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iii
ABSTRACT: THE RISE AND FALL OF THE BOVINE CORPUS LUTEUM
Heather A. Talbott, Ph.D.
University of Nebraska, 2017

Supervisor: John S. Davis, Ph.D.

This dissertation describes a study of the mechanisms regulating the genesis and subsequent
involution of the temporary endocrine structure, the corpus luteum (CL), through the use of a
bovine model. The CL is essential for maintaining a suitable uterine environment for embryo
implantation and early development through secretion of the steroid hormone progesterone. The
“Rise and Fall” of the CL occurs within each estrous cycle whereby the CL must form from the
ruptured follicle, secrete sufficient progesterone for uterine maturation, and at the end of the cycle
(or pregnancy) regress to allow new follicular development. During the rise of the CL, the
composition and regulation of lipid droplets (LDs) were studied and it was determined that LDs
are a common luteal cell structure formed by day 3 post-ovulation, and store both cholesteryl
esters and triglycerides. Additionally, the LD-associated proteome was examined and established
that steroidogenic enzymes are enriched in purified LD fractions. Demonstrating that luteal LDs
may serve as critical mediators of steroidogenesis by storing steroid precursors in close
association with steroidogenic enzymes. At the fall of the CL, alterations in the luteal
transcriptome revealed changes consistent with early activation of cytokine signaling. One such
cytokine, C-X-C motif chemokine ligand 8 (previously IL-8), was assessed for its ability to
regulate luteal cell function. CXCL8 expression was determined to be induced in bovine luteal
cells via p38 and JNK signaling and could induce bovine neutrophil migration. However,
neutrophils had no effect on progesterone secretion unlike activated peripheral blood
mononuclear cells which could inhibit luteal cell progesterone secretion. In total, the studies
described herein indicate that both LDs and cytokines play important roles in CL development,

function, and regression.
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GRAPHICAL ABSTRACT
The Rise and Fall of the Bovine Corpus Luteum

The Rise P The Fall

Uterus

Ovulation ~ Regressing CL

Follicle Corpus Albicans

Diagram depicting the rise (left) and fall (right) of the bovine corpus luteum (CL).
Development of the CL begins from a mature follicle (bottom left) with a well vascularized
theca layer and multi-layered mural granulosa cells. Ovulation of the follicle begins the
transformation into a functional CL (top) through angiogenic growth into the granulosa layer
and differentiation of granulosa and theca cells into large and small luteal cells. During CL
development, lipid droplets (LDs) form and store cholesteryl esters. These LDs maybe an
important source of luteinizing hormone (LH)-stimulated progesterone synthesis. At the end
of the estrous cycle, prostaglandin F2alpha (PGF2a) released from the bovine uterus will
trigger luteal regression, in part through stimulation of cytokine and cytokine signaling events.
These processes result in decreased progesterone production and involution of the CL.
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CHAPTER 1: INTRODUCTION

Luteal Lipid Droplets and Metabolic Pathways
Regulate Steroidogenesis in the Corpus Luteum =

Abstract
This review focuses on recent advances in the understanding of metabolic processes used by

the corpus luteum to control steroidogenesis and other cellular functions. The corpus luteum (CL)
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 cellular metabolism. Emerging evidence demonstrates that luteinizing hormone (LH)
via activation of the cAMP and the protein kinase A (PKA) signaling pathway stimulates the
phosphorylation 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 adenosine
monophosphate (AMP)-activated protein kinase (AMPK) can inhibit steroidogenesis by
interrupting 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 metabolism.
Knowledge of metabolic pathways in luteal cells is fundamental to understanding events that

control the function and life span the corpus luteum.

= The material presented in this chapter was previously published: Talbott and Davis. Lipid Droplets and
Metabolic Pathways Regulate Steroidogenesis in the Corpus Luteum. The Life Cycle of the Corpus Luteum
2017 161
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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 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 which 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 *,
cardiac myocytes °, macrophages °, and steroid-secreting cells "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 ). However, LD formation and presence in
steroidogenic tissues such as the ovarian follicle and corpus luteum appears to be non-

pathological and required for healthy, fully-functional steroidogenic ovarian cells.

1.1.Lipid droplets

Recent reviews point to cytoplasmic LDs as critical mediators of metabolic health and disease
1810 "Intracellular LDs store triglycerides and cholesteryl esters as reservoirs for energetic
substrates (fatty acids) or cholesterol for membrane biosynthesis or sterol production 2, They
also serve to protect cells from lipotoxicity 3. The key to understanding LD size and activity is
the presence or absence of specific LD coat proteins 4. The family of perilipin (PLIN) proteins
(PLIN1-5) serves as LD coat proteins and organizing centers for enzymes and transporters in lipid
metabolism %, The PLIN family of proteins is composed of PLIN1 (also called perilipin),

PLIN2 (adipophilin or ADRP), PLIN3 (previously Tip47), PLIN4 (previously S3-12) and PLIN5
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(previously OXPAT). PLIN1 and PLIN4 are highly expressed in white adipose ¢; whereas
PLINZ2, PLIN3 and PLIN4 are widely expressed; PLINZ2 is abundant in liver and PLINS5 is found
in oxidative tissues like heart and brown adipose 8. Plin1 null mice have a distinct phenotype of
reduced fat mass, increased lipolysis and increased B-oxidation °. Plin2 null mice are resistant to
high fat diet-induced obesity %°, and Plin3 compensates for the loss of Plin2 in these mice 2.
Inactivation of Plin4 down-regulates Plin5 and reduces cardiac lipid accumulation in mice . It
seems, therefore, that the level of PLIN proteins in specific cell types regulates lipolysis in target
tissues. Reports in the monkey 2% and mouse 2 indicate that the ovary expresses PLIN2, an LD
coat protein associated with cholesteryl ester storage °. We have found that the bovine corpus
luteum predominantly expresses MRNA for PLIN2 and PLIN3 with low levels of PLIN1, a
different pattern of PLIN transcript expression when compared to adipose tissue (Figure 1-1 A).
Bovine large and small luteal cells express comparable levels of PLIN2 and PLIN3 mRNA but
different levels of PLIN1 and PLIN4 mRNA (Talbott, Krauss, and Davis, unpublished). Exactly
how the LD-associated PLINs impact luteal LDs and steroidogenesis 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 26-2¢, A current
view of the mechanisms regulating lipolysis in adipose tissue suggests that the LD-associated
PLIN1 coats the LD and functions as a scaffold in the regulation of lipolysis 1%2%3, Under basal
conditions, PLIN1 acts as a barrier to the hydrolysis of lipids within the LD by preventing access
of adipose triglyceride lipase (ATGL) and HSL, the major lipases in adipose cells. Following 3-
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 3. The
phosphorylation of HSL facilitates its association with the LD and with lipid substrates once

associated with the LD 32 permitting lipid hydrolysis to proceed. Phosphorylation of HSL by PKA
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occurs on multiple sites, including Ser-563 and Ser-660, which stimulate catalytic activity and
translocation of HSL to LDs 3%, 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 *’. Thus, hormonal cues that signal for elevations in systemic
energy stimulate PKA to phosphorylate HSL which contributes to lipolysis to maintain energy

homeostasis.

The presence of both PLIN coat proteins ** and HSL *° 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 substrate for synthesis of steroids such as
progesterone, which is an obligate precursor of all biologically active steroids. Studies with HSL-
null mice revealed that knockout of HSL resulted in decreased steroidogenesis in the adrenals and
inhibited sperm production in the testis “>4!, These findings suggest that HSL is involved in the
intracellular processing and availability of cholesterol for adrenal and gonadal steroidogenesis.
Manna et al. recently reported that activation of the PKA pathway in MA-10 mouse Leydig cells,
the testosterone-producing cells of testes, enhanced expression of HSL and its phosphorylation at
Ser-563 and Ser-660 “2. Inhibition of HSL activity suppressed cAMP-induced progesterone
synthesis and resulted in increased cholesteryl ester levels in MA-10 cells. Also of interest is a
report ** demonstrating an interaction between StAR (steroidogenic acute regulatory protein) and
HSL in the rat adrenal following treatment with adrenocorticotropic hormone. Co-expression of
StAR and HSL resulted in elevated HSL activity and mitochondrial cholesterol content. These
observations suggest that the proteins that produce and transport cholesterol may co-localize in
LDs and mitochondria. Furthermore, we have observed that mitochondria are closely associated
with cytoplasmic LDs in bovine luteal cells (Figure 1-1 B) indicating that luteal LDs and

mitochondria may interact to facilitate steroidogenesis. While the evidence points to an important
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role for HSL in steroidogenesis, there is little information concerning the LD and the events that

control these early steps in ovarian steroidogenesis 4.

Despite the renewed interest in cytoplasmic LD as platforms for cell signaling, interactions
with other organelles, and metabolic control 4546, 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 4" and 3T3-L1 adipocytes 64,
rat liver and mouse muscle tissue %*°1, and human cell lines °2-%4]. Khor et al. 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 triacylglycerides, respectively °.
When comparing the LD proteomes a large number of proteins (278) 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 triacylglycerol-rich LDs. Notably, they identified steroidogenesis
associated proteins, Hsd3b1, 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 °¢, and mouse testes °’ 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 predominantly contain PLIN2 and PLIN3
coat proteins, as well as HSL, HSD3B1, CYP11A1, and StAR. Collectively, these studies
indicate that the LD may serve as a novel hormonally-responsive platform that is essential for

steroidogenesis.
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Comprehensive analysis of the lipid composition of LDs in other tissues is just beginning to
be evaluated 8. 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 *°. 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 , pigs %2, sheep © and humans . These studies
reported that cholesteryl esters and free fatty acids remain relatively constant during the
functional phases of the luteal lifespan while triglycerides 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 -7, The small luteal cells respond to LH
with large increases in progesterone secretion while 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 cells, although the basal and LH-stimulated progesterone secretion differ from
the bovine corpus luteum 8. 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 ATGL small luteal cells have large LDs, whereas large cells
have abundant dispersed small LDs (Figure 1-1 C & 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 secretion is

currently unknown. Studies in other tissues indicate that PK A-dependent phosphorylation of
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PLINZ1 induces dispersion of clustered LDs in HEK293 cells, fibroblasts, and 3T3L1 adipocytes
69.70, Based on these findings it seems possible 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 %,

Fatty acids (either synthesized de novo or provided by the hydrolysis of stored cholesteryl
esters, triglycerides or phospholipids) are essential for energy production 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 non-esterified fatty acids can be
detrimental to the cellular function °, Fatty acids are transported across the outer mitochondrial
membrane by carnitine palmitoyltransferase | (CPT1A), the rate-limiting step in fatty acid
oxidation. Fatty acids are consumed by mitochondria through p-oxidation to produce acetyl-CoA
and nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH,) for use
in the electron transport chain to produce adenosine triphosphate (ATP) 2. The hydrolysis of
cholesteryl esters by HSL liberates cholesterol and fatty acids (Figure 1-2). The fatty acids are
either re-esterified and stored in LDs or membranes or used for 3-oxidation producing reducing
equivalents and acetyl-CoA for the citric acid cycle 2. Although little is known about the role of
fatty acid B-oxidation in luteal cells, recent studies indicate that fatty acid B-oxidation plays a key
role in cumulus-oocyte complex metabolism and oocyte maturation 4, These studies found that
promoting B-oxidation with L-carnitine improved embryo development and pharmacologic
inhibition of fatty acid p-oxidation with etomoxir, a CPT1A inhibitor, impaired oocyte maturation
and embryo development. Steroidogenic tissues use glycolysis to support steroidogenesis ”,
however, it seems likely that the production of large quantities of progesterone by luteal cells
would also require B-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
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pronounced differences in the ability of large and small luteal cells to produce progesterone under
basal and stimulated steroidogenesis. Our preliminary studies indicate that CPT1A mRNA
expression in large luteal cells is 5.6 fold greater than in granulosa cells, whereas no difference in
CPT1A mRNA expression was observed between theca and small luteal cells. This data supports
our idea that B-oxidation may play an important role 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 ovarian disorders, and enhancing fertility.

1.2. AMP-activated protein kinase
AMP-activated protein kinase (AMPK) is a master regulator of cellular metabolism 726, The

AMPK complex is a heterotrimer consisting of an a catalytic subunit, and non-catalytic § and y
regulatory subunits ”’. Studies from a number of investigators demonstrated that AMPK is present
in the oocyte, granulosa and theca cells as well as luteal cells [reviewed in Bertoldo et al. ”®]. As
its name suggests, AMPK is allosterically activated by adenosine monophosphate, 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 that accelerate ATP consumption °. AMPK acts to restore energy homeostasis by
activating alternate catabolic processes generating ATP while inhibiting energy-consuming
processes, e.g., protein, carbohydrate, and lipid biosynthesis, as well as cell growth and
proliferation (Figure 1-3). AMPK acts via direct phosphorylation of metabolic enzymes, and by

longer-term effects via phosphorylation of transcription regulators 8,

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: 5-
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amino-imidazole-4-carboxamide riboside (AICAR) and C13, which are converted into AMP
analogs following cellular uptake. For example, AICAR, a widely used AMPK activator, is taken
into cells and then converted to the monophosphorylated derivative ZMP, which mimics the
effect of AMP both on the allosteric activation of the kinase and inhibition of the
dephosphorylation of Thr-172 on AMPK. Pharmacological AMPK activators (e.g., metformin,
berberine, resveratrol, and hydrogen peroxide) are typically viewed as metabolic poisons that
inhibit ATP synthesis and stimulate AMPK indirectly by increasing cellular AMP levels .
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, CAMKK2. The latter is activated when intracellular Ca?* is increased by the action of

hormones.

The 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 (Figure 1-3). 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 sclerosis proteins 8. Another immediate consequence of
enhanced AMPK activity is the phosphorylation of HSL at Ser-565, which precludes activation of
HSL by PKA . 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 phosphorylation of HSL at
Ser-563 and Ser-565 is mutually exclusive. Thus, in steroidogenic tissues, activation of AMPK

can inhibit HSL-mediated hydrolysis of cholesteryl esters and prevent the release of free
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cholesterol for steroidogenesis . The observation 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 (Figure 1-4).

Reports from the DuPont laboratory 848 demonstrate that AMPK activators metformin and
AICAR inhibit the secretion of progesterone and/or estradiol by granulosa cells in a manner
dependent on the state of cellular differentiation and the species investigated #8486, In rat and
bovine granulosa cells, AMPK activation induced by metformin reduced the expression of
mRNA for key enzymes required for progesterone synthesis, HSD3B1, CYP11A1 and StAR 8587,
In the human KGN granulosa cell line (Huang, Hou and Davis, unpublished) treatment with the
AMPK activator metformin inhibited StAR mRNA expression and progesterone 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 steroidogenic 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 8-,

Bowdridge et al. recently reported increases in the expression of AMPK a, 3, and y subunits
during the maturation of the bovine corpus luteum, with the exception of AMPK y1 and y2
subunits °X. 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 %, Goravanahally et al. ° reported that CAMKK2, 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 important physiologic
processes occur during this developmental period; 1) the corpus luteum develops its maximal
capacity for progesterone secretion and 2) the corpus luteum develops the capacity to undergo
luteolysis in response to PGF,. 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
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in steroidogenic cells would increase or decrease AMPK activity and impact steroid secretion.
Hou et al. % 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 indicated that the inhibition of MTOR
with rapamycin did not contribute to the reduction in LH-stimulated progesterone secretion. More
recently, Bowdridge et al. 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 indicating that the energy status of

luteal cells is an important regulator of steroidogenesis.

1.3.LH inhibits AMPK

The C-terminal domains of AMPK a subunit isoforms in vertebrates contain a
serine/threonine (ST)-rich insert of 50-60 amino acids, the so-called ‘ST loop’ %.
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 Thr-172 residue and contain a number
of regulatory phosphorylation sites. The best characterized of these sites is Ser-485 on the AMPK
al subunit. The Ser-485 site is phosphorylated by the cyclic AMP-dependent protein kinase, PKA
% or AKT °7, which subsequently inhibits the phosphorylation of the AMPK o, subunit Thr-172
residue by upstream kinases, LKB1 or CaMKK2 %, 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 also modified by
autophosphorylation %. Additionally, PKA can phosphorylate the Ser-173 residue (adjacent to
Thr-172 within the activation loop), which can inhibit Thr-172 phosphorylation %, 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
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phosphorylation of the AMPK substrate ACC *. Treatment with LH also increased

phosphorylation of AMPK on Ser-485, which is associated with inhibition of AMPK activity *.

In contrast to granulosa cells, bovine luteal cells contain the required steroidogenic 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 %1% and precede
the LH-induced increase in StAR expression, which is typically observed 2-4 hours after
treatment %2, These changes are associated with reduced phosphorylation of HSL at the inhibitory
AMPK phosphorylation 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 interaction among PKA and AMPK regulation of HSL is
shown in Figure 1-4. Physiologic conditions that increase the activity of AMPK require
phosphorylation of the AMPKa subunit on Thr-172 residues 2. This leads 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 AMPKa-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 provides cholesterol for progesterone synthesis.

1.4.PGF,, activates AMPK
Early studies established that PGF», binds to and activates its cognate G4 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 like

www.manaraa.com



13

the mitogen-activated protein kinases (ERK1/2, p38, and Jun N-terminal kinase (JNK)) % that
contribute to the induction of early responses genes like Finkel-Biskis-Jinkins murine
osteosarcoma viral oncogene homolog (FOS), Jun proto-oncogene (JUN ), early growth response
protein 1 (EGR1), and activating transcription factor 3 (ATF3) 1%5-1%8 While these early response
genes have been implicated in the luteolytic response to PGF,,, 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 acquisition of luteolytic capacity by bovine corpus
luteum 929310° Based on these observations it seems reasonable to predict that PGF», could
activate Ca?*/CAMKK2 pathways leading to the activation and phosphorylation of AMPK on

Thr-172.

Bowdridge et al. recently reported that PGF,, rapidly (2 min) and transiently stimulated the
phosphorylation of AMPK on the Ser-485 site in dispersed bovine luteal cells 2. The response
was prevented by treatment with STO-609, a CAMKK?2 inhibitor. Treatment with STO-609 also
prevented the modest inhibitory effect of PGF,, on progesterone synthesis in overnight
incubations of dispersed luteal cells®. In recent studies using bovine large luteal cells, we have
observed that PGF,, 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 phosphorylation of the AMPK target
ACC, indicating that AMPK was activated by PGF,,. The observation that PGF,, can target
multiple sites on AMPK is consistent with findings that PGF, activates multiple protein kinase
pathways in luteal cells; pathways linked to calcium signaling, protein kinase C, mitogen-
activated protein kinases, and MTOR signaling . While additional studies are needed to
determine exactly how PGF, regulates AMPK in luteal cells, it seems clear that activation of

AMPK with pharmacologic tools disrupts luteal progesterone synthesis (Figure 1-5). Studies are
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also needed to determine whether AMPK is activated in vivo during natural and PGF,, -induced
luteolysis. It is conceivable that changes in luteal blood flow, hypoxia, and the presence of
inflammatory mediators all contribute to altering the metabolic status of steroidogenic luteal cells,

resulting in the activation of AMPK and disrupting progesterone synthesis.

1.5. Autophagy

Autophagy plays an important role in cellular and tissue physiology 13, 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, microautophagy, and chaperone-mediated autophagy) have been
described, based largely on the processes by which cargo is delivered to 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 Il phosphatidylinositol 3-
kinase Vps34 complex (consisting of Vps34, Beclin 1, Vsp15 and Atgl4L), which produce a pool
of phosphatidylinositol-3-phosphate that is necessary for autophagosome formation; and a
complex of ubiquitin-like proteins: Atgl12, Atg5, Atgl16 and LC3-1 (Atg8) and their conjugation
machinery, which leads to the lipidation of microtubule-associated protein light chain 3 (LC3)
with phosphatidylethanolamine, a process required for autophagosome formation and closure.
The presence of LC3-11, 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 ** or germ

cell-specific deletion of Atg7 1*°* compromised autophagy in the perinatal mouse ovary resulting
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in the early loss of female germ cells. Loss of Beclin 1 (Becnl), which plays a central role in the
regulation of autophagy through activation of the Vps34 complex, also resulted in a significant
loss of germ cells at birth 4, These findings indicate that autophagy may promote survival 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 116117, Studies in the
rat support the idea that activation of the AKT/MTOR signaling pathway suppresses autophagy as

assessed by levels of LC3-11 in granulosa cells 6,

The presence of lysosomes and autophagosomes in the corpus luteum was described over 45
years ago 18121, Recent studies have documented the presence of autophagy-related proteins:
Beclin 1 and LC3 in the luteal tissue of rodents, cows, and humans 12225, However, in luteal
cells, it remains unclear whether a certain level of autophagy promotes cell survival versus cell
death. In the rat, LC3-1I positive autophagosomes were identified during the late luteal phase and
were correlated with luteal cell apoptosis 12>12°. Furthermore, treatment of rat luteal cells with
PGF,, under serum-free conditions increased autophagosomes, LC3-I1 protein, and luteal cell
apoptosis, suggesting that autophagy may be involved in luteal cell death. Choi et al. observed
that although PGF,, 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 1% It will be important to understand the
sequence of events in vivo and to determine whether the stimulatory effects of PGF,, on AMPK

activation are linked in some way to autophagy in the corpus luteum.

Gawriluk et al. reported that Becnl deficiency in the mouse ovary resulted in a reduction of
progesterone production and preterm labor 22, To avoid the loss of germ cells associated the
Becnl knockout animal, this group targeted Becnl deletion 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 Becn1 ablation, they found
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that Becnl abrogation resulted in a reduction of circulating progesterone in mid to late pregnancy.
The reduction in progesterone resulted in early parturition, which was reversed by treatment with
exogenous progesterone. Of relevance to luteal metabolism 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 synthesis of progesterone. Exactly how the reduction in LDs and reduced autophagy
contributed to reduced progesterone synthesis remains to be firmly established, but could be a
consequence of impaired lipid transport mechanisms and reduced expression of key receptors
(hormone and cholesterol-uptake) on the luteal cells 122, Studies in other systems indicate that
Becnl expression and activity is controlled via transcriptional regulation, miR-30a, and by post-
translational 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 reducing autophagy via suppression of the Becn1-dependent autophagy
pathway 128, Since PGF,, 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
104107 it is important to determine whether PGF,, inhibits autophagy through changes in Becnl

expression or activity during luteal regression.

It should also be appreciated that Becnl 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, Rockl, Mstl, and Mapk8, (death-associated protein kinase 1, rho-associated coiled-coil
containing protein kinase 1, macrophage stimulating 1, mitogen-activating protein kinase 8,
respectively), can positively or negatively regulate Becn1/Bcl2 effects on autophagy #’. Beclin 1
can also secondarily 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
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channel) family is also involved in ovarian apoptosis and autophagy regulation 2, VVdac2 directly
interacts with Bcl2-antagonist/killer 1 (Bakl) to inhibit its oligomerization, thus suppressing cell
apoptosis. Yuan et al. recently reported that VVdac?2 inhibits autophagy in the developing ovary by
interacting with Becnl and Bcl2L 1 to stabilize the Becnl and Bcl2L1 complex °. Recent work
by several groups has found a close relationship between autophagy and LDs **°%2, In particular,
LC3 ¥, ATG2 133, ATG7 ¥ and several VDAC %657 proteins are often associated with LDs and
appear to play important roles in LD formation and function. This suggests that events associated
with autophagy 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.

1.6.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 developing 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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Figure 1-1 — Lipid droplets in bovine large and small luteal
cells

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 mMRNA isolated from bovine fat
and luteal tissue. Panel B: Electron microscopy of LDs and
mitochondria (Mt) in a bovine luteal cell. Panels C 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 stained with adipose
triglyceride lipase (red) showing colocalization with the LDs and
the difference in LD morphology between small and large luteal
cells. Previously published in 6%,
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Figure 1-2 — Potential role of hormone-sensitive lipase
in luteal cells

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 pregnenolone by the cytochrome p450 side-
chain cleavage enzyme (CYP11ALl) in the mitochondria
and subsequently converted by the enzyme 3-hydroxy-
steroid dehydrogenase (HSD3B) to progesterone. The
released fatty acids (FA) are re-esterified and stored in the
lipid droplets or used for energy production by
mitochondrial B-oxidation. Previously published in 6,
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Figure 1-3 — Roles of luteinizing hormone and AMP-activated kinase in progesterone
secretion

Luteinizing hormone (LH) stimulates cCAMP 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 influence
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
inhibiting energy-consuming processes, i.e., 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 cholesterol. AMPK can be activated by the tumor suppressor kinase liver kinase
B1 (LKBL) and the Ca?*/calmodulin activated protein kinase CaMKK2, which is activated when
intracellular Ca?* is increased by hormones like PGF,,. Previously published in 2,
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Figure 1-4 — Potential mechanisms of activation and
inhibition of hormone sensitive lipase in luteal cells

Luteinizing hormone (LH) stimulates protein kinase A
(PKA)-dependent phosphorylation 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 phosphorylation 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.
Previously published in 2,
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LH and PGF,, have opposite effects on AMP-activated
protein kinase (AMPK). LH-dependent activation of
protein kinase A (PKA) activates of 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. Previously published in 1,
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CHAPTER 2: COMPOSITION OF THE LIPID DROPLETS OF THE BOVINE
CORPUS LUTEUM +

Abstract
Establishment and maintenance of pregnancy are dependent on the ability of the ovarian

corpus luteum (CL) to synthesize progesterone. The ovulatory surge of luteinizing hormone (LH)
prompts development of the CL and differentiation of the follicular cells. During differentiation,
there is an increase in expression of steroidogenic enzymes, proteins that transport cholesterol,
and lipid droplet (LD)-associated proteins important for storing cholesteryl esters (CE). Our
purpose was to identify the composition of LDs in ovarian steroidogenic cells. We hypothesized
that LDs are a common feature of steroidogenic luteal cells and could store CE. Bovine ovaries
with functional CLs at days 3 and 10 after ovulation were used for whole tissue analysis. Further
analyses were performed on isolated granulosa, theca, small, and large luteal cells. LDs were
isolated by a step-wise sucrose gradient for subsequent lipid and protein analyses. Luteal LD-
associated proteins were determined by Western blot and included classic LD-associated proteins:
PLINZ2, PLIN3, PLIN5, vimentin, and adipose triglyceride lipase (ATGL). The neutral core of
luteal LDs was composed primarily of triglyceride (TAG) (168 pmol/ug protein), diglyceride
(5.62 pmol/pg protein) and CE (2.78 pmol/pg protein). Compared to adipocyte LDs, bovine luteal
LDs were enriched in CE, and nearly all CE present in the CL tissue were present in the LD
fraction. The results indicate that bovine luteal LDs are not similar to LDs isolated from adipose

tissue and contain deposits of CE, although TAGs are still the predominant lipid species.

+ The material presented in this chapter is in preparation to be as submitted as a manuscript: Talbott et al.
Composition of the Lipid Droplets of the Bovine Corpus Luteum.
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2.1. Introduction

2.1.1. Formation and function of the CL

Multiple fertile cycles in mammals depend on the formation of a transient endocrine structure
in the ovary termed the corpus luteum (CL) 3. The CL forms at the beginning of each estrus
cycle and synthesizes progesterone, a hormone critical for early embryonic survival during
pregnancy >3’ The CL has a tremendous ability to synthesize progesterone, 40 mg/day in
humans %813, and the bovine CL can produce ~10-fold more progesterone than in humans 4,
Steroids in the bovine CL are derived primarily through high-density lipoprotein (HDL)-derived
cholesteryl esters 14143 with smaller amounts from low-density lipoproteins, and minor
contributions from de novo cholesterol synthesis 4. These cholesteryl esters can serves as
precursors for steroid synthesis after removal of the fatty acid. The CL provides an ideal tissue for
studying the mechanisms of steroidogenesis, due to its high steroidogenic output; therefore,
changes in steroid synthesis are easier to detect that may be masked in other tissues. As well,
progesterone is a necessary precursor of androgens, estrogens, glucocorticoids and

mineralocorticoids.

2.1.2. Luteal LDs

For over 40 years, luteal cells have been noted as containing LDs 4546, One report
determined that LDs made up 1.6-9.2% of identifiable subcellular components (mitochondria,
granules, etc.) during the functional life span of the CL /. Armstrong et al. demonstrated that in
rats and rabbits these LDs were primarily composed of cholesteryl esters and that treatment with
LH reduced the total amount of cholesteryl esters present 148, As well, several research groups
showed cholesterol and cholesteryl ester storage using the cholesterol sensing Schultz reagent -
154 Reports by Armstrong, Claesson, Gurarya, and others indicated that luteal LDs in various
species could be altered by treatment with LH and prostaglandin F2 a, which is important in the
involution of the CL 148.155-157  Additionally, they determined that the small luteal cells contained

~400 LDs/cell and large luteal cells had upwards of 1250 LDs/cell indicating a likely role for this
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common luteal cell structure %, Luteal LDs are postulated to store cholesteryl esters that could

be used for steroidogenesis **°.

2.1.3. Functional role of LDs

Lipid droplets are unique organelles that store neutral lipids within a phospholipid monolayer,
as opposed to the bilayer surrounding most other organelles #160-162 | D-associated proteins coat
the LD, often through unique domains that allow for interaction with a monolayer 17:29.163.164,
These proteins can protect the LD-contained lipids from hydrolysis, as well as protect the cell
from toxic lipid accumulations 6. As well, the LD coat proteins can interact with proteins that
insert new lipids into the LD core, export and/or modify the neutral lipids for use in the cell.
Finally, the coat proteins allow the trafficking and association of LDs with other cellular
structures %518 |_Ds have been most extensively studied in adipose cells, where they form large
unilocular droplets 1% though, LDs have been observed in nearly every tissue, as well as
organisms from all domains of life *°. However, in many of these conditions, other than adipose
tissue, LD formation is related to pathological conditions, usually due to an oversupply of fats,
including the foamy macrophage in atherosclerotic lesions, and fatty liver disease due to liver

damage 4,162,170,171

2.2. Materials and Methods

2.2.1. Animals

Post-pubertal multiparous female cattle (n = 15) of composite breeding (%2 Red Angus,
Pinzgauer, Red Poll, Hereford and ¥2 Red Angus and Gelbvieh) were synchronized using two
intramuscular injections of PGF2a (25mg; Lutalyse®, Zoetis Inc., Kalamazoo Michigan, MI) 11
days apart. At day 3 or day 10 after ovulation, 3-5 cows were subjected to a bilateral ovariectomy
through a right flank approach under local anesthesia 272’8, The CL was removed from the ovary,
weighed and < 5 mm? sections were snap-frozen in liquid N, for subsequent protein and RNA

analysis. All animal procedures were completed under an IACUC-approved protocol and
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performed at the University of Nebraska—Lincoln, Animal Sciences Department. Statistical
differences in animal characteristics were determined using one-way analysis of variance in

GraphPad Prism (La Jolla, CA).

2.2.2. Lipid droplet staining in luteal tissue
Tissue sections were frozen in optimal cutting temperature (O.C.T.) compound (Tissue-Tek)

transported back to the lab on dry ice. Frozen samples were kept at -80 C until sectioning using a
Leica CM3050S instrument and attached to silane-coated slides before fixation in 10%
phosphate-buffered formalin for 1 h. Fixed slides were stained with oil red O and counterstained
with Harris” hemotoxin using an automated slide staining setup at the University of Nebraska
Medical Center Tissue Sciences Facility. Slides were scanned at 40x using Ventana’s Coreo Au
Slide Scanner. Images were analyzed by Definiens Tissue Studio (Munich, Germany) to count

nuclei and area occupied by oil red O.

2.2.3. Transmission electron microscopy

Coronal sections (through the stomata) of luteal tissue were fixed in 3% (w/v)
paraformaldehyde and 0.2% glutaraldehyde in phosphate-buffered saline (PBS), pH 7.4, post-
fixed in 2 % OsO., resin-embedded, and ultra-thin sectioned for electron microscopy.
Transmission electron microscopy (TEM) images were captured using a Hitachi H7500 at the
University of Nebraska-Lincoln Center for Biotechnology. Three images (magnification: 8,000x)

from each CL were used for quantification of LD number and area using ImageJ 7.

2.2.4. lIsolation of large and small luteal cells

For luteal cell preparations, bovine ovaries were collected during early pregnancy (fetal
crown-rump length < 12 cm) from a local abattoir (JBS USA, Omaha, NE) and transported to the
laboratory on a cold pack. The luteal tissue was dissociated with collagenase as described
previously 173, The cell viability was determined by the trypan blue exclusion test, and luteal cell

preparations with more than 90% viability were used. Small and large luteal cells (SLC, LLC
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respectively) were isolated essentially as previously described 1%. Briefly, the mixed luteal cells
were resuspended in elutriation medium (calcium-free Dulbecco’s modified eagle medium
(DMEM) [US Biological D9800-10], supplemented with 25 mM HEPES, 3.89 g/L sodium
bicarbonate, and 3 mg/mL glucose). Resuspended cells were subjected to centrifugal elutriation
with continuous flow using a Beckman Coulter Avanti J-20 XP centrifuge equipped with a
Beckman JE-5.0 elutriator rotor. The fractions containing SLC and LLC were pelleted and
resuspended in basal M199 (0.1% BSA, 100 U/ml penicillin-G-sodium, 100 pg/ml streptomycin
sulfate, and 10 ug/ml gentamicin sulfate). The average purity of SLC was 90% and LLC in were

75%.

2.2.5. Isolation of granulosa and theca cells

Follicular granulosa and theca cells were prepared from bovine ovaries collected from a local
abattoir (JBS USA, Omaha, NE). Large follicles (> 0.8 cm) were punctured with a 20-gauge
needle and follicular fluid was removed, the needle was reinserted and the granulosa cells were
resuspended in an equal volume of elutriation medium containing 20 pg/mL DNase
(Worthington). After the granulosa cells were removed, the follicle was opened and the theca was
removed from the surrounding stroma and stored in elutriation medium. Small antral follicles (<
0.8 cm) were opened with a scalpel and the granulosa cells were gently scraped from the follicle
wall using the blunt side of the scalpel and resuspended in elutriation medium. Theca were
removed from surrounding stroma and placed in Elutration Medium. Granulosa cells were
washed by centrifugation three times at 150 rcf for 5-10 min and filtration through a 70 pm mesh.
Theca cells were resuspended in 0.2 mg/mL Collagenase 2 (Atlanta Biologicals) in elutriation
medium and dispersed using constant agitation at 37 °C for 1 h. Dispersed theca were removed
from the undigested tissue by filtration through a 70 pm mesh then washed by centrifugation
three times at 150 rcf for 5-10 min. Red blood cells were removed by resuspending theca cells in

dH,O and immediate addition of 2x PBS.
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2.2.6. Lipid droplet staining in freshly isolated cells.

Cells in suspension were affixed to glass slides using Cytofuge (6.5 g, 5 min) and
immediately fixed in 10% phosphate-buffered formalin. Slides were washed well with PBS, then
stained with oil red O (ORO) in isopropanol for 15 min, rinsed with dH20 and then the nuclei
were briefly counterstained using filtered Harris’ hematoxylin. Coverslips were affixed using

fluromount G.

2.2.7. Progesterone assay

Jugular blood samples were collected into heparinized tubes and plasma samples were frozen
at -80 C until analysis could be performed. Progesterone concentration in plasma was determined
using a commercial radioimmunoassay (Progesterone CT 07-270102, MP Biomedicals, LLC,
Solon, OH). The intra-assay coefficient of variation of 9.13% and inter-assay coefficient of

variation of 7.99%.

2.2.8. Lipid droplet isolation from tissue
Tissue (~2.5 g) was washed thoroughly in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4).

Minced tissue was resuspended in 10 mL tissue homogenate buffer (60% sucrose w/v in TE
buffer containing protease and phosphatase inhibitor cocktail) and homogenized with a Teflon
Dounce homogenizer in a glass vessel. The post-nuclear supernatant (PNS) fraction was obtained
after centrifugation at 2000 rcf for 20min. The supernatant was loaded into a 30 mL
ultracentrifuge tube and overlaid sequentially with 40%, 25%, 10%, and 0% sucrose w/v in TE
buffer containing protease and phosphatase inhibitor cocktails. Samples were centrifuged at
110,000 X g (ravg) for 30 min at 4 °C with no brake in a Beckman Coulter Avanti J-20 XP
ultracentrifuge using an SW 32 Ti rotor. The LDs concentrated in a yellow/white band at the top
of the gradient were harvested and concentrated by centrifugation at 2000 rcf for 10 min at 4 °C

protocol was modified from 174175,
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2.2.9. Western blots

Tissue samples were weighed and homogenized (~100 mg/mL) in cell lysis buffer (20mM
Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton x-100, protease and
phosphatase inhibitor cocktails) using OMNI Tissue homogenizer then sonicated for 3 s. Lysates
were centrifuged at 18,350 x g for 15 min at 4 C and the supernatant was collected for SDS-
PAGE analysis. Protein concentration was determined by Bradford reaction (Bio-Rad 500-0006).
Aliquots of samples (10-30 pg protein) were suspended in protein loading buffer (50 mM Tris pH
6.8, 300 mM glycerol, 25 mM SDS, 45 mM DTT, 260 mM 2-mercaptoethanol, bromophenol)
separated on 10% SDS-PAGE gel and transferred to nitrocellulose membranes. Membranes were
blocked in TBST (10 mM Tris-HCI, 150 mM NacCl, 0.1% Tween 20; pH 7.5) with 5% fat-free
milk for 1 h at room temperature. Membranes were incubated either overnight at 4 C or for 2 h at
room temperature with primary antibody diluted in TBST with 1% non-fat milk or 5% BSA.
After washing, membranes were incubated for 1 h at room temperature with 1:20,000 anti-rabbit
or anti-mouse HRP-conjugated IgG diluted in TBST with 1% non-fat milk. After washing,

protein bands were detected with SuperSignal West Femto (Thermo).

2.2.10. Lipidomics
Lipids from CL tissue LDs were extracted using a standard Bligh and Dyer extraction

protocol ¢ and then dried and sent to Avanti Polar Lipids for lipidomics analysis. Extracts were
received as dried residues in glass vials and were immediately stored at -80 °C until analysis. The
samples were provided for lipidomic profiling of free sterols, cholesteryl esters, triacyl- and
diacyl-glycerols, phospholipids, and sphingolipids. The molecular species within each class were
identified, quantified and summed to report the average lipid profile of bovine luteal LDs. To
provide resolution and quantitative ability beyond the mass resolution of the tandem quadrupole
mass spectrometers employed, molecular species were resolved by reversed-phase liquid
chromatography in the presence of class and sub-class specific internal standard compounds

added to each sample. The compounds were detected by tandem mass spectrometry (MS/MS) for
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mass specific fragment ions according to lipid class and molecular weight of the compound,
known as multiple reaction monitoring (MRM). Selectivity was further enhanced by scheduling
the detection of each compound according to its elution from the high-performance liquid
chromatography (HPLC) column, known as scheduled MRM (sMRM). The semi-quantization
was calculated using the integrated area of each analytes MRM peak, divided by the appropriate
internal standard peak area, multiplied by its known concentration. Quantization of cholesterol
and cholesteryl esters were directly calculated with standards and internal standards from
calibration response curves. Lipid concentrations were normalized to the corresponding protein

concentration of each sample.

2.2.11. High-performance thin layer chromatography (HPTLC)

For lipid analyses, 0.25 mL of cell homogenate was extracted overnight with 2.5 mL of
chloroform-methanol (1:1). After removing insoluble material by centrifugation, lipid extracts
were washed according to Folch, Lees, and Sloane Stanley 7 before analysis. The cholesteryl
esters and triglycerides were separated by HPTLC on 10 cm plates using a single solvent system
described by Mangold and Malins 1960 178, The plates were prewashed by development with
chloroform-methanol-water (60:35:8) followed by chloroform-methanol-acetic acid-formic acid-
water (35:15:6:2:1). Lipids were dissolved in chloroform-methanol (1:1), and 10 uL was spotted
ina 0.6 cm line at the origin (1 cm above the bottom of the plate). The plate was developed using
petroleum ether (b.p. 60-70 °C)-ethyl ether-acetic acid (45:5:0.5). The plate was sprayed with
10% CuSO04 in phosphoric acid, and lipids were visualized by heating at 180 °C for 5 minutes.
The plates were scanned (instrument) and the images were analyzed using UVP Vision Works LS
software by calculating the area under the curve after lane specific straight line background
correction. A mixture of the following standard lipids was co-chromatographed:
phosphatidylcholine, cholesterol, triglyceride, cholesterol palmitate, oleic acid. Preliminary

analyses were completed to establish the linearity of detection for each lipid class to ensure that
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lipids did not exceed the linear range for quantitation. For every plate of cellular lipids, five lanes
of varying amounts of lipid standards were simultaneously run to generate standard curves for
quantitation. The amount of each cellular lipid was expressed as pg lipid/mg cell protein.

Adapted from 17°,

2.2.12. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Target transcript expression was evaluated by isolating RNA from target tissue, reverse
transcription of 1 ug RNA using SuperScript II Reverse Transcriptase (Invitrogen, Grand Island,

NY) followed by RT-PCR using gene-specific primers.

2.3.Results

2.3.1. Animals
Synchronized multiparous cows were subjected to a bilateral ovariectomy at either day 3 or

day 10 after ovulation. Day 10 CLs weighed significantly more than day 3 CLs (4.7 £ 0.46, 2.8 +
0.65 g, respectively). Serum progesterone concentrations were also elevated in day 10 (13.05 +

4.14 ng/mL, P = 0.2) compared to day 3 (4.85 + 1.47 ng/mL) (Figure 2-1).

2.3.2. Luteal LDs

Lipid droplets were a prominent feature in both day 3 and day 10 in vivo CLs, oil red O
staining of frozen section of luteal tissue demonstrated that oil red O occupied an area of 26-36
um? per nucleus regardless of luteal age (Figure 2-2, A- C). Analysis of TEM images did not
demonstrate a difference in the number of LDs in day 3 and day 10 CLs. As well, TEM images
demonstrated that LDs are abundant within luteal tissue, but characterization of the size of
individual LDs indicated no differences between in LD size between day 3 and day 10 CL (0.41 +
0.04, 0.41 + 0.03 um?/LD, respectively) (Figure 2-2 D, E, & F). Finally, there are no clear
differences in the luteal tissue architecture (Figure 2-2 G, & H) though the total size of the CL is

increased and progesterone secretion is increased in day 10 compared to day 3 CLs (Figure 2-1).

www.manaraa.com



32

Discontinuous sucrose gradients were used to separate LDs from whole tissue and created a

distinct yellow band at the top of the sucrose gradient (Figure 2-2 ).

2.3.3. Lipid droplets in ovarian cells

Granulosa and theca cells are precursors to the steroidogenic cells of the CL. Lipid droplet
content of these follicular precursors was compared to the steroidogenic SLC and LLC. Confocal
images of isolated cell types demonstrated that granulosa and theca cells have fewer and smaller
LDs than the luteal counterparts (Figure 2-3 A & B). As well, SLC appeared to have fewer, but

larger LDs than LLC which contained many small LDs.

2.3.4. Expression of LD-associated proteins in the CL

Western blot and RT-PCR analysis of proteins known to associate with LDs from bovine fat,
liver, heart and CL tissue demonstrated that the bovine PLIN1 expression is greatest in bovine
adipose tissue. Whereas PLINZ is greatest in the heart and CL. Both PLIN3 and PLINS5 were
found in all the tissues examined. Adipose triglyceride lipase (ATGL) expression was greatest in
adipose and heart tissue where as abhydrolase domain-containing protein 5 (ABHD5), a
coactivator of ATGL was found in all tissues examined. The cholesteryl ester synthesizer, sterol
O-acyltransferasel (SOATL) protein was highest in bovine liver. Finally, HSL, a cholesteryl

esterase, was high in luteal tissue and extremely abundant in adipose tissue (Figure 2-4).

2.3.5. Lipid composition of LDs
Lipids from CL tissue LDs were extracted and assessed for their relative lipid content.

Triacylglycerides were the predominant lipid species in luteal LDs (168 pmol/pg protein + 41.9).
Other neutral lipids included diacylglycerol (5.62 £ 2.1 pmol/ug protein) and cholesteryl esters
(2.78 £ 0.70 pmol/ug protein). Sterols were undetectable in all but one LD sample. Polar lipids
were primarily composed of phosphatidylcholine (5.73 + 1.49 pmol/ug protein), sphingomyelin
(2.68 £ 0.28 pmol/ug protein), phosphatidylinositol (1.69 + 0.61 pmol/ug protein), and

phosphatidylethanolamine (1.39 + 0.38 pmol/ug protein) (Figure 2-5 A). The fatty acids of
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cholesteryl esters were composed primarily of oleic acid (18:1, 15% of total), pentadecanoic acid
(15:0, 13%), adrenic acid (22:4, 12%), and erucic acid (22:1, 10%) and smaller amount of other

fatty acids (Figure 2-5 B).

Analysis of whole tissue lipid content was performed on both bovine CL and adipose tissues
by HPTLC. Luteal tissue had 7.4-fold more cholesterol over adipose tissue and 8.2-fold more
cholesteryl esters (Figure 2-5 C). The follicular granulosa and theca cells both had low levels of
lipids and SLC and LLC had significantly more free fatty acids, cholesterol, cholesteryl esters and
triacylglycerides than their follicular counterparts. However, there were no differences in major

lipid classes between granulosa and theca cells or LLC and SLC (Figure 2-5 D).

Purified LDs were compared to the lipid content of whole tissue, post-nuclear supernatent,
and post-nuclear supernatant after removal of LDs. Cholesteryl esters and triglycerides were
found predominately within luteal LDs, and not in other tissue components. Whereas, cholesterol
was not found in the LDs but elsewhere in the tissue, consistent with the lipidomics data. Free

fatty acids were stored equally in LDs and other cellular components (Figure 2-6).

2.4.Discussion

2.4.1. Overview of study
Within the bovine CL, LDs are a prominent feature which are established by day 3 post-

ovulation and maintained at mid-cycle (day 10). These LDs are enriched in several proteins
including classic LD-associated proteins as well as steroidogenic enzymes. Although the major
constituent of bovine LDs is triglyceride, cholesteryl esters constitute 2.78 + 0.70 pmol/ug
protein. Bovine luteal cells are enriched in cholesterol and cholesteryl esters compared to bovine
visceral adipose tissue, likely for use in steroidogenesis. In contrast, the granulosa and theca cells
of the follicle have few LDs and have reduced lipid content (of all major classes) compared to the
steroidogenic luteal cells. Although, there does not appear to be a difference in lipid composition

of granulosa and theca cells or of the luteal LLC and SLC.
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2.4.2. Lipiddroplets in luteal tissue

Lipid droplets are a large component of both early (day 3) and mid-cycle CL (day 10)
comprising approximately 26 - 36 um?/nuclei, which would be approximately 5-16% of luteal
cell area based on other group’s luteal cell area measurements (SLC: 201-216 pm?, LLC 566-581
um?) in agreement with other studies examining LD /luteal cell area or volume %6:1%8.180 [ ipid
droplets occupied ~2% of the luteal cell volume in a recent study examining ovine luteal cell LDs
158, Since LDs are rarely seen in luteal endothelial cells, the percentage of the luteal cells occupied
by LDs could be even higher. Individual luteal LDs have a mean area of 0.41 um? which does not
differ between day 3 and day 10 CLs. Together this indicates that luteal LDs are an established
feature of luteal tissue by day 3 and does not differ between day 3 and day 10 CLs. Thus, luteal
LDs must form prior to day 3 post-ovulation. This is in keeping with studies by Guraya et al. who
described that granulosa cells in humans developed fine “lipid granules” and “heterogeneous lipid
bodies” within newly ruptured follicles, and that the theca interna cells of newly ruptured follicles
are filled with sudanophilic lipids, including cholesterol and its esters 8. As well, LDs are
increased in granulosa cells of 1 day old CL in rabbits 82, Similarly, treatment of rhesus
macaques with LH or hCG can induce LD-associated proteins in granulosa cells within 12
hours 2. Additionally, transcripts of PLIN2 increase significantly in LH treated bovine granulosa

and theca cells ¥ and unpublished data.

2.4.3. Lipid composition of LDs

Luteal LDs are composed primarily of triglycerides but have a smaller but likely significant
amounts of cholesteryl esters which are greater than other bovine tissues, including adipose,
granulosa, and theca. The cholesteryl esters and triglycerides of luteal cells are stored within the
LDs and not elsewhere in the cells, unlike cholesterol, which is not located in LDs. Cholesteryl
esters are likely substrates for steroidogenesis in bovine luteal cells. The function of the
triglycerides within luteal LDs is uncertain at this time, but may be substrates for f-oxidation

derived energy production to fuel the steroidogenic output of the CL 1841,
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Several groups in the 1960s provided a histochemical evaluation of lipid composition
throughout the estrous cycle of humans 8, rats 12, and rabbit 82, Despite the few studies of LD
presence and amount in the bovine CL 147180186-189 '\we know of no studies examining the luteal
LD lipid or protein composition. Luteal LDs are also known to be regulated by diet ¥, LH

(depletion) 148190191 and PGF2a. (increase) ©-62156:192,

In this study, only two time-points in the estrous cycle were evaluated for presence and
composition of LDs. Further research examining the onset of the inclusion of LDs in luteal cells,
as well as examining the presence and composition of the few LDs present in theca and granulosa
cells could provide novel data on the origin and regulation of LDs within the ovary. Additional
experiments examining the changes in LD size, number, and composition after luteotropic and
luteolytic stimulation would benefit the field. Finally, the impact of obesity, undernutrition, and
polycystic ovarian syndrome on luteal LDs may provide insights into mechanisms of infertility.
We believe that luteal LDs play a critical role in progesterone production by storing cholesteryl

esters in bovine luteal cells as a reservoir of substrate in preparation for progesterone synthesis.
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Figure 2-1 — Luteal performance measures of day 3 and day 10 bovine corpus lutea

Cows at day 3 (red, n = 4) and day 10 (orange, n = 3) post-ovulation. A) Corpus luteum
weight in grams B) Serum progesterone concentration. Means + S.E.M, * P < 0.05.
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Figure 2-2 — Lipid droplets analysis of in vivo tissue
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Figure 2-2 — Lipid droplets analysis of in vivo tissue

(A & B) Representative images of oil red O (ORO) staining of LDs in frozen tissue sections of
the CL from Day 3 (A, red, n = 4) and Day 10 (B, yellow, n = 3) post-ovulation. The images
were acquired using Ventana’s Coreo Au Slide Scanner at 40x, scale bar for both images
appears in (B). C) Quantification of the IHC area (in pm?)/nuclei performed using Definiens
Tissue Studio, bars represent mean + SEM. P = 0.65, non-significant. D & E) Representative
images of transmission electron micrographs (TEM) of Day 3 (D, red, n = 3) and Day 10 (E,
yellow, n = 3) bovine CL demonstrating LD presence using a magnification of 8,000x, scale
bar for both images appears in (E). F) Each point demonstrates the area (um?) occupied by
individual lipid droplets in three randomly chosen images from at n = 3 for each condition,
mean £ SEM is overlayed in black. P =0.84, non-significant. G & H) Representative images
of hematoxylin and eosin (H&E) stained Day 3 (G) and Day 10 (H) paraffin embedded
sections. Large luteal cells, small luteal cells, and endothelial cells of blood vessels are
readily apparent at both stages and no morphological differences are apparent. 1)
Representative image of a discontinuous sucrose gradient (steps are labeld with % sucross)
used to isolate luteal LDs, the LDs form a distinct yellow band at the top of the gradient.
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Figure 2-3 — Lipid droplets of isolated cells

A) Confocal fluorescent image showing LD staining in freshly isolated bovine granulosa
(GC), theca (TC) and the steroidogenic luteal cell types: large (LLC) and small luteal cells
(SLC). LDs were stained with the neutral lipid dye BODIPY 493/503 (green), and cells were
immuno-labeled using an aromatase antibody to specifically label granulosa cells (red), and
the nuclei are counter-stained with DAPI (blue). All images are equal magnification. B)
Light microscope image showing LD staining in freshly isolated GC, TC, LLC, and SLC.
LDs were labeled with the neutral lipid dye oil red O (ORO) and nuclei are counter-stained
with Harris’ hemalytoxin. All images are equal magnification and a scale bar is provided.
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Figure 2-4 — Lipid droplet-associated proteins in bovine tissue including the CL

(A) Transmission electron microscopy image of bovine luteal tissue demonstrating the
presence of LD and the close association with multiple mitochondria (Mt). Scale bar is
provided. (B) Analysis of perilipin (PLIN) family members mRNA and protein presence in
various bovine tissues. (C) Analysis of neutral lipid hydrolysis (ATGL, ABHD5, HSL) and
forming (SOAT1) mRNA and protein expression in various bovine tissues.
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Figure 2-5 — Lipid composition of luteal LDs

(A) Analysis of purified LDs from bovine CL of early pregnancy by ultra-performance liquid
chromatography system coupled with tandem quadrupole mass spectrometry. n = 3. TAG-
triacylglycerol; DAG-diacylglycerol; CE-cholesteryl esters; ST-sterols; PC-
phosphatidylcholine; SM-sphingomyelins; Pl-phosphatidylinositol; PE-
phosphatidylethanolamine. (B) Lipidomics determined fatty acid composition of cholesteryl
esters, X:X - number of carbons in the fatty acid: number of double bounds in the fatty acid.
High performance thin layer chromatography (HPTLC) analysis of whole bovine CL versus
adipose tissue FA, free fatty acids. (C) HPTLC analysis of freshly-isolated LLC, SLC, GC,
and TH cells. Bars represent means + SEM
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Figure 2-6 — Lipid composition of subcellular compartments of luteal tissue

Lipid analysis by HPTLC of whole tissue lysate, post-nuclear supernatant (PNS), lipid droplet
fraction (LD), and post-nuclear supernatant minus LD fraction (PNS —LD). Lipid content of
each fraction was normalized to protein content. Bars indicate means + S.E.M, n = 2.
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CHAPTER 3: LIPID DROPLETS ARE DYNAMICALLY REGULATED BY
LUTEINIZING HORMONE SIGNALING IN THE BOVINE CORPUS
LUTEUM :

Abstract
Growth and maturation of the corpus luteum is accompanied by accumulation of cytoplasmic

lipid droplets (LDs). These LDs are proposed to store cholesteryl esters for progesterone
synthesis. LDs in other tissue can be dynamically regulated, but it is unclear how luteal cells
regulate LDs. Hormone-sensitive lipase (HSL) and other LD-associated proteins including
perilipin2 (PLIN2) were assessed during in vivo and in vitro differentiation of luteal cells from
follicular cell types. In luteal cell cultures, the activation and localization of HSL after hormone
stimulation and the impact of an HSL inhibitor on progesterone secretion were assessed. Finally,
the luteal LD proteome was assessed by both proteomics and Western blot. HSL and PLIN2
increased during in vivo and in vitro differentiation to luteal cell phenotypes. Dose-dependent
inhibition of HSL activity inhibits luteinizing hormone (LH)- and HDL-stimulated progesterone
secretion. Stimulation with LH, forskolin, and 8-br-cAMP phosphorylated HSL at the PKA-
sensitive Ser563, which is selectively associated with luteal LDs. Proteomics analysis revealed
469 bovine-specific proteins which included steroidogenic enzymes StAR, P450scc, and 3B-
HSD, which was confirmed by Western blot analysis of in vivo luteal tissue. The surface of LDs
may serve as a novel platform for steroidogenesis through the intimate association and potential
tethering of steroidogenic enzymes present in the mitochondria and endoplasmic reticulum to the
coat proteins of the LDs to facilitate the handoff of steroid precursors at each step to efficiently

produce steroids, such as progesterone.

t The material presented in this chapter is in preparation to be as submitted as a manuscript: Talbott et al.
Lipid Droplets are dynamically regulated by luteinizing hormone signaling in the bovine corpus luteum .
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3.1. Introduction
Understanding the regulation of luteal function will allow for the development of advanced

treatment techniques for improving female fertility. We have demonstrated that the corpus luteum
(CL) has numerous lipid droplets (LDs) within the steroidogenic cells (manuscript in preparation,
Chapter 2), which are thought to store the steroid precursor cholesterol as cholesteryl esters. The
formation and breakdown of LDs is known in fat and liver tissue to be regulated by LD-
associated proteins which include perilipins (PLINs) and hormone-sensitive lipase (HSL) 10-160:193,
PLIN proteins are embedded within the LD surface and stabilize the organelle and facilitate
interactions with transient LD proteins. Whereas, HSL is an enzyme that can liberate cholesterol

from cholesteryl esters after protein kinase A (PKA) stimulation.

3.1.1. Regulation of CL formation
The CL is responsible for synthesizing the progesterone that supports early pregnancy in most

mammals 13 and progesterone deficits are associated with early embryonic loss in women 194196
and female livestock °"-1%°, Early embryonic loss of pregnancies is commonly associated with
luteal insufficiency, which is characterized by deficiencies in progesterone secretion, either in
amount or duration 2%, Luteal insufficiency results in a failure to develop a mature secretory
endometrium, preventing embryo implantation, and has been found in 3-10% of infertile women
and up to 35% of women with recurrent abortion 2°+292, In cattle, early embryonic loss accounts
for 30% of infertility cases 11, of which, many are believed to be due to a deficiency in
progesterone secretion 2%°. Improvement of the understanding of CL function and the biosynthesis
of the critical steroid hormone, progesterone, could lead to infertility management strategies for

successful intervention in human and livestock fertility outcomes.

CL formation begins with the luteinizing hormone (LH) surge, which causes ovulation and
initiates the differentiation of follicular granulosa and theca cells into progesterone-secreting

luteal cells. Secretion of progesterone by luteal cells requires direct action of three proteins, 1)
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steroidogenic acute regulatory protein (StAR), which facilitates transport of cholesterol to the
mitochondrial matrix, 2) P450 side-chain cleavage (P450scc) which removes the side-chain from
cholesterol to form pregnenolone, and 3) 3-f hydroxysteroid dehydrogenase (3HSD) which
dehydrogenates pregnenolone to form progesterone. Key features of CL development include the
development of an extensive vascular bed 2204, recruitment of neutrophils, 2%°2” and monocytes
208209 Additionally, CL development and function are metabolically regulated both systemically
210211 'and intracellularly by key regulators such as insulin 22213 insulin-like growth factors?'22%4,
leptin 210215216 and adenosine monophosphate-activated protein kinase (AMPK) 8919 |n
addition to overall metabolic status, both dietary lipids 1°8180.211217.218 and tissue lipid contents

73219 can impact ovarian function.

3.1.2. Lipid droplets in the CL
For over 40 years, luteal cells have been noted as containing LDs 45146, One report

determined that LDs made up 1.6-9.2% of identifiable subcellular components (mitochondria,
granules, etc.) during the functional life span of the CL . LDs have been postulated to store
cholesteryl esters that could be used for steroidogenesis **°. Armstrong et al. demonstrated that in
rats and rabbits these LDs were primarily composed of cholesteryl esters and that treatment with
LH reduced the total amount of cholesteryl esters present 48, As well, several research groups
showed cholesterol and cholesteryl ester storage using the cholesterol sensing Schultz reagent 149
154 Reports by Armstrong, Claesson, Gurarya, and others indicated that luteal LDs in various
species could be altered by treatment with LH and prostaglandin F2 a, which is important in the

involution of the CL 148.155-157,

Guraya et al. who described that granulosa cells in humans developed fine “lipid granules”
and “heterogeneous lipid bodies” within newly ruptured follicles, and that the theca interna cells
of newly ruptured follicles are filled with sudanophilic lipids, including cholesterol and its esters

181 Additionally LDs are increased in granulosa cells of 1 day old CL in rabbits 82, Similarly,
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treatment of primates with LH or hCG can induce LD-associated proteins in granulosa cells
within 12 hours 2. Transcripts of PLIN2 increase significantly in LH treated bovine granulosa

and theca cells * and unpublished data.

3.1.3. Regulation of LDs
Neutral lipids, such as triglycerides and cholesteryl esters, can be stored intracellularly in

specialized LD organelles. These unique organelles store neutral lipids (including cholesteryl
esters) within a phospholipid monolayer, as opposed to the bilayer surrounding most other
organelles. Embedded and associated with the monolayer are LD-associated proteins. The major
LD-associated proteins are the PLIN family which includes, PLIN1 (perilipin), PLIN2
(adipophilin/ADRP/ADFP), and PLIN3 (previously Tip47/M6PRBP1). The PLIN family of
proteins can stabilize the lipid droplet surface and can serve as a platform for recruitment or
sequestration of proteins that insert new lipids into the LD core, as well as exporting and
modifying the neutral lipids for use in the cell. Additional proteins associated with the LD surface
regulate the trafficking of LDs throughout the cell (e.g. Rab) and facilitate LD interaction with
other organelles (PLINS5, vimentin). The LD proteome has been characterized to varying degrees
in steroidogenic tissues and cell lines including, mouse testes 7, the MLTC1 Leydig cell line %,
and rat granulosa cells *°. Studies in the ovary have indicated that LD-associated PLIN coat
proteins 3220221 and HSL, a key enzyme for hormonally-stimulated lipolysis 39220221 are

expressed.

3.1.4. Hormone-sensitive lipase

Lipolysis of LD-stored triglycerides and cholesteryl esters can be stimulated by
catecholamines in adipocytes through the action of HSL, which upon activation, translocates to
the LD surface 2628, The proposed mechanism of HSL translocation to the LD involves PKA-
dependent phosphorylation of PLIN1 and HSL, which allows the proteins to interact on the LD

surface 3. The phosphorylation of HSL facilitates its association with PLIN1 on the LD and the
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stored lipid substrates %2, permitting lipid hydrolysis to proceed. Stimulation of HSL catalytic
activity and translocation to LDs occurs by phosphorylation at both Ser-563 and Ser-660 by PKA
3336 Negative regulation of HSL activity is accomplished by AMPK dependent phosphorylation
of HSL at Ser-565 ', In adipose tissue, HSL contributes to energy homeostasis through lipolysis
of LD-stored substrates after hormonal stimulation of PKA. HSL-null mice have aberrant steroid
production in both the testes and adrenal glands “*#1. Together, these findings suggest that the
intracellular processing and availability of cholesterol for steroidogenesis may include an HSL-
dependent step. Therefore, we hypothesized that LDs are dynamically regulated in luteal cells,

particularly by activation of PKA downstream of LH signaling.

3.2. Materials and Methods

3.2.1. Isolation and culture of human granulosa cells
Human granulosa cells were isolated from follicular aspirates of reproductive-age patients

undergoing oocyte retrieval for in vitro fertilization. This study was approved by the Ethics
Review Board of the University of Nebraska Medical Center. Tissue was collected through the
obstetrical and gynecological tissue and fluid bank under an approved Institutional Review
Board. Signed consent forms were obtained from each patient for use of discarded granulosa
cells. Tissue was subsequently acquired from the tissue bank under an exemption from IRB
Review. Ovarian stimulation was induced by treatment with recombinant human follicle
stimulating hormone (FSH), followed by administration of hCG. Oocyte retrieval was performed
35 h after hCG administration by aspirating follicular fluid under ultrasound guidance. After
removal of the oocyte-cumulus complex, all of the follicular aspirates donated from a single
patient were pooled and centrifuged at 400 g for 10 min. Cells were resuspended in M199,
layered onto 40% Percoll, and centrifuged at 200 x g for 20 min. Granulosa cells were collected
from the interphase of the Percoll gradient, washed with M199, and seeded into 24-well plates at

a density of 100,000/well in M199 containing 10% fetal bovine serum (FBS) for overnight
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plating. After overnight plating, cells were washed and then cultured and luteinized in M199
containing PenStrep, 0.1% BSA, 1 pg/mL insulin, 2% FBS, and 10 uM forskolin or 1 1U/mL

hCG. Culture media were changed every 2 d.

3.2.2. Isolation of large and small luteal cells

For luteal cell preparations, bovine ovaries were collected during early pregnancy (fetal
crown-rump length < 12 cm) from a local abattoir (JBS USA, Omaha, NE) and transported to the
laboratory on a cold pack. The luteal tissue was dissociated with collagenase as described
previously 173, The cell viability was determined by the trypan blue exclusion test, and luteal cell
preparations with more than 90% viability were used. Small luteal cells (SLC) and large luteal
cells (LLC) were separated, essentially as previously described 1%, Briefly, the mixed luteal cells
were resuspended in elutriation medium (calcium-free Dulbecco’s modified eagle medium
(DMEM) [US Biological D9800-10], supplemented with 25 mM HEPES, 3.89 g/L sodium
bicarbonate, and 3 mg/mL glucose). Resuspended cells were subjected to centrifugal elutriation
with continuous flow using a Beckman Coulter Avanti J-20 XP centrifuge equipped with a
Beckman JE-5.0 elutriator rotor. The fractions containing SLC and LLC were pelleted and
resuspended in basal M199 (0.1% BSA, 100 U/ml penicillin-G-sodium, 100 pg/ml streptomycin
sulfate, and 10 ug/ml gentamicin sulfate). The average purity of SLC was 90% and LLC in F4

were >50%.

3.2.3. Isolation of granulosa and theca cells

Follicular granulosa and theca cells were prepared from bovine ovaries collected from a local
abattoir (JBS USA, Omaha, NE). Large follicles (> 0.8 cm) were punctured with a 20-gauge
needle and follicular fluid was removed, the needle was reinserted and the granulosa cells were
resuspended in an equal volume of elutriation medium containing 20 pg/mL DNase
(Worthington). After the granulosa cells were removed, the follicle was opened and the theca was

removed from the surrounding stroma and stored in elutriation medium. Small antral follicles (<

www.manaraa.com



49

0.8 cm) were opened with a scalpel and the granulosa cells were gently scraped from the follicle
wall using the blunt side of the scalpel and resuspended in elutriation medium. Theca were
removed from surrounding stroma and placed in Elutration Medium. Granulosa cells were
washed by centrifugation three times at 150 rcf for 5-10 min and filtration through a 70 pm mesh.
Theca cells were resuspended in 0.2 mg/mL Collagenase 2 (Atlanta Biologicals) in elutriation
medium and dispersed using constant agitation at 37 °C for 1 h. Dispersed theca were removed
from the undigested tissue by filtration through a 70 pm mesh then washed by centrifugation
three times at 150 rcf for 5-10 min. Red blood cells were removed by resuspending theca cells in
dH,0 and immediate addition of 2x phosphate-buffered saline (PBS). Granulosa and theca cell

viability and concentration were determined by trypan blue exclusion test.

3.2.4. Luteal cell culture
Bovine SLC and LLC were plated (SLC: 1 x 10°, LLC: 4 x 10* cells/cm?) in basal M199 with

5% FBS for 18 h at 37 °C in a humidified atmosphere of 5% CO,. Cells were washed with PBS
and the medium was replaced with serum-free M199 2 h prior to the experiment (treatment

specifics are described in corresponding figure legends).

3.2.5. Differentiation of granulosa and theca cells to luteal cell types

Bovine granulosa and theca cells were plated (2 x 10° and 4 x 10 cells/cm?, respectively) in
basal DMEM:Ham’s F-12 (F12) (1:1) [100 U/mL penicillin, 100 pg/mL streptomycin, 10 pg/mL
gentamycin, and 0.1% BSA] containing 10% FBS for 36 h at 37 °C in a humidified chamber with
5% CO,. Cells were washed with PBS and medium was replaced with basal DMEM : F12
containing 1% FBS. Cells were treated with either 1% insulin-transferrin-selenium (ITS) or 1%
ITS + 10 uM forskolin to induce differentiation, controls were unstimulated or treated with 5
ng/mL FSH, as described in the figure legends. All wells received equal amounts of dimethyl

sulfoxide (DMSO) and the medium was changed every two days.
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3.2.6. Western blots

Tissue samples were weighed and homogenized (~100 mg/mL) in cell lysis buffer (20mM
Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton x-100, protease and
phosphatase inhibitor cocktails) using OMNI Tissue homogenizer then sonicated for 3 s. Lysates
were centrifuged at 18,350 x g for 15 min at 4 °C and the supernatant was collected for SDS-
PAGE analysis. Protein concentration was determined by Bradford reaction (Bio-Rad 500-0006).
Aliquots of samples (10-30 pg protein) were suspended in protein loading buffer (50 mM Tris pH
6.8, 300 mM glycerol, 25 mM SDS, 45 mM DTT, 260 mM 2-mercaptoethanol, bromophenol)
separated on 10% SDS-PAGE gel and transferred to nitrocellulose membranes. Membranes were
blocked in 0.1% Tween 20 in Tris-buffered saline (TBST) (10 mM Tris-HCI, 150 mM NacCl,
0.1% Tween 20; pH 7.5) with 5% fat-free milk for 1 h at room temperature. Membranes were
incubated either overnight at 4 °C or for 2 h at room temperature with primary antibody diluted in
TBST with 1% non-fat milk or 5% BSA. After washing, membranes were incubated for 1 h at
room temperature with 1:20,000 anti-rabbit or anti-mouse HRP-conjugated 1gG diluted in TBST
with 1% non-fat milk. After washing, protein bands were detected with SuperSignal West Femto

(Thermo 34095).

3.2.7. Progesterone assay

Media from luteal cells was diluted in water (1:150) and assayed for progesterone
concentration using either RIA (Siemens TKPGL1) or ELISA kit (DRG EIA-1561) following
manufacturers’ instructions and using a 4-parameter regression to interpolate unknowns from the

standard curve.

3.2.8. Lipid droplet isolation from cells

Cells from 6-100 mm? dishes were washed twice with PBS and then scraped into PBS
combined and centrifuged for 10 min at 1000 x g, 4 °C. Cells were resuspended in hypotonic lysis

medium (20 mM Tris [pH 7.4], 1 mM EDTA, 10 mM NaF) and homogenized using a Parr cell
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disruption bomb at 300 psi for 12 minutes. The post-nuclear supernatant was obtained by
centrifuging the cell lysate for 10 min at 1,000 x g at 4 °C. The supernatant was mixed with an
equal volume of hypotonic lysis medium containing 60% sucrose and loaded into a 30 mL
polypropylene thick-walled ultracentrifuge tube, overlaid sequentially with 5% and 0% sucrose in
HLM buffer. Samples were centrifuged at 110,000 X g (ravg) for 30 min at 4 °C with no brake in
Beckman Coulter Avanti J-20 XP.and SW 32 Ti rotor. The LDs concentrated in a yellow/white
band at the top of the gradient were harvested and concentrated by centrifugation at 2000 rcf for

10 min at 4 °C with no brake. The protocol was derived from '

3.2.9. Proteomics
Acetone-precipitated LD proteins were suspended in 2x protein loading buffer (100 mM Tris

pH 6.8, 600 mM glycerol, 50 mM SDS, 90 mM DTT, 525 mM 2-mercaptoethanol, and
bromophenol blue) and boiled for 5 min at 100 °C. A 10% SDS-PAGE gel was used to separate

LD proteins. Coomassie blue-stained gel pieces were manually cut into two pieces using a
sterile scalpel and kept in sterile microcentrifuge tubes. Gel pieces were washed with
HPLC water and shrunk by removing all liquid using 100% acetonitrile (ACN). Proteins
were reduced using 2 mM tris(2-carboxyethyl)phosphine (TCEP) in 50 mM ammonium
bicarbonate (AmBic) for 1 h at 37 °C. After incubation, ACN was added to TCEP to
destain gel pieces. After gel pieces were dried by adding additional portion of ACN, thiol
groups of proteins were alkylated with 55 mM iodoacetamide (IAA) in 50 mM AmBic
for 20 min in dark. Samples were dried again with ACN and 10 nM MS-grade trypsin
(Thermo Scientific, Rockford, IL, USA) was added for protein digestion. Samples were
incubated with trypsin for 30 min on ice. After the excess of trypsin was removed from
tubes, 25 mM AmBic was added to the gel pieces. Tryptic digestion continued overnight

at 37 °C. Digested peptides were then extracted from gel with 50% ACN/0.1%
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trifluoroacetic acid solution. Samples were dried in a Speedvac, dissolved in 15 pL of

0.1% formic acid (FA) and submitted for LC-MS/MS analysis.

In-gel digested peptide samples were analyzed using high-resolution mass
spectrometry LC-MS/MS system (LTQ Orbitrap Elite Velos Pro, Thermo Scientific,
West Palm Beach, FL, USA), coupled with an Eksigent NanoLC-Ultra 1D plus
(Eksigent, Dublin, CA, US) and nanoFlex cHiPLC system (Eksigent), equipped with two
alternating peptide traps. 10 pL of each sample were loaded onto the peptide trap using
0.1% FA solvent. The samples were eluted using a 1 hour linear gradient of 0-60% of
ACN in 0.1% FA. The nanospray needle voltage was set to 2400 V in HPLC MS mode
and linear ion trap scan mode was used for MS/MS. Resolution of the full scan in the
Orbitrap was set to 120,000 m/z with a range from 300 to 2000 Da. The collision energy

was set to 35 kV.

The MS/MS spectra from the peptides were analyzed by assigning the fragments to
the candidate sequence using MASCOT search engine (Matrix Science, London, UK,
version 2.5.1) with a Swissprot database (Taxonomy: Mammalia). Parameters on
MASCOT were set as follows: Enzyme: trypsin, Max missed cleavage: 2, Peptide charge:
1+, 2+ and 3+, Peptide tolerance: + 0.8 Da, Fixed modifications: carbamidomethyl (C),
Variable modifications: oxidation (M), phospho (ST) and phospho (Y), MS/MS
tolerance: £ 0.6 Da, Instrument: ESI-TRAP. MASCOT results for different gel cuts of the
same sample were combined and analyzed using Scaffold (Proteome Software, Inc.,
Portland, OR, version 4.4.5), which allows multiple search results to be condensed into a
single result file. Peptide identifications were accepted if they were established at greater

than 95.0% probability by the Peptide Prophet algorithm 222 Scaffold delta-mass
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correction. Protein identifications were accepted if they were established at greater than

95.0% Protein probabilities were assigned by the Protein Prophet algorithm 223, Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Proteins sharing significant

peptide evidence were grouped into clusters.

3.2.10. Animals

Post-pubertal multiparous female cattle (n = 15) of composite breeding (*2 Red Angus,
Pinzgauer, Red Poll, Hereford and %2 Red Angus and Gelbvieh) were synchronized using two
intramuscular injections of PGF2a (25mg; Lutalyse®, Zoetis Inc., Kalamazoo Michigan, MI) 11
days apart. A bilateral ovariectomy, between 3 and 10 days post-ovulation, was performed
through a right flank approach under local anesthesia 2’72’8, The CL was removed from the ovary,
weighed and 2.5 g was used for LD isolation (Section 3.2.11). All animal procedures were
completed under an IACUC-approved protocol and performed at the University of Nebraska—
Lincoln, Animal Sciences Department (Lincoln, NE). Statistical differences in animal
characteristics were determined using one-way analysis of variance in GraphPad Prism (La Jolla,

CA).

3.2.11. Lipid droplet isolation from tissue
Tissue (~2.5 g) was washed thoroughly in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4).

Minced tissue was resuspended in 10 mL tissue homogenate buffer (60% sucrose w/v in TE
buffer containing protease and phosphatase inhibitor cocktail) and homogenized with a Teflon
Dounce homogenizer in a glass vessel. The post-nuclear supernatant fraction was obtained after
centrifugation at 2000 rcf for 10min. The supernatant was loaded into a 30 mL ultracentrifuge
tube and overlaid sequentially with 40%, 25%, 10%, and 0% sucrose (w/v) in TE buffer
containing protease and phosphatase inhibitor cocktails. Samples were centrifuged at 111,000 x g

(ravg) for 30 min at 4 °C with no brake in a Beckman Coulter Avanti J-20 XP ultracentrifuge using
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an SW 32 Ti rotor. The LDs concentrated in a yellow/white band at the top of the gradient were
harvested and concentrated by centrifugation at 2000 rcf for 10 min at 4 °C, the protocol was

modified from 174175,

3.2.12. Western blots of LDs
Acetone-precipitated LD proteins were suspended in 2x protein loading buffer (100 mM Tris

pH 6.8, 600 mM glycerol, 50 mM SDS, 90 mM DTT, 525 mM 2-mercaptoethanol, and
bromophenol blue) and boiled for 5 min at 100 °C, separated on a 10% SDS-PAGE gel, and
transferred to nitrocellulose membranes. Membranes were blocked in TBST (10 mM Tris-HCI,
150 mM NacCl, 0.1% Tween 20; pH 7.5) with 5% fat-free milk for 1 h at room temperature.
Membranes were incubated either overnight at 4 °C or for 2 h at room temperature with primary
antibody diluted in TBST with 1% non-fat milk or 5% BSA. After washing, membranes were
incubated for 1 h at room temperature with 1:20,000 anti-rabbit or anti-mouse HRP-conjugated
IgG diluted in TBST with 1% non-fat milk. After washing, protein bands were detected with

SuperSignal West Femto (Thermo 34095).

3.3.Results

3.3.1. Formation of LDs during differentiation
Previously we identified LD-associated protein transcripts for PLIN2, PLIN3, and LIPE (the

gene encoding HSL) were increased in both steroidogenic luteal cell types over their follicular
counterparts, as assessed by microarray (GSE83524) (Figure 3-1 A) ?2°. The protein abundance of
PLINZ2 and HSL was increased in luteal tissue as assessed by Western blot (Figure 3-1 B). In vitro
differentiation of granulosa cells with 1% ITS + 10 uM forskolin, increased the amounts of HSL,
PLIN2, StAR, P450scc, and 3BHSD that were intermediate to levels seen in luteal cells (Figure
3-2 A). As well, progesterone secretion gradually increased over 7 days in culture with treatment

of ITS + 10 uM forskolin, whereas control treated cells maintained a low level of progesterone
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secretion ( B). The differentiation protocol of 1% ITS + 10 uM forskolin increased LD formation

in both bovine and human granulosa cells ( C & D).

3.3.2.  Phosphorylation of HSL at Ser563 by LH and LH signaling intermediates

Luteal cells were treated with LH, forskolin (an adenylate cyclase activator), and 8-bromo
cyclic AMP (a protein kinase A activator) to determine whether LH and LH signaling pathways
phosphorylated HSL at its activation site Ser563. Treatment of mixed luteal cells with LH,
forskolin or 8-Br cAMP increased phosphorylation of the PKA-sensitive site Ser563 on HSL

within 5 minutes and was sustained for 4 h (Figure 3-3).

3.3.3.  Regulation of LDs
Luteal cells were pretreated with an HSL inhibitor, CAY 10499, before stimulation with LH

and/or high-density lipoprotein (HDL) as an exogenous cholesterol source. CAY 10499 inhibited
LH-induced progesterone secretion by bovine luteal cells with pretreatment of 10 and 20 pM
CAY10499 (Figure 3-4 A). Treatment with LH stimulated progesterone synthesis (SLC: 6-fold,
LLC: 3.6-fold) which was increased with co-incubation with HDL (SLC: 11.3-fold, LLC: 5-fold).
CAY 10499 pretreatment prevented both the LH- and HDL + LH-induced progesterone secretion
but had no effect on basal progesterone secretion in either SLC or LLC (Figure 3-4 C & D). The
influence of off-target effects of CAY 10499 was excluded because inclusion of hydroxylated

cholesterols could still increase luteal progesterone secretion [Appendix A-2]

3.3.4. PKA stimulation promotes alterations in the luteal LD proteome

Stimulation of luteal tissue punches with the PKA activator 8-br-cAMP resulted in
phosphorylation of HSL at Ser563 and an increased HSL localization on luteal LDs (Figure 3-5).
The LDs isolated from untreated and 8-Br cAMP-treated luteal cells were acetone-precipitated
and the protein content was analyzed by proteomics. LC-MS/MS analysis determined 469
bovine-specific proteins were present in bovine LDs isolated from cultured mixed luteal cells; of

these, 85 proteins were increased in 8-Br cCAMP-treated samples, and 48 were decreased. The top
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ten most abundant proteins in both treated and untreated LDs included 3pHSD, PLIN2, vimentin,
and P450scc. Proteins with increased abundance on luteal lipid droplets following 8-bromo
CAMP treatment included LD coat protein PLIN2, trafficking (Rab8A, Rab14), and

steroidogenesis (StAR, 3BHSD) [Appendix A-3].

3.3.5. Luteal LDs are associated with steroidogenic enzymes

Confirmation of proteomics results was achieved by Western blot analysis of purified LDs
from functional bovine CLs obtained by ovariectomy. PLIN3, vimentin, P450scc, and 3HSD
were all significantly enriched in luteal LDs compared to whole luteal tissue. However,
mitochondrial marker COX 1V and endoplasmic reticulum marker HSP47 were nearly absent
from luteal LDs (Figure 3-6). Quantification of immunodetection by Western blot is available in

[Appendix A-5].

3.4.Discussion

Lipid droplets and LD-associated proteins are under regulation by LH signaling in the bovine
CL. As granulosa cells differentiate to form luteal cells, increases in both LDs and LD-associated
proteins, HSL and PLIN2 are seen which correlate with luteal differentiation markers and
progesterone secretion. Signaling by LH causes phosphorylation of HSL at Ser563 and
translocation of HSL to the LD surface (these changes active HSL). Furthermore, chemical
inhibition of HSL by CAY 10499 prevents LH-induced progesterone secretion even in the
presence of HDL-supplied cholesterol indicating that cholesteryl esters originating either in LDs
or delivered by HDL are processed by an HSL-dependent step. Finally, luteal LDs have a high
content of steroidogenic enzymes including, 3BHSD and P450scc. Furthermore, LD-associated
StAR can increase by 14-fold after treatment with 8-br cCAMP. These data lead us to hypothesize
that the surface of LDs may serve as a novel platform for steroidogenesis through the intimate

association and potential tethering of steroidogenic enzymes to the coat proteins of the LD
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facilitating the handoff of steroid precursors at each step to produce steroids, like progesterone

(Figure 3-7).

Differentiation of granulosa cells occurs after ovulation and is accompanied by increases in
steroidogenic enzymes 3BHSD, P450scc, and StAR, which promote an increase in progesterone
secretion. As bovine granulosa cells differentiate, LDs form and LD-associated proteins increase
in correspondence with standard differentiation markers. This is confirmed by the previous work
of Meidan et al. which examined the in vitro differentiation of theca and granulosa cells into
luteal-like cells . This indicates that LD accumulation may be a natural consequence of

granulosa to luteal cell differentiation.

HSL is a key regulator of lipolysis in adipose tissue. In fat tissue, HSL is phosphorylated by
PKA on Ser563 that is correlated with translocation of HSL to LDs and activation of its lipase
activities. Activated HSL results in the release of cholesterol and free fatty acids from neutral
lipid stores within LDs for cellular use. We have shown that HSL can be phosphorylated at S563
after treatment with LH, forskolin, or 8-bromo cAMP. Pretreatment of luteal cell cultures with a
chemical inhibitor of HSL activity, CAY 10499, could prevent LH- and LH+HDL-stimulated
progesterone secretion. LH may regulate the phosphorylation of PLINs and HSL via a
cAMP/PKA signaling pathway allowing for hydrolysis of cholesteryl esters stored in luteal LDs
to produce substrate for progesterone synthesis. This indicates that stimulated but not basal

progesterone is processed through an HSL-dependent and likely LD-dependent step.

Isolated luteal LDs were examined using both a non-targeted and targeted approaches. It was
determined that the steroidogenic enzymes StAR, P450scc, and 3pHSD were found in the LDs
fraction in addition to known LD markers such as PLIN2, PLIN3, vimentin, and HSL. However,
other mitochondrial and endoplasmic reticulum markers were not abundant, indicating a selective
association with steroidogenic enzymes. Taken together, these data indicate that the surface of

LDs may serve as a novel platform for steroidogenesis by an intimate association with
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steroidogenic enzymes, allowing for the handoff of steroid precursors from the LD to the
mitochondria and endoplasmic reticulum for steroidogenic modifications of cholesterol. Possible
interactions between LDs, mitochondria, and the endoplasmic reticulum could involve physical
tethering of the membranes similar to mitochondrial associated membranes, whereby the
mitochondria and endoplasmic reticulum have microdomains of highly associated membranes to

facilitate lipid transfer 224,

We found evidence for enrichment of known LD-associated proteins on luteal LDs including
HSL, PLIN3, and vimentin. Additionally the steroidogenic enzymes P450scc and 3HSD were
enriched in the LD fraction. This is similar for the LD proteome determined for other
steroidogenic cells including the MLTC-1 Leydig cell line (analogous to the granulosa cells of the
female reproductive tract), % LDs purified from mouse testes, °” and lipid-loaded rat granulosa
cells®®. The finding of steroidogenic enzymes within the LD proteome by four separate groups
indicate this is an important feature of LDs within steroidogenic cells and is not simply a matter
of contamination. Ultrastructural studies have often noted the close proximity of mitochondria
with LDs 2%, and the emerging field of mitochondrial associated membranes offers the possibility

that there are regionalized areas of contact between mitochondria and LDs 22,

Khor et al. compared the proteome of LDs from rat granulosa cells treated in vitro with either
HDLs or fatty acids to enrich cytoplasmic LDs with cholesteryl esters or triacylglycerides,
respectively 5. When comparing the LD proteomes, a large number of proteins (278) 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 proteins unique to triacylglycerol-rich LDs. Notably, they
identified 3BHSD, vimentin, and voltage-dependent anion channel proteins enriched in the

cholesteryl ester-rich LDs. Recent reports on the proteomic analysis of LD isolated from the
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mouse Leydig tumor cell line MLTC-1 %, and mouse testes ° also revealed the presence of PLIN

family proteins and enzymes involved in the synthesis of steroid hormones.

Previous studies that have examined the LD proteome in steroidogenic tissues have also
found steroidogenic enzymes %°%7. Reports in the monkey % and mouse 2* indicate that the ovary
expresses PLIN2, a LD coat protein associated with cholesteryl ester storage 2°. Manna et al.
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. Additionally, inhibition of
HSL activity suppressed cAMP-induced progesterone synthesis and resulted in increased
cholesteryl ester levels in MA-10 cells “2. The data presented herein complements these

observations and provides mechanisms for regulation of LD-associated proteins in luteal cells.

Also of interest is a report ** demonstrating an interaction between StAR and HSL in the rat
adrenal following treatment with adrenocorticotropic hormone. Furthermore, the co-expression of
StAR and HSL resulted in elevated HSL activity and mitochondrial cholesterol content *3. These
observations, suggest that the proteins involved in production and transport of cholesterol may
co-localize in LDs and mitochondria. We have observed that mitochondria are closely associated
with cytoplasmic LDs in bovine luteal cells (Figure 1-1 B) 1, These observations, in
combination with this study, indicate that luteal LDs and mitochondria may interact to facilitate

steroidogenesis.

These data improve our understanding of the biochemistry of steroidogenesis. As we learn
more about how cholesterol is stored and utilized, particularly during steroidogenesis we can gain
insight into how to manipulate steroidogenesis to either increase or decrease steroid production.
Our study has focused on non-pathological conditions to gain a clear insight into the role of LDs
in highly steroidogenic tissues. Future studies into how LDs and flux of cholesterol through cells
is altered in obesity and polycystic ovarian syndrome could indicate mechanisms by which those

conditions impair fertility, specifically if steroid production or LD formation is altered.
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Additionally, further analysis of the additional cholesteryl esterases and activity will clarify how
the pathways of steroidogenesis within the luteal tissue are regulated. Furthermore, a direct
investigation into the presence of mitochondrial and endoplasmic reticulum tethering to the LD

surface is ongoing.

Formation of LDs during granulosa to luteal cell differentiation appears to be a normal, and
potentially necessary accumulation. Stimulated, but not basal, progesterone is processed through
an HSL-dependent, and likely LD-dependent step. The surface of LDs may serve as a novel
platform for steroidogenesis by an intimate association with steroidogenic enzymes. The close
proximity of mitochondria and the endoplasmic reticulum may facilitate the handoff of steroid
precursors at each step to efficiently produce steroids such as progesterone. We postulate that
progesterone synthesis in enhanced by physical tethering of mitochondria and the endoplasmic
reticulum to the LD surface using a similar mechanism to mitochondrial associated membranes,
which tether microdomains of the endoplasmic reticulum to mitochondria to facilitate lipid
transfer 224, Our results support a growing body of research indicating that LDs play a critical role
in steroid production and may provide novel biomarkers of infertility and therapeutic targets for

altering fertility status of humans and other mammals.
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Figure 3-1 — Lipid droplet-associated proteins were expressed at greater amounts in luteal
cells at both transcriptional and protein levels

(A) Microarray-determined relative transcription expression levels of key LD-associated coat
proteins perilipins 2 and 3 (PLIN2 and PLIN3, respectively), hormone sensitive lipase (HSL,
gene name LIPE), and luteal differentiation marker steroidogenic acute regulatory protein (StAR)
fold changes from precursor follicular cells to luteal cell types is written above brackets. Gene
expression data was generated in a previous study and is publically available (GSE83524) 22°,
(B) Western blot analysis of freshly-isolated granulosa, theca, or luteal tissue for expression of
PLIN2, HSL with GAPDH and B-actin as loading controls. ** P <0.01
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Figure 3-2 — Lipid droplets and LD-associated proteins HSL and PLIN2 increase during
differentiation of granulosa cells to luteal cells

Isolated granulosa cells were differentiated using 1% insulin-transferrin-selenium (ITS) with
10 uM forskolin for up to 7 days. (A) Western blot of bovine granulosa cells, differentiating
granulosa cells, and luteal cells, n = 2 (B) Progesterone concentrations in medium of control
versus differentiating bovine granulosa cells, mean £ S.E.M, n =3. (C) Oil red O staining of
lipid droplets in control versus differentiating bovine granulosa cells after 6 days in culture.
(D) BODIPY 493/503 staining of LDs in control versus differentiating human granulosa cells
after 4 days in culture.
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Figure 3-3 — Phosphorylation of HSL at Ser-563
is increased by LH and protein kinase A
activating compounds

Western blot analysis of time-dependent HSL
phosphorylation at Ser-563 by LH (top), forskolin
(middle), and 8-bromo cAMP (8-br cAMP) from 5
minutes to 2 h post treatment. Appropriate vehicle
treated controls for each treatment are shown as 0
min post-treatment (left-most column).
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Figure 3-4 — Hormone-stimulated progesterone production can be inhibited when HSL

activity is blocked
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cultured bovine luteal cells by pretreatment of CAY10499. Mean £ S.E.M. relative to control,
n = 4 (B) Diagram demonstrating the known target of CAY10499 action. FFAs, free fatty
acids. (C) Quantification of progesterone secretion by cultured bovine small luteal cells with
(red) and without (white) 10uM CAY10499 pretreatment and stimulation with high density
lipoprotein (HDL) supplied cholesterol, LH, or LH + HDL combination. Mean + S.E.M., n =
2 (D) Quantification of progesterone secretion by cultured bovine large luteal cells with and
without 10uM CAY 10499 pretreatment and stimulation with high density lipoprotein (HDL)
supplied cholesterol, LH, or LH + HDL combination. Mean + SE.M., n=2.*P <0.05, ** P
<0.01, *** P <0.001, **** P <0.0001
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Figure 3-5 — Phosphorylation of HSL results in its
translocation to LDs in bovine luteal tissue

Western blot analysis of total cellular lysate and
corresponding LD-associated proteins from bovine
luteal tissue biopsies treated with 8-br cAMP, a PKA

activator.
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Figure 3-6 — Western blot analysis of LD associated
proteins from functional bovine CL confirms
proteomic identification of LD-associated
steroidogenic enzymes

Western blot analysis of total cellular lysate and
corresponding LD-associated proteins from fully
functional bovine luteal tissue. Each panel is labeled
with the examined protein and the apparent molecular
weight of the band based on simultaneously run markers
follows each protein in parentheses (kDa).
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v \
PKA

Mitochondria

Figure 3-7 — Proposed organization of luteal LDs, mitochondria,
and endoplasmic reticulum to facilitate steroidogenesis

Scheme depicting potential organization of LDs, mitochondria, and
the endoplasmic reticulum. Also depicted is the action of LH,
through PKA, inducing activation of HSL which supplies newly
released cholesterol to StAR in the mitochondria for processing into
the steroid precursor pregnenolone, which is converted to
progesterone in the endoplasmic reticulum by 3 beta hydroxysteroid
dehydrogenase (3BHSD).
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CHAPTER 4: EARLY TRANSCRIPTOME RESPONSES OF THE BOVINE MID-
CYCLE CORPUS LUTEUM TO PROSTAGLANDIN F2 ALPHA
INCLUDES CYTOKINE SIGNALING s

Abstract
In ruminants, prostaglandin F2alpha (PGF2a)-mediated luteolysis is essential for initiation of

the estrous cycle and is a target for improving fertility. To deduce early PGF2a-provoked changes
in the corpus luteum a short time-course (0.5-4 h) was performed on cows at mid-cycle. A
microarray-determined transcriptome was established and examined by bioinformatic pathway
analysis. Classic PGF2a effects were evident by changes in early response genes (FOS, JUN) and
prediction of active pathways (PKC, MAPK). Several cytokine transcripts were elevated and
NF-kB and STAT activation were predicted by pathway analysis. Self-organizing map analysis
(SOMs) grouped differentially expressed transcripts into ten mRNA expression patterns
indicative of temporal signaling cascades. Comparison with two analogous datasets revealed a
conserved group of 124 transcripts similarly altered by PGF2a treatment, which both, directly and
indirectly, indicated cytokine activation. Elevated levels of cytokine transcripts after PGF2a and
predicted activation of cytokine pathways implicate inflammatory reactions early in PGF2a-

mediated luteolysis.

s The material presented in this chapter was submitted as a manuscript: Talbott et al. Early transcriptome
responses of the bovine mid-cycle corpus luteum to prostaglandin F2a includes cytokine signaling.
Molecular and Cellular Endocrinology 2017 22,
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4.1. Introduction
In mammals, multiple fertile cycles depend on the formation and regression of a transient

endocrine structure in the ovary termed the corpus luteum (CL) 134227, The CL forms at the
beginning of each estrous cycle and synthesizes progesterone, a hormone critical for early
embryonic survival during pregnancy *137:28_However, before the next follicle can develop, the
steroidogenic luteal cells of the CL must cease the production of progesterone—contingent on the
absence of a pregnancy—and ultimately undergo apoptosis 12322, Prostaglandin F2alpha (PGF2a)
is a recognized lipid mediator that triggers CL regression after an unsuccessful reproductive cycle
or at parturition in mammals 5134230 Thus, PGF2a-mediated luteolysis is a key checkpoint in the

reproductive cycle and is a useful target for controlling the estrous cycle and fertility.

Signaling by PGF2a has been studied extensively in vitro, and the classic signaling pathway
involves the binding of PGF2a to its G-protein-coupled receptor and activating Goga1 232% The
early intracellular signaling events initiated by PGF2a in luteal cells include the activation of
phospholipase C 234235 phospholipase A2 23237 an increase in intracellular Ca?* 2%, activation of
protein kinase C (PKC) 1% and activation of mitogen-activated protein kinase (MAPK) signaling
cascades including extracellular signal-regulated kinase (ERK) 195238241 These signaling
cascades are responsible for the transcriptional and translational induction of several early
response genes including transcription factors such as, Finkel-Biskis-Jinkins murine
osteosarcoma viral oncogene homolog (FOS) 1%, Jun proto-oncogene (JUN) 1%, early growth
response 1 (EGR1) 1%, and activating transcription factor 3 (ATF3) . The transcription factors
induced by PGF2a control the abundance of target messenger RNAs (mRNAs) which, when
translated, alter the luteal proteome enabling luteolysis to proceed. For example, sustained ATF3
expression can inhibit luteinizing hormone-induced progesterone production by bovine luteal
cells 1%, As well, EGR1 expression stimulates the synthesis of transforming growth factor beta

(TGFB) 1%, which coordinates the activities of a number of cell types during luteal regression.
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Specifically, TGFp inhibits luteal progesterone secretion 16242243 acts on luteal endothelial cells

to disrupt the microvasculature 2*4, and stimulates the profibrotic activity of luteal fibroblasts 4.

The luteolytic process is a well-coordinated series of events similar to an acute inflammatory
response consisting of a sequential time-dependent infiltration of neutrophils 205:207.246.247
macrophages 205209248-250 and T lymphocytes 205209248251 - Accordingly, there is likely time-
dependent secretion of cytokines to recruit and activate the various leukocytes 202252254, Several
cytokine transcripts are induced by PGF2a. in the mid- to late-stage CL including tumor necrosis
factor alpha (TNF) 252 interleukin 1 beta (IL1B) %2525 jnterferon gamma 2°°, TGFB1
106,256,257 and the chemokines; C-C motif chemokine ligand 2 (CCL2, previously known as
MCP1) %72 and C-X-C motif 8 (CXCLS, previously known as CXCL8) 108:207.246,256,257.260 Thege
cytokines have pleiotropic effects on luteal cells, including inhibition of progesterone secretion
261-266 stimulation of PGF2a secretion 263267 and stimulation of apoptosis of multiple luteal cell
types 262263.268-212 The production of luteolytic factors, decrease in progesterone secretion,
recruitment of immune cells, the release of pro-inflammatory cytokines, reduction in blood
supply, and the creation of a hypoxic environment 27327 likely act in concert within the CL to

cause the functional and structural regression of the CL.

The purpose of this study was to understand the early PGF2a-elicited changes in the CL
based on temporal patterns of early transcript expression following in vivo treatment with PGF2a.
While many studies have examined luteolytic alterations both in vivo and in vitro, most studies
have focused on changes 3-24 hours after PGF2a administration 625" or used targeted rather than
global approaches %2726 Therefore, little is known about the very early temporal changes in
global mRNA expression elicited in response to PGF2a treatment in vivo. Examination of the
early transcriptional responses to PGF2a will provide a context for understanding the events
responsible for orchestrating the cascade of events required for functional and eventual structural

regression of the CL. In the present study, a systems biology approach using Affymetrix Bovine
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Arrays was employed to evaluate gene expression at 0.5 - 4 hours post-PGF2; followed by
bioinformatics analysis of PGF2a-mediated signals. We hypothesized that the sequence of events
after in vivo PGF2a administration would include early changes of classical targets of PGF2a

signaling pathways followed by fluctuations in targets of cytokine signaling at later time-points.

4.2. Materials and Methods

4.2.1. Animals
Post-pubertal multiparous female cattle (n = 15) of composite breeding (2 Red Angus,

Pinzgauer, Red Poll, Hereford and %2 Red Angus and Gelbvieh) were synchronized using two
intramuscular injections of PGF2a (25mg; Lutalyse®, Zoetis Inc., Kalamazoo Michigan, MI) 11
days apart. At mid-cycle (days 9-10), cows were treated with an intramuscular injection of saline
(n = 3) or PGF2a (n = 12). At each of four time-points post-injection (0.5, 1, 2, and 4 h) three
cows per treatment were subjected to a bilateral ovariectomy through a right flank approach under
local anesthesia 272’8, The CL was removed from each ovary, weighed and < 5 mm? sections
were snap-frozen in liquid N2 for subsequent protein and ribonucleic acid (RNA) analysis. Plasma
progesterone concentrations were determined using the ImmuChem Progesterone Coated Tube
radioimmunoassay kit (MP Biomedicals, Santa Ana, CA) with an intra-assay coefficient of
variation of 9.13% and inter-assay coefficient of variation of 7.99%. The University of Nebraska-
Lincoln Institutional Animal Care and Use Committee approved all procedures and facilities used
in this animal experiment and animal procedures were performed at the University of Nebraska—
Lincoln, Animal Science Department. Statistical differences in animal characteristics were
determined using Kruskal-Wallis test followed by Dunn’s post-test or one-way analysis of
variance followed by Bonferroni's multiple comparison test as appropriate (GraphPad Prism, La

Jolla, CA).
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4.2.2. Steroidogenic luteal cell culture

Bovine ovaries were collected during mid-cycle or early pregnancy from a local
slaughterhouse (JBS® USA, Omaha, NE). Steroidogenic cells were prepared from luteal slices by
enzymatic digestion with type 11 collagenase (103 1U/mL) as described previously . Enriched
fractions of small luteal cells (SLC) and large luteal cells (LLC) were prepared from CLs of early
pregnancy using centrifugal elutriation similar to a previous study . The unseparated luteal cells
were resuspended in elutriation medium (calcium-free Dulbecco’s modified eagle medium
(DMEM) [D9800-10 US Biological, Salem, MA], supplemented with 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3.89 g/L sodium bicarbonate, and 3
mg/mL glucose). Resuspended cells were subjected to centrifugal elutriation with continuous
flow using a Beckman Coulter Avanti J-20 XP centrifuge equipped with a Beckman JE-5.0
elutriator rotor. The first 100 mL fraction containing primarily erythrocytes and endothelial cells
was collected using 1800 rpm and 16 mL/min flow rate, the next 100 mL were discarded. The
second 100 mL fraction contained endothelial and SLC (1400 rpm and 16 mL/min). The third 100
mL fraction contained primarily SLC (1200 rpm, 24 mL/min), and the next 100 mL were
discarded. The fourth fraction contained primarily LLC (680 rpm and 30 mL/min). The fractions
containing SLC and LLC were pelleted and resuspended in basal M199 (0.1% bovine serum
albumin (BSA), 100 U/ml penicillin, 100 pg/ml streptomycin, and 10 ug/ml gentamycin). The

average purity of SLC was ~90% and LLC was > 50%.

Cells were seeded at a density of 1 x 10° cells/cm? for mid-cycle mixed luteal cells, 1 x 10°
cells/cm? for SLC and a density of 4 x 10* cells/cm? for LLC. Cells were allowed to attach in a
5% CO: incubator at 37 °C in basal M199 medium containing 5% fetal bovine serum. The next
day, the medium was removed and cells washed with phosphate-buffered saline. The cells were
incubated in serum-free medium for 3 hours before applying treatments as described in the
legends to the figures [PGF2a (in ethanol, #16010, Cayman Chemical, Ann Arbor, MI), TNFa

(210-TA, R&D, Minneapolis, MN), IL-1B (RP0106B), IL-6 (RP0014B), IL-17A (RP0056B,
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Kingfisher Biotech, Saint Paul, MN)]. Luteal cell cultures were harvested into lysis buffer (20
mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA (ethylenediaminetetraacetic acid), 0.2 mM

EGTA, 1% Triton X-100, protease and phosphatase inhibitor cocktails) and lysed by sonication.

Lysates were centrifuged at 18,000 g for 15 minutes at 4 °C and the supernatant collected for
suspension in sodium dodecy!l sulfate (SDS) loading buffer (50 mM Tris [pH 6.8], 300 mM
glycerol, 25 mM SDS, 45 mM dithiothreitol, 260 mM 2-mercaptoethanol, bromophenol blue).
Proteins were separated by electrophoresis using 10% SDS-polyacrylamide gels and transferred
to nitrocellulose membranes. Membranes were blocked with 5% non-fat milk in 0.1% Tween 20
in Tris-buffered saline (TBST) then incubated overnight with the primary antibody diluted in 1%
non-fat milk or BSA in TBST at 4 °C. After three, 5-minute washes with TBST, membranes were
incubated for 1 hour at room temperature with anti-rabbit or mouse (1:20,000) horseradish
peroxidase-conjugated IgG diluted in TBST with 1% non-fat milk. After three 5-minute washes,
protein bands were detected with ECL reagent (SuperSignal West Femto Thermo Science,
Miami, OK, or PerkinElmer, Waltham, MA). Signals were visualized on FluorChem M
(ProteinSimple, San Jose, CA) or UVP (UVP, LLC, Upland, CA) systems. Phosphorylated
nuclear factor kappa B (NF-kB) subunit P65 (phospho-P65, 3031 AB_330559) and
phosphorylated ERK1/2 P44/P42 (phospho-P44/P42, 9101, AB_331646) antibodies were from
Cell Signaling Technology (Danvers, MA); B-actin (A5441, AB_476744) and B-tubulin (T4026,
AB_477577) antibodies were from Sigma (St. Louis, MO); and anti-mouse (115-035-205,
AB_2338513) and anti-rabbit (111-035-003, AB_2313567) HRP-conjugated 1gG from Jackson
(West Grove, PA). Protein band density was analyzed using UVP software (Version 6.7.4), using
area density of equally sized rectangles encompassing the bands at the appropriate molecular
weight, normalized to the corresponding f-actin density and compared to control treatment by

fold change.
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4.2.3. Affymetrix bovine gene chip microarray

Each CL from the in vivo experiment described in Section 2.1 was homogenized and RNA
was extracted using a Stratagene RNA Isolation Kit (Santa Clara, CA) following manufacturer’s
instructions. Transcriptional changes were analyzed by hybridization of 500 ng biotinylated
cDNA using Affymetrix (Santa Clara, CA) bovine whole-transcript microarray (Bovine Gene v1
Array [BovGene-1_0-v1]; GPL17645) at the University of Nebraska Medical Center Microarray
Core Facility. Validation of target transcripts was performed after reverse transcription of 1 pg
RNA using SuperScript 11 Reverse Transcriptase (Invitrogen, Grand Island, NY) followed by
guantitative real-time PCR (gPCR) using gene-specific primers (Appendix B-1) on a CFX96
Touch™ Real-Time PCR Cycler (Bio-Rad, Hercules, CA) with SsoFast™ EvaGreen® Supermix
(Bio-Rad, Hercules, CA). Comprehensive microarray methods and data are available in the Gene
Expression Omnibus (GEQ) database under accession GSE94069 and are described in the

accompanying Data in Brief article 2.

4.2.4. Microarray statistics

The microarray data were preprocessed using the robust multi-array average (RMA) method
from Affymetrix expression console software (Affymetrix Inc., Santa Clara, CA) to normalize
data at the exon level. The mean intensities of multiple probe sets of the same gene were
calculated under each array to obtain the corresponding gene expression intensities. The data was
filtered to keep the genes with a raw expression value after preprocessing to be 10 or more for at
least three of the 15 samples. Linear Models for Microarray Analysis 2° in the Bioconductor suite
281 yunder the statistical program R 282 was applied to compare the log ratio between each of the
PGF2a time-points and the saline control after adjusting for the box effect. R code used to
process the data is available in 2”°, Transcripts with a fold change of at least 1.5 and a Benjamini-
Hochberg adjusted P-value of less than 0.05 for each treatment condition versus control were

identified as differentially expressed genes.
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4.2.5. Self-organizing maps and statistics

Microarray data was filtered to keep genes with a raw expression value after preprocessing to
be 30 or more for at least three of the 15 samples. The log ratio between each of the time-points
and the saline control were compared using Linear Models of Microarray Analysis in the
Bioconductor suite in R. The self-organizing map (SOM) clustering algorithm GeneCluster 2.0 22
was applied to differentially expressed genes that had a greater than 1.5-fold change in expression
and P-value < 0.05 between PGF2a-treated samples and the saline control. The mean normalized
log. intensity values from each of the five examined biological conditions were used as transcript
expression profiles in the clustering analysis. The number of iterations in SOM clustering was set
to 500,000 to generate SOMs and hierarchical clustering (correlation-based distance, average

link).

4.2.6. Dataset comparisons
Two previously published microarray datasets, GSE23348 25" and GSE27961 2% examined

the effect of in vivo PGF2a or analog treatment on the bovine luteal transcriptome using
Affymetrix Bovine Whole Genome Gene Chips (GPL 2112). These datasets were chosen for
comparison to the transcriptome dataset presented herein based on similarities in the experimental
protocol comparing mid-cycle control CL expression profiles to CL profiles after treatment with
PGF2a or analog for 4 hours (GSE23348) or 6 hours (GSE27961). Original.CEL and.CHP files
were downloaded from the GEO database and processed as described in Section 4.2.4 Microarray
statistics. The differentially expressed mRNAs at 4 or 6 hours were compared between the three

microarray datasets to determine the similarities among the datasets.

4.2.7. Pathway analysis
Pathway analysis was evaluated using Ingenuity Pathway Analysis (IPA) [Application: Build:

430520M Copyright 2017 QIAGEN (Redwood City, CA)]. Transcripts found to be differentially

expressed compared to saline-injected controls with > 1.5-fold change and P < 0.05 were input
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into IPA for core analysis using Entrez gene IDs for evaluations of the time-course and
comparison datasets. Unmapped genes ranged from 6.5-20.7% per individual time-points or
datasets. Datasets were assessed for prediction of upstream regulators and signaling pathways.
Additional pathway analysis was completed using DAVID (Version 6.8, released: Oct 2016)
284285 pPANTHER Database (Version 11.1, released: Oct 2016) 286288 and STRING Database
(Version 10.0, released: Apr 16, 2016) ?®° to validate IPA findings and provide unique
perspectives based on each tool’s functionality. Functional categorization of genes common to all
three datasets examined was done by manual annotation of a single major functional category for
each gene based on National Center for Biotechnology Information and GeneCardsSuite

descriptions and gene ontology annotations of genes.

4.3.Results

4.3.1. Bovine microarray

The analysis of the Affymetrix gene arrays revealed 1654 gene transcripts that were
differentially expressed. The number of differentially expressed genes increased throughout the
time-course (Figure 4-1 A). Up-regulated transcripts predominated at early time-points in
response to PGF2a (89.6% and 97.1% up-regulated, 0.5 and 1 h, respectively). Similar numbers
of up-regulated and down-regulated transcripts were observed at 2 hours post-PGF2a (53.4% up-
regulated genes). Conversely, at 4 hours post-PGF2a, 58.2% of differentially regulated transcripts
were down-regulated. The overlap of altered transcripts among time-points is shown in a Venn
diagram in Figure 4-1 B. Of note, 14 of the 29 differentially expressed mRNAs detected at 0.5
hours post-PGF2a were differentially expressed at all 4 time-points. Additionally, at 4 hours post-
PGF2a, there were 1,507 differentially expressed transcripts unique to that time-point.
Comprehensive microarray data is found in the GEO database under accession GSE94069. A full

list of differentially expressed genes, fold changes and P-values is provided in Appendix B-2.
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The top 10 up-regulated and down-regulated transcripts (by fold-change) at each time-point
along with their fold change and P-values are listed in Table 4-1 & Table 4-2, respectively.
Transcription factors were particularly prominent early in the time-course response to PGF2a and
although the number of transcription factors continued to increase, they made up a lower
proportion of differentially expressed genes as the time-course proceeded. One-half hour after
PGF2a treatment, 34.5% of the mapped differentially expressed genes had a transcription factor
classification using DAVID molecular function analysis and at 4 hours post-PGF2a, only 1.9% of
the differentially expressed genes were classified as transcription factors [Appendix B-4].
Transcription factors that were up-regulated at all time-points investigated included ATF3, BTG2,
FOS, FOSB, EGR3, JUNB, NR4A1, NR4A2, NR4A3, and ZFP36. Verification of microarray
results was completed using qPCR to verify the stimulation of several immediate-early response

genes (ATF3, FOS, JUN, JUNB) which peaked between 1-2 hours (Figure 4-1 C).

Several cytokine and cytokine-related transcripts were up-regulated in response to PGF2a. At
2 hours post-PGF2a, up-regulated cytokine transcripts included CCL8, IL1A, IL1B, and IL33.
Lastly, at 4 hours, 25 cytokine-related transcripts were up-regulated including all of the up-
regulated cytokines at 2 hours and additionally including, CCL2, CCL3, CCL4, CXCL2, CXCL5
CXCL8, CXCL13, and IL18. Validation of selected cytokine transcripts was performed by gPCR
(Figure 4-1 D) and described by 2. Suppressor of cytokine signaling 3 (SOCS3), which encodes
a protein important in preventing over-activation of inflammatory conditions, was the first
inflammation/cytokine-related transcript significantly up-regulated at 1 hour. At the 2- and 4-hour

time-points, both SOCS3 and SOCS1 were up-regulated [Appendix B-2].

Down-regulated genes included NF5A2 (also known as LRH1); however, many of the down-
regulated genes have no known role in CL function or luteolysis. Analysis by IPA of down-
regulated genes indicated activation of ‘decreased size of body’ (z-scores; -4.029 and -8.795 at 2

and 4 hours, respectively). Upstream regulators included activation of NUPR1 (z-scores; 2.53,
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4.01 at 2 and 4 hours, respectively) and inhibition of vascular endothelial growth factor (VEGF),
upstream transcription factor 1 (USF1), and endothelin 1 (EDN1) (z-scores at 4 hours; -4.55, -
2.58, -2.43, respectively). Functional analysis by DAVID of down-regulated genes at 4 hours
indicated an enrichment in insulin signaling and cyclic adenosine monophosphate signaling and

metabolic processes.

4.3.2. Functional luteolysis

Serum progesterone was significantly decreased by PGF2a treatment at 2 and 4 hours (51%
and 54%, respectively) compared to saline-treated mid-cycle cows (Figure 4-2 A). Cows from
different treatment groups were not different in age, weight or number of calves produced. There
were no significant differences among groups in CL weight, ovary dimensions, and antral follicle

counts [Appendix B-5].

Despite the decrease in progesterone secretion by 2 hours post-PGF2a, there were no changes
within our time-course in the transcripts that directly control progesterone synthesis (Figure 4-2
B). The proteins encoded by StAR, CYP11A1, and HSD3B1 (steroidogenic acute regulatory
protein, cytochrome P450 family 11 subfamily A member 1, and hydroxyl-6-5-steroid
dehydrogenase, 3 B and steroid d-isomerase 1, respectively) are directly responsible for the
modification of cholesterol to progesterone, but the abundance of the transcripts were not
changed following PGF2a treatment. Additionally, no changes were observed in the luteinizing
hormone/chorionic gonadotropin receptor (LHCGR) or lipoprotein receptors: SCARB1, and LDLR

(scavenger receptor class B member 1, and low-density lipoprotein receptor).

Conversely, several transcripts associated with cholesterol availability were differentially
regulated. Transcript abundance of lipase E, hormone-sensitive type (LIPE), was decreased at 2
and 4 hours; LIPE encodes the cholesteryl esterase hormone-sensitive lipase (HSL). As well, the
LDLR adaptor protein (LDLRAP1) transcript abundance decreased beginning at 2 hours. Other

genes that have products influencing cholesterol availability that increased during the time-course
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included insulin induced gene 1 (INSIG1) and cholesterol 25-hydroxylase (CH25H) transcripts.
Genes encoding members of the lipid droplet coat protein family, perilipin (PLINS), were also
altered after PGF2a treatment including a 2.6 fold increase in PLIN2 transcript levels, and -1.9
fold decrease in PLIN3. Finally, there were no changes observed in transcript abundance of genes
for reverse cholesterol transport proteins (ABCAL, ABCG1, NR1H2, NF1H3, APOA1L, and APOE)

except ABCAL, which was reduced at 4 hours.

4.3.3. Pathway analysis of short time-course
Ingenuity Pathway Analysis identified known PGF2a mediators including PGF2a itself

(identified in IPA as the synthetic PGF2a, dinoprost), PKC group 1%, ERK/MAPK 105238-241 and
Ca?" 20 All of these known PGF2a signaling intermediates were predicted as activated by IPA
and the activation z-scores for each of these mediators are graphically represented in Figure

4-3 A. Most of these upstream regulators were predicted to have the greatest effect at 2 hours.
Upstream regulator analysis predicted TNFa, IL-1p, IL-6 and IL-17A as active upstream
regulators during the short time-course. Figure 4-3 B displays the activation z-scores of several
inflammatory cytokines during the 4-hour time-course demonstrating that activation scores for
these inflammatory cytokines increased throughout the study. Inflammatory cytokine signaling
often involves activation of NF-kB and signal transducer and activator of transcription (STAT)
291292 and both NF-xB and STAT3 were predicted to be activated during PGF2o~induced luteal
regression. Additionally, inhibitors of cytokine signaling, SOCS1 and SOCS3 were predicted to

be inhibited (Figure 4-3 C).

To test whether PGF2a or the predicted cytokines were capable of activating NF-xB,
dispersed luteal cells from mid-cycle CL or enriched preparations of SLCs and LLCs were treated
with PGF2a or select cytokines and acute activation of NF-kB and ERK pathways were
examined. Figure 4-3 D & E shows that PGF2a rapidly stimulated ERK phosphorylation but did

not alter phosphorylation of the NF-xB subunit P65 in a 5-120 minute timecourse. Figure 4-3 D
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illustrates that TNFa, IL-1B, and IL-17A consistently stimulated the phosphorylation of NF-xB
P65 in dispersed mid-cycle luteal cells. The cytokines, TNFa, IL-1p, and IL-17A stimulated
phosphorylation of P65 in both SLC and LLC, and PGF2a selectively stimulated ERK
phosphorylation in LLC but had no effect on P65 (Figure 4-3 F). Interleukin-6 did not stimulate
phosphorylation of ERK or P65 NF-kB as it is known to activate the JAK/STAT signaling

pathway 2%,

Ingenuity Pathway Analysis highlighted canonical pathways predicted to be activated or
inhibited within this dataset based on the downstream targets’ differential expression (P-value)
and direction of change (z-score). The top five canonical pathways identified from each time-
point are listed in Table 4-3. At 0.5 hours post-PGF2a, no pathways had a z-score > |2|, likely due
to the small number of differentially expressed genes. However, several pathways had P-values <
0.05, including ‘NRF2-mediated Oxidative Stress Response’. A total of seven pathways were
predicted as activated at the 1-hour time-point. At 2 hours post-PGF2a, five pathways were
predicted as activated and at 4 hours post-PGF2a, 20 pathways were identified (5 activated and
15 inhibited). Two canonical pathways were predicted to be activated in 2 of the 4 time-points
examined, ‘cholecystokinin/gastrin-mediated signaling’, and ‘Toll-like receptor signaling’.
Several additional canonical pathways including, ‘Acute Phase Response Signaling’, ‘ILK
Signaling’, and ‘TGF-P Signaling” were identified that had z-scores > |1| in at least two time-

points.

4.3.4. PGF2a activates well-organized transcriptional cascades

Ten SOMs were generated based on transcripts that had similar changes in their expression
profiles relative to control throughout all four time-points. The differentially expressed transcripts
included in each SOM are found in Appendix B-6. Of these, two SOMs reflected the expression
patterns of early response genes (Figure 4-4 A & F) and reached peak levels in 1-2 hours and then

returned toward baseline. Four SOMs corresponded to early and delayed-early responsive
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transcripts with changes in mRNA abundance early in the time-course (but less rapid than the
immediate-early response genes) which either plateaued (Figure 4-4 B & G) or continued to
change throughout the examined time frame (Figure 4-4 C & H). Finally, there were two SOMs
where changes in transcript abundance did not begin until the 2-hour time-point indicative of late-
response genes (Figure 4-4 D & 1). Two additional SOMs had biphasic transcript profiles, which
changed early (either up- or down-regulated), returned to baseline and then rebounded at later

time-points (Figure 4-4 E & J).

Up-regulated SOMs had several common IPA-predicted upstream regulators such as TNFa,
TGFp, IL-1pB, and NF-kB. Down-regulated SOMs had common inhibition predictions of VEGF,
peroxisome proliferator-activated receptors ligands, and T3 (the thyroid hormone,
triiodothyronine). Functional analysis by IPA of the genes in each SOM predicted activated
‘migration of cells’ and inhibition of organismal death in immediately-early up-regulated genes.
Early and delayed-early up-regulated gene patterns had functional predictions of ‘cell survival’.
Late up-regulated gene patterns were consistent with increases in ‘migration of cells” and
biphasic up-regulated genes had functional predictions of inhibited ‘organismal death’. Down-
regulated SOMs had functional predictions of ‘organismal death’ for immediate-early and down-
regulated gene patterns. Functional annotations predicted activation of ‘organismal death’ in
delayed-early down-regulated SOM, increased ‘morbidity or mortality’ in late down-regulated

genes, and death and increased ‘organismal death’ in biphasic down-regulated genes.

Functional annotations of each SOM revealed that SOMs, which peaked early, had a greater
proportion of genes with a ‘regulation of gene expression’ biological process annotation by
DAVID; including, within the immediate-early categories 47.2% of up- and 18.2% of down-
regulated genes. In the early responses, ‘regulation of gene expression’ composed of 31.4% of
up-regulated and 22.9% of down-regulated genes. Within the delayed-early SOMs, 19.2% of up-

and 22.3% of down-regulated genes were also annotated with ‘regulation of gene expression’.
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Whereas, late-response gene patterns had fewer genes classified as ‘regulation of gene
expression” compared to earlier gene profiles (18.2% up- and 19.6% down-regulated). Instead,
delayed-early and late up-regulated SOMs had 7.1% of genes associated with “inflammatory
reactions” (P-values: 1.50E-05, 9.50E-08, DAVID). Biphasic up-regulated genes had biological
process annotations including immune response-activating signal transduction. Finally, biphasic
down-regulated genes had annotations related to fibrosis. Of the down-regulated SOMs, several
contained components of peroxisome proliferator-activated receptor signaling and VEGF

signaling.

4.3.5. Dataset comparisons
Two previously published microarray datasets examined the effect of in vivo PGF2a

treatment on mid-cycle bovine CL. The similarities in experimental design allowed direct
comparison of the microarray data at 4 hours post-PGF2a to the previously published microarray
analyses from GSE23348 %7 and GSE27961 °. Mondal et al. collected luteal tissue from Angus
crossbred heifers 4 hours after giving an intramuscular injection of 25 mg Lutalyse at day 11 of
the estrous cycle. Shah et al. treated non-lactating Bubalus bubalis (water buffalo) cows with a
500 pg dose of Juramate (equivalent to 25 mg of Lutalyse 2°4) and collected luteal tissue at 6
hours post-PGF2a. The overlap of differentially expressed transcripts between the three datasets
is visually represented in a Venn diagram in Figure 4-5 A. Comparison of the three datasets
revealed 515 genes found by at least 2 of the 3 studies, and 124 genes that were similarly altered
in all the datasets including 43 up-regulated genes and 81 down-regulated genes. A full list of the

genes common to all three datasets is available in Table 4-4.

Independent bioinformatics analysis of each dataset revealed common regulatory elements.
First, IPA predicted similar upstream regulators in each dataset such as PKC, MAPK/ERK,
TNFao, IL-10/B, and IL-17. Canonical pathway analysis of each of the three datasets commonly

predicted activation of triggering receptor expressed on myeloid cells 1 (TREM1) signaling, an
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important pathway for activation of macrophages and neutrophils 2. Bioinformatic analysis of
the 124 genes common to all 3 datasets indicated activation of FOS, JUNB, MAPK/ERK, IL-1,
TNFa, TGFp, IL-6 (Figure 4-5 B) as well as canonical pathways like IL-6 Signaling, Acute Phase
Response Signaling, and NF-kB Signaling. Pathway analysis of the 124 common genes by IPA,
DAVID, PANTHER, and STRING consistently reported enrichment of TGFf signaling (4 of 4)
and p53 signaling (3 of 4). Finally, the functional analysis indicated groups of genes involved in
cell-cell interaction (12.9%), cytokine signaling (8.9%), and transcriptional regulation (8.1%) in

Figure 4-5 C. The genes in each functional category are listed in Table 4-4.

4.4, Discussion

4.4.1. Overview of study
This study uses a systems biology approach to provide a detailed understanding of the early

(0.5 — 4 h) transcriptional effects that occur during PGF2a-induced luteolysis in vivo. Our
analysis predicts activation of cytokines (TNFa, IL-1p, IL-6, IL-17A, & 1L-33) and cytokine
signaling intermediates (NF-xB, STAT) early in the time-course. However, changes in cytokine
transcripts are not apparent until 2 - 4 hours post-PGF2a. The effects of PGF2a in vivo may
require the activation of secondary mediators, such as cytokines, which activate NF-xB and
STAT signaling because PGF2a is unable to stimulatephosphorylation of NF-kB P65 in isolated
luteal cells. The rapid influx of various immune cells in response to the initiation of luteolysis
207,209246 gnd the release of pre-formed cytokines could explain the prediction of cytokine
signaling effects very early in the PGF2a response. As well, the activation of NF-«B signaling

could contribute to later responses seen after PGF2a administration.

Analysis of gene expression changes also confirms changes in the transcriptome that are
consistent with PGF2a signaling. Evidence of classical PGF2a signaling activation is seen
directly in the rapid induction of immediate-early response genes (ATF3, EGR1, FOS, JUN, and

NR4A2), consistent with changes in genes documented to be direct targets of PGF2a signaling
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92.104,105.108,296.297 Bjpinformatics analysis also identifies upstream regulators consistent with
known PGF2a signaling mediators such as dinoprost (PGF2a), PKC, Ca?*, and ERK. The
bioinformatics findings indicating activation of classical PGF2a signaling pathways after in vivo
treatment are an important validation of the predictive power of the bioinformatics tools used in
this study. Comparison with similar datasets 2°¢2%" yields comparable results, predicting both

PGF2a signaling and cytokine signaling in the CL after PGF2a treatment.

4.4.2. Induction of functional luteolysis

In this study, in vivo administration of PGF2a decreases serum progesterone within 2 hours
of treatment. However, serum progesterone concentrations are not under 1 ng/mL, a cutoff that
indicates irreversible functional regression, which typically occurs 18-24 hours after the onset of
luteolysis 29831, Additionally, there are no changes in CL weight, indicating that structural
regression of the CL has not yet begun. The reduction in serum progesterone concentrations is not
accompanied by reductions in the expression of the steroidogenic enzymes: StAR, CYP11A1, and
HSD3B1. Furthermore, transcripts for key receptors (LHCGR, SCARB1, or LDLR) intimately
involved in progesterone synthesis are also unchanged. These findings showing a marked
reduction in serum progesterone prior to changes in steroidogenic gene transcript abundance are
similar to other studies 198255257 However, it is possible that changes in abundance or function of

specific proteins may occur prior to down-regulation of the corresponding mRNA 256:302,

These observations suggest that alternate pathways could contribute to the early reduction in
luteal progesterone synthesis. Based on our findings, it seems possible that the decrease in LIPE
could contribute to the decrease in progesterone production because its protein product, HSL,
interacts directly with lipid droplets to hydrolyze cholesteryl esters to liberate cholesterol for
steroidogenesis 8494243 The reduction in LIPE expression together with alterations in LDLRAP1,
INSIG1, and CH25H transcript abundance could have a combined negative effect on intracellular

cholesterol availability. Decreases in LDLRAP1 could inhibit progesterone production by
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reducing the cholesterol available for use in the cell since endocytosis of low-density lipoprotein
particles requires the LDLRAP1 cofactor 33%, An increase in INSIG1 concentrations could
affect steroidogenesis through suppressing transcription of de novo cholesterol synthesis and
uptake proteins, 353%; however, de novo synthesis is not a primary source of cholesterol for
steroidogenesis in the CL 14337308 Finally, increases in CH25H could catalyze the hydroxylation
of cholesterol to 25-hydroxycholesterol which is a potent inhibitor of de novo cholesterol
synthesis 3%, However, 25-hydroxycholesterol can also act as a substrate for steroidogenesis 31°
although it is unclear how physiological concentrations of this oxysterol would act on bovine

luteal cells or neighboring cells.

Activation of reverse cholesterol transport could also effectively reduce intracellular
cholesterol availability for progesterone synthesis. Other studies have reported an increase in
reverse cholesterol transport transcripts such as ABCA1, ABCG1, NR1H2, NF1H3, APOAL, and
APOE during luteolysis 312313, However, in this dataset, only a single transcript of the reverse
cholesterol transport process, ABCAL, changes compared to control, and it decreases. Thus,
changes in transcript abundance that contribute to increases in reverse cholesterol transport do not

appear to contribute to the early reductions in circulating progesterone.

4.4.3. Cytokine signaling
The present study implicates 1L-33 and IL-17 cytokines as potential regulators of luteal

regression, although neither have previously been proposed to have a role in luteolysis.
Nevertheless, transcripts abundance of 1L33 increase 17-fold over controls and up-regulated in
all three datasets. Two recent reports indicate that IL-33 may play a role in follicular atresia 34315
and we propose that 1L-33 may play a similar role in luteal regression. Preliminary data in our
laboratory indicates that 1L-33 does not have a direct effect on in vitro primary luteal cell
cultures, presumably because luteal cells lack or have a low representation of components of the

IL-33 receptor complex 220279 In the regressing CL, IL-33 could play a role in macrophage
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recruitment 314315 mast cell activation 3¢, and is likely derived from the endothelial cells rather

than the steroidogenic cells of the CL 315318,

Another novel cytokine highlighted in this dataset is IL-17A, which is identified as an
activated upstream regulator in three of the time-points examined. There are no reports of a role
for IL-17 in the CL, however, a recent study by Ozkan et al. demonstrated that elevated serum IL-
17 concentrations predicted infertility and poor responsiveness to in vitro fertilization 3.
Analysis of this dataset using a more robust method of calling differentially expressed transcripts
increased z-score predicted activation of 1L-17 signaling *8, and our data indicate that IL-17 can
directly activate NF-kB and ERK 1/2 signaling in luteal cell cultures. How IL-33 and IL-17

contribute to luteal regression is a subject of future investigations.

Cytokine signaling intermediates such as NF-kB and STATS3 are predicted by IPA to be
activated in response to PGF2a throughout the time-course. Activation of NF-kB or prediction of
NF-«B activation is consistently reported after PGF2a treatment in vivo 256257319320 However, in
vitro PGF2a does not phosphorylate NF-kB in luteal cells (present study) or endometrial
adenocarcinoma cells 3. Thus, in vivo PGF2a may use secondary mediators, such as cytokines,
which would activate NF-xB and STAT signaling. This prediction is supported by significant
increases in expression of SOCS3 transcripts within 1 hour (4-fold) and SOCS1 at 4 hours (1.7-
fold), findings consistent with a well-controlled tissue-specific inflammatory response. However,
IPA predicts the inhibition of SOCS1 and SOCS3 during the PGF2a time-course, which could b.
This expands on work by ourselves and others that previously proposed a role for cytokines and

immune cells in PGF2a-induced luteolysis at 3 or more hours after PGF2a treatment

106,207,244,246,256,257,260,322

We found both direct and indirect evidence for increases in expression of pro-inflammatory
cytokines and signaling during the early responses to PGF2a. Changes in cytokine-related

transcripts do not occur until 2-4 hours post-PGF2a treatment; although, IPA predicts upstream
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cytokine activation and signaling at all 4 time-points. Secretion of cytokines (TNFa, TGFf, and
CXCLS) can be stimulated by PGF20. treatment in the ovary 19620732 ‘and other tissues 321324, For
example, PGF2a treatment in vivo and in vitro induces CXCL8 108:207246260325 '3 cytokine which
potentially serves to recruit neutrophils and macrophages to the CL 207260326327 The recruitment
and activation of immune cells along with the actions of pre-formed cytokines could be
responsible for the very early gene expression changes that are indicative of cytokine signaling.
Both neutrophils and mast cells can store and release large amounts of cytokines and other
bioactive proteins immediately after activation without the need for de novo synthesis of proteins
328-330 This would allow for immediate responses without requiring transcription or translation;

therefore, these genes would not be identified in transcriptome-based studies.

4.4.4. PGF2a activates well-organized signaling cascades

Analysis of SOMs demonstrates that a coordinated cascade of transcription occurs after
PGF20 administration and includes immediate-early, early, delayed-early, late, and biphasic
transcriptional responses. This suggests that a carefully orchestrated succession of gene
expression changes occurs during PGF2a-induced luteolysis. Our analysis clarifies the early
temporal responses required for PGF2a-induced luteolysis. As expected, the immediate-early up-
regulated and early down-regulated responses are composed primarily of transcription factors.
Later signaling waves contain a greater proportion of genes that are non-transcription factors
suggesting that genes with an immediate-early expression profile could trigger transcription of
early, and delayed-early type genes which could then alter transcription of late-type genes in a

transcriptional cascade .

Up-regulated gene patterns are consistent with inflammatory response and activation of
immune cells. The common upstream regulators TNFa, TGFp, IL-1p, and NF-«kB support this
prediction. Down-regulated SOMs correspond with the activation of death pathways and

inhibition of cellular proliferation. Interestingly, up-regulated SOMs had functional annotations
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such as decreased organismal death whereas down-regulated SOMs noted increased organismal
death, which highlights that during a complex event such as luteolysis, there are populations of
cells, which are activated and proliferating (potentially immune cells), and other cell types that
will be inhibited and primed for apoptosis such as endothelial and steroidogenic luteal cells.
Notably, the common upstream regulators EDN1 and VEGF support the idea that CL regression
involves early changes in the vasculature, which has been previously suggested 33223, Moreover,
several studies indicate that biphasic transcriptional responses are correlated with fluctuations in
activation of NF-xB in response to cytokines like TNFa 3353%, These biphasic, oscillatory
responses that can activate both acute and chronic changes within the target tissues are
characteristic of cytokine and NF-xB signaling 3%, In accordance, the cytokines IL-1p, and
TNFa are predicted as upstream regulators of the up-regulated biphasic response SOM.
Additionally, Mondal et al. proposed that sustained activation of NF-«xB signaling only occurred
in PGF2a-sensitive luteal tissues, and the biphasic patterns of gene expression could reflect both
acute activation and the beginning of a chronic activation of target genes. Together these SOMS
indicate a cascade of events, whereby immediate-early response genes, composed mostly of
transcription factors alters early and delayed-early gene expressions, which contribute to changes

in the expression of late-response genes.

4.4.5. Dataset comparison and relationship to previous studies
Comparison of our dataset to two other studies, GSE23348 %" and GSE27961 2% that used

microarray analysis to determine the bovine luteal transcriptome after PGF2a treatment. Our
dataset comparison reveals 124 differentially expressed transcripts common to all three datasets,
including BCL6, BMP2, FOSL1, IL33, INHBA, and NR5A2. Bioinformatics analysis of the
common transcripts predicts activation of cytokine signaling and includes the upstream regulators
IL-1B, TNFa, and TGFp. This comparison provides several high confidence transcriptome

changes that occur in the bovine CL after PGF2a treatment, which vary minimally across study
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sites and investigation groups, providing an important resource for future studies. Importantly,
our analysis of the differentially expressed genes common to all three datasets as well as each
independent dataset are consistent with the activation of both PGF2a and cytokine signaling.
Additionally, functional annotations of common genes indicate a large proportion of gene
products function in cytokine signaling and cell-cell interaction, which both play critical roles in
luteolysis. These findings validate the predictions based on the short time-course and support a
growing body of literature that suggests that immune cells and cytokines play a key role in CL

regression.

4.4.6. Conclusions from the study
Shortly after PGF2a administration, phospholipase C, PKC, Ca?", and ERK trigger a variety

of signaling cascades to begin the luteolytic process. Our data suggests that in vivo, PGF2a
administration stimulates a series of transcriptional waves likely as a result of classical PGF2a
and cytokine signaling events, as early as 30 minutes post-PGF2a treatment. This is the beginning
of a cascade of events that will initiate decreases in progesterone secretion (2-12 hours post-
PGF2a) and result in the structural regression of the CL 12-18 hours post-PGF2q 24934, The
earliest decreases in progesterone secretion during luteolysis may be due to changes in protein
function and in LIPE/HSL expression and other transcripts which regulate cholesterol
availability rather than changes in the expression of mMRNA encoding the primary steroidogenic
enzymes. We propose that during the early stages of functional regression in combination with
PGF2a, the reduction in progesterone, and increase in inflammatory cytokines (potentially
including IL-33 and 1L-17) contribute to luteal regression. As the intra-luteal concentrations of
PGF2a and inflammatory cytokines increase they may act within an auto-amplification loop
eventually reaching a critical point from which there is no rescue from the luteolytic cascade

67.341-344 Future studies to identify the specific transcriptional changes occurring in steroidogenic
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cells, endothelial cells, immune cells, and fibroblasts is needed to better understand the dynamic

network of changes that enable functional and structural luteal regression.
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Figure 4-1 - Time-course of the transcriptomic response to PGF2a,
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Figure 4-1 — Time-course of the transcriptomic response to PGF2a

Mid-cycle cows (n = 3/time-point) were treated with 25 mg PGF2a, for 0.5, 1, 2, and 4 hours
and control saline injections (n = 3). Samples were analyzed by Affymetrix bovine whole
transcript microarray (Bovine Gene v1 Array [BovGene-1_0-v1]; GPL17645) and
differentially expressed transcripts were identified based on fold change > |1.5] and Benjamini-
Hochberg adjusted P-value < 0.05 compared to saline controls (n = 3). (A) Number of
upregulated and downregulated differentially expressed transcripts at each time-point graphed
on a log scale, upregulated transcripts appear in red above the central axis, and downregulated
transcripts appear in green below the axis. (B) Venn diagram of the number of differentially
expressed genes that overlapped between the four time-points examined. Each oval is labeled
with the time-point and the total number of differentially expressed genes in the time-point.
Overlapping parts of the ovals are labeled with the number of transcripts that were
differentially expressed at the corresponding time-points. (C & D). Quantitative PCR
(gPCR) analysis of target genes normalized to ACTB and GAPDH expression and compared to
saline controls using fold-change are displayed using bar graphs to represent mean = SEM and
plotted on the left Y-axis. Microarray determined fold-change of the target genes compared to
control are overlayed using filled circles « to represent the mean (n = 3) and plotted on the
right Y-axis. (C) Selected transcription factor genes (ATF3, FOS, JUN, and JUNB) were
significantly different from control values (P < 0.0001) as determined by gPCR and
determined as differentially expressed in the microarray (except JUN at 4 h). (D). Target
cytokine transcripts (CCL2, CCL8, CXCL2, and CXCL8) were all upregulated at 4 h (P <
0.01). Additionally, CXCL8 was significantly upregulated at 1 and 2 hours (P < 0.0001, P <
0.05, respectively) as determined by qPCR. Determination of differentially expressed
transcripts by microarray indicated significant upregulation of CXCL2 and CXCLS8 at 4 hours
and CCL8 at both 2 and 4 hours. Submitted for publication as part of 22,
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Figure 4-2 — PGF2a induced
reductions in progesterone are
correlated with reductions in the
expression of genes controlling
intracellular cholesterol availability

(A) Serum progesterone concentrations
of cows 0.5 - 4 hour post-PGF2a
treatment (n = 3/time-point). * P <
0.05, ** P < 0.01 compared to saline-
treated animals. (B) Heat map of genes
that regulate cholesterol availability,
progesterone synthesis, and reverse
cholesterol transport. Green indicates
decreased and red indicates increased
transcripts over control. Yellow boxes
indicate time-points that were
significantly altered from saline
controls and fold changes from saline
controls are indicated in the respective
boxes. Submitted for publication as
part of 22,
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Figure 4-3 — In vivo treatment with PGF2a predicts classical PGF2a and cytokine signaling
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Figure 4-3 — In vivo treatment with PGF2a predicts classical PGF2a and cytokine
signaling

(A, B & C) The activation z-score of specific upstream regulators, determined by IPA,
graphed against time. (A) Classic mediators of PGF2a signaling including, PGF2a itself
(dinoprost, black), protein kinase C (PKC group, blue), ERK (red), and Ca?* (green). (B)
Cytokine activation scores including, TNFa (black), IL-1p (blue), IL-6 (red), and IL-17
(green). (C) Cytokine signaling molecules: NF-xB (black), STAT3 (blue), and suppressors
of cytokine signaling, SOCS1 (red) and SOCS3 (green). (D) Phospho-P65 quantification
(mean £ SEM) of non-pregnant mid-cycle luteal cells (n = 3) treated with TNFa, IL-1p, IL-
17A and PGF2a for 30 minutes followed by Western blot analysis, normalized to B-actin and
compared to untreated controls, representative immunoblots are shown below the bar graph. *
P <0.05 compared to control. (E) Western blot of non-pregnant mid-cycle luteal cells treated
with PGF2a for the indicated times immunoblotted for phospho-P65, phospho-ERK 1/2, B-
tubulin, and p-actin. (F) Western blot of small luteal cells (SLC) and large luteal cells (LLC)
treated with TNFa, IL-1p, IL-6, IL-17A (10 ng/mL each) and PGF2a (100 nM) for 30 minutes
and immunoblotted for phospho-P65, phospho-ERK1/2, B-tubulin, and B-actin. Submitted for
publication as part of 22,
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Figure 4-4 — Temporal response waves to PGF2a.
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Figure 4-4 — Temporal response waves to PGF2a

Self-organizing maps (SOMSs) graphs were generated as detailed in Methods. Each graph
shows the average log2 transcript expression intensity £ SEM of the transcripts grouped into
each SOM. Red dashed lines demonstrate the average transcript expression intensity at
baseline. Numbers in the upper right of the individual graphs represent the number of
transcripts within each SOM. Groups of transcripts that were upregulated during the PGF2a
time-course are shown on the left (A, B, C, D, & E) and downregulated transcripts on the
right (F,G, H, I, &J). (A &F) SOMs showed responses typical of immediate-early
response genes, peaked between 1-2 hour and returned to baseline. (B & G) SOMs
demonstrated early response genes, peaked at 2 hours and maintained through the 4-hour
time-point. (C & H) SOMs demonstrated delayed-early response genes, which gradually
moved away from baseline throughout the time-course. (D & I) SOMs showed late-response
genes, which stayed near the baseline and then beg