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ABSTRACT

The interactions of peptide and steroid hormone signaling cascades in the ovary are critical for
follicular growth, ovulation, and luteinization. Although the pituitary gonadotropins follicle-stimu-
lating hormone (FSH) and Iuteinizing hormone (LH) play key regulatory roles, their actions are also
dependent on other peptide signaling pathways, including those stimulated by insulin-like growth
factor-1 (IGF-1), transforming growth factor-beta (TGF-B) family members (e.g., inhibin, activin,
growth differentiation factor-9, bone morphogenic proteins), fibroblast growth factor, and Wnts (via
Frizzled receptors). Each of these factors is expressed and acts in a cell-specific manner at defined
stages of follicular growth. IGF-1, estrogen, and FSH comprise one major regulatory system. The
Whit/Frizzled pathways define other aspects relating to ovarian embryogenesis and possibly ovulation
and luteinization. Likewise, the steroid receptors as well as orphan nuclear receptors and their ligands
impact ovarian cell function. The importance of these multiple signaling cascades has been
documented by targeted deletion of specific genes. For example, mice null for the LH-induced genes
progesterone receptor (PR) and cyclo-oxygenase-2 (COX-2) fail to ovulate. Whereas PR appears to
regulate the induction of novel proteases, COX-2 appears to regulate cumulus expansion. Thisreview
summarizes some new aspects of peptide and steroid hormone signaling in the rodent ovary.

|. Overview

Ovarian follicular growth is controlled by the production of intraovarian
growth regulatory factors such as insulin-like growth factor-1 (IGF-1) (Adashi et
al., 1985; Baker et al., 1996; Zhou et al., 1997; Burks et al., 2000; Guidice,
2000), steroids (Richards, 1994), members of the transforming growth factor-
beta (TGF-B) family (Elvin et al., 1999; Lewis et al., 2000; Chapman and
Woodruff, 2001; Otsukaet al., 2001), and the Wnt/Frizzled family (Vainio et al.,
1999; Hsieh et al., in press). These factors act by autocrine, paracrine, and
intracrine mechanisms. In addition, follicular growth is controlled by endocrine
factors such as the pituitary gonadotropins, follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) (Richards, 1994). Recent mutant mouse models as
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well as studies identifying new components of IGF-1, FSH, and estradiol (E)
signal transduction pathways provide novel insights into how these hormones
might interact to control follicular growth and are the focus of this review.

[I. Interactions of the IGF-1, Estradiol, and FSH Signaling Cascades

The functional links between the FSH and IGF-1 signal pathways are
supported by the observations that 1GF-1, IGF-1 receptor (Igf-1r), and FSH
receptor co-localize to granulosa cells of small growing follicles and preovula-
tory follicles (Zhou et al., 1995,1997). In mice null for the FSH receptor or the
FSHpB subunit, follicular growth is impaired beyond the preantral stage and is
associated with altered expression of specific genes (Kumar et al., 1997; Burns
et al., 2001) (Figure 1). Whereas IGF-1 expression is not atered by hypophy-
sectomy or lack of FSH subunit (Zhou et al., 1997), levels of Igf-1r are reduced
and can be restored by treating rats with pregnant mare serum gonadotropin
(PMSG), which stimulates follicular growth (Zhou et al., 1997). Mice null for
either IGF-1 (Igf-1) or insulin-receptor substrate-2 (Irs-2) exhibit severe growth
retardation, including follicular growth in the ovary (Baker et al., 1996; Zhou et
al., 1997; Burkset al., 2000). In contrast, although mice null for growth hormone
exhibit reduced growth rates and have low serum levels of IGF-1, ovarian
function is normal, likely a consequence of GH-independent production of IGF-1
by granulosa cells within the ovary (Zhou et al., 1997; Zaczek et al., 2001).
Finally, IGF-1 enhances FSH action in granulosa cells by mechanisms that are
not entirely clear (Orly, 2000) but must involve specific interactions of these two
signaling pathways (Richards, 2001a; Richards et al., in press (b)) (Figure 1).

IGF-1 impacts multiple signaling cascades, one of which includes the
phosphoinositide-3 kinase (PI3-K) cascade (LeRoith et al., 1995; Vanhaese-
broeck and Alessi, 2000). PI3-K generates phosphoinositides that activate phos-
phoinositide-dependent kinases (PDK)1 and -2. PDK1 and -2, in turn, phosphor-
ylate and activate protein kinase B (PKB), which then phosphorylates and
inactivates targets such as glycogen synthase kinase (GSK)-33, BAD, and
caspase 9 as well as members of the Forkhead (FKHR) winged-helix transcrip-
tion factor family (Vanhaesebroeck and Alessi, 2000). The IGF-1 signaling
cascade has been highly conserved, as revealed by functional and structural
homologies of genes present in mammals (IGF-1R, PI3-K, phosphate and tensin
homologue deleted on chromosome 10 (PTEN), PDK1, PKB, FKHR) and C.
elegans (Daf-2, Age-1, Daf 18, PDK1, Akt, Daf 16) (Guarente and Kenyon,
2000) (Figure 1). In C. elegans, this pathway impacts cell survival, energy
homeostasis, and longevity and is intimately linked to the neural and reproduc-
tive systems. Lack of the IGF-1 receptor (Daf-2) in C. elegans leads to prolonged
cell survival that is dependent on Daf16 and Daf12, homologues of FKHR and



SIGNALING PATHWAYS IN THE OVARY 197

FSH 16F-1/Ceinsulin .
Ilgf—f - small ovaries
q

- o fr-/- infertile
%" 'GF"W?:" | Irs-2-/- infertile

. FSHp-/- small ovaries
- VS‘KMVM.:.' : FSH-R-/-infertile

LH-R-/- infertile

@;_Tﬁ.ﬁ_:} p27KIP-/- infertile

ar—

| o | Forkhead
\ BAL | ~
e | stk
p27 [
. IGFBP-1 /
j)é{as Liggna
\'\\N.ucllll rece) Daf 12 /_/' /
\ o _' o
Proliferation
Differentiation
in
Granulosa Cells

FIG. 1. Follicle-stimulating hormone (FSH) and insulin-like growth factor-1 (IGF-1) signaling
pathways operate in granulosa cells. FSH/LH and IGF-1 impact the proliferation and differentiation
of granulosacells, asindicated by specific knockout mouse models and the effects of these hormones
in hypophysectomized rats, as reviewed in the text. Note that the IGF-1 pathway is highly conserved
from C. elegans to mammals. Common downstream targets of FSH and IGF-1 in granulosa cells
include components of the PI3-kinase cascade that lead to the phosphorylation of protein kinase B
(PKB) and serum and glutocorticoid-induced kinase (Sgk) as well as the transcription factor,
Forkhead (FKHR), which is selectively expressed at high levels in granulosa cells of growing
follicles. FSH but not IGF-1 induces Sgk, which reachesits highest levels of expressionin luteal cells.
These terminally differentiated cells preferentially express AFX (Foxo-4) and FKHRL1 (Foxo-3) —
but not FKHR — as well as a putative target of AFX, p27KIP. [Adapted with permission from
Richards JS, Sharma SC, Falender AE, Lo YH 2002 Expression of FKHR, FKHRL1 and AFX genes
in the rodent ovary: evidence for regulation by IGF-1, estrogen and the gonadotropins. Mol
Endocrinal, in press; Gonzalez-Robayna |J, Falender AE, Ochsner S, Firestone GL, Richards JJ 2000
FSH stimulates phosphorylation and activation of protein kinase B (PKB/Akt) and serum and
glutocorticoid-induced kinase (Sgk): evidence for A-kinase independent signaling in granulosa cells.
Mol Endocrinol 14:1283-1300. Copyright The Endocrine Society.]

anuclear hormone receptor, respectively (Guarente and Kenyon, 2000; Linet al.,
2001) (Figure 1).

The mammalian homologue of the nuclear receptor Daf12 is not yet known.
However, three members of the Forkhead family have been identified in the
mouse: FKHR (Foxo-1), FKHRL 1 (Foxo-3), and AFX (Foxo-4) (Kaestner et al.,
2000; Brunet et al., 2001). A current model of IGF-1 action indicates that
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phosphorylation of Forkhead by PKB (or related kinases) restricts nuclear
localization of these factors (Nakae et al., 2000; Brownawell et al., 2001). This
impedes transcriptional activation of specific Forkhead target genes, such as Fas
ligand (FasL), an inducer of apoptosis (Brunet et al., 1999), p27KIP, an inhibitor
of cell cycle progression (Medema et al., 2000) and insulin-like growth factor
binding protein-1 (IGFBP-1), a presumed inhibitor of IGF-1 (Kops et al., 1999;
Guidice, 2000). Recently, we have shown that FKHR, FKHRL1, and AFX are
expressed in the rodent (mouse and rat) ovary in a cell-specific manner at defined
stages of follicular growth and luteinization (Richards et al., in press (b)).
Expression of FKHR mRNA is restricted to granulosa cells of growing follicles
and is not detected in luteal cells. In contrast, FKHRL1 and AFX are highest in
corpora lutea, where the PKB-related kinase, serum and glucocorticoid-induced
kinase (Sgk), is aso expressed in abundance (Figure 1). In addition, we have
shown that FKHR expression is regulated by E, IGF-1, and the gonadotropins
(Richards et al., in press (b)). E markedly increases FKHR mRNA and proteinin
granulosa cells of preantral follicles of the hypophysectomized (H) rat. Thus,
expression of FKHR mRNA, protein, and phosphorylation are not strictly
associated with follicles that are undergoing apoptosis or appear destined for
atresia. Rather, FKHR is highest in granulosa cells of fallicles in the hypophy-
sectomized and estradiol-treated (HE) rats that exhibit increased proliferation
(Rao et al., 1978), increased expression of cyclin D2 (Robker and Richards,
1998a,b) and increased staining for proliferator cell nuclear antigen (PCNA)
(Robker and Richards, 1998a,b). FKHR is aso elevated in preovulatory follicles
of PMSG-treated mice, adult mice, and pregnant mice at day 22 of gestation
(Figure 1). The high levels of FKHR in granulosa cells suggest a key role in
promoting follicle growth. Moreover, E not only induces FKHR mRNA but also
upregulates other notable components of the IGF-1 signaling system, including
IGF-1RB subunit and the glucose transporter, Glut-1 (Richards et al., in press
(b)). The coordinated up-regulation of FKHR with IGF-1RB and Glut-1 indicates
further that E enhances granulosa cell function in the H rat model by regulating
three different targets that control cellular energy flow, glucose metabolism, and
cell survival. Because IGF-1 helps maintain high expression of estrogen receptor
beta (ERB) mRNA, at least in cultured granulosa cells, E and |GF-1 comprise an
autocrine regulatory system in granulosa cells that promotes cell survival and
proliferation (Richards et al., in press (b)) (Figure 2).

In contrast to E and basal levels of FSH, ovulatory levels of LH cause
dramatic decreases in the expression of FKHR that, in preovulatory follicles, is
irreversible as luteinization proceeds (Richards et al., in press (b)). Whether or
not thisiscritical for alterationsin granulosa cell function is unknown. However,
it isintriguing to note that granulosa cells become resistant to apoptotic insult
when they are stimulated with FSH/LH to undergo luteinization (Porter et al.,
2000). At this stage of differentiation, factors that impact proliferation (E, IGF-1,
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FIG. 2. Schematic of changes in the IGF-1 and FSH pathways in granulosa/luteal cells. Note
that IGF-1, FKHR, ERB, Glut-1, and cyclinD2/E are coexpressed in proliferating granulosa cells.
Estradiol (E) upregulates |IGF-1RB, FKHR, and Glut-1, key components of the IGF-1 signaling
pathway. IGF-1 upregulates ERB and maintains FKHR. FSH at basal concentrations can maintain
FKHR directly or indirectly via E. FSH and IGF-1 both stimulate the phosphorylation and activation
of PKB and Sgk and their target, FKHR, whereas FSH alone induces Sgk (Alliston et al., 1997,2000;
Burns et al., 2001). LH acts to downregulate expression of IGF-1, FKHR, ERB, and cyclin D2. As
granulosa cells luteinize, they gain increased levels of Sgk, AFX (Foxo-4), and FKHRL1 (Foxo-3),
which may impact the expression of p27KIP. [Reprinted with permission from Richards JS, Sharma
SC, Falender AE, Lo YH 2002b Expression of FKHR, FKHRL1 and AFX genesin the rodent ovary:
evidence for regulation by IGF-1, estrogen and the gonadotropins. Mol Endocrinol, in press.
Copyright The Endocrine Society.]

cyclin D2) and apoptosis (FKHR, FasL) are lost, whereas factors that are
expressed in luteal cells and presumed to impact luteinization (FKHRL1, AFX,
Sgk, IGFBP-1, p27KIP, p21CIP, Jun D, Fra2) are acquired (Figure 2) Robker and
Richards, 1998a; (Guidice, 2000; Sharma and Richards, 2000; Richards et al., in
press (b)). Therefore, it is possible that FKHR, FKHL1, and AFX have different
functions that are dependent on the cell type, stage of cell differentiation, or
specific associated proteins. In this regard, one study reports that AFX upregu-
lates p27KIP (Medema et al., 2000). In ancther study, Tanaka et al. (2001) show
that expression of FKHRL1 does not activate p21CIP or p27KIP promoter
activity or regulate FasL expression. Therefore, the precise relation of Forkhead
proteins to the regulation of these genes remains uncertain. Recently, FKHR has
been shown to interact with and selectively modify the functional activity of
other transcription factors, specifically members of the nuclear steroid receptor
superfamily (Schuur et al., 2001; Zhao et al., 2001). FKHRL1 and AFX may
interact with the same or different transcription factors. Thus, the function of
FKHR proteins likely depends not only their specific transcriptional activities but
also on the hormonal milieu, the cell context, and the levels of proapoptotic and
antiapoptotic factors (Hsueh et al., 1994; Pru and Tilly, 2001) (Figure 2).

The gonadotropins, as well as IGF-1, impact the phosphorylation of Fork-
head proteins and thus can control their functiona activity (Richards, 2001a).
Specifically, we have shown previously that FSH aswell as |GF-1 can impact the
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PI3-K pathway (Gonzalez-Robayna et al., 1999,2000). FSH, like IGF-1, stimu-
lates phosphorylation of PKB Ser-473 that is blocked by the PI3-kinase inhibitor
LY 294002 but not by the protein kinase A (PKA) inhibitor, H89. Rather H89
enhances FSH and IGF-1 phosphorylation of PKB (Gonzalez-Robayna et al.,
2000). FSH also induces the expression of the PKB-related kinase Sgk (Alliston
et al., 1997,2000; Gonzalez-Robayna et al., 1999,2000; Burns et al., 2001).
Importantly, Sgk reaches its highest levels of expression in corpora lutea in
association with the increased levels of FKHRL1 and AFX (Figure 1). Based on
these functions of FSH, it is not surprising that FSH stimulates the phosphory-
lation of FKHR at Thr-24 and Ser-256 in granulosa cells in a kinetic manner that
mimics the action of IGF-1 in these same cells (Richards et al., in press (b)).
Although the precise mechanism(s) by which FSH stimulates PK A-independent
activation of PI3-K remains to be clearly documented, the cAMP-regulated
guanine nucleotide exchange factors (CAMP-GEFS) (de Rooij et al., 1998,2000;
Kawasaki et al., 1998) provide a potential new link between FSH stimulation of
adenylyl cyclase and activation of PI3-K viaras-related small guanine nucleotide
triphosphatases (GTPases). Whether PKB, Sgk, or other kinases specifically
mediate the phosphorylation of FKHR in granulosa cells in vivo also needs to be
verified (Figures 1 and 2).

lll. Regulated Expression of Wnts and Frizzleds in the Ovary

Other factors that have been shown to impact ovarian cell function and
follicular organization are members of the Wnt and Frizzled family of signaling
molecules (Figure 3). Wnts are secreted, extracellular signaling molecules that
act locally to control diverse developmental processes such as cell fate specifi-
cation, cell proliferation, and cell differentiation (Cadigan and Nusse, 1997,
Miller et al., 1999). Wnts transduce their signals by binding to G protein-coupled
receptors of the Frizzled family to activate distinct signaling cascades (Slusarski
et al., 1997; Lin and Perrimon, 1999; Liu et al., 2001). In the canonical pathway
Wnts/Frizzleds act to hyperphosphorylate dishevelled (Dvl) (Mao et al., 2001),
acytoplasmic scaffolding protein and glycogen synthase kinase 3-beta (GSK-38)
leading to the release of B-catenin. Soluble B-catenin heterodimerizes with
members of the T-cell factor/Lymphoid enhancer factor (Tcf/Lef) family of
transcription factors to regul ate expression of selected target genes such as c-myc
(He et al., 1998). Wnt/Frizzled activation of the B-catenin pathway is further
modulated by co-receptors (proteoglycans and/or arrow/L RP-5/LRP-6) (Lin and
Perrimon, 1999; Tsuda et al., 1999; Alexander et al., 2000; Pinson et al., 2000;
Tamai et al., 2000; Wehrli et al., 2000; Mao et al., 2001) and by antagonists such
as secreted frizzled-related proteins (sSFRPs) (Rattner et al., 1997). Some Wnts
activate Frizzled receptors that signal via intracellular calcium, protein kinase C
(PKC), and/or calmodulin-dependent kinases (CAMK) (Kuhl et al., 2000)
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FIG. 3. Wnts and Frizzled receptors are expressed at specific stages of follicular growth and
luteinization. Wnits are secreted ligands that activate Frizzled (Fz) receptors. The activation of these
G protein-coupled receptors (GPCR) is associated with Wnt activation of the low-density lipoprotein
(LDL)-related receptors (LRP5/6). Each of these can beinhibited by other secreted proteins— namely,
soluble Frizzeled-related proteins (SFRPs) and Dickkoff (DkKk), respectively. Wnts activate the Axin
and dishevelled (Dvl), glycogen synthase kinase (GSK)-3, B-catenin pathway (via LRP5/6 and
Frizzled receptors, respectively), leading to transcriptional activation of T-cell factor/lymphoid
enhancer factor (Tcf/Lef )-regulated genes such as c-myc and Dax-1. Wnts also can activate Frizzled
receptors that stimulate calcium-mediated pathways. In the ovary, Frizzled-1 is induced by the LH
surge in granulosa cells of ovulating follicles. Which Wnt might activate this receptor is not yet
known. Wnt 4 is expressed in small primary follicles as well as in corpora lutea and may activate
Frizzled-4 that is aso expressed in luteal cells. Although Dax-1 expression is increased by
overexpression of Wnt-4, its pattern of expression in the adult ovary is not strictly related to Wnt-4.
Note that steroidogenic factor (SF)-1 (NR5A1) and possibly SF-2 (NR5A2) act coordinately with
Whnt-4 and Tcf/Lef to enhance transcription of DAX. SF-2 is highly expressed in granulosa cells of
proliferating follicles as well as corpora lutea but is noticeably absent in theca-interstitial cells of the
mouse. These data confirm those published for the mare (Boerboom et al., 2000). [Adapted with
permission from Hsieh M, Johnson MA, Greenberg NM, Richards JS 2002 Regulated expression of
Whts and Frizzleds at specific stages of follicular development in the rodent ovary. Endocrinology,
in press. Copyright The Endocrine Society.]
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(Figure 3). In thisregard, it is of interest that granulosa cells express CAMK |V
and mice null for CAMK 1V have impaired fertility with abnormal follicular and
luteal development (Wu et al., 2000).

The Wnt/Frizzled cellular signaling pathways impact the development of
reproductive organs. For example, Wnt-4 is essential for side branching in the
mammary gland, a process that likely involves regulation of bone morphogenetic
protein (BMP) or fibroblast growth factor (FGF) signaling molecules (Coleman-
Krnacik and Rosen, 1994; Weber-Hall et al., 1994; Phippard et al., 1996; Brisken
et a., 2000; Wakefield et al., 2001). In mammary tissue, Wnt-4 is co-localized
with progesterone receptor (PR) and is a target of PR action (Brisken et al.,
2000). In the kidney, Wnt-4 is a mesenchymal signal essential for epithelial cell
differentiation (Kispert et al., 1998). Furthermore, in this tissue, Wnt-4 can be
replaced by Wnt-1, Wnt-3a, Wnt-7a, or Wnt-7b, indicating redundant or over-
lapping pathways with specific Frizzled receptors (Kispert et al., 1998). In
pituitary gland development, Wnt-5a and BMP-4 play critical rolesin cell fate,
whereas Wnt-4 is important for expansion of ventral pituitary cell phenotypes.
Whnt-7a-deficient mice are infertile due to abnormal development of the oviduct
and uterus (Parr and McMahon, 1998). Mutations of Wnt-2 and Frizzled-5 were
shown to impact placental angiogenesis (Monkley et al., 1996; Ishikawa et al.,
2001).

Whnt-4 is also essential for the embryonic development of the ovary. Female
mice null for Wnt-4 have sex-reversed ovaries that, at birth, are depleted of
oocytes and contain supporting cells expressing genes characteristic of testis
development such as Mullerian inhibiting substance (MIS) (Vainio et al., 1999).
Since mice null for Wnt-4 die at birth, we have analyzed by reverse transcription-
polymerase chain reaction (RT-PCR) and in situ hybridization the expression of
Whnt-4 in the adult ovary. Our results show that Wnt-4 is expressed in granulosa
cells of small primary follicles containing one or two layers of cells and in
granulosa cells of preovulatory follicles (Figure 3) (Hsieh et al., in press). Wnt-4
expression isincreased in granulosa cells by the LH surge and reaches its highest
level in corpora lutea (Figure 3). Unlike the mammary gland, Wnt-4 is not a
target of PR inthe ovary (Hsieh et al., in press), perhaps because PRA rather than
PRB plays a primary role in the follicle, whereas PRB plays a greater role in
mammary tissue (Mulac-Jericevic et al., 2000; Conneely et al., 2001). Wnt-4
may control different aspects of granulosa cell and luteal cell function, depending
on which Frizzled receptors are present. Although it is not yet clear which
Frizzled receptor is present in primary follicles, our results show that Frizzled-1
is induced transiently by the LH surge (Hsieh et al., in press). It is localized to
granulosa cells of ovulating follicles between 4—12 hours after exposure to the
LH surge, just prior to ovulation. Thus, Frizzled-1 may control the expression of
genes that impact the ovulation process. In contrast, Frizzled-4 is preferentially
expressed at elevated levels in corpora lutea (Hsieh et al., in press). Thus,
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Frizzled-4 may be a receptor for Wnt-4 in this tissue (Figure 3). Mice null for
Frizzled-4 aso exhibit reproductive (ovarian?) defects but the exact nature of
these are not yet known (J. Nathans, personal communication).

What are the functions of Wnt-4 in the adult ovary? In the embryonic gonad,
the expression pattern of Wnt-4 is similar to that of DAX-1 (Swain et al., 1996;
Vainio et al., 1999). More recently, overexpression of Wnt-4 in gonadal cells
upregulated the expression of DAX-1 (Jordan et al., 2001), indicating that Wnt-4
may regulate DAX-1 in the ovary as well. This observation is supported by the
ability of B-catenin to enhance SF-1-stimulated transactivation of the DAX-1
promoter via Tcf/Lef promoter elements (Morohashi et al., 2001). As a co-
repressor of the orphan nuclear receptor SF-1, ovarian DAX-1 may antagonize
the transcriptional activation of genes that are regulated by SF-1 such as
aromatase (CYP 19) (Fitzpatrick and Richards, 1994; Carlone and Richards,
1997), P450scc (CYP21) (Clemens et al., 1994; Richards, 1994), 17a-hydroxy-
lase (CYP17) (Zang and Mellon, 1996), FSH receptor (Heckert, 2000; Levallet
et al., 2001), MIS (Shen et al., 1994; Watanabe et al., 2000), and inhibin-« (Ito
et al., 2000). Since the expression of these genesislow in small growing follicles
of immature mice and rats (Richards, 1994,2001b), it is tempting to specul ate that
aWnt-4/Frizzled pathway is acting in these follicles to control Dax-1 and hence
the activity of SF-1.

However, the role of Wnt-4 in the ovary appears to be complex. DAX-1
remains expressed (albeit at alower level) in mice null for Wnt-4 (Vainio et al.,
1999; Jordan et al., 2001), likely due to the potent control of DAX-1 expression
by SF-1. Furthermore, only some but not all SF-1 regulated genes are elevated in
the Wnt-4 null mice (Vainio et al., 1999). Mice null for DAX-1 appear to have
normal ovarian function (Yu et al., 1998). Recent studies have identified and also
shown that the equine ovary expresses not only SF-1 (NR-5A1) but also SF-2
(NR-5A2) (Boerboom et al., 2000). Whereas SF-1 is high in theca cells, SF-2 is
highest in granulosa cells and corpora lutea. We have recently confirmed these
data in the rat and mouse by RT-PCR and in situ hybridization analyses (Figure
3). Thus, athough the expression of Wnt-4 in small follicles may suppress
steroidogenesis at this stage of development, a critical role for DAX-1 and SF-1
or SF-2 is not entirely clear. Even more striking, Wnt-4 as well as Frizzled-4 are
elevated in luteal cells that are highly steroidogenic, contain nuclear Dax-1
protein, and express SF-2 as well as SF-1 (Hsieh et al., in press) (Figure 3).
Therefore, it is possible the Wnt-4/Frizzled pathway(s) operating in small
folliclesis (are) different than the Wnt-4/Frizzled-4 pathway that appears, but has
not yet been proven, to be dominant in luteal cells. In addition, the specific
downstream effectors of Wnt/Frizzled signaling may change as follicles termi-
nally differentiate to lutea cells, thereby controlling distinct patterns of gene
expression. Recent studies have shown that luteal cells exhibit elevated expres-
sion of specific kinases, including Sgk (Gonzalez-Robayna et al., 1999; Alliston
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et al., 2000) and a MAP kinase pathway (Maizels et al., 2001). Whether these
kinases are targets (or mediators?) of Wnt/Frizzled signaling is also not known.
In summary, the localization and regulation of Wnt-4, Frizzled-4, Frizzled-1 and
others (Hsieh et al., in press) in the adult rodent ovary, combined with the
evidence for critical roles for Wnt-4 (Vainio et al., 1999) and FGF-9 (Colvin et
al., 2001) in ovary and testis development, respectively, indicate that Wnt/
Frizzled signaling is important for the growth and development of ovarian
follicles. The identification of these ovarian-derived regulatory molecules pro-
vides a new intraovarian regulatory network that needs to be more clearly
defined.

IV. Genes Involved in Ovulation

To prepare for ovulation, the ovary undergoes a series of closely regulated
events. Small follicles must mature to the preovulatory stage, during which time
the oocyte, granulosa cells, and theca cells acquire specific functional character-
istics. The oocyte becomes competent to undergo meiosis, granulosa cells
acquire the ability to produce E and respond to LH viathe LH receptor, and theca
cells begin to synthesize increasing amounts of androgens that serve as substrates
for the aromatase enzyme in the granulosa cells (for a review, see Eppig, 1991;
Richards, 1994). Remarkably, many events are spatially restricted to specific
microenvironments within the follicle or surrounding interstitial compartmentsto
allow successful expulsion of the cumulus-oocyte complex from the ruptured
follicle (Hess et al., 1999; Hizaki et al., 1999; Sato et al., 2001; Zhou et al.,
2001).

A. GENES CONTROLLING CUMULUS EXPANSION

The cumulus cells surrounding the oocyte and the matrix that the cumulus
cells produce prior to ovulation comprise a specia functional unit. The pioneer-
ing studies of many investigators have shown that the matrix upon which the
cumulus cells move is formed by at least three major components (Figure 4).
These include hyaluronic acid (HA) (Hess et al., 1999; Salustri et al., 1999) and
at least two HA-binding proteins, namely, tumor-necrosis factor-stimulated gene
(TSG)-6 (Fulop et al., 1997; Yoshioka et al., 2000) and the serum-derived
inter-a-inhibitor (lal), aso known as inter-a-trypsin inhibitor (ITI) or serum-
derived hyaluronic acid binding protein (SHAP) (Hess et al., 1999; Sato et al.,
2001; Zhou et al., 2001). HA is a high molecular weight (several million
daltons), linear, unbranched glycosaminoglycan. In the ovary, HA is produced by
the cumulus cells and granulosa cells adjacent to the antrum (Ochsner et al.,
2001). Expansion occurs only when lal enters the follicle or when serum is
added to cumulus-oocyte complexes (COC) to stabilize the matrix by covalent
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FIG. 4. LH induction of COX-2 is essentia for cumulus expansion and ovulation. COX-2 is
obligatory for the synthesis of prostaglandins, namely, PGE2 that binds the EP2 receptor. The
induction of COX-2 by LH may be direct or indirect via activation of oocyte-derived factor, growth
differentiation factor (GDF)-9, as discussed in the text. Mice null for COX-2 and EP2 fail to ovulate
and exhibit impaired cumulus cell expansion, a process that requires the synthesis and cross-linking
of key matrix components. These are hyaluronic acid (HA) and the HA binding proteins, inter-a-
inhibitor (Ial) and tumor suppressor gene (TSG)-6. lal is provided by serum and enters the follicles
upon dissolution of the basement membrane in response to LH. The heavy chain of lal is then
covalently linked to HA by a converting enzyme present on granulosa cells. TSG-6 isinduced by LH
in cumulus cells of ovulating follicles. The induction of TSG-6 is dependent on the induction of
COX-2 and the expression of the EP2 receptor. Of note, TSG-6 expression is absent in cumulus cells
of COX-2 and EP2 knockout mice (Ochsner et al., 2001).

coupling to the heavy chain (HC) of lal (Hess et al., 1999; Salustri et al., 1999).
The cumulus-derived matrix also contains other factors such as the proteoglycans
brevican and versican (MacArthur et al., 2000).

Cumulus expansion is induced as a consequence of the LH surge and is
dependent on the induction of specific genes (Figure 4). These include cyclo-
oxygenase-2 (COX-2) therate-limiting enzyme in the synthesis of prostaglandins
such as prostaglandin E2 (PGE2) (Sirois et al., 1992; Joyce et al., 2001; Ochsner
et al., 2001); HA synthase-2 (HAS-2), which catalyzes the production of HA
(Weigel et al., 1997); and TSG-6, which is an HA binding protein (Lee et al.,
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1992; Yoshioka et al., 2000). Ovulation is impaired in mice null for COX-2
(Dinchuk et al., 1995; Morham et al., 1995), EP2, the PGE2 receptor (Hizaki et
al., 1999; Tilley et al., 1999) aswell as lal (Sato et al., 2001; Zhou et al., 2001).
In each mutant mouse, the COCs within preovulatory follicles fail to undergo
cumulus expansion in response to LH (Davis et al., 1999). Ovulation and
cumulus expansion can be restored in the COX-2 mice by exogenous adminis-
tration of PGE2 or IL-18 (Davis et al., 2001), indicating that prostaglandins and
other signaling pathways are obligatory for both events. These observations
provide clear evidence that one critical site for PGE2 action in the ovulating
follicle is the COC. One target of PGE2 action may be TSG-6, since expression
of TSG-6 is selectively reduced in the cumulus cells (but not granulosa cells) of
COX-2 and EP2 null mice (Ochsner et al., 2001). Note that TSG-6 remains
selectively expressed in cumulus cells but not granulosa cells of ovulating
follicles 12 hours after exposure to the LH-like molecule, human chorionic
gonadotropin (hCG). These results indicate that PGE2 regulates expression of
TSG-6 within the cumulus microenvironment and that TSG-6 may play some
critical role in expansion of the matrix. Both TSG-6 and HA are expressed
several hours prior to any visible physical expansion of the matrix (i.e., disper-
sion of the cumulus cells away from the oocyte). This suggests that the presence
of these molecules is not sufficient for matrix formation or the movement of
cumulus cells away from the oocyte (Figure 4).

The other critical component is lal. Ovulation can be restored in the
| al-deficient (bikunin null) mice by adding serum (Sato et al., 2001; Zhou et al.,
2001). lal is normally excluded from follicular fluid because of its size and the
avascular nature of the granulosa cell layer. It enters upon dissolution of the basal
lamina during ovulation (Hess et al., 1999). lal is composed of several subunits:
the light chain (LC) known as bikunin, which is covalently associated with the
heavy chains (HC) via a chondroitin-sulfate moiety. In the presence of HA, lal
undergoes a substitution reaction in which the HC (SHAP) is covalently bound
to HA releasing the bikunin (Sato et al., 2001). The high degree of covalent
linkage between the heavy chains and HA in the COC is unprecedented (Chen et
al., 1996) and suggests that the enzyme activity controlling this process is
elevated within thefollicle. Indeed, studies by Larsen and colleagues have shown
high activity of the HC-HA conversion process in mural granulosa cells (Chen et
al., 1996). Although the enzymatic activity that catalyzes the covalent linkage to
HA is essential, the biochemical identity of this converting enzyme is not yet
known. Nor is it known if the enzyme is hormonally regulated in the mural
granulosa cells. Such a condition would also be an important factor in controlling
matrix formation.

Collectively, these observations indicate that HA and lal, as well as
COX-2/PGE2/EP2-induced gene products (TSG-6 and others?) are critical for
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COC formation or cumulus cell differentiation; lack of any one of these factors
precludes expansion.

The molecular mechanisms by which LH induces expression of HAS-2,
COX-2, and TSG-6 genes may be either direct via LH receptors present on
cumulus cells (although this possibility is controversial) or indirect via the
activation of other signaling events in the follicle (Figure 4). The latter
recently has gained credence, since the previously unknown soluble oocyte-
derived factor that is essential for cumulus expansion (Eppig, 1991; Salustri
et al., 1999) has been provisionally identified as growth differentiation
factor-9, GDF-9 (Elvin et al., 1999). In cultures of rodent granulosa cells,
GDF-9 can induce the expression of both HA and COX-2 (Elvin et al., 1999).
However, in vivo GDF-9 is expressed in oocytes beginning at the small
primary follicle stage and continues in the oocyte after ovulation. If GDF-9
isthe stimulatory factor, this raises the dilemma of why the expression of HA
and COX-2 isrestricted to ovulating follicles (i.e., those stimulated by the LH
surge). One possible scenario that would link the obligatory requirement of
LH action with that of the soluble ooctye-derived factor (i.e., GDF-9) is that
this factor may need to be modified before it becomes activated. GDF-9, like
other members of the TGF-B8 family, is synthesized as a pro-peptide and
therefore it is likely present at the surface of the oocyte-cumulus cell
junctions, possibly attached to proteoglycans (Park et al., 2000) as a latent
factor. Induction by LH of a specific protease (factor X) (Figure 4) may be
necessary to activate and/or release GDF-9, thereby allowing it to interact
with cellular receptors and induce HAS-2 and COX-2 in cumulus cells. Full
resolution of the pathways by which LH induces COX-2 in granulosa cells
versus cumulus cells will necessitate stage-specific knockouts of GDF-9.
Knockouts of TSG-6 also are needed to convincingly show a role for this
protein in cumulus expansion in vivo.

B. GENES EXPRESSED IN THECA CELLS

The specific ovulatory role of the theca cells is not well defined. Whereas
matrix metalloproteinase (MMP)2 is expressed exclusively in the theca cells of
preantral, preovulatory, and ovulating follicles (Lui et al., 1998), the other MMPs
and their inhibitors (TIMPs) exhibit more complex expression patterns for which
afunctionisnot yet clear. Based on the regulated expression of several ado-keto
reductase enzymes in the theca cells, it is possible that they act as a protective
shield to ensure that toxic levels (Richards et al., in press (a)) of compounds do
not reach the granulosa cells or the oocyte at an inopportune time. These changes
also may serveto protect the theca cellsthemselves and the ovary in general from
exposure to toxic compounds.
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FIG. 5. LH induction of progesterone receptor (PR) and ADAMTS-1 is essential for ovulation.
Expression of ADAMTS-1 is low in pregnant mare serum gonadotropin (PMSG)-treated mice but
increases markedly by 8—12 hours after human chorionic gonadotropin (hCG), as shown by in situ
hybridization and immunohistochemistry using an antibody to the prodomain of the protein (a-pro
ADAMTS-1). Expression of ADAMTS-1 isimpaired in the progesterone receptor knockout (PRKO)
mice (Robker et al., 2000). The molecular mechanisms by which PR induces ADAMTS-1 appear to
involve an indirect pathway, since consensus PR response elements (PRREs) are not found in the
proximal ADAMTS-1 promoter. The functional role(s) of ADAMTS-1 remains to be identified, since
this protease has multifunctional domains. In other tissues, it is a potent antiangiogenic factor, can
degrade aggrecan and brevican, and may impact the integrin system in a manner similar to throm-
bospondin. Thus, PR and ADAMTS-1 have the potential to regulate many steps in the ovulation process.

C. LUTEINIZING HORMONE-REGULATED GENES IN
GRANULOSA CELLS

The LH receptor isessential for ovulation and luteinization (Lei et al., 2001).
The LH-induced transcription factors in granulosa cells include early growth
regulatory factor-1 (Egr-1) (Espey et al., 2000a), CAAT enhancer binding
protein beta (C/EBPB) (Sirois and Richards, 1993), and progesterone receptor
(PR) (Park and Mayo, 1991; Natrg] and Richards, 1993) (Figures 2 and 5). Like
COX-2, each of these components of the ovulatory processisinduced rapidly but
is expressed only transiently, with peak levels of message and protein observed
approximately 4 hours after the LH surge. Each of these mediators appears to be
involved in the functional activity of granulosa cells of ovulating follicles, as
revealed by knockout studies (for a review, see Richards et al., 1998,2000,in
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press (a)). Other transcription factors such as the activator protein-1 (AP1) family
members (e.g., Fra2 and JunD) are induced rapidly by the LH surge but then
remain elevated in the nondividing, terminaly differentiated granulosa cells
during the postovulatory luteal phase (Sharma and Richards, 2000).

1. Progesterone Receptor (PR)

PR is a member of the nuclear receptor superfamily and regulates the
numerous functions in reproductive tissues, including the uterus, mammary
gland, and ovary. In the ovary, LH rapidly and selectively induces PR in mural
granulosa cells of preovulatory follicles (Park and Mayo, 1991; Natrgj and
Richards, 1993). The molecular mechanisms by which LH acts to induce PR are
not yet entirely clear but, in contrast to other tissues, strong evidence for arole
of ER is lacking. E alone does not induce PR in intact cells in vivo or in vitro
(Natrgj and Richards, 1993). Nor does E induce activity of PR-promoter |ucif-
erase constructs transfected into granulosa cells (Clemens et al., 1998; S.C.
Sharma and J.S. Richards, in preparation). In addition, PR mRNA and protein
can be induced by hCG in granulosa cells of PM SG-treated ERBKO mice (J.S.
Richards, unpublished observation). Furthermore, ovulation can be restored in
the ERaKO mice by controlling pituitary secretion of LH (Couse and Korach,
1999; Couse et al., 1999). Two regions of the PR promoter previously thought to
be involved in mediating LH induction of this gene —namely, the GC-rich region
of the distal promoter and the estrogen response element (ERE)3 site of the
proximal promoter (Clemenset al., 1998) — also do not seem to be required in the
context of the intact promoter (S.C. Sharma and J.S. Richards, in preparation).
Specificaly, deletion or mutation of the GC-rich region in the context of the
intact murine promoter does not alter functional activity of a luciferase reporter
construct when transfected into primary cultures of granulosa cells. Likewise,
deletion or mutation of the ERE3 site in the context of the intact promoter does
not alter activity. Additional deletional studies and mutational studies have
indicated that, in granulosa cells, the critical region of the PR promoter resides
downstream relative to the putative transcriptional initiation site. In fact, the
putative transcriptional start site can be deleted without affecting PR promoter
activity. This critical downstream region contains one of many numerous
putative cap sites scattered in the promoter, as indicated by computer-generated
sequence homology searches of the PR promoter. In addition, numerous RNA
transcripts are expressed in granulosa cells (Natrgj and Richards, 1993). Thus,
transactivation of the PR promoter in these cells appears to utilize a specific
region or can use many different cap sites. Therefore, although nuclear factor Y
(NF-Y), GATA, and Sp-1 binding sites have been characterized by electro-
phoretic mobility shift assays (EMSAS), none of these binding sitesis obligatory
for LH activation of PR-promoter-luciferase reporter constructs in granulosa
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cells (S.C. Sharmaand J.S. Richards, in preparation). Thus, the key transcription
factor(s) remain to be identified.

Mice null for PR fail to ovulate, even when stimulated by exogenous
hormones. These findings support other studies that implicated progesterone as a
key player in the ovulatory process (Lydon et al., 1995; Rose et al., 1999; Pall
et al., 2000). More specifically, mice null for PRA but not PRB exhibit impaired
ovulation, indicating the subtype specificity of PR action in the ovulation process
(Mulac-Jericevic et al., 2000; Conneely et al., 2001). Despite the failure of
ovulation to occur in PRKO/PRAKO mice, the expression of COX-2, cumulus
expansion, and luteinization proceed normally (Robker et al., 2000). Recently,
two targets of PR action were identified. These are ADAMTS-1 (for adisintegrin
and metaloproteinase with thrombospondin-like repeats) that is known as
METH-1 in human (Vazquez et al., 1999; Espey et al., 2000b), and cathepsin L
(Robker et al., 2000). Expression of ADAMTS-1 mRNA and protein is markedly
reduced in granulosa cells of PR null mice (Figure 5).

2. ADAMTS 1

ADAMTS-1 is selectively induced by LH in granulosa cells and cumulus
cells, with the peak level of mMRNA and protein being produced 8—12 hours after
exposure of ovaries to an ovulatory dose of hCG (a gonadotropin that is
functionally analogous to LH) (Espey et al., 2000b; Robker et al., 2000). The
peak in ADAMTS-1 transcription occurs after the peak of PR expression but
before ovulation, which is usually observed at 14-16 hours after exposure to
ovulatory hormones in mice and rats. Quite significantly, there are clear data to
show that the induction of ADAMTS-1 is drastically reduced in rats when the
preovulatory synthesis of progesterone is inhibited with epostane (Espey et al.,
2000b) or in mice that are null for PR (Robker et al., 2000). Thus, the temporal
pattern of these events indicates that ADAMTS-1 has a critical downstream role
in mediating the PR-regulated ovarian activity that culminates in the rupture of
afollicle. Whether or not PR acts directly or indirectly to control the expression
of these two distinct proteases remains to be determined. To date, no consensus
PR response element (PRRE) has been identified in the 1.6-kb ADAMTS-1
promoter and evidence for a direct effect of PR has not been observed in culture.
Therefore, we propose at the moment that PR controls expression of an inter-
mediary step that may be a specific signaling pathway that impacts transcription
factor activity at the ADAMTS-1 promoter (Figure 5).

ADAMTS-1 isamultifunctional protein and, as such, could exert more than
one function in the ovary. Which, if any, specifically impacts ovulation needs to
be defined. Three major sites of action are likely (Figure 5). ADAMTS-1 is
a potent active protease that cleaves, among other substrates, the bait region
of a2-macroglobulin (Kuno et al., 1999). As an active secreted protease, it is
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likely to initiate one or more proteolytic cascades that account for the ob-
served phenotype of the mice null for PR. As a protease, ADAMTS-1, like
ADAMTS-4 (also expressed in the ovary), may also control the amount and the
cellular location of various proteoglycans. Brevican and versican are present in
follicular fluid, perlican is present in the thecal compartment, and the cell surface
proteoglycans such as syndecan or glypican may be on either granulosa cells or
theca cells (Ishiguro et al., 1999; MacArthur et al., 2000). Both ADAMTS-1 and
ADAMTS-4 have been shown to degrade aggrecan and brevican (Kuno et al.,
2000; Nakamura et al., 2000; Tortorella et al., 2000). The action of ADAMTS-1
on proteoglycans present in ovarian folliclesis highly likely. By atering the local
concentrations of proteoglycans, ADAMTS-1 could aso regulate the activity of
specific growth factors, such as GDF-9, FGF-2 and FGF-7, EGF, TGF-«, or
Whnts, whose activity is known to be blocked by proteoglycans (Park et al.,
2000). Thus, alack of ADAMTS-1 might prevent the activation of one or more
potent bioactive factorsin the follicular fluid by preventing their release from the
proteoglycans.

The function for ADAMTS-1 in the follicle may be mediated by its ability
to interact with specific cellular signaling molecules through disintegrin or
thrombospondin motifs at the carboxy terminus of the protein (Kuno et al.,
1999). Like some other ADAM proteins, ADAMTS-1 may be asignaling protein
that regulates some aspect of granulosa cell function viainteractions with specific
cell surface G protein-coupled receptors (GPCRs), integrins, and tetraspan
proteins (Bigler et al., 2000; Le Naour et al., 2000). ADAMTS-1, like throm-
bospondin 1 (TS-1), is also a potent antiangiogenic factor that may interact with
integrins (Vazquez et al., 1999). Although TS-1 and -2 are expressed in ovarian
follicles (Bagavandoss et al., 1998), the specific roles of thrombspondins and
ADAMTS-1 have not been clearly delineated. Based on our limited understand-
ing of ADAMTS-1 in mammalian cells, it is difficult to predict which of its
multiple functions might be critical for impacting the process of ovulation.
Mutations of ADAMTS-1, ADAMTS4, and ADAMTS-9 genes are clearly
needed to resolve this important area of ovarian cell function and ovulation
(Figure 5).

3. Cathepsin L

Cathepsin L is another LH- and PR-regulated gene in the ovary that was
identified by cDNA array technology (Robker et al., 2000). Cathepsin L is a
member of the papain family of enzymes. It is commonly a lysosomal protease
but it isalso secreted from certain endocrine cells such as Sertoli cells of thetestis
and placental trophoblasts and from certain tumors (Ishidoh and Kominami,
1998). In the cat uterus, cathepsin L isalso regulated by progesterone (Jaffe et al.,
1989). The function of cathepsin L in the ovary appears to be complex. This
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enzyme is expressed in granulosa cells of follicles at severa different stages of
development in response to both FSH and LH. In addition, its expression in
ovulatory folliclesisimpaired in PR null mice (Robker et al., 2000). A functional
link between PR-regulated expression of ADAMTS-1 and cathepsin L is not
immediately obvious but thisissue will be clarified as more information is gained
about the specific roles of these proteases in the ovulation process. Cathepsin L,
like cathepsin G, may activate protease-activated receptors (PARS) (Sambrano et
al., 2000).

4. PACAP and the Type-1 PACAP Receptor (PACL)

Pituitary adenylate cyclase-activating peptide (PACAP) and PAC1 are also
LH-inducible genes that have been shown to be responsive to regulation by
progesterone and PR-antagonistsin vivo and in vitro (Gras et al., 1999; Ko et al.,
1999; Ko and Park-Sarge, 2000; Park et al., 2000). PACAP has been shown to
stimulate progesterone production as well as meiotic maturation in follicle-
enclosed, cumulus-enclosed oocytes (Gras et al., 1999; Ko and Park-Sarge,
2000). Thus, PACAP seemed to be a potential and attractive candidate that might
act downstream of PR to regulate transcriptional activation of ADAMTS-1.
However, expression of PACAP mRNA in ovaries of mice null for PR is
identical to that observed in ovaries of wild-type mice, indicating that PR is not
essential for LH-induced expression of PACAP (K.H. Doyle and J.S. Richards,
unpublished observations). Therefore, other signaling cascades may be regulated
by PR that impact the expression of ADAMTS-1 and cathepsin L.

IV. Summary

The number of factors now known to control the embryonic development of
the gonad as well asthe regulated progression of follicular growth, ovulation, and
luteinization is steadily increasing. Knockout studies have shown that members
of the TGFB family, the FGF family, and the Wnt/Frizzled pathway are among
the newer players to emerge on the scene. In addition, new actions for some of
the older players have been identified, such as the ability of FSH to impact the
PI3-kinase cascade in a manner independent of PKA. The multiplicity of LH
actions in specific microenvironments during ovulation has now documented
how complex and finely tuned this process really is. Although many proteases
are expressed in the ovary and are hormonally regulated, the novel protease
ADAMTS-1 and cathepsin L, rather than the MMPs, have gained particular
recognition. New members and new functions for steroid receptors are being
unraveled. The roles of ER subtypes ERa and ERf in the ovary as well as PR
are critical for ovarian function. The identification of SF-2 is intriguing and
demands that the specific roles of SF-1 and SF-2 be reanalyzed at |ater stages of
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follicular growth. The future will clearly bring more excitement and resolution to
the dynamics of ovarian follicular development, ovulation, and luteinization.

ACKNOWLEDGMENTS

Supported in part by NIH-HD-16272, HD-16229, and a Specialized Cooperative Centers
Program in Reproductive Research (SCCPRR)-HD-07495.

REFERENCES

Adashi EY, Resnick CE, D’Ercole AJ, Svoboda ME, Van Wyk JJ 1985 Insulin-like growth
factors as intraovarian regulators of granulosa cell growth and function. Endocr Rev 6:400—
420

Alexander CM, Reichman F, Hinkes MT, Lincecum J, Becker KA, Cumberledge S, Bernfield
M 2000 Syndecan-1 is required for Wnt-1-induced mammary tumorigenesis in mice. Nature
Genet 25:329-332

Alliston TN, Maiyar AC, Buse P, Firestone GL, Richards JS1997 Follicle stimulating hormone-
regulated expression of serum/glucocorticoid-inducible kinase in rat ovarian granulosa cells:
a functional role for the Spl family in promoter activity. Mol Endocrinol 11:1934-1949

Alliston TN, Gonzalez-Robayna 1J, Buse P, Fireston GL, Richards JS2000 Expression and
localization of serum/glucocorticoid-induced kinase in the rat ovary: relation to follicular
growth and differentiation. Endocrinology 141:385-395

Bagavandoss P, Sage EH, Vernon RB998 Secreted protein, acidic and rich in cysteine (SPARC)
and thrombospondin in the developing follicle and corpus luteum of the rat. J Histochem
Cytochem 46:1043-1049

Baker J, Hardy MP, Zhou J, Bondy C, Lupu F, Bellve AR, Efstratiadis A 1996 Effects of an Igf1
gene null mutation on mouse reproduction. Mol Endocrinol 10:903-918

Bigler D, Takahashi Y, Chen MS, Almeda EAC, Osbourne L, White JM 2000 Sequence specific
interaction between disintegrin domain of mouse ADAM 2 (fertilin 8) and murine eggs. JBiol
Chem 275:11576-11584

Boerboom D, Pilon N, Behdjani R, Silversides DW, Sirois 2000 Expression and regulation of
transcripts encoding two members of the NR5A nuclear receptor subfamily of orphan nuclear
receptors, steroidogenic factor-1 and NR5A2, in equine ovarian cells during the ovulatory
process. Endocrinology 141:4647—4656

Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA, McMahon
AP, Weinberg RA 2000 Essential function of Wnt-4 in mammary gland development
downstream of progesterone signaling. Genes Dev 14:650—654

Brownawell AM, Kops GJPL, Macara |G, Burgering BMT 2001 Inhibition of nuclear import by
protein kinase B (Akt) regulates the subcellular distribution and activity of the forkhead
transcription factor AFX. Mol Cell Biol 21:3534—-3546

Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden KC, Blenis J,
Greenberg ME 1999 Akt promotes cell survival by phosphorylating and inhibiting a
forkhead transcription factor. Cell 96:857—-868

Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg ME 2001 Protein kinase SGK
mediates survival signals by phosphorylating the forkhead transcription factor FKHRL1
(FOX03a). Mal Cell Biol 21:952-965

Burks DJ, de Mora JF, Schubert M, Withers DJ, Myers MG, Towery HH, Altamuro SL, Flint
CL, White MF 2000 IRS-2 pathways integrate femal e reproduction and energy homeostasis.
Nature 407:377-382



214 JOANNE S. RICHARDS ET AL.

Burns KH, Yan C, Kumar TR, Matzuk MM 2001 Analysis of ovarian gene expression in
follicle-stimulating hormone 8 knockout mice. Endocrinology 142:2742-2751

Cadigan KM, Nusse R 1997 Wnt signaling: a common theme in animal development. Genes Dev
11:3286—-3305

Carlone DL, Richards JS 1997 Functiona interactions, phosphorylation, and levels of 3'5'-cyclic
adenosine monophosphate-regulatory element binding protein and steroidogenic factor-1
mediate hormone-regulated and constitutive expression of aromatase in gonadal cells. Mol
Endocrinol 11:292-304

Chapman SC, Woodruff TK 2001 Modulation of activin signal transduction by inhibin B and
inhibin-binding protein (INhBP). Mol Endocrinol 15:668

Chen L, Zhang H, Powers RW, Russell PT, Larsen WJ 1996 Covalent linkage between proteins
of the inter-a-inhibitor family and hyaluronic acid is mediated by a factor produced by
granulosa cells. J Biol Chem 271:19409-19414

ClemensJW, Lala D, Parker KL, Richards JS 1994 Steroidogenic factor-1 binding and transcrip-
tional activity of the cholesterol side-chain cleavage promoter in rat granulosa cells. Endo-
crinology 134:1499-1508

Clemens JW, Kraus WL, Katzenellenbogen BS, Richards JS 1998 Hormone induction of
progesterone receptor (PR) mRNA and activation of PR promoter regions in ovarian
granulosacells: evidence for arole of cAMP but not estradiol. Mol Endocrinol 12:1201-1214

Coleman-Krnacik S, Rosen JM 1994 Differential temporal and spatial gene expression of fibroblast
growth factor family members during mouse mammary gland development. Mol Endocrinol
8:218-229

Colvin JS, Green RP, Schmahl J, Capel B, Ornitz DM 2001 Male-to-female sex reversa in mice
lacking fibroblast growth factor 9. Cell 104:875-889

Conneely OM, Mulac-Jericevic B, Lydon JP, DeMayo FJ 2001 Reproductive functions of the
progesterone receptor isoforms: lessons from knockout mice. Mol Cell Endocrinol 179:97—
103

Couse JF, Korach K S 1999 Estrogen receptor null mice: what have we learned and where will they
lead us? Endocr Rev 20:358—-417

Couse JF, Bunch DO, Lindzey J, Schomberg DW, Korach KS 1999 Prevention of the polycystic
ovarian phenotype and characterization of ovulatory capacity in the estrogen receptor-a
knockout mouse. Endocrinology 140:5855-5894

Davis BJ, Lennard DE, Lee CA, Tiano HF, Morham SG, Wetsel WC, Langenbach R 1999
Anovulation in cyclo-oxygenase-2-deficient mice is restored by prostaglandin E2 and inter-
leukin-18. Endocrinology 140:2685-2696

de Rooij J, Zwartkruis FJT, Verheijen MHG, Cool RH, Nijman SMB, Wittinghofer A, Bos JL
1998 Epac is a Rapl guanine-nucleotide-exchange factor directly activated by CAMP. Nature
396:474-477

de Rooij J, Rehmann H, van Triest M, Cool RH, Wittinghofer A, Bos JL 2000 Mechanism of
regulation of the Epac family of cAMP-dependent RapGEFs. J Biol Chem 275:20829-20836

Dinchuk JE, Car BD, Focht RJ, Johnston JJ, Jaffee BD, Covington MB, Contel NR, Eng VM,
Collins RJ, Czerniak PM, Gorry SA, Trzaskos J 1995 Renal abnormalities and an altered
inflammatory response in mice lacking cyclooxygenase I1. Nature 378:406—-409

Elvin JA, Clark AT, Wang P, Wolfman NM, Matzuk MM 1999 Paracrine actions of growth
differentiation factor-9 in the mammalian ovary. Mol Endocrinol 13:1035-1048

Eppig JJ 1991 Intercommunication between the mammalian oocytes and companion somatic cells.
Bioessays 13:569-574

Espey LL, Ujoka T, Russell DL, Skelsey M, Vladu B, Robker RL, Okamura H, Richards JS
2000a Induction of early growth response protein-1 (Egr-1) gene expression in the rat ovary
in response to an ovulatory dose of hCG. Endocrinology 141:2385-2391



SIGNALING PATHWAYS IN THE OVARY 215

Espey LL, Yoshioka S, Russell DL, Robker RL, Fujii S, Richards JS 2000b Ovarian expression
of a disintegrin metalloproteinase with thrombospondin motifs during ovulation in the
gonadotropin-primed immature rat. Biol Reprod 62:1090—1095

Fitzpatrick SL, Richards JS 1994 Identification of a cyclic adenosine 3',5’-monophosphate
response element in the rat aromatase promoter that is required for transcriptional activation
in rat granulosa cells and R2C Leydig cells. Mol Endocrinol 8:1309-1319

Fulop C, Kamath RV, Li Y, Otto JM, Salustri A, Olsen BR, Glant TT, Hascall VC 1997 Coding
sequence, exon-intron structure and chromosomal localization of murine TNF-stimulated
gene 6 that is specifically expressed by expanding cumulus cell-oocyte complexes. Gene
202:95-102

Gonzalez-Robayna |J, Alliston TN, Buse P, Firestone GL, Richards JS 1999 Functional and
subcellular changes in the A-kinase signaling pathway: relation to aromatase and Sgk
expression during the transition of granulosa cells to luteal cells. Mol Endocrinol 13:1318—
1337

Gonzalez-Robayna | J, Falender AE, Ochsner S, Firestone GL, Richards JS 2000 FSH stimulates
phosphorylation and activation of protein kinase B (PKB/Akt) and serum and glucocorticoid-
induced kinase (Sgk): evidence for A-kinase independent signaling in granulosa cells. Mol
Endocrinol 14:1283-1300

Gras S, Hannibal J, Fahrenkrug J 1999 Pituitary adenylate cyclase-activating polypeptide is an
auto/paracrine stimulator of acute progesterone accumulation and subsequent luteinization in
cultured periovulatory granulosa/lutein cells. Endocrinology 140:2199-2205

Guarente L, Kenyon C 2000 Genetic pathways that regulate ageing in model organisms. Nature
408:255-262

Guidice LC 2000 IGFs in the female reproductive system. In Rosenfeld R, Roberts C, eds.
Contemporary Endocrinology: The IGF System. Totowa, NJ: Humana Press; 379—404

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, Morin PJ, Vogelstein B,
Kinzler KW 1998 Identification of c-MYC as a target of the APC pathway. Science
281:1509-1512

Heckert LL 2000 Activation of the rat follicle-stimulating hormone receptor promoter by steroido-
genic factor-1 is blocked by protein kinase A and requires upstream stimulatory factor binding
to a proximal E box element. Mol Endocrinol 15:704—715

Hess KA, Chen L, Larsen WJ 1999 Inter-a-inhibitor binding to hyaluronan in the cumulus
extracellular matrix is required for optimal ovulation and development of mouse oocytes. Biol
Reprod 61:436-443

Hizaki H, Segi E, Sugimoto Y, Hirose M, Saji T, Ushikubi F, Matsuoka T, Noda Y, Tanaka T,
Yoshida N, Narumiya S, Ichikawa A 1999 Abortive expansion of the cumulus and impaired
fertility in mice lacking the prostaglandin E receptor subtype EP2. Proc Natl Acad Sci USA
96:10501-10506

Hsieh M, Johnson MA, Greenberg NM, Richards JS 2002 Regulated expression of Wnts and
Frizzleds at specific stages of follicular development in the rodent ovary. Endocrinology, in
press

Hsueh AJW, Billig H, Tsafriri A 1994 Ovarian follicle atresia: a hormonally controlled apoptotic
process. Endocr Rev 15:707-724

I'shidoh K, Kominami E 1998 Gene regulation and extracellular functions of procathepsin L. J Biol
Chem 379:131-135

Ishiguro K, Kojima T, Taguchi O, Saito H, Muramatsu T, Kadomatsu K 1999 Syndecan-4
expression is associated with follicular atresia in mouse ovary. Histochem Cell Biol 112:
25-33

Ishikawa T, Tamai Y, Zorn AM 2001 Mouse Wnt receptor Frd5 is essential for yolk sac and
placental angiogenesis. Development 128:25-33



216 JOANNE S. RICHARDS ET AL.

Ito M, Park Y, Mayo KF, Jameson JL 2000 Synergistic activation of the inhibin alpha-promoter
by steroidogenic factor-1 and cyclic adenosine 3’,5’-monophosphate. Mol Endocrinol 14:
66-81

Jaffe RC, Donnelly KM, Mavrogianis PA, Verhage HG 1989 Molecular cloning and character-
ization of a progesterone-dependent cat endometrial secretory protein complementary de-
oxyribonucleic acid. Mol Endocrinol 3:1807-1814

Jordan BK, Mohammed M, Ching ST, Delot E, Chen XN, Dewing P, Swain A, Rao PN, Eljalde
BR, Vilain E 2001 Up-regulation of WNT-4 signaling and dosage-sensitive sex reversa in
humans. Am J Hum Genet 68:1102-1109

Joyce IM, Pendola FL, O'Brien M, Eppig JJ 2001 Regulation of prostaglandin-endoperoxide
synthase 2 ribonucleic acid in mouse granulosa cells during ovulation. Endocrinology
142:3187-3197

Kaestner KH, Knochel W, Martinex DE 2000 Unified nomenclature for the winged helix/forkhead
transcription factors. Genes Dev 14:142-146

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, Matsuda M, Housman DE,
Graybiel AM 1998 A family of cCAMP-binding proteins that directly activate Rapl. Science
282:2275-2279

Kispert A, Vanio S, McMahon AP 1998 Wnt-4 is a mesenchymal signal for epithelia transfor-
mation of metanephric mesenchyme in the developing kidney. Development 125:4225-4234

Ko C, Park-Sarge OK 2000 Progesterone receptor activation mediates LH-induced type-| pituitary
adenylate cyclase activating polypeptide receptor (PAC(1)) gene expression in rat granulosa
cells. Biochem Biophys Res Commun 277:270-279

Ko C, In YH, Park-Sarge OK 1999 Role of progesterone receptor activation in pituitary adenylate-
cyclase activating polypeptide gene expression in rat ovary. Endocrinology 140:5185-5194

Kops GJPL, de Ruiter ND, De Vries-Smits AMM, Powell DR, Bos JL, Burgering BMT 1999
Direct control of the Forkhead transcription factor AFX by protein kinase B. Nature
398:630—-634

Kuhl M, Sheldahl LC, Park M, Miller JR, Moon RT 2000 The Wnt/Ca?" pathway: a new
vertebrate Wnt signaling pathway takes shape. Trends Genet 16:279-283

Kumar TR, Wang Y, Lu N, Matzuk MM 1997 Follicle stimulating hormoneis required for ovarian
follicle maturation but not male fertility. Nature Genet 15:201-204

Kuno K, Terashima Y, Matsushima K 1999 ADAMTS-1 is an active metalloproteinase with the
extracellular matrix. J Biol Chem 274:18821-18826

Kuno K, Okada Y, Kawashima H, Nakamura H, Miyasaka M, Ohno H, Matsushima K 2000
ADAMTS-1 cleaves a cartilage proteoglycan, aggrecan. FEBS Lett 478:241-245

Lee TH, Wisiewski H-G, Vilcek J 1992 A novel secretory tumor necrosis factor-inducible protein
(TSG-6) is a member of the family of hyaluronate binding proteins, closely related to the
adhesion receptor CD44. J Cell Biol 116:545-557

Lei ZM, Mishra S, Zou W, Xu B, Foltz M, Li X, Rao CV 2001 Targeted disruption of luteinizing
hormone/human chorionic gonadotropin receptor gene. Mol Endocrinol 15:184-200

Le Naour F, Rubenstein E, Jasmin C, Prenant M, Boucheix C 2000 Severely reduced female
fertility in CD9-deficient mice. Science 287:319-324

LeRoith D, Werner H, Beitner-Johnson D, Roberts CT Jr 1995 Molecular and cellular aspects of
insulin-like growth factor | receptor. Endocr Rev 16:143-163

Levallet J, Koskimies P, Rahman N, Huhtaniemi | 2001 The promoter of murine follicle-
stimulating hormone receptor: functional characterization and regulation by transcription
factor steroidogenic factor 1. Mol Endocrinol 15:80-92

Lewis KA, Gray PC, Blount AL, MacConell LA, Wiater E, Bilezikjian LM, Vale W 2000
Betaglycan binds inhibin and can mediate functional antagonism of activin signalling. Nature
404:411-414



SIGNALING PATHWAYS IN THE OVARY 217

Lin K, Hsin H, Libina N, Kenyon C 2001 Regulation of the Caenorhabditis elegans longevity
protein DAF-16 by insulin/IGF-1 and germline signaling. Nature Genet 28:139-145

Lin X, Perrimon N 1999 Dally cooperates with Drosophila Frizzled 2 to transduce Wingless
signaling. Nature 400:281-284

Liu T, DeCostanzo AJ, Liu X, Wang HY, Hallagan S, Moon RT, Malbon CC 2001 G protein
signaling from activated rat frizzled-1 to beta-catenin-Lef-Tcf pathway. Science 292:1718—
1722

Lui K, Wahlberg P, Ny T 1998 Coordinated and cell-specific regulation of membrane type matrix
metalloproteinase 1 (MT1-MMP) and its substrate matrix metalloproteinase 2 (MMP-2) by
physiological signals during follicular development and ovulation. Endocrinology 139:4735—
4738

Lydon JP, DeMayo F, Funk CR, Mani SK, Hughes AR, Montgomery CA, Shyamala G,
Conneely OM, O’'Malley BW 1995 Mice lacking progesterone receptor exhibit reproductive
abnormalities. Genes Dev 9:2266—2278

MacArthur ME, Irving-Rodgers HF, Byers S, Rodger s RJ 2000 Identification and immunolocal-
ization of decorin, versican, perlecan, nidogen, and chondroitin sulfate proteoglycans in
bovine small-antral ovarian follicles. Biol Reprod 63:913-924

Maizels ET, Mukherjee A, Sithanandam G, Peters CA, Cottom J, Mayo KE, Hunzicker-Dunn
M 2001 Developmental regulation of mitogen-activated protein kinase-activated kinases-2
and -3 (MAPKAPK-2/3) in vivo during corpus luteum formation in the rat. Mol Endocrinol
15:716-733

Mao J, Wang J, Liu B, Pann W, Farr GH, Flynn C, Yuan H, Takada S, Kimelman D, Li L, Wu
D 2001 Low-density lipoprotein related-receptor protein-5 binds to Axin and regulates the
canonical Wnt signaling pathway. Mol Cell 7:801-809

Medema RH, Kops GJP, Bos JL, Burgering BMT 2000 AFX-like forkhead transcription factors
mediate cell cycle regulation by Ras and PKB through p27<'™. Nature 404:782-787

Miller JR, Hocking AM, Brown JD, Moon RT 1999 Mechanism and function of signal transduc-
tion by Wnt/beta-catenin and Wnt/Ca?* pathways. Oncogene 18:7860—7872

Monkley SJ, Delaney SJ, Pennisi DJ, Christiansen JH, Wainwright BJ 1996 Targeted disruption
of the Wnt2 gene results in placental defects. Development 122:3343-3353

Morham SG, Langenback R, Loftin CD, Tiano HF, Vouloumanos N, Jennette JC, Mahler JF,
Kluckman KD, Ledford A, Lee CA, Smithies O 1995 Prostaglandin synthase 2 gene
disruption causes severe renal pathology in the mouse. Cell 83:473-482

Morohashi K, YoshiokaH, Kawajiri K 2001 Organogenesis of gonads and transcription factors. In:
Program & Abstracts of the 83rd Annual Meeting of The Endocrine Society, June 20—23,
Denver, Colorado; 22 (Abstract TP1-1)

Mulac-Jericevic B, Mullinax RA, DeMayo FJ, Lydon JP, Conneely OM 2000 Subgroup of
reproductive functions of progesterone mediated by receptor-B isoform. Science 289:1751—
1754

Nakae J, Barr V, Accili D 2000 Differential regulation of gene expression by insulin and IGF-1
receptors correlates with phosphorylation of a single amino acid residue in the forkhead
transcription factor FKHR. EMBO J 19:989-996

Nakamura H, Fujii Y, Inoka |, Kazuhiko S, Tanzawa K, Matsuki H, Miura R, Yamaguchi Y,
Okada Y 2000 Brevican is degraded by matrix metalloproteinases and aggrecanase-1
(ADAMTS-4) at different sites. J Biol Chem 275:38885-38890

Natraj U, Richards JS 1993 Hormonal regulation, localization and functional activity of the
progesterone receptor in granulosa cells of rat preovulatory follicles. Endocrinology 133:761—
769



218 JOANNE S. RICHARDS ET AL.

Ochsner SA, Russell DL, Richards JS 2001 Absence of TSG-6 expression in cumulus cells of the
cyclooxygenase-2 knockout mouse. In: Program & Abstracts of the 83" Annual Meeting of
The Endocrine Society, June 20-23, Denver, CO; 372 (Abstract P2-370)

Orly J 2000 Molecular events defining follicular developments and steroidogenesis in the ovary. In
Shupnik MA, ed. Gene Engineering in Endocrinology. Totowa, NJ Humana Press; 239-275

Otsuka F, Moore RK, Shimasaki S 2001 Biological effects and cellular mechanisms of bone
morphogenetic protein-6 in the ovary. J Biol Chem 276:32889-32895

Pall M, Mikuni M, Mitsube K, Brannstrom M 2000 Time-dependent ovulation inhibition of a
selective progesterone-receptor antagonist (Org 31710) and effect on ovulatory mediators in
the in vitro perfused rat ovary. Biol Reprod 63:1642-1647

Park J-11, KimW-J, Wang L, Park H-J, LeeJ, Park J-H, Kwon H-B, Tsafriri A, Chun S-Y 2000
Involvement of progesterone in gonadotropin-induced pituitary adenylate cyclase-activating
polypeptide gene expression in preovulatory follicles of rat ovary. Mol Human Reprod
6:238-245

Park O-K, Mayo K 1991 Transient expression of progesterone receptor messenger RNA in ovarian
granulosa cells after the preovulatory luteinizing hormone surge. Mol Endocrinol 5:967-978

Park PW, Reizes O, Bernfield M 2000 Cell surface heparan sulfate proteoglycans: selective
regulators of ligand-receptor encounters. J Biol Chem 275:29923-29926

Parr BZ, McMahon AP 1998 Sexually dimorphic development of the mammalian reproductive tract
requires Wnt 7a. Nature 395:707-710

Phippard DJ, Weber-Hall SJ, Sharpe PT, Naylor MS, Jayatalake H, Maas R, Woo I,
Roberts-Clark D, FrancisWest PH, Liu YH, Maxson R, Hill RE, Dale TC 1996
Regulation of Msx-1, Msx-2, Bmp-2 and Bmp-4 during foetal and postnatal mammary gland
development. Development 122:2729-2737

Pinson K1, Brennan J, Monkley S, Avery BJ, Skarnes WC 2000 An LDL -receptor-related protein
mediates Wnt signaling in mice. Nature 407:535-538

Porter DA, Vickers SL, Cowan RG, Huber SC, Quirk SM 2000 Expression and function of Fas
antigen in bovine granulosa cells and theca cells during ovarian follicular development and
atresia. Biol Reprod 62:62—66

Pru JK, Tilly JL 2001 Programmed cell death in the ovary: insight and future prospects using
genetic technologies. Mol Endocrinol 15:845-853

RaoMC, Midgley AR, Richards JS 1978 Hormonal regulation of ovarian cellular proliferation. Cell
14:71-78

Rattner A, Hsieh JC, Smallwood PM, Gilbert DJ, Copeland NG, Jenkins NA, Nathans J 1997
A family of secreted proteins contains homology to the cysteine-rich ligand binding domain
of frizzled receptors. Proc Natl Acad Sci USA 94:2859-2863

Richards JS 1994 Hormonal control of gene expression in the ovary. Endocr Rev 15:725-751

Richards JS 2001a New signaling pathways for hormones and cyclic adenosine 3',5’-monophos-
phate action in endocrine cells. Mol Endocrinol 15:209-218

Richards JS 2001b The ovarian follicle — a perspective in 2001. Endocrinology 142:1-10

Richards JS, Russell DL, Robker RL, Dajee M, Alliston TN 1998 Molecular mechanisms of
ovulation and luteinization. Mol Cell Endocrinol 145:47-54

Richards JS, Robker RL, Russell D, Sharma CS, Espey LE, Lydon J, O’'Malley BW 2000
Ovulation: a multi-gene, multi-step process. Steroids 65:559-570

Richards JS, Russell DL, Ochsner S, Espey LL 2002a Ovulation: new dimensions and new
regulators of the inflammatory-like response. Annu Rev Physiol 64, in press

Richards JS, Sharma SC, Falender AE, Lo YH 2002b Expression of FKHR, FKHRL1 and AFX
genes in the rodent ovary: evidence for regulation by IGF-1, estrogen and the gonadotropins.
Mol Endocrinol, in press



SIGNALING PATHWAYS IN THE OVARY 219

Robker RL, Richards JS 1998a Hormonal control of the cell cycle in ovarian cells: proliferation
versus differentiation. Biol Reprod 59:476—482

Robker RL, Richards JS 1998b Hormone-induced proliferation and differentiation of granulosa
cells: a coordinated balance of the cell cycle regulators cyclin D2 and p27KIP1. Mol
Endocrinol 12:924-940

Robker RL, Russell DL, Espey LL, Lydon JP, O’'Malley BW, Richards JS 2000 Progesterone-
regulated genes in the ovulation process: ADAMTS-1 and cathepsin L proteases. Proc Natl
Acad Sci USA 97:4689-4694

Rose UM, Hanssen RGJM, Kloosterboer HJ 1999 Development and characterization of anin vitro
ovulation model using mouse ovarian follicles. Biol Reprod 61:503-511

Salustri A, Camaioni A, Di Giacomo M, Fulop C, Hascall VC 1999 Hyaluronan and proteoglycans
in ovarian follicles. Hum Reprod Update 5:293-301

Sambrano GR, Huang W, Faruqi T, Mahrus S, Craik C, Coughlin SR 2000 Cathepsin G
activates protease-activated receptor-4 in human platelets. J Biol Chem 275:6819-6823

Sato H, Kajikawa S, Kuroda S, Horisawa Y, Nakamura N, Kaga N, Kakinuma C, Kato K,
Morishita H, Niwa H, Miyazaki J-1 2001 Impaired fertility in female mice lacking urinary
trypsin inhibitor. Biochem Biophys Res Commun 281:1154-1160

Schuur ER, Loktev AV, Sharma M, Sun Z, Roth RA, Weigel RJ 2001 Ligand-dependent
interaction of estrogen receptor-a with FKHR. J Biol Chem 276:33554—-33560

Sharma CS, Richards JS 2000 Regulation of AP1 (Jun/Fos) factor expression and activation in
ovarian granulosa cells: relation of JunD and Fra2 to termina differentiation. J Biol Chem
275:33718-33728

Shen W-H, Moore CCD, Ikeda Y, Parker K, Ingraham HA 1994 Nuclear receptor steroidogenic
factor 1 regulates the Mullerian inhibiting substance gene: a link to the sex determination
cascade. Cell 77:651-661

SiroisJ, Richards JS 1993 Transcriptional regulation of the rat prostaglandin endoperoxide synthase
2 gene in granulosa cells. J Biol Chem 268:21931-21938

Sirois J, Simmons DL, Richards JS 1992 Hormonal regulation of messenger ribonucleic acid
encoding a novel isoform of prostaglandin endoperoxide H synthase in rat preovulatory
follicles. J Biol Chem 267:11586—-11592

Slusarski DC, Corces VG, Moon RT 1997 Interaction of Wnt and a Frizzled homologue triggers
G-protein-linked phosphatidylinositol signalling. Nature 390:410—-413

Swain A, Zanaria E, Hacker A, Lovell-Badge R, Camerino G 1996 Mouse Dax-1 expression is
consistent with a role in sex determination as well as adrenal and hypothalamic function.
Nature Genet 12:404—409

Tamai K, Semenov M, Kato Y, Spokony R, Liu C, Katsuyama Y, HessF, Saint-Jeannet J-P, He
X 2000 LDL-receptor-related proteins in Wnt signal transduction. Nature 407:530-535

Tanaka M, Kirito K, Kashii Y, Uchida M, Watanabe T, Endo H, Endoh T, Ozawa K, Komatsu
N 2001 Forkhead family transcription factor FKHRL1 is expressed in human megakaryo-
cytes. Regulation of cell cycling as a downstream molecule of thrombopoietin signaling.
J Biol Chem 276:15082—15089

Tilley SL, Audoly LP, Hicks EH, Kim H-S, Flannery PJ, Coffman TM, Koller BH 1999
Reproductive failure and reduced blood pressure in mice lacking the EP2 prostaglandin E2
receptor. J Clin Invest 103:1539-1545

Tortorella MD, Pratta M, Liu R-Q, Austin J, Ross OH, Abbaszade |, Burn T, Arner E 2000
Sites of aggrecan cleavage by recombinant human aggrecanase-1 (ADAMTS-4). JBiol Chem
275:18566—-18573

Tsuda M, Kamimura K, Nakato H, Archer M, Staatz W, Fox B, Humphrey M, Olson S, Futch
T, Kaluza V, Siegfried E, Stam L, Selleck SB 1999 The cell-surface proteoglycan Dally
regulates Wingless signalling in Drosophila. Nature 400:276—280



220 JOANNE S. RICHARDS ET AL.

Vainio S, Heikkila M, Kispert A, Chin N, McMahon AP 1999 Female development in mammals
is regulated by Wnt-4 signalling. Nature 397:405-409

Vanhaesebroeck B, Alessi DR 2000 The PI3K-PDK1 connection: more than just a road to PKB.
Biochem J 346:561-576

Vazquez F, Hastings G, Ortega M-A, Lane TF, Oikemus S, Lombardo M, Iruela-Arispe ML
1999 METH-1, ahuman ortholog of ADAMTS-1, and METH-2 are members of anew family
of proteins with angio-inhibitory activity. J Biol Chem 274:23349-23357

Wakefield LM, Piek E, Bottinger EP 2001 TGF-betasignaling in mammary gland devel opment and
tumorigenesis. J Mammary Gland Biol Neoplasia 6:67—82

Watanabe K, Clarke TR, Lane AH, Wang X, Donahoe PK 2000 Endogenous expression of
Mullerian inhibiting substance in early postnatal rat Sertoli cells requires multiple steroido-
genic factor-1 and GATA-4-binding sites. Proc Natl Acad Sci USA 97:1624-1629

Weber-Hall SJ, Phippard DJ, Niemeyer CC, Dale TC 1994 Developmental and hormonal
regulation of Wnt gene expression in the mouse mammary gland. Differentiation 57:205-214

Wehrli M, Dougan ST, Caldwell K, O’Keefe L, SchwartZ S, Vaizel-Ohayon D, Schejter E,
Tomlinson A, DiNardo S 2000 Arrow encodes an L DL -receptor-related protein essential for
Wingless signaling. Nature 407:527-530

Weigel PH, Hascall VC, Tammi M 1997 Hyaluronan synthase. J Biol Chem 272:13997-14000

Wu JY, Gonzalez-Robayna 1J, Richards JS, Means AR 2000 Female fertility is reduced in mice
lacking Ca*?/calmodulin-dependent kinase 1V. Endocrinology 141:4777—4784

Yoshioka S, Ochsner S, Russell DL, Ujioka T, Fujii S, Richards JS, Espey LL 2000 Expression
of tumor necrosis factor-stimulated gene-6 in the rat ovary in response to an ovulatory dose
of gonadotropin. Endocrinology 141:4114—-4119

Yu RN, Ito M, Saunders TL, Camper S, Jameson JL 1998 Role of Ahch in gonada development
and gametogenesis. Nature Genet 20:353-357

Zaczek D, Service D, Bartke A, Coschigano K, Suen L, Wandji S, Hammond J 2001 Ovarian
follicles are reduced in number but not function in GH receptor (GHR) knockout (KO) mice.
In Program & Abstracts of the 83rd Annual Meeting of The Endocrine Society, June 20-23,
Denver, CO; 377 (Abstract P2—394)

Zang P, Mellon SH 1996 The orphan nuclear receptor steroidogenic factor-1 regulates the cyclic
adenosine 3',5’-monophosphate-mediated transcriptional activation of rat cytochrome
P450c17 (17apha-hydroxylase/c17-20 lyase). Mol Endocrinol 10:147-158

Zhao HH, Herrera RE, Coronado-Heinsohn E, Yang MC, Ludes-Meyers JH, Seybold-Tilson
KJ, Nawaz Z, Yee C, Barr FG, Diab SG, Brown PH, Fugua SAW, Osborne CK 2001
FKHR functions as a bifunctional nuclear receptor interacting protein with both coactivator
and corepressor functions. J Biol Chem 276:27907-27912

Zhou J, Refuerzo J, Bondy C 1995 Granulosa cell DNA synthesis is strictly correlated with the
presence of insulin-like growth factor | and absence of c-fos/c-jun expression. Mol Endocrinol
9:924-931

Zhou J, Kumar TR, Matzuk MM, Bondy C 1997 Insulin-like growth factor | regulates gonado-
tropin responsiveness in the murine ovary. Mol Endocrinol 11:1924-1933

Zhou L, Yoneda M, Zhao M, Yingsung W, Yoshida N, Kitagawa Y, Kawamura K, Suzuki T,
Kimata K 2001 Defect in SHAP-hyaluronan complex causes severe femaleinfertility: a study
by inaction of the bikunin gene in mice. J Biol Chem 276:7693—-7696



