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Preface

In this book, The Life Cycle of the Corpus Luteum, we try to provide state-of-the-art
knowledge of the corpus luteum, throughout its lifespan, in different species.

The corpus luteum is a fascinating endocrine organ that is essential for fertility
in mammals. Recent developments in understanding the lifespan of the corpus
luteum provide new insights for reproductive biologists and also provide insights
into tissue dynamics that translate to other research disciplines (e.g., developmental
biology, vascular development, metabolic disorders, cancer). More research on the
corpus luteum is needed to provide clinicians, veterinarians, researchers, and live-
stock producers with the information they require to successfully intervene in
human, and other mammalian, fertility outcomes.

The ovarian corpora lutea (yellow bodies) were first named by Marcello Malpighi
and then described by Regnier de Graaf in the late 1600s. Two centuries later,
Prenant suggested that the corpus luteum may serve as a gland that produces sub-
stances which regulate pregnancy. This observation was confirmed rapidly by sev-
eral groups in the early 1900s, and the biologically active substance progesterone
was crystallized and characterized nearly simultaneously in 1934 by four indepen-
dent groups. The corpus luteum is a temporary endocrine structure that forms within
the ovary after ovulation and is essential to the establishment and early maintenance
of pregnancy in most mammals, including humans, primates, livestock, rodents,
canines, and felines. The ephemeral corpus luteum is generally considered to have
three phases during its life cycle: formation, maintenance, regression, and a fourth
potential phase: rescue and sustained function during pregnancy. Each stage of the
corpus luteum life cycle has unique regulatory and signaling events that differenti-
ate each stage from another. The chapters in this book review current research
advances into each phase of the life cycle of the corpus luteum.

Enormous structural reorganization occurs as the postovulatory follicle transi-
tions to a highly vascularized corpus luteum. Based on its size when fully func-
tional, the blood supply to the corpus luteum exceeds that of most other organs.
Much interest has been focused on factors and the cellular mechanisms that contrib-
ute to the development of new blood vessels in the corpus luteum and their impor-
tance to the function of the gland. Immune cells and factors released from these cells
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contribute to tissue remodeling and new blood vessel development. As the process
of angiogenesis is important in cardiovascular disease, inflammatory responses, and
cancer biology, understanding how the vascular supply to the corpus luteum is regu-
lated may provide unique insights that translate to other research disciplines. The
chapters provided by Robert S. Robinson (Chap. 1), Kiyoshi Okuda, and Akio
Miyamoto (Chaps. 2 and 6, respectively) provide new insight into the process and
regulation of angiogenesis and immune cell infiltration in the corpus luteum.

Luteinizing hormone (LH) surge is responsible for initiating the differentiation
of the somatic cells of the ovarian follicle (theca and granulosa cells) into the small
and large steroidogenic cells of the corpus luteum. The newly formed corpus luteum
is an extremely active gland that produces enormous amounts of the hormone pro-
gesterone, which provides an intrauterine environment that supports implantation,
placentation, and fetal-placental growth and development. Insufficient progester-
one secretion early in the first trimester is associated with pregnancy loss and is
attributed to premature loss of luteal function. To further highlight the significance
of progesterone to fertility research, studies indicate that progesterone acting locally
via its nuclear receptor acts to promote ovulation and serves as a luteal cell survival
factor. Therefore, understanding the control steroidogenesis is crucial for control of
fertility in mammals. The chapters by Holly A. LaVoie (Chap. 3) and John S. Davis
(Chap. 4) focus on understanding the control of steroidogenic processes and ovarian
metabolic events and their potential for controlling progesterone synthesis. The
chapter by Jan Kotwica et al. (Chap. 5) discusses the impact of steroid receptors and
orphan nuclear hormone receptors on luteal function. Reproductive strategies vary
considerably among species; these are especially evident with regard to the ovarian
cycle and luteal function and lifespan. The chapter by Marta Tesone et al. (Chap. 7)
reviews the rodent corpus luteum, and the chapter by Mariusz Pawel Kowalewski
(Chap. 8) reviews the canine and feline corpus luteum, describing unique features
of corpus luteum development and regression.

In the absence of pregnancy, the corpus luteum will regress so the next reproduc-
tive cycle can begin. The process of luteolysis is associated with a marked reduction
in progesterone production and intense tissue remodeling, resulting in the loss of
steroidogenic cells and the blood supply; and an increase the deposition of fibrotic
connective tissue, forming the so-called corpus albicans (white body). Luteolysis is
accompanied by the influx of immune cells and the activation of inflammatory sig-
naling pathways that act in concert with luteolytic factors to inhibit progesterone
and remodel the corpus luteum. Luteal regression in ruminants is covered in the
chapter by Rina Meidan et al. (Chap. 9), and luteal regression in pigs is discussed in
the chapter provided by Adam J. Ziecik (Chap. 12). Understanding how pregnancy
hormones act to block corpus luteum regression gives us insights into the prevention
of fibrotic processes observed in other tissues during inflammation and disease
states and may provide insight into mechanisms responsible for tissue repair and
regeneration. The impact of the corpus luteum in women’s health is explored in the
chapter by W. Colin Duncan (Chap. 13). If pregnancy occurs, a hormone released
from the developing conceptus (embryo and its associated membranes) blocks or
rescues corpus luteum structure, function, and blood supply. The interruption of
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luteolysis allows the corpus luteum to support the pregnancy: in women, this hor-
mone is hCG. The chapter by Richard Stouffer and Jon D. Hennebold (Chap. 10)
reviews corpus luteum rescue from luteolysis in primates. In cows and sheep this
factor is interferon tau, which acts to prevent uterine production of PGF2a and pos-
sibly acts by direct actions on the corpus luteum. In Chap. 11, Thomas R. Hansen
discusses corpus luteum maintenance during early pregnancy of ruminants, and
Adam J. Ziecik (Chap. 12) presents a chapter devoted to maintenance of the corpus
luteum in early pregnancy in pigs.

I thank the authors for contributing their time, effort, and expertise to this book
and hope the information presented will be a valuable source of the current state of
knowledge for experts as well as beginners who wish to pursue future research in
this exciting area. I thank John Davis and Heather Talbott (University of Nebraska
Medical Center) for their help in composing these introductory notes.

Rina Meidan
Rehovot, Jerusalem, Israel
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Chapter 1
Luteal Angiogenesis

Robert S. Robinson and Kathryn J. Woad

Abstract The structure and function of the corpus luteum (CL) is dependent on the
development of an intricate vasculature via the process of angiogenesis. The estab-
lishment of the luteal vascular network begins in the preovulatory follicle and is
ultimately stimulated by the luteinizing hormone (LH) surge. Following ovulation,
the corpus luteum undergoes extremely rapid growth and intense angiogenesis that
is tightly regulated by a balance achieved between pro-angiogenic and anti-
angiogenic factors. This review summarizes what is known about the critical control
of luteal angiogenesis and the complex interplay between numerous factors, the
functions of which are only just beginning to be elucidated.

Keywords Corpus luteum * Luteal ® Angiogenesis ¢ Vasculature e FGF2 « VEGFA
* Endothelial * Pericyte

1.1 Critical Importance of Luteal Angiogenesis

The principal function of the corpus luteum (CL) is to produce vast quantities of
progesterone, which is absolutely essential for the establishment and maintenance of
mammalian pregnancy. Groundbreaking work by the research labs of Hamish Fraser
and Dick Stouffer in the early 2000s elegantly demonstrated the wholly crucial role
of angiogenesis and the extensive vascularization required for the development and
function of the CL. Namely, the inhibition of vascular endothelial growth factor-A

R.S. Robinson () ¢ K.J. Woad

School of Veterinary Medicine and Science, University of Nottingham,
Sutton Bonington Campus, Loughborough, Leicestershire LE12 SRD, UK
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(VEGFA, pro-angiogenic factor) with targeted antibody or soluble VEGF receptor
isoforms completely prevented luteal vascularization and progesterone production
[1-3] in primates. Similarly, in cows, the local neutralization of either VEGFA or
fibroblast growth factor-2 (FGF2) also suppressed luteal development and proges-
terone production, albeit to a lesser extent [4]. Additional evidence of the crucial
role of luteal angiogenesis for CL functions has been demonstrated using transgenic,
knockout or knock-in mice models in which angiogenesis has been directly or indi-
rectly targeted. Table 1.1 summarizes such studies where ovulation appeared normal
but CL development and function was disrupted. Overall, compromised plasma pro-
gesterone levels were associated with disrupted luteal vascularization and reduced

Table 1.1 Summary of knockout mouse studies in which ovulation occurred but corpus luteum

(CL) function was disrupted

Steroidogenic
Plasma | enzyme and/
P4 or StAR Luteal

Gene levels | expression vascularization | Fertility Reference
Brain and muscle l 11 1 VEGFA Infertile [115]
ARNT-like protein 1
(Bmall)
Cyclin-dependent l Unaffected n.d. Infertile [116]
kinase 4 (cdk4)
Endothelial nitric 1 n.d. n.d. n.d. [117]
oxide synthase
(eNOS)
Fibroblast growth n.d. n.d. n.d. Normal [117]
factor-2 (FGF2)
Frizzled4 (Fzd4) l | Fragmented Infertile [118]

and punctate

vascular

network

| VEGFA
Neatl l | | VEGFA Subfertile [119]
Nr5a2 (Lrhl) | 1 | VEGFA Infertile [120, 121]
Plasminogen l Unaffected Unaffected n.d. [122]
Prolactin l | VE-cadherin | Infertile [123, 124]
Scavenger l n.d. No effect n.d. [125]
receptor-B1
(SCARBI1)
Superoxide dismutase | | 1 | Vasculature Infertile [126]
(SOD1)
Tissue inhibitor of ! n.d. n.d. n.d. [127]
metalloproteinase 1
(TIMP1)
Transforming growth || 1 n.d. Infertile [128]
factor-B1 (TGFB1)

n.d. not determined
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fertility, providing further evidence for the close relationship between luteal angio-
genesis and function.

The formation of the CL is a truly remarkable biological process with numerous
and integrated events occurring in a relatively short timeframe, including (1) the
luteinization/differentiation of granulosa and theca cells into luteal cells; (2) a ste-
roidogenesis shift from estradiol to progesterone production that is accompanied
with a massive upregulation in steroidogenic output (up to 1000 fold in the cow); (3)
extensive remodeling, intermingling of cells (particularly in ruminants), and prolif-
eration of the follicular tissue into a fully developed CL [5]. The bovine CL under-
goes rapid growth (Fig. 1.1a), developing from less than 5 mm in size at ovulation to
more than 20 mm within 10 days; this equates to a 60- to 100-fold increase in cellular
volume, and the luteal growth rate is only matched by the fastest growing tumors [6].
Intriguingly, in the cow the postovulatory rise in progesterone lags behind the growth
of the CL by 2-3 days (Fig. 1.1a). It has been speculated that the relatively slower
rise in progesterone in ruminants compared to primates might be related to differ-
ences in luteal tissue remodeling and vascularization processes [7]. All these pro-
cesses are totally dependent on intense angiogenesis, or formation of new blood
vessels. This intensity is exemplified by the 15-fold increase in the total luteal
volume of endothelial cells (EC) during formation of a mature bovine CL (Fig. 1.1b).
Not surprisingly, the majority of the proliferating cells in the early CL are of vascular
origin, with proliferation indices greater than 25 % [8, 9].
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Fig. 1.1 Relationship between corpus luteum (CL) growth, plasma progesterone concentrations,
and vasculature in the developing bovine corpus luteum. (A) Rapid increase in CL size after ovula-
tion as determined by transrectal ultrasonography (n=15). There is a similar increase in plasma
progesterone concentrations, but this is initiated 2-3 days later compared to CL growth. (B)
Tenfold increase in total luteal vasculature (EC; von Willebrand factor immunohistochemistry)
during the formation of the CL (P<0.01). There is a similar pattern of increase in the total area
covered by pericytes (PC: smooth muscle actin immunohistochemistry). Data adapted from refer-
ences [8, 114]
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1.2 Follicular Programming of Luteal Angiogenesis

1.2.1 Preovulatory Follicular Vascular “Seed”

The structural and functional framework for CL development is provided by the
preovulatory follicle, which leads to the concept of follicular programming of luteal
function [5, 10, 11]. Although less is known about the role of follicular vasculariza-
tion in this programming, it is entirely feasible that the degree of vascularization
within the theca layer of the follicle could determine the rate of subsequent luteal
vascularization. It has been proposed that during the follicle—luteal transition endo-
thelial cells form ‘vascular initiation points.” These points then create a scaffold
from which endothelial cells can migrate and proliferate during the reconstruction of
the vascular bed [7, 12]. As technologies for measuring microvascular blood flow
develop, it will be important to determine the association between follicular vascu-
larization and subsequent luteal function.

The second likely role of the preovulatory follicle in luteal angiogenesis is the
active accumulation during folliculogenesis of various pro-angiogenic growth fac-
tors [e.g., fibroblast growth factor-2 (FGF2) and vascular endothelial growth factor-
A (VEGFA)]. Typically, concentrations of these factors in follicular fluid reach 1 ng/
ml for FGF2 [13] and 2-5 ng/ml for VEGFA [14, 15]. It is further likely that these
factors are sequestered (e.g., by perlecan) within the follicular basement membrane
through their heparin-binding properties [16] and are released following the LH
surge-induced activation of proteases during ovulation [17]. Indeed, addition of
human follicular fluid to human umbilical vein endothelial cells (HUVECs) dose-
dependently increased EC proliferation [18]. Intriguingly, however, heat inactivation
or immuno-neutralization of FGF2/VEGFA failed to block this stimulation. Further
experiments revealed that the mediator of follicular fluid-induced angiogenesis was
the lipid molecule sphingosine-1-phosphate [18]. An alternative candidate is the bio-
logically active phospholipid, lysophosphatidic acid (LPA), which is produced by
granulosa cells and is present in greater concentration in follicular fluid (up to 25 pM)
compared to serum (~0.6 uM) [19]. Moreover, 10 pM LPA-treated granulosa-lutein-
conditioned media stimulated migration, permeability, and proliferation of HUVECs,
and this was mediated through increased interleukin (IL)-6 and -8 production [20].
LPA has also been shown to increase bovine aortic endothelial cell proliferation as
well as progesterone production by bovine luteal cells [21].

1.2.2 Initiation by the LH Surge

The LH surge, as well as stimulating the ovulatory process, is also crucial in the upreg-
ulation of a plethora of genes, many of which are involved in regulating angiogenesis.
Indeed, the size of the endogenous LH surge was positively associated with the degree
of luteal vascularization in the developing CL [5]. Hence, the LH surge is often con-
sidered to initiate luteal angiogenesis [5]. For example, follicular FGF2 mRNA and
protein concentrations are dramatically increased shortly after the LH surge in cows
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[13,22, 23]. However, VEGFA expression appears to be less affected by the LH surge
[13,24]. It is still unclear as to the exact effect of the LH surge on VEGFA expression
in luteinizing granulosa cells of other species, with some reports of significant stimula-
tion [25, 26], whereas others reported decreased expression [27, 28].

The development of next-generation sequencing has enabled detailed profiling of
the effect of the LH surge on the follicular transcriptome. Ingenuity pathway analysis
has revealed that the expression of a number of angiogenesis-related genes are regu-
lated by the LH surge: a summary of these genes is shown in Table 1.2. This approach
has confirmed several factors already known to stimulate the angiogenic process and/
or endothelial cell function (e.g., FGF2, fibronectin, and ephrin B2). It has also

Table 1.2 Identification of key angiogenesis-related genes by transcriptomic analyses that are
affected by luteinizing hormone (LH) surge/gonadotropin stimulation

Fold
Gene Gene name change Function Reference
ADAMI10 ADAM 1 2.5-fold Cleaves VE-cadherin, [129]
metallopeptidase (b; GC/TC) | enabling EC migration and
domain 10 increasing vasculature
permeability
ADAMTSI ADAM 1 (m) Cleaves versican and [52, 78]
metallopeptidase with | 1 9-fold (b) | aggrecan, enabling EC
thrombospondin type invasion
1 motif; 1
ANGPT1 Angiopoietin 1 1 3-fold (h) | Promotes vascular [28]
stabilization
CD24 CD24 molecule 1 80-fold Pro-angiogenic, and [28]
(h) promotes cell invasion
CD36 CD36 molecule 1 3-fold Thrombospondin receptor | [129]
EFNB2 Ephrin B2 1 16-fold Regulates cell adhesion [28]
(h) and migration during
angiogenesis
FGF2 Fibroblast growth 1 22-fold Promotes EC proliferation, | [22]
factor 2 (b) migration, and sprouting
FN1 Fibronectin 1 1 5-fold Component of ECM that [28, 52,
(m) promotes EC migration 78]
1 3-fold (b) | and proliferation
1 5-fold (h)
ITGAS Integrin, alpha 5 1 10-fold Adhesion molecule; acts as | [28]
(h) the fibronectin receptor
IGFB1 Integrin, beta 1 1 6-fold Adhesion molecule; acts as | [52]
(m) fibronectin receptor
PTX3 Pentraxin 3 1 700-fold | Inhibitor of angiogenesis [78]
(b)
PDGFBB Platelet-derived Upstream Expressed in EC tip cells [130]
growth factor BB regulator and stimulates pericyte
recruitment
SEMA3A/C Semaphorin 3A and 1 16-fold Anti-angiogenic and [28]
3C (h) induces EC apoptosis

(continued)
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Table 1.2 (continued)

Fold
Gene Gene name change Function Reference
SPARC Secreted acidic 1 7-fold Pro- and anti-angiogenic [52]
cysteine-rich (m) properties
glycoprotein
THBS2 Thrombospondin 2 1 10-fold Potent inhibitor of [78]
(b, GO) angiogenesis/VEGFA;
1 5-fold (b, |inhibits EC proliferation
TC) and migration; Induces EC
apoptosis
TGFB1 Transforming growth | 1 6-fold (h) | Pro- and anti-angiogenic [28]
factor-B1 Upstream properties
regulator
VEGFA Vascular endothelial | 2-fold (h) | Pro-angiogenic [28]
growth factor-A

It should be noted that the different studies have collected tissue at different times relative to the
LH surge, ranging from 1 to 36 h depending on the study design. Species: b bovine, 4 human, m
mouse; cell type: GC granulosa cell, TC theca cell, EC endothelial cell

revealed several genes associated with tissue remodeling that also affect angiogenesis
(e.g., secreted acidic cysteine-rich glycoprotein and transforming growth factor-f1),
discussed later. The final and surprising observation was the identity of several upreg-
ulated factors classically considered as anti-angiogenic factors (e.g., pentraxin 3,
semaphorin 3A/C, thrombospondin 1). It is feasible that this reflects a suppression of
angiogenesis in the immediate post-LH surge period that is important until after ovu-
lation has occurred.

Ovulation requires the production of prostaglandins (PG), and treatment with
cyclooxygenase-2 (COX-2) inhibitors impairs ovulation [29]. The synthesis of pros-
taglandins from the granulosa cells is upregulated by the LH surge, reaching peak
concentrations just before ovulation [30, 31], and PGE2 has been identified as the
key ovulatory prostaglandin, at least in primates [32]. There is increasing evidence
that PGE2 is not only crucial for ovulation but that it is also an important stimulator
of luteal angiogenesis. Sakurai et al. [33] showed that treatment of rats with the
COX-2 inhibitor NS-398 suppressed the formation of luteal vasculature in the newly
formed CL as well as decreasing progesterone production. Furthermore, the coad-
ministration of PGE2 reversed this effect. It is likely that PGE2 is acting through the
PGE type 2 receptor (PTGER2), because the PTGER2 antagonist AH6809 sup-
pressed luteal EC tube formation in rats [34]. The PTGER1-4 co-localized with EC
within the luteinising granulosa layer 36 h after hCG treatment in primates [32].
Furthermore, intrafollicular injection of PTGER1 and PTGER?2 agonists promoted
vascularization of the luteinizing granulosa layer, via stimulating branching angio-
genesis [32]. An additional complexity is the potential interplay between PGE2 and
the key pro-angiogenic growth factors FGF2 [35] and VEGFA [34]; this concept
warrants further investigation.
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1.3 Control of Luteal Angiogenesis

1.3.1 Local Regulation of Luteal Angiogenesis

1.3.1.1 Fibroblast Growth Factor-2 and Vascular Endothelial Growth
Factor-A

Luteal angiogenesis requires the highly coordinated and orchestrated interplay
between endothelial and steroidogenic cells as well as fibroblasts and pericytes to
create an extensive and complex vascular network that is absolutely essential for
luteal function. The best characterized pro-angiogenic regulators of luteal angiogen-
esis are FGF2 and VEGFA, which are both potent mitogens of vascular endothelial
cells (EC) as well as stimulating EC migration and survival. FGF2 is a more potent
stimulator of luteal EC proliferation than VEGFA [36], whereas VEGFA also
induces vascular permeability [37, 38]. The critical importance of VEGFA for luteal
angiogenesis is emphasized in studies where inhibition of VEGFA action massively
reduced luteal vascularization and progesterone production in primates [2].

In the developing CL, VEGFA protein is localized predominantly to steroido-
genic cells in cows [39] and humans [40], and this is thought to direct angiogenesis
toward the hormone-producing cell [41]. Intriguingly, in the very early CL, there are
transiently very high levels of FGF2, which return within a few days to basal levels
[13, 36]. At the same time, FGF2 protein localization shifts from EC to steroido-
genic cells and back again [23], which led us to speculate that FGF2 has a dynamic
role in the initiation of luteal angiogenesis in the cow [5].

We have further dissected the function of FGF2 and VEGFA in regulating bovine
luteal angiogenesis using a physiologically relevant in vitro system in which multiple
luteal cell types (steroidogenic cells, ECs, fibroblasts, pericytes) isolated from a
recently ovulated CL are co-cultured in a specialized EC media [42]. Importantly, in
this system EC form an intricate network, and the degree of network formation is
highly responsive to angiogenic stimuli [42, 43]. Image analysis of these EC net-
works revealed that there are multiple branch points and interconnections that develop
with time in culture [44, 45]. Simultaneously, progesterone production increases over
time, and this is responsive to an LH challenge.

The formation of EC networks was suppressed with the addition of specific
VEGEF receptor (VEGFR) and FGF receptor (FGFR) inhibitors, with EC appearing
most sensitive to FGFR inhibition [43]. Using a different approach, the treatment of
bovine luteal cells with either FGF2 or VEGFA antibody more or less completely
inhibited the formation of EC networks, even when the other angiogenic factor was
present (Fig. 1.2). Similarly, FGF2-induced EC proliferation and migration were
inhibited by treatment of bovine luteal cells with small molecule 27 (a fragment of
thrombospondin that sequesters FGF2) [36]. Further investigation revealed that EC
were most sensitive to FGFR inhibition during the time in which islands of EC are
starting to sprout/branch [45]. More importantly, FGF2 promoted the precocious
transition of undeveloped EC islands into organized EC networks, which was asso-
ciated with an increased number of EC branch points [44]. The crucial process for
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Fig. 1.2 Effect of immuno-neutralization of FGF2 and VEGFA on luteal endothelial cell (EC)
networks in a physiologically relevant culture system that mimics luteal bovine angiogenesis and
function. Dispersed bovine luteal cells were cultured on fibronectin-coated wells in specialized EC
media for 9 days. Immunohistochemistry for von Willebrand factor was performed to identify the
EC. (A) Bovine luteal cells treated with control showed extensive EC networks/islands (brown
staining, arrows) that resembled a capillary bed. (B) Bovine luteal cells treated with VEGFA anti-
body at (Ab) 1:2000 dilution. Some reduced EC networks are present. Bovine luteal cells treated

with FGF2 antibody at 1:2000 (C) and 1:20,000 (D) had no EC networks. However, there was
extensive proliferation of other cell types. Bars 100 pm

EC sprouting is the formation of a specialized EC tip cell within the established
vasculature that is capable of migrating toward the angiogenic stimulus. Thus, it is
likely that FGFR signaling is crucial for endothelial tip cell formation and vascular
sprouting [46]. However, knowledge is still limited about the way FGF2 induces EC
tip cells. The effects of intraluteal infusion of FGF2 post ovulation on luteal vascu-
lature and function in vivo certainly warrant investigation.
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The regulation of vascular permeability is a key function of the endothelial cell
and is important in the supply of nutrients/hormones to the luteal tissue. As men-
tioned earlier, VEGFA is a potent stimulator of EC permeability, which is controlled
by adherens (e.g., VE-cadherin) and tight junctions (e.g., claudins). Herr et al. [47]
showed that hCG induced a VEGFA-dependent downregulation of VE-cadherin and
claudin 5 expression, which was associated with increased endothelial cell perme-
ability in a human granulosa-endothelial co-culture system. Additionally, treatment
of marmoset monkeys with VEGFA Trap during the mid-luteal phase increased the
degree of claudin 5 staining in the CL [48].

1.3.1.2 Interleukins

Interleukin 8 (IL-8) is a neutrophil-specific chemoattractant and pro-angiogenic
cytokine that is highly expressed in the early CL, coincident with the abundance of
polymorphonuclear neutrophils (PMNs). Moreover, conditioned media from culture
of early luteal cells, but not those from a mid-luteal phase CL, stimulated PMN
migration in vitro that was blocked with an IL-8 antibody. Importantly, recombinant
bovine IL-8 as well as PMN supernatant stimulated luteal EC proliferation and tube
formation in vitro [49]. However, Talbott et al. [S0] found that IL.-8 had no effect on
purified luteal endothelial cells derived from early pregnant CL. It is feasible that
there is interplay with lysophosphatidic acid (LPA) and IL-8 as LPA induced IL-8
expression in granulosa-lutein cells [20].

1.3.1.3 Secreted Protein Acidic Rich in Cysteine (SPARC)

SPARC is a matrix-associated glycoprotein that regulates cell differentiation, migra-
tion, and cell-cell communication. Importantly, the function of SPARC is changed by
targeted proteolytic degradation, with the mature SPARC protein being anti-angio-
genic and its proteolytic fragments generally being pro-angiogenic [51]. Transcriptomic
analysis of hCG-regulated genes in murine granulosa cells revealed that SPARC
mRNA was upregulated sevenfold by hCG [52]. The precocious expression of SPARC
was dose-dependently induced by transforming growth factor-beta (TGFp) and fibro-
nectin in bovine luteinizing granulosa cells [53]. Furthermore, SPARC protein expres-
sion was abundantly present in luteal and endothelial cells of the developing bovine
CL [13, 54]. Functionally, a plasmin proteolytic fragment of SPARC (KGHK)
increased EC network formation in vitro and also stimulated progesterone production
(to a greater extent than LH) in bovine luteal cells [53]. Thus, SPARC or KGHK-
containing peptides could be novel targets for the treatment of luteal inadequacy.

1.3.1.4 Hypoxia

A key driver of angiogenesis during tumor development is the hypoxia-induced
upregulation of VEGFA. Cells respond to hypoxia through the activation of hypoxia-
inducible factor 1 (HIF1), which is a transcription factor that binds to hypoxia



10 R.S. Robinson and K.J. Woad

response elements (HRE) in the promoter region of hypoxia-regulated genes. HIF1 is
a heterodimer consisting of the oxygen-regulated HIF1A and the constitutively
expressed HIF1B [55]. Oxygen concentrations in follicular fluid decrease in the latter
stages of antral follicle development [56]. The remodeling of vasculature at ovulation
and during early luteal development lowers tissue oxygen concentrations and there-
fore higher HIF1A would be expected. Indeed, HIF1A is upregulated around the
ovulatory period in pigs [57], humans [58], cows [59], and mice [60]. Moreover,
echinomycin, a small molecular inhibitor of HIF1 binding to HRE, blocked ovulation
in mice [26]. Culturing luteal cells in hypoxic conditions (2-3 % O,) or chemically
induced hypoxia increases HIF1A expression and VEGFA [59, 60]. There is also
some evidence that hCG/LH directly upregulates HIF1A in granulosa-lutein cells
[25, 60]. The relationship between hypoxia and FGF2 expression remains largely
unknown. In HUVECsS, hypoxic conditions increased FGF2-induced proliferation
and tube formation in comparison to normoxia [55]. The exact function of hypoxia in
regulating luteal angiogenesis and EC network formation remains to be elucidated.

1.3.1.5 Notch System

The Notch signaling pathway plays an integral role in EC tip formation with the
membrane-bound delta-like ligand 4 (DLL4) being expressed in tip cells [61]. When
DLLA4 binds to its receptor, Notch, on adjoining EC, it converts them into stalk cells
[62]. DLL4 and Notch1-4 have been detected in endothelial and steroidogenic cells
of developing CL in mice [63, 64]. In mice, treatment with a y-secretase inhibitor (to
block downstream Notch signaling) impaired preovulatory follicle development:
this was associated with the theca layer having a disorganized EC framework and an
increased vascular smooth muscle cell density. Furthermore, plasma estradiol con-
centrations were nearly threefold lower [65]. In the same model, treatment with a
DLLA4-blocking antibody had minimal effects on follicular appearance, although in
marmosets, inhibition of DLL4 during the periovulatory period caused the CL to be
hypervascularized and decreased progesterone production [66]. This EC patterning
has several similarities to that induced by high concentrations of FGF2 in bovine
luteal cells [44]. Recent observations showed that the treatment of luteal cells with a
y-secretase inhibitor reduced progesterone concentrations in rats [67]. The potential
interplay between FGF2, VEGFA, and the Notch system warrants investigation.

1.3.2 Role of Anti-Angiogenic Factors
1.3.2.1 Thrombospondin (THBS)

Thrombospondin-1 and -2 are large glycoproteins secreted by several cell types that
bind to the extracellular matrix (ECM). THBS, acting through its receptor CD36,
regulates several processes in EC including migration, adhesion, and apoptosis.
Contrary to expectation, the expression of THBS1, THBS2, and CD36 was greatest
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during the early luteal phase in rats [68, 69]. FGF2 and THBS1 had opposing actions
on bovine luteal EC in vitro, with THBS1 reducing cell numbers by inducing EC
apoptosis [70]. Furthermore, THBS1 inhibited FGF2-induced luteal EC migration
and proliferation [36] and THBS/FGF2 downregulate the opposing gene [70]. These
in vitro observations are in agreement with the effect of the thrombospondin-mimetic
peptide, ABT898, on follicular angiogenesis in marmoset monkeys [71]. However,
in the same study ABT898 had no effect on ovulation or plasma progesterone con-
centrations [71].

1.3.2.2 Vascular Endothelial Growth Factor A: ‘b’ Isoform

The alternative splicing of exon 8 in the VEGFA gene yields two different families
of VEGFA isoforms. The first family is the classic pro-angiogenic isoform with
exon 8a, and the other is the anti-angiogenic isoform with exon 8b present. This
isoform is termed VEGFA,,,b [72]. Relatively little is known about this additional
complexity, and most VEGFA antibodies do not distinguish between these two dif-
ferent isoform families. Recently, it was reported that the VEGFA |,0b isoform was
expressed in parallel to VEGFA ya, with expression increasing with CL age,
whereas VEGFA 4,b was not detected in the ovine CL [73]. Importantly, mice over-
expressing VEGFA j4,b had reduced fertility, CL number, and degree of vasculariza-
tion within the CL [74], further emphasizing the importance of the balance between
pro- and anti-angiogenic growth factors during luteal development.

1.3.2.3 Vasohibin 1

Vasohibin 1 (VASH1) and IGF-binding protein 7 (IGFBP7) are another two recently
identified negative feedback regulators of vascularization. VASH1 is constantly
expressed throughout bovine luteal development in luteal endothelial cells, and its
expression is upregulated by VEGFA [75]. In the cow, VASHI suppressed VEGFA-
induced luteal EC tube formation [75], suggesting that it could prevent overstimula-
tion of angiogenesis. The high-affinity insulin, low-affinity IGF1-binding protein,
IGFBP7, regulates cell proliferation, adhesion, and angiogenesis. It has been detected
in the follicular fluid and corpora lutea of rats [76], but to date has not been reported
in other species. Recently, IGFBP7 (at 160 ng/ml) was shown to reduce VEGFA- and
LH-stimulated luteal EC tube formation, but it had no effect under basal conditions
[77]. Lower concentrations of IGFBP7 had no effect [77], and the physiological role
of IGFBP7 in regulating luteal angiogenesis remains to be determined.

1.3.2.4 Pentraxin 3

Pentraxin 3 (PTX3) is a 45-kDa glycosylated protein that is produced by endothelial
cells and activated phagocytes. It is known to bind FGF2 with a high affinity and
thus prevents FGF2 from binding to FGFR, blocking its angiogenic actions [37].
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The massive upregulation of PTX3 in bovine granulosa cells following the LH surge
[78] shortly before a period of intense angiogenesis seems counterintuitive, espe-
cially because PTX3 inhibited FGF2 action on bovine luteal ECs [36]. Interestingly,
PTX3 expression is greatly increased in the mature CL following PGF2a adminis-
tration, suggesting that PTX3 has an anti-angiogenic function in luteolysis [36].

1.4 Establishment of Luteal Vasculature

1.4.1 VE-Cadherin

VE-cadherin is an endothelial-specific molecule that forms adherens junctions
between adjacent endothelial cells. VE-cadherin not only maintains vascular integ-
rity but also regulates cellular processes such as EC proliferation, apoptosis, and
VEGEFR function [79]. It was recently discovered that Notch/VEGFR signaling
alters the dynamics of VE-cadherin junctions that drive endothelial rearrangements
during sprouting [80]. The immuno-neutralization of VE-cadherin with E4G10 anti-
body in mice reduced CL development, degree of vascularization, and plasma pro-
gesterone concentrations [81], highlighting the critical importance of VE-cadherin
for luteal angiogenesis. Treatment of bovine CLENDO cells with TGFB1 caused the
loss of VE-cadherin from cell junctions, reduced cell—cell contacts, and increased
EC permeability [82]. Conversely, FGF2 signaling promotes VE-cadherin expres-
sion and maintains vascular integrity [83].

1.4.2 Pericytes

Pericytes (mural cells) form intimate contacts with endothelial cells and are an inte-
gral component of the microvasculature. Classically, pericytes are considered to be
involved in the latter stages of angiogenesis by stabilizing newly formed EC tubes. It
is increasingly evident that pericytes are also active in the early stages of angiogenesis
[84]. The induction of platelet-derived growth factor receptor-B (PDGFRB) expres-
sion activates pericytes and stimulates their recruitment to endothelial cells. Indeed,
intraovarian PDGFR blockade reduced the number of CL and progesterone produc-
tion [85, 86] as well reducing the microvessel EC density by nearly 50 %, as well as
pericyte coverage of those vessels [86]. It has been observed that pericytes appear to
migrate into the luteinizing-granulosa layer “ahead” of EC in the developing sheep
[87] and cattle CL [7, 88]. Furthermore, in the developing CL, pericytes are in abun-
dance (Fig. 1.1b) and form a large proportion of proliferating cells [87]. Pericytes
could have several functions to support the intense luteal angiogenesis, including (1)
laying down fibronectin strands along which EC can migrate [7]; (2) increased migra-
tory phenotype through the suppression of contractile vascular smooth muscle cell
[89]; and (3) making multiple contacts between EC that assist with their stabilization
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and thus co-ordinating the luteal vascularization. This idea is supported by the obser-
vation that smooth muscle actin (SMA)-positive mural cells are often localized in
close proximity to EC islands and are often an integral component of these islands [5].
Furthermore, one particular mural phenotype has several finger-like projections that
connect to EC and other mural cells [5]. Importantly, Woad et al. [43] demonstrated
that in vitro PDGFRB blockade with a receptor tyrosine kinase inhibitor greatly atten-
uated the ability of EC to develop into networks with the earliest stages most sensitive
to PDGFRB inhibition.

1.4.3 Insulin-Like Growth Factor (IGF) System

Insulin-like growth factor-1 (IGF1) is a well-established endocrine and paracrine
growth factor that is known to be important in regulating follicular and luteal func-
tion. IGF1 is locally expressed in the CL [90] and has a stimulatory effect on proges-
terone secretion [91]. It is also known to have pro-angiogenic properties [92, 93],
particularly in respect to developmental angiogenesis and neovascularization [94].
Recent evidence has shown that IGF1 promotes angiogenesis by stabilizing endothe-
lial cell tubes and nascent blood vessels in the retina in response to VEGFA [95]. The
latter might be particularly important for luteal angiogenesis because the neovascu-
larization of the CL initially involves the destabilization of the vasculature within the
theca layer. Knowledge is limited about the role of IGF1 in regulating ovarian angio-
genesis; however, IGF1 decreased thrombospondin 1 expression in porcine granulosa
cells [96].

1.5 Clinical Opportunities

Appropriate vascularization is critical to normal ovarian function. Dysregulated
vascular growth has been implicated in the origin or development of several ovarian
pathologies and is therefore a promising target for the treatment of disease.

1.5.1 Ovarian Cancer

Ovarian cancer, primarily epithelial in type, is a leading cause of female cancer
death and the most aggressive of the gynecological cancers. More than 200,000
women develop epithelial ovarian cancer worldwide each year, with most cases
diagnosed in women over 55 years of age. It is characterized by a high death rate,
largely attributed to the late presentation of many cases and hence associated meta-
static disease. Most cases of advanced disease also recur, with disease-free intervals
becoming progressively shorter [97]. Standard clinical management is by surgery
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and platinum-based cytotoxic chemotherapy; however, new therapeutic strategies
are emerging, including anti-angiogenic treatment [98].

Tumor blood vessels exhibit multiple abnormalities of structure and function and
are especially dynamic [99]. Tumor growth and eventual metastasis require active
angiogenesis, resulting from both the upregulation of pro-angiogenic factors and
downregulation of endogenous inhibitors, thereby presenting multiple opportunities
for therapeutic intervention.

Advanced epithelial ovarian carcinoma is associated with raised serum VEGFA
levels [100], and VEGFA has been the primary therapeutic target to date: approaches
include using antibodies against VEGFA or VEGFR, soluble decoy receptors (VEGF
Trap), or VEGFR tyrosine kinase inhibitors. Phase 3 trials have demonstrated
increased progression-free survival in women with ovarian cancer treated with
VEGF inhibition (bevacizumab) in addition to standard chemotherapy [101, 102].
The benefit of anti-VEGFA therapy was evident as first-line treatment, maintenance
therapy, or at recurrence, although the impact on overall survival is less clear. Further
advances are expected in the use of multi-angiokinase inhibitors that target tumor
angiogenesis at multiple levels, for example, via combined VEGF, FGF, and PDGF
signaling inhibition [103, 104].

Another promising target is the angiopoietin/Tie2 pathway [105, 106]. Treatment
with Trebananib (AMG 386), which binds Angptl and -2, thereby preventing Tie2
activation, prolonged progression-free survival in women with ovarian cancer [107].
Opportunities to exploit the endogenous inhibition of angiogenesis are also being
explored. For example, thrombospondin-mediated inhibition of angiogenesis
enhanced the clinical effectiveness of chemotherapy in a mouse model of ovarian
cancer by altering vascular morphology, facilitating drug uptake, and increasing apop-
totic cell death [108].

1.5.2 Ovarian Hyperstimulation Syndrome

Ovarian hyperstimulation syndrome (OHSS) is a rare but potentially life-threatening
complication of ovarian stimulation for fertility treatment. It occurs during the luteal
phase or early pregnancy [109] and is characterized by a systemic increase in vascu-
lar permeability, thought to result from the ovarian secretion of vasoactive peptides
such as VEGFA. VEGFA is implicated because of an association of OHSS with
raised luteal and follicular fluid VEGFA expression and bioavailability [110] and the
stimulation of vascular permeability in response to VEGFA [111]. Despite the
potential importance of VEGFA in mediating OHSS, targeting VEGFA directly led
to undesirable side effects in animal models, and hence most preventative treatments
have targeted the stimulation protocol itself, such as reducing the duration of the LH
surge. An attractive alternative clinical strategy to reduce the incidence and severity
of OHSS is the use of dopamine agonists acting as VEGF inhibitors [112]. Treatment
of high-risk women with dopamine agonists lowered the incidence of OHSS without
detrimental effects on implantation or pregnancy outcome following assisted repro-
duction [113], despite the clear need for ovarian and endometrial angiogenesis.
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1.6 Conclusion

Angiogenesis is critical to support the dramatic growth and development of the
CL. Although VEGFA and FGF2 may be seen as the primary regulators of luteal
angiogenesis, it is increasingly evident that numerous other factors are expressed by
several luteal cell types and that these also have important modulatory functions.
Transcriptomic studies are shedding new light on the complexities of luteal angio-
genesis at the molecular level, and a better understanding of the control of luteal
angiogenesis will also highlight potential new therapeutic opportunities to tackle
angiogenesis-dependant ovarian disease.
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Chapter 2
Roles of Hypoxia in Corpus Luteum
Formation

Kiyoshi Okuda and Ryo Nishimura

Abstract The corpus luteum (CL) is an organ that is formed and regressed during
the female reproductive cycle. The structural and functional changes from follicle to
CL after ovulation occur in association with rapid angiogenesis. Angiogenesis is
known to be stimulated by a variety of growth factors, one of the strongest of which
is vascular endothelial growth factor (VEGF). VEGF also has a function in the
angiogenesis of newly formed CL and is strongly induced by a transcription factor
hypoxia-inducible factor-1 (HIF1). HIF1 is a heterodimeric transcription factor and
strongly induces a variety of genes under hypoxic conditions. Luteal formation has
been suggested to progress under hypoxic conditions, because of bleeding in the
ruptured follicle and because the vasculature is scant and immature. This chapter
describes the diverse phenomena caused by hypoxic conditions on functional and
structural changes in the ovary immediately before and after ovulation.
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2.1 Introduction

During the mammalian ovulatory cycle, follicles mature and rupture following the
LH surge, and the corpus luteum (CL) is formed after ovulation. The CL is formed
by the differentiated follicular granulosa cells and theca cells. Follicular granulosa
and theca cells, which produce estradiol-17f, rapidly differentiate into luteal cells
that mainly produce progesterone (P4) after the LH surge. The structural and func-
tional changes from follicle to CL occur in association with angiogenesis [1-4].
Oxygen concentration in follicular fluid decreases concomitant with the growing
follicles [5, 6]. Thus, the maturation of follicles, ovulation, and luteal formation
seem to progress under low oxygen conditions [5—11]. CL is composed of large and
small luteal cells (derived from granulosa and theca cells, respectively), endothelial
cells, pericytes, and a few stromal cells [1-4]. This chapter describes luteal forma-
tion and its related phenomena under hypoxic conditions, including the drastic
changes of the function and structure of ovarian organs immediately before and
after ovulation.

2.2 Ovarian Blood Flow During Luteal Formation

Cyclic changes in ovarian arterial blood flow were demonstrated in several studies
in the 1970s, in which ovarian blood flow was monitored with electromagnetic
probes around the ovarian artery in sheep and cattle [12—15]. These studies showed
that blood flow remained at high levels during the luteal phase, decreased during CL
regression, remained at low levels during the periovulatory period until 5-6 days
after ovulation, and then increased toward the luteal phase (Fig. 2.1).

Recently, intraovarian blood flow was monitored using color Doppler ultraso-
nography [16—18]. The blood flow area and velocity (time-averaged maximum
velocity, TAMXYV) in the preovulatory follicular wall were elevated temporally (a
few hours) just after the LH surge and were correlated with an increase in plasma
concentration of estradiol-17p and the LH surge [17, 18]. Inducing ovulation by
injection of GnRH caused blood flow area and velocity to increase for 120 h, accom-
panied by an increase in plasma P4 concentration [16, 18]. Similar changes in blood
flow have been observed in the mare [19]. The correlation between the increase of

Fig. 2.1 Changes in A :
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blood flow and plasma P4 concentration was similar to the findings of the classical
studies that used electromagnetic flow probes [12, 13, 15], so that the blood supply
to the ovary and P4 synthesis in the ovary appear to be strongly related. Because the
blood supply affects oxygen levels, these changes also strongly suggest a relation-
ship between oxygen supply and steroidogenesis. This relationship is further dis-
cussed in Sect. 2.4.

The low levels of ovarian blood flow at the time from luteal regression to luteal
formation [12—15], which includes luteinization of follicular granulosa and theca
cells before and after ovulation, are thought to be the basis of the decreased oxygen
supply to the ovary during the period. The oxygen concentration in bovine arterial
blood does not change significantly during the estrous cycle, but tends to be at high
levels during the functional luteal phase and then decreases before ovulation [15].
Furthermore, blood supply to the ovary is significantly lower during the several days
around ovulation in cows [15]. These findings support the idea that oxygen condi-
tions inside the ovary are low around ovulation, and that the ovarian events in this
period, including end-stage maturation of follicles, ovulation, and Iuteal formation,
are considered to progress under low oxygen conditions [6—11].

2.3 Cellular Responses to Hypoxic Conditions

Mammals have cellular mechanisms to adapt to hypoxic conditions. These mecha-
nisms are conserved and expressed in almost every mammalian cell type [20]. The
transcription factors activated specifically under hypoxic conditions are called
hypoxia-inducible factors (HIFs), which are heterodimeric transcription factors
consisting of two subunits, HIF-a and an aryl hydrocarbon receptor nuclear translo-
cator [ARNT; also called HIF1p (HIF1B)] [21]. Both subunits contain basic helix-
loop-helix (bHLH)-Per Arnt-Sim (PAS) domains that mediate heterodimerization
and DNA binding [22]. HIFIB is constitutively expressed whereas the activity and
expression of HIFIA depends on cellular oxygen concentrations [23-25].
Mammalian cells have three HIF-a genes (HIF1A, 2A, 3A) [23-25]. Each gene
contains an oxygen-dependent degradation domain (ODD) [26], which interacts
with the von Hippel-Lindau (pVHL) E3 ubiquitin ligase complex [27-31] that tar-
gets HIF-a for proteasomal degradation under normoxia [26, 32-35]. HIF1A is
expressed ubiquitously, whereas the expression of HIF2A and HIF3A is more
restricted [21]. HIF1A and HIF2A dimerize with HIF1B, forming HIF1 and HIF2,
both of which activate key transcription factors [21, 22]. HIF3A is found in three
isoforms [HIF3A, neonatal and embryonic PAS (NEPAS), and inhibitory PAS pro-
tein (IPAS)] [21, 22]. HIF3A isoforms dimerize with HIF1B, forming HIF3 and
HIF3NEPAS [21, 22]. In general, HIFs bind to hypoxia-response elements (HREs)
on DNA, which leads to the regulation of some 200 genes, of which 70 have been
studied in detail [21, 22]. HIF1 induces the transcription of homeostasis-related
genes such as vascular endothelial growth factor (VEGF) and erythropoietin (EPO),
whereas HIF2 and HIF3 have more specialized and tissue-specific regulatory roles
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[21, 22, 36, 37]. HIF1 initiates the defense against hypoxia by a variety of mecha-
nisms. In kidney and liver, hypoxia induces the synthesis of EPO [38, 39], which
stimulates erythropoiesis, thereby increasing the O, capacity of the blood [40]. In
virtually all tissues, hypoxia induces the synthesis of proteins controlling local
blood flow, such as VEGF [41, 42], endothelial nitric oxide synthase (eNOS) [43],
and heme oxygenase-1 (HOX-1) [44]. VEGF stimulates angiogenesis and increases
the permeability of blood vessels [45]. eNOS and HOX-1 generate NO and carbon
monoxide, which are potent vasodilatory substances that augment perfusion of the
hypoxic tissue. At the cellular level, hypoxia induces the expression of virtually all
glycolytic enzymes, including phosphoglycerate kinase-1 (PGK-1), enolase 1, and
lactate dehydrogenase-1 [46, 47]. Furthermore, the expression of membranous glu-
cose transporters (primarily GLUT-1) is increased under hypoxic conditions,
thereby increasing glucose uptake for glycolysis [48, 49]. To promote gene expres-
sion of all these proteins, HIF1 binds to HREs present in the promoter and enhancer
regions [24]. HIF1 also induces transcription of an apoptosis regulatory gene,
19-kDa interacting protein-3 (BNIP3) [50]. Apoptosis is important in ovarian physi-
ology, especially during follicular atresia [51] and luteal regression [52]. In cultured
bovine luteal cells, the expression of HIF1 and BNIP3 increases under hypoxic
conditions [53, 54], suggesting that hypoxia-induced BNIP3 is related to apoptosis
during luteolysis. Recently, BNIP3 has been reported to function in mitochondrial
autophagy, resulting in suppression of superoxide generation and protection of cells
under hypoxic conditions [55, 56]. We found that the expressions of HIF1A [57]
and BNIP3 proteins (unpublished data) in bovine CL are significantly higher at the
early luteal stage than at other stages. This finding suggests that (1) the HIF1-BNIP3
signal is more active in luteal formation than in luteal regression during the estrous
cycle, and (2) apoptosis or mitochondrial autophagy controlled by active BNIP3
under hypoxia has some part in luteal formation. Hypoxic signals mainly controlled
by HIFs are now becoming known to regulate ovarian function. These topics are
discussed in the following sections.

2.4 Hypoxia Before Ovulation

The involvement of hypoxia as well as HIF1 in the regulation of steroidogenic gene
expression has been previously suggested by a number of studies. Hypoxic condi-
tions (1-3% O,) significantly reduced P4 production in rat [58] and porcine [5]
granulosa cells and in bovine luteal cells [53, 59] Culturing bovine mid-luteal cells,
culture under 3 %, 5%, and 10% O, for 24 h decreased P4 synthesis and 3 % O,
decreased CYP11A1 (also known as P450scc) mRNA expression and activity [53].
Exposure to cobalt chloride (CoCl,, a chemical inducer of HIF1) decreases
CYP11A1 mRNA expression and hence P4 production in testicular Leydig cells
[60]. HIF1 is also suggested to bind to and activate the promoter of the HSD3B gene
in Leydig cells [61] and the gene for CYP19A1 (also known as aromatase) in breast
adenocarcinoma cells [62]. In other cell types, hypoxia has been found to decrease
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aromatase expression and activity [60, 63]. In human trophoblastic cells, HIF1
decreases aromatase expression via estrogen-related receptor-alpha (EERa), which
is an orphan receptor (a receptor whose function is not known) known as an oxygen-
dependent transcription factor [60]. HIF1 also inhibits CYP19A1 mRNA expres-
sion by activating a micro-RNA (miR-98) in H295R cells [63]. However, it is
unclear whether hypoxia also inhibits aromatase activity in ovarian granulosa cells.

The lower pO, in the FF in the large follicles than in the small follicles has been
suggested to promote VEGF production via HIF1 in granulosa cells [5]. On the
other hand, in the primate ovary, nuclear immunostaining of HIF1A is mostly absent
in growing preantral and antral follicles and is upregulated in the granulosa cells at
ovulation [64]. In the periovulatory period, follicles rapidly change their functions,
and the CL is formed after ovulation with active angiogenesis [3]. The HIF1-VEGF-
induced angiogenesis system may be involved in the later period of follicular devel-
opment and in the beginning of luteal formation immediately after ovulation.

Regulation of HIF1A expression has been found by the interaction between
cAMP and hypoxia in bovine luteinized granulosa cells and human granulosa cells
[65]. HIF1A protein expression was increased by chemical hypoxia, and the
increased expression was further augmented by LH and cAMP. These results sug-
gest that HIF1A is induced transcriptionally and post-transcriptionally, the first
enhanced transcription by LH, which cannot be manifested in higher HIF1A protein
levels unless the protein is stabilized under hypoxic conditions.

During the later period of follicular development before ovulation, oxygen levels
seem to participate in follicular function by regulating of multiple phenomena, such
as steroidogenesis and angiogenesis [66]. This regulation is only a part of the whole
system of luteinization and ovulation, and the roles of hypoxia in ovarian function
during this period are still largely unknown. Although the levels of oxygen concen-
tration in newly forming luteal tissue immediately after ovulation are not known,
the signal generated by hypoxic conditions has been suggested to be a key in lutein-
ization and luteal formation [67, 68].

2.5 Hypoxia in Ovulation

At the time of ovulation, mammalian ovaries express high levels of chemokines,
such as interleukin 8 (IL-8), monocyte chemoattractant protein-1 (MCP-1), growth-
regulated oncogene-a (GRO«w), chemokine CCLS5 (also known as RANTES: regu-
lated on activation normal T cell expressed and secreted), and thymus-expressed
chemokine (TECK) [69-71]. One of the CXC chemokine families, stromal cell-
derived factor-1 (SDF-1) and its receptor CXCR4, have been recently suggested to
regulate follicular function before ovulation [72, 73]. SDF-1, first isolated from
bone marrow-derived stromal cells, is a natural ligand for CXCR4 and was found to
be expressed in several tissues and organs [74]. CXCR4 mRNA is also expressed in
bovine ovarian granulosa cells, and the levels are high in the preovulatory follicles
[73]. Because CXCR4 mRNA expressions have been found to increase under



28 K. Okuda and R. Nishimura

hypoxic conditions in vitro, the hypoxia-SDF-1/CXCR4 system has been suggested
to be involved in ovulation [73].

P4 is required for ovulation and acts via its nuclear receptor progesterone recep-
tor (PGR) [75]. PGR also regulates the genes for HIF1A, HIF2A, and HIF1B in
mice [76]. In addition, the expressions of HIF1A, HIF2A, and HIFIB in pgr-null
mice after induction of superovulation by gonadotropin were lower than those in
wild-type mice, and inhibiting the transcription of HIF1 by echinomycin reduced
the expressions of three ovulation-related genes (ADAMTSI1, VEGFA, EDN2)
[76]. These findings support the idea that P4, PGR, HIF1, and HIF2 signals are
operating during ovulation.

Although the importance of hypoxia and the signals that it generates in ovulation
have been getting more attention recently, further studies are needed to understand
the crosstalk between hypoxic signals and ovulatory signals to clarify the function
of hypoxia in ovulation. After ovulation, the tissues of the ruptured follicle immedi-
ately form a CL with functional and structural changes. These changes are sup-
ported by rapid angiogenesis [1—4], which has been found to be induced by hypoxia
[57, 73-75]. These topics are described in the following section.

2.6 Hypoxia After Ovulation

After ovulation, the ruptured follicle is thought to be under hypoxic state because of
bleeding, immature vasculature, and cell proliferation without matching blood sup-
ply [41] (Fig. 2.2). HIFIA protein expression, a well-known indicator of hypoxic
conditions, is high in the newly forming CL 2 days after ovulation in the primate
ovary [64], and is also significantly higher at the early and developing luteal tissue
(2-6 days after ovulation) than at other stages of the estrous cycle in the bovine
ovary [57, 59]. Although the oxygen concentrations in CL tissues have not been
determined in any species, these findings about the protein expression of HIF1A
[57, 64] strongly support the idea that newly forming CL tissue is under hypoxic
conditions.

Angiogenesis during luteal formation was first investigated in the early 1990s [1]
and has been the subject of several reviews [2—4, 77, 78]. VEGF, a potent angiogenic
factor, was first identified in 1989 by Ferrarra and Henzel [79], and was found to
promote angiogenesis during luteal formation in cows [80] and in women [81].
HIF1, soon after its discovery in 1995 [82], was found to be the most potent tran-
scription factor for VEGF [41]. The early luteal tissue just after ovulation is thought
to be under hypoxic conditions because of the destruction of the vasculature by ovu-
lation as an explanation to the hypoxic condition and because the intensive cell pro-
liferation in early CL is not matched initially by number of blood vessels. In bovine
luteal endothelial cells, the mRNA expressions of HIF1A and VEGF were not sig-
nificantly different in normoxic (20 % O,) and hypoxic (1 % O,) culture [83]. On the
other hand, the mRNA expression of HIF1A in porcine CL was found to be high
at the early luteal stage, which suggested that HIF1 assists in luteal formation [84].
To confirm the participation of HIFIA in luteal formation, analyses of HIF1 A protein
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Fig. 2.2 Schematic of an ovary and its microenvironment after ovulation. The ruptured follicle is
thought to be under hypoxic conditions because of bleeding and because the vasculature is
immature

are crucial as HIF1 is mainly regulated by protein hydroxylation, as detailed in
Sect. 2.3 [32]. Under normoxic conditions, the HIF1 A subunit is rapidly degraded by
the ubiquitin-proteasome pathway, whereas under hypoxic conditions, it becomes
concentrated through downregulation of its degradation, and becomes functional
after it dimerizes with the other subunit HIF1B [32]. In primates, immunostaining
showed that the nuclear localization of HIF1A protein is found in the early CL [64].
In addition, HIF1A protein expression in the bovine CL is higher at the early and
developing luteal stages than at the other luteal stages [57, 59]. Hypoxia also induced
the expression of HIF1a protein, VEGF mRNA, and protein in cultured developing
bovine luteal cells [57]. In luteinizing bovine granulosa cells and human granulosa
cells, chemical hypoxia (cobalt chloride) induced HIF1a protein and VEGF mRNA
expressions, and LH augmented both of these [65].

In ovarian steroidogenic cells, hypoxia also increased the expressions of several
other proteins, including EG-VEGF (prokineticin-1, another type of VEGF) and its
receptor PK-R2 [77, 85-87], a vasoactive peptide endothelin-2 (EDN2) [77, 88] and
fibroblast growth factor 2 (FGF2) [77], suggesting that these factors also have roles
in the hypoxic signals required for luteal formation. EDN2, for instance, induced
changes that characterize the developing CL: cell proliferation as well as upregula-
tion of VEGF and cyclooxygenase-2 [88]. The chemokine IL-8, which is a proan-
giogenic factor [88-94], was also found to be increased by hypoxia in human
granulosa cells [95]. Furthermore, expression of IL-8 is higher at the early luteal
stage than at other stages of the estrous cycle in the bovine ovary [96]. Thus, the
angiogenesis induced by the hypoxia IL-8 system seems to assist luteal formation.
Together, these findings suggest that hypoxic conditions generate several signals
mainly via HIFs, which are essential for angiogenesis in luteal formation. A schema
illustrating these ideas is shown in Fig. 2.3.
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Hypoxia is considered to stimulate the proliferation of luteal endothelial cells
during luteal formation [97]. Luteal steroidogenic cells also proliferate during luteal
development in cattle as shown by the co-expression of proliferation marker Ki-67
and steroidogenic marker HSD3B [98]. However, rapid growth of CL after ovula-
tion is believed to be mainly the result of an increase in size of steroidogenic cells
(hypertrophy) rather than an increase in their number [99-101]. Luteal steroido-
genic cells have been suggested to express VEGF in response to the stimulation of
hypoxia, resulting in the proliferation of endothelial cells for angiogenesis during
luteal formation [57, 64, 77, 88]. Recently, porcine luteal endothelial cells have also
been shown to proliferate in response to hypoxic conditions [97]. However, how
hypoxia induces steroidogenic cell proliferation remains unclear. In cultured bovine
luteinized granulosa cells, severe hypoxia (1 % O,) decreases a proliferation marker,
proliferating cell nuclear antigen (PCNA), whereas chemical hypoxia (cobalt chlo-
ride) increases the marker as well as HIF1A protein expression [59], implying that
chemically induced HIF1 promotes steroidogenic cell proliferation, although the
reason why severe hypoxia inhibits luteal cell proliferation is also unclear. To clar-
ify how hypoxia regulates cell proliferation in CL, further studies are needed to
determine how hypoxia-induced signals differ, and how their relationships differ,
among different cell types, such as endothelial cells, luteinizing granulosa cells, and
luteal steroidogenic cells.

2.7 Summary and Future Aspects

The discovery of HIF1 [82] elucidated responses to hypoxia in numerous cell types:
these responses are related to pathological (cancer progression) as well as to physi-
ological (female reproductive system) tissue growth [20-25, 102, 103]. HIFs are
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expressed in a variety of organs, and some of their functions have been determined,
which suggests that the cells in such organs have the ability to respond to hypoxic
conditions. Hypoxia is an important signal in reproductive physiology [20-22, 24,
25, 102]: hypoxia-generated responses have crucial functions in luteal formation in
all species examined thus far [57, 64, 67, 68,77, 78, 85-88, 97, 104]. Yet, some regu-
latory mechanisms of hypoxic effects on luteal formation remain unclear. HIF1A is
regulated by hormones such as human chorionic gonadotropin (hCG) [104, 105] and
LH [65] under both hypoxic and normoxic conditions. Understanding of the cross-
talk between hypoxia-generated signals and hormone-induced signals could help to
clarify the roles of hypoxia in luteal formation as well as ovarian physiology.
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Chapter 3
Luteal Steroidogenesis

Holly A. LaVoie

Abstract Progesterone is the major functional steroid end product of the corpus
luteum. In contrast to the ovarian follicle where mainly the theca cell layer could
utilize cholesterol for de novo steroidogenesis, in the corpus luteum both the granu-
losa- and theca-derived luteal cells have this ability. This increased capacity for de
novo steroidogenesis allows greater production of progesterone by the corpus luteum
compared to the follicle. Luteinization, particularly of the follicular granulosa cells,
is accompanied by a dramatic increase in the expression of genes and their corre-
sponding proteins that mediate progesterone synthesis. The proteins include those
involved in cholesterol transport, delivery of cholesterol into the inner mitochondria
by steroidogenic acute regulatory protein, conversion of cholesterol to pregnenolone
by the cytochrome P450 cholesterol side-chain cleavage complex, and conversion of
pregnenolone to progesterone by 3-beta-hydroxysteroid dehydrogenase. Estrogen
synthesis capability is lost in the corpora lutea of many species, but in some species
such as primates and the pregnant rodent estrogen synthesis is reinitiated in luteal
cells through renewed expression of aromatase. Androgen synthesis occurs in luteal
cells of species where the corpus luteum makes estrogen and involves the enzymes
cytochrome P450 17-alpha-hydroxylase/17, 20 lyase, and 17-beta-hydroxysteroid
dehydrogenase. This chapter provides an overview of the hormonal and transcrip-
tional regulation of the genes and proteins involved in luteal steroidogenesis.
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Steroidogenesis is the primary function of the corpus luteum, with progesterone
being the major functional hormone. In some species estradiol is also produced by
the corpus luteum. The high level of progesterone production is needed to maintain
the uterine lining for implantation and conceptus development. Several species,
including mice, rats, pigs, goats, and cows, require the corpus luteum to produce
progesterone for most of (cow) or the entire pregnancy, whereas others such as pri-
mates (including humans) and sheep only require the corpus luteum for early preg-
nancy until the placenta is sufficiently developed to produce adequate steroid [1, 2].

During the last stages of follicular maturation, under the influence of the luteiniz-
ing hormone (LH) surge, and even before ovulation, the theca and granulosa cells of
the ovulatory follicle start terminal differentiation or luteinization into luteal cells [3].
Before the LH surge, steroidogenesis in the dominant follicle(s) had the ultimate goal
of making the steroid hormone estradiol. For most mammals, it is widely accepted
that the theca cells utilize cholesterol for de novo synthesis of pregnenolone, which is
then stepwise enzymatically converted into androgens. The androgens cross the base-
ment membrane into the granulosa cell layer, where they are converted to estrogens by
the actions of aromatase (CYP19A1) [4]. The LH surge shuts off this production of
estrogen by decreasing aromatase. In most species aromatase production remains off
for the luteal lifespan, whereas in other species such as primates and pregnant rodents,
the corpus luteum reacquires the ability to make estrogen [5, 6]. A major event that
happens during luteinization is that granulosa cells gain the ability for massive de
novo steroidogenesis by upregulating the protein machinery for the delivery of choles-
terol substrate into the mitochondria, and by upregulating the components of the cyto-
chrome P450 cholesterol side-chain cleavage enzyme (P450scc, CYP11A1) complex,
which converts cholesterol into the first steroid hormone pregnenolone [7]. Luteinized
thecal cells retain these functions. The P450scc enzyme dictates the initial enzymatic
control point for the conversion of cholesterol into pregnenolone. P450scc complexes
with electron transfer proteins adrenodoxin and adrenodoxin reductase to carry out
the complete conversion of cholesterol to pregnenolone, and thus appropriate levels of
these P450scc partners must be present. 3-Beta-hydroxysteroid dehydrogenase (3beta-
HSD/HSD3B) abundance must be increased above follicular levels to convert the
augmented pregnenolone produced into progesterone. The transfer of cholesterol
from the outer to the inner mitochondrial membrane, where the P450scc complex
resides, is widely accepted to be the critical rate-limiting step in de novo steroidogen-
esis, and in ovarian follicles and luteal cells this task is carried out by steroidogenic
acute regulatory protein (StAR or STARDI) [8, 9].

3.1 Cholesterol Substrate for De Novo Steroidogenesis

Unesterified cholesterol is the substrate for de novo steroidogenesis. For the rapid
increase in progesterone production observed in the early corpus luteum to occur, this
substrate must be abundant. Cholesterol for steroidogenesis can be obtained in several
ways: de novo synthesis from acetate through the HMG CoA synthase/reductase
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pathway, from exogenous plasma low density lipoproteins (LDLs) and high density
lipoproteins (HDLs), and existing intracellular stores [10]. Cholesteryl esters stored in
lipid droplets serve as a readily available source for the steroidogenic pathway, and the
removal of the ester group to yield free cholesterol by hormone-sensitive lipase (also
known as cholesterol ester hydrolase) is increased upon luteinization [11]. Cholesterol
within the plasma membrane may be used when other sources are not readily avail-
able. De novo cholesterol synthesis is energetically expensive to cells and thus may
only be significant when intracellular stores are depleted. Lipoproteins from plasma
are accepted to be the primary source of cholesterol for steroidogenesis. Low density
lipoproteins are a major source of sterol in larger mammals [12], and HDL serves as
the major source in rodents [13]. Cholesterol esters from HDL enter the cell via the
scavenger receptor type B class 1 (SR-B1) encoded by the SCARB1 gene. LDL binds
its surface receptor (LDLR) and the complex is internalized, where cholesterol is ulti-
mately liberated from the LDL particle in lysosomes. Recent work indicates that cho-
lesterol esters associated with the LDL particle can be delivered inside the cell by
SR-B1 also [14]. Both SR-B1 and LDL receptors are increased by gonadotropin sig-
nals, and both genes are increased by intracellular cholesterol depletion through acti-
vation of SREBP transcription factors [15, 16]. Cholesterol from these external
sources can be stored as cholesteryl esters or move into the steroidogenic pathway.
Data indicate that levels of SR-B1 and LDL receptor mRNA drop in the regressive
corpus luteum compared to the functional corpus luteum, suggesting cholesterol
uptake is diminished with luteal regression [17, 18].

Transport of cholesterol through the cytoplasm of the steroidogenic cell is still
poorly understood. Vesicular and nonvesicular transport mechanisms exist, yet little
is known about these modes of transport in ovarian cells [10]. A few cholesterol
transport proteins have been hypothesized to move cholesterol through the cytoplasm
to the outer mitochondria, but their individual contributions are not clear and even
controversial. Nonspecific cholesterol transporters sterol carrier 2 (SCP2) and spe-
cific StAR-related lipid transfer (START) domain proteins may serve this purpose.
START domain proteins possess a lipid-binding pocket similar to STARD1 [19]. In
addition to STARD1, START domain protein 4 (STARD4) and 6 (STARDG6) are the
only other cholesterol-binding START domain family members localized to ste-
roidogenic cells of the ovary including luteinized granulosa and/or luteal cells [20,
21]. As does SCP-2, STARD4 and STARDG possess cholesterol transport properties
and promote steroidogenesis in model cells [22-24], but whether this occurs natu-
rally in ovarian steroidogenic cells has not been proven. SCP-2 is regulated by LH
and estradiol in rodents [25, 26], whereas the regulation of STARD4 and STARDG in
ovarian cells is not yet known. As these proteins lack a mitochondrial targeting
sequence they likely transport cholesterol between organelles randomly or by inter-
acting with other proteins [19]. A requirement for SCP2, STARD4, or STARDG in
ovarian cholesterol transport has yet to be demonstrated experimentally. Moreover,
the presence of multiple cytoplasmic cholesterol transporters suggests possibly func-
tional redundancy.

Figure 3.1 summarizes the major steps and molecules participating in luteal cell
steroidogenesis.
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3.2 Regulation of the Genes Involved in Steroidogenesis

In vivo the main stimulus for the induction genes encoding the machinery needed for de
novo synthesis of luteal steroids, namely, STARD1, CYP11A1, and HSD3B, is the mid-
cycle LH surge [27]. Both mural granulosa and theca cells of the ovulatory follicle pos-
sess LH receptors. Activation of the seven-transmembrane G protein-coupled LH
receptor by surge levels of the gonadotropin activates adenylate cyclase-generating
cyclic AMP (cAMP), thereby activating protein kinase A (PKA), the major regulator of
transcription factors targeting the genes governing the steroidogenic pathway [28, 29].
In addition, high levels of LH have also been shown to increase intracellular calcium
levels, although the full implications of activating this secondary pathway on luteal ste-
roidogenesis are unclear [30, 31]. Exogenous human chorionic gonadotropin (hCG) can
also bind and activate the LH receptor [32], and it is frequently used in immature PMSG
(pregnant mare serum gonadotropin)-primed animals to mimic the LH surge. Similarly,
exogenous hGC is frequently used in assisted reproduction protocols for final follicle
maturation. Downstream of PKA signaling there is activation of ERK signaling [29, 33]
that can contribute to regulation of transcription of these genes as well. Protein kinase A
typically activates cyclic AMP response-element-binding protein (CREB), and although
CREB activation via its phosphorylation by PKA may be a major mechanism for acti-
vating genes involved in steroidogenesis in the follicle [34], its importance in the corpus
luteum is reduced and other transcription factors tend to mediate PKA effects on the
genes of the steroidogenic pathway. Among the major transcription factors involved in
mediating PKA signaling are members of the NR5A, NR4A, GATA, Spl, Activator
Protein (AP), and CCAAT/enhancer binding protein (C/EBP) families [7].

Much of what we know about the transcriptional regulation of these steroido-
genic genes comes from studies with primary cultures of luteinizing granulosa cells,
with fewer studies being actually performed with luteal cell preparations. Next we
summarize the hormonal regulation of the mRNA and protein levels and the tran-
scriptional regulation of the major steps in steroidogenesis in luteal cells.

3.3 Regulation of StAR/STARD1

In most mammals examined, STARD1 mRNA and its protein are expressed in theca
cells but are not significantly expressed in granulosa of healthy follicles before the LH
surge [35-38]. Exogenous hGC given in lieu of LH to PMSG-primed follicles can
mimic the LH surge, inducing ovulation and STARD1 mRNA and protein [36, 39]. In
luteinizing granulosa cell cultures, STARD1 mRNA and protein can be increased by
follicle-stimulating hormone (FSH) through PKA [40—42], although the relevance of
this to corpus luteum function is uncertain because FSH receptors are typically down-
regulated with luteinization in vivo [43, 44]. Several other hormones and growth fac-
tors have been shown to inhibit or stimulate STARD1 mRNA and/or protein levels,
most often by modulating the cellular response to gonadotropin or PKA signaling. Of
those relevant to luteal function known to be stimulatory are estradiol, insulin-like
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growth factors (IGFs), insulin, and prostaglandin E2 (PGE2) [40, 42, 45-47]. Bone
morphogenetic proteins (BMPs) tend to be inhibitory to STARDI1 expression, as are
tumor necrosis factor-alpha (TNFa), and activin A [48-53]. Prostaglandin F2-alpha
(PGF2a) is inhibitory and may serve to reduce STARDI at the onset of luteal regres-
sion [54-56]. Factors such as transforming growth factor-beta (TGFp) and leptin have
stimulatory or inhibitory actions depending on the context of the granulosa/luteal cell
[57-60]. Active STARDI exists as a phosphoprotein with PKA mediating phosphory-
lation [61]. There is evidence in ovine large luteal cells that STARDI1 is phosphorylated
by the high basal PKA activity in these cells [62]. The mechanism by which STARDI
works is not fully understood, but data support the model that STARD1 protein sits on
the outer mitochondrial membrane to transfer cholesterol to the inner membrane [63].
Internalization of STARDI protein into the mitochondria inactivates its activity [64].

The proximal 5’-flanking DNA of the STARD1 gene serves as the main promoter
region and has transcription factor-binding sites that are highly conserved across
species. Although many different types of transcription factors, including NR5A,
GATA, NR4A, AP-1, Sp1/3, SREBP, Kruppel-like factors (KLFs), and forkhead
proteins, have been shown to regulate the promoter [7], presented here are only
those factors relevant to the corpus luteum.

Several different NR5A response elements that have the ability to bind steroido-
genic factor 1 (SF-1/NR5A1) and liver receptor homologue 1 (LRH-1/NR5AZ2) reside
in both the proximal STARD1 promoter region (first —150 bp) with others lying more
distal between —900 and —3400 bp upstream of the transcriptional start site [65-67].
One of the proximal NR5A sites was shown to be specifically recruited in rodent luteal
cells, although it was not utilized in less differentiated granulosa cells [66]. NR5A sites
participate in both basal and cAMP-stimulated transcriptional activity [7]. In bovine
luteal cells, beta-catenin interacts with LRH-1 to promote STARDI1 transcription [68].
A member of the NR4A family Nur77 can also recognize the same NR5A response
elements, and Nur77 reduction lowers STARD1 mRNA levels in theca cells [69]. It is
unknown if Nur77 impacts STARDI gene expression in luteal cells.

A conserved GATA consensus site (TTATCT) is located within the —70- to —55-
bp region of the proximal STARD1 promoter of numerous species, and mutational
analyses have demonstrated its importance to basal and/or cAMP-stimulated trans-
activity [7]. The transcription factors GATA4 and GATAG6 are present in follicular
cells and luteal cells, and both factors have been demonstrated to bind to the site
[70]. There is some debate about the importance of GATA4 versus GATAG6 to
STARDI1 promoter activity. Although both factors bind the STARDI1 promoter
GATA element in gel shift assays and overexpression of both recombinant factors
can promote transactivation [71-73], most evidence indicates GATA4 as the major
regulator of the promoter. This observation is complicated by the fact that GATA4
levels are typically lower with luteinization (especially in rodents) where GATAG is
strongly expressed [71, 74, 75]. To help clarify this point, one study in luteinizing
pig granulosa cells showed that lowering GATA4 levels by RNAi actually increased
STARD1 mRNA levels but not when GATA6 was also reduced, inferring that
GATAG has the potential to drive STARD1 gene expression when GATA4 levels
drop [76]. These data support the idea that the ratio of GATA6 to GATA4 influences
the contribution of GATA factors to STARD] transcription in the corpus luteum.
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Several C/EBP-binding sites exist in the proximal STARD1 promoter. Two of the
sites are highly conserved whereas the sequence and location of other binding sites
vary by location between species [7]. There is also overlap between C/EBP sites and
CREB half-sites. Although CREB can associate with the promoter, studies in
rodents showed that an ovulatory stimulus of hCG causes rapid C/EBPp association
with the promoter region, whereas CREB associates more slowly [77]. In addition,
studies with several species of luteinized granulosa cells indicate C/EBP elements
are needed for basal and cAMP responsiveness of the promoter [66, 72]. Further
emphasizing the need for C/EBPs, cultured mouse granulosa with depleted C/EBPa
and C/EBPf have reduced induction of STARD1 mRNA in culture [78]. In rodent
luteal cells, AP-1 family member Fra-2 displaces the CREB bound to the promoter
of less mature granulosa [66]. In sum, although CREB can transactivate the pro-
moter, in luteal cells C/EBPf and Fra-2 occupy potential CREB-binding regions.

Other ovarian transcriptional regulators influence Iuteal STARDI expression in
a less clear manner. Forkhead transcription factor FOXO1 may act to repress the
expression of STARDI in granulosa cells before luteinization induced by the LH
surge [79]. KLF4, -9, and -13 overexpression in luteinizing porcine granulosa cells
reduced LH stimulated STARD1 promoter activity, yet KLF13 overexpression
increased STARDI mRNA levels [80]. There are no data yet as to whether KLF
factors interact with the STARD1 promoter region in the context of the luteal cell.

3.4 Regulation of P450scc/CYP11A1

In many respects the regulation of CYP11A1 shares similarities to the regulation of
STARDI. CYP11A1 mRNA and protein are present in follicular theca and some gran-
ulosa cells before the ovulatory LH surge; levels increase in granulosa cells during
luteinization, are maintained at high levels in the functional corpus luteum, and drop
off with regression [27]. The cow has a transient downregulation of CYP11A1 mRNA
in the late preovulatory follicle [81]. CYP11A1 is constitutively expressed in the rodent
corpus luteum once pregnancy is established [82]. Similar to STARDI, LH or exoge-
nous hCG increases CYP11A1 mRNA and protein [27]. In luteinizing granulosa cell
cultures, FSH, insulin, IGFs, epidermal growth factor, progesterone, PGE2, and prolac-
tin act alone or in concert with gonadotropin to increase CYP11A1 mRNA [47, 83—
88]. Repressors of CYP11A1 mRNA levels include TNFa, some BMPs, and luteolytic
PGF2a [50, 51, 89-92]. TGFp and activin A have mixed effects on CYP11A1 mRNA
levels [57, 58].

The timing and abundance of CYP11A1 appears to be important for normal luteal
function as transgenic mice overexpressing CYP11A1 have reduced progesterone pro-
duction by the early corpus luteum [93]. In these transgenic mice, corpus luteum function
is able to normalize by mid-pregnancy, suggesting a delayed luteinization of follicles.

There is fairly high homology between species within the first —100 bp upstream
of the transcriptional start site of the CYP11A1 gene [7]. A proximal NR5A site in
the cow promoter is active in basal and cAMP-driven activity in luteal cells [94, 95].
Similarly, rodent granulosa demonstrate NR5A site importance [96], and targeted
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reduction of LRH-1 in mice express reduced CYP11A1 mRNA in granulosa when
given an ovulatory stimulus of hCG [97].

Overexpression of GATA can drive the promoter in nonovarian cells. and a
GATA site at —475 to —470 of the rat promoter helps confer granulosa responsive-
ness to FSH [98]. However, in luteinizing pig granulosa cells there is little impact of
reduction of GATA4/6 factors on CYP11A1 mRNA expression, suggesting GATA
may not be important to CYP11A1 expression in luteal cells [76].

At least one functional Spl site exists in the proximal promoter region [7].
Bovine luteal extracts exhibit Sp1 and/or Sp3 binding, and this site is important for
basal and cAMP-stimulated activity [95]. In pig luteinizing granulosa cells, the Sp1
site confers responsiveness to both IGF1 and cAMP stimuli [99].

CYPI11A1 promoter activity is also influenced by the differentiation status of the
cell. Demonstrating this, CREB binds to a CRE half-site in less differentiated rodent
granulosa cells and is replaced by Fra-2 upon luteinization [98].

Similar to STARDI, forkhead factors and KLF factors may influence luteal
expression. FOXO1 may serve to repress the expression of CYP11A1 in granulosa
cells before luteinization [100]. KLF4, -9, and -13 overexpression in luteinizing
porcine granulosa cells reduced CYP11A1 promoter activity and KLF13 overex-
pression decreased CYP11A1 mRNA levels as well [80].

3.5 Regulation of 3-Beta-HSD/HSD3B (1 or 2)

Depending on the species, one or more HSD3B genes for 3-beta-hydroxysteroid
dehydrogenase/delta5 delta4-isomerase exist, and the numbering system between
species varies. For example the human has two genes (HSD3B1 and HSD3B2), the
mouse has six genes (hsd3b1-6), and the pig has one gene (HSD3B1) [101]. In humans
the main ovarian gene expressed that mediates steroidogenesis is HSD3B2 and in
other species HSD3B1 (hsd3bl1 in rodent). In rat luteal cells, using electron micros-
copy immunoreactive HSD3B protein has been localized to both the smooth ER and
the mitochondria [102]. The mRNA for the ovarian form of HSD3B is expressed in
theca cells of developing follicles, appears in the granulosa cells of growing follicles
even before the ovulatory period, and is widely distributed in functional luteal cells,
falling off with luteal regression [27]. Similar to STARD1 and CYP11A1, LH (or
exogenous hCG) is a potent inducer of HSD3B transcripts in granulosa cells during
the periovulatory period [27]. Other positive regulators of ovarian HSD3B expression
include FSH and IGF1 or PGE?2 either alone or in combination with gonadotropin [42,
47]. TGFP and prolactin affect HSD3B expression either positively or negatively
depending on the cellular setting [57, 58, 88]. Several BMPs and luteolytic PGF2a are
inhibitory to HSD3B mRNA expression [47, 48, 90, 92].

Most cellular studies of HSD3B promoter regulation have been performed in
cells lines, and it is unclear how these studies relate to periovulatory and luteal tran-
scriptional events. However, there have been a few studies with luteinized granulosa
and luteal cells. NR5A sites have been identified in the human HSD3B gene
5’-flanking DNA [7]. Overexpression of SF-1 can drive HSD3B promoter activity
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in human granulosa tumor cells [103]. LRH-1 has been shown to bind two NR5A
sites in luteinized granulosa cell extracts, and both sites contribute to transactivation
with the more proximal site at =309 bp being most critical [104]. In contrast, in
mice with granulosa cell-targeted loss of LRH-1, hsd3b1 mRNA levels following an
ovulatory hCG stimulus are not affected [97]; however, there is always the possibil-
ity that SF-1 may substitute for LRH-1 in this setting.

There are at least four potential GATA-binding sites in the 5’-flanking DNA of
the human HSD3B2 gene [7]. The GATA site at —196 bp relative to the transcrip-
tional start site has been shown to stimulate promoter transactivation in nonovarian
cells [105]. Studies in luteinizing pig granulosa cells indicate that a loss of GATA4
suppresses basal expression of HSD3B1 mRNA [76].

Nur77 may contribute to HSD3B gene expression in human theca cells [69], but
the relevance of this factor to luteal cells is unknown.

3.6 Luteal Estrogen Synthesis

3.6.1 Regulation of Luteal Aromatase/CYPI19A1

The CYP19A1 gene encodes aromatase, whose activity is required to convert
androgens into estrogens. In the developing follicle, mural granulosa cells are the
primary site for aromatase expression, which is driven mainly by FSH and cAMP/
PKA signaling [6]. The LH surge downregulates granulosa aromatase [106]. In
most large mammals, the CYP19A1 gene stays quiescent for the remainder of the
corpus luteum lifespan. In the cow, downregulation of CYP19A1 by the LH surge
is associated with silencing DNA methylation in the promoter 2 region in luteal
cells [107]. This finding may extend to other species that lack luteal aromatase. In
comparison, CYP19A1 is expressed robustly in the rodent corpus luteum of preg-
nancy and the primate corpus luteum, enabling luteal estradiol synthesis [106, 108,
109]. During the follicular phase, estradiol production and granulosa cell aroma-
tase expression increase to reach a peak in the dominant follicle(s) [6]. In the
human, mid- and late-luteal phase corpora lutea have the highest CYP19A1 mRNA
expression levels compared to other follicular/luteal stages [109]. Granulosa cells
utilize the ovarian-specific CYP19A1 promoter region to drive transcription in
response to CAMP/PKA signals [110]. In the rat this region is located within
—300 bp upstream of the gene and involves a cAMP-response element-like (CLS)
sequence regulated by CREB, two NR5A sites that can bind SF-1 or LRH-1, and a
GATA-4-binding site [110, 111]. In the luteal cell, the rat CLS site loses its tran-
scription factor-binding ability and an AP3 site becomes recruited [111].

The human CYP19A1 promoter also has a functional CLS and NR5A region.
When human CYPA19A1 promoter constructs are transfected into bovine luteal
cells, both regions confer reporter gene activity [112]. The primate corpus luteum
requires pituitary LH to maintain steroidogenesis during the luteal phase. In human
cultured granulosa-lutein cells, LH increases aromatase mRNA and enzyme activity
[113, 114], which infers that the human CYP19A1 promoter likely has some con-
tinued dependence on PKA signaling during the luteal phase.
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A comparison of the CYP19A1 promoters of several species showed that cow and
goat promoter constructs had minimal responsiveness to PKA activation in luteiniz-
ing granulosa cells, whereas the human and rat promoters were activated [115]. In
addition, the responsiveness to overexpressed transcription factors LRH-1 and
FOXL2 varied, providing a possible explanation for the species differences in luteal
aromatase expression.

3.6.2 Regulation of Luteal P450c17/CYP17A1

In the follicle cytochrome P450 17-alpha-hydroxylase/17, 20 lyase (P450c17 or
CYP17A1) is expressed in the thecal cell layer where it converts pregnenolone and
progesterone-derived intermediates into androgens. This enzyme becomes downregu-
lated with luteinization [116]. In the primate corpus luteum, theca lutein cells later reex-
press this enzyme to provide the androstenedione and testosterone for estrogen synthesis
[108]. Rodent CYP17A1 expression is increased by hGC treatment of luteal cells [117].
In the rodent, luteal androgen synthesis occurs in early pregnancy but the placenta serves
as the main source of androgens for estradiol synthesis as pregnancy progresses [118].

3.6.3 Regulation of Luteal 17-Beta-HSD/HSD17B

More than a dozen types of 17-beta-hydroxysteroid dehydrogenases have been identi-
fied with various substrate specificities [119]. The main roles of ovarian HSD17B
enzymes are to interconvert androgen forms and interconvert estrogen forms. In luteal
cells, androstenedione is aromatized to estrone and then can be converted to estradiol
by HSD17B. Alternatively, androstenedione can first be converted to testosterone by
HSD17B and then aromatized to estradiol. HSD17B1 and HSD17B2 have been local-
ized to luteal cells in humans [120]. HSD17B type 1 activity, which converts estrone to
estradiol, predominates in human granulosa-luteal cells [121]. Mice null for hsd17b1
have increased estrone:estradiol and androstenedione:testosterone ratios, reduced pro-
gesterone, structural changes in corpora lutea, and are subfertile [122]. HSD17B7
serves to convert estrone to estradiol and is found in the corpora lutea of all mammalian
species examined including rodents [123]. Expression of hsd17b1 disappears in the
rodent corpus luteum, where hsd17b7 is strongly expressed [124]. Additionally, in
rodents the hsd17b1 gene is upregulated by LH, whereas the hsd17b7 gene is increased
by prolactin and repressed by LH/hCG. The promoter for rat hsd17b7 has a functional
Spl site that regulates basal promoter activity and a NF-Y-binding site that mediates its
inhibition by PKA [125]. Of note, HSD17B7 has also been demonstrated to mediate a
reaction in cholesterol biosynthesis [119]. Deletion of hsd17B7 in mice is embryonic
lethal because of deficiencies in cholesterol synthesis [126, 127]. These data infer that
the HSD17B7 enzyme may have a dual purpose in the corpus luteum: cholesterol syn-
thesis and estradiol synthesis.
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3.7 Conclusions

Luteal progesterone biosynthesis depends on the coordinated upregulation and
maintenance of the gene products of STARD1, CYP11A1 and its mitochondrial
partner proteins, and HSD3B. Luteal estradiol synthesis by the corpus luteum
occurs in a species-specific manner and involves CYP17A1, HSD17B, and
CYPI19A1. Most of the transcriptional studies performed have utilized various
stages of luteinized granulosa cells in culture to study of upregulation of these
genes during the periovulatory luteinization period. Comparison of the transcrip-
tional activity of STARD1, CYP11A1, and CYP19A1 in granulosa cells and
luteal cells of the rodent has demonstrated that the extent of cellular luteinization
is critical for the recruitment of specific transcription factors. Figure 3.2 depicts

Less differentiated granulosa cell Luteinized granulosa or luteal cell
( STARD1 \ f STARD1 \
SF-1/LRH-1 1 SF-1/LRH-1 1
GATA4 1t +/- B-catenin
CREB 1 GATA4/61
FOXO1 | high basal C/EBPB 1
E)':SHR PKA Fra-2 1
tPK A CYP11A1
SF-1/LRH-1 1 SF-1/LRH-1 1
frka GATA4 1 GATA4 1
CREB 1 . Sp11t
LHeeR® o]
. HSD3B HSD3B
LHCGR Nur77 t SF-1/LRH-1 1
GATA4 1
*%*
CYP19A1 CYP19A1
SF-1/LRH-1 1 SF-1/LRH-1 1

\ GATA4 1 / \ GATA4 1 /
CREB 1 AP3 1

Fig. 3.2 Summary of the major transcription factors shown to regulate the STARD1, CYP11Al,
HSD3B, and CYP19A1 genes in less differentiated granulosa cells or luteinized granulosa cells and
luteal cells. * indicates that the presence of luteinizing hormone receptors (LHCGR) on luteal cells
varies by steroidogenic luteal cell type and by species. ** indicates that the expression of CYP19A1
occurs in primate and pregnant rodent corpora lutea. Thin arrows indicate the transcription factor
increases (1) or decreases (|) transactivation of the gene immediately above it in one or more spe-
cies. Thick arrows indicate protein kinase A (PKA) is increased by activation of the follicle-
stimulating hormone receptor (FSHR) and LHCGR by their respective ligands. In most cases PKA
leads to increased transcriptional activity of the factors shown. Less differentiated granulosa cells
refers to those that have not been luteinized in vivo by a gonadotropin surge or by culture conditions
in vitro. STARDI is likely repressed in vivo by FOXO1 or other unknown factor before the LH
surge, as its mRNA is minimally expressed in the pre-surge maturing follicles of most species
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a summary of putative regulators of STARDI1, CYP11A1, HSD3B, and CYP19A1
by cellular differentiation status. Even though LH activates the genes for the
major steroidogenic pathway molecules in the early corpus luteum, how the
expression of these genes is maintained in the mature corpus luteum and that of
pregnancy is an area that requires much more research.
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Chapter 4

Lipid Droplets and Metabolic Pathways
Regulate Steroidogenesis in the Corpus
Luteum

Heather Talbott and John S. Davis

Abstract This review focuses on recent advances in the understanding of meta-
bolic processes used by the corpus luteum to control steroidogenesis and other cel-
lular functions. The corpus luteum has abundant lipid droplets that are believed to
store cholesteryl esters and triglycerides. Recent studies in other tissues indicate
that cytoplasmic lipid droplets serve as platforms for cell signaling and interactions
with other organelles. Lipid droplets are also critical organelles for controlling cel-
lular metabolism. Emerging evidence demonstrates that LH via activation of the
cAMP and the protein kinase A (PKA) signaling pathway stimulates the phosphory-
lation and activation of hormone-sensitive lipase (HSL), an enzyme that hydrolyzes
cholesteryl esters stored in lipid droplets to provide cholesterol for steroidogenesis
and fatty acids for utilization by mitochondria for energy production. The energy
sensor AMP-activated protein kinase (AMPK) can inhibit steroidogenesis by inter-
rupting metabolic pathways that provide cholesterol to the mitochondria or the
expression of genes required for steroidogenesis. In addition to lipid droplets,
autophagy also contributes to the regulation of the metabolic balance of the cell by
eliminating damaged organelles and providing cells with essential nutrients during
starvation. Autophagy in luteal cells is regulated by signaling pathways that impact
AMPK activity and lipid droplet homeostasis. In summary, a number of signaling
pathways converge on luteal lipid droplets to regulate steroidogenesis and metabo-
lism. Knowledge of metabolic pathways in luteal cells is fundamental to under-
standing events that control the function and lifespan of the corpus luteum.
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4.1 Introduction

Recent research has provided great insight into mechanisms contributing to corpus
luteum formation, function, and regression. Many of these studies have focused on
changes in gene expression and protein expression and activity. The availability of
new techniques for metabolomics, lipidomics, and proteomics has renewed interest
in determining how cellular metabolic events control steroidogenesis. Specifically,
there is an interest in understanding how lipids are stored and utilized during the
lifespan of the corpus luteum. One of the notable features observed during luteal
development is the acquisition of cytoplasmic lipid droplets (LDs). These unique
organelles are surrounded by a phospholipid monolayer that coats a core of neutral
lipids including cholesteryl esters and triglycerides. Lipid droplets have been most
extensively studied in adipocytes and preadipocytes for their pivotal role in energy
conservation and homeostasis [1, 2]; however, LDs have been observed in nearly all
cell types, from prokaryotes [3] to hepatocytes [4], cardiac myocytes [5], macro-
phages [6], and steroid-secreting cells [7, 8]. In many of these cells, LDs are a sign of
pathological stress because of an overabundance of environmental lipids (e.g., the
foamy macrophage seen in atherosclerotic lesions [6]). However, LD formation and
presence in steroidogenic tissues such as the ovarian follicle and corpus luteum
appear to be nonpathological and required for healthy, fully functional steroidogenic
ovarian cells.

4.2 Lipid Droplets

Recent reviews point to cytoplasmic LDs as critical mediators of metabolic health
and disease [1, 9, 10]. Intracellular LDs store triglycerides and cholesteryl esters as
reservoirs for energetic substrates (fatty acids) or cholesterol for membrane biosyn-
thesis or sterol production [11, 12]. They also serve to protect cells from lipotoxicity
[13]. Key to understanding LD size and activity is the presence or absence of spe-
cific LD coat proteins [14]. The family of perilipin (PLIN) proteins serves as LD
coat proteins and organizing centers for enzymes and transporters in lipid metabo-
lism [15-17]. The PLIN family of proteins is composed of PLIN1 (perilipin), PLIN2
(adipophilin or ADRP), PLIN3 (previously Tip47), PLIN4 (previously S3-12), and
PLINS (previously OXPAT). PLIN1 and PLIN4 are highly expressed in white adi-
pose [16] whereas PLIN2, PLIN3, and PLIN4 are widely expressed; although
PLIN?2 is abundant in liver and PLINS is found in oxidative tissues such as heart and
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brown adipose [18]. PlinI-null mice have a distinct phenotype of reduced fat mass,
increased lipolysis, and increased p-oxidation [19]. Plin2-null mice are resistant to
high-fat diet-induced obesity [20], and Plin3 compensates for the loss of Plin2 in
these mice [21]. Inactivation of Plin4 downregulates Plin5 and reduces cardiac lipid
accumulation in mice [22]. It seems, therefore, that the level of PLIN proteins in
specific cell types regulates lipolysis in target tissues. Reports in the monkey [23]
and mouse [24] indicate that the ovary expresses PLIN2, a LD coat protein associ-
ated with cholesteryl ester storage [25]. We have found that the bovine corpus
luteum predominately expresses PLIN2 and PLIN3 mRNA with low levels of PLIN1,
a different pattern of PLINs when compared to adipose tissue (Fig. 4.1a). Bovine
large and small luteal cells express comparable levels of PLIN2 and PLIN3 mRNA
but different levels of PLINI and PLIN4 mRNA (Talbott, Krauss, and Davis, unpub-
lished data). Exactly how the LD-associated PLINs impact luteal LDs and steroido-
genesis are subjects of current investigation.

Hormone-sensitive lipase (HSL) is a key cytosolic enzyme in the regulation of
lipid stores in adipocytes that translocates to the LD in response to catecholamine
stimulation [26-28]. A current view of the mechanisms regulating lipolysis in adi-
pose tissue suggests that the LD-associated PLIN1 coats the LD and functions as a
scaffold in the regulation of lipolysis [16, 29, 30]. Under basal conditions, PLIN1
acts as a barrier to the hydrolysis of lipids within the LD by preventing access of
adipocyte triglyceride lipase (ATGL) and HSL, the major lipases in adipose cells.
Following pB-adrenergic stimulation of cAMP and protein kinase A (PKA) signaling,
PLIN1 and HSL are phosphorylated, which leads to the movement of HSL from the
cytosol to the LD [31]. The phosphorylation of HSL facilitates its association with
the LD and with lipid substrates [32], permitting lipid hydrolysis to proceed.
Phosphorylation of HSL by PKA occurs on multiple sites, including Ser-563 and
Ser-660, which stimulate catalytic activity and translocation of HSL to LDs [33—
36]. Phosphorylation of HSL also occurs at Ser-565, a non-PKA site, which is a
negative regulator of HSL activity and is believed to be mutually exclusive with
phosphorylation on the Ser-563 site [37]. Thus, hormonal cues that signal for eleva-
tions in systemic energy stimulate PKA to phosphorylate HSL, which contributes to
lipolysis to maintain energy homeostasis.

The presence of both PLIN coat proteins [38] and HSL [39] in the ovary suggests
that LH via a cAMP/PKA signaling pathway may regulate the phosphorylation of
PLINs and HSL to hydrolyze cholesteryl esters stored in luteal LDs to produce sub-
strate for progesterone synthesis. Studies with HSL-null mice revealed that knock-
out of HSL resulted in decreased steroidogenesis in the adrenals and inhibited sperm
production in the testis [40, 41]. These findings suggest that HSL is involved in the
intracellular processing and availability of cholesterol for adrenal and gonadal ste-
roidogenesis. Manna et al. [42] recently reported that activation of the PKA pathway
in MA-10 mouse Leydig cells enhanced expression of HSL and its phosphorylation
at Ser-563 and Ser-660. Inhibition of HSL activity suppressed cAMP-induced pro-
gesterone synthesis and resulted in increased cholesteryl ester levels in MA-10 cells.
Also of interest is a report [43] demonstrating an interaction between StAR and HSL
in the rat adrenal following treatment with ACTH. Furthermore, the coexpression of
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Large LC

.. Small LC

Fig. 4.1 Large and small bovine luteal cells express lipid droplet (LD) coat proteins and have
unique LDs. Panel a: Expression of the PLIN family of LD coat proteins in bovine white adipose
tissue, corpus luteum, and centrifugal elutriation-enriched large and small luteal cells (LC).
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of mRNA isolated from
bovine fat and luteal tissue. Panel b: Electron microscopy of lipid droplets (LD) and mitochondria
(Mt) in a bovine luteal cell. Panels ¢ and d: Small and large luteal cells were stained with Bodipy
493/503 (Molecular Probes, 10 pg/ml) to detect neutral lipids (green). Nuclei: DAPI (blue). Cells
in Panel d were were also immuno-labeled with with adipocyte triglyceride lipase (red) showing
colocalization with the LDs and the difference in LD morphology between small and large luteal
cells

StAR and HSL resulted in elevated HSL activity and mitochondrial cholesterol con-
tent. These observations suggest that the proteins that produce and transport choles-
terol may colocalize in LDs and mitochondria. Furthermore, we have observed that
mitochondria are closely associated with cytoplasmic LDs in bovine luteal cells
(Fig. 4.1b) indicating that luteal LDs and mitochondria may interact to facilitate
steroidogenesis. Although the evidence points to an important role for HSL in ste-
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roidogenesis, there is little information concerning the LD and the events that con-
trol these early steps in ovarian steroidogenesis [44].

Despite the renewed interest in cytoplasmic LD as platforms for cell signaling,
interactions with other organelles, and metabolic control [45, 46], few studies have
characterized the protein and lipid composition of the LD. The LD proteome has been
characterized to varying degrees in a few mammalian tissues or cell lines (mouse
mammary epithelial cells [47] and 3T3-L1 adipocytes [48, 49], rat liver and mouse
muscle tissue [50, 51], and human cell lines [52-54]). Khor et al. [55] compared the
proteome of LDs from rat granulosa cells treated in vitro with either high density
lipoproteins or fatty acids to enrich cytoplasmic LDs with cholesteryl esters or triac-
ylglycerides, respectively. When comparing the LD proteomes 278 proteins were
common to the LDs prepared from either treatment. These proteins included PLIN2
and were similar to other studies on LD proteomes. They also identified 61 proteins
unique to the cholesteryl ester-rich LDs and 40 unique proteins unique to triacylglyc-
erol-rich LDs. Notably, they identified Hsd3bl, vimentin, and voltage-dependent
anion channel (Vdacl) proteins enriched in the cholesteryl ester-rich LDs. Recent
reports on the proteomic analysis of LD isolated from the mouse Leydig tumor cell
line MLTC-1 [56] and mouse testes [57] also revealed the presence of PLIN family
proteins and enzymes involved in the synthesis of steroid hormones. Despite the
recent work on characterization of the LD proteome in various tissues, there is still a
lack of information about the protein composition of luteal LDs and the effects of
hormones or metabolic alterations on luteal LD properties. In our studies (Talbott,
Krauss, and Davis, unpublished) the LDs isolated from bovine luteal tissue predomi-
nantly contain PLIN2 and PLIN3 coat proteins, as well as HSL, HSD3B1, CYP11Al,
and StAR. Collectively, these studies indicate that the LD may serve as a novel hor-
monally responsive platform that is essential for steroidogenesis.

Comprehensive analysis of the lipid composition of LDs in other tissues is just
beginning to be evaluated [58]. The protein composition of LDs, particularly the
PLIN family of LD coat proteins, is believed to influence the type of lipids stored in
LDs and metabolic activity of tissues [1, 59]. The lipid composition of ovarian LDs
and the effects of hormones on the lipids contained therein are currently unknown.
Our preliminary studies indicate that compared to granulosa and theca cells, the total
lipid content of luteal cells is increased. Several studies reported the types and changes
of lipids in the intact corpus luteum of rats [60], pigs [61, 62], sheep [63], and humans
[64].These studies reported that cholesteryl esters and free fatty acids remain rela-
tively constant during the functional phases of the luteal lifespan whereas triglycer-
ides accumulated in the regressing corpus luteum. The increased lipid content of
luteal cells is likely to be stored exclusively within the LDs; however, this remains to
be shown experimentally. Additional studies are needed to determine the role and fate
of lipids in LDs during both function and regression of the corpus luteum.

Bovine and ovine corpora lutea have two distinct steroidogenic cells, large and
small luteal cells, with different abilities to produce progesterone [65—67]. The small
luteal cells respond to LH with robust increases in progesterone secretion whereas
the large luteal cells have a high basal rate of progesterone secretion and respond to
LH with a comparatively modest fold increase in progesterone secretion. The luteal
tissue of women, monkeys, pigs, and rodents also possess large and small luteal
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cells, although the basal and LH-stimulated progesterone secretion differ from the
bovine corpus luteum [68]. Our preliminary data indicate that bovine large and
small luteal cells have LDs with distinctive morphology. As indicated by BODIPY
493/503 staining of neutral lipids (green) and the LD protein adipocyte triglyceride
lipase (ATGL), small luteal cells have large LDs, whereas large cells have abundant
dispersed small LDs (Fig. 4.1c, d). Whether and how the LDs in either cell type
contribute to the ability to respond to LH or to the basal rate of progesterone secre-
tion is currently unknown. Studies in other tissues indicate that PKA-dependent
phosphorylation of PLIN1 induces dispersion of clustered LDs in HEK293 cells,
fibroblasts, and 3T3L1 adipocytes [69, 70]. Based on these findings it seems possi-
ble that the dispersed LDs observed in bovine large luteal cells may be the result of
constitutive PKA activity reported to be present in large luteal cells [71].

Fatty acids (either synthesized de novo or provided by the hydrolysis of stored
cholesteryl esters, triglycerides, or phospholipids) are essential for energy produc-
tion and the synthesis of most lipids, including those found in membranes and lipids
involved in cellular signaling. Despite their fundamental physiological importance,
an oversupply of nonesterified fatty acids can be detrimental to cellular function
[10]. Fatty acids are transported across the outer mitochondrial membrane by carni-
tine palmitoyltransferase I (CPT1A), the rate-limiting step in fatty acid oxidation.
Fatty acids are consumed by mitochondria through p-oxidation to produce acetyl-
CoA, nicotinamide adenine dinucleotide (NADH), and flavin adenine dinucleotide
(FADH,) for use in the electron transport chain to produce ATP [72]. The hydrolysis
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Fig. 4.2 Hormone-sensitive lipase (HSL) stimulates the hydrolysis of cholesteryl esters (CE)
stored in lipid droplets to liberate cholesterol and fatty acids. The cholesterol is converted to preg-
nenolone by the cytochrome p450 side-chain cleavage enzyme (CYP11A1) in the mitochondria
and subsequently converted by the enzyme 3p-hydroxy-steroid dehydrogenase (HSD3B) to pro-
gesterone. The released fatty acids (FA) are re-esterified and stored in the lipid droplets or used for
energy production by mitochondrial f-oxidation
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of cholesteryl esters by HSL liberates cholesterol and fatty acids (Fig. 4.2). The
fatty acids are either re-esterified and stored in LDs or membranes or used for
[-oxidation, producing reducing equivalents and acetyl-CoA for the citric acid cycle
[72]. Although little is known about the role of fatty acid f-oxidation in luteal cells,
recent studies indicate that fatty acid B-oxidation is a key in cumulus oocyte com-
plex metabolism and oocyte maturation [73, 74]. These studies found that promot-
ing p-oxidation with L-carnitine improved embryo development and that
pharmacological inhibition of fatty acid -oxidation with etomoxir, a CPT1A inhib-
itor, impaired oocyte maturation and embryo development. Steroidogenic tissues
use glycolysis to support steroidogenesis [75]; however, it seems likely that the
production of large quantities of progesterone by luteal cells would also require
[-oxidation of fatty acids to provide the energy needed for optimal steroidogenesis
under basal conditions, but this remains to be critically evaluated. It seems likely
that large and small luteal cells may have different energy-processing requirements,
based on the pronounced differences in the ability of large and small luteal cells to
produce progesterone under basal and stimulated steroidogenesis. Our preliminary
studies indicate that CPT/A mRNA expression in large luteal cells is 5.6 fold greater
than in granulosa cells, whereas no difference in CPT/A mRNA expression was
observed between theca and small luteal cells. These data support our idea that
[-oxidation may be important in the metabolic regulation of large luteal cells. Given
the intense interest in pathologies that result in lipid accumulation and conditions
(i.e., obesity, diabetes, metabolic syndrome) that elevate free fatty acids and alter
metabolism, understanding how LDs, glycolysis, and p-oxidation are regulated in
the corpus luteum may provide clues for improving ovarian function, treating ovar-
ian disorders, and enhancing fertility.

4.3 AMP-Activated Protein Kinase

The AMP-activated protein kinase (AMPK) is a master regulator of cellular metab-
olism [72, 76]. The AMPK complex is a heterotrimer consisting of an a-catalytic
subunit and noncatalytic B- and y-regulatory subunits [77]. Studies from a number
of investigators demonstrate that AMPK is present in the oocyte, granulosa and
theca cells of the follicle, as well as luteal cells (reviewed by Bertoldo et al. [78]).
As its name suggests, AMPK is allosterically activated by adenosine monophos-
phate, AMP. The enzyme is activated by increases in AMP:ATP or ADP:ATP ratios,
which occur when cellular energy status has been compromised by metabolic
stresses that either interfere with ATP production or accelerate ATP consumption
[79]. AMPK acts to restore energy homeostasis by activating alternate catabolic
processes generating ATP while inhibiting energy-consuming processes, such as
protein, carbohydrate, and lipid biosynthesis, as well as cell growth and prolifera-
tion (Fig. 4.3). AMPK acts via direct phosphorylation of metabolic enzymes and by
longer-term effects via phosphorylation of transcription regulators [80, 81].
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Fig. 4.3 Luteinizing hormone (LH) stimulates cAMP and protein kinase A (PKA) to activate
proteins that will supply cholesterol for progesterone synthesis. The master metabolic regulator
AMP-activated protein kinase (AMPK) is a highly conserved metabolic fuel gauge and can influ-
ence progesterone secretion by luteal cells. Elevations in AMP to ATP ratios stimulate AMPK to
restore energy homeostasis by activating alternate catabolic processes generating ATP while inhib-
iting energy-consuming processes, that is, protein, carbohydrate, and lipid biosynthesis, as well as
cell growth and proliferation. Activation of AMPK can disrupt steroidogenesis by phosphorylating
and inhibiting hormone-sensitive lipase (HSL) and blocking HMGCR (3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase), the rate-controlling enzyme of the pathway that produces choles-
terol. AMPK can be activated by the tumor suppressor kinase liver kinase B1 (LKB1) and the Ca?*/
calmodulin activated protein kinase CaMKK?2, which is activated when intracellular Ca** is
increased by hormones such as PGF2a

AMPK can be activated by a number of synthetic allosteric effectors (A-769662,
991, MT 63-78) identified by Abbott Laboratories using high-throughput screens
for AMPK. Other allosteric effectors are salicylate, the major breakdown product of
aspirin, and pro-drugs: AICAR (5-amino-imidazole-4-carboxamide riboside) and
C13, which are converted into AMP analogues following cellular uptake. For exam-
ple, AICAR, a widely used AMPK activator, is taken into cells and then converted
to the monophosphorylated derivative ZMP, which mimics the effect of AMP on
both the allosteric activation of the kinase and inhibition of the dephosphorylation
of Thr-172 on AMPK. Pharmacological AMPK activators (e.g., metformin, berber-
ine, resveratrol, hydrogen peroxide) are typically viewed as metabolic poisons that
inhibit ATP synthesis and stimulate AMPK indirectly by increasing cellular AMP
levels [79]. Activation of AMPK by upstream kinases occurs by phosphorylation of
a conserved threonine within the ‘activation loop’ of the kinase domain (Thr-172).
The primary upstream kinases that phosphorylate Thr-172 are the tumor suppressor
liver kinase B1 (LKB1) (also known as serine and threonine kinase 11 or STK11),
and the calcium/calmodulin-dependent protein kinase kinase 2, CAMKK?2. The lat-
ter is activated when intracellular Ca* is increased by the action of hormones.
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AMPK likely controls multiple aspects of metabolism in ovarian cells. AMPK
phosphorylates and inactivates acetyl-CoA carboxylase (ACC) and 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), key enzymes involved in regulating de
novo biosynthesis of fatty acids and cholesterol (Fig. 4.2). Activation of AMPK also
blocks the activation of the mechanistic target of rapamycin (MTOR) and protein
synthesis by phosphorylating the key regulatory proteins, raptor and tuberous sclero-
sis proteins [81]. Another immediate consequence of enhanced AMPK activity is the
phosphorylation of HSL at Ser-565, which precludes activation of HSL by PKA
[82]. Conversely, conditions that stimulate PKA-induced phosphorylation of HSL at
Ser-660 and Ser-563 suppress the phosphorylation of HSL at the AMPK site Ser-565.
In vitro kinase assays using purified PKA and AMPK support the notion that phos-
phorylation of HSL at Ser-563 and Ser-565 is mutually exclusive. Thus, in steroido-
genic tissues, activation of AMPK can inhibit HSL-mediated hydrolysis of cholesteryl
esters and prevent the release of free cholesterol for steroidogenesis [83]. The obser-
vation that HSL is a key enzyme in adipocytes and steroidogenic cells strategically
positions AMPK to control the expression of genes required for steroidogenesis and
the availability of cholesterol for ovarian progesterone synthesis (Fig. 4.4).
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Fig. 4.4 Luteinizing hormone (LH) stimulates protein kinase A (PKA)-dependent phosphoryla-
tion on Ser-563 and Ser-660, resulting in activation of hormone-sensitive lipase (HSL), which
hydrolyzes cholesteryl esters (CE) stored in lipid droplets (LD) to release cholesterol and fatty
acids (FA). AMP-activated protein kinase (AMPK) suppresses the activation of HSL by phos-
phorylation of HSL on Ser-565. LH also inactivates AMPK by increasing AMPK phosphorylation
on Ser-485 and reducing phosphorylation on Thr-172. The ability of LH to suppress AMPK and
activate HSL ensures adequate cholesterol availability for progesterone synthesis
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Reports from the DuPont Laboratory [84, 85] demonstrate that AMPK activators
metformin and AICAR inhibit the secretion of progesterone or estradiol by granu-
losa cells in a manner dependent on the state of cellular differentiation and the spe-
cies investigated [78, 84, 86]. In rat and bovine granulosa cells, AMPK activation
induced by metformin reduced the expression of mRNA for key enzymes required
for progesterone synthesis, HSD3B1, CYPI1Al, and StAR [85, 87]. In the human
KGN granulosa cell line (L. Huang, X. Hou and J.S. Davis, unpublished data), treat-
ment with the AMPK activator metformin inhibited StAR expression and progester-
one synthesis. In general, the studies in granulosa cells suggest that the reduction in
steroidogenesis was a result of a reduction in the transcription of genes in the ste-
roidogenic pathway. Other studies showed that metformin impairs proliferation of
bovine granulosa cells and rat theca cells via mechanisms involving AMPK-
mediated inhibition of MTOR signaling and protein synthesis [88—90].

Bowdridge et al. recently reported increases in the expression of AMPKa-, f-,
and y-subunits during the maturation of the bovine corpus luteum, with the excep-
tion of AMPKYy1- and y2-subunits [91]. Other studies from the Flores Laboratory
provide evidence for increased expression of genes encoding distinct protein kinase
C isoforms and genes participating in Ca** homeostasis during luteal maturation
[92]. Goravanahally et al. [93] reported that CAMKK?2, a downstream target of Ca*
and upstream regulator of AMPK, is also more highly expressed in mature bovine
corpus luteum than in newly formed luteal tissue. It should be noted that two impor-
tant physiological processes occur during this developmental period: (1) the corpus
luteum develops maximal capacity for progesterone secretion and (2) the corpus
luteum develops the capacity to undergo luteolysis in response to PGF2a. Based on
the high rate of progesterone production during the mid-luteal phase and pregnancy,
it seems likely that any factors that influence metabolic activity in steroidogenic
cells would increase or decrease AMPK activity and impact steroid secretion. Hou
et al. [94] reported that treatment of primary cultures of bovine luteal cells with
AICAR rapidly increased AMPK activity and significantly reduced LH-stimulated
MTOR activity and progesterone secretion. Additional findings in this report indi-
cated that the response to AICAR was independent of MTOR since other experi-
ments showed that inhibition of MTOR with rapamycin did not contribute to the
reduction in LH-stimulated progesterone secretion. More recently, Bowdridge et al.
[91] observed that treatment of bovine luteal tissue slices with either metformin or
AICAR acutely reduced basal progesterone secretion. These results indicate that
AMPK activators acutely inhibit luteal progesterone synthesis, suggesting that the
energy status of luteal cells is an important regulator of steroidogenesis.

4.4 LH Inhibits AMPK

The C-terminal domains of AMPKa-subunit isoforms in vertebrates contain a ser-
ine/threonine-rich insert of 50-60 amino acids, the so-called ST loop [95].
Phosphorylation of the ST loop serves as a means for negative regulation of
AMPK. The amino acid residues defining the ends of this loop are close to the
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Thr-172 residue and contain a number of regulatory phosphorylation sites. The best
characterized of these sites is Ser-485 on the AMPKa1-subunit. The Ser-485 site is
phosphorylated by the cyclic AMP-dependent protein kinase, PKA [96], or by Akt
[97], which subsequently inhibits the phosphorylation of the AMPKa-subunit Thr-
172 residue by upstream kinases, LKB1 or CaMKK?2 [95]. The AMPK-a2 subunit
contains a similar conserved ST loop, and phosphorylation of Ser-491 is likely to
exert the same inhibitory effect, although Ser-491 is a poor substrate for Akt and
appears to be modified by autophosphorylation [95]. Additionally, PKA can phos-
phorylate the Ser-173 residue (adjacent to Thr-172 within the activation loop),
which can inhibit Thr-172 phosphorylation [98]. In a study using primary cultures
of bovine luteal cells, Hou et al. reported that treatment with LH rapidly inhibited
AMPK activity as evidenced by reduced AMPK Thr-172 phosphorylation and
reduced phosphorylation of the AMPK substrate acetyl-CoA carboxylase [94].
Treatment with LH also increased phosphorylation of AMPK on Ser-485, which is
associated with inhibition of AMPK activity [94].

In contrast to granulosa cells, bovine luteal cells contain the required steroido-
genic machinery including HSL, which enables luteal cells to respond to LH or
cAMP with rapid increases in progesterone synthesis. The increases in progesterone
occur within 10-30 min [99-101] and precede the LH-induced increase in STAR
expression, which is typically observed 2—4 h after treatment [102]. These changes
are associated with reduced phosphorylation of HSL at the inhibitory AMPK phos-
phorylation site Ser-565 and increased phosphorylation of HSL at Ser-563 and
-660, residues that are required for HSL activity (Krause, Talbott, Hou, and Davis,
unpublished). Thus, the ability of LH to reduce AMPK activity may allow optimal
LH- and PKA-dependent activation of HSL and provide cholesterol for the already
existing steroidogenic machinery. An experimental model of the proposed interac-
tion among PKA and AMPK regulation of HSL is shown in Fig. 4.4. Physiological
conditions that increase the activity of AMPK require phosphorylation of the AMPK
a-subunit on Thr-172 residues [103], leadings to the phosphorylation of the AMPK
substrates ACC (Ser-79) and HSL (Ser-565), which could reduce the ability of
luteal cells to provide cholesterol substrate in response to a pulse of LH. LH or PKA
activators attenuate AMPK activity through modulation of at least two AMPK
a-subunit phosphorylation sites, Thr-172 (reduced), and Ser-485 (increased).
Reduced HSL phosphorylation by AMPK allows PKA to phosphorylate HSL on
Ser-563 and Ser-660 resulting in increased HSL activity, which presumptively pro-
vides cholesterol for progesterone synthesis.

4.5 PGF2a Activates AMPK

Early studies established that PGF2a binds to and activates its cognate G, protein-
coupled receptor, the prostaglandin F receptor, PTGFR. This initial event provokes
the rapid activation of phospholipase C, which leads to increases in both cytoplasmic
Ca** and activation of protein kinase C. These early events contribute to the activation
of additional protein kinase cascades such as the mitogen-activated protein kinases
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(ERK1/2, p38, and JNK) [104] that contribute to the induction of early-response
genes such as FOS, JUN, EGR1, and ATF3 [105-108]. Although these early-response
genes have been implicated in the luteolytic response to PGF2aq, it is not clear how or
whether they impact metabolic events in luteal cells. The developmental-specific
expression of protein kinase C and CAMKK?2 isoforms, proteins involved in Ca**
homeostasis, and AMPK have been implicated in the cellular mechanisms of acquisi-
tion of luteolytic capacity by bovine corpus luteum [92, 93, 109]. Based on these
observations it seems reasonable to predict that PGF2a could activate Ca?*/CAMKK?2
pathways leading to the activation and phosphorylation of AMPK on Thr-172.
Bowdridge et al. [91] recently reported that PGF2a rapidly (2 min) and tran-
siently stimulated the phosphorylation of AMPK on the Ser-485 site in dispersed
bovine luteal cells. The response was prevented by treatment with STO-609, a
CAMKK?2 inhibitor. Treatment with STO-609 also prevented the modest inhibitory
effect of PGF2a on progesterone synthesis in overnight incubations of dispersed
luteal cells [91]. In recent studies using bovine large luteal cells, we have observed
that PGF2a rapidly stimulates the phosphorylation of AMPK on the stimulatory
Thr-172 residue as well as the inhibitory Ser-485 residue (Hou, Zhang, Talbott, and
Davis, unpublished data). The phosphorylation of AMPK was coupled to the phos-
phorylation of the AMPK target ACC, indicating that AMPK was activated by
PGF2a. The observation that PGF2a can target multiple sites on AMPK is consis-
tent with findings that PGF2a activates multiple protein kinase pathways in luteal
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Fig. 4.5 LH and PGF2a have opposite effects on AMP-activated protein kinase (AMPK).
LH-dependent activation of protein kinase A (PKA) activates hormone-sensitive lipase (HSL). In
contrast, activation of AMPK blocks activation of HSL. LH-dependent stimulation of cellular
metabolism regulates the use of glucose and fatty acids (FA) for optimal progesterone synthesis.
Conditions that activate AMPK (hormones, cytokines, reduced nutrients, reduced blood flow,
hypoxia, drugs, and environmental insults) reduce the ability of LH to provide cholesterol for
progesterone synthesis
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cells: pathways linked to calcium signaling, protein kinase C, mitogen-activated
protein kinases, and MTOR signaling [110]. Although additional studies are needed
to determine exactly how PGF2a regulates AMPK in luteal cells, it seems clear that
activation of AMPK with pharmacological tools disrupts luteal progesterone syn-
thesis (Fig. 4.5). Studies are also needed to determine whether AMPK is activated
in vivo during natural and PGF2a-induced luteolysis. It is conceivable that changes
in luteal blood flow, hypoxia, and the presence of inflammatory mediators all con-
tribute to altering the metabolic status of steroidogenic luteal cells, resulting in the
activation of AMPK and disrupting progesterone synthesis.

4.6 Autophagy

Autophagy plays an important role in cellular and tissue physiology [111-113]. The
main function of autophagy is to protect cells against starvation by allowing cells to
salvage nutrients by digesting organelles and macromolecules at times of nutrient
scarcity as well as to ensure cell homeostasis by eliminating damaged organelles and
misfolded proteins. Three different types of autophagy (macroautophagy, microau-
tophagy, and chaperone-mediated autophagy) have been described, based largely on
the processes by which cargo is delivered to the lysosomes. In general, autophagy
can be induced by limitations in amino acids, growth factors, energy, and oxygen.
The formation of autophagosomes requires the activation of a number of protein
complexes: the autophagy-related 1 (Atgl)-Unc-51-like kinase complex, which is a
key signaling intermediate that is regulated by MTOR and AMPK; the autophagy-
specific class III phosphatidylinositol 3-kinase Vps34 complex (consisting of Vsp34,
Beclin 1, Vspl5, and Atgl4L), which produce a pool of phosphatidylinositol-3-
phosphate that is necessary for autophagosome formation; and a complex of ubiqui-
tin-like proteins: Atgl2, Atg5, Atgl6, and LC3-I (Atg8) and their conjugation
machinery, which leads to the lipidation of microtubule-associated protein light
chain 3 (LC3) with phosphatidylethanolamine, a process required for autophago-
some formation and closure. The presence of LC3-II, an LC3 cleavage product,
inside the mature autophagosome is generally used as a marker of autophagy.

Autophagy has been shown to occur in oocytes, granulosa cells, and luteal cells
and is often associated with apoptosis. Genetic mouse models demonstrate that
Atg7" ovaries [114] or germ cell-specific deletion of Arg7 [115] compromised
autophagy in the perinatal mouse ovary, resulting in the early loss of female germ
cells. Loss of Beclin 1 (Becnl), which has a central role in the regulation of autoph-
agy through activation of the Vps34 complex, also resulted in a significant loss of
germ cells at birth [114]. These findings indicate that autophagy may promote sur-
vival of germ cells during ovarian development. Other studies provide evidence for
the presence of autophagosomes in the granulosa cells of atretic follicles of several
species [116, 117]. Studies in the rat support the idea that activation of the AKT/
MTOR signaling pathway suppresses autophagy as assessed by levels of LC3-II in
granulosa cells [116].
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The presence of lysosomes and autophagosomes in the corpus luteum was
described more than 45 years ago [118—121]. Recent studies have documented the
presence of autophagy-related proteins: Beclin 1 and LC3 in luteal tissue of rodents,
cows, and humans [122—-125]. However, in luteal cells, it remains unclear whether
autophagy promotes cell survival versus cell death. In the rat, LC3-II-positive
autophagosomes were identified during the late luteal phase and were correlated
with luteal cell apoptosis [125, 126]. Furthermore, treatment of rat luteal cells with
PGF2a under serum-free conditions increased autophagosomes, LC3-II protein,
and luteal cell apoptosis, suggesting that autophagy may be involved in luteal cell
death. Choi et al. [126] observed that although PGF2a increased both ERK1/2 and
MTOR activity in rat luteal cells, autophagy could be prevented by inhibition of
ERK1/2 signaling and appeared to be independent of phosphatidylinositol 3-kinase/
AKT/MTOR activity. It will be important to understand the sequence of events
in vivo and to determine whether the stimulatory effects of PGF2o on AMPK acti-
vation are linked in some way to autophagy in the corpus luteum.

Gawriluk et al. reported that Becn! deficiency in the mouse ovary resulted in a
reduction of progesterone production and preterm labor [122]. To avoid the loss of
germ cells associated the Becnl knockout animal, this group targeted Becnl dele-
tion to the granulosa cells and as a result they were able to follow luteal function
throughout pregnancy. Although ovulation, implantation, and progesterone levels
during early pregnancy were not affected by Becn/ ablation, they found that Becnl
abrogation resulted in a reduction of circulating progesterone in mid- to late preg-
nancy. The reduction in progesterone resulted in early parturition, which was
reversed by treatment with exogenous progesterone. Of relevance to luteal metabo-
lism were the findings that the numbers of LDs were reduced and the mitochondria
were smaller in the Becnl-deficient ovaries compared to controls. These changes
were not accompanied by changes in the expression of genes important for the syn-
thesis of progesterone. Exactly how the reduction in LDs and reduced autophagy
contributed to reduced progesterone synthesis remains to be firmly established, but
it could be a consequence of impaired lipid transport mechanisms and reduced
expression of key receptors on the luteal cells [122]. Studies in other systems
indicate that Becnl expression and activity is controlled via transcriptional regula-
tion, miR-30a, and by posttranslational modifications (reviewed in [127]). Recent
studies in cardiac tissue showed that the transcription factor ATF3 binds to the ATF/
cAMP response element of the Becnl promoter and that ATF3 is capable of reduc-
ing autophagy via suppression of the Becnl-dependent autophagy pathway [128].
As PGF2a rapidly increases activation of mitogen-activated protein kinases
(ERK1/2, p38, and JNK) and ATF3 expression in bovine and rat luteal cells in vivo
and in vitro [104, 107], it is important to determine whether Becnl expression or
activity impacts autophagy during luteal regression.

It should also be appreciated that Becn1 directly interacts with B-cell lymphoma
2 (Bcl2) family proteins (Bcl2 and Bcl2/X) in a manner that negatively regulates
autophagy. To complicate matters, a variety of ligands that regulate intracellular
protein kinases, including Dapk, Rock1, Mstl, and Mapk8 (death-associated pro-
tein kinase 1, rho-associated coiled-coil containing protein kinase 1, macrophage
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stimulating 1, mitogen-activating protein kinase 8, respectively), can positively or
negatively regulate Becn1/Bcl2 effects on autophagy [127]. Beclin 1 can also sec-
ondarily affect apoptosis through regulation of anti-apoptotic and pro-apoptotic
BH3 domain-containing proteins. In addition to the Bcl2 family, the VDAC (voltage-
dependent anion channel) family is also involved in ovarian apoptosis and autoph-
agy regulation [129]. Vdac2 directly interacts with Bcl2-antagonist/killer 1 (Bak1)
to inhibit its oligomerization, thus suppressing cell apoptosis. Yuan et al. [129]
recently reported that Vdac? inhibits autophagy in the developing ovary by interact-
ing with Becnl and Bcl2L1 to stabilize the Becnl and Bcl2L1 complex. Recent
work by several groups have found a close relationship between autophagy and LDs
[130-132]. In particular, LC3 [131], and ATG2 [133], ATG7 [130], and several
VDAC [56, 57] proteins are often associated with LDs and appear to have important
roles in LD formation and function, suggesting that events associated with autoph-
agy may also impact the formation and function of ovarian LDs. Further work is
needed to understand how LDs and autophagosome components influence both
autophagy and apoptosis and thereby affect luteal function and lifespan.

4.7 Summary

Metabolic processes in the corpus luteum are tightly controlled by luteotropic and
luteolytic factors. Signaling cascades involving LD homeostasis, PKA, AMPK, and
autophagy are clearly important in the control of steroidogenesis. It remains to be
determined how these cellular events are integrated into a physiologic context over the
lifespan of the corpus luteum. Understanding the complex interplay of metabolic and
hormonal clues underpinning steroidogenesis is essential to understanding and devel-
oping new therapies for infertility, particularly in the setting of increasing prevalence
of obesity and metabolic diseases such as diabetes and polycystic ovary syndrome.
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Chapter 5
Steroid Hormone Receptors in the Corpus
Luteum

Robert Rekawiecki, Magdalena K. Kowalik, and Jan Kotwica

Abstract The function of the corpus luteum (CL) is to produce progesterone (P4),
which is the main regulator of estrous cycle duration and creates suitable conditions
for embryo implantation and development. The CL also synthesizes moderate amounts
of estradiol (E2). The action of these steroid hormones on target cells are evoked by
specific nuclear receptors that belong to the family of receptor-dependent transcrip-
tion factors. The physiological effect of P4 upon target cells is mediated through inter-
action of this hormone with nuclear progesterone receptor (PGR) isoforms A (PGRA)
and B (PGRB) and that of E2 through the alpha (ERa) and beta (ERf) receptors.
Steroids may also affect cells through a nongenomic mechanism, which involves the
membrane steroid-binding proteins such as the progesterone receptor membrane com-
ponent (PGRMC) 1 and 2 and the membrane progestin receptors (mPR) alpha
(mPRa), beta (mPRf), and gamma (mPRY), and the G protein-coupled estrogen receptor
(GPR30). These proteins rapidly activate the appropriate intracellular signal transduc-
tion pathways, and subsequently they can initiate specific cell responses or modulate
genomic cell responses. The diversity of nuclear and membrane steroid hormone
receptors enhances their regulatory influence on the CL function.
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5.1 Introduction

The corpus luteum (CL) is a transient endocrine gland formed from the secretory
cells of the ovarian follicle following ovulation. The main function of the CL is the
production of progesterone (P4), which has a key role in many processes that regu-
late female fertility; however, the CL also synthesizes a moderate amount of estra-
diol (E2). The action of these steroid hormones is carried out by specific nuclear
receptors that belong to the family of receptor-dependent transcription factors,
which affect the regulation of specific target gene expression after their activation. It
was also found that P4 and E2 affect cells by a nongenomic mechanism because the
effect of hormone action occurs in a few minutes or even seconds after application
and the effect is not inhibited by inhibitors of transcription and translation.

5.2 Structure of the Progesterone and Estradiol Receptors

The classical, well-studied mechanism by which steroids influence cells is via
nuclear receptors. Progesterone works mainly by two distinct isoforms of the recep-
tor: A (PGRA) and B (PGRB), which are encoded by the same gene but are tran-
scribed under the influence of two different promoters. The bovine PGR gene consists
of eight exons and is located on chromosome 15 [1]. The specific element that dif-
ferentiates PGRB from PGRA is an additional section located at the N-terminal end
of the protein. The length of this section ranges from 128 amino acids in chickens [2]
to approximately 164 amino acids in humans [3]. The receptor protein is composed
of a number of different regions, which are responsible for different functions of the
receptor. Starting from the N-terminus part of the PGR, there are two domains: AF-1
and AF-3 (Fig. 5.1), which bind transcriptional factors that are responsible for the
activation of the appropriate promoter and turn on transcription of the isoforms. The
AF-1 domain is present in both isoforms of PGR, but AF-3 is only found in isoform
B. The AF-1 domain is located upstream in the inhibitor domain (IF), which includes
approximately 140 amino acids. The antagonist receptor is connected to this domain
and thereby inhibits receptor activity. AF-3 contributes to PGRB transcriptional
activity by suppression of the IF domain activity, which is contained within the
sequence common to PGRA and PGRB [4]. The most conserved part of the receptor
isoforms is the DNA-binding domain (DBD), adjacent to the AF-1 domain. It con-
tains approximately 66 to 68 amino acids that form two zinc fingers; these are
responsible for the interaction of a hormone—receptor complex with the appropriate
regulatory sequences within the promoter of the target gene and therefore regulate
transcription [4]. A ligand-binding domain (LBD) is located on the C-terminal
domain of the DBD. An additional AF-2 domain is found in this part of the receptor,
which is responsible for the activation of the receptor by connecting transcription
factors. Moreover, the AF-2 domain binds an inactive receptor with heat shock pro-
teins (HSPs), and it is also responsible for receptor dimerization [3]. PGRA and
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Fig. 5.1 Schematic representation of the human progesterone receptor gene and protein domains
of progesterone receptor (PGR) B (PGRB), progesterone receptor A (PGRA), and progesterone
receptor C (PGRC) isoforms. In humans, the progesterone receptor gene consists of eight exons.
All receptor isoforms are transcribed from the same gene but are under the influence of different
promoters. DBD DNA-binding domain, LBD ligand-binding domain, AFI-AF3 activation
domains, /D inhibitory domain

PGRB affect the target genes in a different manner. PGRB is a potent activator of
progesterone-dependent genes in different cells. When both PGR isoforms are acti-
vated in the cell, PGRA acts as a potent inhibitor of PGRB and decreases the effect
of P4 on target cells [5].

Moreover, in human breast cancer cell lines, but not in the CL, isoform C (PGRC)
was found, which does not have one of the zinc fingers in the DBD domain [6] and
therefore shows no transcriptional activity. The sequence of PGRC is limited to the
full ligand-binding domain (LBD), and the sequence responsible for the dimeriza-
tion and receptor localization is in the nucleus. PGRC exhibits the ability to bind P4
and its antagonists with the same affinity as PGRA and PGRB. The action of PGRC
is not yet fully understood, but it has been claimed it can form heterodimers with the
isoforms PGRA and PGRB, thus controlling their transcription properties [7].

In the CL, there are two types of estradiol receptors (ERs): alpha (ERa) and beta
(ERP) [8, 9], which are encoded by two separate genes (ESR1 and ESR2) [10]. Both
receptors have a modular structure and contain all the domains typical for the con-
struction of nuclear receptors.

5.3 Activation of the Steroid Receptor

Receptor activation involves the conversion of the biologically inactive form of the
receptor to the active form that is capable of binding to genes and regulating their
transcription. The inactive form of the receptor is associated with a complex of
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chaperone proteins including HSP 90, HSP 70, p23, and immunophilins [11].
Formation of this intermediate complex requires energy released from ATP break-
down, which suggests involvement of phosphorylation processes. P4 binding initi-
ates activation of the receptor, which entails a change in the conformation of the
receptor and disconnection of the chaperone proteins, leading to unveiling of the
DBD and nuclear translocation (Fig. 5.2). This process also requires energy from
ATP breakdown [12]. Phosphorylation of the receptor causes a change in electric
charge, which causes further changes that enable receptor dimerization. Both PGR

Cell
membrane

Nucleus

transcription

Fig. 5.2 Schematic illustration of PGR receptor action. The inactive form of the receptor is
located in the cytoplasm and is associated with a complex of chaperone proteins. Progesterone
penetrates the cell membrane and connects to the LBD of the receptor. Aggregation of the hormone
causes disconnection of the associated chaperone protein complex and dislocation of the receptor
to the nucleus where it undergoes dimerization. Receptor dimers connect to the hormone response
element (HRE) located within the specific gene promoter. After activation of the receptor dimer by
the receptor coactivators, the transcription process begins. P4 progesterone, /F' immunophilins,
HSP heat shock protein
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isoforms, PGRA and PGRB, can bind as a homodimer A:A, a homodimer B:B, and
a heterodimer A:B. Dimerization consequently modulates the transcriptional activi-
ties of PGR and determines the diversity of physiological responses associated with
P4 action [3]. After translocation to the nucleus, receptors bind (as a dimer) to a
hormone response element (HRE), which is located in the promoter of a target gene.
The next step is connection of coregulators to the receptor dimer, and then, the tran-
scription process of the target gene is initiated or inhibited [13]. The activation of
ERs is also followed by a classical pattern of nuclear receptor activation [10].

5.4 Regulation of Steroid Receptor Transcriptional Activity

Coregulators are a large group of transcription factors that regulate gene transcrip-
tion activated by P4. They interact with the AF-2 domain of the receptor without
binding to the DNA of the target gene sequence [14]. There are two groups of coreg-
ulators: coactivators that enhance the transcription of genes, and corepressors, which
are proteins that inhibit the transcription of genes. The main PGR coactivators are
representative of steroid receptor coactivators, which contain SRC-1, SRC-2, SRC-
3, and the CREB-binding protein (also described as CREBBP or CBP), which
includes CBP and p300 protein [15] and also the P300/CBP-associated factor (p/
CAF) (also described as K(lysine) acetyltransferase 2B; KAT2B) [16]. Moreover,
there are proteins that do not belong to any of these groups of coactivators, including
L7/SPA, RIP140, TIF1, ARA70, HMG-1/2E6-AP, and RPF-1 [17]. The coactivators
interact with PGR through the highly conserved motif known as the “NR box,”
which consists of three leucine amino acids and two unspecified amino acids (Leu-
X-X-Leu-Leu motif) [18, 19]. Coactivators also have the activity of histone acetyl-
transferase (HAT), which transfers an acetyl group from acetyl CoA to lysine amino
acids on histone proteins, leading to their acetylation and causing loosening of chro-
matin and, consequently, greater availability of transcription factors and polymerase
to the appropriate gene sequence. This process is also referred to as transformation
of heterochromatin to euchromatin [20]. Another group of coregulators are core-
pressors, which include two main proteins: nuclear receptor corepressor (N-CoR)
and silencing mediator for retinoid and thyroid hormone receptor (SMRT) [19].
Corepressors also have a conservative sequence containing additional amino acids
compared to the “NR box” forming the following sequence: Leu-Leu-X-X-X-Ile-X-
X-X-Leu. This motif is defined as a CoRNR (‘corner’) box and is responsible for the
interaction of the corepressor with the PGR receptor [21]. Corepressor proteins are
connected with histone deacetylases (HDACs), which, in contrast to the HAT,
remove an acetyl group from the lysine amino acid on a histone; this results in an
increase in chromatin condensation and transcription of the target genes not being
initialized [22]. We recently found that mRNA expression of the coactivator P300/
CBP-associated factor (PCAF) and nuclear receptor corepressor (NCoR) are posi-
tively correlated with luteal level of P4 and negatively correlated with mRNA
expression for both PGR isoforms in the CL during the estrous cycle in cows
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(unpublished data). This finding indicated that coregulator involvement is an impor-
tant step in the regulation of PGR isoform action in the CL. Transcriptional activity
of ERs is also regulated by the same groups of coregulators [10, 23].

Other factors involved in the regulation of PGR activity are their antagonists.
These compounds negatively regulate receptor interaction with HRE and weakly
bind or prevent proper binding of agonists to the receptor, which impairs the activa-
tion of the receptor. One of the PGR antagonists is mifepristone (RU 486), which
competes with greater affinity than P4 for the LBD [24]. The removal of 42 amino
acids from the C-terminus of the receptor abolished P4 binding to the LBD but had
no effect on RU 486 binding [25]. However, a single substitution of Gly-Cys amino
acids at position 722 of the LBD inhibited binding of the antagonist to this domain
and did not affect the binding of P4 to the LBD [26, 27]. The inhibition of PGR may
occur in different ways. Antagonists modify the C-terminus segment of the receptor,
which is followed by the blockade of coactivators binding to the AF-2 domain, lead-
ing to a lack of receptor activation [28]. Full activity of PGR requires interactions
between the C- and N-terminus parts of the receptor. RU 486 causes conformational
changes in PGR that inhibit this interaction, and as a result, none of the coactivators
can be attached to the receptor [29]. Receptor antagonists may also act indirectly, by
interaction of PGR with another transcriptional factor, as this happens when HRE of
the receptor is partially overlapping with the transcription factor-binding site. For
example, RU486 induced inhibition of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activity associated with blocking of PGR receptor activity.
Moreover, Rothchild [30] suggested that RU486 after binding to PGRA may act as an
inhibitor of the receptor; however, after connection to the PGRB isoform, it may be a
highly active agonist of the receptor, as was found earlier [31, 32]. A similar effect of
PGR antagonists was observed in bovine endometrial cells. Both ZK299 and RU486
appeared to affect the mRNA and protein expression levels of the PGRA and PGRB
isoforms. Thus, the final physiological effect evoked by an antagonist depends on the
PGR isoform that is bound to it [33].

5.5 Progesterone and Estradiol Receptor Isoforms in the CL

The variable expression of isoforms PGRA and PGRB during the estrous cycle has
been observed in the CL. The profile of their expression is similar; however, PGRB
mRNA levels are minor than those of PGRA mRNA in human (100-1000 times)
[34] and bovine CL (500-2000 times) [35]. The highest level of PGRA and PGRB
mRNA in the human [36] and bovine [35] CL is at the beginning of the ovarian
cycle, and thereafter it is gradually decreased (Fig. 5.3). Sakumoto et al. [37] sug-
gested that, in the newly formed CL, high PGR mRNA and protein expression
appeared to be related to the increase in the number of blood vessels that occur in the
CL. Additionally, an increase in PGR mRNA expression may also be induced by the
LH surge in granulosa cells of preovulatory follicles in cattle [38], and in this way
PGR signaling pathways may help mediate the effects of the preovulatory LH surge
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Fig. 5.3 Graphic demonstration of the influence of P4 on the mRNA level of PGRA and PGRB
isoforms. A high concentration of P4 within luteal cells induces the expression of PGRA mRNA
expression, which results in the repression of PGRB mRNA transcription and finally reduces the
cell response. A low level of P4 may decrease the expression of PGRA mRNA followed by an
increase in PGRB mRNA transcription. This will induce PGR action and increase the cell response
to P4. White arrows impact of high P4 concentrations; black arrows impact of low P4 concentra-
tions [36]

on follicle rupture in cattle. Moreover, the LH surge increases the oxytocin (OT)
level and mRNA expression for the oxytocin receptor in the newly formed
CL. Because OT is involved in the regulation of P4 production in the bovine luteal
cells, it thus forms a positive feedback loop with P4 [38, 39].

Earlier studies by Misao et al. [36] on human CL suggested that a high concentra-
tion of P4 within luteal cells induces the expression of PGRA mRNA expression,
which results in repression of the transcription of PGRB mRNA, and the effects of
P4 in the luteal gland are suppressed [36]. On the other hand, a low level of P4 may
decrease the expression of PGRA mRNA, which is followed by an increase in PGRB
mRNA transcription: this will induce PGR action and increase the effects of P4 in
target cells (Fig. 5.3). However our recent studies in cows revealed the expression of
mRNA for PGRA and PGRB decreases from day 6 of the estrous cycle in the CL [35]
(Fig. 5.4) along with an increasing concentration of P4 in the CL. So, it is possible
there are essential differences between species in regulation of PGR isoform expres-
sion. Progesterone was also found to enhance its own effect by increasing the activity
of 3-beta-hydroxysteroid dehydrogenase (3p-HSD) on days 610 of the estrous cycle
in cows [40] and to stimulate gene expression of 3B-HSD, steroidogenic acute regula-
tory protein (StAR), and cytochrome P450scc [41] without affecting the level of
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Fig. 5.4 Progesterone receptor isoform mRNA (mean+SEM; n=4 per stage) levels in bovine
corpora lutea collected on days 1-5, 6-10, 11-16, and 17-20 of the estrous cycle and 3-5, 6-8, and
9-12 weeks of early pregnancy. The probe and primers for the PGRA isoform were designed
against the sequence common to both isoforms; therefore, the mRNA expression determined was
the total mRNA expression for both isoforms A and B (PGRAB). The mRNA level for PGRA was
obtained after subtracting the mRNA level of PGRB from the mRNA level of PGRAB. (a) PGRB
mRNA levels; (b) PGRAB progesterone receptor mRNA levels; (¢) PGRA mRNA. Values with
different superscripts are significantly different (P <0.05). Reproduced with permission from [35]
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mRNA for total PGR in the CL of the cycling cows [42, 43]. Furthermore, luteotro-
phic factors (e.g., LH, E2, and PGE2) affect the expression level of mRNA in contrast
to the NO donor (NONate) and inhibitor of cytochrome P450scc (aminoglutethi-
mide), and in this way, they modify the action of P4, as shown in the endometrial
cells from cycling cows [44].

Toward the end of the estrous cycle, P4 production is markedly reduced, which
entails a decrease in the mRNA and protein concentration of PGRA and PBRB to
their lowest levels [35]: this is the effect of luteolysis initiation and intensification of
luteal cells apoptosis, characterized by changes in the nucleus structure, chromatin
condensation, and the DNA cutting by endonucleases [45]. Thus, it is possible that
the decrease in the level of mRNA and protein expression of both PGR isoforms is
a part of the luteolytic events.

During the initial period of pregnancy, the expression of mRNA and protein for
both receptor isoforms is low, but it increases as pregnancy progresses [35] (Fig. 5.4).
At that time, relatively intense secretion of P4 also occurs, which is followed by a
decrease in the transcription of both PGR isoforms. At approximately 45 days of
pregnancy, the placenta becomes an additional source of P4 [46]. Thus, the local
countercurrent transfer of P4 from the uterus to the ovary [47] may increase the
impact of P4 on the CL. As a result, the increased impact of P4 on luteal cells can
lead to higher mRNA and protein expression levels for each isoform. Additionally,
the ratio of PGRA to PGRB may indicate predominance of isoform B over isoform
A at the beginning of pregnancy, which is a crucial period for embryo development.
However, secretion of P4 from the placenta may account for the alteration of the
PGRA:PGRB ratio and may lead to a modification of cell responsiveness to P4 [48].

A different response of P4 action during the estrous cycle in the CL of monkeys
has been reported. Although the P4 profile is similar to that of humans [49], the level
of PGRB protein expression in the luteal tissue predominates, and this persists for
the duration of the estrous cycle. However, the protein expression of PGRA decreases
from its highest level at the early phase of the estrous cycle to its lowest level at the
end of the cycle [50]. These data indicated that PGRA is not the dominant isoform
in all species and suggests different regulation of PGR isoform expression in luteal
cells of different species.

The highest mRNA expression for ERa was detected in the bovine CL during the
early luteal phase, followed by a significant decrease to the end of the estrous cycle.
In contrast, ERB mRNA expression is relatively high during the early stage, decreases
during the mid-stage, and increases significantly again during the late luteal phase
and after CL regression [8]. These data suggested that both isoforms of ERs are
involved in CL formation, but that ERp may also take part in luteolysis.

5.5.1 Nongenomic Effects of Steroid Action Hormones in Cells

Steroids can also affect cells by a nongenomic mechanism in which the effects of the
hormone are observed after a very short time following its application (i.e., several
seconds or minutes) and are not diminished by inhibitors of transcription and
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translation [51-53]. These nongenomic actions of P4 and E2 have been demon-
strated in several tissues from the female reproductive tract in different species [54—
58], including that of cows [59—62]. The mechanism of this steroid action is not fully
understood. It has been proposed that the cytoplasmic fractions of nuclear PGR,
mainly isoform B, may participate in the nongenomic signaling pathway of P4 [63].
However, this rapid action of P4 has also been observed in cells lacking PGRs, and
several studies have shown that it is initiated at the cell membrane [52, 56-58].
Hence, the following putative mechanisms have been suggested: (a) P4 modulates
other membrane receptors or impairs the binding of these receptors with their
ligands, as has been demonstrated for the OT receptor [51, 59]; (b) P4, as a lipophilic
substance, may modify the fluidity of the cell membrane and thus alter the affinity
of other membrane receptors for their ligands [64]; and (c) P4 could interact with
specific proteins that function as a membrane progesterone receptor [52, 56, 57].
This group consists of membrane progesterone-binding proteins such as the proges-
terone receptor membrane component (PGRMC) 1 and 2 and the membrane proges-
tin receptors (mPR) alpha (mPRa), beta (mPRf), and gamma (mPRy) (Fig. 5.5).
Similarly, estradiol may also affect the cell in a nongenomic manner via ERa and
ERp and the G protein-coupled estrogen receptor (GPR30 or GPER1) localized in
the cell membranes [65, 66].

The presence of membrane proteins that bind steroids ensures the generation of a
more rapid cellular response compared with the genomic responses to the steroid.
This mechanism allows the target cells to respond quickly to changes in the hor-
monal milieu and modulate the cell response elicited by the signals that activate the
genomic mode of action. Therefore, it is possible that P4 and other steroids can
activate the synthesis of new proteins within cells, and at the same time, they can
initiate a series of changes at the level of the cell membrane. This effect of steroid
hormones can essentially affect cell sensitivity to P4 and to other hormonal factors.

5.5.2 PGRMCI and PGRMC?2 Structure, Expression,
and Function

PGRMCI1 and PGRMC?2 belong to a family of membrane-associated progesterone
receptor (MAPR) proteins [53, 56, 57]. PGRMC1 protein was isolated for the first
time from porcine vascular smooth muscle cells [54]. This protein is composed of
194 amino acids [54] with a molecular weight of approximately 25-28 kDa in dif-
ferent species [52, 57, 67]. It contains a short N-terminal extracellular domain, a
single transmembrane domain, and a cytoplasmic domain with a sequence that binds
cytochrome b5 and steroids, and it also contains three Src homology domains that
are involved in ligand-dependent signal transduction [52, 57, 67]. PGRMC1 protein
is localized mainly to the cell membrane [52, 68—70] but is also found in the endo-
plasmic reticulum and the Golgi apparatus of rodents and humans [52, 54]. The
expression of PGRMC1 mRNA/protein was detected in human [71], mouse [72], rat
[73], and cow [74, 75] granulosa and luteal cells.
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Fig. 5.5 Hypothetic model of progesterone (P4) action in the cell. In the genomic pathway, P4
binds to the nuclear progesterone receptor (PGR) and activates PGR gene expression, which stimu-
lates or inhibits the cellular synthesis of proteins. This pathway requires a long time from hormonal
activation to induction of a biological effect. In the nongenomic pathway (/), P4 can bind to the
membrane progestin receptor (mPR) and activate the mitogen-activated protein (MAP) kinas