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THE ROLE OF EGFR SIGNALING IN GONADOTROPIN-INDUCED

STEROIDOGENESIS

Liliana Carbajal, Ph.D.

The University of Texas Southwestern Medical Center at Dallas, 2010

STEPHEN R HAMMES, M.D.,Ph.D.

Recent evidence has demonstrated that cross talk between G protein-coupled
receptors and Epidermal Growth Factor Receptor (EGFR) is critical for steroidogenesis
in all three major steroid-producing tissues. We have recently characterized the
intracellular signals regulating Luteinizing Hormone (LH) -induced steroid production in
Leydig cells, demonstrating a linear pathway whereby LH receptor activation stimulates
cAMP production and PKA signaling. Protein Kinase A (PKA) signaling then triggers
EGF receptor activation, which activates the Mitogen Activated Protein Kinase (MAPK)
cascade to promote steroidogenic acute regulatory (StAR) phosphorylation and
translocation to the mitochondria. Interesting, PKA-mediated transactivation of the EGF
receptor occurs via both intracellular, ligand-independent signaling, as well as
extracellular, ligand-dependent activation that requires Matrix Metalloproteinase (MMP)-
mediated release of membrane-bound EGF receptor ligands. However, only intracellular
signaling is required for LH-induced steroid production. Furthermore, the LH-EGFR

pathway appears to be important only for early steroidogenesis in Leydig cells, as LH-

Vi



induced steroidogenesis beyond 60 minutes no longer requires EGFR or MAPK

signaling.

Here we characterize the LH-induced signals that regulate steroidogenesis in the
ovary. We demonstrate that, similar to Leydig cells, activation of the EGF receptor is
important for gonadotropin-induced steroid production in the ovary.

Trans-activation of the EGFR is mediated by an increase of cAMP and PKA
signaling. However, steroidogenesis in the ovary is dependent on an extracellular ligand-
independent mechanism, as MMPs were shown to be crucial for the cleavage and
activation of membrane bound EGFR upon LH stimulation. EGFR signaling was shown
to activate the MAPK cascade and lead to subsequent phosphorylation of the
steroidogenic acute regulatory protein (StAR). Interestingly, EGFR and MAPK
signaling, unlike that in Leydig cells, as necessary for short and long term gonadotropin-
induced steroid production in the ovary. /n vivo studies further demonstrate the
importance of EGFR signaling since serum progesterone levels were significantly
reduced when EGFR was inhibited.

These findings demonstrate physiologic importance and potential treatment
options since women with endocrine disorder such as PCOS can be treated with EGFR

antagonist to reduce excess steroid production in the ovary.

vii



TABLE OF CONTENTS

FLY PAGE . .o e i
DEDICATION. ..o e e e e e il
TITLE PAGE. . o e, iii
COP Y RIGHT .. e e v
ACKNOWLEDGEMENTS . ... e v
AB ST R A CT .. vi
TABLE OF CONTENTS ...ttt viii
PUBLICATION S . .ottt e e X
LIST OF FIGURES ...t e, xi
LIST OF ABBREVIATIONS ...l X
CHAPTER 1. GENERAL INTRODUCTION
1.1 HPA/HPG axis regulation...........c.covieeiiiiiiiiiiii i enee e, 1
1.2 G- protein -coupled receptors and Receptor
Tyrosine Kinase Cross talk..............c.oooiiiiiiiiiiii i, 2
1.3 The SteroidogenicPathway..............ccoooviiiiiiiiiiii i, 7
1.4 Steroidogenesis in the Testes.........covviiiiiiiiiiii i, 9
1.5 Follicle Structure/Two cell model.............c.ocoooiiiiiiiiinnn. 12
1.6 Ovarian Steroid Production..............ccooiiiiiiiiiiiiiiii i 14
1.7 Lessons from Xenopus [aeVis........ccevvuviieiiiiiniiiiiiiiiiiennnnnns 17
L0 0 (<3 T 20
1.9 The Adrenal Gland and Steroidogenesis...............cooeeveeiiiinnnnn22
1.10 Disorders of Steroidogenesis. ......o.vvvueeiuiiiiiiiieeieaiieienennn, 24
CHAPTER 2. SIGNALING PATHWAY FOR STEROIDOGENESIS IN THE
OVARY
2.1 INTRODUCTION ..ottt 29
22 METHODOLOGY ...ttt e 31
2. 3 RESUL T S e e 34
2.4 DISCUSSION ..o e 44

viii



CHAPTER 3. SIGNALING PATHWAY FOR STEROIDOGENESIS IN THE

ADRENAL GLAND
3.1 INTRODUCTION....cccioiiiiiiiiiiiiiiiieieneceeeeeeee e 58
32METHODOLOGY ..ottt 60
33 RESULTS. .o 62
3.4 DISCUSSION ...ttt 67
CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS .........ccccocvnininnene. 77
BIBLIOGRAPHY ..ottt 83

iX



PUBLICATIONS

Carbajal L, Prizant H. Hammes SR. EGFR trans-activation is important for regulating
Gonadotropin-induced steroidogenesis in the ovary and adrenal gland.
2010. Future manuscript in preparation.

Carbajal L, Deng J, Dressing GE, Hagan CR, Lange CA, Hammes SR.
Steroids. 2009 Meeting review: Extra-nuclear steroid receptors-Integration with multiple
signaling pathways. Jul; 74 (7): 551-4.

Deng J, Carbajal L, Evaul K, Rasar M, Jamnongjit M, Hammes SR. Nongenomic steroid-
triggered oocyte maturation: of mice and frogs. Steroids. 2009 Jul; 74(7): 595-601.



LIST OF FIGURES

Figure 1.1 GPCR ACtVAtION. ...ttt 4
Figure 1.2 Biosynthesis of steroid hormones in adrenal glands and gonads.................. 8
Figure 1.3 Model for gonadotropin-mediated steroidogenesis in Leydig cells............. 11
Figure 1.4 Follicle Structure. ........oo.ovuiiiiii i e 13
Figure 1.5 Oocyte Maturation in the Xenopus laevi...........c..cooiiiiiiiiiiniiniinnn.. 19
Figure 1.6 O0ZENESIS. .. ...ttt 21

Figure 2.1 LH induces progesterone production in pre-ovulatory follicles in a
dose and time dependent manner...............oooeeiiiiiiiiiiene i 48

Figure 2.2 EGFR Signaling is Necessary for LH-Induced Steroidogenesis
in mouse follicles and is important for MAPK activation........................49

Figure 2.3 MAPK signaling is necessary for LH induced steroid production in pre-
ovulatory follicles and is downstream of the EGFR.......................... 50

Figure 2.4 PKA Signaling is Necessary for LH-Induced Steroidogenesis in mouse
follicles and is found upstream of the MAPK cascade........................... 51

Figure 2.5 cAMP signaling is Necessary for LH-Induced Steroidogenesis in mouse
follicles and is found upstream of the MAPK cascade.......................... 52

Figure 2.6 LH induces Steroidogenesis in pre-ovulatory follicles, but does not require
changes in Steroidogenic Acute Regulatory Protein
534 0] (1T ) 53

Figure 2.7 Matrix metalloproteinase are important for LH-Induced.........................54

Figure 2.8 Inhibition of MMPs in vivo reduces steroidogenesis in super-ovulated

Figure 2.9 In vivo injection of MMP inhibitors or EGFR inhibitor does not alter the
estrus cycle or follicle development of wild type mice........................... 56

xi



Figure 2.10 Female mice exposed to androgens in-utero exhibit elevated serum
testosterone and aberrant estrus Cycles...........ooiiiiiiii it 57

Figure 3.1 ACTH promotes progesterone production in Y-1 mouse adrenal cells in a

dose-dependent fashion..............cooiiiiiii i, 70

Figure 3.2 EGFR signaling is important in ACTH induced steroidogenesis in adrenal

Figure 3.4 MMP activity is not important in ACTH-induced steroidogenesis in the
Adrenal gland...... ..o e 73

Figure 3.5 PKA signaling is important for ACTH induced steroidogenesis in the adrenal

land. ..o 74
Figure 3.6 cAMP activation is important for ACTH induced steroidogenesis in adrenal

CellS. L 75
Figure 3.7 Model for adrenal steroidogenesis. ... ......oevueviiiiiiniininiiiiiiieenne. 76
Figure 4.1 The GPCR/EGFR Pathways.........c.cooiiiiiiiiiiiii e, 81
Figure 4.2 Figure 4.3 MMP active site labeling................cocoii. 82

xii



LIST OF DEFINITIONS
ACTH - Adrenocorticotropic hormone
AG1478- Tyrphostin, an EGFR inhibitor
AR — Androgen Receptor
EGFR — Epidermal Growth Factor Receptor
FSH — Follicle Stimulating Hormone
GnRH — Gonadotropin-Releasing Hormone
GPCR - G protein-coupled receptor
H89 — a PKA inhibitor
hCG — Human Chorionic Gonadotropin
HPA axis - Hypothalamic—pituitary—adrenal axis
HPG axis- Hypothalamic-pituitary-gonadal axis
LH — Luteinizing Hormone
MAPK- Mitogen Activated Protein kinase
MMP- Matrix Metalloproteinases
OGCs- oocyte-granulosa cell complexes
PCOS- Polycystic Ovary Syndrome
PKA — Protein Kinase A
PMSG- pregnant mare serum gonadotropin
PNA- PNA mice were provided prenatal androgen to induce PCOS
PR — Progesterone Receptor
StAR — Steroidogenic Acute Regulatory Protein

U0126- An inhibitor of MEK1 and MEK?2

xiii



CHAPTER 1

General Introduction

1.1 HPA/HPG axis regulation

Three tissues are mainly responsible for the production of steroid hormones: the
ovary, the testis, and the adrenal gland. In the testes and ovary, steroid production is
regulated by the hypothalamic-pituitary-gonadal axis where the hypothalamus secrets
gonadotropin releasing hormone (GnRH) that acts upon the anterior portion of the
pituitary gland to release luteinizing hormone (LH) and follicle stimulating hormone
(FSH) (1,2). These hormones then stimulate the gonads to synthesize and release sex
steroids such as testosterone, estrogen and progesterone. Similarly, adrenal steroid
production is regulated by the Hypothalamic-pituitary-adrenal axis (HPA) where
adrenocorticotropin-releasing hormone (CRH) is released from the hypothalamus and
transported to the anterior pituitary to stimulate corticotroph cells to release
adrenocorticotropic hormone (ACTH), which subsequently elicits corticosteroid
production from the adrenal cortex. These pathways are essential for both the gonads and
the adrenal gland to assure proper reproduction and maintain glucose homeostasis,

respectively.



1.2 G protein -coupled receptors and Receptor Tyrosine Kinase Crosstalk

G protein-coupled receptors are seven-transmembrane receptors that couple to
heterotrimeric G proteins and activate downstream signaling cascades via their
cytoplasmic domains (3,4). Once stimulated, a conformation change occurs that allows
the receptor to transduce guanine nucleotide exchange of bound GDP for GTP on the G,
subunit. This exchange results in the dissociation of the G alpha subunit bound to GTP.
Go,and Gy are then able to regulate second messengers such as adenylyl cyclase,
phosphlipase C, and many others (Fig 1.1).

Trans-activation is a relatively new concept for plasma membrane receptors in
which a GPCR ligand can activate a growth factor in the absence of its ligand. (5). One of
the most studied examples of this process is the activation of specific receptor tyrosine
kinases (RTKs) by GPCRs. GPCR agonists are able to transactivate a number of different
RTKSs such as the platelet-derived growth factor (PDGF), fibroblast growth factor (FGF),
and the epidermal growth factor receptor (EGFR) among others. Their transactivation
ultimately leads to a number of cellular processes such as proliferation, differentiation,

migration and survival (6).

The mechanisms by which a GPCR can transactivate a RTK have been largely
studied. Two very distinct mechanisms have been identified. The first one relies on the
activation of matrix metalloprotease (MMP) by GPCR followed by MMP cleavage and
shedding of RTK ectodomains that then activate a cognate receptor (7,8). This

mechanism is known as ligand dependent or extracellular activation. The second mode of



activation is ligand independent, where by, RTK activation occurs via a GPCR initiated

intracellular mechanism and will be further described in the next chapter.



Figure 1.1 GPCR Activation. Ligand binding induces a conformation change that
allows the receptor to transduce guanine nucleotide exchange of bound GDP for GTP on
the G, subunit. This exchange results in the dissociation of the G alpha subunit bound to
GTP. G, and Gg, are then able to regulate second messengers.

http://xray.bmc.uu.se/lars/Practicals/Signal/trans_app.html



Epidermal Growth Factor Receptor (EGFR)

As previously mentioned, the LH receptor is critical for proper male and female
reproduction in that it regulates gonadal development and steroid production in both the
testes and the ovaries. It is now known that LH, a GPCR agonist can transactivate the
EGFR and induce oocyte maturation, ovulation and steroid production in the ovary
(9,10,11). In the testes, the LH receptor has been shown to transactivate the EGFR via
both mechanisms, but only the intracellular mechanism is needed to regulate steroid

production (12, 42).

The EGFR is a cell surface receptor that contains an intracellular domain with
tyrosine kinase activity (3). The EGFR family includes the EGFR, ERBB2, ERBB3 and
ERBB4. Although the natural ligand is EGF, the following are members of the
membrane-associated ligands that represent a specialized set of EGFR ligands including
amphiregulin (AREG), betacellulin (BTC), heparin-binding EGF like growth factor
(HBEGF), transforming growth factor alpha (TGFA), epiregulin (EREG), and epigen
(EPGN). Upon ligand binding, EGFR undergoes a transformational change from an
inactive monomer to an active homodimer. Once dimerization occurs, its intracellular
protein-tyrosine kinase activity is activated and autophosphorylation of several tyrosine
residues in the C-terminal domain take place. A vast number of proteins can then bind the
tyrosine residues through their SH2 domains and elicit signal transduction cascades such
as MAPK, Akt and JNK signaling (13). Disruption of EGFR signaling has been shown to
have direct effects in mammalian reproduction. For example, transgenic mice with a

mutant EGFR allele have been shown to have decreased LH secretion resulting in



abnormal estrus cycle. Also, pharmacological studies have shown that EGFR is necessary

for proper follicular development such as steroidogenesis and oocyte maturation (9,10).

Matrix Metalloproteinase (MMP)

Matrix metalloproteinases (MMP) are a specific family of proteolytic enzymes
that are known to play critical roles in many biological processes including embryonic
development, organ morphogenesis, angiogenesis and recently, mammalian reproduction
(14). One of their main functions is to control extracellular matrix (ECM) turnover by
degrading extracellular proteins (15). The MMP family consists of 25 members that are
divided into collagenases (MMPsl1, 8,13), gelatinases (MMPs 2,9), stromelysins (MMPs
3,7,10,11) and membrane-type enzymes (MT-MMPs) (reviewed in 14,15). Most MMPs
have an N-terminal signal sequence that directs their synthesis to the endoplasmic
reticulum followed by a pro-peptide domain to maintain enzyme latency, a catalytic
domain and a hampering domain connected to the catalytic domain by a linker region.
The catalytic domain contains a zinc-binding region and controls cleavage- site
specificity (14). Due to their ability to induce serious developmental problems and
disease states, MMP activity is tightly regulated at the transcriptional and post-

transcriptional level.

As previously mentioned, GPCR can trans-activate receptor tyrosine kinases such
as the EGFR. This trans-activation has been shown to be MMP dependent in certain
systems such as oocyte maturation and in cardiac fibroblasts. Exactly which MMPs are

activated by GCPRs is still largely unknown.



1.3 The Steroidogenic pathway

Steroidogenesis is the process of steroid hormone production from cholesterol
(16). This process commonly occurs in the gonads and adrenal glands. In the gonads,
progesterone, estradiol, and testosterone are produced from cholesterol where
corticosterone, cortisol, and aldosterone are synthesized in the adrenal gland (Figure 1.2).
A number of enzymes are required for the biosynthesis of each steroid hormone and are
categorized into two major classes: the cytochrome P450 heme-containing proteins, and
hydroxysteroid dehydrogenases (16). The initial rate-limiting step is the transport of
cholesterol from the outer to the inner mitochondrial membrane by the Steroidogenic
Acute Regulatory Protein (StAR). Once cholesterol is transported, it is then metabolized
to pregnenolone by CYP11A1 enzyme. Pregnenolone is then metabolized by 38-HSD to
progesterone. In the adrenal gland, progesterone is further metabolized to corticosterone
in mice, and cortisol in humans where as in the gonads; progesterone is ultimately
converted to androgen and estradiol. Steroidogenesis is a tightly regulated process since
the enzyme and substrate must be both present in the same cell. As will be discussed later
in detail, regulation of steroid synthesis in the ovary and the testis involves a similar
mechanism. However, due to the structural complexity of the ovary in comparison to the
testis: paracrine signaling is essential for the ovary to produce steroid hormones such as

estrogen and progesterone.
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FIG. 1.2. Biosynthesis of steroid hormones in adrenal glands and gonads

Steroid byosynthesis is regulated by a number of different enzymes classified into two
groups, the cytochrome P450s (Cyps) and hydroxysteroid dehydrogenases (HSDs). The
end result is the production of corticosterone in the adrenal gland, testosterone in the
testes, and estradiol in the ovary.



1.4 Steroidogenesis in the testes

The testes are part of the reproductive and endocrine system that are responsible
for sperm production and male hormone synthesis. They are primarily made up of two
cells types: Sertoli and Leydig cells. Sertoli cells help sustain spermatogenesis while
Leydig cells produce and secrete androgens such as testosterone (17). Leydig cells have
LH receptors that regulate steroid production via the HPG axis. As explained earlier, the
LH receptor is a G protein - coupled receptor that when activated, induces cAMP and
leads to downstream activation of PKA signaling. cAMP signaling and PKA activation
have been shown to induce StAR activity, the rate-limiting step in steroidogenesis (18-
20). Once StAR is phosphorylated, it is then believed to be activated and therefore able to
translocate cholesterol to the inner mitochondrial membrane where the steroidogenic

enzymes are found.

Prior work identified the EGFR as a possible regulator of steroidogenesis in the
testes. EGF was shown to increase StAR expression in Leydig cells and human chorionic
gonadotropin (hCG) was able to induce phosphorylation of the EGFR (18-21). Studies
from the Stocco group demonstrated that EGF can promote, although at lower levels,
steroidogenesis in Leydig cells (57). Even more directly, pharmacologic inhibition of the
EGFR resulted in a loss of LH-induced steroidogenesis in Leydig cells (11). The
mechanism that induces EGFR signaling from the LH stimulus and ultimately leads to
StAR-dependent steroidogenesis was unknown until recently.

Recent work has established the mechanism by which the EGFR leads to LH-

induced steroid production through a series of in vitro and in vivo experiments. First, it
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was demonstrated that LH induces phosphorylation of the EGFR and that EGFR
signaling is necessary for short -term but not long-term steroidogenesis in Leydig cells
(12). In support of previous studies, CAMP and PKA activation were required for
phosphorylation and activation of the EGFR in gonadotropin-induced steroid production.
EGFR signaling induced activation of the MAPK cascade and was also shown to be
important for short term and not long-term gonadotropin-induced steroid production in
Leydig cells. Activation of the MAPK cascade ultimately resulted in StAR
phosphorylation and mitochondrial translocation. This work also demonstrated that
activation of the EGFR in Leydig cells occurs by an intracellular mechanism, since
inhibition of MMPs had no affect on gonadotropin- induced steroidogenesis. In summary,
EGFR/MAPK signaling in Leydig cells is important for early activation and steroid
production but not late in vitro (Figure 1.3). However, an in vivo experiment where male
mice were treated with the EGFR inhibitor AG1478 for 36 hours resulted in significantly
reduced serum testosterone levels. These experiments again confirmed the physiological
importance of LH and EGFR cross talk in regulating steroid synthesis in the testes. It is
possible that long-term regulation does not require EGFR signaling since cAMP/PKA
can mediate high StAR protein expression and therefore override the need for
phosphorylation via MAPK signaling. However, in vivo experiments demonstrated that
long-term inhibition of EGFR could still suppress testosterone levels. This difference
may be due to normal LH cycling in males that results in a resensitized EGFR to the LH

stimuli, and therefore EGFR signaling (12).
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Figure 1.3. Model for gonadotropin-mediated steroidogenesis in Leydig cells.
Gonadotropin (LH or hCG) activates the LH receptor, leading to a rapid and prolonged
increase in cAMP levels and subsequent PKA activity. Early increases in PKA signaling
trans-activate the EGFR independent of ligand (left side of figure), leading to activation of
the MAPK signaling pathway. By mechanisms that are still not known, MAPK activation
leads to phosphorylation and translocation of small levels of existing StAR to the
mitochondria, resulting in increased steroidogenesis. Prolonged PKA signaling leads to
increased transcription of StAR mRNA, followed by increased StAR protein expression
(middle of figure). By 2 h, significant MAPK signaling is no longer occurring nor is it
required for StAR phosphorylation and translocation to the mitochondria. Note that LH
receptor activation also triggers trans-activation of the EGFR via MMP activation (right
side of figure); however, this process is not necessary for steroid production at any time
point.

Evaul K, Hammes S R J. Biol. Chem. 2008;283:27525-27533
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1.5 Follicle Structure / Two cell model for Steroidogenesis in the ovary

The ovarian follicle is an important unit in female reproduction. It is a complex
multilayer structure that encases the developing oocyte. In order to understand how
oocyte maturation occurs, understanding the functions of each cell type in the follicle is
important. The outer layer of the mammalian follicle is made up of theca cells, which
then surround two types of granulosa cells: the mural and the cumulus cells. The cumulus
cells surround the oocyte (32,33). (Figure 1.6). The LH surge initiates remodeling of all
follicular cell types: mural granulosa cells differentiate into luteal cells; reentry into
meiosis, and cumulus cell expansion (36). What is interesting about the LH stimuli is its
LH receptor (LHR) expression. The LHR is almost exclusively expressed in theca cells
during the early stages of follicular development. Later in development, LHR is
expressed in mural granulosa cells, but remains absent in cumulus cells and the oocyte.
Therefore, LHR can induce specific effects in cumulus cells and the oocyte despite its
restricted expression. So how is this occurring? Experiments have now demonstrated that
paracrine signals are responsible for transmitting the LH stimulus and will be discussed
in further detail later in this chapter.

Steroidogenesis in most mammals is regulated via a two-cell/two gonadotropin
model, where LH-stimulated theca cells produce androgens from cholesterol. Next, FSH
stimulated granulosa cells convert androgens to estrogen. Both theca and granulosa cells
express the necessary enzymes for progesterone production from cholesterol; however,
granulosa cells cannot metabolize progesterone to androgen since they lack the
appropriate enzyme. Consequently, the progesterone production and secretion that is

required for proper ovulation is produced from granulosa cells.
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A Gap Junction

O Ccumulus Granulosa Cell

. Mural Granulosa Cell

. Theca Cell

Figure 1.4. Ovarian Follicle Structure.

The ovary is a complicated system since it is made up of different layers and cell types.
The immature oocyte (depicted here by the nucleus) is surrounded by cumulus granulosa
cells. Cumulus cells are followed by mural granulosa cells and then by outer theca cells.
While LH signaling affects remodeling of all follicular cell types, only theca cells express
the LH receptor.
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1.6 Ovarian Steroid Production

Ovarian steroid production begins with the transfer of cellular cholesterol located
in the outer mitochondrial membrane to the inner mitochondrial membrane. This is where
cytochrome P450 side chain cleavage enzyme (P450scc) converts cholesterol to
pregnenolone. The rate-limiting step of steroidogenesis is the steroidogenic acute
regulatory protein (StAR), since it is now known to mediate this transfer. StAR
expression regulates steroid synthesis in the MA-10 leydig cell line or COS-1 cells even
in the absence of hormonal stimulation. Also, humans and mice with mutations in the
StAR gene are born with congenital lipid adrenal hyperplasia, a disease characterized by
a rear absence of steroid hormones, and subsequent cholesterol/lipid accumulation in
cells In males, StAR controls androgen production since humans lacking this gene have
female characteristics. Females who are born with mutations in StAR have ovarian
failure (101,102). Although the precise mechanism by which StAR regulates cholesterol
transport is still controversial, several known regulators of StAR have been identified.
StAR protein expression is tightly regulated in all steroidogenic tissues. As previously
mentioned, the LHR is a G protein-coupled receptor that activates several downstream
signaling mechanisms. These downstream messengers are known to be regulators of

StAR.

The LHR coupled to Ga, induces adenylyl cyclase leading to increased levels of
cAMP and PKA activity. PKA can then influence the activity of specific players of the
steroidogenic pathway. Activating adenylyl cyclase by a number of different stimuli,

such as FSH, LH or forskolin has been shown to enhance the transcription of StAR (32).
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cAMP- dependent StAR expression is associated with increases of steroidogenic factor -
1 (SF-1), and CCAAT/enhancer binding protein-B activity (102-104), making them
positive transcriptional regulators of StAR. PKA can also regulate StAR by

phosphorylation of the serine 195 residue.

cAMP has been shown to activate the extracellular-regulated kinase (ERK)
proteins (105). This family of MAPK signaling molecules is phosphorylated via a cAMP-
dependent manner and has been correlated to increased StAR expression and
progesterone production in porcine granulosa cells. However, studies in rat granulosa
cells demonstrated a decrease in StAR and progesterone production. These varying
results suggest further experiments are needed in order to understand the physiological

role of the MAPK pathway in ovarian steroidogenesis (105,106).

cAMP-independent activation of steroidogenesis has also been demonstrated to
occur in the ovary. For example, the LHR coupled to Gi proteins leads to activation of the
phospholipase C pathway (PLC). Second messengers of this pathway include inositol-
1,4,5-triphosphate (IP3), and diacylglycerol (DAG). These signal transduction pathways
ultimately lead to changes in intracellular calcium and activation of protein kinase C

(PKC).

Several growth factors have also been shown to modulate the actions of LH and
FSH. Insulin can mediate increases of steroidogenesis by cAMP-stimulation of StAR and
gonadotropin-dependent increase of P450scc in pig, bovine, and human granulosa cells.

Insulin-like growth factors are thought to signal through the IGF1 receptor that may
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induce activation of the PI3-K and MAPK signaling cascades (107). Finally, another
growth factor has been recently implicated in ovarian steroidogenesis. The EGFR is a
downstream signaling molecule that is activated by the LHR. As previously explained,
the EGFR can promote steroidogenesis in Leydig cells and studies in follicles have also
demonstrated its role in ovarian steroidogenesis primarily by promoting StAR expression
and activity. To date, studies support a mechanism as follows; LH activates MMPs in
theca cells, which in turn trigger the release of membrane bound EGF molecules. These
molecules then act as paracrine signals to activate the EGFR, increasing StAR and steroid

production.

Steroids are necessary for proper follicular development as well as ovulation and
pregnancy. Aside from these functions, several labs have now demonstrated that steroids
can promote mammalian oocyte maturation both in vitro and in vivo, the physiologic
importance of steroids in this process remains uncertain. However, evidence suggests that
steroid production may at least play a partial role in regulating LH-induced oocyte

maturation in mice.
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1.7 Lessons from Xenopus laevis

Oocyte maturation occurs when meiosis is initiated in the oocyte: resulting in a
fertilizable egg. A lot of what is currently known about oocyte maturation came from
studies performed using Xenopus laevis. It has been demonstrated that Xenopus oocytes
are held in meiotic arrest by constitutive G protein signals until a stimulus initiates
maturation. This stimulus in Xenopus is now known to be steroids that act via classical
steroid receptors (24,25). Oocytes are held at meiotic arrest via G protein activation of
adenylyl cyclase, which leads to increased intracellular cAMP (26,27). However, during
ovulation, gonadotropins are secreted that result in steroid production. The steroid that
has been shown to be primarily responsible for oocyte maturation in the Xenopus oocyte
is testosterone (27). Maturation of the oocyte occurs when constitutive G protein signals
are attenuated by activation of the androgen receptor. Once G protein signals are reduced,
a drop of intracellular cAMP occurs, and downstream kinases such as the MAPK cascade
are then activated (28, 31). MAPK activation along with the scaffolding protein, paxillin,
allow for cell cycle regulators, such as cdc25 and CDK1, to trigger re-entry into meiosis

(Figure 1.5).

In higher vertebrates, such as mammals, the stimulus that results in oocyte
maturation is still controversial. However, decreased cAMP levels in most species have
been shown to be necessary for maturation to initiate (29). Similar signaling pathways are
also activated in the mouse oocyte at the onset of maturation. In contrast to the Xenopus
oocyte, mouse oocytes spontaneously mature when they are removed from the ovary.

These findings suggest that in mouse oocytes, the inhibitory signals come from the ovary
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and not from within the oocyte (24,30). Although many studies have attempted to
identify the stimulus that induced oocyte maturation in mammals, it has been difficult to

identify, due to spontaneous maturation upon removal from the ovary.

Carefully executed experiments have suggested that the stimulus for mammalian
oocyte maturation may also be steroids. One factor that is produced by cumulus
granulosa cells in response to LH and that also regulates oocyte maturation is steroid. In
fact, the same LH/EGF receptor network that regulates oocyte maturation also mediates
LH-induced steroidogenesis in the ovary (11). Like oocyte maturation, EGF receptor
activation is sufficient to promote rapid steroid production in oocyte-granulosa cell
complexes (OGCs) and cumulus-oocyte complexes (COCs). Also similar to oocyte
maturation, LH-mediated steroidogenesis is blocked by inhibitors of metalloproteinases
and EGF receptor signaling, indicating that cleavage of membrane-bound EGF receptor
ligands and downstream activation of the EGFR signaling in cumulus cells are critical
processes regulating steroidogenesis. Several steroids were shown to promote
mammalian oocyte maturation in vitro, with progesterone levels being the highest in most
mammals at the time of the LH surge (11,41). In addition, progesterone actions via the
progesterone receptor are known to be essential for ovulation, as mice lacking
progesterone receptors do not ovulate in response to gonadotropin (39). These
observations suggest that steroids, possibly LH-induced progesterone, may be playing at

least a partial role in regulating oocyte maturation and subsequent ovulation.
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Figure 1.5. Oocyte Maturation in the Xenopus laevis.

Steroid stimulation of oocytes via the classic androgen receptor triggers a decrease in
intracellular cAMP. Decreased cAMP results in polyadenylation of Mos mRNA leading
to Mos protein stability. Mos activation then leads to activation of the MAPK pathway
and the scaffolding protein paxillin. Together, this positive feedback loop allows
activation of CDK1/cyclin B to drive Germinal vesicle breakdown (GVBD) or oocyte
maturation.

Rasar M et al. J. Biol. Chem. 2006;281:39455-39464
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1.8 Oogenesis

Oogenesis is the process in development that leads to the production of the
female gametes. Oogenesis varies greatly among species. In lower species such as fish and
frogs, females can produce thousands of eggs at once. Most mammals however, only
produce a small number of eggs in their lifetime (22). Most oogonia die during the months
of embryonic development, while the surviving oogonia enter the first meiotic division to
become primary oocytes. These primary oocytes progress through the first meiotic
prophase until the diplotene stage of division where they will be held at meiotic arrest
during in utero development of the female. During sexual maturity, gonadotropins from the
pituitary trigger groups of oocytes to periodically re-enter the meiotic cycle where germinal
vesicle breakdown and extrusion of the first polar body occurs. These now mature oocytes
are however arrested a second time at metaphase II where they await fertilization to
complete meiosis II (23). Once the oocyte is fertilized, genetic material from both parents is

fused resulting in a fertilized embryo (Figure 1.6).
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Figure 1.6 Oogenesis

Oogenesis begins with the oogonium dividing by mitosis to produce many oogonia.
Oogonia then grow within the follicle where meiosis begins but stops in prophase 1. The
primary oocyte develops to secondary oocytes when stimulated by gonadotropins by the
pituitary. These mature oocytes are then arrested again at metaphase II until fertilization
occurs.
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1.9 The Adrenal Gland and Steroidogenesis

The adrenal glands are endocrine organs located on top of the kidneys. The
adrenal gland is divided into two structures, the adrenal cortex and the medulla (43). The
adrenal cortex produces cortisol, aldosterone, and androgens. The medulla mainly
produces epinephrine and norepinephrine and is surrounded by the adrenal cortex. The
hormones secreted by the medulla aid in times of physical and emotional stress (46).
Hormones secreted by the pituitary and hypothalamus regulate the adrenal cortex to
synthesize corticosteroid hormones from cholesterol. Similar to the testes, each cell of the
adrenal gland can complete the steroidogenic pathway, and therefore does not rely on
paracrine signaling as seen in ovary. The adrenal cortex is composed of three layers or
zones. The outer layer is the zona glomerulosa where most of the mineralocorticoids, are
produced, which participate in the regulation of blood pressure. The middle layer is the
zona fasciculata, where glucocorticoids are produced. When adrenocorticotropic hormone
(ACTH) is secreted from the pituitary, it stimulates this zone to produce and secrete
increased concentrations of cortisol. Cortisol regulates the body’s metabolism by
controlling the use of fats, proteins and carbohydrates. The zona reticularis is the
innermost layer of the adrenal cortex and produces weak androgens such as
dehydroepiandrosterone (DHEA) and androstenedione (44,45). Each zona of the adrenal
cortex has a specific function dictated by the type of steroid produced. The type of steroid
produced is dictated by the compliment of enzymes present in each zone (48). For
example, the enzyme required for the final step of aldosterone production is expressed

exclusively in the zona glomerulosa. This type of regulation is also seen in the gonads,
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where aromatase is essentially absent in the testes, making the final product testosterone

and not estradiol.

Regulation of steroid synthesis in the adrenal gland has been shown to be
very similar to gonadal steroidogenesis. In the adrenal gland, synthesis of adrenal steroid
is initiated by ACTH activation of adenylate cyclase activity. Increases of cAMP as in the
gonads, results in activation of the protein kinase A (PKA) pathway. It is uncertain what
mechanism is activated downstream of PKA, but it is known that once PKA is activated,
cholesterol is transported to the inner mitochondrial membrane, possibly by StAR (49-

54).
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1.10 Disorders of steroidogenesis
Leydig cell tumors

Testicular neoplasms can be classified into two groups: germ cell tumors or sex
cord-stromal tumors that originate form either Sertoli or Leydig cells. Although Leydig
cell tumors are rare, they include up to 3% of all testicular neoplasms (107). The
mechanism leading to tumoriogenesis in Leydig cells is still largely unknown, however
deregulation of the hypothalamic-pituitary-gonadal axis leading to excessive stimulation
of Leydig cells by excess luteinizing hormone is thought to be involved. Also, structural
changes in LHR and G proteins may be playing a role. Leydig cell tumors are classified
as steroid-secreting tumors since they are known to produce testosterone and estrogen.
Patients with Leydig cell tumors have elevated serum testosterone levels as well as
elevated serum estradiol. In boys, the excess androgens cause early or advanced puberty,

whereas adults with hyperandrogenism and hyperestrogenism are asymptomatic (107).

Cushing’s Disease

Cushing’s disease, or hypercortisolism is a hormonal disorder caused by chronic
exposure to high levels of glucocorticoids. This phenotype can be due to excess
production of the adrenocorticotropic hormone ACTH by a pituitary corticotroph
adenoma, ectopic production of ACTH by a non-pituitary tumor, or over secretion of
cortisol by the adrenal gland. Cushing’s disease is relatively rare, and generally affects
adults ranging from 20 to 50 yrs. Cushing’s disease is an endocrine disorder with people

who are obese and have type 2 diabetes at higher risk of developing the disorder (107).
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Polycystic Ovary Syndrome (PCOS)

Female infertility is the inability to conceive and produce offspring. World wide,
infertility is increasing and is due to a number of different causes. Among reproductive-
age women, one of the leading causes of infertility is polycystic ovary syndrome (PCOS)
(61,62). PCOS is defined by the presence of hyperandrogenism, anovulation, and
polycystic ovaries. Along with these clinical features, insulin resistance, diabetes, and
obesity have been correlated with PCOS. Improper reproductive physiology of PCOS
patients includes altered gonadotrophin secretion, excessive androgen production,

menstrual irregularity and abnormal ovarian morphology.

As previously mentioned, the HPG axis regulates gonadal function by allowing
the secretion of GnRH, LH and FSH that ultimately lead to gonadal steroid production. In
females, during the early years of life, GnRH is largely suppressed. By 10 yrs old, GnRH
remains relatively low with occasional LH pulses during sleep. At the onset of puberty,
an initial rise in serum FSH is followed by an increase of LH and LH pulse frequency. In
contrast, girls with PCOS have elevated serum LH and LH pulse frequency compared to
controls pre-and post-menarche. The underlying mechanism of this irregularity has been
the subject of intense study. Recent work has indentified an important role for excess
androgen production in PCOS. Normal patients treated with progesterone and or estrogen
had a greater feedback suppression of LH compared to PCOS patient. However, if PCOS
patients were pretreated with an androgen inhibitor, administration of progesterone and or

estrogen resulted in similar LH suppression compared to normal patients (63,64). These
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experiments clearly suggested that excess androgen production results in decreased

sensitivity to the negative feedback loop of the HPG axis by progesterone.

Menstrual irregularity is a common symptom of PCOS. Adult patients with
PCOS also exhibit chronic anovulation or lack of ovulation. Along with anovulation,
PCOS patients have been shown to have bilateral ovarian enlargement, increased follicle
number, and as the name implies, PCOS patients have polycystic ovaries. Follicular

development is attenuated to an early antral stage.

A number of treatments are commonly used to treat PCOS patients. Studies have
shown a significant positive effect by weight loss in individuals with PCOS. Weight loss
has been shown to improve menstrual irregularity including ovulation and fertility (65).
Weight loss has also been implicated in decreased LH pulse frequency, androgen
concentration, and insulin levels. Insulin lowering drugs such as metformin have also
been shown to have a positive effect in some women with PCOS, however, in the USA,
metformin has not been as effective. It is now well known that lowering androgens can
significantly reduce PCOS symptoms. Antiandrogen drugs such as flutamide have been
shown to not only decrease androgen levels, but also improve insulin resistance in PCOS
patients. Oral contraceptives have been used to treat symptoms, but are not as effective in
restoring fertility. Also, many patients have adverse side affects with birth control
medications and therefore must rely on alternative treatments. Lastly, clomiphene inhibits
estrogen receptor (ER) action in the pituitary, and can therefore be used to stimulate the

release of hormones to induce ovulation. Although this medication has been successfully
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used to treat many women, Clomiphene may increase the likelihood of multiple births.
We are therefore in need of more effective ways to treat both symptoms and infertility

without suppressing adrenal gland function.

PCOS is a complicated disease due to its heterogenous clinical characteristics.
Therefore a better understanding of its origin and mechanistic cause is crucial for

improved diagnosis and treatment.

Polycystic Ovary System (PCOS): A Mouse Model

As aforementioned, the hypothalamus-pituitary-gonadal axis (HPG) regulates
female fertility by modulating steroidogenesis and follicular development during the
reproductive cycle. Steroids produced by the gonads feed back to regulate GnRH.
Regulation of GnRH frequency is important since it dictates the release of LH versus
FSH (77-79). After ovulation, which is known as the luteal phase, progesterone has a
negative feedback affect to reduce GnRH, resulting in increased levels of FSH secretion.
Increased FSH secretion starts the follicular phase, the pre-ovulatory stage during which
follicles in the ovary mature (77). Women with PCOS have high GnRH pulse frequency,
resulting in increased LH secretion that hinders FSH induced follicular maturation (80). It
is believed that high androgen levels interfere with sensitivity to the progesterone

negative feedback regulation on GnRH (81,82).

In the hope to understand the effects of elevated androgens on GnRH and PCOS,

Dr. Moenter and colleagues developed a mouse model (PNA mice) that simulates the
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reproductive endocrine phenotypes associated with PCOS (77). To achieve this, female
mice were injected with dihydrotestosterone while pregnant. The female offspring of
injected mice were studied once they reached adulthood. It is important to mention that
this protocol to induce PCOS has also been successfully used in sheep.

A mouse estrus cycle is between 3-5 days in length, cycling between estrus,
diestrus, and proestrus. In PNA mice however, the estrus cycle was lengthened from 5.9
days to 20.9 days. This was shown to be androgen receptor dependent, since treatment
with an androgen receptor antagonist flutamide completely restored the estrus cycle in
PNA mice. Associated with disrupted estrus cycle, PNA mice also had elevated
testosterone and luteinizing hormone levels. These results suggest that androgen exposure
in utero results in disrupted GnRH regulation, and therefore may serve as a possible

mouse model to further study PCOS.



Chapter 2

Signaling Pathway for Steroidogenesis in the Ovary

Introduction:

Regulation of ovarian steroid production begins with the secretion of LH and
FSH. It is well established that FSH increases expression of P450arom in the granulosa
cells, while LH induces P450scc in luteal cells. This results in granulosa and luteal cell
production of estrogen and progesterone, respectively (32, 83,84). Since LH and FSH are
essential for proper steroid synthesis in the follicle, the downstream signaling pathways

that are activated must be carefully regulated.

Normal steroidogenesis in the ovary is thought to be regulated by a two-cell/two
gonadotropin model, where LH-stimulated theca cells produce androgens from
cholesterol. Next, FSH stimulated granulosa cells convert androgens to estrogen. Both
theca and granulosa cells express the necessary enzymes for progesterone production
from cholesterol; however, granulosa cells cannot metabolize progesterone to androgen
since they lack the appropriate enzyme. Consequently, the progesterone production and
secretion that is required for proper ovulation is produced from granulosa cells. The focus
of our current work is to identify the mechanism of LH-induced signaling that leads to

progesterone production in the ovary (32,85,86).

29
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Since the EGFR is important for oocyte maturation, steroidogenesis in the testes,
and steroidogenesis in the ovary, experiments were performed to identify the mechanism
downstream of EGFR activation. Steroidogenesis in the testes was found to be EGFR
dependent, but MMP independent. Therefore, identifying the differences in EGFR
activation in the ovary was analyzed. The MAPK pathway is known to be important for
steroid production in the testes, and a recent genetic model confirmed its importance for
follicular function, however, the importance of the MAPK pathway in ovarian

steroidogenesis has not been identified and consequently analyzed in this chapter.
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Materials and Methods:

Steroid production in Pre-ovulatory Follicles.

Three-week-old C57BL/6J female mice (The Jackson Laboratory) were primed
with 51U of PMSG (Sigma) by Intraperitoneal injection. Ovaries were harvested 40-44
hrs after PMSG injection. Follicles were isolated in M2 media (Millipore) and punctured
with 30-gauge needles. Intact follicles were washed twice with M2 media (Millipore) and
treated with 0.2 ug/ml LH (Sigma), 200ng/ml EGF (Invitrogen) or 20uM 22R-
hydroxycholesterol (Steraloids) in M16 media (Millipore). Follicles were pre-treated with
20uM AG1478, Galardin, H89, U0126 (Calbiochem), or vehicle for 30 minutes before
and during stimulation. 250uM Doxycycline (Sigma) treatment was also performed 30
minutes before stimulation. Supernatants were collected 30 minutes — 4 hrs after

stimulation with LH.

Steroid Radioimmuno assays.
Progesterone concentrations from culture media or mouse serum were measured
using a progesterone RIA kit (MP Biomedicals). Culture media collected from follicle

culture was diluted 1:2 in diluent for all RIA assays.

StAR/MAPK Activation and Immunoblotting
Cultured follicles were washed with cold PBS after treatment and collection of
media. 200ul of 1x RIPA (Santa Cruz) buffer supplemented with proteinase inhibitors,

sodium orthovanadate, and PMSF was used to lyse follicles/cells. Cells were scraped and
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both follicles and cells were homogenized and microcentrifuged at 14x rpm for 15 min at
4°C. Supernatants were removed and diluted with 2X Laemmli sampler buffer containing
10% B-mercaptoethanol (Sigma). Samples were then separated on 12.5% SDS-
polyacrylamide gels and transferred to immobilon membranes (Millipore) at 100V for 60
minutes. Membranes were blocked with 5% nonfat dry milk (NFDM)in TBST (100mM
NacCl, 0.1% Tween 20, 50 mM Tris pH 7.4) for 60 minutes at room temperature.
Membranes were then incubated overnight at 4°C with primary antibody in NFDM. Blots
were washed three times for 10 minutes each with TBST at room temperature while
shaking followed by 1 hr incubation at room temperature (1: 4000) with horseradish
peroxidase-conjugated goat anti-rabbit (Bi0-Rad) in TBST and 5% NFDM. Blots were
again washed three times with TBST before treatment with ECL-Plus (GE Healthcare).
For StAR detection, 1:10,000 anti-StaR antiserum (provided by Doug Stocco, Texas
tech). For ERK signaling, ERK1/2 (Cell Signaling) was diluted 1:4000 and total ERK

(Cells Signaling) was diluted 1:4000 in TBST plus 5% milk.

In vivo Steroidogenesis Assays

Four-week-old C57BL/6J female mice (The Jackson Laboratory) were induced to
superovulate by injection with 11U of PMSG, PMSG plus 20uM AG1478 ( or PMSG
plus 20uM Galardin intraperitoneally in PBS. Mice were then given another injection 12
hrs later of 20uM AG1478, 20uM Galardin, or vehicle. 44 hrs after PMSG treatment,
mice were given 11U of hCG, hCG plus AG1478, hCG plus 20uM Galardin, or vehicle. 8
hrs later mice were anesthetized with avertin (Sigma) prior to blood collection via cardiac

puncture. Serum was extracted using serum separator tubes (BD microtainer) by
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centrifugation. Progesterone levels were also measured from isolated ovaries. Ovaries
were cleaned and place overnight in 3:2 haxane/acetyl acetate. The next morning, liquid
was transferred to another glass tube and dried with gas nitrogen. Steroid was dissolved

in diluent from RIA kit. Progesterone levels were measured by RIA.

In vivo injections of inhibitors in Wild type mice

8-week-old female mice were ordered form the Jackson laboratory. At nine
weeks of age, estrus cycle was determined via vaginal smears. A 30ul PBS lavage was
used to obtain cells to place on slides. Slides were air-dried, then fixed and stained with
Hema 3 staining solution (Fisher). Slides were analyzed under a light microscope. Mice
were followed for 2 full cycles before daily IP injections were given for 15 days of 0.01%
DMSO, 20uM Galardin, 20uM AG1478, and 100pM Doxycycline. After 15 days, mice
were sacrificed and ovaries collected. One ovary was used for steroid extraction and the
other was sectioned and subjected to H&E staining. Sections were taken at intervals of 30

um, and 5 um paraffin-embedded sections were mounted on slides.
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Results:
EGFR Signaling is Necessary for LH-Induced Steroidogenesis in mouse follicles and
is important for MAPK activation.

Initial experiments were performed to determine the sensitivity of pre-ovulatory
follicles to gonadotropin-induced steroidogenesis. Follicles were isolated and treated with
increasing amounts of LH. Progesterone secreted in the media was measured at the
indicated time points. As shown in figure 2.1, progesterone production was detected just
30 minutes after stimulation and continued out to 4 hrs. The ECs, for LH induced steroid
production was about 0.2 ug/ml and therefore we used this concentration for all future

studies.

Several studies have now shown the critical role epidermal growth factors (EGF)
play in triggering events essential for normal follicular development (11,59, 66). We
therefore analyzed EGFR signaling in LH-induced steroidogenesis in pre-ovulatory
follicles using pharmacological manipulation. Follicles were pretreated for 30 minutes
with the EGFR inhibitor AG1478, followed by stimulation with LH or LH plus the
inhibitor. LH induced progesterone production (Figure 2.2A) as early as 30 minutes after
stimulation. This LH induced progesterone production was inhibited throughout the time
course of 30 minutes to 4 hours by addition of AG1478. This indicates EGFR plays an

important role in LH-induced steroidogenesis in mouse follicles.

Recent work has also shown that MAPK signaling is important for steroid

production in Leydig cells (12). Therefore we analyzed MAPK activation and it’s
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relationship to EGFR in LH-induced steroidogenesis in ovarian follicles (Figure 2.2). As
expected, LH induced MAPK activation at 2hrs, but this MAPK phosphorylation was
completely absent when EGFR was inhibited (Fig. 2.2B). Progesterone production
showed similar changes (Fig 2.2A). These results indicate that MAPK signaling, like
EGFR, is important for LH induced steroid production in follicles. These studies are
consistent with recent work demonstrating that MAPK is essential in ovarian granulosa

cells for the maintenance of proper female fertility (67).

We have previously shown that in male mice, treatment with AG1478
significantly reduced serum testosterone levels (12). To further confirm the importance of
the EGFR in LH-induced steroid production in the ovary, we analyzed the effect of the
EGFR inhibitor in vivo. For these experiments, female mice were super-ovulated by
priming with PMSG and hCG. PMSG is a glycoprotein obtained from the serum of
pregnant mares. It mimics the effects of gonadotropins secreted by the anterior pituitary.
Thus PMSG stimulates development of the ovarian follicle in the female. hCG is peptide
hormone produced by the embryo in the early stages of pregnancy. hCG binds and
activated the LH receptor; triggering ovulation and development of the corpus luteum. As
expected, females primed with PMSG and treated with hCG had increased levels of
serum progesterone compared to mice only primed with PMSG and PBS (Fig. 2.2C). In
vivo injections of AG1478 significantly reduced progesterone levels relative to hCG
treated mice. These findings demonstrate the importance of the EGFR in ovarian steroid

production, mirroring previous results observed in male gonadal steroidogenesis.



36

MAPK signaling is necessary for LH-induced steroid production in pre-ovulatory
follicles and is downstream of the EGFR

To further elucidate the role of MAPK signaling in steroidogenesis of the ovary,
pre-ovulatory follicles were treated with the MEK inhibitor, U0126. Inhibiting MAPK
signaling significantly blocked steroid production induced by LH from 30 minutes out to
4 hours (Fig 2.3A). LH induced phosphorylation of MAPK as demonstrated in the
western blot, and phosphorylation of MAPK was blocked as expected by U0126 (Fig
2.3B). To ensure that MAPK signaling is in fact downstream of the EGFR, as previously
demonstrated in the testis (12), rescue experiments were performed. Follicles were co-
treated with EGF in the presence of the U0126 inhibitor. As expected, EGF was not able
to rescue LH induced steroid production when MAPK is blocked (Fig 2.3C). As seen
previously, LH and EGF induced MAPK activation was blocked by the inhibitor.
Consistent with the steroidogenesis results, EGF was not able to induce MAPK activation
when rescue experiments were performed (Fig 2.3D). These results further demonstrated
that MAPK signaling is occurring downstream of the EGFR and is critical for steroid

production.
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cAMP/PKA Signaling is Necessary for LH-Induced Steroidogenesis in mouse follicles
and is found upstream of the MAPK cascade.

It has been shown that the LHR, a GPCR, can activate the EGFR by intracellular
and extracellular mechanisms (68-70). Our lab has shown the important role cAMP and
subsequent PKA signaling play in LH-induced steroid production in the testis (12). To
analyze the role of this signal transduction pathway in ovarian signaling, PKA activity
was inhibited in pre-ovulatory follicles. Follicles treated with LH had increased levels of
progesterone, while follicles treated with LH and the PKA inhibitor, H89, exhibited
significantly lower levels of progesterone production (Fig. 2.4A). These results suggest
that similar to the testis, PKA signaling is necessary for proper steroid production in
ovarian follicles. Like EGFR signaling, inhibition of PKA leads to decreased MAPK
activation (Fig. 2.4B), suggesting that MAPK signaling is downstream of PKA. To
ensure the specificity of the inhibitor and to analyze whether PKA signaling is upstream
of the EGFR, follicles were co-treated with EGF in the presence of the H89 inhibitor. As
expected, EGF was able to rescue progesterone production when PKA signaling was
blocked, indicating that PKA is upstream of EGFR signaling (Fig. 2.4C). To further
confirm that the MAPK pathway is downstream of EGFR and PKA signaling, western
blots for pMAPK in the presence of the H89 inhibitor and the rescue experiments with
EGF were analyzed. LH and EGF treatment of follicles induced MAPK activation while
co-treatment with H89 significantly reduced MAPK activation (Fig. 2.4D) as previously
shown in the testis. Co-treatment with EGF in the presence of H89, rescued MAPK

activation compared to LH-treated follicles.
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The LH receptor is coupled to Gas, which leads to increased cAMP and PKA
activity. To analyze whether cAMP is sufficient to induce steroid production, pre-
ovulatory follicles were treated with forskolin to increase intracellular levels of cAMP.
Follicles treated with forskolin alone exhibited increased progesterone production, similar
to LH stimulation (Fig. 2.5). Forskolin-induced steroid production was shown to be
EGFR dependent, as co-treatment with the EGFR inhibitor AG1478 completely
abolished steroid production (Fig. 2.5A). As expected, forskolin induced MAPK

activation, and AG1478 abrogated activation of MAPK signaling (Fig. 2.5B).

LH induces steroidogenesis in pre-ovulatory follicles, but does not require changes in
Steroidogenic Acute Regulatory protein expression.

As previously mentioned, StAR is the rate-limiting step in steroid production
since it transports cholesterol to the inner mitochondrial membrane where the
steroidogenic enzymes are located. It has also been shown that StAR is regulated by
EGFR signaling in gonadal tissues (59,76). In Leydig cells, trans-activation of the EGFR
was shown to regulate early but not prolonged phosphorylation and translocation of StAR
(12). In oocyte cumulus cell cultures (OCCs), EGF—induced steroidogenesis did not
require changes in Steroidogenic Acute Regulatory protein expression (11). To examine
the LH effects on StAR in the intact follicle, and whether the EGFR, PKA, and MAPK
pathways are involved, pre-ovulatory follicles were pre-treated with vehicle, 20uM
AG1478,20uM U0126, and 1uM H89 for 30 minutes prior to stimulation with 0.2ug/ml
of LH (Figure 6). Consistent with previous results obtained in oocyte cultures, LH

induced steroidogenesis does not require changes in Steroidogenic Acute Regulatory
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Protein expression. Inhibition of EGFR and downstream signaling had no affect o StAR
protein levels, indicating that StAR maybe regulated at the post-translational level.
Preliminary results (data not shown) suggest that StAR in the ovary is also regulated by
phosphorylation. However, additional experiments on intact follicles need to be

performed.

Matrix metalloproteinase are important for LH-induced steroidogenesis in mouse
follicles and is upstream of the EGFR.

MMP activation has been shown to be important for the shedding of EGFR
ligands and for steroidogenesis in the ovary (11,29,35,37,38). Previous studies have used
galardin, a broad spectrum MMP inhibitor, to demonstrate their role in ovarian steroid
production (11). As previously mentioned, the MMP family consists of 25 members. We
therefore, specifically analyzed the role of MMP 2/9 in ovarian steroid production. Pre-
ovulatory follicles were pretreated with MMP2/9 inhibitor, or galardin inhibitor for 30
minutes before stimulation with LH. Both galardin and MMP2/9 inhibitor blocked LH —
induced steroid production. (Fig.2.7A). These results indicate that specifically MMP2/9 is

necessary for LH-induced steroidogenesis in pre-ovulatory follicles.

To ensure the specificity of these pharmacological agents, inhibition of MMP
was achieved using an alternative approach. Doxycycline, a common antibiotic used to
treat infection, has been used to decrease MMP2/9 activity in several disease states (71-
74). To determine the ECs of doxycycline in follicles, increasing concentrations were

given to follicles for 30 minutes prior to treatment with LH. Previous in vitro studies have



40

shown doxycycline to have an ECsy near the 100uM rage (75). Similar results were
obtained in pre-ovulatory follicles when progesterone levels were measured. Follicles co-
treated with 50uM had no change in progesterone levels compared to LH treated follicles
(Fig. 2.7B); however, 100uM and 250uM doxycycline treatment resulted in 50 percent
and complete progesterone reduction, respectively. Since 250uM doxycycline resulted in
almost complete inhibition, all future experiments were performed using this
concentration. These experiments used a different and perhaps more specific mode of
MMP inhibition to demonstrate that MMP activity is important for steroidogenesis in
follicles. If MMP activity is upstream of the EGFR in pre-ovulatory follicles, then co-
treatment with EGF and doxycycline should result in a rescue or partial rescue of steroid
production. To test this theory and to demonstrate that doxycycline is specifically
inhibiting MMP activity to reduce steroid production, follicles were pre-incubated with
doxycycline and stimulated with LH, EGF, LH plus doxycycline, or LH plus doxycycline
and EGF. As shown, EGF induced progesterone production at much lower levels
compared to LH. When follicles were treated with LH and doxycycline, progesterone is
significantly reduced. However, co-treatment with EGF resulted in a small but significant
rescue of progesterone levels (Figure 7C). Since EGF did not induce stimulation of
progesterone levels comparable to LH, rescuing with EGF is not ideal. To overcome this
problem, follicles were stimulated with 22-R cholesterol. 22-R cholesterol can induce
steroid production independent of StAR translocation. As shown, 22-R cholesterol was
able to induce progesterone levels comparable to LH. Co-treatment with 22-R cholesterol

was able to rescue decreased progesterone levels due to doxycycline treatment (Fig.
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2.7D). These results demonstrate the specificity of doxycycline on inhibiting MMP

activity, without being toxic to the follicular cells.

Inhibition of MMPs in vivo reduces steroidogenesis in super-ovulated mice

In vitro experiments have been able to show the important role MMP activity
plays in ovarian maturation and steroidogenesis (11,35,37). However, it is still uncertain
if MMP activity has a physiological role in controlling steroid production in the ovary in
vivo. To answer this question, pre-pubertal female mice were super-ovulated by IP
injections of PMSG and hCG. Mice treated with hCG had induced progesterone
production compared to mice who only received vehicle. Mice injected with hCG and
20uM galardin demonstrated reduced serum progesterone levels (Fig. 2.8). Although
progesterone levels were only partially reduced with Galardin, these experiments

demonstrated that in vivo, galardin can have an inhibitory affect on steroidogenesis.
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In vivo injection of MMP inhibitors or EGFR inhibitor does not alter the estrus cycle
or follicle development of wild type mice

In vitro and in vivo studies have now shown the importance of MMP activity in
steroidogenesis in the ovary. Since Galardin was able to restore testosterone levels and
cycling of PNA mice (77), it is important to access whether MMP inhibition in vivo using
pharmacological inhibitors will have any harmful effects in the estrus cycle and follicle
development in wild type mice. To answer this question, the estrus cycle of nine-week
old female mice was examined by vaginal smears through two cycles. After the cycling
patterns were confirmed, IP injections of DMSO, 20uM Galardin, 20uM AG1478, or
100uM Doxycycline were given daily for a total of 15 days. As expected, Galardin and
Doxycycline did not alter the estrus cycle (Fig. 2.9A). Also, mice treated with the EGFR
inhibitor cycled normally compared to the vehicle group. To further analyze the estrus
cycle under these conditions, the percent days in each cycle stage was determined. Under
all conditions, mice spent 50% of days in diestrus, 30% in estrus, and 20% in proestrus
(Fig. 2.9B). Finally, ovaries were removed after completion of treatment, sectioned and
H&E stained. As expected, normal follicular development occurred even in the presence
of the inhibitors (Fig. 2.9C). These experiments suggest that under normal conditions,
when proper LH surge drives normal follicular development and proper steroid
production, both MMP and EGFR inhibitors have no detrimental effects. However, under
abnormal conditions, such as excess androgen production, MMP inhibitors can

successfully reduce steroid production resulting in normal cycling.
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Inhibiton of MMPs in vivo reduces steroidogenesis in the disease state

As previously stated, polycystic ovarian syndrome (PCOS) is a common disease
that causes infertility in women. Patients have high androgen production partially due to
increased LH frequency. Since MMP activity in the ovary is necessary for proper
steroidogenesis, it is possible to expect that inhibiting MMP activity in a disease state,
may lead to normal steroid levels. To address this question, PNA mice created by Dr.
Moenter were used in collaboration (77). Wild type or PNA mice were given either
vehicle, or 20uM Galardin IP injections for 15 days or 24 days. No changes in serum
testosterone levels were detected between wild type mice given vehicle or Galardin.
However, PNA mice treated with Galardin had a significant decrease in testosterone
levels when compared to vehicle injected (Fig. 2.10A). The estrus cycle was analyzed
under the same conditions and demonstrated that Galardin completely restores cycling of
PNA mice injected with Galardin (10B). Importantly, Galardin had no negative effect on
normal cycling mice. These experiments suggest that MMP inhibition may be a possible

way of treating patients with high androgen levels, such as in PCOS.
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Discussion:

Ovarian steroidogenesis commences with signals that originate in the
hypothalamus. Hormones secreted from the pituitary travel down to the ovary and induce
steroid production. The LH receptor is a GPCR that has been shown to trans-active the
EGFR to drive ovarian functions, such as oocyte maturation and steroidogenesis (11,12).
Although a number of mechanisms in which this cross talk is regulated have been
described, the mechanism leading to steroidogenesis from the LH stimulus in the ovary

has not been completely established. (95-97).

The mechanism that regulates steroid synthesis in the testis has been recently
published (12). The order of signaling in the testis and ovary is conserved with PKA
activation leading to EGFR signaling and subsequent MAPK activation. Despite
similarities found in ovarian steroidogenesis compared to the testes, some key differences
were seen. In the testes, GPCR trans-activation of the EGFR is ligand-independent;
meaning that downstream signals from the LH receptor trans-active the EGFR in an
intracellular fashion where MMPs are not essential. Although MMP activation and ligand
dependent activation of the EGFR in the testes is thought to occur, it was not shown to be
necessary for steroidogenesis (12). In the ovary, however, MMPs are necessary for
proper gonadotropin-induced steroid production. This difference can be explained by the
fact that in the testis, steroidogenesis occurs within a single cell type (the Leydig cell). In
contrast, the ovarian follicle is composed of layers of cells in which proper
steroidogenesis relies on paracrine molecules that serve as liaisons between theca and

mural granulosa cells.
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Although EGFR signaling is important for both the testis and the ovary, some
differences were observed. EGFR signaling was shown to be necessary for short-but not
long-term signaling in the testis, where in the ovary, inhibition of the EGFR only at later
time points resulted in decreased steroid production. In the testis, it is possible that
Leydig cells may be resensitizing to LH and reactivating the kinase cascade (12,98). It is
possible that this resensitizing is not observed in the ovarian follicle due to its multi-layer
complexity. In the ovary, progesterone is being made in the granulosa cells. Granulosa
cells do not express the LHR, meaning that progesterone production will always rely on
EGFR signaling to activate StAR in granulosa cells. In Leydig cells, cAMP/PKA
eventually increases StAR to such an extent that it can activate independent of

EGFR/kinase signaling.

In vivo experiments analyzing the physiological role of EGFR in both males and
females resulted in decreased steroidogenesis. However, in female mice, this effect was
only observed in super-ovulated mice and not normal cycling mice (Fig. 2.2). Although
in vivo experiments demonstrated that the EGFR inhibitor could specifically reduce
progesterone levels, EGFR inhibitors may not be a good alternative to treating patients
with diseases such as PCOS since EGFR signaling has a number of different functions in
different cell types. Cancer patients are currently being treated with EGFR inhibitors, but

the impact it has on steroidogenesis has not been analyzed.
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Treatment of follicles with the MAPK inhibitor, U0126 resulted in complete
reduction of steroidogenesis at early and late time points (Fig. 2.3). This indicates the
important role the MAPK cascade plays in regulating steroid production. In agreement
with these findings, a mouse genetic model where ERK 1/2 in granulosa cells was
disrupted, demonstrated that the MAPK pathway is essential for normal female fertility

(67,99).

Oocyte maturation as well as Leydig cell steroidogenesis was shown to be cAMP
and PKA-dependent (12, 38). Inhibition of PKA in pre-ovulatory follicles abolished
steroid production (Fig. 2.4). Although previous in vitro experiments in follicles and
Leydig cells have established PKA signaling as an important mediator, the specificity of
these pharmacological experiments were still lacking. However, co-treatment of follicles
with EGF in the presence of H89 completely rescued steroid production, confirming its

specific role in steroidogenesis.

Understanding the mechanism(s) regulating steroid production in the ovary is
important since elevated levels can lead to diseases such as PCOS. Our in vitro
experiments demonstrating that Galardin, the broad-spectrum MMP inhibitor, MMP2/9
inhibitor as well as doxycycline, a common antibiotic, can reduce steroid levels in pre-
ovulatory follicles lead to in vivo experiments in a PCOS mouse model. Treatment with
galardin rescued the PCOS phenotype, since mice began cycling normally and
testosterone levels were reduced to normal levels. In addition, galardin injections did not

affect normal mice, indicating that its specificity is to the disease state.
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Elevated MMP activity has been attributed to a number of diseases such as
pancreatitis-associated lung injury, aortic aneurysm, and cerebral ischemia (73-75, 100).
Treatment with doxycycline in these cases has been shown to decrease MMP activity and
alleviate the problems associated with increased MMP activity. Our in vitro studies with
doxycycline in pre-ovulatory follicles suggest that doxycycline may also be used for
treatment of increased MMP activity in patients with PCOS. Although in vivo studies are
still pending to further prove that doxycycline can specifically reduce steroid levels, it is
exciting to imagine the use of a common antibiotic to treat patients with PCOS. This
alternative treatment can regulate normal steroidogenesis, hence fertility, without the

worry of secondary side affects or multiple births.
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Figure 2.1: LH-induces progesterone secretion in pre-ovulatory mouse follicles in a
dose and time dependent manner.

Pre-ovulatory follicles were stimulated with indicated concentration. Progesterone levels
were measured in a small aliquot removed from the culture media of each well at 30, 60,
120, and 240 minutes after addition of LH. the media from 30 to 240 minutes by RIA.
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Figure 2.2: EGFR Signaling is Necessary for LH-Induced Steroidogenesis in mouse
follicles and is important for MAPK activation.

Pre-ovulatory follicles were pre-treated with 0.01% DMSO, or 20uM AG1478 for 30
minutes. 0.2ug/ml of LH was added to stimulate follicles for 30 minutes to 4 hrs.
Progesterone concentrations were measured by RIA (A) and cell lysates were collected at
2 hrs and analyzed for phosphorylated and total MAPK (B). 3 week-old female mice
were injected with PBS, 51U of PMSG, or 51U of PMSG plus 20uM AG1478. 12 hours
later, mice were injected a second time with either PBS or AG1478. 48 hours after PMSG
injection, mice were either injected with PBS, 11U hCG, or1IU hCG plus 20uM AG1478.
8 hours after hCG injection, mice were sacrificed and serum progesterone levels were
determined by RIA (C). Values depict n=15 mice for in vivo studies. Each bar represents
the mean +/- S.D. (n=3) for A&B. For C, each bar represents the mean +/- S.E.M. (n=11).
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Figure 2.3 MAPK signaling is necessary for LH induced steroid production in
preovulatory follicles and is downstream of the EGFR.

Pre-ovulatory follicles were pre-incubated with 0.01% DMSO, or 20uM U0126 for 30 minutes
(A, B). 0.2ug/ml of LH was used to stimulate follicles for 30 minutes to 4 hrs. Progesterone
concentration was measured by RIA (A), and cell lysates were collected at 2 hrs and analyzed for
phosphorylated and total MAPK by western blot (B). Follicles were pretreated with 0.01%
DMSO, or 20uM UO0126 and stimulated with LH, 200ng EGF, or LH and 200ng EGF in the
presence of the U0126 inhibitor (C, D). Progesterone concentrations were measured by RIA (C)
and cell lysates were collected at 2 hrs and analyzed for phosphorylated and total MAPK (D).
Each bar represents the mean +/- S.D. (n=3).
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Figure 2.4 PKA Signaling is Necessary for LH-Induced Steroidogenesis in mouse follicles and
is found upstream of the MAPK cascade.

Pre-ovulatory follicles were pre-incubated with 0.01% DMSO, or 1uM H89 for 30 minutes (A,
B). 0.2ug/ml of LH was used to stimulate follicles for 30 minutes to 4 hrs. Progesterone
concentration was measured by RIA (A), and cell lysates were collected at 2 hrs and analyzed for
phosphorylated and total MAPK (B). Follicles were pretreated with 0.01% DMSO, or 1uM H89
and stimulated with LH, 200ng EGF, or LH and 200ng EGF in the presence of the H89 inhibitor
(C, D). Progesterone concentrations were measured by RIA (C) and cell lysates were collected at
2 hrs and analyzed for phosphorylated and total MAPK (D). Each bar represents the mean +/-
S.D. (n=3).
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Figure 2.5 cAMP signaling is Necessary for LH-Induced steroidogenesis in mouse
follicles and is found upstream of the MAPK cascade.

Pre-ovulatory follicles were pretreated with 0.01% DMSO or 20uM AG1478 for 30 minutes (A,
B). Follicles were then stimulated with 10uM forskolin or forskolin in the presence of the
AG1478 inhibitor. Progesterone concentrations in culture media were measured by RIA (C) and

cell lysates were collected at 2 hrs and analyzed for phosphorylated and total MAPK by western
blot (D). Each bar represents the mean +/- S.D. (n=3).
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Figure 2.6 LH induces Steroidogenesis in pre-ovulatory follicles, but does not
require changes in Steroidogenic Acute Regulatory protein expression.

Follicles were pretreated with 0.01% DMSO, 20uM AG1478, 20uM U0126, or 1uM H89
for 30 minutes. Follicles were then stimulated with either PBS, 0.2ug/ml of LH or LH
plus inhibitors for 2 hrs. Cell lysates were collected and analyzed by western blot for total
StAR and actin.
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Figure 2.7 Matrix metalloproteinases are important for LH-induced steroidogenesis
in mouse follicles and act upstream of the EGFR.

(A) Pre-ovulatory follicles were pretreated with 0.01% DMOS, 20uM galardin, or 20uM
MMP2/9 inhibitor for 30 minutes. Follicles were stimulated with 0.2ug/ml of LH or LH
plus inhibitors for 30 minutes. Progesterone levels were measured from media.

(B) Follicles were pre-incubated with 0.01% DMSO, 50uM, 100puM, or 250pM
doxycycline for 30 minutes. Follicles were then stimulated with PBS, or 0.2ug/ml of LH
or LH plus doxycycline. Progesterone concentration was measured from the media by
RIA. For rescue studies, (C) pre-ovulatory follicles were pre-incubated with 0.01%
DMSO, or 250uM doxycycline for 30 minutes. (D) Follicles were stimulated with
200ng/ml EGF, or 20puM 22R-hydroxycholesterol and rescued with 20uM 22R-
hydroxycholesterol (D). Each bar represent the mean +/- S.D. (n=3).
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Figure 2.8. Inhibition of MMPs in vivo reduces steroidogenesis in super-ovulated
mice.

3 week-old female mice were injected with PBS, 5IU of PMSG, or 51U of PMSG plus
20uM Galardin. 12 hours later, mice were injected a second time with either PBS or
Galardin. 48 hours after PMSG injection, mice were either injected with PBS, 11U hCG,
or1IU hCG plus 20uM Galardin. 8 hours after hCG injection, mice were sacrificed and
progesterone levels were measured by RIA. Each bar represents the mean +/- S.E.M.
(n=11).
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Figure 2.9 In vivo injection of MMP inhibitors or EGFR inhibitor does not alter the
estrus cycle or follicle development of wild type mice

The estrus cycle of nice-week old female mice was analyzed by vaginal smears for two
weeks. Mice were injected daily with IP injections of vehicle, 20uM Galardin, 20pM
AG1478, or 100uM Doxycycline for 15 days (A, B). Percent of days spent in each
estrous cycle stage (D, diestrus; P, proestrus; E, estrus). Ovaries were removed after the
15" day and stained with H&E (C). Data are represented as mean + SE (n = 4 mice)
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Figure 2.10 Female mice exposed to androgens in-utero exhibit elevated serum

testosterone and aberrant estrus cycles.
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PNA mice and wild type female mice were given daily IP injections of 20uM galardin or
vehicle control for 15 days (A). Testosterone levels were measured by RIA. Wild type

mice and PNA mice were IP injected with either 0.05%DMSO as vehicle, or
0.04mg/g/day of Galardin for 24 days (B). The estrus cycle of wild type and PNA mice

was analyzed by vaginal smears. Three mice for each group were used.

Sue Moenter

University of Virginia



Chapter 3

Signaling Pathway for Steroidogenesis in the Adrenal Gland

Introduction:

The gonads and the adrenal gland have the common function of synthesizing
steroids. Aside from a common function, they also have a common origin. Both the
gonads and the adrenal gland originate from the adrenal-genital primordium (87-89).
Differential gene expression then allows the primordial tissue to divide into two separate

structures.

The adrenal cortex of the adrenal gland is responsible for synthesizing hormones
such as glucocorticoids, such as cortisol (49,50). Similar to gonadal steroidogenesis, the
adrenal gland synthesizes steroids under regulation of the hypothalamus and pituitary
axis. ACTH is a polypeptide tropic hormone that is produced by the pituitary gland. Upon
secretion, it binds and activates the ACTH receptor, a seven trans-membrane G protein-
coupled receptor. Upon ligand binding, the receptor elicits a rise in cAMP and the
activation of protein kinase A (PKA), leading to steroidogenesis (90). ACTH is known to
stimulate steroid production by increasing cholesterol transport into the mitochondria
(91). Since ACTH receptor activation is regulated in the adrenal gland by a similar
mechanism as the LH receptor in the gonads, the possibility of a conserved mechanism
leading to steroidogenesis was analyzed. To begin, the role of EGFR signaling in ACTH-

induced steroidogenesis was analyzed by inhibition studies with the AG1478 inhibitor. In

58
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the testes, EGFR signaling was shown to only be important for short-term but not long-
term gonadotropin induced steroidogenesis (12). Similar time course studies were
performed in the Y-1 cell line. Next, cAMP/MAPK signaling was blocked to identify if
they are playing a similar role in steroidogenesis as observed in the testes and ovary.
Finally, MMP dependent EGFR activation and subsequent steroidogenesis was examined

by similar pharmacological studies.
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Materials and methods:

Steroid production in Y-1 adrenal cells.

The Y-1 adrenal cell line (provided by P. Hinkle, University of Rochester) was
grown in DMEM/F12 medium (GIBCO) supplemented with 15% fetal bovine serum
(Invitrogen). Cells were plated in 12-well plates followed by overnight serum starvation.
Experiments were also performed without serum starvation and similar results were
obtained. Cells were treated with 20uM AG1478, Galardin, H89, U0126 (Calbiochem),
or vehicle for 30 minutes before and during stimulation with 50nM ACTH (VWR), or
EGF. Culture media from each treatment was sampled at 30 minutes and 2 hrs after

ACTH stimulation.

Steroid Radioimmuno assays.

Progesterone concentrations from media were measured using a progesterone

RIA kit (MP Biomedicals). For Y-1 cell experiments, media were collected at 30 minutes

or 2 hrs and diluted 1:2 in kit diluent before measurement.
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MAPK Activation and Immunoblotting.

Y-1 adrenal cells were washed with cold PBS after treatment and collection of
supernatant. 200pl of 1x RIPA (Santa Cruz) buffer supplemented with proteinase
inhibitors, sodium orthovanadate, and PMSF was used to lyse cells. Cells were scraped,
homogenized and microcentrifuged at full speed for 15 min. Supernatants were removed
and diluted with 2X Laemmli sampler buffer with 10% B-mercaptoethanol (Sigma).
Samples were then separated on 12.5% SDS-polyacrylamide gels and transferred to
immobilon membranes (Millipore) at 100V for 60 minutes. Membranes were blocked
with 5% NFDM in TBST (100mM NacCl, 0.1% Tween 20, 50 mM Tris pH 7.4) for 60
minutes. Membranes were then incubated overnight at 4°C with primary antibody in 5%
NFDM. Blots were washed three times for 10 minutes each with TBST at room
temperature while shaking following 1 hr incubation at room temperature (1: 4000) with
horseradish peroxidase-conjugated goat anti-rabbit (Bi0-Rad) in TBST and 5% NFDM.
Blots were again washed three times with TBST before treatment with ECL-Plus (GE
Healthcare). For ERK signaling, ERK1/2 (Cell Signaling) was diluted 1:4000 and total

ERK (Cells Signaling) was diluted 1:4000 in TBST plus 5% milk.
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Results:

ACTH promotes progesterone production in Y-1 mouse adrenal cells in a dose-

dependent fashion.

To investigate the mechanism regulating steroid production in the adrenal gland,
mouse Y-1 adrenal cells were used. Initial experiments were performed to determine the
sensitivity of the adrenal cell line for ACTH-induced steroidogenesis. Cells were
stimulated with increasing amounts of ACTH. Progesterone secreted in the media was
measured 30 minutes after stimulation. Y-1 cell lines lack the enzymes required to
metabolize substrate to cortisol; therefore progesterone concentrations were measured. As
shown in figure 3.1, progesterone production was detected following exposure of ACTH
at doses of 25ng/ml to 200ng/ml. The ECs, for ACTH-induced steroid production was
approximately 50ng/ml, and therefore that concentration of ACTH was used for all future

studies.

EGFR signaling is important for ACTH-induced steroidogenesis in adrenal cells.

Since EGFR signaling has been shown to be essential for steroidogenesis in both
the testis and the ovary (11,12, 36-40), the role of EGFR signaling in the adrenal gland
was analyzed. Y-1 cells were pretreated for 30 minutes with the EGFR inhibitor AG1478,
followed by stimulation with ACTH or ACTH plus the inhibitor. ACTH-induced
significant progesterone production (Fig. 3.2 A) as early as 30 minutes after stimulation.
ACTH-induced progesterone production was inhibited by the EGFR inhibitor, indicating

that EGFR plays an important role in ACTH induced steroidogenesis. Steroid induction
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by ACTH and inhibition by AG1478 was also analyzed at 2 hrs. Similar to 30 minutes,
AG1478 significantly reduced steroid production at 2 hrs. Surprisingly, cells treated with
EGF had marginal induction of steroidogenesis both at 30 minutes and 2hrs. Recent work
has previously shown that MAPK signaling is important for steroid production in Leydig
cells (12), and therefore we analyzed MEK signaling in the presence of the EGFR
inhibitor. ACTH induced MAPK activation at both time points and was completely

absent when EGFR was inhibited (Fig. 3.2 C, D).

MAPK signaling is important for ACTH-induced steroidogenesis in adrenal cells.

To specifically examine the importance of MAPK signaling in adrenal
steroidogenesis, Y-1 cells were pre-treated for 30 minutes with a MAPK inhibitor,
U0126. Cells were then stimulated with ACTH for 30 minutes or 2hrs. Progesterone
levels indicated the importance of MAPK signaling since blocking MAPK completely
eliminated steroid production (Figure 3.3 A, B). To confirm the inhibition of MAPK,
western blots were performed on cell lysates treated under these conditions. As expected,
ACTH induced robust MAPK activation as early as 30 minutes but essentially absent at
the 30 minute and 2 hr time point when cells were previously treated with the U0126
inhibitor (Figure 3.3 C, D). These results indicate that MAPK signaling, like EGFR, is
important for ACTH-induced steroid production in the adrenal gland. Interestingly, in
Leydig cells, EGFR and MAPK signaling were shown to be important for early, but not
late steroid production. In contrast, steroidogenesis in the ovary required EGFR and
MAPK signaling at later time-points in a manner similar to what is observed here in

adrenal cells.
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MMP activity is not important for ACTH-induced steroidogenesis in the adrenal gland.
EGFR signaling is dependent on matrix metalloproteinases (MMP) activity under
certain conditions, such as oocyte maturation and ovarian steroid production (11,36-40).
MMPs are critical for paracrine signaling in the ovary, but are not essential for
steroidogenesis in the testis (12). To test the role of MMP activity in adrenal
steroidogenesis, cells were pre-treated with 20uM galardin or 0.01% DMSO for 30
minutes. Cells were then stimulated with ACTH or EGF for 30 minutes or 2hrs, and
progesterone levels in the media where measured. ACTH -induced steroid production
was not altered after 30 minutes or 2 hrs of stimulation (Figure 3.4 A, B). These results
indicate that, like Leydig cell steroidogenesis, EGFR signaling is regulated by an
intracellular mechanism where MMP activity is not necessary for activation of the EGFR.
Since steroidogenesis is not altered when cells are treated with an MMP inhibitor, MAPK
activation should similarly be unaffected by Galardin. Cell lysates were then subjected to
western blot analysis and blotted for phosphorylated and total MAPK at 2 hrs after
stimulation. As expected, ACTH-induced MAPK activation was not affected by the

MMP inhibitor (Figure 3.4 C).

PKA signaling is important for ACTH-induced steroidogenesis in the adrenal gland.
PKA signaling has been previously implicated in regulating EGFR signaling and

steroidogenesis in other tissues. Its role in adrenal steroid production was therefore

analyzed. Cells were pretreated with 20uM H89, a known PKA inhibitor or 0.01%

DMSO for 30 minutes prior to stimulation with ACTH or EGF. ACTH-induced steroid
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production was blocked with H89 treatment at 30 minutes and 2 hrs of stimulation
(Figure 3.5 A, B). As previously seen, EGF treatment resulted in a small induction of
steroidogenesis. However, a small rescue of progesterone levels were observed with co-
treatment of EGF in the presence of H89. These results suggest that PKA is important for
steroidogenesis, and is acting upstream of the EGFR. These results are consistent with

ovarian steroidogenesis.

To analyze the role of MAPK activity in the presence of the PKA inhibitor, cells
lysates were collected and analyzed for phosphorylated and total MAPK at 30 minutes
and 2 hrs of stimulation. Surprisingly, MAPK activity was essentially unaffected when
PKA was blocked (Figure 3.5 C, D). In the testes and ovary, the MAPK pathway was
shown to be important and downstream of PKA signaling. These results suggest that

another pathway is leading to activation of MAPK that is independent of steroidogenesis.

cAMP activation is important for ACTH-induced steroidogenesis in adrenal cells.

To directly increase cAMP levels and therefore analyze its role in
steroidogenesis, cells were stimulated with forskolin. Forskolin acts by activating the
enzyme adenylyl cyclase and increasing intracellular levels of cAMP. Cells stimulated
with forskolin at 30 minutes and 2 hrs induced similar levels of progesterone seen with
ACTH stimulation. Cells were pretreated with 20uM U0126, 20pM AG1478, 20uM H89,
and 20puM Galardin for 30 minutes prior to stimulation. As previously seen with ACTH

stimulation, the MAPK, EGFR, and PKA pathways are essential for adrenal
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steroidogenesis for early and late steroidogenesis (Figure 3.6 A, B). Inhibition of MMP

activity was further shown not to be essential for steroidogenesis in the adrenal gland.
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Discussion:

The present work identified the mechanism regulating ACTH-induced steroid
production in the adrenal gland. As expected, the mechanism regulating this process is,
for the most part, conserved in all three steroidogenic tissues described. Adrenocortical
hormones are synthesized from cholesterol and transported into the adrenal gland.
Progesterone can then be metabolized into aldosterone or cortisol. The adrenal cortex is
divided into three zones. The outermost zona glomerulosa produces aldosterone, followed
by the zona fasciculata, which produces cortisol, and finally, the innermost zona
reticularis that produces androgens. All of the necessary enzymes for metabolizing each
steroid are found within each zone. Perhaps this can explain results obtained with the
MMP inhibitor.

One major difference between testicular and ovarian steroid regulation is the
involvement of MMPs. In the ovary, MMP activation was shown to be important for
normal follicular development (36-39), as well as steroid production (11). However,
steroidogenesis in the testes is regulated by an intracellular mechanism, where MMP
activation was shown to not be essential. To address these differences in the adrenal
gland, Y-1 cells were treated with the broad spectrum MMP inhibitor galardin. Results
demonstrated that adrenal (Y-1 cells) steroidogenesis is regulated by a similar
mechanism identified in the testis, where MMP activation is not essential for proper

steroid production.
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As stated in the previous chapters, EGFR signaling is important for steroid
production in the ovaries and the testes (11, 12). Cell culture experiments using a mouse
adrenal cells line were performed to identify the mechanism regulating ACTH-induced
steroid production in the adrenal gland. Inhibition of the EGFR resulted in decreased
progesterone levels, indicating that this mechanism is conserved across all three

steroidogenic tissues: ovary, testes and adrenal gland.

EGFR and MAPK activation was shown to be important for proper steroid
production in the adrenal gland. These results are similar to the testes with the exception
that EGFR and MAPK activation was important for early and late ACTH-induced steroid
production. Why is EGFR/MAPK signaling still important and therefore not turned off at
later time points? This could be due to different phosphotases activated in the adrenal
gland, or possibly ACTH induces higher concentrations of StAR leading to prolonged
steroid production. Similarly, cAMP and subsequent PKA activation was shown to be
sufficient for steroid synthesis since forskolin induced steroidogenesis. These results
confirm previous experiments where ACTH induced activation of cAMP levels and PKA
activation. The mechanism of ACTH-induced steroidogenesis in the adrenal gland is
summarized in figure 3.7. cAMP is required for EGFR trans-activation as well StAR
upregulation. Both MAPK and cAMP/PKA pathway are necessary for steroidogenesis to
occur. It is still unclear how EGFR is being activated. Based on our results however, it
does not seem to be activated by MMPs or PKA signaling. Perhaps Src signaling is

activating the EGFR, but more studies are needed to address this possibility.
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In summary of the data presented, all three steroidogenic tissues are regulated by
a similar mechanism. This mechanism involves activation of the EGFR via intracellular
activation seen in the testes and adrenal gland where all of the steps for steroid
biosynthesis are present, and extracellular activation in the ovary, where steroidogenesis
relies on paracrine signaling. These observations are important for treatment of diseases
such as PCOS, where the steroid biosynthetic pathway is dysregulated in one tissue, but

not the others.
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Figure 3.1: ACTH promotes progesterone production in Y-1 mouse adrenal cells in
a dose-dependent fashion.

Y-1 cells were plated in a 12 well plate and exposed to ACTH for 30 minutes. Each point
represents the mean = S.D. (n=3). All studies were performed three times with similar
results.
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Figure 3.2: EGFR signaling is important in ACTH induced steroidogenesis in
adrenal cells

Y-1 mouse adrenal cells were pre-treated with 0.01% DMSO, 20uM AG1478 for 30
minutes, prior to stimulation with 50ng/ml of ACTH or 20ng/ml EGF for 30 minutes or 2
hours. Progesterone content of the media was measured by RIA (A, B). Cell lysates were
examined by Western blot for phosphorylated and total MAPK after 30minute and 2 hrs
of stimulation (C, D). Each point represents the mean + S.D. (n=3). All studies were
performed three times with similar results.
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Figure 3.3: MAPK signaling is important in ACTH induced steroidogenesis in
adrenal cells.

Y-1 mouse adrenal cells were pre-treated with 0.01% DMSO, or 20uM U0126, prior to
stimulation with 50ng/ml of ACTH for 30 minutes or 2 hours. Progesterone content of
the media was measured by RIA (A). Cell lysates were examined by Western blot for
phosphorylated and total MAPK following 30 minute and 2 hrs of stimulation by agonist
(B). Each point represents the mean + S.D. (n=3). All studies were performed three times
with similar results.
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Figure 3.4: MMP activity is not important in ACTH-induced steroidogenesis in the
adrenal gland

Y-1 mouse adrenal cells were pre-treated with 0.01% DMSO, or 20uM Galardin, prior to
stimulation with 50ng/ml of ACTH or 20ng/ml EGF for 30 minutes or 2 hours.
Progesterone content of the media was measured by RIA (A, B). Cell lysates were
examined by Western blot for phosphorylated and total MAPK for 2 hrs of stimulation
(C). Each point represents the mean + S.D. (n=3). All studies were performed three times
with similar results.
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Figure 3.5: PKA signaling is important for ACTH induced steroidogenesis in the
adrenal gland

Y-1 mouse adrenal cells were pre-treated with 0.01% DMSO, 20uM U0126, 20uM
AG1478, or 20uM H89, prior to stimulation with 50ng/ml of ACTH or 20ng/ml EGF for
30 minutes or 2 hours. Progesterone content of the media was measured by RIA (A, B).
Cell lysates were examined by Western blot for phosphorylated and total MAPK for 30
minutes and 2 hrs of stimulation (C, D). Each point represents the mean = S.D. (n=3). All
studies were performed three times with similar results.
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Figure 3.6: cAMP activation is important for ACTH induced steroidogenesis in
adrenal cells

Y-1 mouse adrenal cells were pre-treated with 0.01% DMSO, 20uM U0126, 20uM
AG1478,20uM H89 or 20uM Galardin, prior to stimulation with 10uM Forskolin for 30
minutes or 2 hours. Progesterone content of the media was measured by RIA (A, B).
Each point represents the mean + S.D. (n=3).
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Figure 3.7: Model for ACTH-induced steroidogenesis in adrenal Y-1 Cells

ACTH binds its GPCR and induces activation of cAMP/PKA signaling to drive
steroidogenesis. ACTH also drives activation of the EGFR by still an unknown
mechanism. Activation of the EGFR induces MAPK signaling and therefore
steroidogenesis. Both the cAMP/PKA and MAKP signaling pathways are necessary for
steroidogenesis to occur.
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Chapter 4
Discussion and Future Directions

Work presented in this thesis and previously published work has identified the
mechanisms regulating steroid hormone synthesis in three steroidogenic tissues: the
ovary, testis, and adrenal gland. In all three tissues, EGFR trans-activation followed by
MAPK signaling and StAR translocation, was shown to be important for LH, and ACTH
-induced steroid production (11,12). One notable difference is the mechanism in which
GPCR signaling via LH or ACTH exhibits cross-talk with the EGFR. In adrenal and
testes, EGFR activation is accomplished via an intracellular mechanism. The ovary is a
multi-cell; complex that requires precise regulation and therefore is controlled via an

extracellular approach (Figure 4.1).

Intracellular versus extracellular trans-activation of the EGFR

As detailed earlier, the ovary relies on paracrine signaling between mural and
cumulus granulosa cells to induce cumulus cell expansion, oocyte maturation, and
steroidogenesis (11,36-40). In contrast, steroidogenesis in the testis and adrenal gland is
regulated by an intracellular mechanism (12). The mechanism leading to trans-activation
of the EGFR in the ovary is mediated by matrix metalloproteinase’s, however; the
mechanism that regulates intracellular EGFR trans-activation and steroidogenesis in the
testis and adrenal gland is still unknown. Therefore, characterization of LH or ACTH -
induced EGFR phosphorylation in these cells may elucidate a possible intracellular
regulatory mechanism. One possible regulator of EGFR phosphorylation is the PKA

pathway. From in vitro data in Leydig and adrenal cells, it is clear that PKA signaling is
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necessary for EGFR activation and subsequent steroid synthesis. However, data
confirming that PKA directly phosphorylates the EGFR is still needed. Future in vitro
studies can be performed to identify PKA target sites on the EGFR, and analyze whether

these sites are essential for EGFR trans-activation and steroidogenesis.

Activation of Matrix Metalloproteinase

Matrix metalloproteinase’s are responsible for LH —mediated ovarian
steroidogenesis, since they cleave membrane bound EGF that then acts as a paracrine
molecule in neighboring cells (11,36-41). Although their role in ovarian signaling has
been well established, the precise MMPs that are activated by LH are still unknown.
Previous in vitro studies have used Galardin to demonstrate their significant role in
steroidogenesis. Galardin is a broad-spectrum MMP inhibitor that affects MMPI1, 2, 3, 8,
9 and possibly others. Doxycycline has been shown to inhibit MMP2/9, although
experiments to demonstrate its specificity have not been performed. In the PCOS mouse
model, inhibition of MMPs by galardin resulted in a reduced disease state where
testosterone levels were reduced and cycling was restored (77). These results suggest a
possible novel treatment for PCOS patients, since galardin had no adverse side effects on
wild type controls. Although these results are promising, identifying and inhibiting the

MMP activated can lead to a more targeted approach to lowering testosterone levels.

Preliminary work has shed some light on which MMPs are activated in LH-
mediated ovarian steroidogenesis. Pre-ovulatory follicles pre-treated with the MMP2/9

inhibitor demonstrated that blocking MMP 2/9 specifically leads to similar results as
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obtained with the broad-spectrum MMP inhibitor galardin. Since MMP2 and MMP?9 are
both expressed in the ovary (92) and are necessary for in vitro steroidogenesis, MMP 2/9
might be the MMPs activated in LH-induced oocyte maturation and steroidogenesis. To

confirm this hypothesis, experiments to examine fertility and steroidogenesis from

MMP2, MMP9, and MMP2/9 mouse genetic knockouts should be performed.

Finally, activity-based protein profiling can be used to identify the MMPs
responsible for activation of the EGFR and subsequent steroid production. In this
unbiased approach, a library of probes that are recognized by active MMPs can be used to
identify which MMPs are activated to drive steroidogenesis. Dr. Cravatt from Scripps
Research Institute has developed a library of probes with similar structure to galardin
(92,93). Initial experiments can identify a specific probe library that can block
steroidogenesis in follicles treated with LH or LH plus the probes. Once a library has
been identified to decrease steroid levels,
follicles can be treated with a set of probes that are covalently linked to azide-biotin,
followed by UV activation to link probes to the recognized MMPs. Complexes formed

can be identified by avidin affinity purification and mass spectroscopy (Figure 4.2).

In summary, identifying the specific mechanism regulating steroid production in
all three steroidogenic tissues can lead to better treatment options when regulation is
disturbed. For example, the finding that MMPs in the ovary can be directly inhibited to
decrease testosterone levels without inhibiting normal adrenal steroid production has lead

to a possible novel treatment option for women with PCOS. Specifically, the idea of
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using doxycycline is intriguing since it is a common antibiotic used regularly with
minimal side effects. Work presented in the previous chapters explained the use of
Galardin in the PCOS mouse model. Encouraging data demonstrated the ability of
galardin to correct PCOS phenotypes of increased testosterone levels and infertility due
to anovulation. Even more interesting is the finding that even after galardin injections
were stopped in the PNA mouse, mice continued to cycle for several weeks. These
findings are fascinating due to the possibility of patients given doxycycline and then
stopped treatment and allowed then to cycle normally on their own. This treatment would

avoid multiple pregnancies as seen with clomiphene treatment.



81

Testes, Adrenal

Intracellular (Ligand Independent)

GPCR EGFR

Extracellular(Ligand Dependent)
- MMPs
- HB-EGF, Epiregulin Amphiregulin

Ovary

Figure 4.1 The GPCR/EGFR Pathways affecting steroidogenesis

GPCR/EGFR crosstalk is critical for gonadotropin-induced steroid production in the
ovary, testis and adrenal gland. However, in the testis and adrenal, intracellular or ligand
-independent regulation controls steroid production where steroidogenesis in the ovary is
regulated by extracellular, ligand-dependent regulation where MMPs are necessary for
activation of the EGFR.
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Figure 4.2 MMP active site labeling

Follicles treated with LH or DM SO will be incubated with probe libraries. Once a
specific library is identified to lower steroidogenesis, probes will be covalently bound to
Azide-biotin and complexes purified by mass spec.
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