

Before starting the loss-of-function studies, five siRNA targeting the human ADAMTS-1
mRNA were tested, and one siRNA (5’-CGGCAGTGGTCTAAAGCATTA-3’) was found to
be most effective in terms of its ability in silencing the mRNA and protein levels of
ADAMTS-1 in KLE cells, and was used in the ADAMTS knock-down study in KLE cells.
The concentration of siRNAs and the transfection reagent: siRNA concentration ratio was
also optimized before these studies (data not shown).

The siRNA oligonucleotide (catolog # SI00093583, Qiagen, US) targeting the human
ADAMTS-1 mRNA transcript 5’-CGGCAGTGGTCTAAAGCATTA-3’ were transfected
into KLE cells (6 nmol/35mm2 culture dish) using 8 µl of HiPerFect Transfection Reagent
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. Cells transfected with a
non-silencing,

scrambled

AllStars

Negative

Control

siRNA

(5’-

AATTCTCCGAACGTGTCACGT-3’), (catolog # 1027310, Qiagen, USA) or cultured in the
presence of transfection reagent alone, served as negative controls for these studies.
Verification of ADAMTS-1 knockdown in KLE cells was determined by analyzing
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ADAMTS-1 mRNA and protein levels using semi-quantitative RT-PCR and Western blot
analysis.

The cells were harvested 24 h after siRNA transfection, and mRNA and protein were
extracted using the protocol described in 2.3.1 and 2.3.5. Some cells were trypsinized 24 h
after siRNA transfection, and added (2x105 cells/ml, 250µl) into Matrigel precoated invasion
chambers for a 24 h Transwell invasion assay (see detail in 2.3.6)

2.3.8

Expression Vector

A mammalian expression vector (pCMV6-Entry) containing full-length human ADAMTS-1
cDNA is transfection-ready DNA was obtained from OriGene (OriGene Technology, USA).
pCMV6-Entry expression vector is tagged with C-terminal MYC/DDK tag for easy antibody
detection and purification. The fusion protein is under CMV promoter for strong constitutive
expression. The empty vector served as a control for these studies.

2.3.9

Transient Transfection of Full-length ADAMTS-1 cDNA

ECC-1 cells were seeded at 0.5 x 105/ml in 35 mm2 plates containing DMEM/F12
supplemented with 10% FBS. The cells were cultured overnight and then transfected with
pCMV6-ADAMTS1 or pCMV6-Entry using Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s instructions. After 24 h, ECC-1 cells were harvested for
mRNA and protein analysis or for use in invasion assays.
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2.4

Statistical Analysis

The absorbance values obtained from the real-time qPCR products and the autoradiograms
generated by Western blotting were subjected to statistical analysis using GraphPad Prism 4
computer software (GraphPad, San Diego, CA). Statistical differences between the
absorbance values were assessed by the analysis of variance (ANOVA). Differences were
considered significant for p < 0.05. Significant differences between the means were
determined using Dunnett’s test (Getsios et al., 1998; Chou et al., 2002). The results are
presented as the mean relative absorbance (+ S.E.M.) obtained using cell cultures isolated
from tissue samples obtained from at least 3 different patients.

Cellular invasion was analyzed by one-way ANOVA followed by the Tukey multiple
comparison test (Xu et al., 2002). Differences were accepted as significant at P<0.05.

70

CHAPTER 3.

REGULATION AND FUNCTION OF

AGGRECANASES IN THE MATURATION OF HUMAN
ENDOMETRIUM

Our previous studies have suggested that ADAMTS-1 and ADAMTS-5, two aggrecanases
that are members of the ADAMTS subfamily, are expressed in the human endometrium
during the menstrual cycle and in pregnancy. I have previously performed a comprehensive
study of the regulatory effects of gonadal steroids on ADAMTS-1 expression in endometrial
stromal cells (Wen et al., 2006). In this set of experiments, I further characterized the
repertoire of aggrecanases present in primary cultures of human endometrial stromal cells,
and examined the ability of gonadal steriods to regulate the expression levels of these
ADAMTS subtypes, in order to gain a better understanding of the roles that these
aggrecanases play in endometrial physiology.

3.1

Results

3.1.1

Expression Levels of Aggrecanases and Versican in Endometrial Stroma and First
Trimester Decidual Cells

I first determined the mRNA levels of distinct aggrecanases and their common substrate,
versican, in primary cultures of endometrial stromal cells, when compared to primary cultures
of first trimester decidual stromal cells. ADAMTS-1, -4, -5, -8, -9 and versican are expressed
in both cell types at the mRNA level, but ADAMTS-15 mRNA was not detectable in these
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cell cultures. In decidual stromal cells, ADAMTS-1 and -8 mRNA levels are approximately
4-fold higher, ADAMTS-5 mRNA level is about 6-fold higher, and ADAMTS-9 mRNA level
is about 11-fold higher, than in endometrial stromal cells. In contrast, versican mRNA level is
approximately 6-fold lower in decidual cells (Figure 3.1).

3.1.2

Distinct Regulatory Effects of Gonadal Steroids on ADAMTS-4, -5, -8, and -9
mRNA Levels in Human Endometrial Stromal Cells in vitro

Progesterone (P4) significantly (p < 0.05) increased stromal ADAMTS-8 and -9 mRNA levels
in these primary cell cultures in a concentration- and time-dependent manner (Figure 3.2).
The addition of vehicle (ethanol) alone to the culture medium had no significant effect on
aggrecanase mRNA levels at any of the time points examined (data not shown). The gonadal
steroid P4 significantly (p < 0.05) increased ADAMTS-8 and -9 mRNA levels after 12 h and
24 h of culture (Figure 3.2A), respectively, and these increases continued until the termination
of the experiment at 72 h. In addition, ADAMTS-8 and -9 mRNA levels were significantly
increased after treatment with high concentrations (1µM and 5µM) of P4 (Figure 3.2B). In
contrast, P4 had no effects on the mRNA levels of ADAMTS-4 and 5. Moreover, 17-ß
estradiol (E2) treatment had no effect on ADAMTS-4, -5, -8 and -9 mRNA levels at any of
the time points and concentrations examined in these studies (Figure 3.3).

The non-aromatizable androgen, DHT, significantly (p < 0.05) increased ADAMTS-8 mRNA
levels in a time- and concentration-dependent manner (Figure 3.4). Increased ADAMTS-8
mRNA levels were detectable starting 12 h after treatment with 100nM DHT, increased to 4-
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fold at 48 h, and was maintained for at least 72 h of treatment (Figure 3.4A). The DHTinduced increase in ADAMTS-8 mRNA was only observed after 72 h treatment with high
concentrations (100nM and 500nM) of DHT but not with concentrations of 10nM or less
(Figure 3.4B). DHT decreased ADAMTS-5 mRNA levels by about 40 percent in endometrial
stromal cells after 12 h of culture (Figure 3.4A) and this was also observed at 72 h of
treatment with high (100nM and 500nM) but not low (< 10 nM) concentrations of DHT
(Figure 3.4B). In contrast, ADAMTS-4 and -9 mRNA levels remained relatively constant in
all of the endometrial cell cultures after these steroid hormone (P4, E2, and DHT) treatments
(Figures 3.2-3.4).

3.1.3

Combinatorial Effects of Gonadal Steroids on Stromal ADAMTS-5, -8, and -9
mRNA Levels

E2 can abolish the P4-mediated increase in stromal ADAMTS-1 mRNA level (Wen et al.,
2006), but increasing concentrations of E2 had no influence on the P4-mediated increases of
stromal ADAMTS-8 and -9 mRNA levels in the primary cultures of endometrial stromal cells
(Figure 3.5).

A combination of P4 plus DHT caused a significant (p < 0.05) increase in ADAMTS-8 and -9
mRNA levels beginning from 48 h, and reaching about 4-fold and 2.5-fold increases,
respectively, by 72 h. The increased mRNA levels of ADAMTS-8 and -9 were similar to
those observed in endometrial stromal cells cultured in the presence of P4 or DHT alone
(Figure 3.6A and B, also compare with Figures 3.2 and 3.4). However, the up-regulation of
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ADAMTS-8 and -9 mRNAs induced by the combination treatment with P4 and DHT was
delayed (to 48 h) compared to that induced by P4 alone (evident at 12 h/24 h) or by DHT
alone (evident at 12 h) (Figure 3.6A compare with Figures 3.2 and 3.4). Therefore, this
combination seems to suppress the increase in ADAMTS-8 and -9 mRNAs at early times (12
and 24 h) but not at later times (48 and 72 h). The combination treatment caused a significant
(p < 0.05) decrease (about 40 percent) in ADAMTS-5 mRNA levels starting from 12 h in a
manner similar to that observed in endometrial stromal cells cultured in the presence of DHT
alone (Figure 3.6A, compare with Figure 3.4). However, no synergistic or inhibitory effects
of this P4 plus DHT combination treatment on ADAMTS-5 mRNA expression were observed
(Figure 3.6B).

3.1.4

Regulatory Effects of Anti-steroidal Compounds on Stromal ADAMTS-5, -8, and -9
mRNA Levels

The PR antagonist RU486 had no significant effect on ADAMTS-4, -5, -8, and -9 mRNA
levels when present at increasing concentrations for 72 h (Figure 3.7A). RU486 inhibited the
P4-mediated increase in stromal ADAMTS-8 and -9 mRNA levels in a concentrationdependent manner (Figure 3.7B). Maximal inhibition was observed at approximately 2.5µM
RU486 (Figure 3.7B). In contrast, levels of ADAMTS-8 mRNA remained elevated and
ADAMTS-5 mRNA levels remain decreased in stromal cells cultured in the presence of DHT
and increasing concentrations of RU486 (Figure 3.8).
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The mRNA levels of ADAMTS-4, -5, -8 and -9 remained relatively constant in endometrial
stromal cells cultured in the presence of increasing concentrations of hydroxyflutamide alone
(Figure 3.9A). Hydroxyflutamide inhibited the DHT-mediated increase in stromal ADAMTS8 and decrease in ADAMTS-5 mRNA levels in a concentration-dependent manner. A
maximal inhibitory effect was observed at 10nM and higher concentrations of
hydroxyflutamide, but not at the lower concentrations of 0.1 and 1nM (Figure 3.9B).
However, this anti-androgen compound had no significant effect on the levels of ADAMTS-8
and-9 mRNA in stromal cells cultured in the presence of P4, at least at the concentrations
used in these studies (Figure 3.10).

3.1.5

Distinct Regulatory Effects of Gonadal Steroids on ADAMTS-5 and -8 Protein
Levels in Human Endometrial Stromal Cells in vitro

Western blot analysis was used to examine the levels of aggrecanases in human endometrial
stromal cells. Since the mRNA level of ADAMTS-4 was low and did not change after steroid
treatments (Figures 3.1-3.4), and my preliminary data showed that the expression of
ADAMTS-4 and -9 protein was very low and barely detectable, I did not conduct further
studies on these two aggrecanases.

Therefore, these following experiments focused on

characterizing the protein levels of two ADAMTS subtypes, i.e., ADAMTS-5 and ADAMTS8, in endometrial stromal cells cultured with and without P4 and DHT.

The mRNA level of ADAMTS-8 significantly increased after treating with P4 and DHT,
while DHT decreased ADAMTS-5 mRNA levels in endometrial stromal cells. The

75

ADAMTS-8 and ADAMTS-5 zymogens of 110kDa and 120kDa, respectively, were
detectable in the cultured endometrial stromal cells. In agreement with the lack of observed
effect of vehicle (ethanol) alone on ADAMTS-5 and -8 mRNA levels, the levels of
ADAMTS-5 and -8 zymogens remained relatively constant in the endometrial stromal cell
cultures treated with vehicle alone (data not shown). However, P4 and DHT significantly (p <
0.05) increased ADAMTS-8 protein level by approximately 3-fold, and this was detectable
beginning 12-24 h after treatment and extended to at least 72 h (Figure 3.11A and B).
Moreover, in accordance with the ADAMTS-5 mRNA measurements, ADAMTS-5 levels in
the endometrial stromal cells decreased significantly in a time-dependent manner upon
treatment with DHT (Figure 3.12).

3.1.6

Combinatorial Effects of Gonadal Steroids on Endometrial Stromal ADAMTS-5
and -8 protein Levels

When endometrial stromal cells were co-treated with P4 and E2 for 72 h, the ADAMTS-8
protein levels remained the same as in cells treated with P4 alone (Figure 3.13),
corresponding to the lack of effect of E2 on P4-induced ADAMTS-8 mRNA level (Figure
3.5). Moreover, when the cells were treated with P4 plus DHT for 72 h, the ADAMTS-8
levels increased about 3-fold in a manner similar to that observed after P4 treatment alone
(Figure 3.14A), whereas ADAMTS-5 protein levels decreased more than 40 percent to a level
similar to that observed with DHT treatment alone (Figure 3.14B). Thus, these two hormones
do not act synergistically in this regard.
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3.1.7

Regulatory Effects of Anti-steroidal Compounds on Stromal ADAMTS -5 and -8

The anti-progestin, RU486, had no effect on the endometrial stromal cell ADAMTS-8 protein
levels (Figure 3.15, compare lanes 1 and 2). However, RU486 significantly inhibited the P4mediated increase of ADAMTS-8 protein level when present at a concentration of 2.5µM or
higher (Figure 3.15, compare lanes 6-8 with 3).

The anti-androgen, hydroxyflutamide, had no significant effect on ADAMTS-8 and
ADAMTS-5 protein levels in endometrial stromal cells (Figure 3.16 and 3.17, compare lane 1
and 2). It specifically abolished the DHT-induced increase in ADAMTS-8 protein level
(Figure 3.16), and it inhibited the DHT-mediated decrease of ADAMTS-5 protein levels
(Figure 3.17). Both these effects of hydroxyflutamide were observed at concentrations of
10nM or higher.

3.2

Discussion

Members of the aggrecanases subfamily of ADAMTS (ADAMTS-1, -4, -5, -8, and -9) have
been detected in a wide array of adult human tissues including term placenta and the nonpregnant uterus (Abbaszade et al., 1999; Vazquez et al., 1999; Somerville et al., 2003, 2004).
My previous studies demonstrated that the expression of ADAMTS-1 in human endometrial
stromal cells is under the control of gonadal steroids (Wen et al., 2006). Gene knockout
studies have also indicated that ADAMTS-1 null female mice have reduced pregnancy rates
(Shindo et al., 2000; Mittaz et al., 2004), although normal morphological decidualization
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occurs in some of these animals (Mittaz et al., 2004). The latter observations suggest that
ADAMTS-1 is neither necessary nor sufficient to mediate decidualization but may play an
important role in the later stages of implantation and placentation, and/or that other ADAMTS
subtypes expressed in the endometrium may have overlapping and thus, non-redundant
functions in this multi-step reproductive process.

In my current studies, I have determined the regulation of mRNA and protein levels of
ADAMTS-4, -5, -8, and -9 in human endometrial stromal cells by gonadal steroids. The
results are summarized in Table 3.1. In particular, P4 increased ADAMTS-8 at protein and
mRNA levels and P4 increased ADAMTS-9 at least at mRNA levels, while DHT increased
ADAMTS-8 but decreased ADAMTS-5 at both mRNA and protein levels. E2 alone had no
regulatory effect on either mRNA or protein levels of these ADAMTS subtypes in
endometrial stromal cell cultures. Combination treatments with the different gonadal steroids
had similar effects to those observed with individual steroids, and did not show any
synergistic or antagonistic effects at 72 h. In contrast, the synthetic steroid antagonists RU486
and hydroxyflutamide specifically inhibited the increase in ADAMTS-8 and/or -9 expression
levels, and the decrease of ADAMTS-5 levels mediated by P4 and DHT, respectively. These
results suggest that the specific ADAMTS subtypes such as ADAMTS-1, -8, and -9 may have
overlapping functions on the human endometrium during the menstrual cycle that are
independent from those of ADAMTS-4 and -5. Such redundancy in gene families is common
(Fata et al., 2000; Curry and Osteen, 2001; Madan et al., 2003). Studies have shown both
redundant and non-redundant roles for distinct ADAMTS subtypes in follicular growth,
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ovulation and in the formation and regression of the corpus luteum in mouse and bovine
ovary (Espey et al., 2000; Madan et al., 2003; Russsel et al., 2003; Richards et al., 2005).

Table 3.1. Summary of the effects of 72 hours treatment with gonadal steroids on ADAMTS
expression in cultured human endometrial stromal cells.

ADAMTS

ADAMTS

Treatment

4
mRNA

5
protein

mRNA

8
protein

mRNA

9
protein

mRNA

protein

P4

N.D.

N.D.

E2

N.D.

N.D.

DHT

N.D.

N.D.

P4+E2

N.D.

N.D.

P4+DHT

N.D.

N.D.

, no change at mRNA or protein levels. , increased levels of less than 3fold. , increased levels of > 3-fold. N.D., not detected
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Of the gonadal steroids examined in this study, progesterone was the most potent regulator of
ADAMTS genes expression. In addition to ADAMTS-1, progesterone also regulated
ADAMTS-8 and -9 expression in human endometrial stromal cells. Progesterone exerts
physiological effect primarily through activating progesterone receptor (PR) (Graham and
Clarke, 1997). The progesterone-PR complex then binds to a specific DNA sequence, the
progesterone response element, in the promoter region of a target gene to initiate gene
transcription (Giangrande and McDonnell, 1999; Tsai and O'Malley, 1994). The consensus
response element identified for PR is a 15 bp sequence of 5’-GG/TTACAnnnTGTTCT-3’.
This response element is also recognized by the androgen receptor (AR), glucocorticoid
receptor (GR) and mineralocorticoid receptor (MR), hence it is also called the steroid
response element (SRE) (Cato et al., 1987; Roche et al., 1992). The 5’-TGTTCT/N-3’ has
been recognized as a fixed half core sequence. Mutations at certain positions of the 15 bp
sequence, including the fixed half site, will alter the steroid receptor binding affinity, and are
important for differential control of gene transcription (Lindzey et al., 1994; Yie et al., 2006).
Mutations are common and most of those mutations do not affect the transcriptional response
(Lieberman et al., 1993). Although AR and PR bind to the same response element, they have
different preferences for binding to the different variations of the DNA sequence (Colleen et
al., 1999).

In my study, progesterone and DHT-mediated regulated effects on ADAMTS-5, -8 and -9
expression were abolished by RU486 or hydroxyflutamide, suggesting that progesterone and
DHT regulate ADAMTS gene expression via their intracellular receptors. However, a
computer-based search of the ADAMTS-5, -8 and-9 gene promoter regions (2000 bp) failed
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to identify the classical 15 bp PRE sequence, and only one or several half-sites of the
sequence were identified (Figure 3.18). Although there is no direct evidence that these
sequences can be utilized as functional response elements by progesterone or androgen in
regulating ADAMTS gene transcription, there is indeed evidence indicating that the response
element sequence requirements for steroid hormones to induce transcription of steroidresponsive genes are less stringent. Variations within the defined consensus sequences (60%
homology) still allowed positive regulation of transcription (Yie et al., 2006). Furthermore,
research showed that two fragments of the SRE, located distal to each other and containing
sequences with limited homologies with each half-motif of the defined consensus SRE, could
bind the steroid receptor in vitro and mediate the steroid-dependent induction of
transcriptional activity (Kato et al., 1992; Lamian et al., 1993). If this is also applicable to the
P4 or DHT-mediated regulation of ADAMTS genes, then the DNA sequences located at 1602 bp (5’-GTTACA-3’) and -1444 bp (5’-TGTCCT-3’) within the ADAMTS-8 promoter
(Figure 3.18) could form an entire steroid response element. These sequences are likely to
have a preference for binding to the PR because the half sequence at -1602bp has GTTACA
instead of GGTACA, as reported in another study (Colleen et al., 1999). It is possible that the
half-site sequence in the ADAMTS promoter region could be the true steroid response
element and this requires further investigation. We can assume that after binding of
progesterone and androgen to their receptors, these complexes will bind to the same response
element, and regulate ADAMTS expression through the same downstream signaling pathway,
this would explain why no synergistic effect on ADAMTS-8 expression was observed upon
co-treatment with P4 and DHT for 48 h or 72 h. However, the combination treatment showed
some suppressive effects at earlier time points (12 and 24h) when compared to P4 or DHT
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treated alone, suggesting that negative SRE-mediated repression also exists (Geserick et al.,
2005; Dostert and Heinzel, 2004). Such negative SRE usually only possess one consensus
half-site (Geserick et al., 2005). Multiple half-site SRE sequences were found in the
ADAMTS-8 promoter region (Figure 3.18). It is possible that when two hormones, like P4
and DHT, present at the same time, they will compete for binding to the same response
element which has high binding affinity. In the meantime, a negative SRE which has lower
binding affinity will be activated as well and exert a repressive effect to neutralize the positive
regulatory effect. However, the respective roles of these SREs, and their cooperation and
interaction with cofactors, need further investigation.

ADAMTS-5, also known as aggrecanase-2 (Abbaszade et al., 1999; Hurskainen et al., 1999),
is expressed primarily in the murine placenta and the corresponding maternal decidua during
the peri-implantation period, and this is the basis of its trivial name ‘implantin’ (Abbaszade et
al., 1999). It may represent a potential candidate for the partial rescue of the reproductive
capacity of ADAMTS-1 gene knockout mice. Thus using mice double knockout for
ADAMTS-1 and -5 genes to detect the effect on decidualization and implantation would shed
light on the potential compensatory roles that these ADAMTS genes play in the human
endometrium.

The factors capable of regulating ADAMTS-5 expression remain poorly characterized.
Studies from our laboratory have determined that ADAMTS-1 and -5 are expressed in human
decidual stromal cells in vivo and in vitro. IL-1β and TGF-β1, two key regulators of the
proteolytic mechanisms operative at the maternal–fetal interface, were also found to be
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capable of regulating ADAMTS-1 and -5 mRNA and protein levels in these cells in vitro
(Zhu et al., 2007; Ng et al., 2006). In particular, IL-1ß increases, whereas TGF-ß1 decreases,
ADAMTS-5 expression in decidual stromal cells. In my study, ADAMTS-5 has a 5-fold
higher mRNA level in decidual stromal cells compared to endometrial stromal cells, making
it likely to be a progesterone-responsive gene. However, estradiol and progesterone have not
shown significant influences on ADAMTS-5 expression in primary cultures of endometrial
stromal cells, suggesting that ADAMTS-5 expression is independent of direct regulation by
progesterone. Although no ADAMTS-5 gene knockout studies have focused on uterine
physiology, ADAMTS-5 null mutant mice are viable and fertile (Stanton et al., 2005),
indicating that ADAMTS-5 may only play a supporting role in the preparation of the
endometrium for the implanting embryo. DHT significantly down-regulated ADAMTS-5
expression in the human endometrial stromal cell cultures, raising the possibility that
ADAMTS-5 may be responsible for some infertility conditions associated with high androgen
levels, such as PCOS.

Studies of ADAMTS-8 are quite limited. Like ADAMTS-1, ADAMTS-8 has been proven an
anti-angiogenic factor. These ADAMTSs were first named METH-1 and METH-2,
respectively, because they both contain metalloprotease and thrombospondin domains. The
overall amino acid sequence identity between METH-1 and METH-2 is 52% (Vázquez et al.,
1999). Their anti-angiogenic properties are mediated either by the TSP motif or through direct
VEGF binding (Lawler, 2000; Lawler and Detmar, 2004). Both angiogenesis and ECM
degradation are important in reproduction and cancer development (Carmeliet and Jain, 2000).
Down-regulation of ADAMTS-8 has been found in brain tumors and lung cancer (Dunn et al.,
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2004, 2006), but high expression of ADAMTS-8 in patients with breast cancer is associated
with poor prognosis (Porter et al., 2006), suggesting a role for ADAMTS-8 in tumorigenesis.
However, the expression and regulation of ADAMTS-8 in reproductive tissues has never been
reported before. I have found that ADAMTS-8 is expressed in human endometrial stromal
cells and in first trimester decidua calls in vitro. Furthermore, P4 and DHT but not E2
significantly increase ADAMTS-8 levels in endometrial stromal cells. The regulation of
ADAMTS-8 and ADAMTS-1 by gonadal steroids is similar, indicating the possibility of an
overlapping function in the human endometrium. Thus, ADAMTS-8 has the potential to
contribute to the development of a uterine environment that is capable of supporting a
pregnancy via the regulated degradation of the endometrial ECM and/or the extensive
vascular changes that occur during the menstrual cycle.

ADAMTS-9 also belongs to the aggrecanases subfamily of ADAMTS. However, as an
ADAMTS subtype with a gon-1 domain, which was first identified in C. elegans and has an
essential role in reproduction, it has been a focus of attention for developmental biologists.
Previous studies have shown widespread expression of Adamts9 during mouse embryo
development, and it continues to be expressed in a variety of adult tissues (Clark et al., 2000;
Somerville et al., 2003; Jungers et al., 2005). As an aggrecanase, ADAMTS-9 has also been
investigated in cancers and appears to function as a cancer suppressor gene (Lung et al.,
2008), and hypermethylation of the ADAMTS-9 gene is associated with carcinogenesis in
humans (Zhang et al., 2010). In this study, I found that ADAMTS-9 is expressed in human
endometrial stromal cells and in first trimester decidual tissue. Progesterone significantly
increases the ADAMTS-9 expression at least at the mRNA level. Thus, ADAMTS-9 may also
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be involved in ECM remodeling events involved in preparing the endometrium for the
implanting embryo.

Gonadal steroids govern the developmental fate of the human endometrium across the
reproductive lifespan and into the menopause. Throughout the childbearing years, the
endometrium undergoes cycles of growth, differentiation and shedding. This series of
progressive cellular events which occur in the endometrium in preparation for pregnancy are
orchestrated primarily by corresponding fluctuations in the physiological levels of estrogens
(estradiol; E2), progestagens (progesterone; P4), and to a lesser extent by androgens
(dihydrotestosterone; DHT). Estradiol begins to increase starting from the early follicular
phase, ends at its preovulatory peak, and maintains a high level to the mid-luteal phase.
Progesterone levels starts to increase after ovulation, reaches a plateau at the end of the early
luteal phase, and maintain the plateau levels during the mid-luteal phase, which is also
characterized as the “implantation window”. Androgens are sex hormones that are produced
by both the ovaries and adrenal glands. Testosterone levels vary during the menstrual cycle
just like other sex hormones, with testosterone peaking during the middle phase of the
menstrual cycle around the time of ovulation (Judd and Yen, 1973). Considering the
regulatory effect of steroids upon ADAMTS expression, we predict that along with the
fluctuation of gonadal steroids during the menstrual cycle, some ADAMTS subtypes such as
ADAMTS-1, -8, and -9 will increase after ovulation according the increased circulation level
of progesterone and reach a peak level at the mid-secretory phase when decidualization
occurs.
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In summary, my studies have shown that ADAMTS-4, -5, -8 and -9 are expressed in human
endometrial stromal cells at the mRNA and protein levels. In addition to ADAMTS-1, I have
demonstrated that the regulation of ADAMTS-5, -8 and -9 in human endometrial stromal
cells in vitro involves at least progestins and androgens. These observations suggest that these
aggecanases play key roles in steroid-mediated ECM remodeling events that occur in the
human endometrium in preparation for pregnancy.
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Figure 3.1. Comparison of aggrecanases and versican mRNA levels in primary culture
of human endometrial stromal cells and first trimester decidual stromal cells. Real-time
qPCR analysis of ADAMTS-1, -4, -5, -8, -9, -15, and their common substrate versican mRNA
levels in primary cultures of human endometrial stromal cells compared with first trimester
endometrial decidual cells. Values for ADAMTS mRNA levels present in each sample were
normalized to the corresponding GAPDH mRNA levels. The results were derived from at
least four sets of samples and were represented (mean+S.E.M.; n > 4) in the bar graphs.
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Figure 3.2. Regulatory effects of P4 on aggrecanase mRNA levels in human endometrial
stromal cells. A. Time-dependent effects of 1µM P4 on ADAMTS-4, -5, -8, and-9 mRNA
levels in human endometrial stromal cells. B. Concentration-dependent effects of P4 on
ADAMTSs mRNA levels in cells cultured for 72 h. Values for ADAMTS mRNA levels
present in each sample were normalized to the corresponding GAPDH mRNA levels. The
results were derived from at least four sets of samples were standardized to the untreated
control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated
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Figure 3.3. Regulatory effects of E2 on aggrecanase mRNA levels in human endometrial
stromal cells. A. Time-dependent effects of E2 (30nM) on ADAMTS-4, -5, -8, and-9 mRNA
levels in human endometrial stromal cells. B. Concentration-dependent effects of E2 on
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ADAMTS subtype expression were found.
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Figure 3.4. Regulatory effects of DHT on aggrecanase mRNA levels in human
endometrial stromal cells. A. Time-dependent effects of DHT (100nM) on ADAMTS-4, -5,
-8, and -9 mRNA levels in human endometrial stromal cells. B. Concentration-dependent
effects of DHT on ADAMTS mRNA levels after 72 h treatment. Values for ADAMTS
mRNA levels present in each sample were normalized to the corresponding GAPDH mRNA
levels. The results were derived from at least four sets of independent samples were
standardized to the untreated control and are represented (mean+S.E.M.; n > 4) in the bar
graphs (*, P<0.05 vs. untreated control).
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Figure 3.5. Combinatory effects of P4 plus E2 in stromal ADAMTS-4, -5, -8, and -9
mRNA levels. A. Endometrial stromal cells were treated with fixed concentrations of
P4(1µM) plus E2 (30nM) for up to 72 h. B. ADAMTS-8, and-9 mRNA levels in endometrial
stromal cells cultured in the absence or presence of P4 (1µM) alone or in combination with
increasing concentrations of E2 for 72 h. Values for ADAMTS mRNA levels present in each
sample were normalized to the corresponding GAPDH mRNA levels. The results were
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs. While all treated samples showed
significant increases (*, P<0.05) in ADAMTS-8 and -9 mRNA compared to untreated
samples, no significant differences (N.S.) were found when E2 was present with P4 compared
to P4 alone.
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Figure 3.6. Combinatory effects of DHT plus P4 in stromal ADAMTS-4, -5, -8, and -9
mRNA levels. A. Endometrial stromal cells were treated with fixed concentrations of P4
(1µM) plus DHT (100nM) for up to 72 h. B. ADAMTS-5, -8, and-9 mRNA levels in
endometrial stromal cells cultured in the presence of P4 (1µM) or DHT (100nM) alone or in
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alone .
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Figure 3.7. Inhibitory effects of RU486 on P4-mediated regulatory effects of ADAMTS8 and -9 mRNA levels in endometrial stromal cells. A. mRNA expressions of ADAMTS4, -5, -8, and -9 in endometrial stroma cells cultured with increasing concentration of RU486
for 72 h. B. ADAMTS-8, and -9 mRNA levels in endometrial stromal cells cultured in the
presence of P4 (1 µM) alone or in combination with increasing concentrations of RU486 for
72 h. The results were derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control; **, P<0.05 vs. P4 treated alone).
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Figure 3.8. Inhibitory effects of RU486 on DHT-mediated regulatory effects of
ADAMTS-5 and -8 mRNA levels in endometrial stromal cells. ADAMTS-5, and -8
mRNA levels in endometrial stromal cells cultured in the presence of DHT (100nM) alone or
in combination with increasing concentrations of RU486 for 72 h. The results are derived
from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs. While all treated samples showed
significant increases (*, P<0.05 vs. untreated control) in ADAMTS-8 and decreases in
ADAMTS-5 mRNA compared to untreated samples, no significant differences (N.S.) were
found when RU486 was present with DHT compared to DHT alone.

94

A

3

ADAMTS / GAPDH
Relative mRNA level

2.5

ADAMTS-4

2

ADAMTS-5
1.5

ADAMTS-8

1

ADAMTS-9

0.5
0

0

0.1

1

10

100

1000

Flutamide (nM)

B

4

*

ADAMTSs / GAPDH
Relative mRNA levels

3.5
3

ADAMTS-5

**
**

2.5
2
1.5
1

ADAMTS-8

*

0.5
0

DHT (nM)
0
Flutamide (nM) 0

100
0

100
0.1

100
1

100
10

100
100

100
1000

Figure 3.9. Inhibitory effects of hydroxyflutamide on the DHT-mediated regulatory
effects of ADAMTS -5 and -8 mRNA levels in endometrial stromal cells. A. mRNA
expressions of ADAMTS-4, -5, -8, and -9 in endometrial stroma cells cultured with
increasing concentration of hydroxyflutamide for 72 h. B. ADAMTS-5 and -8 mRNA levels
in endometrial stromal cells cultured in the presence of DHT (100n M) alone or in
combination with increasing concentrations of flutamide for 72 h. The results were derived
from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control; **,
P<0.05 vs. DHT treated alone).
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Figure 3.10. Inhibitory effects of hydroxyflutamide on the P4-mediated regulatory
effects of ADAMTS-8 and -9 mRNA levels in endometrial stromal cells. ADAMTS-8 and
-9 mRNA levels in endometrial stromal cells cultured in the presence of P4 (1µM) alone or in
combination with increasing concentrations of hydroxyflutamide for 72 h. The results are
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs. While all P4 treated samples showed
significant increases (*, P<0.05 vs. untreated control) in ADAMTS-8 and -9 mRNA
compared to untreated samples, no significant differences (N.S.) were found when
hydroxyflutamide was present with P4 compared to P4 alone.
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Figure 3.11. Western blot analyses of ADAMTS-8 under the regulation of P4 and DHT.
Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top half of
membrane probed for ADAMTS-8 and the bottom half probed for ß-actin. ADAMTS-8 levels
in the presence of A. P4 (1µM), B. DHT (100nM) for up to 72 h. Values of ADAMTS-8
present in protein extraction (30µg) of endometrial stromal cell cultures were normalized to
the corresponding β-actin levels. The results were derived from at least four sets of samples
were standardized to the untreated control and are represented (mean+S.E.M.; n > 4) in the
bar graphs (*, P<0.05 vs. untreated control).
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Figure 3.12. Western blot analyses of ADAMTS-5 under the regulation of DHT. Cell
lysates were analyzed by SDS-PAGE and immunoblotting, with the top half of membrane
probed for ADAMTS-5, and the bottom half probed for ß-actin. ADAMTS-5 levels in the
presence of DHT (100nM) for 0-72 h. Values of ADAMTS-5 present in protein extraction
(30µg) of endometrial stromal cell cultures were normalized to the corresponding β-actin
levels. The results were derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control).
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Figure 3.13. Western blot analysis of ADAMTS-8 under the combinatory regulation of
P4 and E2. Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top half
of membrane probed for ADAMTS-8, and the bottom half probed for ß-actin. ADAMTS-8
protein level in the presence of P4, E2 or P4 plus increased concentration of E2 for 72 h.
While P4 treated samples showed significant increases in ADAMTS-8 protein level compared
to untreated samples (lanes 1 and 2), no significant differences were found when E2 was
present with P4 compared to P4 alone (lanes 4-7 compare to lane 2). Values of ADAMTS-8
present in protein extracts (30µg) of endometrial stromal cell cultures were normalized to the
corresponding β-actin levels. The results were derived from at least four sets of samples were
standardized to the untreated control and are represented (mean+S.E.M.; n > 4) in the bar
graphs (*, P<0.05 vs. untreated control, N.S., no significant difference).
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Figure 3.14. Western blot analysis of ADAMTS-8 and ADAMTS-5 under the
combinatory regulation of P4 and DHT. Cell lysates were analyzed by SDS-PAGE and
immunoblotting, with the top half of membrane probed for ADAMTS-8 or -5, and the bottom
half probed for ß-actin. Protein level of A. ADAMTS-8, B. ADAMTS-5, in the presence of
P4, DHT or P4 plus DHT for 72 h. Values of each of ADAMTS present in protein extracts
(30µg) of endometrial stromal cell cultures were normalized to the corresponding β-actin
levels. The results were derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control).
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Figure 3.15. Western blot analysis of the effect of RU486 on P4-mediated ADAMTS-8
expression. Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top half
of membrane probed for ADAMTS-8, and the bottom half probed for ß-actin. ADAMTS-8
expression in protein extracts (30µg) prepared from endometrial stromal cells cultured in the
presence of P4 (1µM), RU486 (2.5µM) or P4 plus increasing concentrations of RU486.
Values of ADAMTS-8 were normalized to the corresponding β-actin levels. The results were
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control; **,
P<0.05 vs. P4 treated alone).
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Figure 3.16. Western blot analysis of the effect of hydroxyflutamide on DHT-mediated
ADAMTS-8 expression. Cell lysates were analyzed by SDS-PAGE and immunoblotting,
with the top half of membrane probed for ADAMTS-8, and the bottom half probed for ß-actin.
ADAMTS-8 expression in protein extracts (30µg) prepared from endometrial stromal cells
cultured in the presence of DHT, hydroxyflutamide or DHT plus increasing concentrations of
hydroxyflutamide. Values of ADAMTS-8 were normalized to the corresponding β-actin
levels. The results were derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control; **, P<0.05 vs. DHT treated alone).
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Figure 3.17. Western blot analysis of the effect of hydroxyflutamide on DHT-mediated
ADAMTS-5 expression. Cell lysates were analyzed by SDS-PAGE and immunoblotting,
with the top half of membrane probed for ADAMTS-5, and the bottom half probed for ß-actin.
ADAMTS-5 expression in protein extracts (30µg) prepared from endometrial stromal cells
cultured in the presence of DHT, hydroxyflutamide or DHT plus increasing concentrations of
hydroxyflutamide. Values of ADAMTS-5 were normalized to the corresponding β-actin
levels. The results were derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control; **, P<0.05 vs. DHT treated alone).
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Figure 3.18. Schematic diagram of 2000 bp region in the ADAMTS gene promoter
region containing the potential steroid response element (SRE) sequences. The positions
of the putative SRE sequences that match half-site of the consensus SRE are shown relative to
the transcription initiation sites of the ADAMTS genes. The consensus SRE is recognized by
progesterone receptor (PR), androgen receptor (AR), glucocorticoid receptor (GR) and
mineralocoticoid receptor (MR).
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CHAPTER 4.

ADAMTS-1 PROMOTES AN INVASIVE PHENOTYPE

IN HUMAN ENDOMETRIAL CANCER CELLS IN VITRO

Type I endometrial cancer is the most common histological type of uterine cancer, accounting
for 57-80% of cases (Hoffman et al., 1995; Longacre et al., 1995). Most Type I endometrial
cancers are well-to-intermediately differentiated, estrogen-dependent tumors with strong
expression of estrogen and progestin receptors (Bockman 1983; Deligdisch and Cohen, 1985;
Deligdisch and Holinka, 1986; Sherman, 2000). However, the underlying mechanisms by
which estrogen promotes endometrial cancer differentiation and invasion are not well
understood. Most Type II endometrial cancers are poorly differentiated and are not associated
with hyper-estrogenic states. They rarely express functional estrogen and/or progesterone
receptors, and, clinically, present with aggressive myometrial invasion and early lymph node
metastases (Hamilton et al., 2006; Burton and Well, 1998). Cases with distant metastases
have a much poorer prognosis and account for the majority of deaths from this disease (Ueda
et al., 2008; Hamilton et al., 2006). The molecular and cellular mechanisms behind this
aggressive behavior remain under investigation.

ADAMTS-1 is the first and the best characterized ADAMTS subtype. It was initially
identified in a colon cancer metastasis (Kuno et al., 1997), and later in many different types of
cancers (Rocks et al., 2006; Masui et al., 2001; Liu et al., 2006). Recently, the exogenous
expression of the mature form of ADAMTS-1 has been shown to have pro-metastatic effects
on cancer cells in vivo (Liu et al., 2006). However, to my knowledge, there is no study of the
regulation and function of ADAMTS-1 gene in endometrial cancer yet. In this study, I
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examined the effect of estrogen on the expression of ADAMTS-1 in the well-differentiated
ECC-1 human endometrial carcinoma cell line, and investigated the function of ADAMTS-1
in promoting endometrial cancer cell invasion.

4.1

Estrogen–induced Cancer Cell Invasion Involves Regulated ADAMTS-1

Expression in Human Endometrial Carcinoma Cells in vitro

4.1.1

Estrogen Promotes Invasion of Well-differentiated Endometrial Cancer Cells

ECC-1 cells are a well-differentiated endometrial adenocarcinoma cell line, which I
confirmed, express estrogen receptor alpha (ERα), progesterone and androgen receptors
(Figure 4.1), but not ERß mRNA. This is in agreement with other studies (Greenberger et al.,
2001; Dardes et al., 2002). Estradiol significantly (p < 0.05) increased the invasive capacity
of ECC-1 cells in vitro by about 70%. Although progesterone alone had no effect on cell
invasive capacity, it specifically inhibited the E2-induced increase in invasion (Figure 4.2).
The anti-estrogenic compound ICI 182 780 also abolished the E2-mediated increase in the
invasive potential of ECC-1 cells in vitro (Figure 4.2).

4.1.2

Estrogen Up-regulates ADAMTS-1 in Well-differentiated Endometrial Cancer Cells

In preliminary studies, ADAMTS-1 transcripts were detected in the ECC-1 cells, and the
addition of vehicle (ethanol) to the culture medium had no significant effects on ADAMTS-1
mRNA and protein levels in these cell cultures (data not shown).
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A significant (p < 0.05) increase (about 2.5-fold) in ADAMTS-1 mRNA level was detected in
ECC-1 cells cultured for 24 h in the presence of E2 (30nM), and this increase continued until
the termination of these experiments at 72 h (Figure 4.3A). In contrast, P4 or DHT alone had
no significant effect on ADAMTS-1 mRNA levels, at any of the time points examined in
these studies (Figure 4.3A). Furthermore, ADAMTS-1 mRNA levels increased significantly
(p < 0.05) in a concentration-dependent manner after treatment with increasing concentrations
of E2 but not with P4 or DHT. In this experiment, ADAMTS-1 mRNA levels increased after
treatment with 10nM or higher concentrations of E2 (Figure 4.3B).

Treatment of ECC-1 cells with gonadal steroids had similar time-dependent effects on
ADAMTS-1 protein levels to those observed on ADAMTS-1 mRNA levels (Figure 4.4).
Western blot analysis revealed the presence of an ADAMTS-1 protein species of 110kD in all
the ECC-1 cell cultures, corresponding to the ADAMTS-1 zymogen. E2 significantly (p <
0.05) increased ADAMTS-1 protein by approximately 4-fold at 24 h treatment, and this
increase continued up to 72 h in these studies (Figure 4.4A). ADAMTS-1 levels were
increased (3-fold) by treatment with 10nM E2 and reached about a 4-fold increase with 30nM
and 100nM E2 (Figure 4.4B). P4 or DHT had no effect on ADAMTS-1 protein level, at least
at the time points examined in this study (Figure 4.5A and B).

4.1.3

Progesterone Inhibits the E2-mediated Increase of ADAMTS-1 in ECC-1 Cells

Although progesterone alone had no effect on ADAMTS-1 expression in ECC-1 cells, it can
abolish the E2-induced increase in ADAMTS-1 expression at both the mRNA and protein
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levels. When ECC-1 cells were co-treated with a fixed concentration of E2 (30nM) plus
increasing concentrations of P4 (0.1-5µM) for 72 h, the ADAMTS-1 mRNA level
significantly decreased compare to the cells treated with E2 alone. The highest inhibitory
effects presented at P4 concentrations of 1µM and 5µM, and there was no significant
difference when compared the result of combinatory treatment to P4 treatment alone or to the
untreated control cells (Figure 4.6A). However, in cells co-treated with the same
concentration of E2 together with increasing concentrations of DHT, the ADAMTS-1 mRNA
levels showed no significant changes when compared to cells treated with E2 alone (Figure
4.6 B).

Western blot analysis showed that ADAMTS-1 levels tend to return to the untreated control
level after treating with E2 together with high concentrations of P4 (1µM and 5µM) (Figure
4.7). The levels of protein significantly decreased when cells were treated with E2 plus P4
(Figure 4.7, compare lanes 6 and 7 with 2) compared to E2 treatment alone, and showed no
significant difference with the control level or P4 treatment alone (Figure 4.7, compare lanes
6 and 7 with 3). The regulation of ADAMTS-1 protein expression is consistent with that
observed with ADAMTS-1 mRNA, indicating that P4 can fully inhibit the E2-induced
increase of ADAMTS-1 at both the mRNA and protein levels. In addition, co-treatment with
DHT had no inhibitory effect on the E2-mediated increase of ADAMTS-1 levels at any of the
concentrations tested (Figure 4.8).
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4.1.4

Anti-estrogen Inhibits E2-induced Increases of ADAMTS-1 Expression in ECC-1
cells

ICI 182 780 is a pure anti-estrogen (Wakeling, 1991; Wakeling et al., 1991; Dukes et al.,
1992). When ECC-1 cells were treated with ICI 182 780 alone, ADAMTS-1 mRNA
expression levels did not change in a time- or concentration-dependent manner (Figure 4.9).
However, ICI 182 780, at a concentration of 100nM, was sufficient to fully inhibit the E2mediated increase of ADAMTS-1 expression at both the mRNA (Figure 4.10A) and protein
levels (Figure 4.10B). The mRNA and protein levels showed significant decreases when
treated with E2 plus ICI 182 780 at 100-1000nM (Figure 4.10B, compare lanes 7 and 8 with
lanes 3, 4, or 5) and had no differences with the untreated control and ICI 182 780 treatment
alone (Figure 4.10B, compare lanes 7 and 8 with lanes 1 or 6).

4.2

Function of ADAMTS-1 in Endometrial Cancer Invasion

4.2.1

Expression of Aggrecanases and Versican in Human Endometrial Cancer Cells in
vitro

The mRNAs of ADAMTS-1, -5, -8, -9 -15 and their common substrate, versican, were
detected in well-differentiated ECC-1 cells and poorly differentiated KLE cells (Figure
4.11A). Although ADAMTS-4 mRNA could be detected using real-time qPCR, the levels
were extremely low in both cell lines (Figure 4.10A). In addition, there was no significant
difference between the mRNA levels of ADAMTS-8 and ADAMTS-9 observed in these two
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cell lines. However, ADAMTS-1, -5, and versican mRNA and protein levels were
significantly higher in KLE cells than in ECC-1 cells (Figure 4.11A and B). Specifically, at
the mRNA level, ADAMTS-1 was 3-fold, ADAMTS-5 was 8-fold and versican was over 20fold higher in KLE cells than in ECC-1 cells. In contrast, ADAMTS-15 mRNA levels were 6fold lower in KLE cells than in ECC-1 cells (Figure 4.11A). When comparing protein levels,
ADAMTS-1 was 6-fold, ADAMTS-5 was 13-fold and versican was 3-fold higher in KLE
cells than in ECC-1 cells, respectively (Figure 4.11B).

4.2.2

Invasive Capacity of Different Endometrial Cancer Cells

Matrigel invasion assays indicated that the poorly differentiated KLE cells had a more than 3fold higher invasive index than well-differentiated ECC-1 cells. Thus, the higher expression
of ADAMTS-1, -5 and versican was present in the KLE endometrial carcinoma cell line with
a more invasive phenotype (Figure 4.12).
.
4.2.3

Loss of Function of ADAMTS-1 Decreases the Invasive Capability of Poorly
Differentiated Endometrial Cancer Cells in vitro

In this study, I determined whether a reduction in ADAMTS-1 expression in KLE cells
resulted in a concomitant decrease in their invasive capacity. In order to reduce ADAMTS-1
levels in cultures of KLE cells, they were transfected with a siRNA specific to human
ADAMTS-1. Both RT-PCR and Western blot analysis revealed that >70% decreases in
ADAMTS-1 mRNA and protein levels occurred after 24 h of treatment (Figure 4.13A and B).
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In contrast, there were no significant differences between ADAMTS-1 mRNA and protein
levels in two control KLE cell cultures, in which cells were transfected with a non-silencing,
scrambled siRNA or cultured in the presence of transfection reagent alone (Figure 4.13 A and
B).

After 24 h, ADAMTS-1 siRNA transfected KLE cells were seeded in Matrigel invasion
chambers for another 24 h, and the invasion index was subsequently determined. The number
of cells that penetrated the Matrigel and appeared on the other side of the chamber was ~ 80%
lower in cultures of KLE cells transfected with ADAMTS-1 siRNA, as compared to the
control cell cultures (Figure 4.14).

4.2.4

Overexpression of ADAMTS-1 Increases the Invasive Capability of Welldifferentiated Endometrial Cancer Cells in vitro

The effect of exogenous expression of ADAMTS-1 on invasive phenotype was then
examined in the well-differentiated ECC-1 cell, which contains lower levels of ADAMTS-1.
The ECC-1 cells were transiently transfected for 24 h with pCMV6-ADAMTS1, a
mammalian expression vector (pCMV6-Entry) containing a full-length human ADAMTS-1
cDNA. The expression vector pCMV6-entry and the transfection reagent were used as
controls. Overexpression of ADAMTS-1 at both mRNA and protein levels was observed in
the cells transfected with full-length ADAMTS-1 (Figure 4.15 A and B). There were an
approximately 3-fold increase in ADAMTS-1 at the mRNA level and a 2-fold increase in the
protein level. Moreover, the invasive capacity of the ADAMTS-1 over-expressing ECC-1 cell
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was increased two-fold when compare to the control groups (Figure 4.16), indicating that
increased levels of ADAMTS-1 are associated with increased cancer cell invasiveness.

4.3

Discussion

Previous studies have shown that ADAMTS-1 and -5 are expressed in secretory human
endometrium and first trimester decidua (Ng et al., 2006; Zhu et al., 2007). Multiple
ADAMTS subtypes, including ADAMTS-1, -4, -5, -8, and -9, were detected in primary
cultures of normal endometrial stromal cells, while ADAMTS-15 was not. ADAMTS-1, -5, 8, -9 and -15 were found to be differentially expressed in the endometrial cancer cell lines,
although ADAMTS-4 was not. This repertoire of ADAMTS subtypes was maintained in
cultures of poorly differentiated, highly invasive KLE cells and well-differentiated ECC-1
cells, albeit at different levels. Although the overall biological significance of this expression
pattern of ADAMTS subtypes in the human endometrium and endometrial cancer remains to
be elucidated, my studies demonstrate that ADAMTS-1 plays a pivotal role in human
endometrial cancer cell invasion in vitro. In addition, the present results show that ADAMTS1 mRNA and protein levels in ECC-1 cells are differentially regulated by estrogen in a
concentration- and time-dependent manner. These data show that ADAMTS-1 expression is
tightly regulated in human endometrial cancer cells, and that estrogen-mediated signaling
pathways control the invasion process, at least in part, by up-regulating ADAMTS-1 gene
expression.

112

The detection of multiple ADAMTS subtypes in tissues under normal and pathological
conditions suggests that members of this gene family have important biological function(s)
(Madan et al., 2003; Porter et al., 2004, Richards et al., 2005). Other than in normal human
tissues, including the human endometrium, and placenta (Tang, 2001; Ng et al., 2006, Wen et
al., 2006), ADAMTS-1 mRNA is detected in cancer tissues and cancer cell lines of diverse
origin (Rocks et al., 2008). Although these findings suggest role(s) for this ADAMTS subtype
in the development of an invasive cell phenotype, my studies are the first to assign this
biological function to ADAMTS-1 in human endometrial cancer, and provide insight into the
molecular mechanisms of tumor cell metastasis.

ADAMTS-1 is an inflammation and cancer associated protein (Kuno et al., 1997a).
Endometrial tissues of ADAMTS-1 null-mutant mice develop large cysts (Shindo et al.,
2000), suggesting a function for ADAMTS-1 in maintaining endometrial integrity. Our
previous data have indicated that ADAMTS-1 is a steroid hormone responsive gene (Wen et
al., 2006), and it was therefore not a surprise to find that this gene is involved in the
development of estrogen-dependent endometrial cancer.

The stimulation of target gene expression by E2 is thought to occur through two mechanisms.
Firstly, by ‘direct binding’, where the E2-ER complex binds directly to the estrogen response
element (ERE) and interacts with a coactivator to activate and/or enhance the transcription of
target genes (Klinge, 2000; 2001), and secondly, where ER does not bind to the ERE, but
interacts with other DNA-bound transcription factors (Webb et al., 1999; Qin et al., 1999).
ER differs from the PR and AR that bind to a common response element, as discussed
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previously. The minimal consensus ERE sequence is a 13 bp perfect palindromic inverted
repeat: 5'-GGTCAnnnTGACC-3' (Klein-Hitpass et al., 1988). Computer-based searches in
the promoter region (2000 bp) of ADAMTS-1 gene identified an imperfect sequence at -219
bp from the transcription start site of ADAMTS-1, with a half-site fully matched and a halfsite with 60% similarity (Figure 4.17). Most EREs identified in the promoter of estrogenregulated genes are imperfect, non-palindromic EREs rather than the perfect consensus ERE,
and certain degree of variation is common (Ee et al., 2004; Klinge, 2001; Driscoll, et al.,
1998). Studies also suggest that more nucleotide changes from the consensus ERE will lead
to decreased ER binding affinity and transcriptional activity. EREs in which sequences are
changed in both arms have lower transcriptional activity than those containing alterations in
only one-half of the ERE palindrome (Klinge, et al., 1996; Klinge, 2001; Tyulmenkov and
Klinge 2001). In addition, the varying degree of transcriptional activation is cell-type specific
and also depends on the coactivators (Tremblay et al., 1997; Ee et al., 2004; Klinge, 2001). It
remain to be determined if the potential ERE sequence on the promoter region of ADAMTS-1
is indeed functional, and this could be done in the future by mutating this ERE in the context
of a luciferase reporter gene driven by the ADAMTS-1 promoter sequence.

Progestin therapy has been used for decades for treatment of endometrial neoplasias.
Endometrial cancer cell lines have provided insight into the effect of progesterone on cancer
cell behavior and target genes that are regulated by this hormone (Kim and Chapman-Davis,
2010). In endometrial cancer cell lines, progesterone treatment can inhibit cell growth,
invasion, and expression of cellular adhesion molecules (Dai et al., 2002; Ueda et al., 1996).
Studies have demonstrated that progesterone inhibits the growth of endometrial cancer cells
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or tumors especially when they express PR-B (Smid-Koopman et al., 2003; Hanekamp et al.,
2004). Microarray studies have revealed progesterone-regulated genes that are involved in
biological processes such as the cell cycle, cell proliferation and differentiation, apoptosis,
immune responses, and the inhibition of genes that promote metastasis (Paulssen et al., 2008;
Davies et al., 2004; Hanekamp et al., 2002). Progestins have been implicated to mediate the
inhibition of cell growth and invasiveness through regulation of genes such as cyclin D1,
MMP-1, -2, -7 and -9 (Saito et al., 2004, Di Nezza et al., 2003).

In my study, P4 abolished E2 induced cancer cell invasion. This effect is possible at least in
part by antagonising the E2-mediated increase of ADAMTS-1 in ECC-1 cells. ECC-1 cells
express progesterone receptor; however, computer-based searches of nucleotide sequence and
functional assay failed to identify a progesterone response element in the promoter region of
the murine Adamts-1 gene (Doyle et al., 2004). I also carried out a search of the human
ADAMTS-1 promoter region (2000 bp), but likewise failed to identify a PRE. Thus, P4
appears to suppress the E2-mediated up regulation of ADAMTS-1 through an indirect
mechanism.

In mice, P4 regulated ADAMTS-1 gene expression involves the DNA

transcription factors Sp1/Sp3, C/EBPß and NF-1 (Dolye et al., 2004), and these transcription
factors can also collaborate with ER to active the ERE in estrogen-dependent genes (Levy et
al., 2007). Furthermore, two cytokines, interleukin-1ß (IL-1 ß) and transforming growth
factor- ß1 (TGF- ß1), have been shown to mediate many of the biological actions of P4 on the
human endometrium (Oner et al., 2008; Florio

et al., 2007; Fazleabas et al., 2004;

Salamonsen et al., 2003, 2000). They regulate gene expression via the Sp1/Sp3 complex in
human articular chondrocytes (Chadjichristos et al., 2002, 2003). These two cytokines also
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have been reported to regulate ADAMTS-1 in several mammalian cell types including
decidual stroma cells (Ng et al., 2006). In view of these findings, we can assume that in
endometrial cancer cells, certain levels of crosstalk between steroids and cytokines also exist.
It has been shown that the repression of ER activity by PR is not due to a reduction of ER
levels or interference with the binding of ER to its response element (Katzenellenbogen,
2000), but rather by interfering ER to interact with the transcription complex. Perhaps, PR
may affect the recruitment of promoter-specific and cell type-specific inhibitory proteins to
the promoter (Levine and Manley, 1989). Such crosstalk between ER and PR could also be
the mechanism that progesterone utilizes to suppress estrogen induced ADAMTS-1
expression.

Higher levels of ADAMTS-1 have been associated with pancreatic and hepatocellular cancer
(Masui et al., 2001). However, ADAMTS-1 mRNA levels are decreased in lung carcinomas
(Rocks et al., 2006), whereas ADAMTS-1 mRNA levels have been shown to be either
increased (Kang et al., 2003) or decreased (Porter et al., 2004) in breast carcinomas. Among
pancreatic cancer cases, higher levels of ADAMTS-1 are associated with increased local
invasion and lymph node metastasis and poorer prognosis (Masui et al., 2004). Furthermore,
exogenous expression of ADAMTS-1 has been shown to decrease the experimental
metastasis of Chinese hamster ovary cells (Kuno et al., 2004). However, in human mammary
and lung cancer cell lines, overexpression of ADAMTS-1 has been reported to promote tumor
angiogenesis and invasion, such that it has been associated with increased metastatic potential
(Liu et al., 2006). My studies revealed a correlation between the expression of ADAMTS-1
and the invasive capacity of endometrial cancer cells. Thus, higher expression of ADAMTS-1
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is associated with a more invasive phenotype of endometrial cancer, and overexpression of
ADAMTS-1 can induce a more invasive phenotype. Studies suggest that the proteolytic status
of ADAMTS-1 determines its effect on tumor metastasis and that the metalloproteinase
activity is required for the pro-metastatic activity of ADAMTS-1 because ADAMTS-1
fragments without the proteolytic domain lose their invasive potential and instead inhibit
tumor cell invasion (Liu et al., 2006). In addition, ADAMTS-1 has been reported to promote
cell invasion by inducing the shedding of transmembrane proteins like the heparin-binding
epidermal growth factor (HB-EGF), and by activating the epidermal growth factor receptor
(EGFR) (Liu et al., 2009).

Recent reports have revealed an important role of ADAMTS genes in rheumatic diseases and
cancer (Tortorella and Malfait, 2008; Huang and Wu, 2010; Dunn et al., 2004, 2006; Rocks et
al., 2006). In particular, studies of head and neck squamous cell carcinoma indicated that the
aggrecanases ADAMTS-1, -4, -5, -8, -9, and -15 are expressed in the primary tumor tissues
with significant up-regulation in tumor metastasis (Demircan et al., 2009). Furthermore, it has
been reported that ADAMTS-8, in conjunction with ADAMTS-15, may serve as clinically
prognostic cellular markers. Breast tumors with relatively high expression levels of
ADAMTS-8, and with relatively low expression levels of ADAMTS-15, have a much higher
chance of relapse and poorer survival (Porter et al., 2006). My study shows that ADAMTS-1
and ADAMTS-5 have similar expression patterns in vitro, suggesting a potential overlapping
function of these ADAMTS subtypes in cancer differentiation and invasion. In addition,
ADAMTS-15 is not expressed in normal endometrial stroma, but is expressed in the
endometrial cancer cells, and is expressed at very high levels in well-differentiated ECC-1
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cells, suggesting that ADAMTS-15 may predict a favorable outcome in endometrial cancer.
In contrast, ADAMTS-4 is not expressed in endometrial cancer cells. These findings suggest
independent functions of these ADAMTSs in the development of endometrial cancer. Further
studies are required to evaluate the biological and clinical significance of the (dys)regulated
expression levels of distinct ADAMTS subtypes, alone or in combination, in terms of the
onset and/or progression of cancer to later stages of the disease.
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Figure 4.1. The expression of steroid receptor mRNA in endometrial cancer cell lines.
Semiquantitative RT-PCR analysis of ER, PR and AR expression in the well-differentiated
ECC-1 carcinoma cell line and the poorly differentiated KLE carcinoma cell line.
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Figure 4.2. Estrogen promotes ECC-1 cell invasion. ECC-1 cells were cultured in
DMEM/F12 medium. E2 (30nM), P4 (1µM), E2 plus P4 or E2 plus ICI 182 780 (100nM)
were added to the culture medium, and after 72 hours, the cells (1 x 105 cells/ml) were placed
into Matrigel-coated Transwell inserts. After 24 h, the invasion index was determined by
counting the number of cells that had invaded through to the underside of the Matrigel-coated
inserts as described in Chapter 2, section 2.3.6. Invasion assays were performed in triplicate
and repeated on at least three independent occasions. Data were standardized to the untreated
control and are represented as mean+S.E.M., n>3. (*, P<0.05 vs. untreated control, **,
P<0.05 vs. E2 treated alone).
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Figure 4.3. Effects of P4, E2 and DHT on ADAMTS-1 mRNA levels in ECC-1 cells. A.
Time-dependent effects of ADAMTS-1 mRNA levels in ECC-1 cells after culture in the
presence of the steroid hormones for up to 72 h. B. Concentration-dependent effects of P4 (05µM), E2 (0-100nM) and DHT(0-1µM) on ADAMTS-1 mRNA levels after culture for 72 h.
Values for ADAMTS-1 mRNA expression were normalized to the corresponding GAPDH
mRNA levels. The results derived from at least four sets of samples were standardized to the
untreated control and are represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs.
untreated control).
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Figure 4.4. Effects of E2 on ADAMTS-1 protein levels in ECC-1 cells. Western blot
analysis of ADAMTS-1 expression in lysates (30µg) prepared from ECC-1 cells cultured in
the presence of A. E2 (30nM) for 0-72 h, or B. increasing concentrations of E2 (0-100nM) for
72 h. Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top half of
membrane probed for ADAMTS-1, and the bottom half probed for ß-actin. Values for
ADAMTS-1 expression were normalized to the corresponding β-actin levels. The results
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control).
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Figure 4.5. Effects of P4 and DHT on ADAMTS-1 protein levels in ECC-1 cells. Western
blot analysis of ADAMTS-1 expression in lysates (30µg) prepared from ECC-1 cells cultured
in the presence of A. P4 (1µM), or B. DHT (100nM) for 0-72 hours. Cell lysates were
analyzed by SDS-PAGE and immunoblotting, with the top half of membrane probed for
ADAMTS-1, and the bottom half probed for ß-actin. Values for ADAMTS-1 expression were
normalized to the corresponding β-actin levels. The results derived from at least four sets of
samples were standardized to the untreated control and are represented (mean+S.E.M.; n > 4)
in the bar graphs.
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Figure 4.6. Combinatory effects of gonadal steroids on ADAMTS-1 mRNA levels in
ECC-1 cells. ADAMTS-1 mRNA levels in cells cultured with A. E2, P4 or E2 plus
increasing concentrations of P4 for 72 h. B. E2, DHT or E2 plus increasing concentrations of
DHT for 72 h. Values for ADAMTS-1 mRNA expression were normalized to the
corresponding GAPDH mRNA levels. The results derived from at least four sets of samples
were standardized to the untreated control and are represented (mean+S.E.M.; n > 4) in the
bar graphs (*, P<0.05 vs. untreated control; **, P<0.05 vs. E2 treated alone; N.S., not
significantly different).
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Figure 4.7. Combinatory effects of E2 and P4 on ADAMTS-1 protein levels in ECC-1
cells. Western blot analysis of ADAMTS-1 expression in protein extracts (30µg) prepared
from ECC-1 cells cultured in the presence of E2, P4 or E2 plus increasing concentrations of
P4 for 72 h. Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top half
of membrane probed for ADAMTS-1, and the bottom half probed for ß-actin. Values for
ADAMTS-1 expression were normalized to the corresponding β-actin levels. The results
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control; **,
p<0.05 vs. E2 treated alone; N.S., not significantly different).
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Figure 4.8. Combinatory effects of E2 and DHT on ADAMTS-1 protein levels in ECCcells. Western blot analysis of ADAMTS-1 expression in protein extracts (30µg) prepared
from ECC-1 cells cultured in the presence of E2, DHT or E2 plus increasing concentrations of
DHT for 72 h. Cell lysates were analyzed by SDS-PAGE and immunoblotting, with the top
half of membrane probed for ADAMTS-1, and the bottom half probed for ß-actin. Values for
ADAMTS-1 expression were normalized to the corresponding β-actin levels. The results
derived from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control; N.S., not
significantly different vs. E2 treated alone).
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Figure 4.9. Effects of ICI 182 780 on ADAMTS-1 mRNA levels in ECC-1 cells. A. Timedependent effects of ICI 182 780 (100nM) on ADAMTS-1 mRNA levels in ECC-1 cells for
up to 72 h. B. Concentration-dependent effects of ICI 182 780 (1-1000nM) on ADAMTS-1
mRNA levels in ECC-1 cells after culture for 72 h . Values for ADAMTS-1 mRNA
expression were normalized to the corresponding GAPDH mRNA levels. The results derived
from at least four sets of samples were standardized to the untreated control and are
represented (mean+S.E.M.; n > 4) in the bar graphs. No significant differences from control
cells and cells cultured with ICI 182 780 were found.
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Figure 4.10. Effects of ICI 182 780 on E2-mediated ADAMTS-1 expression in ECC-1
cells. A. ADAMTS-1 mRNA levels in cells cultured with E2 (30nM), ICI 182 780 (100nM)
or E2 (30nM) with increasing concentrations of ICI 182 780 for 72 h. B. Western blot
analysis of ADAMTS-1 levels in protein extracts (30µg) prepared from ECC-1 cells cultured
in the presence E2 (1-100nM), ICI 182 780 (100nM) or E2 (30nM) with increasing
concentrations of ICI 182 780 for 72 hours. Cell lysates were analyzed by SDS-PAGE and
immunoblotting, with the top half of membrane probed for ADAMTS-1, and the bottom half
probed for ß-actin. Values for ADAMTS-1 expression were normalized to the corresponding
GAPDH or β-actin levels. The results derived from at least four sets of samples were
standardized to the untreated control and are represented (mean+S.E.M.; n > 4) in the bar
graphs (* P<0.05 vs. untreated control; **, p<0.05 vs. E2 treated alone; N.S. not significant
different vs. ICI 182 780 treated alone).
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Figure 4.11. Expression of aggrecanases and versican in ECC-1 and KLE cells. A. Realtime qPCR analysis of mRNA levels of aggrecanases and versican in ECC-1 and KLE cells.
B. Western blot analysis of ADAMTS-1, -5 and versican expression in ECC-1 and KLE cells.
Values of mRNA or protein levels were normalized to the corresponding GAPDH or β-actin
levels. The results derived from at least three sets of samples are represented (mean+S.E.M.;
n > 3) in the bar graphs.
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Figure 4.12. Invasive capacities of ECC-1 and KLE cells. ECC-1 and KLE cells (1x105
cells/ml) were cultured in Matrigel-coated Transwell invasion chambers for 24 h. After 24 h,
cells were stained with eosin. Invasive capacity was determined by counting the number of
cells that had invaded to the underside of the Matrigel-coated insert. ECC-1 cells were
assigned an invasion index of 1, and the KLE cell invasion index was calculated relative to
this. Invasion assays were performed in triplicate and were repeated on at least three
independent occasions, and are represented (mean+S.E.M.; n > 3) in the bar graphs.
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Figure 4.13. Silencing of ADAMTS-1 in KLE cells. Semiquantitative RT-PCR and Western
blot analysis of A. mRNA, and B. protein levels of ADAMTS-1 in KLE cells transfected with
siRNA directed against ADAMTS-1 (A1siRNA) or a non-silencing siRNA (NS).
Untransfected KLE cells served as control. Values for ADAMTS-1 expression were
normalized to the corresponding GAPDH or β-actin levels. The results derived from at least
four sets of samples were standardized to the untreated control and are represented
(mean+S.E.M.; n > 4) in the bar graphs (*, P<0.05 vs. untreated control).
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Figure 4.14. Silencing of ADAMTS-1 in KLE cells leads to a decrease in invasive
capacity. Bar graphs represent the 24h invasive capacity of KLE cells cultured on Matrigelcoated Transwell invasion chambers after transfection with ADAMTS-1 siRNA or nonsilencing siRNA for 24 h. The invasive index was determined by counting the number of cells
that had invaded through to the underside of Matrigel pre-coated inserts. Untransfected KLE
cells served as a control and were given an invasion index of 1, and all other values were
calculated relative to this. Invasion assays were performed in triplicate and were repeated on
at least three independent occasions, and are represented (mean+S.E.M.; n>3) in the bar
graphs (*, P<0.05 vs. untransfected control).
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Figure 4.15. Exogenous expression of ADAMTS-1 in ECC-1 cells. Semiquantitative RTPCR and Western blot analysis of ADAMTS-1 A. mRNA, and B. protein expression in ECC1 cells transfected with a full-length ADAMTS-1 cDNA construct (pCMV6-A1) or with the
expression vector (pCMV6-Entry). Untransfected ECC-1 cells served as a control. Values of
mRNA or protein levels were normalized to the corresponding GAPDH or β-actin levels. The
results derived from at least four sets of samples were standardized to the untreated control
and are represented (mean+S.E.M.; n > 4) in the bar graphs (* P<0.05 vs. untreated control).

133

*

Cell invasion index

2.5
2
1.5
1
0.5
0

Control

pCMV6-Entry

pCMV6-A1

Figure 4.16. Exogenous expression of ADAMTS-1 in ECC-1 cells confers an invasive
phenotype. Bar graphs represent the 24h invasive capacity of ECC-1 cells cultured on
Matrigel-coated Transwell invasion chambers after transfection with full-length ADAMTS-1
or pCMV6-Entry vector for 24 h. The invasive index was determined by counting the number
of cells that had invaded through to the underside of Matrigel precoated inserts.
Untransfected ECC-1 cells served as a control and were given an invasion index of 1, and all
other values were calculated relative to this. Invasion assays were performed in triplicate and
were repeated on at least three independent occasions and are represented (mean+S.E.M.; n >
3) in the bar graphs (*, P<0.05 vs. untransfected control).
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Figure 4.17. Schematic diagram of a 2000 bp fragment in the ADAMTS-1 gene
promoter region containing a potential estrogen response element (ERE) sequence. The
position of the novel ERE relative to the transcription initiation site of the ADAMTS-1 gene
is shown. The sequence of the novel ERE is aligned in the boxed area for comparison with the
consensus ERE sequence.
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CHAPTER 5.

GENERAL DISCUSSION, CONCLUSIONS AND

FUTURE DIRECTIONS

5.1

General Discussion

The current study is the first to demonstrate that the subfamily of ADAMTS genes known as
aggrecanases (i.e., ADAMTS-1, -4, -5, -8, -9, and -15) are expressed and regulated by
gonadal steroids in primary cultures of human endometrial stromal cells. It is also the first
series of studies to define the expression profiles of these in the well- and poorlydifferentiated endometrial carcinoma cells, and to determine a function of ADAMTS-1 in
promoting endometrial cancer cell invasion.

All ADAMTS proteins are secreted, multi-domain, multi-functional proteins (Apte, 2004;
Porter et al., 2005). Among the 19 ADAMTS family members in humans, ADAMTS-1,
together with ADAMTS-4, -5, -8, -9, and -15, constitute a subfamily of proteinases named
aggrecanases due to their proteolytic cleavage of important ECM components, including
chondroitin proteoglycans, aggrecan, brevican, neurocan, and versican (Nagase and
Kashiwaga, 2003; Apte, 2004; Porter et al., 2005). They have been implicated in cartilage
degradation (Collins-Racie et al., 2004; Held-Feindt et al., 2006) and cancer development
(Dunn et al., 2004, 2006; Porter et al., 2004; Rocks et al., 2006, 2008). Animal studies
suggesting a function of some aggrecanases in the reproductive system (Mittaz et al., 2004;
Robker et al., 2000; Stanton et al., 2005; Kim et al., 2005). In my studies, I have linked the
expression of this subfamily of ADAMTS proteins in the human endometrium with their
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hormonal regulation and function in this tissue during physiological and pathological
conditions.

5.1.1

Aggrecanases Play Pivotal Roles in Endometrial Physiology

Gonadal steroids regulate the proliferation, differentiation and shedding of the endometrium
during the human menstrual cycle. Progesterone is regarded as a key hormone in regulating
female fertility. After ovulation, progesterone acts on the estrogen- primed endometrium to
initiate stromal cell differentiation into decidual stromal cells, and this characterizes the
“window of implantation”. If fertilization occurs, plasma progesterone levels remain high and
maintain the first trimester decidua to support the embryo.

Remodeling of the ECM is a hallmark of the steroid-mediated morphological and functional
maturation of endometrium (Aplin et al., 1988; Iwahashi et al., 1996). Numerous proteolytic
enzymes have been assigned key roles in the highly regulated series of events that are
required for endometrial remodelling. Urokinase plasminogen activator and the MMPs act in
concert or in cascades to process specific ECM components of the endometrium (Fata et al.,
2000; Curry and Osteen, 2001, 2003). Another gene family of metzincins that resemble the
MMPs, are the ADAMTS, which also contain a MMP catalytic domain, and may fulfill a
significant function in the cyclic proteolysis process in preparation for the implanting embryo.
In this study, I report that the aggrecanases, with the exception of ADAMTS-15, are also
expressed in the human endometrium, at least during the secretory phase of menstrual cycle
and first trimester pregnancy. Together with my previous study (Wen et al., 2006), my recent
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experiments have demonstrated that gonadal steroids exert overlapping but specific regulatory
effects on aggrecanase expression. Estrogen has no specific effect on these aggrecanases in
endometrial stromal cells, and most of the regulatory effects are exerted by progesterone and
androgen. This further suggests that the most significant functions of aggrecanases are exerted
in the secretory endometrium, that is, during the progesterone dominant phase of the
menstrual cycle. We can therefore assume that after ovulation, when plasma progesterone
levels increase, and especially during the time when decidualization occurs after implantation
of an embryo, the levels of ADAMTSs, such as ADAMTS-1, -8, and -9, will increase, and
this will help to degrade the endometrial ECM and thereby facilitate embryo implantation.

In vivo studies have indicated that ADAMTS-1 is critical during ovulation, and its expression
depends on the PR and is under the regulation of progesterone (Robker et al., 2000).
Additionally, LH/FSH is also reported being involved in the regulation of ADAMTS-1
expression (Doyle et al., 2004; Young et al., 2004). Recent studies have also extended
progesterone-dependent expression and regulation to more ADAMTS genes, including
ADAMTS-1, -2, -4, -5, -7, -8, and -9 (Richards et al., 2005; Fortune et al., 2009).

ADAMTS-1 knockout mice become sub-fertile due to decreased ovulation and morphological
changes in the endometrium, but some still undergo normal decidualization (Mittaz et al.,
2004). This may be attributed to the overlapping/compensating functions of other ADAMTSs,
in particularly, ADAMTS-5, -8, and -9. For instance, it is known that ADAMTS-8 has a
similar anti-angiogenic function as ADAMTS-1 (Vazquez et al., 1999). Angiogenesis is a
critical event during implantation and tumor invasion, and ADAMTS-1 and-8 have been
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assigned this function in several kinds of tumors (Stokes et al., 2010; Dunn et al., 2004; 2006;
Porter et al., 2006; Masui et al., 2001). In addition, P4 and DHT can both increase ADAMTS1 and -8 expression in human endometrial stromal cells, supporting their roles in
decidualization. P4 is believed to regulate ADAMTS-1 expression, at least in mouse, through
an indirect mechanism that involves multiple transcription factor sites, such as the C/EBPβ,
NF1-like factor, and Sp1/ Sp3 binding sites (Doyle et al., 2004). ADAMTS-9 is another
progesterone responsive gene in the human endometrium, which has also recently been
reported to have an anti-angiogenic function in cancer (Lo et al., 2010; Koo et al., 2010). The
low expression levels of ADAMTS-9 in human endometrium and first trimester decidua
suggest a limited function in the endometrium.

Like ADAMTS-1, ADAMTS-5 is highly expressed in the first trimester decidua (Zhu et al.,
2007; Ng et al., 2006). The response of ADAMTS-5 to IL-1ß and TGF-ß1, two potent
regulators of proteolytic processes at the maternal-fetal interface (Salamonsen et al., 2000;
2003; Karmakar and Das, 2002), suggest an important role for ADAMTS-5 in preparing the
endometrium for implantation. While ADAMTS-5 was not apparently regulated by estrogen
or progesterone treatment, its expression was decreased by androgen. The likelihood that the
AR mediates the biological actions of DHT on endometrium is supported by the ability of
hydroxyflutamide to block its effects. Both DHT and P4 have similar potencies in
maintaining decidualization in rodents, and induce decidualization markers in primary
cultures of human endometrial stromal cells (Narukawa et al., 1994; Zhang and Croy, 1996),
suggesting some degree of overlap/cross talk between these two hormones. Moreover,
aberrant androgen-AR mediated effects have also been linked to recurrent miscarriage and
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infertility (Apparao et al., 2002; Giudice, 2007; Pasquali and Gambineri, 2006). In view of
my results, excessive androgen may cause aberrant expression of certain ADAMTS subtypes,
in particular ADAMTS-5, which could disrupt the ECM remodelling process during the
menstrual cycle.

In summary, my current results demonstrate that gonadal steroids exert complex regulatory
effects on the expression of aggrecanases in primary cultures of human endometrial stromal
cells. This suggests that these ADAMTS subtypes may play important roles in endometrial
physiology, and that their functions in mediating decidualizaton could be overlapping,
compensatory or unique. It will therefore be interesting to observe whether the development
of mice that are triple null mutant for ADAMTS-1, -5, and -8 will lead to an infertile
phenotype, and confirm our findings that these aggrecanases play distinct and/or
compensatory roles during decidualization.

5.1.2

ADAMTS-1 Promotes Endometrial Cancer Cell Invasion

Since ADAMTS-1 was described as the first member of the ADAMTS family of proteases
(Kuno et al., 1997), studies have explored its role in regulating angiogenesis, tumor growth,
and tumor invasion (Gustavsson et al., 2010; Casal et al., 2010; Porter et al., 2004; Liu et al.,
2006). However, the roles of ADAMTS-1 during tumor progression remain controversial.
The C-terminal domain of ADAMTS-1 has been considered as an anti-tumor and antimetastatic region, but overexpression of full-length ADAMTS-1 has promoted tumor growth
and cancer metastasis (Liu et al., 2006, Kuno et al., 2004). My studies indicate that
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ADAMTS-1 is expressed in human endometrial carcinoma cells and is associated with more
aggressive phenotype. This supports the possible function of ADAMTS-1 in carcinogenesis
of endometrial cancer.

The majority of endometrial cancer cases are due to type I endometrial carcinoma, and
unopposed estrogen exposure is a known risk factor. Estrogen stimulates the endometrium to
increase mitogenic activity, whereas progestin or anti-estrogen reagent can inhibit this effect
(Wing et al., 2003). Estrogen is believed to act as a cancer promoter or even a carcinogen
(Emons et al., 2000). In this study, I have confirmed that estrogen can promote welldifferentiated endometrial cancer cell invasion, while progesterone and the anti-estrogen ICI
182 780 can inhibit the estrogen-induced increase of cancer invasion. Estrogen treatment
causes significant increases of ADAMTS-1 expression at the mRNA and protein levels in
well-differentiated endometrial cancer cells, raising the possibility that the E2-mediated
increase of cancer cell invasion is, at least in part, caused by its ability to regulate the
expression and function of ADAMTS-1. This hypothesis is further supported by the fact that
over-expression of a full-length ADAMTS-1 cDNA in poorly invasive ECC-1 endometrial
cancer cells leads to a more invasive phenotype; whereas loss of function of endogenous
ADAMTS-1 in highly invasive, poorly differentiated KLE cells decreased their cell invasion
capacity.

The main roles of ADAMTS-1 in carcinogenesis and metastasis likely involve breakdown of
the ECM to promote invasion, as well as the loss of anti-angiogenic function. Although
opposing roles for ADAMTS-1 have been reported in different cancer types, the aberrant
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expression of ADAMTS-1 and other ADAMTS subtypes is a common feature in various
cancer types (Vazquez et al., 1999; Demircan et al., 2009 Cross et al., 2005; Porter et al.,
2004). Our findings agree with some previous studies. For example, higher levels of
ADAMTS-1 in pancreatic cancer correlate with poorer prognosis, with evidence of increased
local invasion and lymph node metastasis (Masui et al., 2001). There was no association
between ADAMTS-1 and microvessel density in the pancreatic cancer cases, and ADAMTS8 was expressed at very low levels in both normal and cancer tissues, indicating that neither
gene is closely linked with regulation of angiogenesis at metastatic sites in pancreatic cancer
(Masui et al., 2001). However, some other studies suggested that ADAMTS-1 levels are
down-regulated in human breast tumor samples compared with non-neoplastic mammary
tissue (Porter et al., 2004). This difference may be caused by the different proteolytic status of
ADAMTS-1, and seems to be tissue specific (Liu et al., 2005). Full-length ADAMTS-1 has
tumor promoting activity, but the anti-tumor properties of ADAMTS-1 have been attributed
to the anti-angiogenic function of its TSP-1 motif, which seems to be only exerted by a
proteolytic fragment of ADAMTS-1 but has been masked in the full-length ADAMTS-1
protein (Liu et al., 2006). In my study, a significant increase in the zymogen form of
ADAMTS-1 was detected in endometrial cancer cells after estrogen treatment. Considering
the differential expression of ADAMTS-1 in well- and poorly-differentiated endometrial
cancer cells, ADAMTS-1 could also be involved in the differentiation of endometrial cancer.
Further investigation is required.

The regulation of ADAMTS-1 expression by the gonadal steroids is complex and cell specific,
with a different regulatory pattern in cultures of normal endometrial stromal cells and
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endometrial cancer cells. Although E2 alone has not been shown to influence the expression
of any aggrecanase in isolated cultures of endometrial stromal cells (Wen et al., 2006), the
regulatory effect of E2 in normal epithelial cells has never been examined. However, E2
significantly increases ADAMTS-1 expression at mRNA and protein levels in endometrial
cancer cells. Although P4 has been previously shown to have regulatory effects in
endometrial stromal cells (Wen et al., 2006) and it has no effect on cancer cells, P4 can
abolish the E2-induced increase of ADAMTS-1 expression and inhibit E2-mediated cell
invasion as well. E2 exerts specific regulatory effects likely through its receptor-mediated
signalling pathway. This is supported by the fact that the ER antagonist ICI 182 780 blocks
these effects of E2. However, the E2-dependent regulatory effects may also be mediated by
the novel membrane-bound E2 receptor (G protein-coupled receptor 30) recently shown to be
biologically active in human endometrial cancer cell lines (Vivacqua et al., 2006).

For several decades, progesterone has been used in the treatment of advanced or relapsed
endometrial cancer, and there is no doubt that progestins have a protective function in the
human endometrium (Kim and Chapman-Davis, 2010). In vivo studies show that progestins
change the histological features of the endometrium in patients with complex atypical
hyperplasia and well-differentiated endometrioid carcinoma, including a decrease in the
gland-to-stroma ratio and decreased mitotic activity (Wheeler et al., 2007). Progestin
treatment also promotes the involution or disappearance of PTEN null endometrial glands
(Zheng et al., 2004). In vitro studies using endometrial cancer cell lines have also indicated
that numerous genes, such as MMP-1, -2, -7, -9 and cyclin D1, have been associated with
progestin-mediated inhibition of cell growth and invasiveness (Saito et al., 2004). Microarray
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studies in endometrial cancer cells provide further evidence that progestins are involved in the
regulation of genes associated with cell signalling, apoptosis, tumor suppressors, transcription
factors and anti-inflammatory cytokines (Davies et al., 2004; Paulssen et al., 2008). Many of
the effects of progesterone are thought to be due to its ability to oppose the actions of estrogen,
particularly in the uterus. Progesterone abrogates estrogen induction of many of the known
hormone-responsive genes, and this effect is mediated by down-regulation of cytoplasmic and
nuclear ER concentrations, or by decreasing the active estrogen concentration (Graham and
Clarke, 1997; Clarke, 1990). Progesterone can inhibit ER expression both in uterus and in
breast tissues through decreasing the transcription of ER mRNA or by shortening the haf-life
of ER protein (Graham and Clarke, 1997; Read et al., 1989; Takeda et al., 1986). Although
my studies have not shown any direct regulatory effects of P4 on ADAMTS-1 expression in
endometrial cancer cells, they provide evidence that P4 interacts with E2 in maintaining
endometrial integrity. In particular, my studies indicate that P4 likely inhibits endometrial
cancer progression and invasion, at least in part through inhibiting E2-induced increases in
ADAMTS-1 expression. This may extend to other ADAMTSs as well. It is tempting to
speculate that ADAMTS-1 expression in the endometrium and endometrial cancer tissues is
dependent on the balance between the counterregulatory effects of estrogen and progesterone.
However, the molecular mechanism by which P4 modulates E2-mediated increases in
ADAMTS-1 expression in human endometrial cancer cells remains to be elucidated. The
changes of mRNA and protein levels of ER under P4 treatment have not been examed in this
study, but should be investigated in the future.
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To date, I conclude that ADAMTS-1 is highly expressed in endometrial cancer cells and is
under the regulation of both E2 and P4. Furthermore, the expression of ADAMTS-1 is
directly related to cancer cell invasiveness.

5.2

Conclusions

In conclusion, the body of work presented in this thesis describes novel cellular mechanisms
involved in regulating human endometrial stromal cells during the menstrual cycle; the
possible function of aggrecanases during the process of decidualization and changes in their
expression in response to the gonadal steroids. In the first part of this thesis, I identify
additional aggrecanases that exhibit regulated expression in response to gonadal steroids.
Thus, in addition to ADAMTS-1, P4 and DHT also up-regulate ADAMTS-8 and -9 in
endometrial stromal cells. Moreover, ADAMTS-5 is down-regulated by DHT, whereas
ADAMTS-4 expression remains unchanged after treatment with gonadal steroids. These
findings provide evidence that aggrecanases contribute to steroid-mediated ECM remodeling
events that occur in the endometrium in preparation for pregnancy.

The second part of this thesis describes the role of ADAMTS-1 in endometrial cancer cell
invasion, and how gonadal steroids regulate its expression. ADAMTS-1 is expressed in
human endometrial cancer cells, and E2 up-regulates ADAMTS-1 mRNA and protein levels
in well-differentiated human endometrial cancer cells. Over-expression of ADAMTS-1 in
well-differentiated ECC-1 cells promotes cell invasion. In contrast, silencing endogenous
ADAMTS-1 in poorly differentiated, invasive KLE cells decreases the cell invasive capacity.
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These results suggest that ADAMTS-1 is involved in steroid-regulated ECM remodeling
events during cancer cell progression, and that E2 promotes well-differentiated endometrial
cancer cell invasion, possibly by specifically up-regulating ADAMTS-1 expression. Thus,
ADAMTS-1 likely plays a pivotal role in regulating endometrial cancer invasion, especially
as loss or gain of function of ADAMTS-1 directly affects tumor cell invasiveness.

In summary, the studies in this report will improve our understanding of molecular
mechanisms underlying the dynamic changes of human endometrium under physiological and
pathological conditions, and will provide useful insight into the cell biology of ADAMTS
family members. In this way, this work contributes to our long-term goals to develop
ADAMTS as biomarkers to accurately diagnose and predict the outcomes of recurrent
pregnancy loss and endometrial cancer.

5.3

Future Directions

1. To examine other aggrecanases, such as ADAMTS-5, their regulation and function in
endometrial cancer invasion

The same experiment model system described in chapter 4 in this thesis can be used to
examine the regulated expression of ADAMTS-5 in response to gonadal steroids. Loss- and
gain- of function study can be performed in well-differentiated ECC-1 cell and poorly
differentiated KLE endometrial carcinoma cell by using full length ADAMTS-5 cDNA and
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ADAMTS-5 siRNA. Alterations in the invasive capacity of these endometrial cancer cells
will be determined using Transwell invasion assays.

2. To investigate the molecular mechanisms involved in ADAMTS-1 mediated endometrial
cancer cell invasion, for example, the interaction with integrin.

Preliminary data have shown that overexpression of ADAMTS-1 in ECC-1 cell or loss-of
function of ADAMTS-1 in KLE cells will lead to the altered expression of certain integrin
subtypes. To further investigate whether changes in integrin expression and function due to
ADAMTS-1 expression facilitated the invasive phenotype in endometrial cancer cells,
fluorimetric α and β integrin-mediated cell adhesion array kits can be used to analyze
potential differences in integrin subtype expression and binding. Specific integrin antibodies
can be used to inhibit the function of certain integrin subunit, to see whether the inhibition of
integrin function will result in a change in cell invasion.
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Figure 5.1. Proposed model for the regulation of aggrecanases by gonadal steroids in
human endometrial stromal cells in preparation for embryo implantation. (1) After
ovulation, the plasma progesterone level increases, and it acts upon the estrogen-primed
endometrium to initiate the differentiation of stromal cells into decidual cells. (2) Increased
production of some aggrecanases of ADAMTS subtypes, such as ADAMTS-1, -8, and -9
from endometrial stroma cells upon stimulation of progesterone, suggest that they influence
decidualization. (3) Although ADAMTS-5 production by endometrial stromal cells may also
increase, this is not regulated by progesterone. However, it is up-regulated by IL-1β, an
important regulator of proteolytic processes during early pregnancy. (4) In my experiments,
the non-aromatizable androgen, DHT, was shown to down-regulate ADAMTS-5, suggesting
ADAMTS-5 may be implicated in some infertility conditions associated with high androgen
levels. (5) The ADAMTSs metalloproteinases will degrade the endometrial extracellular
matrix and thereby facilitate embryo implantation.
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Figure 5.2. Proposed model for the regulation and function of ADAMTS-1 in promoting
well-differentiated endometrial carcinoma cell invasion. (1) During menopause or after
loss of ovarian progesterone, unopposed estrogen will cause endometrial hyperplasia and
increase the incidence of endometrial cancer. (2) Estrogen stimulates cell proliferation and
promotes progression of well-differentiated endometrial carcinoma cells. (3) Estrogen
stimulates increased production of ADAMTS-1 in endometrial cancer cells. (4) In the absence
of progesterone (P4), estrogen-induced increased production of ADAMTS-1 will degrade
extracellular matrix and enhance cancer cell invasion. (5) In the presence of progesterone, the
estrogen-induced increase of ADAMTS-1 will be lost and this will thereby inhibit the
invasiveness of cancer cells.
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