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ABSTRACT

IN VITRO AND IN VIVO EVALUATION OF THE POTENTIAL ESTROGENIC
EFFECTS OF POLYCYCLIC AROMATIC HYDROCARBONS

By

Kirsten Cecilia Fertuck

A large number of exogenous compounds have been found to possess the ability to bind
to the oo and B isoforms of the estrogen receptor (ER). The identification and
characterization of these compounds is typically achieved through in vitro assays and,
when concern is warranted, by assessing the ability of the compound to stimulate uterine
proliferation in the rodent uterus. Benzo[a]pyrene (B[a]P) is a ubiquitous pollutant and
shares some structural similarity with endogenous estrogens, particularly when hydroxyl
groups are introduced during metabolism. Specific B[a]P metabolites, as well as other
compounds of interest, were identified that were able to bind to ERa and ERP in vitro,
and to induce ERa- and ERB-mediated reporter gene expression in MCF-7 breast cancer
cells. B[a]P was also shown to interact in an additive manner in vitro when cotreated with
estrogen. However, administration of B[a]P or of its most active metabolites to immature,
ovariectomized mice was not sufficient to stimulate uterine proliferation or induction of
uterine lactoferrin mRNA expression. Because the transcriptional targets of estrogen in
the uterus are numerous and many are still undiscovered, a GeneChip microarray
approach was used in order to characterize the temporal transcriptional responses to
estrogen in the uterus. This approach was able to confirm previously characterized effects

as well as to identify novel responses. For example, the arginine and ornithine utilization



pathway was found to be particularly highly regulated in the uterus in response to
estrogen, and while induction of some of these enzymes had been shown previously, this
provided the first evidence that numerous aspects of this pathway could be monitored at
the transcription level in the estrogen-stimulated uterus. Expression of arginase 1 was
found to be particularly high in response to prolonged estrogen exposure. The ability of
B[a]P to alter the expression of arginase 1 and other chosen genes was then assessed in
the rodent uterus. While B[a]P was recently reported to antagonize the ability of estrogen
to stimulate the proliferation of MCF-7 breast cancer cells in vitro, we showed that B[a]P
was not able to interfere with estrogen-induced uterine proliferation or with expression of
estrogen-regulated genes including arginase 1. Finally, the extensive literature searching
required in the analysis of the microarray data made it clear that the lack of a
comprehensive review of previously characterized estrogen-responsive genes is a great
impediment to the analysis of new large-scale transcriptional profiling studies.
Accordingly, a comprehensive review of estrogen-regulated transcription in the uterus is

provided.
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CHAPTER 1

REVIEW OF THE LITERATURE: TRANSCRIPTIONAL RESPONSES TO

ESTROGEN IN THE UTERUS

INTRODUCTION

The profound actions of estrogens on the uterus were first described in detail in
the 1920s, and great advances in understanding the nature of these effects were made in
the following decades. In the 1960s, the first studies characterizing the transcriptional
responses in the estrogen-stimulated uterus were initiated, and in the years since then,
thousands of additional studies have used humans, various model species, and cultured
cells to further refine our understanding of these processes. Many uterine responses to
estrogen have a transcriptional component, and therefore microarrays have become an
appealing tool for further characterizing these immensely complex effects, an endeavour
that is of great interest to pharmacologic and toxicologic researchers. A difficulty in this
approach however is in the data interpretation, since this body of published information
has not been comprehensively reviewed, and it is therefore difficult to discern novel
responses from those that have been previously reported, and laborious to associate these
responses with known associated physiological effects. Furthermore, many of the
affected transcripts are associated with numerous gene names, further hampering data
analysis.

The following review addresses the deficiency in the organization of this
information by discussing the known estrogen-induced changes in levels of specific

transcripts in the uterus of humans and of common model organisms, as well as their



relevance to uterine biology. Citations of pertinent reviews are provided. As well, recent
research that has greatly expanded the understanding of mechanisms of estrogen
signaling is discussed. Transcripts here are identified by their italicized official mouse
gene abbreviation, as identified in the National Center for Biotechnology Information

database (http://www.ncbi.nlm.nih.gov/LocusLink/).

OVERVIEW: ESTROGENS, THEIR RECEPTORS, AND THEIR RESPONSE

ELEMENTS

Estrogens

Estrogens are steroid hormones that are formed by the aromatization
hydroxylation of the A ring of androgens. 17B-Estradiol and its weaker estrogen
metabolites are the predominant form of circulating estrogen, though endogenous non-
aromatized steroids, including testosterone and several of its precursors and derivatives,
have also been shown to possess direct estrogen receptor-mediated transcriptional activity
and cell proliferation (1, 2). Biosynthesis of steroid estrogens occurs in all vertebrates and
in protochordates (3), and estrogen availability is controlled by associations with sex
hormone binding globulins (4, 5).

In premenopausal women, the ovaries are the primary source of estrogen, which is
secreted and acts in an endocrine manner on target tissues. In postmenopausal women
and in men, estrogen is produced in extragonadal sites, including specific cell types
within fat, bone, blood vessels, and brain, where it can act locally as a paracrine or

intracrine factor (6). Aromatase is encoded by a single gene with a complex promoter,



and gonadal aromatase expression is regulated by cAMP and gonadotropins (7), while at
other sites it can be regulated by prostaglandins and cytokines (8).

Estrogens are oxidatively metabolized by specific cytochrome P450s, and the
metabolites retain varying levels of estrogenic activity depending on the oxygenation
position within the steroid ring (9). Certain unstable metabolites also possess mutagenic
activity and are implicated in carcinogenesis in estrogen target tissues (10). Cytochrome
P450 polymorphisms that affect the formation of reactive metabolites have also been

associated with cancer risk (11).

Estrogen receptors

The ER was first cloned in a human breast cancer cell line (MCF-7) more than 15
years ago (12). ERs were cloned soon after from numerous species, and phylogenetic
analysis of these sequences suggested that the ER is the ancestral steroid receptor, found
in all vertebrates, from which the other members (progesterone, androgen, glucocorticoid,
and minerallocorticoid) subsequently evolved (13). Moreover, the ERs from different
species were found to be highly similar in the ligand binding and DNA binding regions,
consistent with the critical importance of both ligand and DNA binding to the mechanism
of ER action.

The ER was renamed ERa following the discovery a decade later of a second
isoform, denoted ERP (14). The sequence similarity is quite high in the ligand and DNA
binding domains, and at the dimerization interface, and differs mainly in the N and C
terminal regions. A third receptor, ERY, has also been identified in fish (15), although no
homologous sequence has been identified in the human or mouse genome (16). The

length of ERa is well established (595 amino acids), whereas the extent of the ERp



protein sequence has been revised several times, and is now believed to most commonly
contain 530 residues (17).

ER crystal structures and predictions indicate that the ERs, as well as the ancestral
steroid receptor, all possess the critical binding pocket residues that accept estrogen and
discriminate against the 3-keto group of all other steroid hormones as well as the 17-
methylketo group of progesterone and corticoids (18-20). In the classic mechanism,
cytoplasmic ligand binding promotes a conformational change that exposes the
dimerization surface, and the liganded dimer can bind to specific response elements to

modulate transcription of target genes in the nucleus.

Estrogen response elements

The ancestral steroid receptor activated genes by binding to the same motif as
does the modern estrogen receptor, the estrogen responsive element (EREs; an inverted
repeat of the sequence AGGTCA separated by three unspecified residues), while the
other steroid receptors later evolved to interact with a distinct motif (a direct or inverted
repeat of AGAACA). The repeated sequence in nuclear receptor response elements is

important for the binding of the liganded receptor dimer (21).

Coactivators

A rapidly expanding area of research in the action of ERs and other nuclear
receptors has been in determining the identity and nature of key coactivators and
corepressors, which modulate the transactivational activity of the ligand-receptor dimer
complexes. The existence of coactivators was first suggested after a ‘squelching,” or

damped response was observed when estrogen and progesterone receptors were



concurrently activated, suggesting that shared factors, present in limiting amounts, were
required for their action (22). Corepressors were first identified during efforts to explain
the repression of thyroid hormone transcription in the absence of ligand (23).

The specific nature of the assembled modulatory proteins that are recruited by the
ER is tissue-, ligand-, and receptor isoform-specific, and this area has been reviewed
extensively (e.g. (24, 25)). Since nuclear receptors act primarily as transcription factors,
corepressors typically act in the absence of ligand to block receptor-mediated
transcription. Certain coactivators, by contrast, can potentiate nuclear receptor-mediated
transcription by promoting chromatin accessibility and interactions with the basal
transcriptional machinery. In vitro methods such as yeast two-hybrid studies have been
instrumental in identifying numerous novel nuclear receptor-interacting cofactors (24,
26). Interestingly, ERa has recently been shown to be much more effective than ERp at
activating transcription on ERE-containing chromatin templates, which has been

attributed to the N-terminal activation function (AF-1) of ERa (17).

Nonclassical ER signaling

A rapidly expanding area of study is broadly termed nonclassical nuclear receptor
signaling. ERs, like the other family members, have been reported to stimulate signaling
by numerous pathways that diverge from the classical ER-ERE-mediated signaling
pathway. For example, a subclass of non-nuclear, membrane-localized receptors has been
identified, which are believed to be responsible for many of the effects of estrogen that
are too rapid to be consistent with de novo transcript and protein synthesis. Ligand-
independent activation of nuclear ERs has also been described, as well as the ability of

ERs to influence transcription at non-ERE sites in association with other transcription



factors such as AP-1 and Spl. This rapidly expanding area of research has been the
subject of numerous reviews (e.g. (27, 28)).

To contribute to the understanding of nontraditional modes of estrogen signaling,
a nonclassical ER knock-in (NERKI) mouse strain was developed. The NERKI mice
contain an ER that bears a mutation in the DNA binding domain that specifically
abolishes ER binding to DNA, therefore ablating the classical ER-ERE signaling but
retaining all other ER functions (29). Homozygotes do not survive, and heterozygote
females are viable but infertile. The uteri are enlarged and hyperplastic, with greatly
enlarged endometrial glands filled with secretory material, and uteri are in constant
diestrus and progesterone levels were reduced, though LH signaling is normal. Estrogen
is still able to induce epithelial proliferation and hyperemia. The severity of the
phenotype in the heterozygote, in particular compared to the ER0KO heterozygote (30),
is surprising. It indicates that nonclassical estrogen signaling is crucial to female
reproductive physiology, though uterine estrogen responsiveness is still preserved, and

that the classical and nonclassical pathways may interact in a complex manner.

OVERVIEW OF ESTROGEN EFFECTS IN THE UTERUS

Estrogen acts as an important regulator in numerous tissues, of which the uterus is
a prime example. Influences of circulating, ovarian-derived estrogen in the uterus of the
intact animal are difficult to discern, however, because of the confounding presence of
numerous other hormones and growth factors. As a result, a multitude of studies have
examined uterine responses to exogenous estrogens in rodent models possessing low
circulating estrogen levels either due to prepubertal age or to ovariectomy. These widely

used models have a dual purpose, being aimed at further elucidating the basic



understanding estrogen action or at evaluating the estrogen-like activity of other ligands
of interest (31).

In placental mammals, the embryo (trophoblast) implants in the maternal uterus
and is protected there until it is capable of surviving independently. Successful
implantation is therefore critical to reproductive success, and the carefully coordinated
uterine changes, stimulated by cycling and carefully controlled levels of ovarian estrogen
and progesterone, allow the trophoblast to penetrate the uterine epithelium into the
stroma (32).

Cyclic changes in the rodent uterus were first described in detail more than 80
years ago (33, 34), and in the decades since then, the understanding of these changes in
response to oscillating levels of circulating hormones has been greatly refined, though

many uncertainties still remain.

Uterine cell types

The uterus is a complex and highly specialized organ, composed of numerous
diverse cell types. Although there are some differences in structural organization between
primates and rodents, such as the dual uterine horns and multiple implantation sites in
rodents, and the menstrual shedding phase in primates, the cell types and compartments
overall are comparable between the species, and the utility of using rodents to model
human uterine responses is well established (35). Similarities and differences between
species have been reviewed extensively (36).

The intrauterine space, or lumen, is physically defined by the luminal epithelial
monolayer. Below this, underneath a basement membrane, lies the supporting stromal

layer, which is composed of fibroblast-like stromal cells as well as various lymphoid




cells. Numerous tubular glands lined with a specialized glandular epithelial layer
penetrate the stromal layer. Adjacent to the stroma, the outer region is the myometrial
region, composed of inner circular and outer longitudinal smooth muscle layers, which
together support uterine contractility. The outermost uterine lining is the serosal layer,
formed from a thin layer of fibroblast-derived mesothelial cells. As well the uterus is
highly vascularized, and therefore also contains numerous endothelial cells (36).

The endometrium, comprised of the epithelial and stromal layers, is functionally
distinct from the surrounding muscular myometrium. Within the endometrium, the
luminal epithelial cells regulate the capacity of the luminal walls to act as either a barrier
or as a receptive surface for embryonic implantation, the glands formed by invaginations
of the lumen into the stroma develop progressively during the uterine cycle and secrete
factors that are critical in promoting uterine receptivity and embryonic implantation (37),
and the stromal layer provides other crucial functions including structural support, growth
factor production, and immune protection (36). During estrogen-stimulated uterine
growth, the cell type composition remains relatively constant by volume, approximately
70% stroma, 10% luminal epithelium, 15% glandular epithelium, 5% endothelium, and a
small proportion occupied by uterine, glandular, and vascular lumens, as well as

interstitial space (38).

The reproductive cycle

The uterine cycle here refers to the menstrual cycle in primates as well as to the
estrous cycle in rodents. An overview of the nature of cyclic uterine changes is useful to

the understanding of the role that estrogen plays in uterine biology.



The uterus undergoes extensive cyclic changes in preparation for containing and
nurturing the developing fetus in the event of conception and implantation. Changes
involved in promoting uterine receptivity include proliferation and differentiation of
specific cell types, extracellular matrix (ECM) alterations, cell surface changes, and
immunological changes, and must occur in synchrony with the development of the
preimplantation embryo. Essential stimuli in these events are cyclic changes in estrogen
and progesterone levels, and their absence causes uterine regression and infertility (39).
An important role of estrogen is to stimulate proliferation of the epithelium of the lumen
and glands, while stromal proliferation requires the carefully timed and sequential

presence of both estrogen and progesterone.

The menstrual cycle

During the proliferative phase, rising estrogen levels stimulate intensive
endometrial cell proliferation and postmenstrual structural repair. At ovulation, ovarian
steroid production switches from estrogen to progesterone predominance. Progesterone
action is mediated through PRs in epithelial, stromal, and vascular cells, and induces
numerous changes in preparation for pregnancy, including stromal thickening and
differentiation to decidual cells, flattening of the luminal surface, and glandular secretion
of specific products. In the absence of conception and implantation, the outer endometrial
layers are shed and the endometrium then regenerates in preparation for a new cycle (40-

42).



The estrous cycle

The rodent estrous cycle has many features in common with the primate
menstrual cycle, though key differences in the rodent are the short duration (4-5 days)
and the lack of endometrial shedding. Analogous to the proliferative phase in humans,
proestrus and estrus are characterized by rising estrogen levels and epithelial
proliferation, while progesterone dominates during the diestrus phase, inducing stromal
differentiation (35). As a result the physiological and biochemical features of the rodent
estrous cycle have been carefully studied, providing key insights into the responses to
estrogen exposure (43).

In the rodent, proestrus is marked by maximal LH levels, followed shortly after
by maximum estrogen levels in mid-proestrus, while FSH levels rise slightly and
progesterone levels are at their minimum. During this time, the luminal epithelial surface
is smooth and densely covered with microvilli. Glands are plentiful and protrude into the
uterine lumen, but the glandular openings are poorly developed and often blocked, and so
glandular secretions are scarce.

At estrus, the LH level is at its minimum and FSH briefly reaches its maximum.
Estrogen reaches a minimum in mid-estrus and then begins to increase, while
progesterone is low. The epithelium is proliferating maximally, and the epithelial cells
have reached maximal size and an elongated shape. The epithelial surface is no longer
smooth, and instead is characterized by deep folds and ridges. Microvilli and secretions
cover the epithelial surface, and pseudoglands, which are depressions caused by necrosis
or apoptosis of one or two cells beneath, and are not connected by a glandular duct to the

underlying stroma, are much more numerous than are fully formed glands.
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In early diestrus, LH and FSH levels are low, estrogen again declines, and
progesterone reaches a maximum and then rapidly begins to decline. The epithelial cells
are diminished in size and the epithelial surface is nearly flat, and glands and
pseudoglands are becoming fewer and smaller. Microvilli are less dense. In late diestrus,
LH and FSH are at their minimum, estrogen is at a minimum and then begins to increase,
and progesterone decreases to a minimum. The epithelial surface is very flat, secretory
products are scarce, pseudoglands are regenerating into normal surface epithelium, and
glands are decreased in size. Epithelial cell height is minimal, microvilli are scarce, and

the overall appearance resembles a resting stage.

Circulating hormone levels

Ovarian steroids are produced primarily in the ovary, and ovariectomized mice
have undetectable levels of circulating estrogens and androgens. Although a basic
understanding of gonadotropin and estrogen synthesis is well established, recent studies
employing ERa, ERB, and double knockouts have allowed further refinement (Couse
2003). Hypothalamic gonadotropin-releasing hormone (GnRH) stimulates the anterior
pituitary to secrete luteinizing hormone (LH) and follicle stimulating hormone (FSH),
which act on the ovarian theca and granulosa cells respectively to promote estrogen (173-
estradiol) synthesis from cholesterol and through several intermediates including
testosterone. Estrogen from the ovaries, in addition to acting on its numerous other
targets, negatively regulates further GnRH release. ERa was shown to be critical in
negatively regulating circulating levels of estrogen, testosterone, and LH, while FSH

levels are instead influenced by activin and inhibin levels. The role of ERP in regulating
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these hormone levels is minor, however ERP is implicated in the control of GnRH
secretion and of granulosa cell function.

Although uterine cells have been reported to express aromatase and to possess the
capability to synthesize estrogens (44), estrogen predominantly acts on the uterus in an
endocrine manner following secretion from the ovaries (16). Estrogen is very potent, and
serum levels are measured in pg/ml, compared with ng/ml levels of progesterone. Serum
estrogen levels vary from approximately 10 pg/ml at metestrus to 60 pg/ml at proestrus.
The peak at proestrus stimulates the LH surge, which is accompanied by FSH secretion.
and is rapidly followed by a surge in progesterone levels.

Although a major surge in estrogen levels during the uterine cycle is well
documented in numerous species, other aspects of estrogen secretion show distinct
variability between species. For example in humans, a sharp peak in estrogen release
immediately prior to ovulation is followed by a second peak in the middle of the luteal
phase, while in the rodent an estrogen surge is associated with late proestrus but other

spikes of estrogen secretion throughout the cycle are also observed (45).

Overview of responses to exogenous estrogen administration

Because of the confounding effects of the fluctuations of numerous hormones in
the intact animal, the responses modulated by estrogen in the uterus have typically been
studied using estrogen-treated noncycling (immature and/or ovariectomized) animal
models. 17B-estradiol and 17a-ethynyl estradiol are commonly used, and their responses
have been shown to be highly similar (46). The effects modulated by a single dose of
estrogen have been shown to encompass a large number of physiological processes, but

are roughly divided into two phases (47, 48). Phase I responses include increased uterine
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vascular permeability and edema, as well as increased blood flow, cAMP production,
changes in electrolyte levels which drive water imbibition, and histamine release that are
evident by 6 hr after estrogen exposure. Phase II responses occur at approximately 24 to
30 hr after estrogen exposure and are particularly associated with dramatic increases in
epithelial and stromal cell size (hypertrophy) and cell number (hyperplasia) (48-50). The
phase II response is also characterized by large uterine glands containing secretory
products, by accumulation of uterine luminal fluid, by large interstitial spaces between
the stromal cells, by increased metabolic activity and increased RNA and protein
synthesis, by increased cytoplasmic volume and RER, and by immune cell recruitment
(38, 51-53). The volume fraction occupied by the epithelium, stroma, endothelium, and
extracellular space is unchanged, indicating that all endometrial compartments increase in
size uniformly during phase II (38). Interestingly, the stromal proliferative response is
greatly reduced as animals reach maturity, indicating that choice of model is important to
the results that will be generated (54). The mitotic response is maximal at approximately
24 hr after estrogen administration, and has returned to baseline levels by 36-48 hr (50,
55), while apoptosis in response to estrogen withdrawal has become prominent (56).
Continuous and unopposed estrogen exposure, by contrast, is associated with neoplasia,
with prolonged estrus in the cycling rodent, and in the developing rodent is associated
with abnormal uterine gland development, possibly due to an inability of glandular
epithelial differentiation and gland invagination into the stroma to keep pace with luminal
epithelial proliferation (36).

Many of the effects mentioned above have been studied for several decades, and

many are known to be mediated by the estrogen-ER signaling pathway. However, some
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extremely rapid and likely nongenomic effects have also been observed, such as an
increase in the number of luminal surface microvilli within 30 s after estrogen injection,
and great increase in their number and density within approximately 5 min (57).
Although differences in uterine responses to estrogen can occur even between
different mouse strains (58), overall, the responses described above, including
proliferation (59), stromal edema (60), and immune cell recruitment, have also been
observed in estrogen-exposed humans, confirming the merit of the estrogen-treated

rodent model in discerning estrogen effects.

Nuclear receptor signaling

Estrogen receptor

ERo and ERP exhibit distinct tissue distributions, which have been well
characterized. Overall, ERa is predominantly expressed in the uterus, mammary gland,
liver, kidney, and heart, while ERP expression which is highest in the ovary and prostate,
but is also present in other tissues such as uterus (16).

Within the uterus, ERo (Esrl) and ERP (Esr2) are both expressed in the
epithelial, stromal, and vascular cells in a menstrual cycle-dependent manner that is
distinct for each isoform and has been recently described in detail (61). Estrogen has
recently been shown to affect Esrl expression in a compartment-specific manner. In the
epithelium, estrogen administration causes a rapid (3-6 hr) decrease in Esrl expression
that is not blocked by cycloheximide, and then an increase at 24 hr (62). By contrast,
Esrl was rapidly upregulated in the stroma, while another report indicated that stromal

and endometrial Esr/ levels were unchanged (63)



The specifics of the interregulation between ERo and ERP are not currently well
understood, though differences in the isoform ratio have been reported in uterine disease
(64). Furthermore, despite high sequence similarity between the two isoforms,
differences in their ability to activate transcription at specific response elements and in
complex with particular ligands have been reported (65). As well, in vitro ERP has been
shown to repress ERa-induced transcriptional activity (66, 67).

There are few documented cases of humans possessing mutations in the ERa or
aromatase genes, recently reviewed (8), and therefore targeted disruptions of the ER and
aromatase genes in mice have been particularly valuable in understanding the specific
role of these genes in estrogen action (16). The uterus of the ERaKO mouse is highly
hypoplastic, although it appears normal at the histological level (68). A marked aspect of
the ERoKO uterine phenotype is the absence of the uterine edema and increased uterine
weight that is normally observed in the early and late phase responses to three
consecutive daily estrogen doses (68), though after ten daily treatments a detectable but
submaximal induction of uterine weight has been observed (69). Heterozygotes
responded normally (68). Estrogen-induced mitogenic activity in the ERaKO uterus is
also much lower than in the wild-type, though still detectable (70).

Tissue recombination experiments, in which the uterine epithelium and stroma
from WT and ERaKO mice were recombined, showed that that luminal and glandular
epithelium proliferation depended on the presence of ERat in the stroma, suggesting that
the binding of estrogen to stromal ERa stimulates the production and release of factors
that stimulate mitogenesis of the adjacent epithelium (71, 72), which had been suggested

by much earlier in vitro studies (73). A similar study showed that estrogen stimulation of




stromal ERa results in downregulation of epithelial progesterone receptor expression
(74).

The uterus of the ERBKO mouse displays an exaggerated response to estrogen,
including hyperstimulated secretion and higher progesterone receptor and Ki67 levels,
suggesting that ERP normally acts to oppose some of the effects of ERa (75).

The similarity in uterine phenotype between the ERoOBKO and ER0KO mouse
was expected, given the much higher levels of the o isoform normally present in that
tissue (76). The uterine phenotype of the aromatase knockout mouse, ArKO, was also
similar to that of the ERaKO mouse (77), consistent with the belief that estrogen is
required for uterine proliferation and differentiation.

Estrogen receptor-related orphan receptor ol (ERRao; Esrral) is a transcription
factor that can bind DNA at SF-1 response elements (SFREs). Though it shares sequence
similarity with the ER, it does not bind estrogen (78). The transcript has been found to be
upregulated after 3x24 hr (three consecutive daily doses) estrogen exposure in the uterus
(79). Several downstream targets have been identified, including lactoferrin, osteopontin,
medium-chain acyl coenzyme A dehydrogenase (MCAD) and thyroid hormone receptor
(80), however specific ligands and roles are not currently known. Importantly, though,
ERRa has been found to also bind to EREs and to compete with ERs for coactivators,

which could profoundly alter ER-mediated signaling (81).

Progesterone receptor

Estrogen and progesterone signaling pathways interact in crucial and complex

ways to regulate uterine function. A key function of progesterone, however, is to modify
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the action of estrogen on the uterus by redirecting the proliferative response from the
epithelia to the stroma. Progesterone also antagonizes the inflammatory action of
estrogen by preventing the recruitment of leukocytes that is induced by estrogen (82).

Progesterone has been called the hormone of pregnancy, since maternal
production is crucial in all mammals for conceptus survival and development (83).
Progesterone acts primarily through the progesterone receptors PR-B and its shorter form
PR-A, which are transcribed from the same gene. PR-B is believed to be the dominant PR
isoform in the uterus, similar to how ERa is believed to be the dominant uterine ER
isoform, and furthermore the ratio of PR-B:PR-A can be associated with uterine
pathologies in the same way that alterations to ERo:ERP levels can (64, 84).
Progesterone is widely considered to oppose the effects of estrogen, and in support of
this, the uteri of Pgr null mice show an exaggerated response to estrogen believed to be
due to the lack of progesterone signaling to depress the effects of estrogen. It is believed
that progesterone is able to repress the estrogen-stimulated epithelial résponse through a
mode that depends on stromal PR, and involves the repression of estrogen-inducible
stromal growth factor production (74).

Estrogen induction of PR (Pgr) expression is believed to be mediated by the
binding of both AP-1 and E2-ER to a promoter region containing an adjacent AP-1 site
and in imperfect ERE half-site (85). Stromal cells require progesterone in order to divide
(86, 87) and progesterone accelerates stromal transit through G, to S. Progesterone in
conjunction with FGF induces stromal cyclin D1, comparable to the actions of estrogen

on the epithelial cells (88).
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Interestingly, estrogen is required to prime the uterus for progesterone action in
the ovariectomized animal, since PR content is low until induced by estrogen. Estrogen
exerts both direct and indirect effects on Pgr expression, since estrogen has been shown
to directly induce Pgr in the stroma while indirectly downregulating epithelial Pgr by
means of stromal ERa (74). Furthermore, during pregnancy, the epithelium manufactures
numerous secretory products in response to progesterone despite a lack of epithelial PRs
during much of the gestation period, and paracrine signaling from the PR-positive stroma
in the form of progesterone-induced HGF, FGF7, and FGF10, for which the epithelium
has receptors, has been suggested (83).

Pgr is expressed in the uterine epithelium in the absence of estrogen, while
estrogen has been shown to abrogate Pgr expression in the LE and upregulate it in the
stroma (89), which primes the uterus to respond to progesterone. PR-dependent actions of
progesterone in the uterus are described as opposing estrogen, since progesterone can
induce stromal cell proliferation, inhibit edema, and affect infiltration of immune cells in
various ways. Stl\xdies in PR null (PRKO) mice confirmed that PR is required for most
aspects of female reproduction, and the PRKO uterus is highly inflamed in response to

estrogen exposure.

Androgen receptor

Induction of the rodent uterotrophic response by androgens, which could be
inhibited by antiandrogens, was first reported several decades ago (90, 91). Estrogen-
induced uterotrophy could be blocked by antiestrogens but not antiandrogens, indicating
that the AR may be one of several downstream effectors of the ER that mediate uterine

growth.
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A specific mechanism defining the importance of uterine androgens and androgen
receptor (AR) has recently been proposed (63). It was recently demonstrated that
estrogen exposure stimulates Ar expression in the uterine stroma and myometrium, and
this is believed to be achieved by the interaction of ER and AP-1 at AP-1 response
elements (63, 92). AR in turn induces IGF-I secretion, which stimulates epithelial cell
proliferation in a paracrine manner (63, 93). Furthermore, it was shown that estrogen-
induced luminal epithelial cell proliferation could be prevented not only by antiestrogen
administration but also by antiandrogen administration (63). Also androgens are able to
induce phase II uterotrophy in a manner similar to estrogen, although at high doses they
inhibit estrogen-induced phase I uterine edema and eosinophilia (94).

AR induces gene expression by binding to a specific response element (95),
however many genes have multiple response elements and in particular, some target
genes are common to estrogen and androgen. For example Igfl (93) and thioredoxin

(Txnl) (96) are each inducible through both ER and AR, with different kinetics.

Glucocorticoid receptor

Glucocorticoids are associated with growth repression, and their ability to inhibit
estrogen-induced uterine proliferation and function is believed to promote energy
conservation in stressful environments. Glucocorticoids appear to have little effect when
administered alone (97), but can prevent estrogen-induced uterine proliferation (97-101),
which may be due to its ability to decrease vascular permeability (102) and to the
attenuation of estrogen-stimulated induction of growth factors such as IGF-1 (103). The

glucocorticoid receptor (GR) is expressed exclusively in the uterine stroma, particularly
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in fibroblasts and uNK cells, as well as in endothelial cells, suggesting its role in

decidualization (104, 105).

Retinoic acid receptor

Retinoic acid (RA) synthesis is stimulated at estrus in the uterine epithelium, and
is also observed following exogenous estrogen exposure (106). As a result, it is believed
that, since proliferation of the uterine epithelium is required only in the event of
pregnancy, the estrogen-induced stimulation of RA at estrus is to be prepared for
epithelial proliferation in the event of conception and pregnancy (107). Furthermore, in
other tissues retinoids have been found to promote epithelial cells to differentiate to
secretory phenotypes (108).

Retinoid signaling is controlled at several levels. Serum transport is effected by
retinol-binding protein (Rbp4), while cellular carriers include cellular retinol-binding
protein (CRBP; Rbpl) and two cellular retinoic acid-binding proteins, CRABP-1 and
CRABP-II. RA induces transcription primarily by heterodimers of the receptors RAR and
the multifunctional RXR, which transactivate genes after binding to RA-responsive
element sequences (109).

Levels of RAR and RXR have been shown to fluctuate only slightly in epithelial
and stromal cells during the uterine cycle (110), and therefore it is believed that
regulation takes place primarily at the levels of RA availability and metabolism. Crabpl
in the uterine stroma is induced transiently by estrogen (4-24 hr), while Crabp2
expression in the luminal epithelium is sustained to 48 hr (111). Stromal Rbp! and Rbp4
expression, as well as retinol levels, are reduced following estrogen exposure (111).

Differences in regulation and function between Crabpl and Crabp2 have been studied
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(106, 112), and only Crabp2 induction has been associated with acquisition of the ability
to synthesize RA from retinol (113). Transcripts for proteins involved in RA action,
including the cellular RA binding protein Crabp2, the retinol binding protein Rbp/, the
RA biosynthetic enzyme Rdhl, and possibly the retinaldehyde dehydrogenase Aldhlaz2,

have also been reported to be induced at estrus (107).

Thyroid hormone receptor

It was first reported 25 years ago that estrogen-induced phase II responses could
be diminished in hypothyroid rats, and that the late responses could be restored by
thyroid hormone or iodide replacement (114, 115). It was further observed that thyroid
hormones were able to repress estrogen-induced edema and eosinophilia phase I
responses (116). Although there have not been further studies concerning thyroid actions

in the uterus, crosstalk between ER and TR signaling has been recently reviewed (117).

Vitamin D receptor

There is little information available about vitamin D signaling in the uterus,
though estrogen has been reported to increase vitamin D receptor levels concurrently with
estrogen-induced uterine growth (118, 119). Though the significance is not well
understood, the estrogen-mediated control of calcium homeostasis has been suggested.
Vitamin D has also been reported to induce endometrial cell proliferation (120) and to

potentiate the estrogen-stimulated increase in alkaline phosphatase activity in vitro (121).
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TRANSCRIPTIONAL EFFECTS OF ESTROGEN IN THE UTERUS

The numerous uterine changes in response to estrogen that are described above
are achieved in a variety of ways, but many are associated with changes in gene
expression either directly in response to estrogen-ER acting as a transcription factor or
indirectly due to an estrogen-induced changes in the levels or activity of other
transcription and growth factors. While a multitude of studies have identified and
examined transcriptional responses to estrogen in the uterus, the data have not been well
reviewed and summarized. Given the recent interest in using large-scale microarray
studies to examine estrogen-induced changes in uterine gene expression (122-125),
subsequent attempts at the biological interpretation of these large data sets is extremely
challenging, and a review of knowledge to date in this area is timely. This review is of
benefit both to those seeking to appreciate the effects of estrogen action in the uterus, and
to serve as a baseline for those aiming to evaluate the estrogen-like properties of

€xogenous compounds.

DNA, RNA, and protein synthesis

The remarkable extent of the estrogen-induced uterine proliferative response must
be supported by the rapid induction of mitosis and of proteins that physically direct and
support growth. Consequently, a swift and coordinated increase in available precursors

for DNA, RNA, and protein synthesis must be mounted.

DNA synthesis

Estrogen stimulates DNA polymerase activity in the uterus (126), and DNA

polymerase o (Pola) expression levels have been shown to be estrogen inducible by 6 hr
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in MCF-7 cells, by the interaction of Spl and liganded ER at an upstream Sp1 site (127).
Recent microarray studies have identified numerous other estrogen-regulated genes that
are involved in the DNA replication machinery (128). DNA synthesis has been shown to
be stimulated only by long-acting estrogens that are retained for at least 15 hr, such as E2.
A short-acting estrogen such as the metabolite estriol is not able to potently induce
uterine DNA synthesis unless it is administered again during a critical period 9-15 hr
after the initial exposure (49, 129). This long period of stimulation required to induce
uterine DNA synthesis, an important effect of estrogen, may be crucial in explaining the
apparent disparity with some rapidly inactivated ligands in their ability to rapidly induce
ER-mediated gene expression in vitro but their inability to induce uterine growth in vivo.
Maintenance of a nucleotide pool for DNA and RNA synthesis is critical to cell
growth, and while not all associated transcripts have been studied in the estrogen-
stimulated uterus, they are believed to be characteristic features of that and other
proliferative events. For example thymidine availability is essential for cell proliferation,
and its removal in cultured breast cancer cells causes cell cycle arrest that can be relieved
by the addition of estrogen (130). Thymidine kinase is critical in the pyrimidine salvage
pathway, catalyzing formation of dTMP from deoxythymidine. High levels of activity are
associated with rapidly proliferating tissues, and increased thymidine kinase activity and
increased thymidine incorporation in response to estrogen are concurrent and well
established responses to estrogen in the uterus (131). Activity of the cytosolic isozyme
(Tk1) is highly induced 24-36 hr after estrogen exposure, while induction of the
mitochondrial form (Tk2) is slight during the same period (132). At the transcriptional

level, the induction of Tk/ (133) and adenosine deaminase (Ada) (134) by estrogen is
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well established in MCF-7 cells, and the involvement of EREs and of ER-Spl
interactions, respectively, have been established. Thymidine phosphorylase (platelet-
derived endothelial cell growth factor; Ecgfl) expression, which is associated with cell
cycle arrest and angiogenesis (135, 136), was reported to be inversely correlated with
estrogen levels (135, 137). Several other responses may also be associated with
transcriptional changes in the uterus that have not yet been studied. The activity of
aspartate carbamoyltransferase (Cad), a multifunctional enzyme of de novo pyrimidine
synthesis, is also induced after estrogen exposure, while uridine kinase activity is
unaffected and is believed to be present in excess in the unstimulated uterus (138).
Estrogen has long been known to stimulate the covalent modification of histoncs
(139), which can facilitate transcription (140). Estrogen also rapidly stimulates protein
synthesis of histones and high mobility group chromatin proteins, and maximal levels (9
hr) are reached several hours before DNA synthesis begins (141). Histone transcript
levels, by contrast, lag behind protein levels, beginning to increase at 9 hr and reaching
maximal levels at 18 hr (142). While the mechanism by which estrogen stimulates uterine
histone transcription is not known, the increased transcript levels just prior to the
beginning of S phase is comparable to that observed in HeLa cells in vitro (143).

Unfortunately, the specific histone transcripts remain to be identified.

RNA synthesis

An early observation in the estrogen-stimulated uterus was the selective synthesis
of numerous distinct transcripts (144). In the uterus, estrogen administration is associated
with a burst in RNA Polll activity within all uterine cell types, and a subsequent increase

in the ratio of RNA to DNA in all major uterine cell types (145). In the classical mode of
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estrogen action, the estrogen-ER complex acts as a transcription factor to induce the
expression of numerous key ERE-containing genes. While this mechanism of action has
been highly studied and reviewed, some important recent advances in this area have
focused on alternate modes, such as through associations with AP-1 and Spl and with
alternative response elements (28). In addition, intensive efforts have been focused on
identifying the nature and consequences of coactivator and corepressor interactions with
the transcriptional complex recruited by estrogen-ER. Alterations in the expression of
relevant coactivators and corepressors in the estrogen-stimulated uterus are not yet well
characterized, although their levels and localization during the uterine cycle have recently
been shown to be complex. For example, mRNA levels of the coactivator SRCI1 and the
corepressors SMRT and NCoR have been shown to vary during the human and rodent
uterine cycle in a cell type-specific manner, while CBP/p300 levels were found to be
constant (146, 147).

The estrogen-induced uterine expression of transcription factors, which can in
turn act as effectors of estrogen action by modulating the expression of numerous target
genes, has been highly studied (148-153). Results suggest that these gene products play
key roles in the early phase uterine growth promotion induced by estrogen (154), though
short-acting estrogens are able to induce immediate early gene expression (Fos, Jun,

Myc) without being able to stimulate later DNA synthesis (129, 155).

AP-1
Members of the Fos, Jun, Jun dimerization partner (JDP), activating transcription

factor (ATF), and Maf families can homo- or heterodimerize in specific ways to form the

AP-1 transcription factor, which activates gene expression at response elements that
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depend on the components of the dimer. AP-1 components are transcriptionally induced
by numerous diverse stimuli, including several growth factors and cytokines, and the
complex nature of their regulation and roles in cell cycle progression have been recently
reviewed (156).

Fos can be upregulated by a downstream ERE sequence (157), and shows rapid
and well-characterized transcriptional inducibility and short half-life in the uterus (150,
158). Estrogen rapidly induces Fos expression specifically in the luminal and glandular
epithelia (155), while other fos-related genes (fra-1, fra-2, and fos B) have not been
detected (158). Transcriptional regulation of Jun family members by estrogen is also
complex and cell type-specific. For example, estrogen induces a rapid increase in jun-B
(Junb) and jun-D (Jund) expression mainly in the epithelial cells, while inducing c-jun
(Jun) expression in the myometrium and repressing it in the epithelium (159). Temporal
expression is also subtype specific, with Jun being induced most rapidly (within 30 min),
followed shortly after by Jund and then Junb (160). In addition to inducing the
expression of Fos and Jun family members, the ER can affect AP-1 mediated signaling

by interacting directly the Jun or Junb subunit of AP-1 (161).

Myc

Myc plays a central and highly complex role in pathways regulating G
progression, differentiation, and apoptosis, with many features that are currently not
understood (162, 163). The heterodimeric transcription factor Myc/Max typically binds to
motifs termed E-boxes (5’-CACGTG-3’), and regulates transcription of numerous target
genes involved in cell proliferation, while alternate Max binding partners (e.g. Mad, Mxi)

block these responses, though the mechanism is now believed to be more complex (164).
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Direct targets have recently been shown to include cyclins and cyclin-dependent kinases
(165), and numerous other well characterized responses of importance to estrogen
proliferation include Myc-mediated induction of Cdc25a (166), ornithine decarboxylase
(Odcl) (167), and the E2F transcription factors, and repression of growth arrest gene
Gasl and of cell cycle inhibitors such as p15, p21, p27 (168). Microarray studies are now
identifying numerous other targets (169, 170, 171).

Myc transcription is upregulated by numerous mitogens, and in the uterus rapid
upregulation in response to estrogen is specifically associated with the cell types that
have been stimulated to divide (172). Uterine N-myc (Mycn) expression can be observed
within minutes after estrogen administration, while Myc expression increases after 2-4 hr

exposure and then again after 28 hr (148, 173).

E2F

Transcriptional regulation of E2F genes has not been reported to date in the
estrogen-stimulated uterus. However these factors have been shown to be critical to G,/S
progression (174, 175), and E2fI has been shown to be estrogen inducible in vitro by a

mechanism dependent on ER and Sp1 (176).

Protein synthesis

Estrogen not only promotes protein synthesis indirectly by inducing the
transcription of genes involved in estrogen action, but has several other actions as well.
Activation of numerous tRNA synthetases in the estrogen-exposed uterus is almost
immediate (177), and is followed by a very rapidly (1-2 hr) induced rate of mRNA

translation (178, 179). In addition, later accelerated formation of ribosomes and increased
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amounts of tRNAs (178) have been observed. All of these factors contribute to an
enhanced capability of the stimulated uterus to synthesize proteins, and it is believed that
the mRNA, rather than translational components, is the rate limiting component in uterine
growth responses following estrogen stimulation (178).

Heat shock proteins (HSPs) can act as chaperones to promote correct protein
folding. They also associate with unliganded ER and are believed to repress transcription
while promoting ligand binding (180). A recent model describes the association of
unliganded ER with a ‘foldosome’ complex composed of a specific arrangement of HSPs
40, 60, 70, and 90 (181). The expression of several HSPs in response to estrogen
stimulation in the uterus have been described. HSP70 and HSP90 have been found to be
upregulated in the myometrium during the proliferative phase (182), while expression of
an HSP70 (183), of the HSP90 isoforms Hsp86-1 and Hspch, and of the glucose
regulated chaperones GRP94 (Tral) (184) and GRP78 (BiP; Hspa5) (185) have been
shown to be upregulated in the rodent uterus within 4-18 hr after estrogen exposure.
Induction of HSP expression is typically achieved by stimulation of the heat shock
transcription factors (HSFs), and Hsfl and Hsf2 have themselves been shown to be
upregulated in the uterus by estrogen within 6 hr after administration (186). Regulation
by estrogen of Hsp27 has not been well studied in the uterus to date, however protein
levels have been shown to be induced by estrogen in glandular epithelial cells (187), and

to be induced by estrogen through cooperative binding of ER and Sp1 (188).

Proliferation

It is been established for several decades that estrogen is able to rapidly recruit

quiescent uterine cells to enter the cell cycle (189), with 50% of cells in the luminal
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epithelium in mitosis by 24 hr after estrogen exposure (38), similar to the proportion of
MCEF-7 cells in S phase after 24 hr estrogen treatment (190). As a result, the estrogen-
stimulated uterus has been used by some investigators as a model system to examine cell
cycle entry and progression in an intact system. Current understanding of the mechanisms
by which estrogen stimulates cell cycle entry and progression is based on a variety of
systems, particularly estrogen-treated cultured cells. Research on the molecular
mechanisms governing cell cycle control continues to be extensive, and to be supported
and extended by large-scale microarray studies (e.g. (191-196)), and while many
pathways have been clarified, differences clearly exist in different cell types and
environments.

Uterine cell proliferation (hyperplasia) is a classic response to estrogen exposure,
and excessive stimulation by estrogen has also been implicated in uterine abnormalities,
infertility, and cancer (99). Abnormal uterine gland development in response to chronic
estrogen stimulation is believed to be due to the rapid rate of epithelial proliferation
outpacing and physically preventing the normal formation of glandular invaginations, as
well as a reorientation of mitosis to be perpendicular to the basement membrane, which
promotes the formation of glandular growths that are associated with precancerous
changes (99). Furthermore, hyperplasticity itself can be associated with an increased risk
of dysplasia (abnormal growth and cancer). Interestingly, expression of proliferating cell
nuclear antigen (Pcna), which is a DNA polymerase processivity factor essential for
DNA replication and which is induced approximately 24 hr after estrogen exposure, has
been found to be an ineffective indicator of uterine proliferation, since it is also highly

expressed during estrogen withdrawal-induced apoptosis (197).
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Estrogen stimulation is known to be required throughout G, (198), while in vitro
it has also been demonstrated that late G,, G,/S, and G, are refractory to estrogen
exposure (130). A key effect of estrogen exposure is the dramatic shortening of G, which
decreases from approximately 100 hr to 15 hr in the immature mouse (54). While earlier
models suggested that estrogen-induced uterine mitogenesis is mediated solely or
primarily by autocrine growth factor secretion, it has now been shown that estrogens can
also promote G, progression directly by activating cell cycle genes or indirectly by
activation of the ras-MAPK pathway. Consequently, a growing number of pathways by
which estrogens can promote G, are being identified, which may serve to potentiate the

estrogen induction of cell cycle progression.

Cell cycle progression

It has been shown in vitro that estrogen treatment causes a rapid activation of
responses associated with preparation for the G,/S transition. These include activation of
Cdk4 and Cyclin E-Cdk2, hyperphosphorylation of pRB, and increased cyclin DI
(Ccndl) and Myc transcript and protein levels within the first 3-6 hr (190, 199). Cyclin
D1 and Myc by different mechanisms activate cyclin E-Cdk2, which then associates with
hyperphosphroylated p130 (199). Numerous other recent studies have identified direct
actions of the ER, in the presence or absence of ligand, on the activity of integral
mediators of cell cycle progression (e.g. (200-203)).

Many of the complex responses stimulated by estrogen that promote uterine
proliferation are reflective of transcriptional changes. In particular, the cyclins act as the
regulatory subunits of the cyclin-Cdk complexes, and are transcriptionally regulated by

numerous stimuli. Cyclin levels are closely linked to cell cycle progression, and they
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therefore have short half-lives and are rapidly degraded by a ubiquitin-dependent
pathway. A highly studied example is Ccndl, which is expressed in most cell types and is
induced rapidly during G, by stimuli such as estrogen (204). Estrogen induces Cyclin D1
expression and activity by numerous diverse pathways (205). Interestingly, in addition to
interactions with Cdks, Cyclin D1 has also been shown to potentiate ER-induced
transcription in vitro by directly binding to at least one ER coactivator (206).

In the estrogen-stimulated rodent uterus, Ccnd2 was found to be induced most
highly and rapidly, at 1-8 hr after exposure, while Ccnd3 was also induced at
approximately 2-8 hr, and Ccndl was only slightly induced, at approximately 8-24hr. The
functional significance of the differential regulation of the D-type cyclins is not currently
known, though the existence of single and double knockouts is assisting in this (207).
Cyclin E (which could be Ccnel or Ccne2) was induced slightly at 8-24hr, while cyclin A
(which could be Ccnal or Ccna2) was highly induced at 24hr, and more modestly at
other times in the 16-28hr range (208).

Estrogen-responsive finger protein (Efp; Zinc finger protein 147; Trim25) is a
ubiquitin ligase of the tripartite motif (TRIM) family, and is able to degrade 14-3-3¢
(Sfn; also known as Stratifin or Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein G), a factor that promotes cell cycle arrest in G, (209).
Trim25 is expressed in the uterine luminal epithelium (210), is rapidly induced by
estrogen exposure, and is critical to estrogen-induced endometrial proliferation and water
imbibition responses (211). ERo and Trim25 have been shown to colocalize, and the
Trim25 genomic sequence contains an ERE motif (210). Targeted Trim25 disruption

results in underdeveloped uteri, decreased response to estrogen, and decreased proportion
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of uterine cells reaching S phase and beyond (211), although the phenotype is not as
severe as in the ERa null mouse.

Importantly, estrogen is concurrently able to suppress transcription of cell cycle
inhibitors. For example, the growth arrest specific gene Gas/, which blocks S-phase
entry and is actively transcribed in the unstimulated uterus, is suppressed in a rapid and
prolonged manner following estrogen exposure (212). However, the cell cyclin inhibitor
p27 is localized to the uterine stroma in the adult rodent, which may help to explain why
stromal cells to not proliferate extensively in the adult in response to estrogen (213).

Telomerase (Tert) is a ribonucleoprotein polymerase containing a short RNA
template (7erc) that directs synthesis of telomeric repeats at chromosomal ends to prevent
telomere shortening. While most normal somatic cells are not associated with telomerase
activity, those with high regenerative potential, including the late proliferative phase
endometrium, can express high levels. In the cycling uterus, Terc expression was found
to be highest in proliferating glandular epithelial cells (214). Although Terc was not
induced by estrogen in uterine epithelial cells in vitro, expression of the catalytic subunit
Tert has been shown to be stimulated in MCF-7 cells by estrogen both directly at ERE

and ERE/Sp1 elements, and indirectly by estrogen-induced Myc (215).

Peptide growth factors

The importance of growth factors in uterine growth and the crosstalk in signaling
between growth factors and the ER is well established, but many aspects remain poorly
understood. It has long been established that growth factor overexpression can stimulate
uterine growth and reciprocally that defects in growth factors signaling can result in

hypoplasia, as will be described below.
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It was long believed that all or most of the actions of estrogen on the uterine
epithelium were mediated by the direct action of estrogen in this cell type. However,
recent evidence indicates that many vital actions of estrogen on the epithelium are
mediated by stromally derived paracrine factors. First, it was observed that estrogen was
still able to induce uterine epithelial proliferation in neonatal mice, which lack epithelial
ERs (216), and a paracrine growth response emanating from within the ER-positive
stroma was suggested. Another important advance in this area came with the
development of uterine tissue recombinants differentially possessing epithelium and
stromal from wild-type or ERa knockout mice (71). Using these recombinant tissues it
was possible to differentiate between responses mediated through epithelial vs. stromal
ERs, and it was demonstrated that induction of epithelial proliferation was a paracrine
event requiring ERo-positive stroma, whereas epithelial ERa was not necessary or
sufficient to permit estrogen-induced epithelial proliferation. Epithelial-stromal
interactions have also been shown to be critical to growth in uterine cells in vitro (217)
and in other tissues in vivo (218-220).

It has now been demonstrated that numerous secreted factors can induce epithelial
cell proliferation, and their involvement is discussed in the following sections. ~ While
the roles of growth factors in the uterine response to estrogen are not fully understood,
factors such as EGF, FGFs, and PDGFs have been termed ‘competence factors’ due to
their ability to stimulate quiescent cells to enter G; (221, 222), while IGF-1 has been

characterized as a Go/M progression factor (223).
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EGF and TGFo

Epidermal growth factor is a member of the EGF family of ligands, which also
includes TGFa, HB-EGF (heparin-binding EGF; DTR), amphiregulin, epiregulin, and
heregulins. EGF functions as a progression factor, and can act as a potent mitogen in
certain cell types. Like other growth factors, EGF binding to its membrane receptor
(EGFR; ErbB1) induces dimerization and intrinsic receptor tyrosine kinase activity,
which in turn induces phosphorylation cascades involving PLCy, MAPK, and the Ras
GTPase-activating protein (GAP). These signaling pathways can then induce expression
of immediate early genes such as Fos, Jun, and Myc (206), Ccndl (224), and other genes
involved in further transcription and in adhesion, such as actin (225) and tyrosine
hydroxylase (Th) (226). Heterodimerization to other EGFR family members (ErbB2-4)
may produce other distinct actions (227).

EGF rapidly induces DNA synthesis in all major uterine compartments, and
estrogen-induced uterine proliferation can be repressed by coadministration of an EGF
antibody (228). Furthermore, proliferation induced by either EGF or estrogen can be
blocked by coadministration with antiestrogen (229), and is absent in the ER0tKO mouse
(230). Experiments in Egfr null mice were able to demonstrate the paracrine signaling of
EGF (231). This study revealed that the epithelium was not a direct target for EGFR
ligands, in contrast to previous findings in vitro (232). Egfr is induced rapidly in the
uterus (233, 234), in particular in the stroma and myometrium (235), and deficiency is
associated with severe hypoplasia due to an inability of estrogen to elicit growth of the
stromal cells. The predominant localization of Egf itself to the epithelium (236), suggests

that in response to estrogen, newly synthesized Egf in the epithelium either translocates to
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the stroma to induce EGFR-mediated stromal growth, or else may interact with epithelial
ErbB2. Erbb2 expression is induced in the epithelium in response to estrogen and may be
involved in epithelial proliferation (237).

Recent research has shown crosstalk between estrogen and EGF signaling to be
highly complex, which has been recently reviewed (238). In addition to estrogen
stimulating expression of Egf and its receptor, estrogen and EGF interact in other ways.
In particular, the EGF pathway can induce phosphorylation of ER or its coregulators to
alter its activity, and in the nucleus has even recently been shown to be directly
associated with the Ccndl promoter (239). As well, the estrogen signaling pathway can
induce specific matrix metalloproteinases by a nongenomic mechanism, and these can
activate HB-EGF, which then binds to and activates EGFR (240).

Transforming growth factor o is a member of the EGF ligand family, and is able
to bind to EGFR (241). Tgfa transcript levels in the epithelial and mast cells are
stimulated in the uterine epithelium by 6 hr following estrogen exposure, and the protein
is secreted in the uterine luminal fluid at much higher levels than is EGF (242).
Overexpression of Tgfa in vitro is associated with enhanced proliferation (243), while
transgenic mice overexpressing Tgfa exhibit increases in estrogen-induced uterine
hyperplasia (244) and delayed implantation (245). Furthermore, administration of
antibodies to TGFa significantly reduces estrogen-induced uterine growth (242). The
significance of the estrogen-mediated induction of two EGFR ligands (i.e. EGF and
TGFa) is not clear, although TGFa has been reported to be more potent, and both are

able to induce Tgfa expression in vitro (246). This overlapping function is consistent with
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the lack of severe reproductive phenotype in the Tgfa null mouse (247). TGFa is also

associated with stromal decidualization and embryo implantation during pregnancy (248).

IGFs

The role of insulin-like growth factors and their binding proteins in female
reproductive function have received much attention (249). IGF-I is believed to be the
dominant IGF in the reproductive tract, and to exert most of its effects through the
membrane type I receptor (IGFIR). Strong evidence also suggests that IGF-I acts a
paracrine factor produced in the stroma and acting on IGFIR in the epithelium to induce
mitogenesis, though recent data suggests that systemic IGF-I levels are sufficient and that
local synthesis is not required (250). The importance of IGF-I in uterine function was
strongly suggested by numerous lines of evidence, including the colocalization of
estrogen-induced Igf] expression and cellular proliferation (251) and the hypoplastic uteri
of the Igfl null mouse (252). The known roles of IGF-I in uterine function have been
recently reviewed (253).

The single IGF-I protein can be encoded by different transcripts that are subjected
to complex differential regulation (249). Igfl has been shown to be regulated by
numerous pathways, including directly by estrogen-ER in the uterus (253, 254). Uterine
expression of Igf] is induced by estrogen primarily in the epithelium, while it is induced
by progesterone and androgen primarily in the stroma (255).

Targeted disruption of the mouse Igf] gene has demonstrated that IGF-I plays a
critical role in G; progression, consistent with the observed reduction in cell size in the
null mouse. In addition, the lack of apoptotic response to uterine estrogen withdrawal in

the Igfl null mouse has been proposed to be due in some way to a lack of completion of
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the mitotic cycle (223). Furthermore, it was then shown that IGF-1, like estrogen, can
elicit a uterine proliferative response that depends on the presence of ERa expression,
and that these two pathways crosstalk in vivo, since IGF-I can induce ER-mediated
transcription in the absence of estrogen. It has been proposed that activation of ERa by
either E2 or IGF-I is essential for uterine proliferation (256). However, IGF-I is not
required for the induction of epithelial cell height or expression of lactoferrin (Ltf) or Pgr
(250).

IGF-I is considered to be one of several estromedins (i.e. mediators of estrogen
signal) during the proliferative phase, acting as a mitogenic stimulus to effect rapid
endometrial growth, while IGF-II is highly expressed in the mid-secretory phase, and is
suggested to be a progestomedin acting on the stroma. IGFIR is expressed primarily in
the glandular epithelium with lower amounts in stroma; since IGFs are expressed by
stroma, they are believed to participate in both stromal proliferation (by autocrine
mechanisms) and in epithelial proliferation (by paracrine mechanisms) (42). IGF-II is
believed to be involved in stromal differentiation, and to be induced by progesterone
(253).

The receptors Igflr and Igf2r are both expressed in the endometrium,
predominantly in the LE and GE, although IGFIR is believed to be the isoform that
mediates IGF-I signaling (253). Receptor levels do not appear to fluctuate in the uterine
cycle, indicating that control is at the level of the IGFs and IGF binding proteins
(IGFBPs).

The actions of IGFs can be modulated by interactions with a diverse class of high

affinity insulin-like growth factor binding proteins (IGFBPs). By competing with the IGF
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receptors for IGF binding, they are able to influence IGF availability and thus its
signaling potential, while their proteolysis reduces their ability to sequester IGF (249).
The subcellular localization of the IGFBPs during the uterine cycle has been recently
reviewed (249), and their patterns of expression and regulation appear to be very
divergent. Igfbpl has been shown to be repressed by estrogen and induced by
progesterone, and estrogen exposure is associated with decreased Igfbp3 and increased
Igfbp4 expression (257). Progesterone, by contrast, has been shown to induce stromal
Igfbpl production and decrease IGF receptor levels during the secretory phase, which
then decreases IGF-I bioactivity to inhibit stromal growth and promote differentiation
and decidualization (249). Furthermore, mice overexpressing Igfbpl, which localizes to
the epithelium and to luminal secretions, exhibit an impaired uterotrophic response to

estrogen, IGF-1, and EGF, attributed to a reduction in the availability of free IGF-I (258).

TGEFB

The three transforming growth factor B isoforms are involved in a highly complex
array of distinct and overlapping biological effects, including effects on regulation of cell
growth and differentiation, apoptosis, angiogenesis, immunomodulation, and ECM
formation, and the numerous null mutants that have been generated are greatly furthering
this knowledge (259). TGFpBs have been recently shown to have numerous direct effects
on cell cycle regulatory components (206).

Transduction of TGFp signaling, following receptor binding and phosphorylation,
is mediated by Smad cascades, which act to regulate expression of numerous target gencs
(260). Several modulators of TGFp signaling have also been shown to have altered

expression in the uterus in response to estrogen. For example, repression of Ski
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expression by estrogen in the uterine epithelium has been observed as early as 2-6 hr after
exposure (261). Ski has been identified as a corepressor of Smad signaling, stabilizing the
association of other corepressors and histone deacetylases in the absence of the
TGFP signal (262, 263). Jun has also been shown to cooperate in this mechanism,
following activation of the JNK signaling pathway. Furthermore, Myc has been shown to
bind to Sp1-Smad complexes thereby preventing transcription of Spl and TGFf targets,
such as the cell cycle inhibitor p15 (264).

Tgfb2 is rapidly induced in the estrogen-stimulated rodent uterus, either
transiently (265, 266) or in a sustained manner, and the protein is also detected in the
uterine luminal fluid (267). Tgfb] shows a similar pattern of expression to Tgfb2 (265).
Tgfb3 was found to be unaffected in the uterus, although it has been shown to be induced
by ERa in a ras-dependent manner (266, 268). Protein levels of all three are induced in a
sustained manner following estrogen exposure (265).

Estrogen withdrawal in the mouse is associated with epithelial apoptosis and
markedly increased expression of the TGFp receptor Tgfbr2. Epithelial apoptosis can be

alternatively induced by stromal administration of exogenous TGFB1 (269).

FGFs

Fibroblast growth factors are a large family of polypeptides with roles in cell
proliferation, migration, implantation, and other processes. They bind heparan sulfate
proteoglycans with high affinity, which assists in their activation of surface FGF receptor
tyrosine kinases, a receptor family with complex patterns of altemative’splicing that yield

specificity for specific FGF family members (270).
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Fgf9 expression has been studied in detail, and is localized mainly in the stroma,
along with its high-affinity receptors (271). FGF9 was also shown be necessary in the
induction of stromal proliferation and be induced by estrogen, implicating FGF9 as an
important effector in linking the rising levels of estrogen signal in the late proliferative
phase to the subsequent rapid endometrial proliferation (271). Similarly, the stromally
associated keratinocyte growth factor (KGF; Fgf7) in the uterus can be induced by
estrogen (272), and has been shown to highly induce uterine epithelial proliferation and
surface changes (273), although the role is not critical since Fgf7 null mice are
reproductively normal (274). Basic FGF (Fgf2) expression has also been shown to be
elevated rapidly following estrogen exposure, although induction by progesterone was
more pronounced (275). In the sheep uterus, Fgf2 expression has been localized to the
endometrial glands in response to estrogen (8-24 hr), and is thought to be involved in the

uterine angiogenic response (276, 277).

VEGE

Vascular endothelial growth factor A was first discovered as a vascular
permeability agent, but is also recognized as an important inducer of endothelial cell
proliferation, migration, and differentiation. Vegfa has multiple splice variants that give
rise to different isoforms, but in most species VEGF¢s is the more potent endothelial cell
mitogen and the dominant variant in the uterus (278). Most VEGF isoforms can bind to
the ECM through heparin-binding domains (278). The VEGF glycoprotein is active when
associated with dimerized surface receptor tyrosine kinases, Flt-1 and Flk-1, which are
localized on endothelial cell surfaces. These activated receptors activate signal

transduction pathways to stimulate cellular migration and endothelial cell mitosis
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respectively. Recently VEGF¢s has also been shown to bind to the neuropilins NRP1 and
NRP2, surface receptors that are differentially expressed in the uterine endothelial and
glandular epithelial cells (278). The functional significance of VEGF associations with
neuropilins is not yet well understood, but it has been suggested that neuropilins act as
coreceptors along with Flt-1 or Flk-1 to enhance their action (279).

Vegfa is expressed in cells lining the endometrial and myometrial vessels as well
as in neutrophils and macrophages, as reviewed in (276, 280). Other angiogenic factors,
including Vegfc, are expressed in uNK cells. In vitro, Vegfa induction by estrogen has
been shown to be mediated by both ERa and ERP, while Vegfc is repressed. Many
aspects of the control of VEGF family expression in the uterus are not currently well
understood, although there appear to be great cell type-specific differences (281). In
whole uterine studies, the rapid induction of Vegfa expression in response to estrogen is
very well studied (282). Recent comprehensive studies with knockouts including ERal
and PR null mice, however have given rise to the suggestion that Vegfa is primarily
progesterone-induced, since stromal expression of Vegfa and its receptor VEGF receptor
2 (FlkI) is inducible by progesterone alone, and is preserved in the PRKO and abrogated
in the ERaKO (282). Additional studies with an Flk/ null mouse indicated that estrogen
inhibits, while progesterone stimulates, uterine angiogenesis, and that estrogen is able to
inhibit the effect of progesterone, furthermore that these responses could be eliminated by
specific ER and PR inhibitors respectively (282). Similarly, estrogen inhibits while

progesterone stimulates uterine Nrpl and Nrp2 expression (278).

41




PDGFE

Platelet-derived growth factor consists of homo- or heterodimers of PDGF
isoforms that display distinct functional properties and affinities for the PDGF receptors.
Estrogen rapidly induces expression of Pdgfa and Pdgfb, as well as of the receptors
Pdgfra and Pdgfrb, in the uterine epithelium and stroma (283). PDGF has also been
shown to stimulate stromal and myometrial cell proliferation in vitro (284 , 285). The
important role of PDGF in uteine leiomyoma cell cycle progression has also been well

characterized (286).

TNFo.

Tumor necrosis factor a is a pleiotropic cytokine produced by numerous cell
types, and with many important roles in reproduction that are modulated by interaction
with two TNFRSF1 receptor isoforms (287). Tnfa is expressed in many cell types,
including all uterine leukocyte types, although estrogen regulation has particularly been
studied in uterine mast as well as myometrial cells (288, 289). TNFa. is also a component
of secreted uterine fluid (290). In MCF-7 cells, TNFo administration inhibits estrogen-
induced G,/S phase progression (291).

Transcriptional regulation of Tnfa appears to be complex. Tnfa expression in the
mouse uterus is rapidly induced (1-6 hr) by estrogen in the epithelium, and then later is
localized to both the epithelium and stroma (72 hr) (292). Estrogen withdrawal is also
associated with induced epithelial Tnfa expression in vitro, and TNFa can also induce its
own synthesis (293). Epithelial and stromal transcript levels of the receptor Tnfrsfla have
also been shown to be elevated 24 hr after estrogen exposure or after prolonged

progesterone exposure (294).
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In addition, uterine transcript levels of the TNFoa-induced protein 6 (Tnfaip6)
have been shown to be highly elevated at 8 hr after estrogen stimulation (183). Tnfaip6 is
a member of a secretory hyaluronan binding protein family that can be rapidly
transcribed in response to TNFa or IL1J, which can potentiate the binding of AP-1 to its
response element, and by the active isoform of NF-IL6 (CCAAT/enhancer binding
protein B) (295). It has been shown to be involved in cell migration, proteoglycan
synthesis, and ECM stability, and it can bind to and promote the activity of a serine

protease inhibitor involved in inflammation.

CCN family

The ctgf/cyrl/nov (CCN) family is currently composed of six structurally related
members, all of which contain an IGF binding domain as well as a cell attachment
domain. Numerous functions have been ascribed to the CCN family, although CTGF and
Cyr61 have been most often associated with promoting cell growth and the others with
growth inhibition (296), and have also been associated with estrogen-stimulated uterine
growth (below). Wisp2 is also a member of the CTGF family, although it lacks the
heparin binding domain that the others possess, and is believed to be a secreted protein
(297). Estrogen regulation of Wisp2 expression has not yet been reported in the uterus,
although it has been recently identified as a robust estrogen-inducible gene in breast
cancer cells (298).

Connective tissue growth factor CTGF is the best studied member of the CCN
family, and was first isolated as a peptide growth factor capable of stimulating
endothelial cell DNA synthesis and chemotaxis, and as an immediate early gene that

could be transcriptionally induced by serum or TGFp in fibroblasts. While CTGF was
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named for these actions, its roles are now known to be very complex, and its involvement
in numerous other cell types including epithelial, endothelial, and vascular smooth
muscle cells, have been recently reviewed (296). CTGF has numerous aliases, including
IGFBPS, although its interaction with the IGF signaling system is not currently well
understood. CTGF can bind to cell surface integrins to promote adhesion of numerous
cell types, and can also bind heparin, and consequently interactions with the ECM are
believed to regulate CTGF bioavailability. In addition, heparin has been implicated in the
regulation of CTGF-mediated mitogenic activity.

Crgf expression has been shown to be strongly stimulated by TGFp or serum, but
to also be induced in a weaker manner by other growth factors (PDGF, EGF, and FGF).
The Crgf gene contains an unusual TGFp response element that has not been found in
other CCN family members or TGFpB-inducible genes. It has also been shown to be
induced directly by factor VIla, factor Xa, or thrombin in fibroblasts in a TGFp-
independent manner. CTGF can then induce transcription of numerous ECM
components, but other targets have been found to include cyclin A and Bcl-2. Crgf
expression in uterine epithelial cells is decreased at implantation, consistent with the
degradation of subepithelial ECM that is coincident with the establishment of
neovascularization of maternal stromal tissues during placentation. Furthermore, Crgf is
expressed at relatively high levels in the epithelial cells of the uterus, and expression
levels change during the estrous cycle, suggesting that it plays a dynamic role as a
function of reproductive status, possibly in regulating subepithelial ECM stability. CTGF

is also present in uterine secretory fluid.




CTGEF can stimulate the synthesis of numerous ECM components, including
fibronectin, collagen, integrins, lysyl oxidase, and CTGF itself in fibroblasts, and Tgfb
stimulation of these CTGF-mediated processes is implicated in both normal tissue
remodeling as well as in fibrotic lesions. CTGF has also been shown to be critical to the
G,//S phase transition in fibroblasts (299). Little is known, by contrast, about the role of
CTGEF in epithelial cells, but it has been implicated in epithelial cell adhesion.

Crgf is weakly expressed in the unstimulated uterine epithelium, and is transiently
further induced by estrogen treatment and to a lesser extent by progesterone, in a manner
that has been proposed to be both TGFB1 dependent and independent (300).

The cysteine-rich protein Cyr61, also identified as IGFBP10, was first identified
as a serum-activated immediate-early gene in fibroblasts (301). Cyr61 was later reported
to be highly induced at 4-8 hr in the estrogen-stimulated rodent uterus (183). Recently, it
has also been shown to be an estrogen-inducible factor required for cell cycle progression
in MCF-7 cells, and also to be induced by EGF treatment (302). Secreted Cyr61
associates with cell surfaces and ECM and acts as an adhesion substrate for integrin
receptors, and promotes angiogenesis by regulating expression of specific genes (303,
304). The importance of Cyr61 was further demonstrated when the null mouse was found

to be embryonic lethal due to impaired vascular development (305).

Polyamine utilization

The endogenous polyamines, which consist of spermine, spermidine, and
putrescine, are ubiquitous small aliphatic amines that are critical for mitotic spindle
formation and chromosome condensation, and that serve numerous other roles in cell

growth, differentiation, and apoptosis that have been extensively reviewed (306, 307). A
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highly regulated group of enzymes act to constantly modify the intracellular polyamine
pool to meet current cellular needs, which is believed to be a universal requirement of
proliferating cells.

Omithine decarboxylase (ODC), a rate limiting enzyme, converts the TCA cycle
intermediate ornithine to putrescine, which can be further converted to spermine and
spermidine. ODC activity is controlled at the transcriptional, translational, and
posttranslational levels and is under strict negative feedback control by its polyamine
products. Rapid and dramatic regulation of Odcl expression is possible because of its
extremely short half-life of several minutes to 1 hr (the shortest half-life of any known
enzyme). Its degradation is regulated by a unique regulatory protein named antizyme,
which binds reversibly to ODC monomers and promotes its proteolytic degradation by
the 26S proteasome. Antizyme also downregulates polyamine uptake by cells. Activity of
antizyme is regulated by another unique protein, the antizyme inhibitor, which is highly
homologous to ODC but lacks its activity completely and is believed to prevent ODC
degradation by trapping the antizyme (308).

Odcl expression is very low in quiescent cells, and expression can be induced as
an early response to numerous stimuli, being maximal in mid-G,, and decreasing as the
cells enter S phase (309). Sustained Odcl expression involves Myc/Max-induced
transcription (310), whereas expression of the Myc/Max inhibitor Mxi is inversely

correlated with proliferative activity (311).
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Energy utilization and storage

ATP

The predominant component of a rapidly inducible protein originally designated
estrogen-induced uterine protein (IP) was later identified as brain-type creatine kinase
(CKB), while the second component was identified as brain-type gamma enolase (Eno2)
(312). Estrogen induction of uterine activity of CKB and the glycolytic enzymes Eno2,
phosphoglycerate kinase (PGK), and pyruvate kinase (PK), but not phosphoglycerate
mutase (PGM), was then confirmed (313).

Creatine kinase can reversibly catalyze ATP production, using creatine phosphate
as a phosphate donor. It has been shown that creatine phosphate, and to a lesser extent
ATP levels in the rodent uterus begin to be depleted within the first two hours after
estrogen stimulation, and that initial levels are reestablished at approximately 6-12 hr,
then increasing to maximal levels at 24 hr (314, 315).

Ckb transcript levels are rapidly and highly induced in the uterus and other tissues
following estrogen exposure (316), particularly in the uterine smooth muscle (317). The
Ckb promoter has been extensively studied, and while numerous transcription factor
binding sites have been identified, of particular interest to uterine responses is that the
transcript has been found to be upregulated by binding of ER to an imperfect ERE and an
Spl site in certain cell types (318). Upregulation of the ubiquitous mitochondrial creatine
kinase, Ckmtl, has also been demonstrated in the presence of estrogen in vitro (319), and

it is believed to be regulated coordinately with Ckb in the uterus (320).
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Glucose

An early effect of estrogen exposure observed in the rodent uterus is the rapid
uptake of glucose, which is an important component of numerous vital pathways. It has
been shown that estrogen stimulates uterine glucose utilization for the pathways of
protein, lipid, GABA, lactate, and carbon dioxide formation (321). In conjunction with
this, the levels of intermediates of glycolysis, TCA cycle, and pentose phosphate pathway
were measured, and many were found to be elevated in the uterus at 4-16 hr after
estrogen administration (321).

It was recently shown that uterine increases in glucose uptake, which are already
detectable at 15 minutes after estrogen injection and begin to plateau at 4-8 hr, are
partially attributable to increased transcription of the glucose transporter GLUTI
(Slc2al), while other glucose transporters were found to be unaffected or undetectable
(322). Since increases in Glutl transcript and protein levels are not induced before the
observed stimulation of glucose uptake, however, it is believed that other mechanisms, as
yet undefined, also contribute to this response (322).

Rapid induction of glucose utilization is accompanied by stimulation of lactate
production and glycogen and glutamate synthesis (323). Numerous studies have shown
that fructose-2,6-bisphosphate and other glycolytic intermediates are upregulated in the
uterus after estrogen exposure, paralleled by gradually increased activity in glycolytic and
pentose phosphate pathway enzymes (321). The rate of glycolysis has been shown to

increase within 3 hr (324).
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Lipoproteins and fatty acids

A widely studied effect of estrogen administration in humans is the beneficial
lowering of total and LDL cholesterol, while increasing HDL and VLDL levels. However
several important differences in response are observed in rodents, such as the lowering of
both LDL and HDL, indicating that some results of this type of study in rodents may be
difficult to extrapolate to humans (325). In addition to transiently depressing food intake,
estrogen causes a sustained repression of lipoprotein lipase (LPL) activity in adipose
tissue, thus inhibiting LPL-mediated free fatty acid uptake and triglyceride deposition,
and also stimulates fatty acid synthase and acetyl CoA carboxylase activities (326).
However in the uterus, estrogen promotes an increase in its activity (327), which may
cause a local increase in free fatty acids and monoacylglycerols and in triglyceride
deposition, although the effects of this local stimulation are not fully understood.

Further evidence of the tissue-specific regulation of lipoprotein levels by estrogen
is that the mechanism of induction of apoVLDLII induction by estrogen has been well
studied, but is believed to be specific to the liver (328). The high-density lipoprotein
scavenging receptor (Scarbl) has also been found to induced in a complex ERE-
dependent manner (329), and although its regulation in the uterus is not well defined, it is
believed to be both the selective transfer of cholesteryl ester into cells and cholesterol
efflux from cells, and has been detected in the endometrium (330). As well, estrogen has
been found to induce uterine expression of a high density lipoprotein binding protein
(Hdlbp; vigilin), which becomes localized predominantly to the epithelial cells (331).

The periimplantation uterus contains high levels of the cannabinoid anandamide

(ANA), and its availability is modulated by its metabolism by fatty acide amide hydrolase
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(FAAH), which produces arachidonic acid and ethanolamine. Cannabinoids have been
associated with trophoblast differentiation and implantation, while arachadonic acid can
then be converted to vasodilatory eicosanoids to cause vasorelaxation. While
downregulation of FAAH activity by both estrogen and progesterone has been reported,
Faah transcription has been shown to be induced by 24 hr estrogen exposure in rat
uterine epithelial cells, and to be maximally expressed at estrus in the epithelium and

circular myometrium (332).

Structural

Structural components are critical to organ shape and volume. Epithelial and
stromal cell layers are separated by a basement membrane (BM), and the stroma also
contains an extensive extracellular matrix (ECM). The BM and ECM are composed of
numerous proteins and modified proteins, including fibrillar proteins such as collagens
and elastin, proteoglycans, and large multidomain glycoproteins such as laminin and
fibronectin (333).

The structural composition of the uterus is remodeled cyclically as a component
of the menstrual cycle, with proteolytic degradation being a major feature of menses,
followed by regrowth during the proliferative phase. These changes involve rapid and
extensive remodeling of the ECM and connective tissue in response to changes in ovarian
hormone levels. Importantly, due to the nature of the differences between uterine
structural changes in menstruating and nonmenstruating species, close concordance
between changes in remodeling enzymes in humans and in rodent models is not expected

or observed (334, 335). Furthermore, the extent of the remodeling necessary in primates
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has been postulated to be linked to the occurrence of endometriosis only in menstruating
species (334).

In addition to the structural changes associated with menstrual shedding, prior
structural changes to the luminal surface are critical for implantation. These include both
acquisition of adhesion ligands as well as the loss of inhibitory barrier structures, and
these are more highly conserved between primates and rodents.

The ECM acts both as a scaffold and as a dynamic regulator of alterations in cell
shape, proliferation, differentiation, and apoptosis (336). For example, ECM alterations
or degradation can release growth factors that can impact cell proliferation (337). As
well, glycosaminoglycan (GAG) oligosaccharides can function by regulating access of
growth factors and other signals to cell surface receptors. During glandular growth
(adenogenesis), nonsulfated GAGs, such as hyaluronic acid, are localized to proliferating
regions of the glands, while sulfated GAGs such as heparans and chondroitins are

localized at inactive sites (36).

Structural components

Glycosaminoglycans

Glycosaminoglycans (GAGs) are the carboxyhydrate side chains of glycoproteins.
Estrogen stimulates an increase in chondroitin 4- and 6-sulfates while decreasing
hyaluronic acid and dermatan sulfate levels (338), so that in the estrogen-stimulated
uterus GAGs consist predominantly of chondroitin sulfates (A and C; 40%), dermatan
sulfate (25%), heparan sulfate (19%), hyaluronic acid (13%), and sialoglycoprotein (4%)

(339, 340). Sulfation of sulfated glycoconjugates is also stimulated by estrogen (341).
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Collagens

Estrogen has been shown to rapidly stimulate both the formation and breakdown
of collagen in the rodent uterus, and the types of collagen synthesized in the estrogen-
stimulated uterus have been identified as types I, III, and V (342-344). The effect of
estrogen on collagen content and organization is biphasic and associated with uterine
hypertrophy (345), with early effects including a loosening and fragmenting of collagen
bundles resulting in large spaces opening in the ECM and increased spacing between
stromal cells, while late effects include reappearance of collagen bundles in close
association with stromal cell membranes (346). Estrogen is also able to reverse the
collagen degradation associated with uterine atrophy (347).

Increased transcription of specific type I, III, and V procollagens, Collal,
Colla2, Col3al, and Col5a2 has been reported both early (2-4 hr) and late (18-36 hr) in

the estrogen-stimulated uterus (348, 349).

Dermatan sulfate proteoglycans

Dermatan sulfate proteoglycans are small proteoglycans that bind to collagen
fibrils and other ECM proteins in connective tissue to influence matrix assembly. This
family includes decorin, biglycan, and heparan sulfate proteoglycans 3. Of these, decorin

(Dcn) mRNA has been shown to be upregulated by estrogen in the sheep uterus (350).

N-linked glycoproteins

Estrogen has been reported to rapidly increase the rate of synthesis of N-linked
glycoproteins such as laminins, fibronectin, and E-cadherin. An analysis of transcript and

protein levels in response to estrogen exposure, however, showed that levels of these
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transcripts were unaffected. However, an increase in transcription of
mannosylphosphoryldolichol synthase (Dpml), which is involved in N-linked
glycoprotein assembly, was increased by estrogen stimulation, indicating that N-linked
glycoprotein synthesis in response to estrogen is induced by increased levels of a key
glycosylating enzyme (351).

Fibronectin and laminins are N-linked glycoproteins associated with stromal
differentiation (351). No production is associated with stromal differentiation (352), and
no evidence has been reported that estrogen increases uterine fibronectin production,
although it has been reported to be posttranscriptionally repressed by estrogen in vitro

(353).

Keratins

The presence of sufficient retinoid levels in the uterus prevents squamous
differentiation of the epithelium, and induced expression of gene products involved in

keratinization and cornification is not normally observed in response to estrogen (354).

Syndecans

Syndecans, also known as heparin sulfate proteoglycans (HSPGs), are small
membrane-anchored proteins with extensive glycosaminoglycans modifications that
facilitate binding of growth factors such as VEGF and FGF?2 to their receptors, as well as
providing binding sites for ECM adhesion proteins such as laminin and fibronectin to
facilitate their action. Syndecans are implicated in cell adhesion and morphogenesis, and

it is believed that their downregulation is important for uterine receptivity (355).
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Estrogen treatment induces endocytosis of uterine membrane-associated
syndecans, particularly from the basolateral epithelial surface, and this is followed by
their cleavage and degradation (356). The syndecan Sdc1 was not found to be altered by
estrogen exposure (357), while Sdc3 was observed to be induced in the uterus at 4-12 hr
after E2 exposure (355). Interestingly, surface Sdc3 protein was dramatically
redistributed away from the apical surface of the luminal epithelial cells following E2
treatment, which may be involved in altering epithelial cell morphology (355). Estrogen-
induced syndecan expression is believed to involve paracrine signaling from the

underlying stroma (358).

Mucins, cadherins and catenins in the regulation of adhesion

Maintenance and regulation of cell-matrix and cell-cell adhesion connections are
critical to tissue architecture and remodeling. For example, in the uterine epithelium,
cadherins are localized to the lateral surfaces and mediate cell-cell adhesion, integrins are
basally located and mediate cell-substrate binding, and different integrins are exposed at
the luminal surface during the receptive period to facilitate embryo attachment (359). The
cytoplasmic domains of cadherins and integrins can interact with specific linker proteins
that attach to cytoskeletal actin or intermediate filaments.

Mucin glycoproteins are bulky, highly hydrated structures that serve as a barrier
layer at many apical epithelial cell surfaces, extending much farther into the luminal
spaces than most other membrane components. Mucins contain numerous tandem repeat
sequences containing many serine and threonine residues which are very highly modified
by O-linked oligosaccharides (50-90% by weight), and many proline residues

contributing to their nonlinearity, making them very resistant to proteolysis and inhibiting
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adhesion of foreign cells to the tissue surface. These glycocalyx linings are believed to
provide a steric block to microbial attack in the female reproductive tract, as an initial
mechanism of defense against infections while a host defense is being mounted in order
to protect the tissue from infections that can threaten reproductive success. Furthermore,
it also appears that bacterial proteins termed adhesins act as receptors for the mucin
carbohydrate chains, to promote specific binding and trapping of the invading bacteria. In
this way, bacteria can be trapped in the mucosal layer, after which the immune system
can promote neutralization and expulsion from the body (360, 361).

Luminal surface mucins are associated with blocking of uterine receptivity, by
obstructing integrin- and cadherin-mediated interactions (362). In particular, expression
of the predominantly membrane-associated mucin episialin (Mucl) is associated with the
non-receptive stages of the uterine cycle in rodents (363), while the marked
downregulation during the brief receptive period is associated with permitting embryo
attachment to the luminal surface (364). In humans, the regulation of Mucl expression
appears to be more complex, with focal changes in expression at the implantation site, as
well as decreased levels of associated keratan sulfates that are believed to promote
embryo implantation (40). Mucl transcript expression in response to steroid
administration has been extensively studied. Muc/ induction by estrogen can be blocked
by antiestrogen or by progesterone (365). Mucl however, accounts for less than 10% of
the total mucin composition in mouse uterine epithelia (364). As well, expression of the
sialomucin complex, encoded by the Cd/64 gene, has been shown to be similarly
upregulated in the uterine luminal epithelium in response to estrogen (366), although the

direct reason for the stimulation is believed to be due to downregulation by stromally
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derived TGFP1 (362). Since estrogen induction of Muc/ has been shown to be ER-
dependent but no evidence was found for direct binding of ER to the Mucl promoter, it
has been suggested that Muc/ expression is similarly mediated by stromal factors (367).

Integrins are a class of heterodimeric cell adhesion molecules expressed as
glycoproteins at cell surfaces. They promote cell-cell and cell-matrix interactions and
thus play a critical role both in normal cell architecture and polarity and in the receptivity
of the uterine luminal surface to trophoblast implantation, and have additionally been
implicated in the promotion of signal transduction pathways that induce transcription of
other genes necessary to implantation, which has been recently reviewed (359). In the
uterus, integrins anchor the epithelial cells to the basement membrane and promote
trophoblast attachment, and also promote cell-cell interactions in the stroma. Complex,
isoform-specific regulation of integrin expression in the uterus has been shown to be
mediated by numerous paracrine factors including IL1, EGF, TGFa, TGFB1, and TNFa,
recently reviewed (359). In addition, estrogen and progesterone have both been shown to
be associated with repressed expression of B3 integrin (Itgh3) in endometrial cells in
vitro, whereas EGF and FGF2 are highly stimulatory (359, 368).

Cadherins are transmembrane glycoproteins that mediate cell-cell adhesion in a
calcium-dependent manner, while catenins act as a bridge between cadherins and the
actin cytoskeleton. The estrogen-stimulated prevention of uterine surface adhesion was
prevented by inactivation of E-cadherin (Cdhl), and estrogen promotes E-cadherin
cleavage and inactivation, while inhibition of this process permits adhesion (369).
Estrogen is also associated with decreased expression of a- (which could be Catnal or

Catna?2) and B-catenin (Catnb) as well as Cdhl (370), however overall, Mucl is belicved
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to be able to disrupt cell-cell and cell-matrix interactions by providing steric hindrance to
integrin access (371) and by inhibiting the formation of Cdh1-Catnb complexes (372).

Another adhesion molecule important to uterine function is cellCAM-105
(Ceacaml; also known as biliary glycoprotein), an integral membrane glycoprotein and
member of the immunoglobulin superfamily. Ceacaml is localized to the apical surface
of the uterine epithelium, and is induced by estrogen in the luminal epithelium and by
progesterone in the glandular epithelium (373), and its involvement in embryo attachment
has been proposed (374). Recently, Ceacaml has also been localized to endometrial
blood vessels, and identified as a chemotactic and angiogenic factor that is inducible by
VEGF and that may act as an effector of VEGF to promote blood vessel maturation
(375).

Modifications to luminal surface carbohydrate chains, including fucosylation and
sialylation, have been observed to be regulated during the reproductive cycle also,
reviewed in (32). Transcriptionally, al-2fucosyltransferase (Futl), which catalyzes the
final step in the formation of the H-type-1 oligosaccharide, is implicated as an epithelial
attachment site for the blastocyst and has been shown to be induced by estrogen and
repressed by progesterone in uterine epithelial cells (376, 377). By contrast, no
sialyltransferases examined to date have been shown to be modulated by estrogen,

reviewed in (32).

Proteases and inhibitors

Structural remodeling of the uterus is an intrinsic feature of the uterine cycle, and
as with normal growth and differentiation processes, involves extensive and controlled

proteolysis events. In addition, embryo implantation requires the highly controlled
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invasion of uterine stroma by the trophoblast, and this complex event is also supported by
the secretion and activation of numerous proteases, which degrade the ECM. Important
proteinase families involved in this include the serine and cysteine proteinases, and the
matrix metalloproteinases. Normal tissue functioning requires fine control over these
processes, and these degradative enzymes are controlled at several levels of regulation,
including transcriptional regulation, proenzyme activation, and regulation of enzyme
inhibitor levels, in response to estrogen signaling.

An early observation in the estrogen-stimulated uterus was a marked induction of
peroxidase activity (378). The properties of this peroxidase activity have been avidly
studied, and this activity, referred to as estrogen-induced peroxidase (EIP) and found at
high levels in the estrogen-stimulated epithelium and luminal fluid, was found to have
several components (379). EIP is localized to the epithelial microvilli and uterine fluid
(380) and is distinct from eosinophil peroxidase, which is concurrently induced but is
localized to the stroma and myometrium (381). A recent report then indicated that
cathepsin B and complement C3 were major components of EIP (382).

The cathepsins B, H, K, L, and S are lysosomal proteases involved in degradation
of ECM and other proteolytic processes. They are secreted as proenzymes that are
activated either autocatalytically or by MMPs or other cathepsins. They are active in
acidic environments, and are able to degrade matrix molecules such as collagens.
laminin, fibronectin, and proteoglycans. Cathepsins and other proteases have been found
to be interregulated in a complex manner, since certain cathepsins can activate matrix
metalloproteases (MMPs) and urokinase plasminogen activator (uPA), while they in turn

can be activated by MMPs. As a result, they can digest matrix proteins and activate other
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proteases involved in matrix degradation. The cathepsins have been found to be localized
in both epithelial and stromal cells, particularly at the apical the luminal epithelium and
in lymphoid cells in the stroma. The details of their isoform-specific localization and
variation with menstrual phase have been reported in detail, and their localization
suggests that they act within the uterine tissue and are also secreted into the lumen, where
they may act to modify surface adhesion molecules on the luminal surface (383).

Cathepsin D (Ctsd), an aspartyl protease, is present in higher levels in the
secretory than in the proliferative endometrium. Initially its production in the uterus was
thought to be controlled only by progesterone, but weak induction by estrogen has more
recently been reported (384). ERE-dependent estrogen responsiveness of Ctsd has been
studied extensively in MCF-7 cells, and analysis of its responsiveness in different cell
types has led to the proposal that in the uterus a local factor interferes with access to the
ERE (385). Ctsb has also been shown to be weakly inducible by estrogen in the rodent
uterus (124). Cathepsins can be inhibited by cystatins, however there are no reports to
date of their regulation by estrogen.

Secretory leukocyte protease inhibitor (Antileukoproteinase; SLPI) is a serine
proteinase inhibitor of the chelonianin class. SLPI can inhibit trypsin, chymorypsin,
elastases, cathepsin G, and mast cell chymase, and in addition to antiprotease activity it
has anti-inflammatory, antibacterial, and antifungal activities, and has been implicated in
suppressing MMP activation and in fertility. More recently it has been described as a
uterine epithelial growih factor, associated with uterine epithelial cell proliferation, with
induction of DNA synthesis and direct induction of cyclin D1 expression, and concurrent

suppression of genes involved in growth suppression, which together favor epithelial cell
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growth (386). Sipi is predominantly expressed in glandular epithelial cells in various
tissues. It is typically localized in the ECM, and is considered to be a contributing but
nonessential growth factor, since Slpi null mice appear normal (387). Uterine Sipi
expression to date has been investigated only in pigs, and has been found to be induced
by estrogen as well as by progesterone (388).

Matrix metalloproteases (MMPs) are a large family of locally secreted zinc-
dependent enzymes that play a major role in tissue turnover, primarily by degrading ECM
and BM components. They are divided into several subgroups with distinct specificities
based on similarities in sequence and in specificity for various substrates, a complex
system which has been recently reviewed (334). Generally, however, the MMPs can be
subdivided into collagenases, gelatinases, stromelysins, and membrane-type enzymes,
and the substrates include collagens as well as fibronectin, elastin, laminin, and aggrecan,
though stromelysins are also active towards other MMPs as well as growth factors and
cytokines such as IGFBPs and TNFa (334).

Because of their actions in the degradation of the extracellular architecture,
MMPs have been implicated in numerous processes such as angiogenesis, wound
healing, and tumor infiltration and metastasis (334). In addition, because of their tightly
regulated expression and their potent effects on the ECM, they have been intensively
studied in the cycling and pregnant uterus. In the reproductive organs, MMPs are
typically synthesized by stromal connective tissue cells, including resident fibroblasts,
endothelial cells, and infiltrating macrophages and neutrophils, and their importance in
female and male reproductive function have been extensively reviewed (333, 334). While

estrogen does not appear to influence MMP expression directly, certain estrogen-
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stimulated growth factors such as EGF and cytokines do influence MMP expression
(389). Progesterone also exerts strong influences, being associated with potent repression
of MMP expression both directly and by repressing cytokine action (39).

Tissue MMP activity is controlled at many levels, including transcription,
activation, and levels of specific inhibitors. To date, there is no evidence for regulation of

these inhibitors by estrogen.

Blood flow and angiogenesis

Estrogen has been found to possess both rapid and delayed effects on the
vasculature, which have been recently reviewed (390). It is currently believed that the
delayed effects are due to ER-mediated induction of specific genes such as prostacyclin
cycloogenases and synthases, nitric oxide synthases, endothelin, VEGF, BCAM, and
elastin. By contrast, the rapid vasodilatory effects are believed to be mediated by
endothelial nitric oxide synthase (NOS3) activation by signal transduction pathways
downstream of membrane ERs. Specifically, both MAPK and PI3K/Akt signal
transduction cascades are believed to stimulate Nos3 in the vascular caveolae to produce
nitric oxide, a signaling molecule which induces cGMP-mediated VSMC relaxation by
(390).

Expression of the PTH-like peptide Pthlh is induced rapidly in the uterus after
estrogen administration, declining by 24 hr (391), a response which can be inhibited by
either glucocorticoids or vitamin D3 (392). Interestingly, expression of its receptor,
which also serves as the parathyroid hormone (PTH) receptor (Pthrl), was found to be
concurrently downregulated (392). PTHLH is believed to stimulate uterine blood flow

(393) and possibly prevent uterine smooth muscle contractions (394).
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Adrenomedullin (Adm) is a peptide with many known functions, including an
ability to potently induce vasodilation, as well as to promote angiogenesis and reduce
blood pressure, in part through the generation of nitric oxide. The proadrenomedullin
gene also codes for an alternate peptide, PAMP, which is also able to reduce arterial
pressure. Although Adm is known to act through the receptor Admr, it has been shown to
also interact with calcitonin gene-related peptide (CGRP) receptors (395). In addition to
stimulation of endometrial vasodilation and angiogenesis, a role for Adm in attenuating
myometrial contractility induced by galanin has also been suggested (45). Adm
transcription can be induced by various hormones, growth factors, and cytokines, as well
as oxidative stress. In the uterus, Adm is highly expressed in the female reproductive
tract, with cyclic variation during the uterine cycle, and is induced following estrogen
administration. TGFP1 has been proposed as a mediator of the estrogen-induced Adm
transcription, although this regulatory pathway is not yet well defined (45).

Angiogenesis is the process in which new blood vessels are derived from
preexisting ones, and can occur by several distinct mechanisms that have been recently
reviewed (396). In the adult, angiogenesis primarily occurs in the uterus and ovary as a
necessary component of the reproductive cycle and during pregnancy, as well as in
pathologic processes such as wound healing, chronic inflammatory disorders, and
malignant tumor growth (397). The role of angiogenesis in the female reproductive tract
is critical, however, since the endometrium is one of the most dynamic adult tissues, and
the rapid increase in endometrial thickness depends critically on the efficient
establishment of vascularization. Angiogenesis is also critical to placentation during

pregnancy. The cyclical regrowth of the endometrium is dependent on its ability to
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rapidly and efficiently regenerate a vascular capillary network to accompany and support
the proliferation and differentiation of the endometrial lining. This neovascularization,
involving the formation of new capillaries from preexisting blood vessels, is stimulated
by both endocrine and paracrine pathways, and requires proteolytic dissolution of
endometrial extracellular matrix, proliferation and migration of endothelial cells,
permitting the formation of new capillary tubules to supply the growing endometrial
tissue (398). Blood vessel growth and regression in the human endometrium differs both
temporally and spatially during the menstrual cycle in response to changes in the needs of
the other cell types within the tissue. Specifically, it occurs in the functionalis to support
the rapid four-fold increase in endometrial thickness during the proliferative phase (399),
during the growth and coiling of spiral arterioles in the functionalis in the secretory
phase, and during repair of the vascular bed in the superficial layer of the remaining
basalis in the menstrual phase (396). During the menstrual cycle a capillary plexus also
develops just below the luminal epithelial surface, and blood flow through this plexus is
maximal during the early and mid-secretory phases in preparation for implantation (400)
Estrogen has long been implicated in the promotion of increased uterine blood
flow caused by angiogenesis and associated increases in vasodilation and in vascular
permeability to water, small molecules, and proteins, but its role is not fully understood
(69). Evidence has recently been provided, however, that estrogen, through the induction
of factors such as VEGF, is involved in the promotion of vascular permeability and
inhibition of angiogenesis, while progesterone conversely stimulates angiogenesis though
has little effect on vascular permeability (282). Furthermore, both ERo. and ERP are

expressed in vascular smooth muscle and endothelial cells in a uterine cycle-dependent
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manner. In particular, ERa expression is increased in the late proliferative and early

secretory phases (401).

Erythropoiesis and coagulation

The soluble factor erythropoietin (Epo) is the primary stimulator of proliferation
and differentiation of erythroid precursors, after binding to its receptor (EPOR), although
additional roles have been proposed. For example, the epithelial and stromal localization
of Epo and Epor in the uterus, and the glandular increases in both proteins in the late
proliferative phase, suggest additional roles for these proteins that have not yet been
discovered (402). Epo expression is typically induced by the hypoxia inducible factor
HIF-1o in response to hypoxia, and the stimulation of red blood cell formation results in
improved oxygen supply, which then acts negatively on Epo expression (403).

Reports of estrogen regulation of Epo synthesis under hypoxic conditions have
been controversial over the last several decades. Recently it was shown the estrogen
inhibits Epo expression during hypoxia (404), although uterine Epo is also reported to be
inducible by estrogen in the uterus (403, 405).

Tissue factor (F3) is a cell surface glycoprotein receptor for coagulation factor VII
(F7), which as a complex initiate the extrinsic coagulation protease cascade. In this
cascade, prothrombin (F2) is activated, stimulating fibrin formation. In addition,
thrombin can act as a mitogen in numerous cell types including fibroblasts, VSMCs, and
immune cells, as well as in cultured uterine stromal cells (406), and its function as an
estrogen-regulated uterine growth factor has been proposed (407).

At the protein level, estrogen rapidly induces both F3 and F2 levels. F3 is found

in both epithelial and stromal cells within 3 hr in the uterus, with F2 being localized to
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the basement membrane that separates the epithelium and stroma, and to the apical
surface of the epithelium (407). F3 is rapidly synthesized in the uterus following estrogen
exposure (408), while thrombin levels are increased due to infiltration into the uterus
through capillaries that are made hyperpermeable following estrogen exposure, similar to
albumin, plasminogen, and alpha-1-protease inhibitor (409). Thrombin has also been

shown in vitro to stimulate uterine stromal cell proliferation (406).

Oxidative stress

During normal metabolic activity the cells of all aerobic organisms produce
reactive oxygen species, which include superoxide, hydrogen peroxide, and hydroxyl
radical, and the toxicity of these compounds is regulated by various antioxidant
mechanisms. Moreover, estrogen can further induce oxidative stress through its
metabolism to reactive quinines, semiquinones, and free radicals (410, 411). In addition,
reactive oxygen species or their lipid peroxide products can stimulate prostaglandin F2o
synthesis, which is involved in uterine contraction and endometrial breakdown (412).
Estrogen has been shown to promote oxidative stress in uterine tissues (413).

Superoxide levels have been shown to vary during the rodent uterine cycle, with
NADPH oxidase-dependent superoxide levels highest at proestrus and lowest at estrus
(414), while in humans they are increased in the endometrium in the late secretory phase
just before menstruation (415). Superoxide levels and NADPH oxidase activity was also
shown to be highly induced by estrogen treatment, whereas SOD activity was slightly
repressed (416). Furthermore, hydride and dienyl radical levels were elevated following
estrogen treatment, and cell membrane fluidity was enhanced, possibly due to

perturbations associated with the partitioning of the estrogens into the cells membranes
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(416). In addition, estrogen treatment is associated with increased membrane lipid
peroxidation, decreased progesterone concentration, and enhanced catalase activity (413).
It has been proposed that the enhanced catalase activity partially mutes the extent of lipid
peroxidation, which would otherwise be greater following estrogen exposure (411).

At the transcript level, mitochondrial manganese SOD (Sod2), has been shown to
be upregulated at estrus in the luminal epithelium and at proestrus in the leukocytes
(417), and both Sod2 and the cytosolic Cu,Zn-SOD (Sod3) in human endometrial cells at
the time of decidualization or by combined estrogen and progesterone administration
(418). Regulation is isoform-specific, and although the functional significance of these
changing levels is not fully clear, it has been suggested that Sod3 controls PGF2a
production by preventing cytosolic accumulation of oxygen radicals (419), while Sod2
promotes successful decidualization by protecting the epithelium from free radical-
induced damage (415). Specific transcriptional regulation by estrogen has not yet been
established, however estrogen and progesterone have been shown to induce both enzymes
by cAMP-mediated mechanisms (415), and promoter analyses also indicate potential

direct regulation by numerous factors, including AP-1, Sp1, and progesterone (420, 421).

Solute and fluid regulation

Estrogen induces a rapid increase in uterine microvascular permeability, and this,
in conjunction with estrogen-induced increases in uterine blood flow, leads to stromal
edema. This effect is believed to promote an environment supportive of the endometrial
growth and remodeling that is necessary for implantation and pregnancy, and that is

similar to the edema observed in the rodent proestrus stage and human midproliferative
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and midsecretory stages. In addition, it has been proposed that uterine edema promotes
blastocyst attachment by decreasing the size of the luminal space (422).

This edema response is associated with increased VEGF production. In the
rodent, the inactivation of Vegfa with a specific antibody or with an Flt-1 inhibitor has
confirmed that VEGF is the dominant mediator of the estrogen-induced changes in
vascular permeability, and that the VEGF-induced edema is essential for successful
implantation (38, 422).

An important function of the endometrial epithelium is the production and
secretion of uterine fluid into the lumen. Cyclic variations in solute levels, including K+
and Ca2+ levels have been observed (423). In addition, Na+ levels are critical modulators
of fluid balance, and the depression in fluid Na+ levels and consequently of uterine fluid
volume directly prior to implantation are believed to promote luminal closure, a
flattening of the epithelial surface that is important to implantation (424). IGF-I has been

shown to induce many of these parameters in a manner similar to estrogen (425).

Sodium and Chloride

The regulation of water intake and export is dependent on the regulation of
specific solute levels. In the uterus, recent studies indicate that fluid accumulation is due
to estrogen-induced increases in the ClI' channel CFTR coupled with downregulation of
the ENaC (Scnnl) Na' channel isoforms (426). It is believed that when CI channel
expression is favored, active CI secretion drives Na* and fluid from the plasma into the
uterine lumen, while the reverse is true under conditions that favor Na® channel
expression. This model is consistent with the patterns of CFTR and ENaC expression as

well as fluid dynamics that are observed during the estrous cycle (426). The upregulation
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of Cftr 12 hr after estrogen administration has been reported (427), and indirect evidence

strongly supports the upregulation of Scnnla, Scnnlb, and Scnnlg also (426).

Potassium

Large-conductance Ca**/voltage-activated K* channels, also known as Kcnm or
maxi-K channels, are important in regulating myometrial contractility (428). They are
known to be regulated at various levels, including transcriptionally. For example,
estrogen has been shown to induce expression of a specific splice variant of a pore-
forming o Kcnm subunit, Kcnmal, with reduced sensitivity to Ca®* and voltage, though
total transcript levels and channel density remain relatively constant (429). This is
believed to attenuate K* current and possibly allow increased uterine excitability and
contractility, contributing to changes in conductance observed during the estrous cycle.
The regulatory B subunits Kcnmb3 and Kcnmb4 have been shown to be activated by E2
(430), but their transcriptional regulation is not currently known, while E2-induced
increases in myometrial Kcnmbl expression have been recently reported (431).
Furthermore, Kcnd3, and specifically the long transcript isoform, has recently been
shown to be the dominant isoform of the Kcnd, or Kv4, voltage-gated K* channel family
in the uterine myometrium, and E2 was shown to be associated with transcriptional

downregulation of Kcnd3, in addition to altering its delivery to the cell membrane (432).

Aquaporins and NHE proton pumps

Proton transporters play important roles in regulating intracellular pH, cell
volume, and osmolarity. In addition, exit of HCO3- requires that H+ also be pumped out

of the epithelial cells to maintain intracellular pH. It is believed that basolateral Na*/H"
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exchangers (NHEs) in the uterine epithelium may be involved in allowing HCO3-
secretion, while apical NHEs may mediate luminal Na+ absorption in a manner similar to
the Scnnl channels. In the mouse endometrium, three NHEs, Slc9al, Slc9a2, and Slc9a4,
have been identified, though the specific contributions of each are not presently known.
During HCO3- secretion, basolateral NHE activity is high while apical NHE activity is
low (433)

Aquaporins are vasopressin-insensitive water channels. The aquaporin AQPI, or
CHIP28, has been detected in the human uterus (434), and Agp!l transcript levels are
induced in the rat uterus approximately 9 hr after estrogen exposure (435). Details of its
regulation and action in the uterus are currently unknown, however AQP1 is known to be
expressed in secretory tissues, and has been shown to be an important component of fluid
regulation in the male reproductive tract, secondary to export by the sodium/hydrogen
exchanger NHE3 (S1c9a3) of protons formed by the carbonic anhydrase Car2 (436). A
similar mechanism may act in the female reproductive tract. Slc9a3 expression in the
efferent ductules of the male reproductive tract was shown to be dependent on ERa in
that system, and the promoter sequence was reported to contain EREs (436).
Furthermore, the expression of Slc9a3rl (NHE-RF1; EBPS50), which is believed to
function as a regulatory component or scaffold for many transporters including Slc9a3,
CFTR, and a sodium bicarbonate cotransporter, has been shown to be strongly expressed
in nearly all epithelial cells of the human proliferative phase uterus, and to be highly
abundant in cells rich in microvilli (437). The human Sic9a3r] promoter has been shown

to contain a high number of functional half ERE sites, through which ER upregulates
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Slc9a3rl transcription through a complex mechanism, and participation of Slc9a3rl in

modulating uterine cell ultrastructure has been proposed (438).

Immunologic responses

Estrogen has been described as a proinflammatory mediator, since it promotes
leukocyte influx, uterine edema, and epithelial proliferation. A characteristic feature of
the uterus is the cyclic changes in levels of immune cells, which play roles in
phagocytosis of apoptotic cells and in combating infections introduced during mating
(439, 440), as well as numerous critical functions during pregnancy (441).

Uterine leukocytes consist predominantly of lymphocytes, macrophages, and mast
cells, as well as a uterine-specific type of natural killer cell (uNK). These cells have been
shown to have distinct localizations, with mast cells associated predominantly with the
inner myometrium, and macrophages and uNK cells throughout the endometrium and
myometrium (289, 442). Immune cells are also detected cyclically in the uterine luminal
fluid (443).

Macrophages and neutrophils are an important component of the stromal mass
and function, and macrophages alone, which are normal components of all connective
tissue, constitute as much as 10% of uterine mass (444). Macrophages and neutrophils are
able to phagocytize invading organisms, and macrophages can also present processed
antigens to lymphocytes to initiate the immune response (289). Macrophages bear a wide
range of receptors, including ERs, which make them highly susceptible to numerous
stimuli including estrogen (35). Myometrial mast cells are believed to be involved in

proliferation, vasodilation, and edema through the release of mediators such as nitric
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oxide, TNFa, and histamine (289). uNK cells, which have been shown to express ERp,
have been implicated in both implantation and in initiating endometrial breakdown (104).

Eosinophils contain potent peroxidase granules, and the estrogen-induced
recruitment of eosinophilic leukocytes has been shown to contribute substantially to the
peroxidase activity that is characteristic of the estrogen-stimulated uterus (445).
Eosinophils can express Fc and C3b receptors, allowing them to bind to Ig- and C3b-
presenting invading cells, and can initiate complement and coagulation cascades. Eotaxin
(SCYALLI; Cclll) has recently been shown to be the signal stimulating eosinophil
recruitment to the uterine stroma, and Ccl/] expression is highly upregulated following
several consecutive days of estrogen treatment (446). It has been suggested that eotaxin
may be the uterine eosinophil chemotactic factor referred to as ECF-U (447). Eosinophil
recruitment is not required for estrogen-stimulated uterine growth (445), and Cc!/] null
mice display delayed onset of estrous cycling but possess normal fertility (446).

Secreted immunoglobulins provide an important early defense against pathogen
attack at the uterine luminal surface. An association between estrogen stimulation of the
uterus and increased immunoglobulin (IgA and IgG) content in the uterine luminal fluid
is well established (448). IgA, unlike IgG was found to be secreted against its
concentration gradient, and the involvement of an active carrier that transports IgA from
the uterine epithelium into the lumen was postulated (449). This carrier was then found to
be a protein called secretory component (SC), which was later identified as a domain of
the polymeric IgA receptor (Pigr), a transmembrane glycoprotein which is essential for
normal mucosal barrier function (450). Uterine Pigr expression follows a similar pattern

to IgA levels, and is highly induced by estrogen after 3x24 hr (451). Direct regulation of
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Pigr expression in the uterus is not well established, but in vitro studies indicate direct
induction of Pigr expression by numerous cytokines, including interferon y, TNFa, IL1f,
and ILA4, as well as the involvement of numerous factors in its basal transcription (452).
Interleukin 4 receptor (Il4ra) has been shown be induced at 4-8 hr after estrogen
exposure in the uterus (183), while expression of the interferon-inducible gene HEM45
(Isg20), which has recently been shown to be an antiviral RNase (453), was upregulated

3-15 hr after estrogen treatment in the uterus (454).

Cytokines and chemokines

Cytokines stimulate the proliferation and differentiation of numerous cell types.
The unstimulated uterus contains little cytokine activity (455), while cytokines known to
be induced by estrogen in the uterus, and further increased by cotreatment with
progesterone, include TNFa and the interleukins IL1 and IL6 (455).

Chemokines are a subclass of chemotactic cytokines, and are expressed in
leukocytes as well as in other endometrial cells and in the trophoblast. In addition,
however, chemokines can mediate vital cyclic changes within the uterus, including
changes associated with proliferation, differentiation, angiogenesis, apoptosis, and
structural changes. Chemokine expression is induced by cytokines or by other local
growth factors, and their dysregulation is associated with cancer and other pathologies.
The complex nature of chemokine regulation and signaling has been recently reviewed
(456).

Chemokines known to be expressed in the uterus include macrophage colony
stimulating factor (M-CSF; Csfl), monocyte chemotactic protein 1 (MCP1; JE; Ccl2),

and the granulocyte chemotactic protein IL8 (GCPI1, for which no rodent homolog has
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been found) (457). Induction of CsfI appears to be directly by estrogen (458), while Cc/2
induction by estrogen is believed to be mediated by IL1B (459), and increased estrogen
appears to be associated with /I8 repression (457). Interestingly, in Csfl null mice the
cyclic estrogen surge is impaired, and is associated with abnormal estrous cycles and

reduced fertility (460).

Complement

Complement plays numerous roles in immune and inflammatory responses,
including in the recruitment of phagocytes as well as direct involvement in phagocytosis
and other roles that have been recently reviewed (461). The alternative pathway of
complement activation is induced in the estrogen-treated uterus, although the exact role is
not currently known. Cleavage of complement component C3 and factor B (Bf) yields
C3b and Bb, which form a complex that acts as a C3 convertase to promote the formation
of the membrane attack complex on the surface of invading cells.

C3 and Bf are highly and concurrently expressed in the uterine epithelium and
secreted into the lumen in proestrus and estrus or after estrogen exposure, where they are
believed to defend against microbial invasion (462). The induction of C3 by estrogen has
been particularly well studied. It is generally considered to be a late phase response and
has been shown to be highly induced at 24 hr (463), although it was also identified in a

screen for transcripts that are induced by estrogen at 4 hr (183).

Iron sequestration

Lactoferrin is a glycoprotein of the serum transferrin family, and its many

functions described to date have been the subject of numerous reviews (e.g. (464)). In
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tissues such as the uterus, these include multiple roles in defense against infection and
inflammation. Its multifunctional antimicrobial activity is directed towards bacteria,
viruses, and fqngi, and is attributed to its ability to sequester iron away from iron-
requiring bacteria, to its potently bactericidal lactoferricin domain, to its serine protease
activity which is able to degrade bacterial-host adhesion proteins, and to its pH-
dependent ability to donate the iron atoms used in catalysis of hydroxyl radical
production within neutrophils (464). Furthermore, lactoferrin is able to modulate the
proliferation and differentiation of immune cells, suppress inflammation, and
downregulate the production of specific cytokines (464). In the uterus, lactoferrin is
found in both the luminal and glandular epithelium and in neutrophil granules, and is
secreted during the estrus cycle concurrently with immunoglobulins.

Ltf had already been examined in many other tissues before it was identified in
1987 as the major component of uterine fluid (465, 466). The induction of Ltf mRNA and
protein expression by estrogen has been studied extensively, and complex species and
strain differences have been observed. For example, Ltf has been shown to be highly
inducible by estrogen in many mouse strains, induced variably in the rat, limited to the
uterine stromal neutrophils and vaginal epithelium in the hamster, and has not been
detected at all in the pig (467, 468).

While lactoferrin has been used extensively as a biomarker of estrogenic effect in
the uterus, the Lif gene has a highly complex promoter, and lactoferrin transcription
occurs in response to many stimuli, as has been recently reviewed (468). Lactoferrin

expression can also be induced by EGF, independent of the ovary, adrenal gland, or
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hypothalamus, and in vitro can also be induced by RA or by changes in cell shape and

actin cytoskeleton.

Intercellular communication

Gap junctions

Gap junctions, first identified in the 1970s, act as a type of intercellular channel
that permits direct communication between the plasma membranes of adjacent cells,
allowing them to share a common pool of small (<1 kDa) regulatory molecules, such as
inorganic ions and second messengers. Each channel is composed of one connexon
(hemi-channel) from each cell, which in turn is composed of a circular hexameric
arrangement of transmembrane connexin subunits to form a pore, and the specific
connexin subtypes influences pore size and thus permeability to specific signaling
molecules (469). Expression of these connexons has been identified in numerous cell
types, and in the uterus, they are found in all of the major cell types, and allow
communication between the epithelial, stromal, and myometrial compartments (51, 470),
as well as allowing synchronization of contractions within the myometrial smooth muscle
cells (470). Many tumors have been found to have lowered connexin expression, and
connexins have been implicated as tumor suppressors (471). The roles and importance of
various connexins has been recently reviewed (472).

The control of certain connexins by ovarian steroids in the uterus has been studicd
for more than a decade (470), and although they are a highly homologous family, their
regulation has been shown to be very different. The cell type-specific localization of the

connexin proteins Cx26, Cx32, and Cx43 in the uterus has been studied in estrogen-
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treated immature rats. A marked increase of Cx43 in the stroma and myometrium was
observed after a 4x24 hr exposure, which was abrogated by cotreatment with
progesterone, whereas increases in connexins 26 and 32 were highly induced by
progesterone in the luminal epithelium (51). In the human endometrium, Cx43 protein
levels were lowest on days 12-14 of the cycle (i.e. time of implantation), which they think
may be due to inhibition by LH, they think that this may reduce cell-to-cell
communication, possibly facilitating the invasion of the trophectoderm through the
stromal cells (473).

When levels of endometrial transcripts were measured, Cx26 and Cx43 were
found to be highly induced by estrogen by 14 hr as well as at 3x24 hr, while levels of
Cx32 were low and unchanged (474, 475).

The promoter of the Cx43 gene has been well studied, and many motifs have been
identified. By contrast, the regulation of Cx26 and Cx32 are not well understood,
although predominant regulation by posttranscriptional mechanisms in the uterus has
been suggested (51). Furthermore, there is increasing evidence that induction by estrogen
is not mediated by classical ER-ERE binding. Cx43 induction is believed to be mediated
at least in part by AP-1 (476, 477), while regulation of Cx26 expression has been shown

to involve Spl and Sp3 (478).

Tight junctions

Reciprocal effects of ovarian steroids on tight junctions have been reported in the
uterine luminal epithelium, with estrogen decreasing and progesterone increasing their
size and complexity (479, 480). This pattern of regulation appears to mirror the increase

in gap junction protein expression that was described above. Transcriptional regulation of
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tight junction components (e.g. ZO-1, claudin-1 and occludin) by estrogen in the uterus
has not been described to date, but altered protein levels at the apical epithelial membrane

during pregnancy have been recently described (481).

Apoptosis

Sex steroid hormones control cell proliferation and differentiation in endometrial
epithelia, and removal of estrogen, for example by ovariectomy, is associated with
uterine epithelial apoptosis, which can be restored by the readministration of estrogen, or
alternatively with progesterone or androgen exposure (269). Further evidence for the
involvement of progesterone in the proliferative reaction is that cotreatment of rodents
with estrogen and a PR antagonist induces apoptosis (482). Nevertheless, endometrial
proliferation in the proliferative phase has been generally related to estrogen action, while
progesterone is thought to divert cells into the differentiation pathway.

In humans, apoptotic cells are detected mainly in the glandular epithelium of the
endometrium. Very little apoptosis is observed in the stroma at any stage, or in the glands
in the late proliferative phase, while the number of glandular apoptotic cells increased
during the secretory phase and reached a maximum at menstruation and still high in the
early proliferative phase. This is consistent with a possible role of apoptosis in regulating
cell turnover and the number of glandular cells that survive to the next menstrual cycle
(483). Overall, the pattern of apoptosis and its negative correlation to serum E2
concentrations in the proliferative phase indicated that, in contrast to many other cell
types, proliferating endometrial cells do not undergo significant apoptosis. This study

found an inverse correlation between apoptosis and Ki-67 (i.e. proliferation), suggesting
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that apoptosis in hormone-dependent cells may not be dependent on cell cycle entry

(483), in support of previous findings in the human endometrium (484).

Neurotransmitters

The reproductive tract contains an extensive network of nerve fibers, which
highly express gastrin-releasing peptide (GRP). GRP is one of several neural signals
involved in the control of uterine motor activity, and can stimulate uterine contractions
that