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ABSTRACT OF DISSERTATION

MOLECULAR MECHANISMS UNDERLYING HORMONAL REGULATION OF
THE MURINE GONADOTROPIN-RELEASING HORMONE RECEPTOR GENE

Interaction of gonadotropin-releasing hormone (GnRH) with its receptor on
the surface of gonadotropes represents a central point for regulation of
reproductive function. Consequently, considerable effort has been devoted
toward understanding the regulation of this hormone and its receptor. Toward
this end, | have found that transcriptional activity of the murine GnRH receptor
(GnRHR) gene is mediated by three elements: a binding site for steroidogenic
factor-1 (SF-1), an AP-1 element and the GnRH receptor activating sequence
(GRAS). Each of these elements contributes approximately equally to basal
activity of the promoter (1). Activin, a member of the TGF- family of growth and
differentiation factors, stimulates expression of the murine GnRHR gene. | have
established that 600 bp of 5' flanking sequence from this gene are sufficient to
confer activin responsiveness in the gonadotrope-derived aT3-1 cell line. GRAS
was both necessary and sufficient to confer activin responsiveness. At issue,
then, was the identity of the DNA binding proteins necessary to mediate

functional activity at GRAS. | have found that Smad4 interacts
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at the 5 end of GRAS. Smad3 appears to interact at GRAS based on
overexpression and yeast one-hybrid assays. Interestingly, GRAS also mediates
a synergistic response to activin and GnRH. Consistent with GnRH reguiation at
GRAS, | have shown that Jun and Fos bind to the center of GRAS. Furthermore,
a recently identified member of the forkhead family of transcription factors,
FoxL2, can interact at the 3' end of GRAS. Thus, GRAS represents a composite
regulatory element that is bound by a multi-factoral complex. The AP-1 element
has been shown to mediate responsiveness to GnRH (2;3). | have found that
GnRH responsiveness of the GnRHR gene is greatly attenuated by estradiol.
Replacement of the AP-1 element with a cAMP response element (CRE) does
not affect GnRH-responsiveness of the promoter, but does eliminate the effect of

estradiol.

Buffy S. Ellsworth

Cell and Molecular Biology
Program

Colorado State University
Fort Collins, CO 80523
Fall 2002
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CHAPTER ONE
INTRODUCTION

Gonadotropin-releasing hormone (GnRH) was structurally characterized in
1971 (4), and has since been shown to play a central role in reproduction. The
release of GnRH from the hypothalamus is necessary for synthesis and secretion
of luteinizing hormone (LH) and, to a lesser extent, follicle-stimulating hormone
(FSH) from the anterior pituitary gland (5-8). In addition, expression of genes
encoding the subunits of LH is dependent on GnRH input (9).

Fluxuations in GnRH secretion from the hypothalamus (7;10-13) and
changes in the number of pituitary receptors for GnRH are important for
regulating gonadotropin secretion (14). Thus, changes in pituitary content and
secretion of LH are not only dependent on changes in GnRH levels but also the
number of GnRH receptors available for binding and, consequently, the
responsiveness of the pituitary to a given dose of GnRH (7;13;15-18).

Since the isolation of cDNA's encoding the GnRHR (19), a number of
groups have demonstrated coordinate changes in GnRHR numbers and levels of
GnRHR mRNA (17;18;20-23). Of the multiple endocrine inputs that have been
implicated in affecting changes in GnRHR numbers, perhaps the most dramatic

are those associated with estradiol-17p, activin, and GnRH itself (24-30). Thus,
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multiple endocrine inputs are required for proper control of GnRHR gene
expression.

In the following studies | have investigated the molecular mechanisms
involved in activin, GnRH and estradiol regulation of the murine GnRHR gene. |
have found that activin responsiveness is mediated at a novel element termed
GnRH receptor activating sequence (GRAS) (1) and that this element is bound
by members of a class of transcription factors referred to as Smads, AP-1
proteins and a member of the winged helix family of transcription factors. in
addition to activin responsiveness, | demonstrate that GRAS mediates a
synergistic response to activin and GnRH. Finally, these studies show that GnRH
responsiveness is attentuated by treatment with estradiol and that this negative

regulation by estradiol is mediated at the AP-1 element.

[(8)
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CHAPTER TWO
LITERATURE REVIEW

I Hypothalamic-Pituitary-Gonadal Axis

Central to the hypothalamic-pituitary-gonadal axis is the anterior pituitary
gland (Figure 1). This gland contains several hormone-secreting cell types:
lactotropes, somatotropes, thyrotropes, corticotropes and gonadotropes. The cell
type that will be the focus of this dissertation is the gonadotrope. GnRH secreted
from the hypothalamus binds its receptor on the surface of gonadotropes causing
a number of events to occur including an increase in the number of GhnRHRs and
synthesis and secretion of LH and to some extent FSH (Figure 2). FSH secretion
is dependent upon the presence of activin. Activin levels increase transiently in
early proestrus (31), which is when GnRH levels begin to rise (32). This
coincident rise in activin and GnRH may be important for increasing the number
of GnRHRs resulting in sensitization of the gonadotrope to GnRH thus
contributing to the LH surge.

Gonadotropic hormones act on the gonads to stimulate spermatogenesis,
folliculogenesis, ovulation and synthesis and secretion of steroids. LH stimulation

of Leydig cells resuits in secretion of testosterone that is

-
J
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Figure 1. Hypothalamic-Pituitary-Gonadal Axis. Central to the hypothalamic-
pituitary-gonadal axis is the anterior pituitary gland. This gland contains several
cell type. The cells that are important for the work presented in this dissertation
are gonadotrope cells. Gonadotropes are a target for input from GnRH secreted
by the hypothalamus resuiting in synthesis and secretion of LH and to some
extent FSH. These gonadotropin hormones act on the gonads stimulating
follicular development, spermatogenesis and steroid secretion that can result in
negative feedback at the level of the pituitary and the hypothalamus.

4
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Figure 2. Model of a Gonadotrope. This diagram represents an idealized
gonadotrope. Because it is a target for GnRH, it must express GnRH
receptors. Upon binding to its receptor, GnRH stimulates the expression

of four genes: the glycoprotein hormone «-subunit, LHB, FSHB and
GnRHR itself.

N
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essential for spermatogenesis (32). FSH acts on Sertoli cells that form a blood-
testis barrier, acting as a filter that permits only certain substances to reach
spermatocytes (32).

Folliculogenesis is defined as the development of a follicle from the
primordial stage through a series of morphologically distinct forms: primary,
preantral, antral and finally culminating in the Graafian or preovulatory foilicle
stage. Follicular development can be divided into three stages. Initiation occurs
from birth to senescence and is independent of gonadotropic support.
Progression is dependent on FSH stimulation. Maturation requries LH input (33-
35). The LH surge results in initiation of luteinization, signals the ooctye to
commence meiotic maturation and leads to rupture of the follicle wall (36:;37).

Currently, the best characterized ovarian growth factors are insulin-like
growth factor | and Il (38) and members of the TGF-3 superfamily of growth and
differentiation factors (39). The TGF-§ superfamily includes TGF-f3, activin, and
bone morphogenetic proteins (40). Activin stimulates FSH secretion in most
species, while inhibin inhibits release of this hormone (32). GDF-9, a member of
the BMP family is expressed specifically in the oocyte (41;42) and is required for
early follicular growth (43;44).

Steroids have numerous effects throughout the body. A high intratesticular
testosterone concentration is essential for spermatogenesis. Estradiol production
is the hallmark of preovulatory follicular development (34). Steroids can
participate in a negative feedback loop that affects the anterior pituitary and

hypothalamus. One mechanism by which steroids act to down-regulate pituitary

6
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function is to inhibit transcription of genes expressed in the pituitary including
several genes expressed specifically in gonadotropes. The gonadotropic
hormones are made up of a specific a glycoprotein hormone subunit and a
unique 3 subunit.

Estradiol can augment GnRH-stimulated LH secretion, possibly due to
stimulation of GhnRHR gene expression (32). The effects of estradiol are not that
simple, however. In primary cultures of rat pituitary cells, estradiol can both
increase (chronic exposure) and decrease (short-term exposure) GnRHR
numbers (45-47). While in the gonadotrope-derived aT3-1 cell line, the negative
effect of estradiol on GNRHR numbers, but not the positive effect is recapitulated
(47:48). This apparent contradiction may be explained if the up-reguiation of
GnRHR numbers seen in primary cultures occurs indirectly, involving steroid
hormone effects on cells other than gonadotropes (47;48). Thus, one must
consider the interaction of genes and their gene products not only in an individual

cell, but in mixtures of cells.

Il. Transcriptional Regulation of the Gonadotropin Subunit Genes
A. Glycoprotein Hormone a Subunit Gene
A great deal of effort has been expended to understand the molecular
events underlying the ontogeny of pituitary gonadotropes and expression of their
primary gene products: the glycoprotein hormone o subunit, the unique LHp and
FSHp subunits, and the GnRHR (Figure 2). Basal expression of the glycoprotein

hormone a-subunit gene appears to involve the pituitary glycoprotein hormone
7
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basal element (PGBE). This element is bound by a LIM-homeodomain
transcription factor referred to as LH-2. Overexpression of LH-2 can activate the
a~-subunit promoter in heterologous cells (49).

The a-subunit gene promoter contains a gonadotrope-specific element
(GSE) that has been shown to bind the orphan nuclear receptor referred to as
steroidogenic factor 1 (SF-1) (50). The GSE is required for tissue-specific
expression of the a-subunit gene. In mice, disruption of the Ftz-F1 gene
encoding SF-1 results in decreased but detectable levels of a-subunit (51). In
addition to basal regulation, expression of the glycoprotein hormone «-subunit
gene is influenced by a number of hormones.

GnRH stimulates the a-subunit gene via extracellular signal-regulated
kinase (ERK); a member of the mitogen activated protein (MAP) kinase family
(52). GnRH signaling to the a-subunit promoter involves Raf-1 kinase and Elk,
signaling intermediates of the MAP kinase pathway (52). GnRH-responsiveness
appears to involve a consensus Ets binding site (49). However, this site does not
appear to bind an Ets protein and thus the GnRH stimulation of the glycoprotein
hormone «-subunit promoter is most likely mediated by another transcription
factor (53).

Androgen receptor (AR) can suppress transcription of the a glycoprotein
hormone subunit gene in a ligand-dependent manner. This suppression appears
to require two elements in the a-subunit promoter: the « basal element and

tandem CREs. CREs have been shown to bind several members of the bZIP
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family. Overexpression of cJun and activating transcription factor 2 (ATF2), but
not CREB, reversed the inhibition caused by AR. And, in fact, AR interacts with

cJun and ATF2 through protein-protein interactions (54).

B. LHS Subunit Gene

Tandem copies of binding sites for early growth response protein-1 (Egr-1)
and SF-1 are located in the LHP3 promoter (55) and contribute to both basal
activity and GnRH-responsiveness of the gene. Located between these elements
is a single region that is capable of binding Pitx1. It appears that all of these sites
interact cooperatively through a mechanism that does not require Pitx1 binding
(65). The Pitx1 element is required not only for basal expression but also for
GnRH regulation. A NF-Y binding site appears to be required for basal activity
but not GnRH-regulation of the bovine LHB-subunit gene (56).

GnRH stimuiation of LHB requires interactions between a complex distal
response element containing two specificity protein-1 (Sp1) binding sites and a
CArG box, and a proximal element with two bipartite binding sites for SF-1 and
Egr-1 (67). The 3' Sp1 site is critical for basal expression. The §' site partiaily
overlaps a CArG box and mutation of the CArG element specifically eliminates
the response to pulsatile GnRH but retains Sp1 binding. Thus a downstream
element probably contributes to the full GnRH response (53).

Androgen treatment decreases GnRH stimulation of the rat LHp} gene by
about 75% (57). The mechanism for this inhibition occurs primarily through direct

interaction of androgen receptor with Sp1 with possible involvement of Egr-1 and
9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reduces cooperation between distal and proximal GnRH response elements (57).
Androgen suppression can be rescued by overexpression of Egr-1, Pitx1 or a
constitutively active SF-1 (SF-1ALBD) that has a truncated ligand binding domain
(54). Furthermore, protein-protein interactions occur between AR and SF-1.
Overexpression of a full-length SF-1 construct does not rescue LHp activity,
suggesting that the ligand-binding domain probably plays an important role in the
interactions that occur between SF-1 and AR (54). Recently, a line of mice was
created in which SF-1 was specifically disrupted in gonadotropes and thyrotropes
(58). Thyrotropes do not express SF-1 and thus SF-1 expression was affected
only in gonadotropes. Gonadotrope-specific disruption of the gene encoding for

SF-1 results in a loss of immunoreactive LH (58).

C. FSHp Subunit Gene

inhibin regulates FSHB3 mRNA stability and suppresses FSH{} gene

transcription (59). SF-1 does not appear to directly regulate expression of FSHj

. (60) however, in mice that do not express SF-1 in gonadotropes, immunoreactive
FSH was virtually absent and serum FSH levels were dramatically reduced (58),
suggesting that SF-1 is indirectly involved in FSHp expression.

GnRH has been shown to stimulate the FSHB gene via two AP-1
enhancer elements by a mechanism that involves PKC. These experiments were
using Hela cells that had been transfected with an expression vector for the
GnRHR (61). The two AP-1 elements did not, however, appear to be important

for GnRH stimulation of the FSHp gene in a gonadotrope model (LRT2 cells), but
10
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PKC was shown to be involved (62). GnRH induction of the FSHpB gene is
inhibited by follistatin, suggesting its dependence on endogenous activin (63;64).

Activin appears to play a major role in transcriptional regulation of the
FSHp gene (63-65). Systemic administration of activin A to rats causes a
significant rise in both FSHB mMRNA and serum FSH levels (66). These findings
were confirmed using in vitro studies (67). Although the activin response
element remains undefined (65), it appears to reside within 500 bp of proximal

promoter from the ovine FSHp gene (63,68).

1. Transcriptional Regulation of the GnRHR Gene

GnRH and its receptor play key roles in reproductive function of mammais.
In light of this fact, considerable effort has been expended toward understanding
the molecular mechanisms involved in reguiation of GnRHR gene expression.
Many of these studies have made use of the gonadotrope-derived «T3-1 cell line.
These cells express GnRHR and therefore should contain all of the regulatory
factors necessary for GhnRHR gene expression (Figure 3). These cells also

produce activin and its receptor and therefore exist in a constitutively activin-

stimulated state.
The studies presented in this dissertation have focused on the molecular

mechanisms involved in transcriptional regulation of the GhnRHR gene. A number
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Figure 3. Model of an aT3-1 cell. «T3-1 cells express the GnRHR and therefore
should contain all the transcriptional regulatory proteins necessary for
expression of the GnRHR gene. Like gonadotropes, these ceils produce
activin and therefore exist in a constitutively activin-stimulated state.
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of these studies investigated either the GhRHR promoter or individual cis-acting
elements in transfection studies of aT3-1 cells (Figure 3). Basal activity of the
murine GnRHR promoter in the gonadotrope-derived «T3-1 cell line (69) is
mediated by a complex enhancer located within 500 bp of proximal promoter that
includes a binding site for the nuclear orphan receptor steroidogenic factor-1 (SF-
1), a consensus AP-1 element and a non-canonical element we have termed the
GnRHR activating sequence or GRAS (1,;70) (Figure 4). More recently, we have
established that GnRH responsiveness of the GnRHR gene promoter is primarily
conferred through protein kinase C (PKC) activation at the AP-1 element (Figure
4)(2). Thus, cell-specific and hormone-regulated expression partially converge at
common elements in the proximal promoter of the GhnRHR gene.

SF-1 was originally identified as a transcription factor that regulates
steroid hydroxylase genes (71), but clearly it has other functions (44). Mice in
which the SF-1 gene has been disrupted have no gonads, no adrenal glands,
and abnormal pituitary and hypothalamic function (71;72). Selective disruption of
the gene encoding SF-1 only in gonadotropes results in a marked reduction in

GnRHR numbers (58).

A. Homologous Regulation of the GnRHR Gene

GnRH induced signal transduction partially occurs via coupling of the
receptor with Ggq./Gi1. leading to stimulation of phospholipase activities,
formation of inositol 1,4,5-trisphosphate and diacylglycerol, elevation of

intracellular free calcium concentrations and activation of one or more isoforms of

-

13
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Figure 4. Model of the Proximal Promoter from the Murine GnRHR Gene. GRAS,
AP-1 and the GSE are contained within 500 bp of proximal promoter from the
murine GnRHR gene. The GSE has been shown to bind SF-1, while the AP-1
site binds Jun and Fos. AP-1 has been shown to mediate responsiveness to
GnRH via the JNK pathway.
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PKC (73;74). In aT3-1 cells, GnRH has been shown to stimulate mulitiple mitogen
activated protein (MAP) kinase signaling cascades including extracellular signal
regulated kinase (ERK) (52;75) , Jun N-terminal kinase (JNK) (76) and p38 MAP
kinase (77).

Approximately 1900 bp of proximal 5' flanking region of the GnRHR gene
is sufficient to confer GnRH responsiveness on a heterologous reporter gene in
transgenic mice (78). The response of the GnRHR promoter to GnRH is
ultimately mediated at the AP-1 element located at —336 and that GnRH-induced
activation of this element is partially mediated by PKC (2;3). Mutation of the AP-1
element eliminates GnRH-responsiveness of the murine GnRHR promoter in
transgenic mice (79). The specific components of the AP-1 binding complex
include JunD, c-Fos, and FosB. The MAP kinase intermediate c-Jun N-terminal

kinase (JNK) is required for GnRH induction of the GnRHR promoter (79).

B. Activin Stimulation of the Murine GnRHR Gene

Several studies have established that activin, a member of the TGFp
family of growth and differentiation factors, regulates the number of GnRH
receptors on gonadotropes (28-30). Activin represents homo- or heterodimeric
complexes of the different inhibin B-subunits (80). The activin binding protein,
follistatin, is thought to be a primary modulator of the biological effects of activin
by sequestering activin and thus prevent activin from binding to its cognate
receptor (80). The activin B-subunits, as well as follistatin, are produced by

gonadotropes in the anterior pituitary gland (81). Follistatin is also produced by
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pituitary folliculostellate cells (82). Thus, autocrine and paracrine mechanisms
are considered to be an important component of activin signaling in the pituitary
gland (31,64,83,84).

The cellular effects of activin are mediated by binding to specific Type |
receptors that combine with activin receptor Type |l to produce an active complex
with serine/threonine kinase activity (85). Although it is known that activin
stimulates transcription of the GnRHR gene (28) and that both activin and activin
receptors are expressed in gonadotropes and «T3-1 cells (28;80;81), the

mechanism(s) by which activin regulates gene expression in gonadotropes has

remained undefined.

1. Smads Mediate Activin Signaling

TGFp family signaling has been shown to occur through a family of
proteins called Smads. The term Smad comes from the names of homologous
proteins in Drosophila (MAD) and C. Elegans (Sma) (Sma + MAD = Smad). MAD
(mothers against decapentaplegic) is a maternal enhancer protein that is
important for signaling of TGF-p family members in Drosophila (85). Mutation of
the gene encoding for Sma results in small body size in C. Elegans (85). To date,
8 Smad family members have been identified and separated into 3 groups (86-
89). The first of these are referred to as receptor-regulated Smads and are
required for signaling by bone morphogenetic proteins (Smad1, 5, 8) and
TGFp/activin (Smad2, 3) (86-89). Second, Smad4 appears to serve as a

common partner in all of the Smad signaling cascades (90;91). Finally, Smad 6
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and 7, which are inhibitory Smads, appear to block activation of, or signaling by,
the receptor-regulated Smads (92-95). The developing paradigm for Smad
signaling is that the activated Type | receptor phosphorylates a pathway specific
Smad which compiexes with Smad4 and is translocated to the nucleus
(88;91;96). In the nucleus, these Smad complexes have been shown to stimulate
transcription. Often, however, it appears that the functional effects of Smads on

transcription require interactions with non-Smad transcription factors (97-99).

2. Fork head Proteins can Cooperate with Smads

Fork head / winged helix proteins are members of the helix-turn-helix
protein superfamily (100). Fork head transcription factors are defined by a
conserved DNA-binding domain found in the Drosophila homeotic gene fork head
and rat hepatocyte nuclear factor-3 (HNF-38) (101). The winged helix is
comprised of three tightly packed « helical domains, of which the third
establishes DNA base contacts within the major groove of its cognate recognition
sequence (102). In Xenopus a transcription factor referred to as forkhead activin
signal transducer-1 (FAST-1) has been shown to work with Smad2, a TGF-p
signaling intermediate, to regulate activin-responsiveness of the Mix.2 gene
(101). Homologues of FAST-1 have been shown to work with Smads and
mediate activin signaling in mice (103) and humans (104).

A member of the forkhead family of transcription factors has been
implicated in pituitary organogenesis. Initial expression of a transcription factor

referred to as FoxL2 coincides with the emergence of gonadotropes. Thus,
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FoxL2 may be important for gonadotrope differentiation (105). Mutations in the
gene encoding FoxL2 are responsible for a condition known as
blepharophimosis/ptosis/epicanthus inversus syndrome (BPES) (106-109).
BPES, which is characterized by distinctive eye abnormalities, occurs in two
forms. In type |, the eyelid abnormality is associated with premature ovarian
failure (either primary or secondary amenorrhea). Males are fertile. In BPES type
Il, only facial abnormalities are present (106;107). It is interesting to note that
mice carrying mutations in the gene encoding the activin/inhibin BB subunit,
exhibit eye lid abnormalities and females with impaired reproductive ability (110).

One intriguing possibility is that FoxL.2 mediates signaling for activin (107).

3. Other Smad Interacting Transcription Factors

Other types of proteins can also interact with Smads. Members of the Mix
family of paired-like homeodomain transcription factors, Mixer (111) and Milk
(112) have been shown to be important for recruiting Smad2 / Smad4 complexes
to the activin responsive element of the Xenopus goosecoid promoter (113;114)
by binding with the effector domain of Smad2 (113). Mixer and Milk contain short
motifs in their carboxyl termini that are required for interaction with Smad2 (113).
Iinterestingly, this motif is also found in the Smad-interacting winged-helix
proteins Xenopus Fast-1, human Fast-1 and mouse Fast-2 (113). Thus, there are
several proteins that contribute to Smad function. There are also proteins that

antagonize Smad function.
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The ski oncogene encodes for a leucine zipper protein that represses
transcription by recruiting histone deacetylase (115;116). ¢c-Ski can also act as a
coactivator (115). Smad2/3 interacts with c-Ski through its C-terminal MH2
domain in a TGF-3-dependent manner (116). The c-Ski protein has been shown
to bind a Smad binding element (GTCTAGAC), but mutation of the DNA binding

domain does not eliminate the repression caused by c-Ski (115).

C. Estradiol Regulation of GnRHR Gene Expression

Estradiol-17p exerts a profound effect on the number of GnRH receptors
in the pituitary gland (24,25;117-119). This phenomenon has received particular
attention as it is thought to represent an important mechanism underlying
increased pituitary sensitivity to GnRH during the pre-ovulatory period and thus
contributes to the high rates of LH secretion necessary for ovulation (10). Since
the availability of cDNA's encoding the GnRHR, a number of studies have
demonstrated coordinate changes in GnRHR mRNA and GnRHR numbers
associated with estradiol treatment (14;17;18;20-23;78;120). Although it is
possible that estrogen exerts its stimulatory effects on GnRHR expression via a
post-transcriptional mechanism such as mRNA stabilization, the ability of
actinomycin D, an inhibitor of transcription, to block estrogen up-regulation of
GnRHR numbers in primary cultures of pituitary cells does not support this
contention (24;25).

Alternatively, it is possible that estrogen stimulates GnRHR gene

expression. If correct, one might predict high affinity binding sites for estrogen
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receptor within the GnRHR gene. Unfortunately, a canonical estrogen response
element (ERE) has not been identified in any GhnRHR gene reported to date nor
has estrogen regulation of 1900 bp of proximal promoter from the murine GnRHR
gene been detected in transient transfection paradigms (121). Estradiol
responsiveness of the murine GNnRHR gene has also been tested in transgenic
mice. Mice containing 1900 bp of proximal murine GnNnRHR gene fused to
luciferase were injected with pellets that released estradiol-17f3. Luciferase
expression in estradiol-treated mice was not different from that of control mice
(121). Thus, despite the central role of estrogen in regulation of the GnRHR

gene, the underlying mechanisms remain undefined.

v. Unique Physical Characteristics of the GnRHR

The mammalian GnRHR, unlike most G-protein coupled receptors, lacks a
C-terminal tail (122). Lack of the C-terminal tail results in resistance of the
mammalian GnRHR to rapid desensitization (123). Normally the C-terminal tails
of G-protein coupled receptors are phosphorylated in an agonist-dependent
manner by G-protein receptor kinases (124). Once phosphorylated the tail is
bound by pB-arrestin that targets the desensitized receptor to clathrin-coated
vesicles for internalization (125). The clathrin-coated vesicle containing the
receptor is then “pinched off’ from the plasma membrane by a dynamin collar
(124). The mammalian GnRHR does not have a tail to be phosphorylated and

this is the most likely mechanism for the lack of rapid desensitization. The
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mammalian GnRHR is internalized normally, however, suggesting that the C-
terminal tail is not involved in receptor internalization (123).

Both mammalian and non-mammalian receptors internalize via clathrin-
coated vesicles, however mammalian GnRHR internalization is not dependent on
dynamin (124). Interestingly, signaling of both mammalian and non-mammalian

receptors does depend on dynamin (124).

V. Summary

Gonadotropes of the anterior pituitary gland express the glycoprotein
hormone a-subunit, the LHB and FSHf subunits and the GnRHR. The pulsatile
secretion of GnRH from the hypothalamus stimulates the synthesis and secretion
of LH and to some extent, FSH (5-8). Thus, relative changes in GnRH secretion
from the hypothalamus are clearly an important determinant of gonadotropin
secretion (7;10-13). In addition, changes in the number of pituitary receptors for
GnRH have also been implicated as an important factor underiying the regulation
of gonadotropin secretion (14). Thus, changes in pituitary content and secretion
of gonadotropins are not only dependent on changes in GnRH secretion but also
the number of GnRHRs available for binding and, therefore, the responsiveness
of the pituitary to a given dose of GnRH (7;13;15-18). Multiple endocrine inputs
have been implicated in affecting changes in GnRHR numbers, primarily
estradiol, activin and GnRH itself (24-26). A number of groups have

demonstrated coordinate changes in GNnRHR numbers and GnRHR mRNA
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(14;17,20;21,23,;78), suggesting that regulation of GhRHR numbers is, at least in
part, under transcriptional control.

Much effort has been expended towards understanding the molecular
mechanisms involved in transcriptional regulation of the GnRHR gene. It is now
known that basal regulation of the GnRHR gene requires at least three elements:
binding sites for SF-1 and AP-1 and an element termed GRAS. This gene is
regulated by several hormonal inputs including estradiol-17p3, activin and GnRH.
In the following chapters | sought to identify some of the molecules and

regulatory elements that mediate these cellular signals.
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CHAPTER THREE
IS GONADOTROPE EXPRESSION OF THE GONADOTROPIN RELEASING
HORMONE RECEPTOR GENE MEDIATED BY AUTOCRINE/PARACRINE
STIMULATION OF AN ACTIVIN RESPONSE ELEMENT?

ABSTRACT

Expression of the GnRHR gene in gonadotropes is stimulated by activin.
We sought to identify the cis-acting element(s) in the murine GnRHR gene
promoter that confers activin responsiveness. Because «T3-1 cells, like
gonadotropes, secrete activin, we examined the ability of the activin binding
protein, follistatin, to block activin stimulation of the GnRHR gene. In transient
transfection assays using approximately 600 bp of the murine GnRHR gene,
treatment with increasing doses of follistatin resulted in a dose dependent
decrease in promoter activity, suggesting that this region of the promoter is under
positive regulation by activin. Mutation analysis demonstrated that GRAS is
necessary for follistatin responsiveness of the murine GnRHR gene. Treatment
of GRAS that has been isolated from the context of the wild type promoter with
follistatin decreases enhancer activity significantly, while treatment with activin A

results in a four-fold stimulation of GRAS enhancer activity, suggesting that
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GRAS is sufficient to mediate activin responsiveness. Addition of excess activin
A reverses follistatin inhibition, suggesting that the negative effects of follistatin
are due to its ability to bind activin. In light of these data, we conclude that GRAS

mediates activin responsiveness of the murine GhnRHR gene.

INTRODUCTION

The hypothalamic-pituitary-gonadal axis controls reproductive functions.
Central to this axis is the anterior pituitary gland. This gland contains several cell
types including lactotropes, sommatotropes, corticotropes, thyrotropes and
gonadotropes. Gonadotropes are defined by their expression of the gonadotropic
subunits: luteinizing hormone (LH) 3, follicle stimulating hormone (FSH) 5 and
the common « subunit. As a target for GnRH, gonadotropes must also express
GnRH receptors. GnRH secreted by the hypothalamus binds to specific
receptors on the surface of gonadotropes, resulting in the synthesis and
secretion of LH and to some extent FSH. These gonadotropin hormones act on
the gonads to stimulate follicular development, spermatogenesis and the
synthesis and secretion of steroids. Steroids can then participate in negative
feedback at the level of the pituitary and hypothalamus. The magnitude of
gonadotropin secretion is dependent upon the amount of GnRH released by the
hypothalamus and the sensitivity of the gonadotropes as determined by the
number of GnRH receptors. Consequently, regulation of the GnRHR gene

represents a critical factor in reproductive function.
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Upon binding to its receptor, GnRH stimulates the transcription of several
genes including: the a-glycoprotein hormone subunit, LHB, FSHp, and the GnRH
receptor, itself. The GhnRHR gene is known to respond to a number of endocrine
inputs including GnRH, estradiol and activin. Previously, we have found that
approximately 500 bp of proximal §' flanking region is required for cell specific
expression of the murine GnRHR gene. Contained within this region is an
element referred to as the gonadotrope-specific element that binds SF-1, a
member of the orphan nuclear receptor family. Also contained within this region
is a binding site for AP-1 and a non-canonical element we have termed the
GnRHR activating sequence or GRAS. GnRH responsiveness of this promoter is
mediated at AP-1 in transient transfection assays. The GnRHR gene is also
regulated by GnRH in transgenic mice and mutation of AP-1 eliminates this
regulation (79). Upon binding of GnRH to its receptor the cJun N-terminal kinase
or JNK pathway is activated resulting in an increased recruitment of Jun and Fos
binding at AP-1 (79).

A number of studies have indicated that transcription of the GnRHR gene
is also regulated by activin. Activin is a member of the TGF-B superfamily of
growth and differentiation factors. TGF-p family members have diverse functions
during embryonic development and adult homeostasis (126). Activin represents
homo- or heterodimeric complexes of the different inhibin p-subunits (80). The
activin binding protein, follistatin, is thought to be a primary modulator of the
biological effects of activin by sequestering activin and thus preventing it from

binding to its cognate receptor (80). In the pituitary gland, the subunits for activin
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as well as follistatin are produced by gonadotropes (81). Follistatin is also
synthesized in folliculostellate cells (82). Thus, autocrine and paracrine
mechanisms are an important component of activin signaling in the pituitary
gland (31,;64,83;84). Activin transduces its signal by binding to the type | receptor
that then binds the type Il receptor. Upon dimerization, the constitutively active
type Il receptors phosphorylate the type | receptor in a glycine-serine rich region,
resuiting in activation of the receptors serine-threonine kinase activity (87). These
receptor subtypes have been identified in gonadotropes, including the
gonadotrope-derived «T3-1 cell line. Although it is known that activin stimulation
increases transcription of the GnRHR gene (28) and that both activin and activin
receptors are expressed in gonadotropes and the gonadotrope-derived «T3-1
cell line (28;80.81), the mechanism(s) by which activin regulates gene expression
in gonadotropes has not been elucidated. An important first step in characterizing
these mechanisms is identification of elements that mediate activin
responsiveness in gonadotrope-expressed genes. We have used the activin
binding protein, follistatin in a number of the following studies to look at a
decrease in the hyperstimulated activity of the GnRHR gene. Herein, we report
the identification of an element in the GnRHR gene promoter that mediates

activin responsiveness.
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MATERIALS AND METHODS

Reagents: Recombinant Human activin A (rhactivin A; 15365-36) and
recombinant human follistatin (rhfollistatin; B4384) were obtained through NHPP,
NIDDK and Dr. A. F. Parlow.

Vector construction and transient transfections: The construction of luciferase
expression vectors has been described (1;70). Cultures of aT3-1 cells were
transfected using LipofectAMINE (Gibco BRL, Githersburg, MD) (70).
Transfections included 1.4 ng of the test vector and 0.25 ng of pRSV-LacZ.
Follistatin was administered immediately after the transfection mixture while
Activin A was given 16 h after transfection. At the specified times following
transfection, the celis were harvested and assayed for luciferase and [3-
galactosidase activity (70). Luciferase activity was normalized for transfection
efficiency by dividing luciferase activity by p-galactosidase activity.

Statistical Analysis: The data (Figures 5, 10) were analyzed by one-way ANOVA
with vector as the independent variable. If the F test was significant (P<0.05),
means were separated using Dunnett's (Figure 5) or Tukey's (Figure 10)
methods of multiple comparisons. In all other figures, treated and untreated

vectors were compared using Student’s T-test.

RESULTS
Follistatin treatment results in a dose dependent decrease in GnRHR
promoter activity. A number of studies have suggested that activin regulates the

number of GnRH receptors on gonadotropes (28-30). However, activin is
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constitutively secreted by the gonadotrope-derived oT3-1 cells making activin
studies in these cells difficult. To circumvent this problem, we used the activin
binding protein, follistatin. Follistatin binds to activin and prevents it from
interacting with its receptor. Thus, instead of looking at an increase in promoter
activity with hormone treatment, we were looking at a reduction in promoter
activity as follistatin sequestered activin from the cellular environment.

In this experiment, «T3-1 cells were transiently transfected with a
luciferase reporter gene containing approximately 600 bp of wild-type murine
GnRHR gene. Cells were then treated with increasing amounts of follistatin for 24 -
h then harvested and assayed for luciferase activity. Treatment of cells with 10
ng/mL of follistatin decreased promoter activity significantly (Figure 5). Activity of
the promoter was decreased maximally by treatment with 50 ng/mL follistatin.
These data suggest that this region of the promoter is sufficient to respond to
follistatin treatment. In light of the fact that follistatin is an activin binding protein,
we suggest that this region of the promoter contains an activin responsive region.

Mutation of GRAS blocks activinffollistatin responsiveness. Basal activity
of the murine GnRHR gene is mediated by a complex enhancer containing three
elements: binding sites for SF-1 and AP-1 and a non-canonical element termed
GRAS. To determine if any of these regions was important for follistatin/activin
responsiveness of the murine GnRHR gene, each of these elements was
mutated by replacement with a restriction site for Notl (GRAS, SF-1) or EcoRl
(AP-1). Mutation of any one of these elements decreases promoter activity by

about half, while mutation of all three elements eliminates
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Figure 5. Follistatin treatment results in a dose dependent decrease in GnRHR
promoter activity. Either the wild-type promoter (PMGR-600LUC) or the empty
luciferase reporter construct (pGL3) were transiently transfected into «T3-1
cells and treated with increasing amounts of follistatin. After approximately 24
h, cells were harvested and assayed for luciferase activity. Values represent
mean and SD of triplicate samples. * Represents values significantly different
(p<0.05) from untreated pMGR-600LUC.
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promoter activity (1). Cells were transiently transfected with the mutant vectors
and treated with 100 ng/mL follistatin. After 24 h cells were harvested and
assayed for luciferase activity. As expected, activity of the wild-type promoter
was reduced by approximately 50% with follistatin treatment (Figure 6). Activity of
vectars in which either the binding site for SF-1 or the binding site for AP-1 had
been mutated was also decreased by approximately 50% indicating that neither
of these elements is the activin/follistatin responsive element. In contrast,
treatment of the vector in which GRAS had been mutated completely eliminated
the ability of the promoter to respond to follistatin (Figure 6), suggesting that
GRAS mediates responsiveness of the murine GnRHR promoter to
activin/follistatin.

The activin/follistatin responsiveness region maps to the functional limits
of GRAS. Previous studies using two-bp transversion mutations that scan GRAS
have determined that the functional boundaries of GRAS are defined by
mutations 3-8 (1) (shown in Figure 7). To determine if the activin/follistatin
responsive region identified by the 8 bp Notl mutation correlates with the
functional boundaries of GRAS, we tested these same two-bp transversion
mutations for their ability to respond to activin/follistatin. Each mutation was
transiently transfected into aT3-1 cells and treated with 100 ng/mL follistatin. As
seen before, follistatin treatment of the wild-type promoter resulted in a 50%
decrease in promoter activity while replacement of GRAS with a Notl recognition
site eliminates responsiveness of the promoter to activin/follistatin. Looking at the
two-bp transversion mutations we found that activin/follistatin responsiveness
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Figure 6. Mutation of GRAS blocks activin/follistatin responsiveness. Vectors were
transiently transfected into «T3-1 cells and treated with follistatin. After
approximately 24 h, celis were harvested and assayed for luciferase activity.
Values represent the mean + SEM for triplicate samples in transfections of 2-3
different plasmid preparations. *Represents values different (p<0.01) from

untreated vector.
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was retained in mutations 1, 2 and 9, but was lost at precisely the mutations that
map the functional limits of GRAS (uGRAS 3-8) (Figure 7). Thus, the functional
limits of GRAS co-localize to an activin/follistatin responsive element.

Follistatin treatment blocks the enhancer activity of GRAS. We have now
established that GRAS is necessary to mediate activin/follistatin responsiveness
of the murine GnRHR gene. To determine whether the presence of GRAS is
sufficient to respond to activin/follistatin a luciferase reporter vector was used that
contained 3 copies of GRAS fused to the minimal promoter for the rat prolactin
gene (-33 to +13) (3XGRAS-PRLpGL3). As a negative control, a similar vector
was used containing three direct repeats of the element mutated as in tGRAS-5
(3X1tGRAS-5-PRLpGL3). These vectors were transiently transfected into «T3-1
cells and treated with 100 ng/mL follistatin. Basal activity of 3XGRAS-PRLpGL3
was nearly 100-fold greater than that of the mutant vector (Figure 8).
Furthermore, the activity of 3XGRAS-PRLpGL3 was nearly blocked by follistatin
treatment, but activity of the mutant vector was unaffected. Based on these data
we conclude that GRAS is sufficient to confer activin/follistatin responsiveness to
the murine GnRHR gene.

GRAS enhancer activity is stimulated by activin A. In the previous
experiments, we have used the activin binding protein, follistatin to look indirectly
at activin responsiveness of the murine GnRHR gene. We next sought to show
that GRAS was stimulated by activin directly. Either 3XGRAS-PRLpGL3 or

3XuGRAS-5-PRLpGL3 were transfected into aT3-1 cells. After 16 h, cells were

treated with 20 ng/mL activin. Due to the high levels of activin produced by aT3-1
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Figure 7. The activin/follistatin responsive region co-localizes with the functional limits
of GRAS. Vectors were transiently transfected into «T3-1 cells and treated with
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luciferase activity. Values represent the mean + SEM for triplicate samples in
transfections of 2-3 different plasmid preparations. *Represents values different
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Figure 8. Follistatin treatment blocks enhancer activity of GRAS. Vectors were
transiently transfected into «T3-1 cells and treated with 100 ng/mL follistatin.
After approximately 24 h, cells were harvested and assayed for luciferase
activity. Values represent mean + SEM for triplicate values in transfectionsof

2-3 different plasmid preparations. *Represents values different (p<0.01) from
untreated vector.
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cells, treatments proceeded for 4 h, then cells were washed to remove
endogenous activin and treatments were replaced and allowed to proceed for
another 4 h. Cells were then harvested and assayed for luciferase and [3-
galactosidase activity. Activin treatment stimulated Iluciferase activity
approximately 4-fold in celis transfected with 3XGRAS-PRLpGL3 but had no
effect on luciferase activity in cells containing the mutant vector (Figure 9). Thus,
GRAS represents an activin responsive element.

Activin treatment can reverse follistatin inhibition of GRAS. Presumably,
follistatin is working by binding to activin and sequestering it from the cellular
environment. If this is true, it should be possible to reverse follistatin inhibition by
adding activin back into the system. To test this scenario, aT3-1 cells were
transiently transfected with 3XGRAS-PRLpGL3. As before, treatment with 100
ng/mL of follistatin (3 nM) reduced luciferase expression significantly in celis
containing 3XGRAS-PRLpGL3. Addition of increasing amounts of activin not only
returned luciferase expression to its original level, but increased it, suggesting
that the effects of follistatin are in fact due to its ability to bind and inactivate

activin (Figure 10).

DISCUSSION

Previously, we proposed a model in which cell specific basal activity of the
GnRHR gene promoter is primarily regulated by a tripartite enhancer composed
of a binding site for SF-1, an AP-1 element, and the GRAS element. More

recently, we have established that GnRH responsiveness of the GnRHR
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Figure 9. GRAS enhancer activity is stimulated by activin A. Either 3XGRAS or
3XuGRAS were transiently transfected into aT3-1 cells. After 16h, cells were
treated with 20 ng/mL activin A for 4 h. Cells were then washed and given
fresh media and treatments. After another 4 h cells were harvested and
assayed for luciferase activity. Values represent mean + SD of triplicate
samples. *Represents values different (p<0.01) from untreated vector.
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Figure 10. Activin treatment can overcome follistatin inhibition of GRAS.
3XGRAS was transiently transfected into «T3-1 cells and treated with 3
nM follistatin or increasing amounts of Activin A. After approximately 24
h, cells were harvested and assayed for luciferase activity. Values
represent mean + SD of fold change from untreated vector from triplicate
samples. ~B°Bars bearing different letters differ (p<0.01).
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gene promoter is primarily conferred through protein kinase C activation of AP-1.
Thus, cell specific and hormone-regulated expression partially converge at
common elements within the proximal promoter of the GnRHR gene. In the
current study, we have utilized the ability of follistatin to bind and inactivate
activin to establish that GRAS confers activin responsiveness to the murine
GnRHR gene. Because the activin a-subunits, as well as follistatin, are produced
by gonadotropes in the anterior pituitary gland, all of the elements are in place for
autocrine/paracrine regulation of GhnRHR gene expression. The activin response
element, GRAS, and aT3-1 cells represent an excellent means to study these
potential autocrine / paracrine mechanisms.

As both activin and activin receptors are expressed in a broad range of
tissues and are necessary for normal fetal growth and development (127), activin
stimulation of GnRH receptor gene expression may play an important role during
the development of reproductive function. Furthermore, while activin and inhibin
subunit MRNA levels show little variation during the rat estrous cycle, follistatin
levels increase during the ovulatory gonadotropin surge (128). This increase has
been attributed to the stimulation of follistatin expression by GnRH (64;129).
Thus, a regulatory feedback loop exists in which activin stimulation of the GnRH
receptor can be controlled by follistatin levels in the pituitary gland, which in turn
can be regulated by GnRH stimulation. Consequently, activin regulation of the
GnRH receptor gene may serve an important role not only in basal expression of
the GnRH receptor in gonadotropes, but also in the subsequent sensitivity of

gonadotropes to hormonal stimulation.
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Characterization of GRAS as an activin responsive element represents the
first activin response element described in gonadotropes. Another issue,
however, is the identity of the protein(s) that mediate activin signaling at GRAS.
Perhaps the most likely candidates for such a role are members of a family of
proteins termed Smads. The Smad proteins have been identified as the
downstream effectors of TGF-f3 family signaling (85). To date, eight Smad family
members have been identified and separated into three groups (86-89;130). The
first of these are referred to as receptor regulated Smads as they appear to
subserve signaling by bone morphogenetic proteins (Smad1, 5, 8) and TGF-
B/activin (Smad2, 3) (86-89;130). Second, Smad4 appears to serve as a
common partner in all of the Smad signaling cascades (91;131). Finally, Smad6
and 7 (inhibitory Smads) appear to block activation of, or signaling by, the
pathway specific Smads (92-95). The developing paradigm for Smad signaling
suggests that the activated Type | receptor phosphorylates a pathway specific
Smad which complexes with Smad4 and is translocated to the nucleus
(88;91;96). In the nucleus, these Smad complexes have been shown to stimulate
transcription. Often, however, it appears that the functional effects of Smads on
transcription require interactions with non-Smad transcription factors
(97;98;132;133). Intriguingly, GRAS contains a near consensus Smad binding
element (134). In addition to this Smad binding site, GRAS contains an additional
6 bp that are essential for functional activity. Therefore, in addition to Smads,
GRAS likely binds an additional transcription factor that is critical for its activity.

Thus, we suggest that GRAS represents a composite regulatory element whose
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functional activity is dependent on the binding of a Smad protein complex and a

non-Smad partner.
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CHAPTER FOUR
THE GONADOTROPIN RELEASING HORMONE RECEPTOR ACTIVATING
SEQUENCE (GRAS) IS A COMPOSITE REGULATORY ELEMENT THAT
INTERACTS WITH MULTIPLE CLASSES OF TRANSCRIPTION FACTORS

INCLUDING SMADS, AP-1 AND A FORKHEAD DNA BINDING PROTEIN.

ABSTRACT

Activin responsiveness of the murine GnRH receptor gene promoter is mediated
at a regulatory element we have termed the GnRH receptor activating sequence
or GRAS. In the present studies we sought to define the complex of transcription
factors that interact at this element. Consistent with activin regulation at GRAS,
gel shift analyses and yeast one-hybrid assays reveal Smad4 interaction at the 5'
end of GRAS. While overexpression of Smad3 activates a GRAS reporter,
.Smad3 binding at GRAS was not detectable. A functional interaction of Smad3 at
GRAS was, however, detectable in yeast expressing Smad4. Thus, Smad3
interaction at GRAS appears to be dependent on the presence of Smad4.
Mutations located at the 3’ end of GRAS do not affect Smad binding but eliminate
functional activity. Thus, Smad binding alone cannot account for the functional
attributes of GRAS. Consistent with this notion, we find that AP-1 binding is
immediately juxtaposed to and, in fact, partially overlaps the Smad binding site.
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Finally, a recently identified member of the forkhead family of transcription
factors, FoxL2, is also capable of interacting at GRAS. Furthermore, FoxL2
activation at GRAS is lost with mutation of either the 5’ Smad binding site or a
forkhead binding site homology located at the 3' end of the element. We suggest
that GRAS is a composite regulatory element whose functional activity is
dependent on the organization of a multi-protein complex consisting of Smads,

AP-1 and a member of the forkhead family of DNA binding proteins.

INTRODUCTION

Central to the maintenance of reproductive function in mammais is the
pulsatile release of gonadotropin-releasing hormone (GnRH) from the
hypothalamus. Upon binding to receptors located on gonadotrope, GnRH not
only stimulates, but is obligatory for synthesis and secretion of luteinizing
hormone (LH) from the anterior pituitary gland (5;6;9;135;136). As such, the rate
of LH secretion is dependent on both the amount of GnRH released by the
hypothalamus and the concentration of GnRH receptors (GnRHR). For example,
the high secretory rate of LH that is necessary for ovulation reflects both
enhanced GnRH secretion and increased pituitary sensitivity to GnRH. In regard
to the latter, muitiple endocrine inputs, including estradiol-178, progesterone,
testosterone, inhibin, activin and GnRH itself, have been shown to mediate
changes in GnRHR numbers (16;24,;28-30;137-140). Furthermore, changes in

GnRHR numbers are often coordinate with changes in GhnRHR mRNA levels
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suggesting that endocrine regulation of pituitary GnRHR numbers is mediated at
the level of gene expression (14;17;20-23;78).

To examine the molecular mechanisms involved in transcriptional
regulation of the GnRHR gene we have cloned the gene encoding the murine
GnRHR (141) and have found that expression of the murine GnRHR gene in the
gonadotrope-derived aT3-1 cell line (69) is dependent on a complex enhancer
consisting of a binding site for steroidogenic factor 1 (SF-1), a canonical AP-1
element and a novel element we termed GnRHR activating sequence (GRAS)
(1;142). This complex enhancer not only contributes to basal activity of the
GnRHR promoter but aiso appears to mediate multiple endocrine inputs. For
example, homologous regulation of the GhnRHR gene by GnRH is mediated, at
least in part, at AP-1 (2;3). Similarly, activin responsiveness of the GnRHR
promoter is mediated at GRAS (142).

A member of the transforming growth factor-§ (TGF-B) superfamily of
growth and differentiation factors, activin is a critical regulator of cell proliferation
and differentiation, developmental patterning, and tumor suppression
(127;143;144). Upon binding to its receptor, activin initiates intracellular signaling
cascades mediated either wholly or in part by members of the Smad family of
proteins (87). The Smad proteins themselves have been categorized into
several classes. The first of these represent the receptor-regulated Smads. This
class is divided into the activin and TGF-p responsive Smads (Smad2 and
Smad3) and the BMP responsive Smads (Smad1, Smad5 and Smad8). Smad4

is a common partner for the hormone responsive Smads and is important for
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a recently identified member of the forkhead family of DNA binding proteins
(105;107-109). Furthermore, the functional organization of this muilti-protein
complex appears to be highly interdependent in that mutations that eliminate the

binding of any one of these components correspondingly eliminate the functional

attributes of GRAS.

MATERIALS AND METHODS

Reagents: Recombinant human activin was obtained through NHPP,
NIDDK and Dr. A. F. Parlow. Antibodies for Smad1 (catalog no. sc-7153X),
Smad2/3 (catalog no. sc-6033X), Smad3 (catalog no. s¢-6202X), Smad4 (catalog
no. sc-1909X), Smad5 (catalog no. sc-7443), Smad7 (catalog no. sc-7004X),
Smad8 (catalog no. sc-7442), Jun family members (catalog no. sc-44X), Fos
family members (catalog no. sc-253X) and an anti-mouse antibody (catalog no.
sc-2005) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). An
antibody directed against the hemagglutinin (HA) epitope was obtained from
Covance (Richmond, CA) (catalog no. MMS-101R). The cDNAs for Smad2 and
Smad4 were generously supplied by Dr. Bert Vogeistein. The cDNA for Smad3
was kindly provided by Dr. R. Derynck.

Vector construction: The plasmid pMGR-600LUC consists of 600 bp of 5'-
flanking region from the murine GnRHR gene fused to the cDNA encoding
luciferase in the pGL3 basic vector (Promega, Madison, Wi) (141). 3XGRAS-
LUC (1;70), 4XuGRAS3-LUC and 4XuGRAS7-LUC were constructed as follows:

multiple copies of the GRAS element (wild-type or with 2 bp mutations) were
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concatamerized by phosphorylating one strand of a synthesized oligonucleotide
containing the element using polynucleotide kinase, annealing the two
synthesized strands, and ligating the mixture. Concatamers were subsequently
ligated into pBlue-script SK (pBSK) digested with Smal. The construction of
muitiple directionally inserted elements was verified by sequencing. The
multimers were subsequently digested out of the pBSK vector and ligated into
pGL3 containing the minimal promoter from the rat prolactin gene. The identity of
all plasmids was verified by restriction enzyme digestion and sequencing.
3XGRAS-LacZ, 4XuGRAS3-LacZ and 4XuGRAS7-LacZ were prepared in a
similar manner except after digestion from pBSK, they were ligated into pLacZi
(Clontech, San Jose, CA).

Smad3 and 4 cDNAs were cloned into pGEM by PCR using primers that
incorporated restriction sites for EcoR | and Xho |. Smads were then directionally
cloned into pBD-GAL4 (Stratagene, La Jolla, CA) and pGAD-GL (Clontech, San
Jose, CA). To make yeast expression vectors for Smad3 and Smad4 (pSmad3,
pSmad4), the Gal4 DNA binding domain was excised from pBD-Smad3 and
pBD-Smad4. pGEX-Smad3 and pGEX-Smad4: cDNAs for Smad3 and 4 were
directionally cloned into the GST expression vector, pGEX-6P-1 (Amersham
Pharmacia Biotech, Piscataway, NJ). GRASAAP1 was made by dual rounds of
PCR (primers: GRASAAP1 Sense 5'-
CTGTCTGACTCAAACAGTTTTTAGAAAACC, GRASAAP1 Antisense 5'-
CTGTTIGAGTCAGACAGATACAAAATGAAATA). The sequence of the AP-1

element is underlined.
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pFoxL2-AD: the DNA binding domain for FoxL2 was cloned from «T3-1
mRNA by RT-PCR and ligated into pGEM-T easy (Promega, Madison, Wi).
pGEM-FoxL2 was digested with EcoRI and cloned into the EcoRI site of pGAD-
GL (Clontech, San Jose, CA). HA-FoxL2: a full-length clone of FoxL2 was
isolated from a genomic library based on its ability to hybridize to a radiolabeled
probe consisting of the DNA binding domain of FoxL2. PCR was used to
incorporate a BamH| site into the 5’ end of the fragment. The PCR product and a
double-stranded oligonucleotide containing the coding sequence for the HA

epitope (Sense: 5-CTAGCATGTACCCCTACGACGTGCCCGACTACGCCG,

Antisense: §5- GATCCGGCGTAGTCGGGCACGTCGTAGGGGTACATG, HA

sequence is underlined) were simultaneously ligated into pBK-CMV (Stratagene,
La Jolla, CA). FoxL2-VP16 and Gal4- FoxL2: Primers used to generate the N-
terminal PCR product were EcoR| Sense 5-GCGAATTCATGATGGCCAGCTAC-
3’ and Sacll Antisense 5-GCAAGCTTGACCACCGCGGCTGCA-3'. This PCR
product was gel purified and digested with EcoRI and Hindlll and subcloned into
pBlue-script KS |l (pBS Il) (Stratagene, La Jolla, CA). Primers used to generate
the C-terminal PCR product were Sacll Sense 5'-
GCGAATTCGGTGCAGCCGCGGTG and Xhol Antisense 5'-
ATCTCGAGTCAGAGATCCAGACGCGAG -3'. This PCR product was digested
with EcoR! and Xho | and aiso subcloned into pBS il. The N-terminal fragment
was excised from pBS Il with EcoRl and Sacll. The C-terminal fragment was
excised from pBS Il with Sacll and Xho I. The two fragments were ligated
simultaneously into the EcoRl and Sall sites of the mammalian two-hybrid
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vectors pM and pVP16 (Clontech, San Jose, CA). FoxL2(N-225)-VP16: The N-
terminal PCR subclone described above was digested with EcoRl and Pstl
(nucleotide position 674) and the resulting DNA fragment was ligated into pVP16.
FoxL2(N-138)-VP16: A PCR product was generated using the EcoRI| sense
primer from above and the antisense primer 5'-
TAGTTGCCCTTCTCGAACATGTCC -3', with the 5' position corresponding to
nucleotide 415. The PCR product was gel purified, digested with EcoRI, and
subcloned into the EcoRl and Hincll sites of pBS 1l. The DNA was excised with
EcoRI and Xhol and ligated into the EcoRl and Sall sites of pVP16. FoxL2(140-
C)-VP16: A PCR product was generated using the EcoRl sense primer, 5'-
GCGAATTCCGGCGCCGCCGCCGCAT-3' corresponding to nucleotide 416, and
the antisense Sacll primer described above. The PCR product was digested with
EcoRIl and Sacll and the resulting DNA fragment was used to replace the N-
terminal EcoRI-Sacll fragment in the full-length FoxL2-VP16 construct described
above. Gal4-Smad3(MH2) and Smad3(MH2)-VP16: The human (Genbank
accession # NM 005902) Smad3 MH2 domain DNA fragment was generated with
the following PCR primers: Sense EcoRl primer 5'-
ATGAATTCGCCTTCTGGTGCTCCATCTCCT-3' corresponding to nucleotide
754 (amino acid 230), Antisense - C-terminal Xbal primer 5'-
GCTCTAGACTAAGACACACTGGAACAGCGGAT-3. The PCR product was
digested with EcoR! and Xbal and inserted into the pM and pVP 16 vectors.

Cell Culture and Transient Transfections: All cell cultures were maintained
in a humidified atmosphere of 5% CO, at 37°C. Cultures of «T3-1 cells were
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maintained in high glucose DMEM containing 2 mM glutamine, 5% fetal bovine
serum, 5% horse serum, 100 U/mL penicillin and 100 ug/mL streptomycin sulfate
(Mediatech, Herndon, VA). CHO cultures were maintained in high glucose
DMEM containing 2 mM giutamine, 0.1 mM non-essential amino acids, 10% fetal
bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin (Mediatech,
Herndon, VA).

Transfections were performed using either SuperfFect reagent (Qiagen,
Valencia, CA) (Figures 16, 23, 24) or calcium phosphate-DNA co-precipitation
(Figures 20, 21). SuperFect transfections included 1 ng of the test vector and
0.25 ng of pRSV-LacZ. Approximately 24 h after transfection, cells were
harvested and assayed for luciferase activity (70). Luciferase activity was
normalized for transfection efficiency by dividing the luciferase activity by f3-
galactosidase activity. In overexpression assays, 1 g of the reporter vector and
0.25 ng of the overexpression vector was transfected (Figure 16).

A calcium-phosphate protocol was utilized for experiments examining
GnRH regulation as described previously (2). Briefly, 5 x 10° cells were plated
per well in 6-well plates. After approximately 18 h, cells were transfected by
adding a mixture containing 1 ug reporter plasmid, 0.25 ng pRSV-LacZ, 124 mM
CaCl,, and 1X HBS (280 mM NaCl, 50 mM HEPES, 2.8 mM Na;HPOQ,). After 30
min, media containing appropriate treatments was added to cells and transfection
mixture. Cells were incubated at 37°C for 6 h. Cells were then harvested and

assayed for luciferase activity (2). Luciferase activity was normalized for
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transfection efficiency by dividing the luciferase activity by p-galactosidase
activity.

In mammalian one- and two-hybrid assays (Figures 23, 24), cells were
transfected with 0.2 pg of each vector including pRSV-LacZ. Approximately 24 h
after transfection, cells were harvested and assayed for luciferase activity (70).
Luciferase activity was normalized for transfection efficiency by dividing the
luciferase activity by f-galactosidase activity.

Preparation of nuclei and nuclear extracts: Nuclei were isolated as
previously described (2;150). For preparation of nuclear extracts, cells were
harvested in phosphate buffered saline (10 g/L NaCl, 0.224 g/L KCI, 1.42 g/L
Na;HPO,4, 0.272 g/L KH2PO, pH 7.4) with 1 mM EDTA and pelleted by
centrifugation in a clinical centrifuge approximately 1200 x g for 5 min. Cells were
then resuspended in ice cold lysis buffer (70 mM p-glycerol phosphate, 2 mM
MgCl;, 0.5 mM EGTA, 15 mM HEPES, 100 mg/mL, 0.15 mM spermine, 0.5 mM
spermidine, 2 mM sodium meta vanadate, 2 mM sodium fluoride, 2.5 png/mL
leupeptin, 2.5 ng/mL pepstatin, 1 mM PMSF, 5 mM benzamidine, 1 mM DTT, pH
7.8) and incubated on ice for 5 min. Cells were lysed with 10 strokes of a glass
Dounce B homogenizer. The lysates were layered over a cushion consisting of
300 mg/mL sucrose in lysis buffer and centrifuged at 6650 x g in a JS7.5
Beckman rotor at 4°C. Pellets were resuspended in lysis buffer, further
homogenized by 10 strokes of the Dounce homogenizer and layered over a
sucrose cushion as above. The pellet was resuspended in lysis buffer plus 10%

glycerol and 450 mM KCI. The solution was mixed by vortexing and then
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incubated at 4°C with gentle mixing on a circular mixer for 30 min. The solution
was then centrifuged at 338,000 x g at 4°C for 45 min in a 70.1 Ti Beckman rotor.
Supernatants were recovered and protein concentrations were determined using

bicinchoninic acid (BCA Assay, Pierce Chemical Co.).

Preparation of recombinant proteins: Superbroth (9.6 g/L Tryptone,
19.2g/L Yeast extract, 0.4% glycerol, 45 mM K;HPO,, 22 mM KH,PQ,4, 100
ng/mL ampicillin) was inoculated with E. coli (DH5a) previously transformed with
either pGEX-Smad4 or pGEX-Smad3. Bacterial cuitures were incubated at 37°C
with shaking until an ODeggg of 0.5-0.7. At this point 100 uM IPTG was added to
induce protein expression and cultures were incubated at 30°C overnight with
shaking. Bacteria were pelieted by centrifugation in a JA17 Beckman rotor at
5000 x g for 10 min at 4°C and resuspended in resuspension buffer (100 mM Tris
pH 8.0, 0.85 mM phenylmethylsulfonyl fluoride). Lysozyme was added to 0.2
mg/mL and samples were sonicated (duty cycle 70%, output 6) for approximately
30s on ice. Triton-X was then added to 1% (v/v) and samples were sonicated as
above. Samples were centrifuged at 25,000 x g for 10 min. at 4°C. Supernatant
was incubated with glutathione resin in a rotating shaker at 4°C for 30 min.
Glutathione residue was recovered by centrifugation in clinical centrifuge at
approximately 1500 x g for 2 min. The recovered resin was washed twice with 5
volumes of wash buffer (50 mM Tris pH 8.0, 140 mM NacCl, 0.3 mM DTT).
Smad4-GST protein was eluted by resuspending the resin in 5§ mM glutathione in

wash buffer. The mixture was agitated gently for 2 min, centrifuged for 10 s at
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500 x g and the supernatant was collected. This elution step was repeated 2
more times and each elution was analyzed by SDS-PAGE. In the case of Smad3,
the GST protein was cleaved from Smad3 using PreScission Protease
(Amersham Pharmacia Biotech, Piscataway, NJ). As the GST protein was still
bound to the glutathione resin, Smad3 was isolated by centrifuging the slurry at
500 x g for 10 s and the Smad3-containing supernatant was saved.

Electrophoretic Mobility Shift Assays (EMSA): EMSAs using nuclear
extracts (2-12 pg protein) from «T3-1 cells (Figures 13, 19, 21, 22) were
incubated with Dignam buffer D (20 mM HEPES, 20% glycerol, 0.1 M KCI, 0.4
mM EDTA), poly(di-dC) (2 ug) (Amersham Pharmacia Biotech, Piscataway, NJ),
radiolabeled probe (10 fmol, approximate specific activity of 2 x 10* cpm/fmol)
and unlabeled competitor (where indicated) for 20 min at room temperature (70).
EMSAs using nuclei (2,000,000 nuclei/reaction) from «T3-1 cells (Figure 12)
were performed under precisely the same binding conditions as above.

For EMSAs performed with recombinant proteins (Figures 14, 17),
proteins were incubated with binding buffer (25mM Tris-HCI pH 7.9, 80 mM NacCl,
35 mM KCI, 5§ mM MgCl,, 20% glycerol, 0.6 mg/mL BSA, 1 mM DTT), 2 ug
poly(dl-dC), radiolabeled probe (10 fmol, approximate specific activity of 2 x 10*
cpm/fmol) and, if included, unlabeled competitor (5§ pmol) at room temperature for
20 min.

Where included, antibodies (2 ug) were added to the binding reactions

after the 20 min incubation and then incubated for an additional 10 min. The one

th
(9]
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exception is the pan-Jun antibody that was incubated with the extract for 10 min
prior to the addition of radiolabeled probe.

In all of the mobility shift assays, free probe was separated from bound
probe by electrophoresis for 1-2 h at 35 mA in 5% polyacrylamide gels that were
pre-run at 100 V for 2 h in 50 mM Tris, 380 mM glycine, and 2 mM EDTA, pH 8.
Gels were dried onto blotting paper and exposed to autoradiography film for
approximately 16 h at -70°C with Dupont Cronex intensifying screens (Dupont,
Boston, MA).

Radiolabeled probes were prepared by incubating double stranded
oligonucleotides with [y-3?PJATP (4500 Ci/mmol; ICN, Irvine, CA) and T4
polynucleotide kinase at 37°C for 30 min. Radiolabeled DNA was separated from
free nucleotides on a microspin G-25 column (Amersham Phamacia Biotech,
Piscataway, NJ).

Yeast hybrid assays: YPAD broth (20g/L Difco peptone, 10 g/L yeast
extract, pH 5.8, 2% (v/v) glucose) was inoculated with yeast (YM4271) and
grown to an ODeggg of 0.8-1.0. Yeast were rendered competent and transformed
according to the Zymo Research protocol (Zymogen, Orange, CA). After
transformation, yeast were plated onto SD Agar selection plates that were
prepared with all essential amino acids except those supplied by transformation
of the plasmid as foilows: uracil (p3XGRAS-LacZ, p4XuGRAS3-LacZ,
p3X1GRASS5-LacZ, p4XuGRAS7-LacZ), leucine (pSmad4-AD, pSmad3-AD,
pFoxL2-AD) and tryptophan (pSmad4, pSmad3). Yeast were allowed to grow on

selection plates for 3-5 days at 30°C. To assay for B-galactosidase, yeast were
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transferred to filter paper (Whatman #1). Yeast adhering to the filter were lysed
by freezing in liquid nitrogen. After lysis, filters were soaked in Z-buffer (16.1 g/L
of Na;HPO4-7H20, 5.5 g/L of NaH;PO4-H0, 0.75 g/L of KCI, 0.246 g/L of
MgS0O,, 0.27% pB-mercaptoethanol, 33.4 mg/L X-gal) at room temperature. The
time required for color development was used as the index of B-galactosidase

e

expression. Indicates Lac-Z expression that was evident (blue-color) within 2
hours. ™" Indicates Lac-Z expression that was evident (blue-color) between 2 —
12 hours. ~ Indicates the absence of color development in advance of the
negative control (absence of pGAD fusion construct). All yeast one-hybrid
assays were replicated at least 3 times.

Western analysis: «oT3-1 cells were transfected with HA-FoxL2 using
SuperFect reagent. Approximately 24 h after transfection, cells were washed with
ice-cold phosphate buffered saline (10 g/L NaCl, 0.224 g/L KCI, 1.42 g/L
NazHPO,, 0.272 g/L KH,PO,, pH 7.4) and lysed in RIPA buffer (20 mM Tris (pH
8.0), 137 mM NaCl, 10% glycerol, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, 2
mM EDTA, 5 mM sodium vanadate, § mM benzamidine, 1 mM
phenylmethyisulfonyl fluoride) on ice. The cell lysates were collected and debris
cleared by centrifugation. Proteins were resolved using denaturing PAGE
followed by transfer to nitrocellulose membrane by electroblotting. Membranes
were exposed to an antibody directed against the HA epitope at a concentration

of 2 ug/mL in 5% non-fat milk in TBS-T (140 mM NaCl, 10 mM Tris, 0.1% Tween

20, pH 7.4). After washing 3 times in TBS-T, membranes were exposed to an
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anti-mouse secondary in 5% non-fat milk in TBS-T at a concentration of 0.08
rg/mL for 2 h at room temperature.

Statistical analysis: Data were analyzed by SAS (151). The transfection
data were analyzed by one-way ANOVA with vector as the independent variable.
To compare each treatment to control, Dunnett's t test was used (Figure 16). For
pairwise comparisons of data, Tukey's studentized range test was used (Figures
20, 22, 23). Due to heterogeneity of variance, the adjusted luciferase data in

Figure 20A and Figure 22 were logso transformed prior to analysis of variance.

RESULTS

Smad binding localizes to the 5 end of GRAS. We have established
GRAS as an activin response element in the GnRHR gene (1;142). Consistent
with this observation, the 5’ end of GRAS is homologous to the binding motif
characterized for members of the Smad family of transcription factors (152)
(Figure 11). To determine if Smad proteins are capable of binding GRAS we
conducted electrophoretic mobility shifts assays (EMSA) in which nuclei isolated
from aT3-1 celis were incubated with a probe representing a consensus Smad
binding site (152). As activin is constitutively secreted by aT3-1 cells (28), these
nuclei are effectively activin-treated. Sequence specific binding was assessed by
competition with excess unlabeled homologous and heterologous DNA. Two
sequence specific binding complexes were identified (Figure 12A). Uniabeied
DNA probes of 30 and 20 bp containing GRAS competed for binding to the Smad

probe while a competitor containing an 8 bp Notl mutation of GRAS (UWGRAS) (1)
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Figure 11. Homology of GRAS to a Smad Binding Element, an AP-1 site and a
Winged Helix Core Site. Distal GRAS contains a near-consensus Smad3/4
binding site, highlighted here in a light gray box. The center of GRAS is
homologous to an AP-1 half site (white box). The proximal region of GRAS is
homologous to a winged helix core site (dark gray box). The numbers
overlying the nucleotide sequence correspond to the 2 bp transversion
mutations (WGRAS-3 - utGRAS-8) that were used to define the functional
boundaries of GRAS (70).
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did not compete for binding. Where indicated, antibodies directed against Smads
3 and 4 or an equal mass of IgG were added after the binding reaction and
incubated for 15 min. The Smad3 antibody led to a supershift of the upper
complex while the Smad4 antibody supershifted the lower complex. Antibodies
against Smads 1 and 2 had no effect on binding (data not shown). Thus, Smad3
and Smad4 are present in nuclei from untreated (i.e. activin stimulated) aT3-1
cells and are capable of binding to GRAS. Furthermore, the ability of GRAS to
effectively displace binding of Smad3 and Smad4 was compromised if 2 bp
transversion mutations were localized to the §' end of the element suggesting
that Smad3 and Smad4 binding maybe confined to the distal end of GRAS
(Figure 12B).

To directly assess the potential for Smad binding we next conducted an
EMSA in which untreated «T3-1 nuclear extract was combined with radiolabeled
GRAS. A super-shifted complex was evident when an antibody specific for
Smad4 was added. No change was observed when antibodies that recognize
Smads1, 2, 3, 5, 7 or 8 were added (Figure 13). Thus, Smad4 binding is
detectable when GRAS is used as the radioactive probe in EMSA.

Based on the competition data presented in Figure 12B, Smad binding
appears to localize to the 5 end of GRAS. To confirm this observation,
recombinant Smad4 was produced as a fusion protein with glutathione s-
transferase (rhSmad4) and examined for binding to GRAS in an EMSA.
Consistent with the EMSA data using aT3-1 nuclear preparations, rhSmad4
displayed sequence specific binding to GRAS (Figure 14A). A supershift
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Figure 12. GRAS competes for Smad binding. Nuclei isolated from «T3-1 cells
were incubated with a radioactive probe representing a consensus Smad
binding site. A) Sequence-specific binding was assessed by competition with
500-fold molar excess of unlabeled homologous (SBE) and heterologous DNA.
Unlabeled oligonucleotides of 30 and 20 bp containing GRAS or mutated
GRAS (unGRAS) were also added as competitors. Where indicated, specific
antibodies directed against Smad3 («Smad3), Smad4 («Smad4) or an equal
mass of IgG were added after the binding reactions and incubated for a further
15 min. B) Unlabeled oligonucleotides containing wild-type GRAS, a series of 2
bp transversion mutations that defined the functional limits of GRAS or an

unrelated sequence (heterologous) were added as competitors. s
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Figure 13. Smad4 directly binds GRAS. Nuclear extracts from aT3-1 cells were
incubated with radiolabeled GRAS. Where indicated, antibodies directed
against Smads1, 2, 3, 4, 5, 7, and 8 were added after the binding reactions
and incubated for a further 15 min.
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associated with the inclusion of an antibody directed against Smad4 confirmed the
identity of Smad4 in the specific bound complex (Figure 14A). To localize binding
of the recombinant protein, radiolabeled oligonucleotides containing either GRAS
or a series of 2 bp mutations that scan the functional boundaries of the element
(WGRAS-3 through 1 GRAS-8) (1) were incubated with rhSmad4. As in the
competition analysis, transversion mutations located at the 5 end of GRAS
(MGRAS-3 through 1GRAS-5) diminished the ability of the oligonucleotide to bind
rhSmad4 (Figure 14B). It would appear, however, that the effects of yuGRAS-5
and yGRAS-6 on the binding of the recombinant protein were more pronounced
than what was observed in the competition assay using the consensus Smad
binding site as the radioactive probe (Figure 12B). A likely explanation for this
difference is the presence of other GRAS binding components in the nuclei that
stabilize the binding of Smad4. These components would not of course be
present in the binding assays conducted with recombinant protein.

Functional activation by Smad4 is not affected by mutations at the 3’ end
of GRAS. Mutations at the proximal end of GRAS appear to have little effect on
Smad binding yet abrogate functional activity of the element as effectively as
mutations localized to the 5’ end. To determine if a mutation that does not affect
Smad binding (WGRAS-7) might affect the ability of Smad to functionally activate
GRAS we utilized a yeast one-hybrid analysis. Three copies of GRAS were
placed in a vector upstream of a minimal promoter that was fused to the gene for
B-galactosidase (3XGRAS-LacZ). This DNA was stably integrated into the yeast

strain YM4271. A vector containing human Smad4 fused to the GAL4 activation
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Figure 14. Smad4 binds the 5’ end of GRAS. A) Radiolabeled GRAS was
combined with rhSmad4. Unlabeled homologous or heterologous
oligonucleotides were added as competitors at 500-fold molar excess. Where
indicated, an anti-Smad4 antibody («Smad4) or non-immune mouse IgG were
added after the binding reactions. B) Bacterially expressed rhSmad4 was
incubated with radiolabeled oligonucleotides containing GRAS or the series of
2 bp mutations that scan the functional limits of GRAS.
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domain (pSmad4-AD) was transformed into these recombinant yeast strains and
after approximately 3-5 days yeast were analyzed for p-galactosidase activity.
Consistent with the binding data, the Smad4-AD fusion protein robustly activated
LacZ expression from the reporter construct containing wild-type GRAS (Fig. 15).
As expected, Smad4-AD was unable to activate the LacZ reporter harboring a
distal mutation (WGRAS-3) that resulted in a loss of DNA binding. In contrast,
the ability of Smad4-AD to transactivate at ygGRAS-7 was not compromised.
Thus, while mutations in proximal GRAS eliminate functional activity of the
element (1;142) this effect is not reflected at the level of Smad binding or the
ability of Smad4 to activate GRAS in a one-hybrid assay.

Overexpression of Smad3 stimulates functional activity of GRAS. Either
Smad2 or Smad3 prototypically mediates activin signaling in cooperation with
Smad4 (87). Consistent with this notion, GRAS is capable of displacing binding
of Smad3 to a defined Smad binding motif (Figure 12A). However, we were
unable to detect either Smad2 or Smad3 binding when GRAS itself was utilized
as the radioactive probe in EMSA (Figure 13). To further explore a potential role
for Smad3 at GRAS we tested the functional consequence of overexpression of
both Smad3 and Smad2 in aT3-1 cells. Expression vectors for Smad3 or Smad2
either alone or in combination with an expression vector for Smad4 were co-
transfected into «T3-1 cells with a luciferase reporter construct containing three
copies of GRAS fused to the minimal promoter from the rat prolactin gene
(3XGRAS-LUC) or 3 copies of GRAS containing a 2 bp loss of function mutation

(3XpGRASS5-LUC) (1;142). Also, because aT3-1 cells constitutively produce
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Figure 15. Smad4 activates at GRAS in a yeast one-hybrid assay. Multiple copies of
GRAS, 1GRAS-3 or uGRAS-7 were placed upstream of an expression
cassette for 3-galactosidase (LacZ) and stably integrated into the yeast strain
YM4271. Full-length human Smad4 was fused to the GAL4 activation domain
in a yeast expression vector (pSmad4-AD) and transformed into the
recombinant yeast strains containing the indicated LacZ reporter constructs.
After approximately 3-5 days of growth, yeast were assayed for LacZ
expression as described in Materials and Methods. *** Indicates Lac-Z
expression that was evident (blue-color) within 2 hours. ~ Indicates the

absence of color development in advance of the negative control (reporter
construct alone).
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activin, we were concerned that the cells might exist in a maximally activin-
activated state thus masking any further contribution of overexpressed protein.
To circumvent this potential problem, cells were washed and cultured in fresh
media approximately 18 hours after transfection. Five hours later, cells were
harvested and assayed for luciferase activity. Overexpression of Smad3
increased (p<0.05) transcriptional activity of 3XGRAS-LUC (Figure 16). In
contrast, promoter activity was unaffected by overexpression of Smad2 either
alone or in combination with Smad4. Finally, the effects of Smad3
overexpression were specific to GRAS as the 2 bp loss of function mutation
(MGRAS-5) rendered the luciferase reporter non-responsive.

Smad3 does not bind at GRAS as a recombinant protein. Although Smad3
could not be detected by EMSA using GRAS as a radioactive probe, the
overexpression data are consistent with a functional role for Smad3 at GRAS.
We next asked if binding at GRAS could be detected using purified, recombinant
Smad3. Bacterially expressed rhSmad3 was incubated with radiolabeled GRAS
and subjected to EMSA. In contrast to Smad4, no binding was detected at GRAS
using the recombinant Smad3 protein (Figure 17). The absence of binding would
not appear to be due to compromised integrity of the protein as the recombinant
Smad3 was capable of binding to the consensus Smad binding element. The
inclusion of Smad4 in the binding reaction did not recruit or facilitate Smad3
binding to GRAS (data not shown).

Smad3-Smad#4 interaction at GRAS is detectable by one-hybrid analysis.
Although overexpression of Smad3 leads to functional activation of GRAS we
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Figure 16. Overexpression of Smad3 stimulates functional activity of GRAS.
Expression vectors for Smad2 and Smad3 either alone or in combination with
an expression vector for Smad4 were co-transfected into «T3-1 cells with a
reporter construct containing three copies of GRAS linked to a minimal promoter
fused to luciferase (3XGRAS-LUC) or a similar construct containing a 2 bp
transversion mutation in GRAS (3XuGRASS5-LUC). Cells were washed 18 h
after transfection, and incubated for an additional five hours before harvesting.
*p<0.01 compared to celis transfected with reporter alone.
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Figure 17. Smad3 does not bind at GRAS as a recombinant protein. Radiolabeled
oligonucleotides containing either GRAS or a consensus Smad binding
element (SBE) were incubated with bacterially expressed rhSmad3. Specificity
of binding was assessed by the addition of non-radioactive competitor as

indicated. Where indicated, an anti-Smad3 antibody («Smad3) was added after
the binding reactions.
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were not able to directly demonstrate Smad3 binding. Thus, Smad3 activation at
GRAS may be exerted independently of direct DNA binding but rather indirectly
via protein-protein interaction with Smad4. To test this possibility we examined
the ability of Smad3 fused to the transcriptional activation domain (AD) of Gal4
(pSmad3-AD) to activate 3XGRAS-LacZ in yeast one-hybrid analysis.
Consistent with the binding data, Smad3-AD alone did not induce LacZ
expression (Figure 18). Importantly, however, if Smad3-AD was introduced into
yeast expressing Smad4 then LacZ expression was elicited. In this analysis, the
co-expressed Smad4 is not fused to the Gal4-AD and, in contrast to the Smad4-
AD fusion protein, does not activate LacZ expression from the 3XGRAS reporter
construct. Thus, transcriptional activation of GRAS by Smad3 is dependent on
the presence of Smad4.

AP-1 binding activity is localized to the center of GRAS. A functional
interaction of Smad4 and Smad3 is organized at the distai end of GRAS. While
consistent with the role of this element in mediating activin responsiveness of the
GnRHR gene it would not appear that this event alone is sufficient to account for
the functional activity of GRAS. Simply put, why do mutations that do not affect
Smad binding eliminate enhancer activity of GRAS (e.g. yGRAS6-8) (142)?
Perhaps the simplest explanation is that the functional activity of GRAS requires
not only Smad binding but also the interaction of non-Smad protein partners. In
fact, Norwitz et al. (167), recently used EMSA to detect AP-1 binding activity at
GRAS. Thus, a Jun/Fos heterodimer may represent at least one component of
the putative non-Smad protein partners. To test for Jun/Fos binding at GRAS,
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Figure 18. Smad3-Smad4 interaction at GRAS is detectable by one-hybrid analysis.
Muitiple copies of GRAS were placed upstream of an expression cassette for
B-galactosidase (LacZ) and stably integrated into the yeast strain YM4271.
Full-length hSmad3 was fused to the GAL4 activation domain in the yeast
expression vector (pSmad3-AD). This construct was transformed into
recombinant yeast strains transformed with the 3XGRAS-LacZ reporter
construct either alone or in combination with an expression vector for Smad4.
After approximately 3-5 days of growth, yeast were assayed for LacZ
expression as described in Materials and Methods. ** Indicates Lac-Z
expression that was evident (blue-color) between 2 — 12 hours. ~ Indicates the

absence of color development in advance of the negative control (absence of
pSmad3-AD).
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nuclear extract from aT3-1 cells that had been serum starved for 24 h and
treated with 100 nM GnRH for 1 h was combined in a gel shift assay with a
radiolabeled oligonucleotide containing GRAS (Figure 19A). Sequence specific
binding was confirmed by addition of 500-fold molar excess of unlabeled
homologous and heterologous DNA to the binding reaction. Most notable is that
an oligonucleotide containing a canonical AP-1 site effectively displaced binding
to the GRAS probe. Thus, binding activity at GRAS can be displaced by
competition with AP-1. Consistent with this observation, the inclusion of an
antibody directed against the DNA binding domain of Jun family members
resuited in an abrogation of the slowest migrating complex whereas an antibody
directed against a non-DNA binding domain epitope of Fos family members
resulted in a supershift of the same complex (Figure 19A). The addition of non-
immune mouse IgG had no effect on GRAS binding activity. To precisely map
the AP-1 binding site, we next tested the ability of a series of oligonucleotides
containing the 2 bp transversion mutations that delimit the functional boundaries
of GRAS to displace binding of AP-1. GnRH-treated aT3-1 nuclear extract was
combined with a radiolabeled oligonucleotide containing GRAS and the pan-Fos
antibody as above. Since the Fos antibody results in a clear supershift rather
than an abrogation we felt that this approach would facilitate interpretation.
While the ability of yGRAS-3 and HGRAS-4 to displace Fos binding was clearly
compromised the most profound effects were apparent with mutations placed at
the center of the element (Figure 19B). Specifically, neither uGRAS-5 nor

HGRAS-6 were capable of competing for Fos binding to the wild-type element.
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Figure 19. AP-1 binding is localized to the center of GRAS. A) Nuclear extract
from «T3-1 cells that had been serum starved for 24 h and treated with 100
nM GnRH for 1 h was incubated with a radiolabeled oligonucieotide
containing GRAS and subjected to EMSA. Where indicated, unlabeled
oligonucleotides representing either GRAS (homologous), a canonical AP-1
binding site, or an unrelated sequence (heterologous) were added to the
binding reactions in 500-fold molar excess. To identify the binding
components, an antibody directed against the DNA binding domain of Jun
family members (pan-Jun), an anti-Fos antibody (pan-Fos) or non-immune
mouse IgGs were added to the binding reactions. B) Nuclear extract prepared
from «T3-1 cells that had been serum starved for 24 h and treated with 100
nM GnRH for 1 h was incubated with a radiolabeled oligonucleotide
containing GRAS and the pan-Fos antibody. The ability of unlabeled uGRAS-
3. 4,5,6, 7 and 8 (500-fold molar excess) to displace the radioactive probe in
the supershifted Fos complex was used to localize AP-1 binding at GRAS.
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Thus, nucleotides comprising the center of the GRAS element and overlapping
the Smad binding motif are essential for AP-1 binding.

GRAS is both necessary and sufficient for synergistic activation of the
GnRHR promoter by activin and GnRH. Responsiveness of the GnRHR promoter
to both activin and GnRH has been established (2;3;28;142;153;154); however,
the elements that underiie activin and GnRH regulation are distinct. Specifically,
GRAS has been shown to mediate the effects of activin whereas a more proximatl
AP-1 site is critical for GnRH responsiveness. More recently, however, several
groups have suggested that co-administration of activin and GnRH leads to a
synergistic activation of the GnRHR promoter. Consistent with this notion, we
find that in a 6 h transfection protocol (2) the wild-type =600 promoter from the
murine GnRHR gene (pPMGR-600LUC) exhibits the expected response to GnRH
and this GnRH response is significantly enhanced in the presence of activin
(Figure 20A). The ability of activin to enhance the GnRH response is, however,
lost if GRAS is replaced with a Notl recognition site (WGRAS). Thus, GRAS is
necessary for activin augmentation of the GnRH response of the GnRHR
promoter.  To determine if GRAS is sufficient to mediate activin augmentation
of GnRH responsiveness we next tested the effects of activin and GnRH
treatment on the activity of the reporter construct containing 3 copies of GRAS
linked to the minimal promoter from the rat prolactin gene (p3XGRAS-LUC).
While neither GnRH nor activin alone affected transcriptional activity of
p3XGRAS-LUC the combined treatment (GnRH + activin) resulted in a nearly 40-
fold stimulation of luciferase expression (Figure 20B). This effect was specific to
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Figure 20. GRAS is both necessary and sufficient for synergistic activation of
the GnRHR promoter by activin and GnRH. A) Constructs containing either 600
bp of proximal promoter fused to the cDNA for luciferase (PMGR-600LUC) or the
same promoter region in which GRAS has been replace with a Nofl recognition site
(WGRAS) were co-transfected with pRSV-LacZ into aT3-1 cells. Thirty minutes
after transfection, cells were treated with 20 ng/mL activin in the presence or
absence of 100 nM GnRH. Six hours following treatment, cells were harvested
and cellular lysates assayed for luciferase and LacZ expression. Luciferase data
were divided by the B-galactosidase values to adjust for transfection efficiency. ¢
Within vector, bars bearing different letters differ (p<0.05). B) Constructs containing
3 copies of wild-type GRAS or uGRAS-5 fused upstream of the prolactin minimal
promoter linked to the cDNA encoding luciferase (3XGRAS-LUC, 3XuGRASS-
LUC) were co-transfected with pRSV-LacZ into aT3-1 cells. Thirty mintues after
transfection, cells received 20 ng/mL activin in either the presence or absence of
100 nM GnRH. Six hours after the addition of treatments, cells were harvested and
assayed for luciferase and LacZ expression. Luciferase values were divided by the
p-galactosidase values to adjust for transfection efficiency. *p<0.05 as compared
to untreated vector.
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the wild-type GRAS element as none of the treatments affected luciferase
expression in cells transfected with a similar reporter construct consisting of three
copies of a GRAS containing a loss of function mutation in the AP-1 binding motif
(3X1GRASS-LUC). Thus, GRAS is both necessary and sufficient to mediate
activin enhancement of GnRH responsiveness. The absence of an activin
response in this experiment is due to the short transfection protocol that is
necessary to observe GnRH reguiation (2;3). Using a more standard 24 hour
transfection protocol, activin responsiveness of GRAS is clearly demonstrable
(142).

GnRH enhances AP-1 binding at GRAS but AP-1 alone is not sufficient for
synergistic activation of the GnRHR gene by activin and GnRH. Both GnRH and
activin regulation is organized at GRAS. The latter is, presumably, at least
partially mediated by Smad3 and Smad4. Given that AP-1 is an established
target for GnRH activation (77;155-158) we next sought to determine if GnRH
stimulation of aT3-1 cells might be rgvealed at GRAS as an increase in AP-1
binding activity. To address this issue, an EMSA was performed in which
radiolabeled GRAS was combined with nuclear extracts from aT3-1 cells that
were serum-starved for 24 h and then either left untreated or treated with 100 nM
GnRH. As above, the pan-Fos antibody was included in the binding reactions to
more easily visualize the AP-1 complex. Consistent with the hypothesis that
GnRH treatment would stimulate AP-1 binding at GRAS, the supershifted Fos
complex was significantly enhanced in extracts from GnRH treated cells (Figure

21A).
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While it is likely that Smad3 and Smad4 contribute to activin regulation at
GRAS, TGF-B family members are capable of signaling via Smad independent
activation of AP-1 (159-161). As such, we were interested in testing whether
synergistic activation of the GnRHR promoter by activin and GnRH might be
mediated by AP-1 alone. To address this, GRAS was replaced with a canonical
AP-1 site in the context of 600 bp of proximal GnRHR promoter (GRASAAP-1)
thus effectively removing any Smad binding component while retaining a binding
site for AP-1. As above, activin enhanced the GnRH response of the wild-type —
600 promoter; however, this effect of activin was lost with the GRASAAP-1
construct (Figure 21B). In fact, activin treatment led to a significant reduction in
the GnRH response of the GRASAAP-1 promoter. Thus, AP-1 alone is not
sufficient to organize the ability of activin to enhance the GnRH response of the
GnRHR promoter.

Interaction of a member of the forkhead family of DNA binding proteins is
detectable at the proximal end of GRAS. The data in the preceding sections
suggest that GRAS is a composite regulatory element that is capable of
interacting with both Smad and AP-1 binding components. However, loss of
function mutations located at the extreme 3’ end of GRAS (142) appear to have
little effect on either Smad or AP-1 binding. At issue then is whether an
additional binding component localized to proximal GRAS is necessary for the
functional activity of this element. In this regard, it is notable that the 3' end of
GRAS is homologous to binding sites defined for the forkhead family of

transcription factors (162). Furthermore, a functional interaction of forkhead
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Figure 21. GnRH enhances AP-1 binding at GRAS but AP-1 alone is not
sufficient for synergistic activation of the GnRHR gene by activin and
GnRH. A) Nuclear extract from aT3-1 cells that were serum starved for 24 h and
then either untreated or treated with 100 nM GnRH for 1 h were combined with
radiolabeled oligonucleotides containing GRAS. An antibody that recognizes all
members of the Fos family (pan-Fos) was added as indicated. B) Luciferase
reporter constructs containing either the 600 bp wild-type promoter (pMGR-
600LUC) or the same promoter in which GRAS was replaced with a canonical
AP-1 binding site (GRASAAP1), were co-transfected with pRSV-LacZ into oT3-1
cells. Thirty minutes following transfection, cells were treated with 20 ng/mL
activin in the presence or absence of 100 nM GnRH. Six hours after treatments,
cells were harvested and cellular lysates assayed for luciferase and B-
galactosidase activity. Luciferase values were divided by B-galactosidase values
to adjust for differences in transfection efficiency. ®°Within vector, bars bearing
different letters differ (p<0.05).
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proteins with Smads is critical in mediating TGF-B and activin signaling to
multiple genes (101;104;163). Thus, we were intrigued with the possibility that
proximal GRAS might represent a binding site for a member of the forkhead
family of transcription factors. Of particular interest to us was the potential role
for a relatively new member of the forkhead family referred to as FoxL2.
Expression of FoxL2, originally termed pituitary forkhead factor or PFrk,
immediately precedes the emergence of gonadotropes in the developing anterior
pituitary gland (164). Also, FoxL2 expression in the developing pituitary is
confined to the ventral cell types that are the progenitors of both gonadotropes
and thyrotropes (105). As such, it seemed reasonable to predict that FoxL2
might contribute to the onset of expression of the central phenotypic markers of
differentiated gonadotropes including the GnRHR gene. Thus, FoxL2 seemed an
appealing candidate to examine for potential activity at proximal GRAS. Towards
this end, we first used RT-PCR to isolate a partial coding sequence for FoxL2
from aT3-1 mRNA. As FoxL2 appears to exist as an intronless gene, the partial
cDNA was then used to isolate the entire coding region from a mouse genomic
library. Subsequently, FoxL2 expression in aT3-1 cells was confirmed by
Northern analysis (data not shown).

To address binding of FoxL2 to GRAS, EMSA was performed using
radiolabeled GRAS as the probe and nuclear extracts prepared from aT3-1 cells
that were either untransfected or transfected with an expression vector for HA-
tagged FoxL2. Expression of the fusion protein was confirmed by Western
blotting (Figure 22A). The inclusion of an anti-HA antibody in the binding
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reaction using nuclear extracts prepared from transfected cells retarded the
migration of radiolabeled GRAS (Figure 22B). The electrophoretic mobility of
radiolabeled GRAS was not affected by inclusion of anti-HA antibody in reactions
using extracts from non-transfected cells. Thus, binding of FoxL2 at GRAS is
detectable by EMSA.

We next utilized the yeast one-hybrid approach as an independent method
to assess FoxL2 interaction at GRAS. In this assay, we fused coding sequence
for the FoxL2 DNA binding domain to the activation domain of GAL4 (pFoxL2-
AD). Transformation of this vector into yeast containing three copies of GRAS
fused to a LacZ reporter gene did not elicit expression of LacZ (Figure 22C). To
determine if the presence of Smads is necessary for FoxL2 interaction at GRAS,
yeast were transformed with an expression vector for Smad4 alone or Smad4
plus an expression vector for Smad3. Transformation of FoxL2-AD into yeast
expressing Smad4 resulted in a modest induction of LacZ expression that was
greatly enhanced upon addition of Smad3. Finally, the ability of FoxL2-AD to
activate LacZ expression was lost if a 2 bp mutation was introduced at the center
of the winged-helix homology (HGRAS-7). Thus, in contrast to Smad3 and
Smad4, FoxL2 interaction at GRAS is compromised by mutations localized to the
3’ end of the element. Furthermore, it would appear that FoxL2 interaction at
GRAS is dependent on the presence of Smads and, more specifically, Smad3.

FoxL2 interacts with the C-terminus of Smad3 in a mammalian two-hybrid
assay. The yeast one-hybrid data suggest that the ability of FoxL.2 to activate a
multimerized GRAS reporter is dependent on the presence of Smad3. To further
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Figure 22. Interaction of a member of the forkhead family of DNA binding
proteins is detectable at the proximal end of GRAS A) Cellular lysates from
either untransfected aT3-1 cells or aT3-1 cells that were transfected with an
expression vector for HA-tagged FoxL2 were analyzed by Western blotting
using an anti-HA antibody. B) Nuclear extracts prepared from aT3-1 cells that
were either untransfected or transfected with an expression vector for HA-
FoxL2 were combined with a radiolabeled oligonucleotide containing GRAS.
Where indicated, an anti-HA antibody was included in the binding reaction. C)
Muitiple copies of GRAS or uGRAS-7 were placed upstream of an expression
cassette for p-galactosidase (LacZ) and stably integrated into the yeast strain
YM4271. The cDNA encoding the DNA binding domain for FoxL2 was fused to
the GAL4 activation domain in a yeast expression vector (pFoxL2-AD). This
construct was transformed into the recombinant yeast strains transformed with
the indicated LacZ reporter constructs. Where indicated, pFoxL2-AD was co-
transformed with expression vectors for Smad4 and Smad3. After
approximately 3-5 days of growth, yeast were assayed for LacZ expression as
described in Materials and Methods. ~ Indicates that color development was
never evident in advance of the negative control (absence of pFoxL2-AD). **
Indicates Lac-Z expression that was evident (blue-color) within 12 hours and in
advance of the negative controls in 6/12 assays. ** Indicates Lac-Z expression

that was evident within 2 — 12 hours. 78
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explore this issue we examined the ability of FoxL2 to interact with Smad3 using
a mammalian two-hybrid approach. In this assay, we fused various regions of
FoxL2 to the transcriptional activation domain of VP16 and co-expressed these
fusion proteins with the C-terminal (MH2) domain of Smad3 fused to the DNA
binding domain of Gal4. The MH2 domain was utilized to eliminate the N-
terminal DNA binding domain (MH1) that has been shown to inhibit a number of
protein-protein interactions (165;166). Induction of luciferase expression from a
Gal4-LUC reporter after transfection into CHO cells was used as the index of
Smad3-FoxL2 interaction. Co-expression of Gal4-Smad3(MH2) and full-length
FoxL2-VP16 resulted in an approximately 3-fold increase in luciferase expression
over Gal4-Smad3(MH2) alone (Figure 23). Deletion of the C-terminal region of
FoxL2 (N-225) led to an even greater induction of luciferase expression in the
presence of the Gal4-Smad3(MH2) fusion protein suggesting that a C-terminal
domain of FoxL2 may inhibit interaction with Smad3. Finally, deletion of the
FoxL2 DNA binding domain (140-C) completely eliminated FoxL2-Smad3
interaction as assessed by induction of the Gal4-LUC reporter suggesting that
this region is critical in mediating the association of Smad3 and FoxL2.

FoxL2 activates GRAS in a mammalian one-hybrid assay. Based on the
EMSA and yeast one-hybrid and mammalian two-hybrid data it seemed
reasonable to predict that overexpression of FoxL2 would stimulate
transcriptional activity of the multimerized GRAS-luciferase reporter in aT3-1
cells. However, as forkhead proteins alone are often not potent transcriptional
activators (126;130) we addressed this issue by co-transfecting aT3-1 cells with
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Figure 23. FoxL2 interacts with the C-terminus of Smad3 in a mammalian two-
hybrid assay. An expression vector for the C-terminus of Smad3 fused to the
Gal4 DNA binding domain (Gal4-Smad3MH2) was co-transfected into CHO
cells with a Gal4-LUC reporter and expression vectors for the indicated
fragments of FoxL2 fused to the activation domain of VP16. pRSV-LacZ was
included in each transfection to account for differences in transfection
efficiencies. Cells were harvested 24 h after transfection and assayed for
luciferase and B-galactosidase activity. Luciferase values were divided by
the corresponding pB-galactosidase value. Data are expressed as the fcld
change in adjusted luciferase activity as compared to Gal4-Smad3(MH2)
alone. > Bars bearing different letters differ (p<0.05).
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the expression vector for the FoxL2-VP16 fusion protein and the 3XGRAS-LUC
reporter vector. Overexpression of FoxL2-VP16 led to an approximately 25-fold
activation of 3XGRAS-LUC (Figure 24). Furthermore, the stimulatory effect of
the FoxL2 fusion protein was lost if mutations were introduced at either the 5’ or
3' end of GRAS. Thus, both the Smad binding site and the winged-helix

homology appear to be necessary for FoxL2 activation at GRAS in aT3-1 cells.

DISCUSSION

Approximately 5 years ago we used scanning mutagenesis to characterize
a novel regulatory element located in the proximal promoter of the GnRHR gene
that we termed the GnRH receptor activating sequence (GRAS) (1). Originally
characterized as 1 of 3 regulatory elements that contribute to cell-specific activity
of the GnRHR gene promoter it has since become evident that the functional
role(s) of GRAS is more complex. For example, responsiveness of the GnRHR
gene promoter to members of the TGF-B superfamily, in particular activin, is
mediated at GRAS (142). Recently, GRAS has been shown to be responsive not
only to activin but also GnRH (154;167). Thus, GRAS is emerging as a complex
element that mediates responsiveness to multiple endocrine inputs. Here we
have sought to identify the complement of proteins that interact at GRAS and find
that the functional activity of this element depends on a complex array of
transcription factors including Smads, AP-1 and a forkhead DNA binding protein.
Furthermore, the functional attributes of GRAS are lost when the binding of any

single component is eliminated.
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Figure 24. FoxL2 activates GRAS in a mammalian one-hybrid assay. Expression
vectors for full-length FoxL2 fused to the activation domain from VP16 or
the VP16 activation domain alone were co-transfected into «T3-1 cells with
the indicated reporter constructs. pRSV-LacZ was included in each
transfection. Cells were harvested 24 hours after transfection and assayed
for luciferase and p-galactosidase activity. Luciferase values were divided

by the corresponding p-galactosidase values to adjust for differences in
transfection efficiency.
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As an activin response element, members of the Smad family of TGF-B
signaling proteins were clear candidates for contributing to the functional activity
of GRAS. Of particular interest were the pathway specific Smads 2 and 3 which
mediate TGF-B/activin signaling and Smad4 which serves as a common partner
with the pathway specific Smads (130;132). Consistent with this we find that
GRAS effectively displaces binding of Smad3 and Smad4 to a consensus Smad
binding site (152). Furthermore, the ability of GRAS to displace Smad binding
was minimally compromised by mutations at the 3’ end of the element suggesting
that Smad binding is largely mediated at the Smad binding site homology located
at the 5’ end of GRAS. With Smad4, we were able to confirm this observation
using both recombinant protein and a yeast one-hybrid assay. However, defining
the nature of the interaction of Smad3 with GRAS proved more difficult.

Both the EMSA competition assay and overexpression analysis are
consistent with a functional role for Smad3 at GRAS. Nevertheless, Smad3
binding could not be directly detected at GRAS in EMSA using either nuclear
extracts or recombinant protein. In regard to the latter, it is important to
underscore that binding of recombinant Smad3 was detectable using the
consensus Smad binding element (152). Thus, the absence of binding of the
recombinant protein would appear to reflect an inherent inability of Smad3 to bind
directly to GRAS. In point of fact, detecting Smad binding in EMSA is often
problematic as Smad proteins are known to interact weakly with DNA, particularly
at composite regulatory elements (126;134). To approach the issue of Smad3
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interaction at GRAS from a functional standpoint we utilized the yeast one-hybrid
assay. Consistent with the EMSA data, Smad3 alone was not able to activate
the multimerized GRAS reporter in yeast. Only in the presence of Smad4 was
functional activation of GRAS by Smad3 revealed - a result consistent with an
inability of either native or overexpressed Smad3 to bind DNA independently of
Smad4 (168).

We and others (154;167) have reported that GRAS not only mediates
activin responsiveness but also enhances the GnRH response of the GnRHR
gene promoter. Here we find that GRAS is both necessary and sufficient for
activin augmentation of GnRH responsiveness. Importantly, however, the use of
2 bp scanning mutations suggest that Smad binding alone cannot account for the
functional impact of GnRH and activin at GRAS. In this regard, we find that the
distal end of GRAS represents immediately juxtaposed and partiaily overlapping
binding sites for both Smads and AP-1 — an established target for GnRH
activation (2;3;61). Consistent with this we find that GnRH enhances the binding
of AP-1 at GRAS suggesting a potential mechanism that requires a functional
interaction between a Smad3/Smad4 complex that conveys the activin signal and
an AP-1 complex that conveys the GnRH signal. It is important to underscore,
however, that from a functional standpoint these events are inseparable. That is,
neither Smad binding alone nor AP-1 alone is sufficient to convey either an
activin or GnRH signal to GRAS. In this regard, it is interesting that converting
GRAS to a canonical AP-1 site not only eliminated synergistic activation of the
GnRHR promoter but also led to a significant decrease in luciferase expression
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as compared to GnRH treatment alone. This was an unexpected result for which
we have no definite explanation. It may be that the attenuated GnRH response
in the presence of activin reflects squelching whereby AP-1 is sequestered in
non-productive interactions with Smads. A canonical AP-1 site located
approximately 50 bp downstream of GRAS contributes to both “tasal” activity
and GnRH responsiveness of the GnRHR promoter (1;2). As AP-1 has been
shown to interact with Smads (169-171) it is plausible that, upon the addition of
activin, Smads are phosphorylated and translocate to the nucleus where protein-
protein interactions engage AP-1 components in a non-productive complex. The
effects of sequestering AP-1 might be exaggerated if the second, engineered AP-
1 binding site was itself non-productive, i.e., capable of binding AP-1 but not
contributing to promoter activity. Consistent with this possibility, the activity of
the GnRHR promoter in which GRAS has been converted to a canonical AP-1
site (GRASAAP-1) is identical to the same promoter containing a Notl recognition
site in place of GRAS (data not shown). Thus, converting GRAS to AP-1
presents as a loss of function mutation in the GnRHR promoter.

As discussed above, Smad family members have been shown to interact
directly with AP-1 proteins. For example, both Smad3 and Smad4 bind all three
Jun family members: JunB, c-Jun and JunD (169). The Smad/AP-1 complex can
then bind DNA and activate transcription (171;172). It is interesting to note that c-
Jun has been shown to associate with the N-terminal and linker region of Smad3
but not with the C-terminus (171;172). However, as with other forkhead DNA
binding proteins (113;163), we find an interaction of FoxL2 with the C-terminal

8
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region of Smad3. Thus, different domains of Smad3 may mediate interactions
with AP-1 and FoxL2 at GRAS.

We have demonstrated that both Smads and AP-1 proteins bind at GRAS;
the question remains, however, is whether these proteins simultaneously occupy
GRAS. In previous work aimed at determining the crystal structure of Smad3
binding at a Smad binding element in the human collagenase | promoter, Shi et
al. (134) addressed the likelihood of Smad3 binding if a Jun/Fos heterodimer
were docked to an AP-1 site that overlaps with the last base of a Smad binding
site. While their analysis indicated that the N-terminal eight residues of Fos
would sterically clash with the MH1 domain of Smad3, they suggested that
Smads and AP-1 could coexist on this site if the N-terminal residues of Fos adopt
a different conformation (134;165). In fact, TGF-$ regulation at the collagenase |
Smad binding element was subsequently shown to be mediated by the binding of
both Smads and AP-1 as evident in EMSA and DNAse footprinting analysis
(165;171). GRAS is reminiscent of this scenario in that the Smad binding motif
overlaps a binding site for AP-1.

While it is tempting to focus on Smad and AP-1 interactions at GRAS it is
also clear that these components are only part of the complex that is necessary
for the functional activity of this element. That is, mutations localized to the
proximal end of GRAS (UGRAS-7 and uGRAS-8) do not appear to influence the
interactions of either Smads or AP-1 at GRAS vyet are as effective in abrogating
the functional activity of this element as mutations that eliminate Smad and/or
AP-1 binding. For several reasons we have been attracted to the possibility that

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



proximal GRAS represents a binding site for a member of the forkhead family of
DNA binding proteins. First, forkhead proteins were among the first proteins
shown to functionaily interact with Smads and contribute to TGF-B family
signaling (98;101;104;146). Second, the sequence of proximal GRAS displays
homology to a forkhead DNA binding site (162). Here we find that a likely
candidate for mediating the functional activity localized to proximal GRAS is a
fairly new member of the forkhead family of proteins termed FoxL2. First
identified as a transcript expressed in the embryonic pituitary FoxL.2 has been
implicated in mediating the final differentiation of gonadotropes (105). As far as
we know, GRAS represents the first potential target for FoxL2 activation in
gonadotropes. Finally, in a manner similar to FAST1 and FAST2, FoxL2
interaction at GRAS appears to be dependent on the presence of Smads further
underscoring the functional interdependence of the multi-protein complex
organized at GRAS.

Although first defined as a DNA regulatory element in the GnRHR gene
over 5 years ago, only recently has there been substantive progress in defining
the multiple roles of GRAS and the multiple families of proteins that subserve
these roles. Herein, we have demonstrated that GRAS is capable of interacting
with at least 3 classes of transcription factors including Smads, AP-1 and a
forkhead DNA binding protein, FoxL2. This is the first demonstration of these 3
classes of DNA binding proteins interacting at a single regulatory element. Thus,
GRAS represents a composite enhancer whose functional activity is dependent
on a multi-protein complex. We propose that this complex presents a unique
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contour of transcription factors that underiies the functional contributions of

GRAS to expression of the GhnRHR gene.
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CHAPTER FIVE
NEGATIVE REGULATION OF GONADOTROPIN RELEASING HORMONE

RECEPTOR GENE EXPRESSION BY ESTRADIOL-17f3

ABSTRACT

Short-term exposure to estradiol has been shown to decrease
gonadotropin-releasing hormone receptor (GNnRHR) numbers in primary pituitary
cultures. We find that estradiol treatment attenuates GnRH stimulation of the
GnRHR gene. Western analysis reveals no change in activation of the MAP
kinases ERK or JNK by estradiol either alone or in the presence of GnRH. GnRH
stimulation of the GhnRHR promoter is known to be mediated, at least in part, via
an AP-1 binding site. We sought to determine whether the negative effect of
estradiol required AP-1. Mutation of AP-1 eliminates GnRH-responsiveness of
the GnRHR gene, thus simple mutational analysis was not an acceptable
approach for investigating the requirement for AP-1 in estradiol signaling to the
GnRHR gene. To circumvent this difficulty we replaced the AP-1 site with a CRE
(AP1ACRE). This construct had a similar level of basal activity to the wild-type
promoter, was responsive to forskolin and able to bind CREB and ATF-2 in a
binding assay. Like the wild-type promoter, AP1ACRE was responsive to GnRH

and bound by Jun and Fos. We were intrigued to find that GnRH stimulation of
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AP1ACRE is not attenuated by estradiol. In light of these data we suggest that

negative regulation of the murine GnRHR by estradiol in «T3-1 cells is mediated

specifically by AP-1.

INTRODUCTION

The past several years have witnessed a great deal of progress in our
understanding of molecular events underlying the ontogeny of pituitary
gonadotropes and expression of their primary gene products: the glycoprotein
hormone «-subunit, the unique LHB and FSHp subunits, and the GnRHR. In
regard to the latter, we have found that basal activity of the murine GnRHR
promoter in the gonadotrope-derived aT3-1 cell line (69) is mediated by a cell-
specific enhancer located within 500 bp of proximal promoter that includes a
binding site for the nuclear orphan receptor, steroidogenic factor-1 (SF-1), a
consensus AP-1 element and a non-canonical element we have termed GnRHR
activating sequence (GRAS). In addition to its role in "basal" transcriptional
activity, AP-1 also mediates GnRH responsiveness. Specifically, GnRH
regulation of the GNRHR gene is dependent on protein kinase C (PKC) activation
and subsequent recruitment of both a Jun and Fos component to the AP-1
element (2;3).

In primary cultures of rat pituitary cells, chronic estradiol treatment
increases while short-term treatment decreases GnRHR numbers (45;46). In
aT3-1 cells the negative, but not the positive effect of estradiol is recapitulated

(48). This discrepancy may due to indirect effects of estradiol involving non-
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gonadotropes. Since the availability of cDNA's encoding the GnRHR, a number
of studies have demonstrated coordinate changes in GhRHR mRNA and GnRHR
numbers associated with estradiol treatment (14;17;18;20-23). Thus, the effects
of estradiol on GnRHR numbers are at least in part transcriptional. The goal of
the current studies was to more closely examine the mechanisms involved in
estradiol inhibition of GnRH regulation of the GnRHR gene. We found that
although replacement of AP-1 with a CRE eliminates neither basal nor GnRH-
stimulated expression of the GnRHR gene, this mutation completely eliminated

the negative effect of estradiol on GnRHR expression.

MATERIALS AND METHODS

Reagents: Forskolin was purchased from Sigma Chemical Co. (St. Louis,
MO). GnRH was obtained from Bachem (Philadelphia, PA). GF109203X
(Bisindolylmaleimide ) was purchased from Calbiochem (La Jolla, CA).
Antibodies for used for EMSA: c-Jun/AP-1 (catalog no. sc-44X, broadly reactive
with c-Jun, Jun B and Jun D p39), c-Fos (catalog no. sc-253X, broadly reactive
with c-Fos, Fos B, Fra-1 and Fra-2), CREB (catalog no. sc-186X), and ATF-2
(catalog no. sc-187X) and for immunoblot analysis: c-Fos (catalog no. sc-253,
broadly reactive with c-Fos, Fos B, Fra-1 and Fra-2), and anti-rabbit (catalog no.
sc-2004) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

Vector construction: The construction of luciferase expression vectors has
been described (1;70). Element switches were made using dual rounds of PCR
(primers: AP1ACRE Sense §-TATTATGACGTCACTTTC, AP1ACRE Antisense
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5'-GAAAGTGACGTCATAATA, SF1AAP1 Sense 5'-
CACTTGACTCACAGGAGGGCTTTGG, SF1AAP1 Antisense 5'-
CCCTCCTGTGAGTCAAGTGTAACCGTAGC, GRASAAP1 Sense 5'-
CTGTCTGACTCAAACAGTTTTTAGAAAACC, GRASAAP1  Antisense 5'-
CTGTTTGAGTCAGACAGATACAAAATGAAATA).

Cell Culture and Transient Transfections: All cell cultures were maintained
in a humidified atmosphere of 5% CO, at 37°C. Cuitures of «T3-1 cells were
maintained in high-glucose DMEM containing 2 mM glutamine, 5% FBS, 5%
horse serum, 100 U/mL penicillin and 100 pg/mL streptomycin sulfate
(Mediatech, Herndon, VA). The plasmids were transfected using LipofectAMINE
(GIBCO/BRL Life Technologies, Gaithersburg, MD) {Duval, Neison, et al. 1997
ID: 25}. Transfections included 1.4 ug of the test vector and 0.25 g of pRSV-
LacZ. Approximately 24 h after transfection, cells were harvested and assayed
for luciferase activity (70). Transient transfections involving forskolin treatment
were performed as above except that 18 h after transfection, cells were treated
with 10uM forskolin. After another 6 h celis were harvested and assayed for
luciferase activity. Transient transfections involving GnRH treatment were carried
out using a calcium phosphate/DNA co-precipitation method (2;173). Briefly, the
day prior to transfection 2 x 10° cells were plated in 100 mm tissue culture
dishes. Complete media was removed and calcium phosphate/DNA precipitates
in a total volume of 1 mL were aded to the plates. At 30 min, post-transfection,
media was added and cells were treated for 6 h with either GnRH or the

treatment as indicated. When GF109203X was used it was added 15 min prior to
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GnRH treaiments. After 6 h of treatment, cells were washed twice with ice-cold
phosphate-buffered saline (PBS) (10 g/L NaCl, 0.224 g/L KCI, 1.42 g/L Na,HPQ,,
0.272 g/L KH,POy4, pH 7.4) and lysed in 400 pL of 25 mM glycyl-glycine (pH 7.8),
15 mM MgSOs, 1% Triton-X100 and 1 mM dithiothreitol (DTT) (174). Lysates
were cleared by centrifugation at 16,000 x g for 2 min. Lysates (40 and 100 uL
for luciferase and p-galactosidase, respectively) were assayed according to
manufacturer's instructions for luciferase (Promega, Madison, WI) and p-
galactosidase (Tropix, Bedford, MA) activity using a Turner 20D luminometer
(Turner Designs, Sunnyvale, CA). Luciferase values were normalized for
transfection efficiency by dividing the luciferase activity by [-galactosidase
activity (1,2).

Preparation of nuclear extracts: For preparation of nuclear extracts, cells
were harvested in ice-cold PBS with 1 mM EDTA and pelleted by centrifugation
in a clinical centrifuge approximately 1200 x g for 5 min. Cells were then
resuspended in ice-cold lysis buffer (70 mM p-glycerol phosphate, 2 mM MgCly,
0.5 mM EGTA, 15 mM HEPES, 100 mg/mL, 0.15 mM spermine, 0.5 mM
spermidine, 2 mM sodium meta vanadate, 2 mM sodium fiuoride, 2.5 ug/mL
leupeptin, 2.5 ng/mL pepstatin, 1 mM PMSF, 5 mM benzamidine, 1 mM DTT, pH
7.8) and incubated on ice for 5 min. Cells were lysed with 10 strokes of a glass
Dounce B homogenizer. The lysates were layered over a cushion consisting of
300 mg/mL sucrose in lysis buffer and centrifuged at 6650 x g in a JS7.5
Beckman rotor at 4°C. Pellets were resuspended in lysis buffer, further

homogenized by 10 strokes of the Dounce homogenizer and layered over a
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sucrose cushion as above. The pellet was resuspended in lysis buffer pius 10%
glycerol and 450 mM KCI. The solution was mixed by vortexing and then
incubated at 4°C with gentle mixing on a circular mixer for 30 min. The solution
was then centrifuged at 338,000 x g at 4°C for 45 min in a 70.1 Ti Beckman rotor.
Supernatants were recovered and protein concentrations were determined using
bicinchoninic acid (BCA Assay, Pierce, Rockford, L)

Electrophoretic Mobility Shift Assays (EMSA): EMSAs were conducted as
previously described (175). Nuclear extracts (2-12 ng) from aT3-1 cells were
combined with Dignam buffer D (20 mM HEPES, 20% glycerol, 0.1 M KCI, 0.4
mM EDTA) and poly(dl-dC) (2 ng) (Amersham Pharmacia Biotech, Piscataway,
NJ). Reactions were placed on ice for 10 min then combined with a random
prime labeled probe (10 fmol, approximate specific activity of 2 x 10° cpm/fmol)
(AP1ACRE Sense 5'-TATTATGACGTCACTTTC, AP1ACRE Antisense 5'-
GAAAGTGACGTCATAATA, AP1 Sense 5-TATTATGAGTCACTTTC, AP1
Antisense 5'-GAAAGTGACTCATAATA) and competitor, where indicated (5
pmol). Reactions were then incubated at room temperature for 20 min.
Antibodies (Fos, CREB, ATF-2) (2 ng) were added at this time and reactions
were incubated at room temperature for another 15 min. For antibodies against
the Jun family members, the nuclear extract mixture was incubated with 2ug of
antibody for 15 min at room temperature before the addition of radiolabeled
probe (10 fmol, approximate specific activity of 2 x 10* cpm/fmol). Free probe
was separated from bound probe by electrophoresis for 1-2 h at 40 mA in 5%

polyacrylamide gels that were pre-run at 100 V for 30 min in 25 mM Tris, 190 mM
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glycine, and 1 mM EDTA (pH 8). Gels were transferred to blotting paper, dried,
and exposed to Hyperfim MP (Amersham, Arlington Heights, IL) for
approximately 6 h at -70°C with Dupont Cronex intensifying screens (Dupont,
Boston, MA). Radiolabeled probes were prepared by labeling double-stranded
oligonucleotides with [y-*P]JATP (4500 Ci/mmol; ICN, Irvine, CA) and T4 poly-
nucleatide. Double-stranded DNA probes were separated from free nucleotides
by centrifugation on a G-25 Microspin column (Amersham Pharmacia Biotech,
Piscataway, NJ).

Pull-down assays: Pull-down assays were performed as previously
described (176). Briefly, biotinylated oligonucleotides (biot-AP1ACRE Sense,
AP1ACRE Antisense as shown above) were combined in binding buffer (25 mM
Tris-Cl pH 7.5, 80 mM NaCl, 35 mM KCI, 5 mM MgCl,, 10% (v/v) glycerol, 10
ng/mL polydldC, 0.3 mg/mL BSA, 2% NP40), heated to 100°C and allowed to
cool slowly to room temperature. After annealing, double-stranded
oligonucleotides were combined with metallic streptavidin beads (Promega CAS
9013-20-1) and incubated with shaking for 1 h at 4°C. Beads were washed 5
times in binding buffer and combined with 100 ug aT3-1 nuclear extract that was
treated with 100 nM GnRH (0, 1, 6 h). Samples were incubated with shaking at
4°C for 2 h. Beads were washed five times with binding buffer and resuspended
in 2X SDS sample buffer (50 mM Tris-Cl pH 6.8, 5% (v/v) 2-mercaptoethanol,
10% (v/v) glycerol, 1% (w/v) SDS). Samples were boiled for 10 min and
immediately run on an SDS-PAGE. Proteins were transferred to nitrocellulose

membrane by electroblotting. Membranes were blocked in TBS-T (140 mM NacCl,
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10 mM Tris, 0.1% Tween 20, pH 7.4) plus 5% non-fat dry milk for 1 h then
exposed to an antibody directed against all members of the Fos family (sc-253)
(1:20,000 dilution) in 5% milk in TBS-T for 4 h at room temperature. Membranes
were washed three times in TBS-T and incubated in TBS-T + 5% milk with anti-
rabbit antibody (sc-2004) (1:5000 dilution) for 1 h at room temperature. Again,
membranes were washed three times and proteins were visualized by
SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL).

JNK and ERK activation assays: aT3—1 cells were grown to approximately
70% confluence and serum starved for 2 h prior to drug treatment and lysis.
Cells were treated with 100 nM GnRH for 30 min. In addition, control vehicle
(dimethyl sulfoxide [DMSO]) was applied to the cells receiving no drug treatment.
Following treatment, cells were washed with ice-cold buffer containing 150 mM
NaCl and 10 mM HEPES (pH 7.5) and lysed in radio-immunoprecipitation assay
(RIPA) buffer containing 20 mM Tris (pH 8.0), 137 mM NaCli, 10% glycerol, 1%
NP40, 0.1% SDS, 0.5% deoxycholate, 2 mM EDTA, 5 mM sodium vanadate, 5
mM benzamidine and 1 mM phenyimethylsulfonyl fluoride (PMSF) on ice. The
cell lysates were collected and debris cleared by centrifugation.

For ERK analyses, 10 puL of lysate was loaded onto a SDS-PAGE gel with
a 10% acrylamide running gel section and a 5% acrylamide stack. Proteins were
then transferred to nitrocellulose from Osmonics, and membranes were blocked
in TBS-T (140 mM NacCl, 10 mM Tris, 0.1% Tween 20, pH 7.4) + 5% dry, non-fat
milk for 30 min. Phosphorylated ERK analyses were incubated for 2 h at room

temperature on an orbital shaker with a phospho-ERK antibody (1:1000 dilution)
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obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Blots were then
washed 6 times with TBS-T before incubating for 1 hour in TBS-T + 5% milk with
anti-mouse IgG-HRP (1:2,000 diiution). Again, membranes were washed 6 times
and proteins were visualized by SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce, Rockford, IL). Blots were stripped at room temperature for 30
min on an orbital shaker with 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM
Tris-HCI (pH 6.7) heated to 50°C. After washing the membranes twice, blots
were reprobed with an antibody (1:10,000 dilution) which detects relative
amounts of ERK protein independent of phosphorylation state (Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-rabbit IgG-HRP (1:2,000 dilution)
following the same general protocol.

JNK activation assays were performed in a similar manner, excepting the
following differences: 20 pL of lysate was loaded onto gels, antibodies were
obtained from Cell Signaling Technology (Beverly, MA) and primary anticodies
were incubated with membranes in TBS-T + 5% BSA at 4°C overnight.

Statistical analysis: Data were analyzed by SAS (151). The transfection
data were analyzed by one-way ANOVA with vector as the independent variable.
Means were separated using Dunnett's t-test (Figures 25, 27, 30, 32). In Figure

28 treated and untreated vectors were compared using Student’s t-test.

RESULTS
Estradiol treatment attenuates GnRH-responsiveness. A number of

studies have demonstrated coordinate changes in GhRHR mRNA and GnRHR
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numbers associated with estradiol treatment (20;23;25;117;120;138:177).
Unfortunately, we have not been able to detect estradiol regulation of the murine
GnRHR gene in either transient transfection paradigms or transgenic mice (121).
However, hormones are not present as isolated entities in living organisms. They
are present as complex mixtures that interact to modify one another's actions. To
determine if estradiol had an effect on activity of the murine GNnRHR promoter in
the presence of GnRH, a vector containing 600 bp of proximal wild type GnRHR
promoter (pPMGR-600LUC) was transfected into «T3-1 cells and treated with
GnRH and increasing amounts of estradiol-17p3 for 6 h. Treatment with 10 nM
estradiol significantly reduced GnRH stimulation (Figure 25). Treatment with 100
nM severely attenuated promoter activity compared to GnRH alone.

GnRH stimulates the GnRHR gene via phosphorylation of JNK (79). We
next sought to determine whether estradiol might have any effect on GnRH
stimulated JNK phosphorylation. Western analysis was performed on aT3-1 cells
that were treated with 100 nM estradiol, 100 nM GnRH or estradiol and GnRH
together. Antibodies against either the phosphorylated (activated) form of JNK or
the phosphorylated form of ERK were used. Estradiol treatment did not activate
JNK or ERK, nor did estradiol have any effect on GnRH-induced activation of
JNK and ERK (Figure 26). Thus, the effects of estradiol on GnRH signaling
would appear to lie downstream of JNK.

AP-1 is not specifically required for basal activity of the promoter. GnRH
stimulation of the GnRHR promoter is mediated, at least in part, via an AP-1

binding site. We next sought to determine whether the negative effect of estradiol
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Figure 25. Estradiol treatment attenuates GnRH responsiveness.
aT3-1 cells were transiently transfected with pMGR-600LUC and
treated with 100 nM GnRH and 1-100 nM Estradiol-17p. Six hours
after treatment cells were harvested and assayed for luciferase and
B-galactosidase activity. *p<0.05 as compared to GnRH alone.
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Figure 26. Estradiol treatment does not affect phosphorylation of
JNK. aT3-1 cells were serum starved for 2 h and treated with 100 nM
GnRH in the presence or absence of 100 nM estradiol for 1 h. Cells were
then lysed in RIPA buffer and debris cleared by centrifugation. Lysates
were resolved by SDS-PAGE and transferred to nitrocellulose. Blots were
probed with either a phospho-specific ERK antibody (pERK) or a phospho-

specific JNK (pJNK) antibody that recognizes the dual phosphorylated
forms of ERK or JNK.
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was mediated at the AP-1 binding site in the GNRHR promoter. Mutation of AP-1
eliminates GnRH-responsiveness of the GnRHR gene, thus simple mutational
analysis was not an acceptable approach for looking at the requirement for AP-1
in estradiol signaling to the GnRHR gene. We sought to circumvent this difficuity
by replacing the AP-1 site with a CRE (AP1ACRE). This approach was performed
in hopes that we could change the identity of the element without losing GnRH-
responsiveness. When compared to the wild type promoter, replacement of the
AP-1 element with a CRE did not affect basal activity of the promoter (Figure 27).
To determine if the requirements for the other elements in the GnRHR cell
specific enhancer were as flexible as those for AP-1, we substituted GRAS and
SF-1 with an AP-1 site. These element switches were not different from null
mutations of the elements (Figure 27). Thus, while GRAS and SF-1 cannot be
replaced with an AP-1 site and retain promoter function, AP-1 can be replaced
with a CRE, suggesting that a certain degree of plasticity exists in the functional
requirement for AP-1 in the GhnRHR gene.

AP1ACRE has the characteristics ofa CRE. Considering replacement
of the AP-1 binding site with a CRE did not alter basal activity of the promoter,
we next sought to confirm that our CRE was functioning as a CRE. We treated
the AP1ACRE mutation with forskolin, which activates cAMP and therefore
should stimulate the CRE. Promoter activity of the AP1ACRE mutation was
increased approximately four-fold by forskolin treatment, while the wild-type
promoter was unresponsive (Figure 28). To determine if this forskolin

responsiveness could be due to binding of CRE binding protein (CREB), a
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AP1ACRE

GRASAAP1

Fold of pMGR-800pGL3

Figure 27. AP-1 is not specifically required for basal activity of the
promoter. Three vectors were constructed in which GRAS or SF-1 were
replaced with an AP-1 element (GRASAAP1 and SF1AAP1, respectively)
or the AP-1 element with a CRE (AP1ACRE) each in the context of 600 bp
of §' flanking sequence. These constructs were compared to vectors in
which GRAS, SF-1 or AP-1 were replaced with a null mutation. All
constructs were transiently transfected into aT3-1 cells and assayed for

luciferase activity. Values represent mean + SEM for triplicate samples. *
p<0.01.
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Figure 28. AP1ACRE responds to forskolin. Vectors containing the
AP1ACRE mutation or the wild type promoter were transiently transfected into
aT3-1 cells, treated with 10 uM forskolin for six hours, and assayed for
luciferase activity. Values represent mean + SEM for triplicate samples. *
Represents values different (p<0.01) from untreated for each vector.
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binding assay was performed. CREB and ATF-2 were abie to bind AP1ACRE
but not AP-1 (Figure 29). This shows that the CRE is demonstrating the
characteristics of a classic CRE.

The AP-1ACRE mutation retains GnRH responsiveness. When we
found that the AP1ACRE mutation did not diminish basal activity of the promoter,
we realized that this represented a unique opportunity to determine the specific
requirements for function of the AP-1 element. While a CRE and an AP-1
element both bind b-zip transcription factors, they generally respond to different
stimuli. We wanted to know if the specificity of the AP-1 element is important for
GnRH responsiveness even though it is not necessary for basal activity. To
answer this question, the AP-1ACRE vector was transiently transfected into «T3-
1 cells. The mutated promoter was stimulated by treatment with GnRH to a level
not different from the wild-type promoter (Figure 30). Likewise, the stimulation of
AP-1ACRE by GnRH is obliterated by treatment with the PKC inhibitor
Bisindolylmaleimide | (GF 109203X). Thus, activation of AP1ACRE, like the wild-
type promoter, appears to proceed through a PKC-dependent mechanism.

AP14CRE binds Jun and Fos. When AP-1 was replaced with a CRE, the
switch did not affect basal activity or GnRH responsiveness of the promoter. This
prompted us to ask if this CRE could bind Jun and Fos components.
Interestingly, both Jun and Fos were shown to bind AP1ACRE in a binding assay
(Figure 31A). These are the components that are known to bind the wild type AP-
1 (174). Binding of Jun at a CRE is well established, however there is less data

to support Fos-binding at a CRE (176). To confirm that Fos was binding to our
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Figure 29. AP1ACRE binds CREB and ATF-2. Nuclear extracts from
aT3-1 cells were incubated with a radiolabeled probe consisting of the
consensus AP-1 element from the murine GnRHR gene promoter or the
AP1ACRE mutation. A 500-fold molar excess of unlabeled
oligonucleotides containing AP1, AP1ACRE or heterologous DNA, and
antibodies to CREB and ATF-2 were added where indicated.
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Figure 30. AP1ACRE retains GnRH responsiveness. Vectors containing
the AP-1ACRE mutation or the wild type promoter were transiently
transfected into aT3-1 cells, treated with 100 nM GnRH for 6 hrs, and
assayed for luciferase activity. Where indicated, samples were pretreated
with the specific PKC inhibitor Bisindolyimaleimide | (GFX) (100 nM) for 15
min before GnRH was added. Values represent mean + SEM for triplicate
samples. * Represents values different (p<0.01) from untreated for each
vector.
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CRE we performed a pull-down assay. A biotinylated oligonucleotide containing
the AP1ACRE fragment was combined with nuclear extract from GnRH-treated
cells. DNA/extract mixtures were combined with streptavidin linked to agarose
beads and washed several times. Reactions were then analyzed by an
immunoblot assay. Detection was performed with an antibody that recognizes all
members of the Fos family. Fos binding to AP1ACRE was detected in extracts
from cells treated with 100 nM GnRH for 1 h, but not in untreated extracts or
extracts from cells treated with GnRH for 6 h (Figure 31B). This assay confirmed
our findings that Fos binds to AP1ACRE upon GnRH stimulation. Thus,
replacement of the AP-1 site with a CRE does not alter the ability of Jun and Fos
to bind.

AP14ACRE is not negatively regulated by estradiol. Now that we had
characterized the AP1ACRE mutation, we sought to determine the effect of
estradiol on GnRH regulation of this construct. To determine whether the
inhibition caused by estradiol was mediated at AP-1, we compared estradiol
treatment of the wild-type promoter to AP1ACRE in transient transfections.
Vectors were transfected into aT3-1 cells and treated with GnRH and estradiol.
Intriguingly, estradiol treatment did not block GnRH responsiveness of AP1ACRE
(Figure 32). Based on this finding, we suggest that estradiol inhibition of the

GnRH response specifically requires an intact AP-1 binding site.
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Figure 31. AP1ACRE Binds Jun and Fos. A) Nuclear extracts from aT3-1
cells were incubated with radiolabeled oligonucleotides containing the
AP1ACRE mutation. A 500-fold molar excess of unlabeled homologous or
heterologous oligonucleotides, or pan-Jun or pan-Fos antibodies were added
where indicated. B) GnRH-treated (0, 1, 6 h) aT3-1 nuclear extracts were
combined with a biotinylated oligonucleotide containing the AP1ACRE
mutation. Western analysis using a general Fos antibody detected induction of
Fos binding at 1 h of GnRH treatment.
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Figure 32. AP1ACRE is not negatively regulated by estradiol. aT3-1 cells
were transiently transfected with either pMGR-600LUC or AP1ACRE. Cells
were treated with 100 nM GnRH in the presence or the absence of 100 nM

Estradiol-17B. Six hours after transfection, cells were harvested and assayed
for luciferase activity.
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DISCUSSION

We have found that estradiol blocks GnRH stimulation of GhRHR gene
expression. This is consistent with previous findings that estradiol reduces
GnRHR numbers in «T3-1 cells (47;48). In primary cultures of rat pituitary cells,
chronic exposure to estradiol can increase GNnRHR numbers while short-term
exposure decreases GnRHR numbers (45-47). Thus, gonadotropes and «T3-1
cells both exhibit negative responses to estradiol, but gonadotropes also exhibit a
positive response to estradiol that is not seen in aT3-1 cells. This discrepancy
may be explained if the up-regulation of GnRHR numbers seen in primary
cultures occurs indirectly, involving steroid hormone effects on cells other than
gonadotropes (47).

Replacement of the AP-1 site with a CRE does not affect basal activity of
the murine GnRHR promoter. The AP1ACRE construct gained the ability to
respond to forskolin and to bind CREB and ATF-2. It is interesting to note that the
murine GnRHR gene already contains one CRE and this CRE is not sufficient to
confer forskolin responsiveness. In addition, the promoter retained GnRH
responsiveness and, interestingly, retained the ability to bind Jun and Fos. This is
in contrast with the human glycoprotein hormone «-subunit promoter in which the
CRE couild not be replaced by an AP-1 element without a loss of promoter
activity (178). That functional activity of the AP-1 element can be repiaced by a
CRE suggests a certain level of plasticity in the murine GnRHR composite
enhancer. It is also interesting to note that the gain of cAMP responsiveness is

not associated with a loss of GnRH responsiveness and that the GnRH response
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remains dependent on PKC. The fact that we could replace AP-1 with a CRE and
retain hormonal responsiveness and basal expression, while others lost
expression when testing the reverse (179) suggests that the functions of a CRE
may be much broader than that of an AP-1 binding site. The requirements for
GRAS and SF-1, however, appear to be much more rigid. We found that
replacing either GRAS or SF-1 with a consensus AP-1 element reduced
promoter activity to a level similar to null mutation of the element. GRAS contains
homologies to an AP-1 half site, so the change in sequence was not dramatic,
however, it was enough of a change to eliminate function of this promoter region.

Interestingly, aithough GnRH responsiveness was retained when the AP-1
binding site was replaced with a CRE, the negative effect exerted by estradiol
was lost, suggesting that the AP-1 binding site is not specificaily required for
GnRH-responsiveness, but is specifically required to mediate the negative effect
of estradiol. These data would also suggest that the negative effect of estradiol is
mediated, at least in part, at the AP-1 binding site. Estradiol did not affect GnRH-
induced activation of JNK. Thus, the target for estradiol inhibition must lie
between JNK and AP-1. There is evidence to suggest that estradiol treatment of
aT3-1 cells shifts the dose-response curve for GnRH-stimulated inositol
phosphate (IP) accumulation rightward, increasing the EC50 for this GnRH effect
by approximately 20-fold (48). Upon treatment with GnRH, phospholipase C
breaks phosphatidyl inositol down into diacylglycerol (DAG) and inositol tri-
phosphate (IP3) (74;153). DAG activates PKC, which is important for ERK
phosporylation while IP; results in release of intracellular Ca** stores resulting in

(N
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activation of the JNK pathway (74;153;155). Thus, McArdle's data showing that
estradiol treatment inhibits GnRH stimulation of IP accumulation seems to
contradict the fact that JNK activation is not affected by estradiol.

In summary, these data add to the emerging picture of genetic elements
and biochemical pathways that underlie the intricate regulation of gene
expression. The studies presented in this manuscript give us a glimpse of the
different regulatory pathways and how they integrate, adding key elements to the
increasingly complex but increasingly complete picture of the interactions that
exist between GnRH and estradiol signaling pathways. We have shown that the
negative effect of estradiol on GnRHR expression could not be recapitulated after
replacement of the AP-1 element with a CRE. Thus, although GnRH stimulation
of the murine GnRHR gene can be mediated via a CRE, negative regulation of

this gene by estradiol specifically requires the presence of the AP-1 element.
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CHAPTER SIX
CONCLUSIONS

GRAS was originally defined six years ago. Over the past several years, |
have shown that GRAS represents an activin responsive element. Because the
activin a-subunits, as well as the activin binding protein follistatin, are produced
by gonadotropes, all of the elements are in place for autocrine/paracrine
regulation of the GNnRHR gene. GRAS represents the first activin response
element characterized in gonadotropes.

The next issue | considered was the identity of the protein(s) that mediate
activin signaling at GRAS. As signaling intermediates for activin, Smads were an
obvious candidate. Consistent with this, | have found that Smad4 interacts at the
5' end of the element. Smad3 could not be detected binding in a gel shift when
GRAS was used as radiolabeled probe. Howevel;, GRAS effectively displaces
binding of Smad3 to a consensus Smad binding element. Furthermore,
overexpression of Smad3 stimulates enhancer activity of GRAS suggesting that
Smad3 may be involved in activation at GRAS. Although | have presented
evidence to support a role for Smad3 at GRAS, | have not ruled out involvement
of Smad2. It wouid be interesting to investigate whether Smad2 contributes to
GRAS function. Perhaps the simplest approach to this question would be to

determine whether Smad2 interacts at GRAS in a yeast one-hybrid assay.
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Although unresponsive to GnRH alone, GRAS mediates a synergistic
response to activin and GnRH together. Consistent with GnRH regulation at
GRAS, | have found that Jun and Fos bind to the AP-1 half site located in the
center of GRAS. The next issue is the signaling intermediates that are required
for propagation of the signal from receptor to transcription factor. GnRH signaling
to Jun/Fos components has been shown to occur via MAP kinases (52;75-
77,155;156). Future experiments should investigate whether GnRH
communicates to GRAS via MAP kinases and if they are, the identity of the
specific signaling intermediates involved should be determined.

FoxL2, a member of the forkhead family of transcription factors binds to
the 3' end of GRAS. Little is known about signaling to FoxL2. Research is
needed to explore the molecular mechanisms involved in FoxL2 signaling. There
is evidence to suggest that members of the forkhead family are phosphorylated
upon hormone treatment which results in a change in their cellular distribution
(180). Furthermore, the interaction of FAST-2 with Smad2 is enhanced by ligand
treatment (146). Future studies should be directed toward understanding the
effect of ligand treatment on Smad-FoxL2 interactions and investigating protein-
protein interactions between FoxL2 and the individual Jun/Fos components
binding at GRAS.

Finally, GRAS responds to activin and mediates a synergistic response to
activin and GnRH. These different responses are likely a product of different

transcription factors binding at GRAS. Based on the data | have presented in this
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manuscript it seems likely that synergistic activation at GRAS requires AP-1
binding, while activin regulation does not. Further investigation of the identity of
transcription factors binding at GRAS during each of these responses wouid
deepen our understanding of how GRAS mediates these two different hormonal
inputs.

These findings should be confirmed in transgenic mice. Mice are currently
being generated that contain a luciferase reporter construct down stream of the
murine GnRHR gene promoter that has a Notl site in place of GRAS (LGRAS).
These mice should be studied to determine the effect of mutating GRAS in vivo.
Using mice containing the wild-type promoter fused to luciferase (-1900wt), one
could study follistatin/activin responsiveness of this promoter region. These mice
could be injected with follistatin and their tissues assayed for luciferase
expression. Besecke et al., injected follistatin into rats to study the effects of
activin on FSH production (31). The effects of follistatin could be compared in —

1900wt and in uGRAS mice.

| have demonstrated that GRAS is capable of interacting with at least
three classes of transcription factors. These families of transcription factors have
not previously been shown to bind to a single element. Thus, GRAS represents a
complex enhancer whose functional activity is dependent on a unique contour of
transcription factors. It seems likely that this unique conformation of proteins are
essential for recruitment of the appropriate cofactor(s) and thus stimulation of the

enhancer activity of GRAS. Future studies should investigate the identity of these
cofactors and how they interact at GRAS.

15
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In addition to activin, the GhnRHR gene is also stimulated by GnRH. GnRH
responsiveness of the murine GnRHR gene is mediated at the AP-1 element
(2;3). | have shown that this response is attenuated by treatment with estradiol.
Replacing the AP-1 element with a CRE does not affect GnRH responsiveness
but blocks the negative effect of estradiol, suggesting that the effect of estradiol
has a strict sequence requirement for AP-1 while the GnRH response does not.

McArdle et al. (48), has suggested that estradiol treatment blocks GnRH-
induced accumulation of inositol phosphates. However, one might expect this to
block ERK or JNK, but this is in contrast to my results. Further work needs to be
done to elucidate the point at which estradiol signaling cross-talks with GnRH
signaling. My data suggest that AP-1 is not required for GnRH stimulation but is
required for estradiol inhibition of the GnRHR gene. Thus, cross-talk between
GnRH and estradiol may occur at the level of the DNA binding components. |
found that the CRE bound not only Jun and Fos, but also CREB and ATF-2. It
may be useful to determine whether GnRH treatment stimulates CREB and ATF-
2. If GnRH signaling to a CRE is mediated via fundamentally different
mechanisms than GnRH signaling to AP-1 then understanding these differences
may highlight the point at which estradiol has its effect. Finally, these
experiments should also be confirmed in transgenic mice: —1900wt mice would
be treated with either GnRH alone or GnRH in combination with estradiol.
Presumably, estradiol treatment would attenuate the GnRH response.

The binding of GnRH to receptors on the surface of gonadotropes is
obligatory for synthesis and secretion of LH and FSH, and thus normal

116
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reproductive function. The magnitude of gonadotropin secretion is dependent
upon both the amount of GnRH secreted from the hypothalamus and the number
of GnRH receptors, i.e. the sensitivity of the pituitary to a given dose of GnRH.
Consequently, regulation of the GnRHR gene represents an important point for
regulation of reproductive function. The studies presented in this dissertation

further the understanding of how expression of the GnRHR gene is regulated.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.
1.

12.

13.

14.

CHAPTER SEVEN
REFERENCES

. Duval, D.L., Nelson, S.E., and Clay, C.M. (1997) Mol Endocrinol 11, 1814-

1821

White, B.R., Duval, D.L., Mulvaney JM, Roberson, M.S., and Clay, C.M.
(1999) Mol Endocrinol 13, 566-577

Norwitz, E.R., Cardona, G.R., Jeong, K.H., and Chin, W.W. (1999) J Biol
Chem 274, 867-880

Matsuo, H., Baba, Y., Nair, R.M., Arimura, A., and Schally, A.V. (1971)
Biochem Biophys Res Commun 43, 1334-1339

Brinkley, H.J. (1981) Biol Reprod 24, 22-43

Clarke, I.J., Cummins, J.T., and de Kretser, D.M. (1983) Neuroendocrinol.
36, 376-384

Clayton, R.N. and Catt, K.J. (1981) Endocr Rev 2, 186-209
Desijardins, C. (1981) Biol Reprod 24, 1-21

Gharib, S.D., Wierman, M.E., and Shupnik, M.A. (1990) Endocr Rev 11,
177-190

Crowder, M.E. and Nett, T.M. (1984) Endocrinology 114, 234-239

Nett, T.M., Cermak, D., Braden, T., Manns, J., and Niswender, G. (1988)
Domest Anim Endocrinol 5, 81-89

Savoy-Moore, R.T., Schwartz, N.B., Duncan, J.A., and Marshall, J.C.
(1980) Science 209, 942-944

Wise, M.E., Nieman, D., Stewart, J., and Nett, T.M. (1984) Biol Reprod
31, 1007-1013

Bauer-Dantoin, A.C., Weiss, J., and Jameson, J.L. (1995) Endocrinology
136, 1014-1019

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15.
16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.

27.

28.

29.

30.

Smith MS (1981) Endocrinology 109, 1509-1517

Adams, T.E., Norman, R.L., and Spies, H.G. (1981) Science 213, 1388-
1390

Kaiser, U.B., Jakubowiak, A., Steinberger, A., and Chin, W.W. (1993)
Endocrinology 133, 931-934

Turzillo, A.M., Nolan, T.E., and Nett, T.M. (1998) Endocrinology 139,
4890-4894

Tsutsumi, M., Zhou, W., Millar, R.P., Mellon, P.L., Roberts, J.L., Flanagan,
C.A., Dong, K., Gillo, B., and Sealfon, S.C. (1992) Mol Endocrinol
6, 1163-1169

Sealfon, S.C., Laws, S.C., Wu, J.C., Gillo, B., and Miller, W.L. (1990) Mol
Endocrinol 4 , 1980-1987

Bauer-Dantoin, A.C., Hollenberg, A.N., and Jameson, J.L. (1993)
Endocrinology 133, 1911-1914

Brooks, J., Taylor, P.L., Saunders, P.T., Eidne, K.A., Struthers, W.J., and
McNeilly, A.S. (1993) Mol Cell Endocrinol 94, R23-R27

Hamernik, D.L., Clay, C.M., Turzillo, A., Van Kirk, E.A., and Moss, G.E.
(1995) Biol Reprod 53, 179-185

Gregg, D.W. and Nett, T.M. (1989) Biol.Reprod. 40, 288-293

Gregg, D.W., Allen, M.C., and Nett, T.M. (1990) Biol Reprod 43, 1032-
1036

Clayton, R.N., Channabasavaiah, K., Stewart, J.M., and Catt, K.J. (1982)
Endocrinology 110, 1108-1115

Pieper, D.R., Gala, R.R., Regiani, S.R., and Marshall, J.C. (1982)
Endocrinology 110, 749-753

Fernandez-Vazquez, G., Kaiser, U.B., Albarracin, C.T., and Chin, W.W.
(1996) Mol Endocrinol 10, 356-366

Braden, T.D., Farnworth, P.G., Burger, H.G., and Conn, P.M. (1990)
Endocrinology 127, 2387-2392

Braden, T.D. and Conn, P.M. (1992) Endocrinology 130, 2101-2105

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31.

32.

33.
34.
35.

36.

37.

38.
39.

40.
41.

42.

43.

44.
45.

46.

47.
48.

Besecke, L.M., Guendner, M.J., Sluss, P.A., Polak, A.G., Woodruff, T.K.,
Jameson, J.L., Bauer-Dantoin, A.C., and Weiss, J. (1997)
Endocrinology 138, 2841-2848

Genuth, S.M. (1993) in Physiology (Berne, R.M. and Levy, M.N., eds) pp.
980-1024, Mosby Year Book, St. Louis

Zeleznik, A.J. and Hillier, S.G. (1984) Clin Obstet Gynecol 27, 927-940
Hillier, S.G. (1994) Hum Reprod 9, 188-191

Srivastava, S., Weitzmann, M., Cenci, S., Ross, F., Adler, S., and Pacifici,
R. (1999) J Clin Invest 104, 503-513

Conti, M., Andersen, C.B., Richard, F.J., Shitsukawa, K., and Tsafriri, A.
(1998) Mol Cell Endocrinol 145, 9-14

Richards, J.S., Russell, D.L., Robker, R.L., Dajee, M., and Alliston, T.N.
(1998) Mol Cell Endocrinol 145, 47-54

Adashi, E.Y. (1998) J Reprod Immunol 39, 13-19

Gaddy-Kurten, D., Tsuchida, K., and Vale, W. (1995) Recent Prog Horm
Res 50, 109-129

Attisano, L. and Wrana, J.L. (1998) Curr Opin Cell Biol 10, 188-194

Bodensteiner, K.J., Clay, C.M., Moeller, C.L., and Sawyer, H.R. (1999)
Biol Reprod 60, 381-386

McGrath, S.A., Esquela, A.F., and Lee, S. (1995) Mol Endocrinol 9, 131-
136

Dong, J., Albertini, D.F., Nishimori, K., Kumar, T.R., Lu, N., and Matzuk,
M.M. (1996) Nature 383, 531-535

Richards, J.S. (2001) Endocrinology 142, 2184-2193

Menon, M., Peegel, H., and Katta, V. (1985) Am J Obstet Gynecol 151,
534-540

Emons, G., Hoffman, B.C., Ortmann, O., Sturm, R., Ball, P., and Knuppen,
R. (1988) J Steroid Biochem 31, 751-756

Kaiser, U.B., Conn, P.M., and Chin, WW. (1997) Endocr Rev 18, 46-70

McArdle, C.A., Schomerus, E., Groner, |., and Poch, A. (1992) Mol Cell
Endocrinol 87, 95-103

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49.

50.

51.

92.

53.

54.
95.

56.

57.

58.

59.

60.

61.

62.

63.

Maurer, R., Kim, K.E., Schoderbek, W.E., Roberson, M.S., and Glenn,
D.J. (1999) Recent Prog Horm Res 54, 455-484

Barnhart, K.M. and Mellon, P.L. (1994) Mol Endocrinol 8, 878-885

Ingraham, H.A_, Lala, D.S., lkeda, Y., Luo, X., Shen, W.H., Nachtigal,
M.W._, Abbud, R., Nilson, J.H., and Parker, K.L. (1994) Genes Dev
8, 2302-2312

Roberson, M.S., Misra-Press, A., Laurance, M.E., Stork, P.J.S., and
Maurer, R.A. (1995) Mol Cell Biol 15, 3531-3539

Weck, J., Anderson, A.C., Jenkins, S., Fallest, P.C., and Shupnik, M.A.
(2000) Mol Endocrinol 14, 472-485

Jorgensen, J.S. and Nilson, J.H. (2001) Mol Endocrinol 15, 1505-1516

Quirk, C.C., Lozada, K.L., Keri, R.A., and Nilson, J.H. (2001) Mo/
Endocrinol 15, 734-746

Keri, R.A., Bachmann, D.J., Behrooz, A., Herr, B.D., Ameduri, R.K., Quirk,
C.C., and Nilson, J.H. (2000) The Journal of Biological Chemistry
275, 13082-13088

Curtin, D., Jenkins, S., Farmer, S., Anderson, A.C., Haisenleder, D.J.,
Rissman, E., Wilson, E.M., and Shupnik, M.A. (2001) Mo/
Endocrinol 15, 1906-1917

Zhao, L., Bakke, M., Krimkevich, Y., Cushman, L.J., Parlow, A.F.,
Camper, S.A., and Parker, K.L. (2001) Development 128, 147-154

Burger, L.L., Dalkin, A.C., Aylor, KW., Workman, L.J., Haisenleder, D.J.,
and Marshall, J.C. (2001) Endocrinology 142, 3435-3442

Brown, P. and McNeilly, A.S. (1997) Int J Biochem Cell Biol 29, 1513-
1524

Strahl, B.D., Huang, H.J., Sebastian, J., Ghosh, B.R., and Miller, W.L.
(1998) Endocrinology 139, 4455-4465

Vasilyev, V.V., Pernasetti, F., Rosenberg, S.B., Barsoum, M.J., Austin,
D.A., Webster, N.J., and Mellon, P.L. (2002) Endocrinology 143,
1651-1659

Pernasetti, F., Vasilyev, V.V., Rosenberg, S.B., Bailey, J.S., Huang, H.-J.,
Miller, W.L., and Mellon, P. (2001) Endocrinology 142, 2284-2295

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64.

65.

66.

67.

68.

69.

70.
71.
72.

73.
74.

75.

76.

77.

78.

79.

80.

Besecke, L.M., Guendner, M.J., Schneyer, A.L., Bauer-Dantoin, A.C.,
Jameson, J.L., and Weiss, J. (1996) Endocrinology 137, 3667-3673

Huang, H.J., Sebastian, J., Strahl, B.D., Wu, J.C., and Miller, W.L. (2001)
Endocrinology 142, 2267-2274

Carroll, R.S., Kowash, P.M., Lofgren, J.A., Schwall, R.H., and Chin, W.W.
(1991) Endocrinology 129, 3299-3304

Weiss, J., Harris, P.E., Halvorson, L.M., Crowley, W.F.J., and Jameson,
J.L. (1992) Endocrinology 131, 1403-1408

Bailey, J.S., Pernasetti, F., and Mellon, P.L. (2000) Endocrine Society
Meeting 82, 136-136(Abstract)

Windle, J.J., Weiner, R.l., and Mellon, P.L. (1990) Mol Endocrinol 4, 597-
603

Duval, D.L., Nelson, S.E., and Clay, C.M. (1997) Biol Reprod 56, 160-168
Luc, X, lkeda, Y., and Parker, K.L. (1994) Cell 77, 481-490

Ikeda, Y., Luo, X., Abbud, R., Nilson, J.H., and Parker, K.L. (1995) Mol
Endocrinol 9, 478-486

Kaiser, U.B., Conn, P.M., and Chin, W.W. (1997) Endocr Rev 18, 46-70

Stanislaus, D., Janovick, J.A., Brothers, S., and Conn, P.M. (1997) Mo/
Endocrinol 11, 738-746

Weck, J., Fallest, P.C., Pitt, L.K., and Shupnik, M.A. (1998) Mol
Endocrinol 12, 451-457

Levi, N.L., Hanoch, T., Benard, O., Rozenblat, M., Harris, D., Reiss, N.,
Naor, Z., and Seger, R. (1998) Mol Endocrinol 12, 815-824

Roberson, M.S., Zhang, T., Li, H., and Mulvaney JM (1999)
Endocrinology 140, 1310-1318

Turzillo, A.M., Campion, C.E., Clay, C.M., and Nett, T.M. (1994)
Endocrinology 135, 1353-1358

Elisworth, B.S., White BR, Burns, A.T., Cherrington, B.D., Otis, A.M., and
Clay, C.M. (2002) (UnPub)

Ying, S.Y. (1988) Endocr Rev 9, 267-293

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81.

82.

83.
84.

85.
86.
87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

Roberts, V.J., Peto, C.A., Vale, W., and Sawchenko, P.E. (1992)
Neuroendocrinol 56, 214-224

Kaiser, U.B., Lee, B.L., Carroll, R.S., Unabia, G., Chin, W.W., and Childs,
G.V. (1992) Endocrinology 130, 3048-3056

Chen, C.-L..C. (1993) Endocrinology 132, 4-5

Doi, M., Igarashi, M., Hasegawa, Y., Eto, Y., Shibai, H., Miura, T., and
Ibuki, Y. (1992) Endocrinology 130, 139-144

Padgett, R.W., Das, P., and Krishna, S. (1998) BioEssays 20, 382-390
Derynck, R., Zhang, Y., and Feng, X.H. (1998) Cell 95, 737-740

Padgett, R.W., Cho, S.H., and Evangelista, C. (1998) Pharmacol Ther 78,
47-52

Baker, J.C. and Harland, R.M. (1997) Curr Opin Genet Dev 7, 467-473

Kretzschmar, M. and Massague, J. (1998) Curr Opin Genet Dev 8, 103-
111

Feng, X.H., Zhang, Y., Wu, R.Y., and Derynck, R. (1998) Genes Dev 12,
21563-2163

Lagna, G., Hata, A., Hemmati-Brivaniou, A., and Massague, J. (1996)
Nature 383, 832-836

Afrakhte, M., Moren, A., Jossan, S., Itoh, S., Sampath, K., Westermark,
B., Heldin, C.H., Heldin, N.E., and Ten Dijke, P. (1998) Biochem
Biophys Res Commun 249, 505-511

Casellas, R. and Brivanlou, A.H. (1998) Dev Biol 198, 1-12

Nakayama, T., Gardner, H., Berg, L.K., and Christian, J.L. (1998) Genes
Cells 3, 387-394

Souchelnytskyi, S., Nakayama, T., Nakao, A., Moren, A., Heldin, CH.,
Christian, J.L., and Ten Dijke, P. (1998) J Biol Chem 273, 25364-
25370

Maduzia, L.L. and Padgett, RW. (1997) Biochem Biophys Res Commun
238, 595-598

Moustakas, A. and Kardassis, D. (1998) Proc Natl Acad Sci U S A 95,
6733-6738

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98.

99.

100.

101.
102.

103.

104.

105.

106.

107.
108.

109.

110.

Chen, X., Weisberg, E., Fridmacher, V., Watanabe, M., Naco, G., and
Whitman, M. (1997) Nature 389, 85-89

Xiao, S., Liu, K., Xia, Q., Chen, Q. Lin, Q., Fang, X., Ge, Y., Jiang, G.,
Liu, M., Zhang, W., Wang, J., Wen, Z., Wang, Z., Huang, H., Sun,
Z., Li, H., Hu, Z., Mao, P., Gu, F., Qin, J., Liu, C., Liu, W., and He,
B. (1992) Contraception 46, 117-119

Gajiwala, K.S. and Burley, S. (2000) Current Opinion in Structural Biology
10, 110-116

Chen, X., Rubock, M.J., and Whitman, M. (1996) Nature 383, 691-696

Biggs, W.I., Cavenee, W.K., and Arden, K.C. (2001) Mamm Genome 12,
416-425

Weisberg, E., Winnier, G.E., Chen, X., Farnsworth, C.L., Hogan, B., and
Whitman, M. (1998) Mech Dev 79, 17-27

Zhou, S., Zawel, L., Lengauer, C., Kinzler, KW., and Vogelstein, B. (1998)
Mol Cell 2, 121-127

Kioussi, C., O'Connell, S. M, St-Onge, L., Treier, M., Gleiberman, A. S.,
Gruss, P., and Rosenfeld, M. G. Proc Natl Acad Sci U S A 96(25),
14378-14382. 1999.

Fuhrer, D. (2002) Eur J Endocrinol 146, 15-18
Prueitt, R. and Zinn, A. (2001) Nature Genet 27, 132-134

Crisponi, L., Deiana, M., Loi, A., Chiappe, F., Uda, M., Amati, P.,
Bisceglia, L., Zelante, L., Nagaraja, R., Procu, S., Ristaldi, M.S.,
Marzella, R., Rocchi, M., Nicolino, M., Leinhardt-Roussie, A.,
Nivelon, A., Verloes, A., Schlessinger, D., Gasparini, P., Bonneau,
D., Cao, A, and Pilia, G. (2001) Nature Genet 27, 159-166

De Baere, E., Dixon, M.J., Small, KW., Jabs, EW., Leroy, B.P.,
Devriendt, K., Gillerot, Y., Mortier, G., Meire, F., Van Maldergem,
L., Courtens, W., Hjalgrim, H., Huang, S., Liebaers, |., Van
Regemorter, N., Touraine, P., Praphanphoj, V., Verloes, A., Udar,
N., Yellore, V., Chalukya, M., Yelchits, S., De Paepe, A., Kuttenn,
F., Fellous, M., Veitia, R., and Messiaen, L. (2001) Human
Molecular Genetics 10, 1591-1600

Vassalli, A., Matzuk, M.M., Gardner, H.A., Lee, K.F., and Jaenisch, R.
(1994) Genes Develop 8, 414-427

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111.
112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

Henry, G.L. and Melton, D.A. (1998) Science 281, 91-96

Ecochard, V., Cayrol, C., Rey, S., Foulquier, F., Caillol, D., Lemaire, P.,
and Duprat, A.M. (1998) Development 125, 2577-2585

Germain, S., Howell, M., Esslemont, G. M., and Hill, C. S. Genes Dev 14,
435-451. 2000.

Randall, R.A., Germain, S., Inman, G.J., Bates, P.A., and Hill, C.S. (2002)
EMBO J 21, 145-156

Nicol, R., Zheng, G., Sutrave, P., Foster, D., and Stavnezer, E. (1999)
Cell Growth Differ 10, 243-254

Akiyoshi, S., Inoue, H., Hanai, J., Kusanagi, K., Nemoto, N., Miyazono, K.,
and Kawabata, M. (1999) J Biol Chem 274, 35269-35277

Laws, S.C., Webster, J.C., and Miller, W.L. (1990) Endocrinology 127,
381-386

Nett, T.M., Flores, J.A., Carnevali, F., and Kile, J.P. (1990) Biol/ Reprod
43, 554-558

Simard, J. and Labrie, F. (1985) Mol Cell Endocrinol 39, 141-144

Turzillo, A.M., DiGregorio, G.B., and Nett, T.M. (1995) J Anim Sci 73,
1784-1788

McCue, J.M., Quirk, C.C., Nelson, S.E., Bowen, R.A., and Clay, C.M.
(1997) Endocrinology 138, 3154-3160

Reinhart, J., Mertz, L.M., and Catt, K.J. (1992) J Biol Chem 267, 21281-
21284

Willars, G. B., Heding, A., Vrecl, M., Sellar, R., Blomenrohr, M., Nahorski,
S. R., and Eidne, K. A. J Biol Chem 274, 30146-30153. 1999.

Hislop, J.N., Everest, H.M., Flynn, A., Harding, T., Uney, J.B., Troskie,
B.E., Millar, R.P., and McArdle, C.A. (2001) The Journal of
Biological Chemistry 276, 39685-39694

Goodman, O.B.J., Krupnick, J.G., Santini, F., Gurevich, V.V, Penn, R.B.,
Gagnon, AW, Keen, J.H., and Benovic, J.L. (1996) Nature 383,
447-450

Massague, J. (2000) Nature Reviews: Molecular Cell Biology 1, 169-178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127.

128.

129.

130.
131.
132.
133.

134.

135.
136.

137.

138.

139.

140.

141.

142.

143.

144,

Matzuk, M.M., Kumar, T.R., Vassalii, A., Bickenbach, J.R., Roop, D.R.,
Jaenisch, R., and Bradley, A. (1995) Nature 374, 354-356

Halvorson, L.M., Weiss, J., Bauer-Dantoin, A.C., and Jameson, J.L.
(1994) Endocrinology 134, 1247-1253

Bauer-Dantoin, A.C., Weiss, J., and Jameson, J.L. (1996) Endocrinology
137, 1634-1639

Massague, J. and Chen, Y. (2000) Genes Develop 14, 627-644
Zhang, Y., Musci, T., and Derynck, R. (1997) Curr Biol 7, 270-276
Wrana, J.L. (2000) Cell 100, 189-192

Hua, X., Liu, X., Ansari, D.O., and Lodish, H.F. (1998) Genes Dev 12,
3084-3095

Shi, Y., Wang, Y.F., Jayaraman, L., Yang, H., Massague, J., and
Pavletich, N.P. (1998) Cell 94, 585-594

Hamernik, D.L. and Nett, T.M. (1988) Endocrinology 122, 959-966

Mason, A.J., Hayflick, J.S., Zoeller, R.T., Young, W.S., Phillips, H.S.,
Nikolics, K., and Seeburg, P.H. (1986) Science 234, 1366-1371

Frager, M.S., Pieper, D.R., Tonetta, S.A., Duncan, J.A., and Marshall, J.C.
(1981) J Clin Invest 67, 615-623

Gregg, D.W., Schwall, R.H., and Nett, T.M. (1991) Biol Reprod 44, 725-
732

Laws, S.C., Beggs, M.J., Webster, J.C., and Miller, W.L. (1990)
Endocrinology 127, 373-380

Marian, J., Cooper, R.L., and Conn, P.M. (1981) Mol Pharmacol 19, 399-
405

Clay, C.M., Nelson, S.E., DiGregorio, G.B., Campion, C.E., Wiedrmann,
A.L., and Nett RJ (1995) Endocrine 3, 615-622

Duval, D.L., Ellsworth, B.S., and Clay, C.M. (1999) Endocrinology 140,
1949-1952

Guo, Q., Kumar, R., Woodruff, T., Hadsell, L.A., DeMayo, F.J., and
Matzuk, M.M. (1998) Mol Endocrinol 12, 96-106

Massague, J., Blain, SW., and Lo, R.S. (2000) Cell 103, 295-309

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



145.
146.
147.
148.

149.

150.

151.

152.

153.
154.

155.
156.

157.
158.

159.

160.

161.

162.

Whitman, M. (1998) Genes Dev 12, 2445-2462
Liu, B., Dou, C., Prabhu, L., and Lai, E. (1999) Mol Cell Biol 19, 424-430
Ang, S. and Rossant, J. (1994) Cell 78, 561-574

Brissette, J., Li, J., Kamimura, J., Lee, D.E., and Dotto, G. (1996) Genes
Develop 10, 2212-2221

Kume, T., Deng, K.-Y., Winfrey, V., Gould, D.B., Walter, M.A., and Hogan,
B. (1998) Cell 93, 985-996

Hagenbuchle, O. and Wellauer, P.K. (1992) Nucleic Acids Res 20, 3555-
3559

SAS Institute Inc (1989) SAS/STAT Users Guide, version 6, SAS Institute
Inc., Cary, NC

Zawel, L., Le Dai, J., Buckhaults, P., Zhou, S., Kinzler, KW., Vogelstein,
B., and Kern, S.E. (1998) Molecular Cell 1, 611-617

Kaiser, U.B., Conn, P.M., and Chin, WW. (1997) Endocr Rev 18, 46-70

Elisworth, B.S., Nelson, S.E., and Clay, C.M. (2001) Endocrine Society
Meeting 83, 153-153(Abstract)

Mulvaney JM and Roberson, M.S. (2000) J Biol Chem 275, 14182-14189

Mulvaney JM, Zhang, T., Fewtrell, C., and Roberson, M.S. (1989) J Bio/
Chem 274, 29796-29804

Kraus, S., Naor, Z., and Seger, R. (2001) Arch Med Res 32, 499-509

Grundker, C., Schlotawa, L., Viereck, V., and Emons, G. (2001) EurJ
Endocrinol 145, 651-658

Kim, G.Y., Mercer, S.E., Ewton, D.Z., Yan, Z., Jin, K., and Friedman, E.
(2002) J Biol Chem

Hocevar, B.A., Brown, T.L., and Howe, P.H. (1999) EMBO J 18, 1345-
1356

Hu, P.P., Shen, X., Huang, D., Liu, Y., Counter, C., and Wang, X. (1999)
The Journal of Biological Chemistry 274, 35381-35387

Dean, D. M., Berger, R. R, and Sanders, M. M. Endocrinology 139(12),
4967-4975. 1998.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163.

164.

165.

166.
167.

168.

169.

170.

171.
172.

173.

174.
175.

176.

177.

178.

179.

Nagarajan, R.P., Liu, J., and Chen, Y. (1999) J Biol Chem 274, 31229-
31235

Treier, M., Gleiberman, A.S., O'Connell, S.M., Szeto, D.P., McMahon,
J.A., McMahon, A.P., and Rosenfeld, M.G. (1998) Genes Dev 12,
1691-1704

Shi, Y. (2001) BioEssays 23, 223-232

Wrana, J.L. (2000) Science's STKE 23, 1-9

Norwitz, E.R., Xu, S., Jeong, K., Bedecarrats, G.Y., Winebrenner, L.D.,
Chin, W.W., and Kaiser, U.B. (2002) Endocrinology 143, 985-997

Denissova, N.G., Pouponnot, C., Long, J., He, D., and Liu, F. (2000) Proc
Natl Acad Sci USA 97, 6397-6402

Liberati, N.T., Datto, M.B., Frederick, J.P., Shen, X., Wong, C., Rougier-
Chapman, E.M., and Wang, X.F. (1999) Proc Natl Acad Sci USA
96, 4844-4849

Yamamura, Y., Hua, X., Bergelson, S., and Lodish, H.F. (2000) J Biol
Chem 275, 36295-36302

Zhang, Y., Feng, X.-H., and Derynck, R. (1998) Nature 394, 909-913

Qing, J., Zhang, Y., and Derynck, R. (2000) J Biol Chem 275, 38802-
38812

Hsueh, A.J., Dahi, K.D., Vaughan, J., Tucker, E., Rivier, J., Bardin, C.W.,
and Vale, W. (1987) Proc Natl Acad Sci USA 84, 5082-5086

Spies, H.G. and Niswender, G.D. (1972) Endocrinology 90, 257-261

Beal, W.E., Lukaszewska, J.H., and Hansel, W. (1981) J Anim Sci §2,
567-574

Roberson, M.S., Ban, M., Zhang, T., and Mulvaney JM (2000) Mol Cell
Biol 20, 3331-3344

Ghosh, B.R., Wu, J.C., Strahl, B.D., Childs, G.V., and Miller, W.L.. (1996)
Endocrinology 137, 5144-5154

Nestler, J.E., Bamberger, M., Rothblat, G.H., and Strauss, J.F. (1985)
Endocrinology 117, 502-510

Budworth, P.R., Quinn, P.G., and Nilson, J.H. (1997) Mol Endocrinol 11,
1669-1680

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180. Richards, J.S., Sharma, S.C., Falender, A.E., and Lo, Y.H. (2002) Mol
Endocrinol 16, 580-599

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



