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Abstract

The mechanisms causing luteolysis of the primate corpus luteum are unknown.
There is an increase in expression of liver x receptor (LXR) target genes and reduced
low density lipoprotein receptor (LDLR) during spontaneous luteolysis in primates.
The LXRs belong to the nuclear receptor superfamily and increase cholesterol efflux
by inducing transcription of their target genes. Uptake of cholesterol into primate
luteal cells occurs primarily via LDL, and LDLR transcription is regulated by sterol
regulatory element binding transcription factor 2 (SREBF2). Luteinizing hormone
(LH) and human chorionic gonadotropin (hCG) maintain luteal function by binding to
the LH/CG receptor (LHCGR), which stimulates progesterone (P4) synthesis via
protein kinase A (PKA). It has also been previously reported that there is an increase
in 27-hydroxycholesterol (270H) concentrations during spontaneous luteolysis in
primates. Pregnenolone and P4 inhibit the enzyme activity of CYP27A1 (cytochrome
p450, family 27, subfamily A, polypeptide 1), which converts cholesterol into 270H,
an oxysterol that is a natural LXR agonist and SREBF2 inhibitor. Therefore, the
overall hypothesis is that LXR-induced cholesterol efflux and reduced LDL uptake
via inhibition of SREBF2 activity mediate luteolysis of the human CL.

The objective of study 1 is to determine the effects of LXR activation and
SREBF2 inhibition on P4 production, cholesterol metabolism and gene expression;
and how hCG signaling via PKA regulates these effects in human luteinized
granulosa cells. Basal and hCG-stimulated P4 secretion were significantly decreased

by the combined actions of the LXR agonist T0901317 (T09) and the SREBF2



inhibitor fatostatin, which was associated with alterations in cholesterol metabolism
leading to reduced intracellular cholesterol storage. Expression of LXR target genes
in the presence of T09 was significantly reduced by hCG, while hCG significantly
increased LDLR expression. These effects of hCG were reversed by a specific PKA
inhibitor. Chronic hCG exposure had similar effects on LXR target gene and LDLR
expression without an exogenous LXR agonist.

The objective of study 2 is to determine the effects of 270H on P4 production
and cholesterol metabolism; and to determine if inhibiting the conversion of
cholesterol into pregnenolone increases LXR and decreases SREBF2 target gene
expression via CYP27A1 in human luteinized granulosa cells. During luteolysis in
primates and sheep, CYP27A41 expression significantly increased. 270H significantly
decreased hCG-stimulated P4 secretion and enhanced cholesterol efflux.
Aminoglutethimide, which inhibits the conversion of cholesterol to pregnenolone,
significantly increased ABCAI and decreased LDLR. Knock-down of CYP27Al
resulted in a significant increase in P4 secretion, but did not prevent
aminoglutethimide-induced effects on ABCAIl and LDLR. Knock-down of
steroidogenic acute regulatory protein (STAR), which controls cholesterol transport
into the mitochondria where CYP27A1 resides, significantly decreased LDLR
transcription.

Collectively, the data from study 1 support the hypothesis that LXR-induced
cholesterol efflux and reduced LDL uptake via inhibition of SREBF2 activity

mediates luteolysis in primates, which is reversed by hCG. Data from study 2



indicates that 270H produced via CYP27A1 may contribute to reductions in P4
synthesis during luteolysis, partially by serving as a dual LXR agonist and SREBF2

inhibitor, although other oxysterols are also likely involved.



1  Chapter 1 — Introduction

1.1 Overview of luteolysis

The corpus luteum (CL) is a transient endocrine structure that forms from the
remains of the ovarian follicle after ovulation in female ovaries. Progesterone (P4)
produced by the CL is necessary to maintain early pregnancy in humans (1, 2). The
structural and functional demise of the CL is called luteolysis. Luteolysis occurs due
to a decrease in P4 synthesis (termed functional regression) and degradation and
structural remodeling of the CL (structural regression) (3, 4). Functional regression of
the CL is a rate-limiting event because P4 itself mediates many processes that
maintain the structure and function of the CL (22). In the absence of pregnancy,
luteolysis allows a new follicular cycle to begin. However, in women with normal
fertility, there exists a high rate (>33%) of early pregnancy loss due to a failure to

prevent luteolysis (5).

1.2 Differences in luteolysis between primate and non-primate species

In most mammalian species, the presence of the uterus is necessary for normal
luteolysis (6). Hysterectomy of heifers (7), ewes (8), pigs (9), guinea pigs (10), and
many other species prolongs luteal function. In most non-primate species,
prostaglandin F2a (PGF2a) of uterine origin initiates luteolysis (4, 6). Estradiol
produced from the developing preovulatory follicle triggers hypophysial oxytocin

release, which stimulates a small pulse of uterine PGF2a (11, 12). A



positive-feedback loop is established with PGF2a causing luteal oxytocin secretion,
which results in additional PGF2a release from the uterus (13, 14). However,
hysterectomy in primates does not extend the normal lifespan of the CL indicating
that the luteolytic signal is not of uterine origin and may be an intraovarian
mechanism (15-17). The biological source and role of PGF2a in luteolysis of the
primate CL, if any, remains controversial (6). Thus, the specific mechanism causing

luteolysis in the primate CL is still undefined.

1.3 Sensitivity of the primate CL to luteinizing hormone during luteolysis

Luteinizing hormone (LH) is necessary to maintain the structure and function of
the primate CL. In monkeys, a rapid drop in P4 and premature menses occur with
treatment of a GnRH antagonist during the midluteal phase, while replacement with
an increasing dose of LH restores P4 secretion and normalizes luteal phase length (18).
Pulses of P4 from the CL are directly related to LH pulses, and the sensitivity to LH
pulses is reduced as the CL ages (19-22). Increasing LH levels alone is not sufficient
to prevent functional regression during the luteal phase (18, 23). A more potent
luteinizing hormone/choriogonadotropin receptor (LHCGR) ligand (i.e., human
chorionic gonadotropin (hCG)) produced from the placenta during early pregnancy is
necessary to prevent luteolysis (18). As LHCGR concentrations do not decrease until
after functional regression happens, the loss in luteal sensitivity to LH is not by
LHCGR down-regulation (20, 24). Hence, the luteolytic signal in primates must

reduce luteal sensitivity to LH.



1.4 Cholesterol efflux and uptake during luteolysis of the primate CL

It has been previously reported that there is an increase in expression of liver x
receptor (LXR) target genes and reduced expression of genes regulated by the sterol
regulatory element binding transcription factor 2 (SREBF2) during luteolysis in
rhesus macaques and sheep (25, 26). The LXRs a (NRI1H3) and/or f (NR1H2),
belong to the nuclear receptor superfamily and induce transcription of genes involved
in cholesterol efflux by binding to numerous precursors or derivatives of cholesterol
when cholesterol is in excess (27). The LXRs also inhibit extracellular cholesterol
uptake by causing ubiquitin-mediated degradation of the low density lipoprotein
receptor (LDLR) (28-30). Collectively, the critical role of LXRs is to decrease
intracellular cholesterol concentrations under conditions of cholesterol excess.
Conversely, sterol regulatory element binding transcription factor 2 (SREBF2) target
genes include the low-density lipoprotein  receptor (LDLR) and
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting enzyme in
de novo cholesterol synthesis (31, 32). Intracellular cholesterol concentrations are
collectively increased by the stimulation of SREBF2 target genes. Therefore, the
competing actions of the LXRs and SREBF2 are necessary to maintain cholesterol

homeostasis.

1.5 Endogenous LXR agonists and SREBF2 inhibitors during luteolysis of the

primate CL

Not only do the LXRs and SREBF2 have reciprocal actions on cholesterol



homeostasis, but their transcriptional activity is also differentially regulated by
oxysterols (hydroxylated cholesterol), which are endogenous LXR agonists (27) and
SREBF2 inhibitors (32, 33). It has been previously reported that luteal
27-hydroxycholesterol (270H) concentrations are increased during spontaneous
luteolysis in the rhesus macaque CL (30). Products of steroidogenesis including
pregnenolone and P4 inhibit the enzyme activity of CYP27A1 (cytochrome p450,
family 27, subfamily A, polypeptide 1), which catalyzes the conversion of cholesterol
into 270H (34). Decreasing steroidogenesis may increase CYP27A1 expression and
activity, which would promote 270H synthesis and lead to increased LXR and

decreased SREBF?2 activity during luteolysis.

1.6 Overall hypothesis

It is known that the CL is a highly steroidogenic gland which produces 40 mg of
P4 per day in humans (4, 35). During luteinization, a buildup of intracellular
cholesterol stores may be necessary to support the considerable steroid production
from the CL (4), while luteolysis may by associated with cholesterol depletion. This
indicates that the normal reciprocal relationship between the LXRs and SREBF2 may
be disrupted to allow cholesterol accumulation during luteinization, and cholesterol
depletion during luteolysis. Therefore, our overall hypothesis is that LXR-induced
cholesterol efflux and reduced LDL uptake via inhibition of SREBF2 causes

luteolysis of the human CL (Fig. 1.1).
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FIG. 1.1: Overall hypothesis. Enhanced LXR and decreased SREBF2 activities may
mediate luteolysis by restricting cholesterol availability in human CL.



1.7 Study 1

In chapter 2 our hypothesis that increased LXR and reduced SREBF2 activity
may cause luteolysis in humans, and that hCG prevents luteolysis by reversing these
effects (Fig. 1.2), was further tested. We used pharmacologic agents to directly
activate the LXRs and inhibit SREBF2 in order to determine the functional effect on
cholesterol metabolism and P4 synthesis. We also determined how hCG signaling via
PKA regulated these effects of the LXRs and SREBF2. This study helps us to better
understand the functional effect of increased LXR and decreased SREBF2 activities

during luteolysis, and how hCG prevents luteolysis during early pregnancy.
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FIG. 1.2: Hypothesis for hCG effects. Inhibited LXR and enhanced SREBF2 by
hCG signaling via PKA prevents primate luteolysis.



1.8 Study 2

In chapter 3, our hypothesis that endogenous 270H produced via CYP27A1 may
mediate luteolysis by increasing LXR and reducing SREBF2 activities in the human
CL (Fig. 1.3) was tested. Treatment with 270H was performed to determine its effect
on P4 secretion. Furthermore, we used pharmacologic agents to inhibit
steroidogenesis, which results in increased enzymatic activity of CYP27A1. We also
used small interfering RNA (siRNA) to inhibit CYP27A1, as well as the steroidogenic
acute regulatory protein (STAR) that is necessary for cholesterol delivery to
CYP27A1. This study helps us to determine the effect of endogenous production of
270H, which is both an LXR agonist and SREBF2 inhibitor, on luteal function in

humans.
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FIG. 1.3: Hypothesis for study 2. Endogenous 270H produced via CYP27A1 may
mediate luteolysis by increasing LXR and inhibiting SREBF2 activities.



2 Chapter 2 - Enhanced Liver X Receptor and Decreased Sterol Regulatory

Element Binding Transcription Factor 2 Activities May Control Luteolysis

of the Human Corpus Luteum, and are regulated by Human Chorionic

Gonadotropin

2.1 Introduction

Luteal cells synthesize and secrete the steroid hormone progesterone (P4) which
is necessary to maintain early pregnancy in primates (36). Decreased production of P4
is the key event during luteolysis, which is a functional and structural degradation of
the corpus luteum (CL). In most nonprimate species, prostaglandin F2a (PGF2a) of
uterine origin has been well understood to initiate luteal regression and luteolysis (6).
But in primates, hysterectomy does not extend the normal lifespan of CL (16, 17),
indicating intraovarian factors may regulate luteolysis. Thus, the mechanisms causing
luteolysis in the primate CL remain undefined.

There is increased expression of liver x receptor (LXR) target genes and
decreased low density lipoprotein receptor (LDLR) during spontaneous luteolysis in
the primate CL (25). There are two LXR isoforms, o (NR1H3) and f (NR1H2), which
are cholesterol sensors belonging to the steroid hormone receptor superfamily. When
intracellular cholesterol concentrations rise, they induce transcription of their target
genes including ATP binding cassette subfamily Al (ABCAI) and G1 (ABCGI), as

well as NRIH3 itself, which results in an enhancement of cholesterol efflux (29, 37,



38). Also, the LXRs inhibit uptake of LDL cholesterol into primate luteal cells by
inducing transcription of myosin regulatory light chain interacting protein (MYLIP),
which causes proteolytic degradation of LDLR (29, 30). In primates, luteal cells
primarily depend on LDL-derived cholesterol for steroidogenesis (39). When
intracellular cholesterol concentrations decrease, sterol regulatory element binding
transcription factor 2 (SREBF2) activates transcription of the rate-limiting enzyme in
cholesterol biosynthesis 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), as
well as LDLR to increase cholesterol uptake (31, 32, 40). Thus, we hypothesize that
limiting the intracellular cholesterol supply via increased LXR and reduced SREBF2
activity could reduce P4 synthesis and cause luteolysis.

It has been well established that during the luteal phase luteinizing hormone (LH)
binds to the luteinizing hormone/choriogonadotropin receptor (LHCGR), which
maintains P4 secretion by inducing the production of intracellular cyclic AMP (cAMP)
and activation of cAMP-dependent protein kinase (PKA) (41-43). During early
pregnancy another LHCGR ligand, human chorionic gonadotropin (hCG), is released.
Because hCG has a longer half-life relative to LH, it prevents luteolysis by causing
sustained activation of the LHCGR (18). Therefore, we hypothesize that hCG
signaling via PKA prevents luteolysis by inhibiting the LXRs and stimulating
SREBF2.

The objective of this study is to determine the effects of LXR activation and
SREBF2 inhibition on P4 production, cholesterol metabolism, and gene expression;

and how hCG signaling via PKA regulates these effects. A human luteinized



granulosa cell model was used in this study. Human granulosa cells can be cultured
with low doses of hCG for several days to mimic luteinization and produce cells with

characteristics highly similar to luteal cells (44).

2.2 Materials and Methods

2.2.1 Isolation of human granulosa cells

The follicular aspirates used in this study were from 41 female patients
undergoing oocyte donation or in vitro fertilization (IVF) for male factor or idiopathic
infertility at the University of Arizona Assisted Reproduction Center, Tucson, AZ.
The patients were 24 to 44 years old at the time of retrieval. The University of
Arizona Institutional Review Board (IRB) determined that because follicular aspirates
were de-identified before being provided to the investigators, and they are normally a
waste byproduct of the IVF procedure; this study was exempt from IRB review
because it does not meet the definition of human subjects research as defined in 45
CFR 46.102(f).

Follicular aspirates were centrifuged at 500 x g for 5 min at 4°C. The supernatant
was aspirated and the cell pellets were resuspended in nutrient mixture F10 Ham
(Ham’s F10) with 0.1% (w.v) bovine serum albumin (BSA), covered onto a 40% (v.v)
Percoll gradient (GE Healthcare, Uppsala, Sweden) in Hanks’ balanced salt solution
(SIGMA-ALDRICH, MO, USA), and centrifuged at 500 x g for 15 min at 4°C.
Supernatant including the granulosa cells was recovered and diluted with Ham’s F10

and centrifuged at 500 x g for 5 min at 4°C. The cell pellet was resuspended and



washed once more. Finally, the cell pellet was resuspended in Dulbecco’s Modified
Eagle’s  Medium/Nutrient ~ Mixture F-12  Ham  (DMEM/F12)  with
insulin-transferrin-selenium (ITS) supplement (Millipore, CA, USA) and 0.02 IU/ml
hCG. Cells were counted by trypan blue (0.2% v:v) dye-exclusion method. Plates
were coated with 5 pg/ml fibronectin from bovine plasma at 37°C for 1 hour and
washed with sterile PBS. The isolated human granulosa cells were plated in 24-well
plates or 96-well plates at the density of 5%10* cells/cm?. Granulosa cells were
cultured for 5 days in luteinization media (DMEM/F12 with ITS supplement, 100
units/ml penicillin, 0.1 mg/ml streptomycin (Pen/Strep), and 0.02 IU/ml hCG),

incubated at 37°C and 5% CO, in a humidified environment.

2.2.2 Treatment of human luteinized granulosa cells

Cells were treated with vehicle (0.1% v:v DMSO), the LXR agonist T0901317
(T09, 0.1 uM), and/or the SREBF2 inhibitor Fatostatin (5 uM) in treatment media
(serum free DMEM/F12 containing ITS, Pen/Strep, 20 pug/ml LDL and 10 pg/ml
HDL cholesterol). After 16 hours, fresh treatments with or without 2 IU/ml hCG were
added for another 4 hours.

To determine whether PKA mediates the hCG effect, cells were treated with
vehicle (0.1% v:v DMSO) or T09 (0.1 uM) in treatment media for 16 hours. Fresh
treatments were added in the presence and absence of 2 IU/ml hCG and protein kinase
inhibitor (PKI, 50 uM) for another 4 hours. To determine the chronic effects of hCG,

after 4 days of luteinization 20 pg/ml LDL and 10 pg/ml HDL cholesterol was added



into fresh medium with 0.02 IU/ml hCG for one day. The next day cells were cultured
in the presence or absence of 0.2 IU/ml hCG with 20 pg/ml LDL and 10 pg/ml HDL

cholesterol, and media was changed daily.

2.2.3 Ovine Luteal Cell Model

Procedures involving sheep were approved by the University of Arizona
Institutional Animal Care and Use Committee. The estrous cycle of ewes was
synchronized by inserting controlled internal drug release (CIDR) devices for 7 days
with a lutalyse (Zoetis Inc., Kalamazoo MI) injection (15 mg/60 kg body weight IM)
on day 6. To induce superovulation, at the time of CIDR removal ewes were received
1000 IU pregnant mare serum gonadotropin IM. At 38 hours post-CIDR removal
ewes received 750 IU hCG IV to induce final follicular maturation and ovulation.
Ovulation was confirmed by analysis of serum P4 concentrations. At 11 days
post-CIDR removal (mid-luteal phase), CL were collected from ewes, dispersed with
collagenase (Type 2 at 0.2% w.v, Worthington Biochemical, Lakewood, NJ) and
DNAse I (0.02% w:v, Worthington Biochemical), and cultured in DMEM/F12 + ITS.
The next day they were treated for 24 hours with T09 (0.1 pM) and/or the adenylate

cyclase activator forskolin (10 uM).

2.2.4 Progesterone extractions and assay

Progesterone in culture media was extracted and concentrations were determined
by enzymatic immunoassay as previously described (26). Cells were lysed in RIPA

buffer containing a protease and phosphatase inhibitor cocktail (Thermo Scientific



Pierce, Rockford, IL), and protein concentrations were determined by a bicinchoninic
acid (BCA) protein assay (Thermo Scientific Pierce) following the manufacturer’s
recommendations. Progesterone concentration was normalized to total protein content

in the cells.

2.2.5 Cholesterol efflux assay

Cells were labeled with Bodipy Cholesterol (Avanti Polar Lipids Inc., Alabaster
AL, 2 pg/ml) during the 16-hour initial treatments. Cells that were not labeled were
used to control for background fluorescence. After labeling, medium was aspirated
and cells were washed once with PBS. Cells were then incubated an additional 4
hours in treatment media as described earlier. Media were collected and cells were
lysed using 100 pl/well of M-PER reagent (Thermo Scientific). The fluorescence of
cells and media was measured, and cholesterol efflux was calculated by the equation

100 x (media fluorescence)/(cell lysate fluorescence + media fluorescence).

2.2.6 LDL uptake assay

Cells were incubated with Dil-LDL (10 pg/ml) instead of unlabeled LDL during
the final 4-hour treatment, and cells that did not receive Dil-LDL were used to control
for background fluorescence. Next, cells were washed once with PBS and lysed in
RIPA buffer containing protease & phosphatase inhibitors. Fluorescence was
determined in the cell lysate, and a BCA protein assay was subsequently performed

on the lysates. Fluorescence values were normalized to total protein concentration.



2.2.7 Cholesterol extraction and assay

Cells were washed with PBS and scraped into cold PBS containing a protease
and phosphatase inhibitor cocktail. The cells were sonicated in an ice water bath using
a Branson 250 digital sonifier programmed to cycle at a 10% amplitude with 5 sec on
followed by 20 sec off, and a 15 sec total sonication time. Total cholesterol was
extracted from cell lysates using the Bligh/Dyer procedure (45), and resuspended in
cholesterol assay buffer (0.1 M potassium phosphate, pH 7.0, 50 mM sodium chloride,
5 mM cholic acid and 0.1% Triton X-100). Cholesterol concentrations were
determined via a fluorometric enzyme assay using cholesterol esterase (60 units/ml),
cholesterol oxidase (200 units/ml), horse radish peroxidase (200 units/ml), and
Amplex Red (200 units/ml). A BCA protein assay was performed on the lysates, and

cholesterol concentrations were normalized to total protein content.

2.2.8 Quantitative Real-Time PCR (QPCR)

Total RNA was extracted with Trizol reagent and purified over RNeasy columns
(Life Technologies) according to manufacturer recommendations. The quantity and
purity of RNA was determined by spectrophotometry. The High Capacity cDNA
Reverse Transcription Kit (Life Technologies) was used to reverse transcribe RNA
into cDNA. The corresponding forward and reverse primers and Tagman probe
sequences are listed in Table 1. Reactions for QPCR were performed in a StepOne
Plus Real-Time PCR system (Life Technologies) using Tagman MGB probe or SYBR

green detection. Relative mRNA abundance was determined by extrapolation of Ct



values from a standard curve of serial cDNA dilutions, and normalized to

glucose-6-phosphate dehydrogenase (G6PD).

Table 1 - Primer and Tagman MGB probe sequences used in QPCR analyses

Gene Forward primer (5'-3') Reverse primer (5'-3") MGB Probe (5'-3') or SYBR
ABCA1  TCCAGGCCAGTACGGAATTC TCCTCGCCAAACCAGTAGGA CTGGTATTTTCCTTGCACCAA
ABCG1  GACCAGCTTTACGTCCTGAGTCA  GTTCAGACCCAAATCCCTCAAAT AAAGTCTGCAATCTTGTGCC
MYLIP GCCACCCAGTCAGGAAAGAAT GCCCTGGTGCTGATCATTTT CAGCATCGTGCTCTT

LDLR CTGGTCAGATGAACCCATCAAAG  GCCGATCTTAAGGTCATTGCA CCAACGAATGCTTGGAC
NR1H2  ATCGTGGACTTCGCTAAGCAA GATCTCGATAGTGGATGCCTTCA TGCCTGGTTTCCTGC
NR1H3  TCCCCATGACCGACTGATG CAGACGCAGTGCAAACACTTG TCCCACGGATGCTAAT
HMGCR AACACGATGCATAGCCATCCT AAGGCCAGCAATACCCAAAA SYBR Green

STAR GTGGGTGCCTTCCAGAAATATAGT TGACTGGTGCCTATGAAAGCAA  SYBR Green

SREBF2 ATCGCTCCTCCATCAATGACA TCCTCAGAACGCCAGACTTGT SYBR Green

G6PD GAAGCCGGGCATGTTCTTC TAGGCGTCAGGGAGCTTCAC SYBR Green

2.2.9 Statistical Analysis

Each individual experiment was repeated on at least three cases with cells from
different patients. Statistical analysis was performed with mixed effects regression
analysis (Stata Version 14) using treatment as the fixed effect and cell replicate as the
random effect followed by a Bonferroni multiple testing procedure for pairwise
comparisons, and data were log-transformed if necessary to stabilize variance. Data
are expressed as mean plus the standard error of the mean. Statistically significant

comparisons (p < 0.05) are indicated when columns do not share a common letter.



2.3 Results

2.3.1 Effect of LXR agonist and/or SREBF2 inhibitor on P4 secretion and

cholesterol metabolism

Treatment with T09 and fatostatin in the absence of hCG caused an additive
significant decrease (P < 0.05) in P4 secretion from human luteinized granulosa cells
compared with the DMSO vehicle control (Fig. 2.1A). In the presence of hCG, P4
secretion was significantly (p< 0.05) reduced approximately 39% by combined T09
and fatostatin treatment. In the presence or absence of hCG, cholesterol efflux was
significantly (p< 0.05) enhanced by T09 or T09 combined with fatostatin treatment,
while fatostatin itself significantly (p< 0.05) reduced cholesterol efflux (Fig. 2.1B).
The uptake of LDL was significantly lower for TO9 compared to fatostatin treatment,
with combined treatment not being different from DMSO (Fig. 2.1C). Total
intracellular cholesterol concentrations were significantly (p< 0.05) decreased with
T09 and fatostatin combined treatment relative to DMSO in the presence of hCG. In
general hCG decreased total cholesterol concentrations, with a significant decrease
caused by hCG occurring in the T09 and T09 with fatostatin treatment groups (Fig.

2.1D).



©

u DMSO mT09 F i  TO9+F i 40 = DMSO mT09 F i B TO9+F

¢ c

[
w
«

<
7 i
£ g®
5 =
6 - x
g @ p ézs—
@5 b pr]
£ 520
[
24 g
o v 95
= ()]
23 °
H £
1) A Q10
Q21 AB  AB
a L,
1 5
CO DIJ*
14 -
16 -
12 - Tu
[J] -
< °
21— S12
5 2,
3038 - ©
= £
o =38
]
Sos g
© %6
£ 3°
£ 04 ]
50
2 54,
©
0.2 Ez,

o

no hCG hCG no hCG hCG

FIG. 2.1: Effects of T09 and/or Fatostatin with or without hCG on P4 secretion
and cholesterol metabolism in human luteinized granulosa cells. Panel A is P4
concentrations in spent media, panel B shows the percentage of cholesterol efflux,
panel C is LDL uptake, and panel D is the total intracellular cholesterol concentration.
Error bars indicate one standard error of the mean (SEM). Columns without a
common letter are significantly different (p< 0.05).



2.3.2 Effect of hCG, LXR agonist and/or SREBF2 inhibitor on expression of

LXR and SREBF?2 target genes

In the absence of hCG, the LXR target genes ABCAI and ABCGI were
significantly (p< 0.05) increased by T09 approximately 4.9 and 7.4-fold, respectively,
while MYLIP was also significantly (p< 0.05) increased by T09. There was a
significant increase in NR/H3 induced by T09 and fatostatin combined treatment.
Also, T09 and fatostatin combined treatment caused a significantly (p<0.05) higher
increase in ABCAI and ABCG1 expression compared to TO9 alone. Human chorionic
gonadotropin significantly (p< 0.05) inhibited T09-induced ABCAI, ABCGI, and
MYLIP expression in the presence and absence of fatostatin co-treatment (Fig. 2.2A).
Treatment with hCG significantly (p< 0.05) increased expression of LDLR 7.6-fold
(p< 0.05), while fatostatin itself had no effect. Human chorionic gonadotropin also
significantly (p< 0.05) increased expression of HMGCR in the presence of fatostatin

(Fig. 2.2B).
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FIG. 2.2: Effects of T09 and/or fatostatin with and without hCG on the
expression of LXR and SREBF2 target genes in human luteinized granulosa cells.
Panel A shows QPCR data for the four LXR target genes: ABCAI, ABCGI, NRIH3,
and MYLIP. Panel B is QPCR data for the two SREBF2 target genes HMGCR and
LDLR. G6PD is the housekeeping control. Error bars indicate one SEM, and columns
without common letter are significantly different (p< 0.05).



2.3.3 Effects of PKA inhibitor and/or hCG on LXR target genes and LDLR

expression

While ABCA1 expression in the presence of T0O9 was significantly (p< 0.05)
decreased by hCG, there was no effect of hCG on T09-induced ABCAI expression
during PKI co-treatment. Human chorionic gonadotropin significantly (p< 0.05)

increased LDLR expression, which was prevented by PKI (Fig. 2.3).
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FIG. 2.3: Effects of hCG signaling via PKA on expression of ABCAI and LDLR
in human luteinized granulosa cells. Error bars indicate one SEM, and columns
without common letters are significantly different (p<0.05).



2.3.4 Effects of Chronic hCG exposure on expression of LXR target genes and

LDLR

In the absence of an exogenous LXR agonist, 0.2 IU/ml hCG exposure for 3 days
significantly (p< 0.05) inhibited ABCA1 expression compared to cells not receiving
hCG for 3 days. Furthermore, there was a time-dependent effect of hCG with ABCA 1
expression being significantly (P < 0.05) decreased at day 3 compared to day 1 of
hCG treatment, and a significant (p< 0.05) increase in ABCA! from day 2 to day 3 in
cells not receiving hCG (Fig. 2.4). The expression of LDLR was maintained at similar
levels throughout the 3 days of hCG treatment with days 1 and 2 having significantly
(p< 0.05) higher LDLR concentrations than the same days in cells not receiving hCG
(Fig. 2.4).
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FIG. 2.4: Effects of chronic hCG exposure on ABCAI and LDLR gene
transcription in human luteinized granulosa cells. The day 0 timepoint was not
included in statistical analysis and is shown as a reference for the baseline level of
gene expression at the conclusion of the luteinization period. Error bars indicate one
SEM, and columns without common letters are significantly different (p< 0.05).



2.3.5 LXRregulation of STAR transcription in humans and sheep

In human luteinized granulosa cells, TO9 did not increase STAR transcription
while hCG significantly (p<0.05) increased STAR expression (Fig. 2.5A). In contrast,
TO09 significantly (p< 0.05) increased STAR expression in the presence and absence of
pharmacologic activation of PKA via forskolin in ovine mixed luteal cells (Fig. 2.5B).
These changes in STAR expression were associated with a significant (p< 0.05)
increase in basal P4 secretion, and a tendency for an enhancement of

forskolin-induced P4 synthesis in ovine luteal cells.
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FIG. 2.5: Effects of LXR agonist on STAR transcription in human luteinized
granulosa cells and ovine mixed luteal cells. Panel A is QPCR data for STAR
expression in human luteinized granulosa cells. Panel B shows expression of STAR
and P4 production in response to the LXR agonist T09 and the adenylyl cyclase
activator forskolin in ovine mixed luteal cells. Error bars indicate one SEM. and
columns without common letters of the same case are significantly different (p<
0.05).



2.4 Discussion

Previous data has shown an association of increased LXR target gene expression
and reduced LDLR with luteolysis in primates (25). However, functional evidence of
whether these changes in gene expression could actually inhibit P4 production was
limited. In this study, we used the LXR agonist TO9 and the SREBF2 antagonist
fatostatin to mimic the changes in gene expression observed during luteolysis. Indeed,
T09 and fatostatin collectively were able to significantly decrease basal and
hCG-stimulated P4 secretion, indicating that increased LXR and decreased SREBF2
activity may decrease P4 synthesis in the primate CL. As expected, alterations in
cholesterol efflux, LDL uptake, and/or total cholesterol concentrations were observed
that are consistent with the anti-steroidogenic effect being mediated principally by a
reduction in cholesterol availability for steroidogenesis. Additionally, the expression
of known LXR target genes increased with T09 as expected, and interestingly
fatostatin co-treatment further increased ABCAI, ABCGI, and NRIH3 expression
compared to TO9 alone. The reason for this interaction between T09 and fatostatin on
LXR target gene expression is not clear.

Surprisingly, the expression of SREBF2 target genes HMGCR and LDLR was
not significantly decreased by the SREBF2 inhibitor fatostatin. Analysis of total
cholesterol concentrations support that fatostatin inhibited P4 by decreasing
cholesterol availability. Sterol regulatory element-binding proteins (SREBPs) play a

central role in cell metabolism by controlling synthesis of fatty acids, triglycerides,



and cholesterol (32). Mammalian SREBP isoforms SREBP-la and SREBP-1¢ are
encoded by SREBF1, and SREBP-2 is encoded by SREBF2 (31). SREBP-1a activates
fatty acid and cholesterol synthesis while SREBP-1c preferentially targets genes
involved in fatty acid synthesis, and SREBP-2 primarily transcribes genes necessary
for cholesterol synthesis and uptake (32). Therefore, we elected to focus on SREBF2
in the current study. Fatostatin was originally identified as an inhibitor of all SREBPs
by blocking their translocation from the endoplasmic reticulum to the Golgi, which is
necessary for their activation (46). This results in decreased expression of SREBP
target genes, and reduces the levels of intracellular fatty acids and cholesterol (46, 47).
Considering that fatostatin did not decrease HMGCR and LDLR, the decreased
intracellular cholesterol and P4 secretion may be regulated by other target genes of
SREBF1 and/or SREBF2. Also, compensatory mechanisms may have obscured an
effect of fatostatin on gene expression. For example, the reduced intracellular
cholesterol concentrations caused by fatostatin may have activated homeostatic
mechanisms that restored HMGCR and LDLR expression via a non-SREBP
mechanism. A homeostatic feedback mechanism is consistent with our findings of a
tendency for fatostatin to increase LDL uptake, as well as to significantly inhibit
cholesterol efflux. Therefore, it appears that the anti-steroidogenic effect of fatostatin
is mediated via reduced cholesterol availability, but the extent to which this is due to
inhibition of SREBPs or possibly other off-target effects is unclear.

If increased LXR and decreased SREBF2 activity mediates luteolysis, because

hCG prevents luteolysis it would be predicted to decrease LXR and increase SREBF2



activities via PKA. Proteolytically cleaved SREBF2 has been reported to increase
with hCG treatment in rat ovaries, and LDLR transcription was enhanced by LH in
porcine granulosa cells (48, 49). In this study, hCG significantly enhanced the
SREBF2 target genes HMGCR and LDLR while inhibiting the T09-induced
expression of the LXR target genes ABCAI, ABCGI, and MYLIP. In the presence of
hCG, P4 secretion was significantly stimulated as expected. Although hCG had no
significant effect on cholesterol efflux and LDL uptake, total intracellular cholesterol
was decreased by hCG. This indicates that hCG-induced steroidogenesis places a
large demand for cholesterol on the CL. The PKA inhibitor PKI is a potent,
competitive, synthetic peptide inhibitor of PKA derived from the active domain of the
naturally-occurring heat-stable inhibitor protein PKI (50). It is more specific for PKA
than another commonly used PKA inhibitor H-89 that inhibits additional kinases
besides PKA (51, 52). In the presence of PKI, the effects of hCG to decrease
T09-induced ABCAI expression and increase LDLR were reversed, indicating that
hCG mediates its effects on the LXRs and SREBF2 through PKA. However, it should
also be noted that hCG signaling via PKA has actions that will increase LXR and
decrease SREBF2 activities as well. For example, PKA activates hormone sensitive
lipase, which frees cholesterol from cholesterol esters stored in lipid droplets and thus
causes an indirect increase in endogenous LXR agonists and SREBF2 inhibitors (49).
Also, the large increase in LDLR expression caused by hCG will likely lead to
enhanced cholesterol uptake into the cell, which due to the normal homeostatic

control of intracellular cholesterol concentrations (33), will consequently increase



LXR and reduce SREBF?2 activity. Thus, while hCG may indirectly increase LXR and
reduce SREBF2 activity due to its effects that increase intracellular cholesterol
availability, data in the current study demonstrate that it simultaneously limits LXR
and maintains SREBF2 activity, which may be a mechanism to keep the cholesterol
supply high by escaping the normal control of cholesterol homeostasis. The effects of
chronic hCG exposure further support this model of hCG/PKA regulation of the
LXRs and SREBF2 as short term exposure to hCG in the absence of an exogenous
LXR agonist resulted in higher ABCA1 expression than long-term hCG exposure, and
hCG withdrawal resulted in a dramatic loss in LDLR.

The PKA-induced transport of cholesterol across the mitochondrial membrane is
the rate-limiting step in steroidogenesis and is controlled by STAR (53). In mice,
STAR is an LXR target gene as its expression is increased by an LXR agonist, which
results in enhanced P4 production (48, 49). In this study, we found a similar effect in
ovine mixed luteal cells. There was a significant increase in basal and
forskolin-induced STAR expression caused by T09. Basal P4 secretion was also
significantly increased by T09 in ovine luteal cells. However, we also found that
STAR was not induced by T09, and T09 contributed to significant reductions in P4
synthesis in human luteinized granulosa cells. In a previous study, a 7-day treatment
with T09 tended to slightly reduce STAR expression and induced a significant
dose-dependent reduction in P4 secretion by human luteinized granulosa cells (54).
This indicates that there may be a key difference between species in LXR regulation

of luteal function with the LXRs stimulating P4 secretion via induction of STAR



expression in nonprimate cells, but not in primates.

Collectively, these data support the hypothesis that decreased P4 secretion during
luteolysis is caused by enhanced LXR-mediated cholesterol efflux and reduced LDL
uptake via inhibition of SREBF2. During early pregnancy hCG signaling via PKA can
prevent these effects, as well as LH during the luteal phase. The molecular
mechanisms mediating the effect of hCG still need to be elucidated. Some possible
mechanisms include direct phosphorylation of the LXRs, SREBF2, or their
transcriptional co-activators or co-repressors; alterations in the availability of
endogenous LXR agonists and SREBF2 inhibitors; or changes in mRNA stability.
The effect of LXR activation and SREBF2 inhibition on luteal function, and the
mechanisms that normally lead to the apparent increase in LXR and decrease in

SREBF2 activity during luteolysis, also need to be determined in vivo.



3 Chapter 3 - Endogenous 27-hydroxycholesterol produced by CYP27A1 may

mediate luteolysis in the human corpus luteum

3.1 Introduction

The loss of P4 synthesis is the key event during luteolysis, a functional and
structural degradation of the corpus luteum (CL). There is increased expression of
liver x receptor (LXR) target genes and decreased low density lipoprotein receptor
(LDLR) during spontaneous luteolysis in the primate CL (25). The LXRs belong to
the steroid hormone receptor superfamily, which induce transcription of their target
genes to stimulate cholesterol efflux (29, 37, 38). Sterol regulatory element binding
transcription factor 2 (SREBF2) increases intracellular cholesterol concentrations by
activating transcription of LDLR to increase cholesterol uptake, as well as the
rate-limiting enzyme in cholesterol biosynthesis 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) (31, 32, 40). Increased efflux and reduced uptake of cholesterol
within the primate CL may restrict P4 production during luteolysis (25, 30).

Hydroxylated cholesterol (‘‘oxysterols’”) or biosynthetic precursors of
cholesterol are the known endogenous LXR agonists that have been identified (27)
including: 22R-hydoxycholesterol (byproduct of steroidogenesis);
24S-hydroxycholesterol (24SOH), 25-hydroxycholesterol (250RH), and
27-hydroxycholesterol (270H) (enzymatically produced); 24,25-epoxy cholesterol

(produced via a shunt in the cholesterol biosynthetic pathway); and desmosterol (the



immediate precursor to cholesterol) (27). The enzymatically-generated oxysterols
including 24SOH, 250H, and 270H also prevent SREBF2 processing and
translocation to the nucleus (32, 33). It has been previously reported that luteal 270H
concentrations are increased during spontaneous luteolysis in the rhesus macaque CL
(30). Therefore, 270H is an attractive candidate as the endogenous LXR agonist and
SREBF2 inhibitor that stimulates the LXRs and reduces SREBF2 activity during
luteolysis.

It is known that products of steroidogenesis including pregnenolone and P4
inhibit the enzyme activity of CYP27A1 (cytochrome p450, family 27, subfamily A,
polypeptide 1), which converts cholesterol to 270H (34). Decreasing steroidogenesis
may increase CYP27A1 expression and activity, which would promote 270H
synthesis and lead to increased LXR and decreased SREBF2 activity during luteolysis.
Therefore, we hypothesize that 270H produced via CYP27A1 may mediate luteolysis
by inducing LXR and reducing SREBF2 activities. The objective of this study is to
determine the effects of 270H on P4 production and cholesterol metabolism; and to
determine if inhibiting the conversion of cholesterol to pregnenolone increases LXR
and decreases SREBF2 target gene expression via CYP27A1 in human luteinized

granulosa cells.



3.2 Materials and Methods

3.2.1 Isolation of human granulosa cells

Follicular aspirates from a total of 30 women were used in this study. Human
granulosa cells were isolated and cultured with luteinizing media as described in
Chapter 2, except that the ITS supplement in luteinization media was substituted with

10% FBS for all experiments excluding those involving 270H supplementation.

3.2.2 Treatment of human luteinized granulosa cells

To determine the effect of 270H, cells were treated with vehicle (0.1% v:v
DMSO) or 270H (2 uM) in treatment media (serum free DMEM/F12 containing ITS,
Pen/Strep, 20 pg/ml LDL and 10 pg/ml HDL cholesterol). After 16 hours, fresh
treatments with or without 2 IU/ml hCG were added for another 4 hours.

To determine the effect of steroidogenesis on LXR and SREBF2 activity, cells
were treated with vehicle (0.1% v:v DMSO), aminoglutethimide (500 pM), trilostane
(10 uM) and aminoglutethimide (500 uM) with 0.1 or 1 uM P4 replacement in
treatment media for 24 hours. Media was replaced with fresh treatments, and cells

were incubated for an additional 4 hours until cell harvest.

3.2.3 Small interfering RNA (siRNA) transfection

After 4 days of luteinization, siRNA transfection was performed. Pre-designed
Silencer® Select siRNAs (ThermoFisher Scientific) against human STAR (siRNA ID

s13527), CYP27A41 (siRNA ID s3887), or a non-targeting negative control siRNA



(catalog 4390843) were used. A 100 nM concentration of siRNA was diluted with
Opti-MEM media (ThermoFisher Scientific), mixed with 2 pl per well (24-well plate)
of TransIT-siQUEST transfection reagent (Mirus Bio LLC), and incubated for 30
minutes at room temperature before being added to cells in luteinization media for 24
hours. Cells were then treated as described previously. Knockdown efficiency for

each target was confirmed by reverse transcription quantitative real-time PCR.

3.2.4 Induced and spontaneous luteolysis sheep model

All procedures involving animals were approved by the University of Arizona
Institutional Animal Care and Use Committee. Procedures for collection of CL from
sheep during either prostaglandin F2a (PGF2a)-induced or spontaneous luteolysis

have been described previously (26).

3.2.5 Microarray Database Mining

The raw data files (.CEL) from two publically-available microarray
databases in rhesus macaque CL (24, 55) were loaded into the Affymetrix Expression
Console version 1.0. Expression files (.CHP) were generated after using the robust
multichip average (RMA) algorithm for normalization. Normalized expression data
was then searched for probeset ID MmuSTS.4195.1.S1 at, which corresponds to

CYP27A1.



3.2.6 P4, cholesterol efflux, LDL uptake, and QPCR assays; and Statistical

Analysis

The methods for these assays, as well as the statistical analysis of all experiments

in this study, are the same as described in Chapter 2.

3.3 Results

3.3.1 Expression of CYP27A1 during luteolysis in rhesus macaques and sheep

The concentration of CYP2741 mRNA was evaluated within macaque CL at
specific stages during the luteal phase (Fig. 3.1A). There was a significant (p< 0.05)
increase in CYP27A1 from the mid-late to the functionally regressed late stage, and a
further significant (p< 0.05) increase by the very late stage (menses) (Fig. 3.1A).
During PGF20-induced luteolysis in sheep, the expression of CYP2741 was
significantly (P < 0.05) increased 24 and 48 h after PGF2a-treatment (Fig. 3.1B).
During spontaneous lutelysis in sheep, CYP2741 was also significantly (P < 0.05)

increased compared to mid-luteal phase CL (Fig. 3.1B)
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FIG. 3.1: Expression of CYP27A41 during luteolysis in rhesus macaques and
sheep. Panel A shows transcription of CYP27A41 in rhesus macaque CL collected
during the luteal phase (mid-late = days 10-12; FL, functional late = days 14-16 and
P4 > 1.5 ng/ml; FRL, functional regressed late = days 14-16 and P4 < 0.5 ng/ml; very
late = menses, days 18-19). Columns without a common letter are significantly (p<
0.05) different. Panel B is effect of luteolysis on mRNA of CYP27A41 in ovine CL.
The x axis is separated between the induced and spontaneous luteolysis models.
Asterisks denote significant (p< 0.05) difference between saline and PGF2a
treatments at the corresponding time point (induced luteolysis) or between mid- and
late luteal phase CL (spontaneous luteolysis). MRPS10 is the housekeeping control.
Error bars indicate one standard error of the mean (SEM).



3.3.2 Effect of 270H on P4 secretion, cholesterol efflux, LDL uptake, and

expression of genes involved in cholesterol efflux and uptake

In the presence of hCG, P4 secretion was significantly (P < 0.05) decreased by
270H. In the absence of hCG, 270H had no effect on P4 synthesis (Fig. 3.2).
Cholesterol efflux was significantly (P < 0.05) increased by 270H in the presence of
hCG. 270H tended to decrease LDL uptake. 270H significantly (P < 0.05) increased

ABCGI mRNA concentration. However, 270H had no effect on ABCA1 and LDLR.






50
FIG. 3.2: The effects of 270H on P4 secretion, cholesterol efflux, LDL uptake
and expression of genes involved in cholesterol metabolism in human luteinized
granulosa cells. P4 concentrations in spent media, the percentage of cholesterol
efflux, LDL uptake and ABCAI, ABCG1, and LDLR expression are shown. Error bars
indicate one SEM. Columns without a common letter are significantly different (p<
0.05).



3.3.3 Effect of steroidogenesis inhibitors on LXR and SREBF?2 target gene

expression

Aminoglutethimide blocks the conversion of cholesterol to pregnenolone (34).
Trilostane blocks the conversion of pregnenolone into P4 (56). The LXR target gene
ABCAI was significantly (P < 0.05) increased, while the SREBF2 target genes LDLR
and HMGCR were significantly decreased by aminoglutethimide. Replacement with
0.1 uM or 1 uM of P4 did not alter the aminoglutethimide effect. Trilostane had no
effect on ABCAI, LDLR, or HMGCR. Transcription of SREBF2 was significantly
decreased by aminoglutethimide, while trilostane did not affect SREBF2 expression.
The transcription of CYP2741 was significantly (P < 0.05) decreased by
aminoglutethimide and P4 replacement did not alter the aminoglutethimide effect.
Trilostane significantly (P < 0.05) increased CYP2741 mRNA concentration (Fig.

3.3).
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FIG. 3.3: The effects of steroidogenesis inhibitors on expression of genes involved
in cholesterol metabolism in human luteinized granulosa cells. QPCR data for
ABCAIl, LDLR, SREBF2, HMGCR, and CYP27A41 are shown. MRPSI0 is the
housekeeping control. Error bars indicate one SEM, and columns without a common
letter are significantly different (p< 0.05).



3.3.4 Cholesterol efflux and LDL uptake following aminoglutethimide

treatment with or without hCG

In the absence of hCG, aminoglutethimide significantly (P < 0.05) decreased
cholesterol efflux and LDL uptake in human luteinized granulosa cells. In the
presence of hCG, aminoglutethimide significantly (P < 0.05) decreased cholesterol

efflux while LDL uptake was no longer significantly decreased by aminoglutethimide

(Fig. 3.4).
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FIG. 3.4: The effects of aminoglutethimide on cholesterol efflux and LDL uptake
in human luteinized granulosa cells. Percentage of cholesterol efflux and
normalized LDL uptake are shown. Error bars indicate one SEM, and columns
without a common letter are significantly different (p< 0.05).



3.3.5 Effect of CYP27A41 knockdown on P4 production and

aminoglutethimide-induced changes in gene expression

The expression of CYP2741 mRNA was significantly (P < 0.05) decreased by
transfection with the CYP2741 siRNA. Secretion of P4 was significantly (P < 0.05)
increased in the presence or absence of hCG in CYP2741 knockdown cells.
Aminoglutethimide significantly increased ABCAI and decreased LDLR in control

cells, which was not prevented by CYP2741 knockdown (Fig. 3.5).
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FIG. 3.5: The effect of CYP27A1 knockdown on P4 secretion, ABCA1 and LDLR
expression. QPCR data for CYP2741, production of P4, and ABCAI and LDLR
expression in response to aminoglutethimide and CYP27A1 siRNA are shown. Error
bars indicate one SEM. and columns without common letters are significantly
different (p< 0.05).



3.3.6 Effect of STAR knockdown on aminoglutethimide-induced changes in

gene expression

The expression of STAR was significantly (P < 0.05) decreased by transfection
with the STAR siRNA compared to cells transfected with control siRNA in the
absence of aminoglutethimide. In the presence of aminoglutethimide there was no
knockdown of STAR, which was due to a single replicate that had higher STAR
expression in the knockdown compared to control cells. Synthesis of P4 was
significantly (P < 0.05) decreased in STAR knockdown cells compared to the control
siRNA in the absence of aminoglutethimide. Aminoglutethimide significantly (P <
0.05) decreased P4 secretion in cells treated with control siRNA, and was not
significantly different from STAR knockdown cells. The LXR target gene ABCA 1 was
significantly (P < 0.05) increased by aminoglutethimide, while the STAR siRNA did
not prevent this effect on ABCA1 transcription. The LDLR was significantly (P < 0.05)
decreased by aminoglutethimide in control cells. Knockdown of STAR significantly
(P < 0.05) decreased LDLR transcription, and was not different from

aminoglutethimide treatment (Fig. 3.6).
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FIG. 3.6: The effect STAR knockdown on ABCAI and LDLR expression. QPCR
data for STAR expression, production of P4, and ABCAI and LDLR expression in
response to aminoglutethimide and STAR siRNA are shown. Error bars indicate one
SEM. and columns without common letters are significantly different (p< 0.05).



3.4 Discussion

The expression of CYP27A41 is significantly (P < 0.05) increased in both rhesus
and ovine CL during luteolysis. This is consistent with a previous report that luteal
270H concentrations are increased during spontaneous luteolysis in the rhesus
macaque CL (30). Products of steroidogenesis including pregnenolone and P4 inhibit
the enzyme activity of CYP27A1, thus limiting 270H synthesis in the functional CL
(34). In this study, 270H significantly decreased P4 secretion, which was associated
with increased cholesterol efflux and a slight decrease in LDL uptake in human
luteinized granulosa cells. The effects of 270H on cholesterol efflux, uptake, and
LXR and SREBF?2 target gene expression were modest. In a previous report, a 5 uM
dose of 270H significantly (P < 0.05) decreased LDLR mRNA and LDLR protein
while 1 uM did not significantly alter LDLR in macaque luteal cells (30). In this
study, we used a 2 uM dose of 270H, which is likely the reason why there was no
significant effect on LDLR mRNA and LDL uptake and only modest effects on efflux.

Aminoglutethimide blocks the conversion of cholesterol to pregnenolone (34) by
inhibiting the cholesterol side-chain cleavage enzyme P450scc, a member of
cytochrome P450 superfamily of enzymes. Although aminoglutethimide blocks the
first step in steroidogenesis (e.g. conversion of cholesterol to pregnenolone), the
synthesis of all hormonally active steroids will consequently be decreased. Trilostane
inhibits P4 production by blocking the conversion of pregnenolone into P4 (56).

Pregnenolone and P4 inhibit the enzyme activity of CYP27A1 (34). Therefore,



aminoglutethimide would be expected to increase the enzyme activity of CYP27A1
by inhibiting production of pregnenolone and P4. However, because trilostane only
blocks P4 production and does not affect pregnenolone synthesis, it would not be
expected to result in increased CYP27A1 enzyme activity. Inhibiting P4 production
by trilostane did not affect the expression of ABCAI and LDLR. However, ABCAI
was significantly increased while LDLR was significantly decreased by
aminoglutethimide. Aminoglutethimide acts within the mitochondria where
CYP27A1 is located while trilostane inhibits the enzyme 3B-HSD in smooth
endoplasmic reticulum. This indicates that inhibiting cholesterol conversion to
pregnenolone in the mitochondria, but not inhibition of downstream steps in
steroidogenesis, results in increased LXR and decreased SREBF2 activity. Replacing
P4 or pregnenolone (data not shown) did not reverse the effects of aminoglutethimide.
This is possibly because the steroids were added to the culture media and were not
able to enter the mitochondria where CYP27A1 is located. It was surprising that
CYP2741 mRNA was significantly decreased by aminoglutethimide, which contrasts
with the significant increase in CYP27A41 expression observed during luteolysis in
primates and sheep. However, we did not quantify CYP27A1 enzyme activity, which
has previously been shown to be inhibited by pregnenolone and P4 (34). Therefore,
aminoglutethimide likely still resulted in increased 270H formation in spite of the
decrease in CYP274A1 mRNA. Furthermore, trilostane significantly increased
CYP27A1 transcription, which is consistent with CYP2741 expression during

luteolysis in primates and sheep in vivo and indicates that P4 may repress CYP27A1



transcription.

We successfully knocked down CYP27A41 expression by approximately 70% in
human luteinized granulosa cells. This resulted in a significant increase in P4
secretion, which is complementary to the significant decrease in hCG-stimulated P4
secretion caused by 270H. However, knockdown of CYP2741 did not prevent the
aminoglutethimide-induced increase in ABCA/ and decrease in LDLR. This indicates
that another oxysterol could be mediating the aminoglutethimide effect instead of, or
in addition to, 270H. STAR was knocked down by a modest 30-40% in human
luteinized granulosa cells. However, the knockdown of STAR was secondarily
validated by the significant decrease in P4 concentrations. STAR plays a critical role
in the PKA-induced transport of cholesterol across the mitochondrial membrane, the
rate-limiting step in steroidogenesis (53). While knockdown of STAR would prevent
cholesterol transport into the mitochondria where CYP27A1 resides, it also may result
in accumulation of cholesterol in the cytoplasm. Cholesterol 25-hydroxylase is a
multi-transmembrane endoplasmic reticulum (ER) protein that catalyzes the
production of 250H, another oxysterol that inhibits the cleavage of sterol regulatory
element binding proteins (SREBPs) in the endoplasmic reticulum (57, 58). When
levels of cholesterol are high cholesterol binding to the sterol-sensing domain of
SREBP cleavage activating protein (SCAP), or 250H binding to insulin-induced gene
(INSIG) proteins, promotes complex formation between INSIG proteins and SCAP-
SREBP. This blocks transport of SCAP—SREBP to the Golgi, which is necessary for

proteolytic processing and activation of SREBP transcriptional activity (58).



Therefore, because expression of the SREBF2 target gene LDLR was significantly
decreased in STAR siRNA transfected cells, this indicates that the interruption of
cholesterol transport into the mitochondria caused by inhibition of STAR function
results in reduced SREBF2 activity due to the accumulation of cholesterol and/or
250H.

Overall, these data support the hypothesis that CYP27A1-derived 270H may
contribute to the P4 decrease during luteolysis, partially by activating the LXRs and
inhibiting SREBF2. However, other oxysterols may also be involved. The roles of
other endogenous oxysterols in mediating cholesterol metabolism and P4 production

during luteolysis await further clarification.
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