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Cholesterol  sulfate  (CS)  is a major  sterol  sulfate  in human  plasma  that  is  detected  in the uterine
endometrium.  CS  plays  a role  in  steroidogenesis,  cellular  membrane  stabilization,  and  regulation  of  the
skin barrier.  We  previously  reported  that  CS  increased  in  rabbit  endometrium  during  the  implantation
period.  Recently,  CS has  been  reported  to be a ligand  of retinoic  acid  receptor-related  orphan  receptor
alpha  (RORA).  NR1D1  is one  of  the  genes  regulated  by  RORA.  In  the  present  study,  we investigated  the  reg-
ulation of RORA  and  NR1D1  by  CS  in  human  endometrium.  We  determined  the  association–dissociation
holesterol sulfate
etinoic acid-related orphan receptor alpha
RORA)
R1D1

curves  for  the  interaction  of CS with RORA  and  the  kinetic  rates  by  surface  plasmon  resonance.  Immuno-
histochemical  staining  and  in  situ  hybridization  revealed  that  RORA  and  NR1D1  were  expressed  in  human
endometrial  stromal  and  epithelial  cells.  CS  treatment  significantly  induced  the  mRNA  expression  of  RORA
and NR1D1  mRNA  in ESCs.  The  results  of  a luciferase  assay  showed  that  RORA  significantly  activated  the
human  NR1D1  promoter  regardless  of  CS. Our  results  suggest  that  CS  regulates  the  expression  of  RORA
responsive  genes  in human  endometrial  cells  but not  as  a ligand  for RORA.
. Introduction

The primary functions of uterine endometrial cells are receiving
ertilized eggs and offering an environment for embryonic growth
uring the implantation window. In the human endometrium,
ndometrial epithelial cells structurally and functionally change
nd secrete glycoproteins and specific proteins. Subsequently,
ndometrial tissue changes dramatically during decidualization. It
as been proposed that sulfatide is the only glycolipid that changes

n rabbit endometrium throughout the menstrual cycle. Specifi-
ally, the level of acidic glycosphingolipids dramatically increases
uring the secretory phase [1–3], whereas the level of cholesterol
ulfate (CS) increases in rabbit endometrium during the implanta-
ion window and steroid sulfatase activity concomitantly decreases
1,3]. In human endometrium, cholesterol sulfotransferase 2B1b
SULT2B1b), an enzyme involved in CS synthesis, is increased in

uman endometrium during the implantation period [4].  CS is a
ajor sterol sulfate in human plasma that is detectable in the

ndometrial cells of the uterus, lungs, skin, hair, adrenal glands, and
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nails. CS plays a role in cellular membrane stabilization, regulation
of the skin barrier, and steroid genesis [5–7]. Recently, we  reported
the inhibitory effect of proteases on CS in human endometrium
[8,9]. CS was demonstrated to be a natural ligand of the retinoic acid
receptor-related orphan receptor alpha (RORA) [10,11].  Mass spec-
trometry analysis led to the prediction that CS should have a higher
affinity for RORA than cholesterol [10], and X-ray crystal structure
analysis revealed the stable binding of CS with the ligand-binding
domain of RORA [11].

RORA is a member of the nuclear hormone receptor super fam-
ily (�1, �2, �3, and �4) [12]; members of this super family differ in
their N-terminal domains and display distinct DNA recognition and
transactivation properties [13]. RORA binds in a monomer fashion
to response elements composed of 6-bp A/T-rich sequences preced-
ing a site core motif AGGTCA in the promoter of target genes [13,14].
RORA has been implicated in numerous age-related phenotypes,
including atherosclerosis, cerebellar atrophy, immunodeficiency,
and bone metabolism [15]. RORA is a functional component of
the cell-autonomous core circadian clock [16], and RORA and CS
activate hypoxia-inducible factor (HIF)-1� [17]. The HIF path-
way and HIF-regulated genes regulate uteroplacental angiogenesis,

endometrial epithelial cell functions, and peri-implantation uterine
receptivity [18].

The expression of NR1D1 mRNA is regulated by RORA. The Rev-
erb is a subfamily of orphan nuclear receptors that consists of

dx.doi.org/10.1016/j.jsbmb.2011.10.001
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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wo different genes: NR1D1 (also referred to as ear1 or Rev-erba)
nd NR1D2 (also referred to as ear1� or Rev-erb�) [19]. RORA1
specially binds to the Rev-Dr2 site in the NR1D1 gene promoter,
hich includes RORA response elements [20]. NR1D1 is widely

xpressed in the muscle, liver, and brain [20–22] but repressed
uring myocyte differentiation [22]. NR1D1 is also related to cir-
adian rhythms [23,24],  and a functional NR1D1-binding site has
een identified in the NR1D1 gene promoter. NR1D1 was shown to
egatively regulate the activity of its own promoter through this
ite [25].

In the present study, to elucidate the function of CS in
ndometrium, we determined the localization and regulation
f RORA and one of its response genes, NR1D1, in human
ndometrium. Because NR1D1 is a RORA response gene, we  exam-
ned the regulation of NR1D1 gene expression as a marker of RORA
unction in human endometrium.

. Materials and methods

.1. Collection of samples

Endometrial tissues were obtained from women undergoing
 hysterectomy for benign gynecological conditions. In total, 60
omen aged 40–48 years were recruited in the present study.
ll women had regular menstrual cycles, and none had received
ormonal treatment for at least 3 months before surgery. The tis-
ues were collected under sterile conditions and processed for
rimary cell culture. The phases of the menstrual cycles were deter-
ined and classified as early, mid, and late, proliferative phase,

s well as secretory phases, according to the last and next men-
trual period, basal body temperature, ultrasound findings on the
ndometrium and ovarian follicles, and standard histological cri-
eria [26]. The experimental procedures were approved by the
nstitutional Review Board of the University of Tokyo, and signed
nformed consent for use of the samples was obtained from each

oman.

.2. Isolation and culture of human endometrial stromal and
pithelial cells

The techniques used for isolation and culture of human
ndometrial stromal cells (ESCs) and epithelial cells (EECs) were
reviously described in the literature [4,27,28]. Fresh endometrial
iopsy specimens collected in a sterile medium were rinsed to
emove blood cells. The tissues were minced into small pieces and
ncubated in Dulbecco’s modified Eagle medium: Nutrient Mixture
-12 (DMEM/F12) (Gibco, Long Island, NY, USA), containing 0.25%
ype-I collagenase (Sigma, Tokyo, Japan) and 15 U/ml deoxyri-
onuclease I (Invitrogen, Carlsbad, CA, USA), for 2 h at 37 ◦C. The
esultant dispersed endometrial cells were separated by filtration
hrough a 40-�m nylon cell strainer (Becton Dickinson, Lincoln
ark, NJ). The endometrial epithelial glands that remained intact
ere retained by the strainer, whereas the dispersed ESCs passed

hrough the strainer into the filtrate. The ESCs in the filtrate were
ollected by centrifugation and resuspended in DMEM/F12 con-
aining 10% charcoal-stripped fetal bovine serum (FBS, Hyclone,
ogan, UT, USA), 100 U/ml penicillin, 0.1 mg/ml streptomycin,
nd 0.25 �g/ml amphotericin B (Sigma). The ESCs were plated
n 100-mm culture plates (Becton Dickinson) and kept at 37 ◦C
n a humidified 5% CO2/95% air atmosphere. At the first passage,
he cells were plated into 6-well culture plates at a density of

 × 105 cells/well (Becton Dickinson) for the reverse transcription-

olymerase chain reaction (RT-PCR), quantitative RT-PCR, and
estern blotting. EECs were collected by backwashing the strainer
ith DMEM/F12, placed in a 100-mm plate and incubated at

7 ◦C for 30 min  to allow contaminated stromal cells to attach
& Molecular Biology 128 (2012) 21– 28

to the plate wall. The unattached epithelial cells were recovered
and cultured in the medium as described above at a density of
2 × 105 cells/well in 12-well culture plates (Becton Dickinson,
Tokyo, Japan). The purity of both the stromal and epithelial cell
preparations was more than 95%, as judged by positive cellular
staining for vimentin or cytokeratin, and negative staining for
CD45 (which identifies leukocytes) [28,29].

2.3. CS treatment of the cells

When the ESCs and EECs approached confluence, the complete
medium was  removed and replaced with fresh media and antibi-
otics. The cells were treated with 10 �M CS [30] in the presence of
0.2% dimethyl sulfoxide (DMSO) (Sigma) for 1, 3, 6, 12, and 24 h.
Control cells were treated with 0.2% DMSO for 3 h.

2.4. RORA protein expression and purification

Transfection was  performed with FuGENE6 following the manu-
facturer’s guidelines (Roche Applied Science, Indianapolis, IN, USA).
Briefly, COS1 cells were plated in 100-mm culture plates (Becton
Dickinson, Tokyo, Japan) kept at 37 ◦C in a humidified 5% CO2/95%
air atmosphere and grown overnight to achieve 70–80% confluence.
The coding regions of RORA were ligated into the pcDNA4/HisMax-
TOPO vector (RORAWt) (Invitrogen, Tokyo, Japan). The transfection
complex was  directly added to the wells in the presence of
nonserum-containing medium. After 48 h, the transfected cells
were washed with PBS and collected by centrifugation at 1000 × g
for 5 min. The His-tagged proteins were purified using Ni-NTA mag-
netic agarose beads according to the manufacturer’s instructions
(Qiagen, Tokyo, Japan). The elution buffer was replaced with dis-
tilled water for exchange with a HiTrapTM desalting column (GE
Healthcare, Tokyo, Japan).

2.5. Surface plasmon resonance (SPR) analysis and analyte
recovery

All experiments were performed at 25 ◦C using the Biacore
3000 SPR sensor (Biacore, Tokyo, Japan) with control software ver-
sion 4.0 and a CM5  (carboxymethylated dextran surface) sensor
chip. The chip surface was first activated following a standard
N-hydroxysuccinimide (NHS) and carbodiimide (EDC) Biacore pro-
tocol. RORA proteins were immobilized via amine groups in all
four of the available flow cells. HBS-P buffer (0.01 M HEPES, pH
7.4, 0.15 M NaCl, 0.005% surfactant-P20) (Biacore) was  used as the
running buffer. RORA at a concentration of 0.1 mg/ml in 10 mM
potassium-phosphate buffer, pH 7.4, was  then injected for 10 min
followed by a 7-min injection of 1 M ethanolamine, pH 8.5, to inacti-
vate the residual active groups. Finally, the surface was treated with
10 half-minute pulses of 50 mM NaOH to remove non-covalently
bound RORA. Typically, about 15,000 RU of RORA was immobilized
per flow cell 1 and flow cell 2 (Fc1 and Fc2). Fc1 and Fc2 were
used for analysis after capture and recovery. The flow system was
then washed and rinsed with HBS-P buffer. Fc1, which was the
control, was  rinsed with 5% DMSO, 0.05% surfactant-P20, and HBS-
P buffer. Fc2 was rinsed with CS (20 �M,  10 �M,  5 �M, 2.5 �M,
and 1.25 �M),  5% DMSO, 0.05% surfactant-P20, and HBS-P buffer.
Finally, the flow cells were rinsed with 5% DMSO, 0.05% surfactant-
P20, and HBS-P buffer. The bound material was eluted with 50%
DMSO and HBS-P buffer (used as the running buffer). Dissociation
constants were derived by fitting the data into a 1:1 Langmuir bind-
ing model with BIAevaluation 3.0 software (Biacore). The apparent

association (ka) and dissociation rate constants (kd) were evaluated
from the differential binding curves (Fc2–Fc1). Two  independent
sets of measurements were used to calculate the rate constants.
The affinity constant KD was  calculated by the equation KD = kd/ka.
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Corporation, Tokyo, Japan). All sections were counterstained with
hematoxylin. We  performed immunohistochemical staining with
at least three samples during each menstrual phase. Assess-
ments of immunostaining were based on agreement among three
F. Zenri et al. / Journal of Steroid Biochem

PR response values are expressed in resonance units (RU). One RU
epresents a change of 0.0001◦ in the angle of the intensity mini-
um.  For most proteins, this is roughly equivalent to a change in

oncentration of approximately 1 pg/mm2 on the sensor surface.

.6. RNA extraction, cDNA synthesis and RT-PCR

Total RNA was extracted individually from the endometrial
issue, ESCs, and EECs using an RNeasy minikit (Qiagen, Hilden,
ermany). One microgram of total RNA was reverse transcribed

n a 20-�l volume using ReverTraAce-�  (TOYOBO, Tokyo, Japan)
ccording to the manufacturer’s instructions. PCR was  performed
sing ReverTra Dash (TOYOBO) according to the manufacturer’s

nstructions. The DNA sequences of the RORA1 and NR1D1
rimers were previously described [16,31]. RORA1 primers (sense,
′-GTCAGCAGCTTCTACCTGGAC-3′; antisense, 5′-ATGCGCACAAT-
TCTGGGTA-3′) were designed to amplify a 482-bp fragment.
R1D1 primers (sense, 5′-ATCCCGACAGTCTTGTCGT-3′; antisense,
′-CTTTTGCCCGAGCCTTTC-3′) were designed to amplify a 419-
p fragment. �-Actin and G3PDH were used as internal controls.
rimers for �-actin (sense, 5′-GATGACCCAGATCATGTTTGAG-3′;
ntisense, 5′-CGGATGTCAACGTCACACTTCATG-3′) were designed
o amplify the 517-bp fragments. Primers for G3PDH (sense,
′-TCACCATCTTCCAGGAGCGA-3′; antisense, 5′-CACAATGCCGAAG-
GGTCGT-3′) were designed to amplify the 293-bp fragments.

The PCR conditions for amplification of RORA1 and NR1D1
ere 30 cycles at 94 ◦C for 10 s, 59.8 ◦C for 2 s, and 74 ◦C for 30 s.

he PCR conditions for amplification of �-actin and G3PDH were
0 cycles at 94 ◦C for 10 s, 60 ◦C for 2 s, and 74 ◦C for 30 s. PCR
roducts were analyzed by 2% agarose gel electrophoresis with
thidium bromide. Each PCR product was purified with a QIAEX
I gel extraction kit (Qiagen, Hilden, Germany) and subcloned into
CR2.1-TOPO vector with TOPO TA expression kit (Invitrogen, USA)
o confirm sequences using an ABI PRISM 310 genetic analyzer
Applied Biosystems, Foster City, CA, USA).

.7. Real-time quantitative PCR

To assess RORA1 and NR1D1 mRNA expression, real-time quan-
itative PCR and data analysis were performed using LightCycler
Roche Diagnostic GmbH, Mannheim, Germany) according to the

anufacturer’s instructions. Real-time quantitative PCR was per-
ormed using Lithos qPCR Master Mix  Hot Start (Eurogentec, Tokyo,
apan) according to the manufacturer’s instructions. The loaded
mount of RORA1 and NR1D1 mRNA were normalized to �-actin
RNA as an internal control. The primers for RORA1, NR1D1, and
-actin were the same as those used for RT-PCR. The PCR conditions
f RORA1 and NR1D1 were 30 cycles at 95 ◦C for 15 s, 64 ◦C for 8 s,
nd 72 ◦C for 9 s. The �-actin conditions were 30 cycles at 95 ◦C for
5 s, 64 ◦C for 8 s, and 72 ◦C for 25 s.

.8. Western blotting

Cells were washed twice in PBS and then scraped into PBS con-
aining protease inhibitors. To prepare whole-cell extracts, cells
ere resuspended in lysis buffer (PBS, 1% Nonidet P-40, 1 mM

DTA) containing the Complete Protease Inhibitor Cocktail (Roche).
he samples were centrifuged (12,000 × g) for 15 min  at 4 ◦C before
upernatant was transferred to a new tube as whole-cell extracts.
uclear extracts were prepared as described below. After adding
onidet P-40 (final concentration at 0.625%) (WAKO, Tokyo, Japan),

he cells were resuspended in buffer (10 mM KCl, 0.1 mM EDTA,

.1 mM EGTA, 1 mM dithiothreitol, 10 mM HEPES, pH 7.9) con-
aining protease inhibitors for 15 min  on ice. After centrifugation
12,000 × g) for 15 min  at 4 ◦C, the supernatants were removed, and
he pellets (nuclear fraction) were resuspended in buffer (400 mM
& Molecular Biology 128 (2012) 21– 28 23

NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 20 mM HEPES,
pH 7.9) containing protease inhibitors and incubated for 15 min
on ice. The samples were then centrifuged (12,000 × g) for 15 min
at 4 ◦C, the nuclear protein extracts were collected, and the pro-
tein concentrations were determined with Bio-Rad Protein Assay
reagents (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Whole-
cell extracts and nuclear extracts (8 �g of each sample) were
used for Western blot analysis. Proteins were loaded onto 10%
SDS-PAGE gels and then transferred to Immobilon polyvinylidene
difluoride membranes (Millipore Corp, Bedford, MA,  USA). Western
blot analysis was conducted using the following primary antibod-
ies: anti-RORA (1:1000; Affinity BioReagents, Rockford, IL, USA),
anti-G3PDH (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-NR1D1 (1:100; Perseus Proteomics, Tokyo, Japan), and
anti-�-actin (1:3000; Sigma). RORA immunoreactive bands were
visualized with horseradish peroxidase-conjugated anti-rabbit
IgG (1:3000; Santa Cruz Biotechnology). G3PDH immunoreactive
bands were visualized with horseradish peroxidase-conjugated
anti-goat IgG (1:2000; Santa Cruz Biotechnology). NR1D1 and �-
actin immunoreactive bands were visualized with horseradish
peroxidase-conjugated anti-mouse IgG (1:3000; Santa Cruz
Biotechnology). The ECL Plus Western blotting system was  used
to detect antibody protein complexes (Amersham Biosciences).

2.9. Immunohistochemical staining

Sections were treated with 3% hydrogen peroxide for 30 min  to
eliminate endogenous peroxidase. After blocking with 1.5% mouse
serum, the sections were stained first with RORA polyclonal anti-
body (1/25), which was the same as for Western blotting, using
a histofine SAB-PO MULT kit (Nichirei Corporation, Tokyo, Japan)
overnight at 4 ◦C. Control slides were incubated with nonimmune
rabbit IgG, the concentration of which was  adjusted to that of
the primary antibody. The sections were then incubated with
biotinylated horse antirabbit IgG followed by avidin-peroxidase
using the ABC kit (Nichirei Corporation, Tokyo, Japan). The chro-
mogenic reaction was  carried out with diaminobenzidine (Nichirei
Fig. 1. The CS-RORA association and dissociation curve. Sensorgram with different
concentrations of CS and fitted curve based on the bivalent analyte model. Binding
to  CS layers was  tested at 20 �M,  10 �M,  5 �M,  2.5 �M, and 1.25 �M. (a) Start of
CS  injection and (b) end of CS injection. The data shown are representative of three
different samples.
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ndependent observers who were blind to the phases of the men-
trual cycle at which the specimens were collected.

.10. In situ hybridization

For preparation of the digoxigenin (DIG)-labeled RNA probe
or NR1D1, the 419-bp fragment of human NR1D1 complemen-

ary DNA, obtained by RT-PCR with the primers described, was
ubcloned into the appropriate restriction site of the PCR II-TOPO
ector (Invitrogen, Carlsbad, CA, USA). After linearization of the
lasmid with an appropriate restriction enzyme, the linearized

ig. 2. Expression and localization of RORA and NR1D1 gene product in human endometriu
he  menstrual cycle. (B) In situ hybridization of NR1D1 in human endometrium througho
P,  late proliferative phase; ES, early secretory phase; MS,  mid-secretory phase; LS, late se
agnification, 100×. (C) Expression of RORA mRNA in the human endometrium througho

f  NR1D1 mRNA in the human endometrium throughout the menstrual cycle estimated by
n  EP, early proliferative phase, n = 4; MP,  mid-proliferative phase, n = 7; LP, late proliferat
ate  secretory phase, n = 4. Results were normalized for the amount of �-actin. Mean ± SE
& Molecular Biology 128 (2012) 21– 28

vectors were used as templates for the synthesis of DIG-labeled
RNA probes using SP6 or T7 RNA polymerase. In situ hybridiza-
tion was  performed using an ISHR starting kit (Nippon Gene,
Toyama, Japan) as described previously [32]. Briefly, tissue col-
lected for in situ hybridization was  fixed by immersing in 10%
neutral buffered saline overnight at 4 ◦C before routine paraffin
embedding. The paraffin-embedded specimens were sliced to sec-

tions with a thickness of 5 �m.  These sections were mounted on
poly-l-lysine-treated slides, deparaffinized, and rehydrated. They
were further digested with 5 mg/ml  proteinase K for 10 min at room
temperature, treated with acetic anhydride, and then subjected

m. (A) Immunohistochemical staining for RORA in human endometrium throughout
ut the menstrual cycle. EP, early proliferative phase; MP,  mid-proliferative phase;
cretory phase. Control slide for RORA was incubated with nonimmune mouse IgG.
ut the menstrual cycle estimated by real-time quantitative RT-PCR. (D) Expression

 real-time quantitative RT-PCR. Endometrial tissues were obtained from 36 women
ive phase, n = 6; ES, early secretory phase, n = 9; MS,  mid-secretory phase, n = 6; LS,
M within a panel with different superscripts are statistically different (P < 0.05).



F. Zenri et al. / Journal of Steroid Biochemistry & Molecular Biology 128 (2012) 21– 28 25

Fig. 3. Expression of RORA and NR1D1 gene product in cultured human endometrial cells. (A) Expression of RORA and NR1D1 mRNA in cultured human endometrial stromal
cells  (ESCs) and epithelial cells (EECs), as detected by standard RT-PCR. The internal control was  G3PDH. The data shown are representative of three different samples. (B)
Expression of the RORA and NR1D1 protein was  examined by Western blotting in ESCs and EECs. The internal control for RORA was �-actin, and that of NR1D1 was  G3PDH.
The  results are representative of four independent experiments using samples from different women. (C) Expression of RORA mRNA in cultured human EECs after treatment
with  cholesterol sulfate (CS) estimated by real-time quantitative RT-PCR. The data shown are representative of four independent samples. (D) Expression of RORA mRNA in
cultured human ESCs after treatment with CS estimated by real-time quantitative RT-PCR. The data shown are representative of four independent samples. (E) Expression
of  NR1D1 mRNA in cultured human EECs after treatment with cholesterol sulfate (CS) estimated by real-time quantitative RT-PCR. The data shown are representative of
fi s afte
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w

ve  independent samples. (F) Expression of NR1D1 mRNA in cultured human ESC
re  representative of five independent samples. Results were normalized to the am
ifferent (P < 0.05).

o treatment with pre-hybridization solution in ISHR starting kit
or 30 min  at 42 ◦C. Hybridization was performed by applying the
iluted probe to each slide section. Each section was incubated in

 humidified chamber overnight at 42 ◦C. Slides were washed and
hen treated with RNase for 30 min  at 37 ◦C. After being blocked
ith blocking reagent in ISHR starting kit, the sections were incu-

ated with anti-DIG, alkaline phosphatase-conjugated antibody
1:500, Roche) for 1 h at room temperature. Color development was

arried out by overlaying the sections with nitroblue tetrazolum/5-
romo-4-ccholoro-3-indolyl phosphate (Roche) and incubating in a
umidified container in the dark for 12 h. Sense probe hybridization
as used as a control for background level. We performed in situ
r treatment with CS estimated by real-time quantitative RT-PCR. The data shown
 of �-actin. Mean ± SEM within a panel with different superscripts are statistically

hybridization with at least three samples during each menstrual
phase.

2.11. Plasmid construction, cell culture and luciferase assay

The coding regions of RORA were subcloned into the
pcDNA4/HisMax-TOPO vector (RORAWt) (Invitrogen, Tokyo,
Japan). Human NR1D1 promoter including RORA response ele-

ments (RORE) (−66/+6) was  amplified by PCR (sense, 5′-CCGCTC-
GAGATCCCGACAGTCTTGTCGT-3′; antisense, 5′-GGAAGATCTCTT-
TTGCCCGAGCCTTTC-3′) and subcloned into the pGL3-Basic vector
(Rev-Dr) (Invitrogen). The sequence of PCR product was  confirmed
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Fig. 4. Expression of RORA protein in cultured human endometrial stromal cells
(ESCs). (A) Expression of RORA protein was examined by Western blotting in cul-
tured endometrial stromal cells (ESCs) after treatment with cholesterol sulfate (CS)
at  10 �M and 20 �M for 3 h. The results are representative of four individual experi-
m
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ents using samples from different women. (B) Scanned data of three independent
estern blotting analyses. Results were normalized to the amount of G3PDH protein

nd  presented as the mean ± SEM (P < 0.05).

y ABI PRISM 310 genetic analyzer (Applied Biosystems). Gener-
lly, the dominant negative mutant of RORA (ROR D-mt) is the
-terminal fragment of RORA (1–705), which lacks the ligand-
inding domain. The N-terminal fragment of RORA was subcloned

nto pcDNA4/HisMax-TOPO vector. Their identities were con-
rmed using the ABI PRISM 310 genetic analyzer. COS1 cells were
aintained in standard conditions DMEM supplemented with

0% FBS at 37 ◦C in a humidified 5% CO2/95% air atmosphere.
edium was changed every 3 days. Cells were seeded in 12-well

lates at a density of 1 × 105 and incubated at 37 ◦C for 12 h
o achieve 70–80% confluence prior to transfection. Cells were
ransfected using transfection reagent FuGENE6 with the reporter
ector (Rev-Dr, 200 ng/well), expression vector (RORAWt or ROR
-mt, 200 ng/well), the control vector (pRL-SV40, 100 ng/well)

Invitrogen), and the control plasmid vector (pcDNA4/HisMax-
OPO vector) (Invitrogen). At the end of the experiments, the
ells were washed once with ice-cold 0.15 M NaCl, 0.01 M sodium
hosphate buffer, pH 7.2. Luciferase assays were performed using
he Dual-Luciferase Reporter Assay System (TOYO Tokyo, Japan),
n which Renilla luciferase plasmids were co-transfected as control
lasmids to standardize transcription efficiency. All transfection
xperiments were performed at least three times.

.12. Statistical analysis

The results are presented as the mean ± SEM. The analysis was
onducted by one-way analysis of variance (ANOVA) with a post
oc analysis (Fisher’s protected least significance). Statistical sig-
ificance was accepted at P < 0.05.

. Results

.1. The interaction of CS with RORA
The association–dissociation curves for the interaction of CS
ith RORA are illustrated in Fig. 1. The ka, kd, and KD val-
es are 7.01 × 103 (1/Ms), 7.62 × 10−3 (1/s), and 1.09 × 10−6 (M),
& Molecular Biology 128 (2012) 21– 28

respectively. Fig. 1 indicates that cholesterol did not interact with
RORA under the same conditions.

3.2. The expression of RORA and NR1D1 in human endometrium

The RORA protein was  localized in human endometrial stromal
and epithelial cells throughout all phases of the human menstrual
cycle (Fig. 2A), and no change was detected in the localization of
the RORA protein throughout the entire cycle. The in situ hybridiza-
tion (Fig. 2B) showed that NR1D1 mRNA was  expressed during all
phases of the menstrual cycle in glandular and luminal epithelial
cells and in stromal cells during the early proliferative phase of
the cycle. During the mid-proliferative and early and mid-secretory
phases of the menstrual cycle, NR1D1 mRNA was detected in both
glandular epithelial cells and stromal cells. During the late pro-
liferative and late secretory phases, NR1D1 mRNA was  detected
in stromal cells (Fig. 2B). Although we tried to perform immuno-
histochemistry with several anti-NR1D1 antibodies, only severe
non-specific signal was detected. Real-time quantitative PCR analy-
sis showed that RORA (Fig. 2C) and NR1D1 (Fig. 2D) were expressed
in endometrial tissues throughout the human menstrual cycle. The
expression of RORA mRNA significantly increased during the mid-
secretory phase (Fig. 2C), and that of NR1D1 increased during the
early and late proliferative phases of the human menstrual cycle
(Fig. 2D).

3.3. The regulation of RORA and NR1D1 mRNA expression by CS

RORA and NR1D1 mRNA expression in EECs and ESCs was
detected by standard RT-PCR analysis (Fig. 3A). The expression
of RORA and NR1D1 proteins in EECs and ESCs was detected as
bands at 56 kDa and 66.8 kDa in EECs and ESCs by Western blotting
(Fig. 3B). The expression of RORA mRNA did not change in EECs after
treatment with 10 �M CS (Fig. 3C) but increased significantly in
ESCs 1 and 3 h after treatment with 10 �M CS (Fig. 3D). The expres-
sion of NR1D1 mRNA decreased in EECs 6 h after treatment with
10 �M CS (Fig. 3E) and increased in ESCs 1 h after treatment with
10 �M CS (Fig. 3F). The amount of RORA protein was  significantly
higher in ESCs 3 h after treatment with 10 and 20 �M CS, but there
was no significant difference between the 10 and 20 �M treatments
(Fig. 4).

3.4. The transcriptional activity of RORA

RORAWt significantly activated the human NR1D1 promoter.
Although there was  no ligand-binding domain in the ROR D-mt,
the human NR1D1 promoter was also significantly activated. There
was no change in the activation of NR1D1 promoter regardless of
CS (Fig. 5).

4. Discussion

For the first time, we demonstrated the expression of RORA and
NR1D1 in human endometrium, cultured EECs, and cultured ESCs.
RORA is widely expressed in peripheral tissues, especially in the
liver and muscle [10,33],  and it has many roles including myocyte
differentiation [34], lipid metabolism [35,36],  inflammation control
[37,38], and the negative regulation of ischemia-induced angio-
genesis [39]. It was recently reported that HIF-1� expression is
regulated by CS via RORA [17]. The HIF pathway and HIF-regulated
genes are associated with angiogenesis [18]. NR1D1 is known

to have similar functions as RORA, and both RORA and NR1D1
regulate the expression of the plasminogen activator inhibitor
type-1 (PAI-1) gene [40]. Increased uterine vascular permeability
and angiogenesis are important for implantation. These findings
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ndicate that RORA and NR1D1 might regulate vascular formation
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We  studied the expression and localization of RORA and NR1D1
n human endometrium (Fig. 2). It has been reported that NR1D1
xhibited significant rhythmicity in rat oviduct, suggesting that the
eveloping embryo is subjected to rhythmic changes in the envi-
onment created by the oviduct [41]. It is possible that changes
n the expression and localization of RORA and NR1D1 during
he menstrual cycle might be related to the development of the
mbryo, which supports a role for RORA and NR1D1 expression in
mplantation within the human uterus. The change of RORA mRNA
xpression was almost same as NR1D1 mRNA expression in ESCs
fter treatment with CS, indicating that NR1D1 mRNA expression
s regulated via RORA (Fig. 3). But Fig. 2 shows that NR1D1 mRNA
xpression was not parallel with RORA mRNA expression in human
ndometrium during menstrual cycle. One possible explanation is
hat the condition of cultured cells may  differ from endometrium.
t is possible that the other regulatory factors may  act on in vivo
R1D1 transcription in human endometrium.

The expression of RORA mRNA and protein significantly
ncreased 1 and 3 h after treatment with 10 �M CS in ESCs
Figs. 3D and 4). We  previously reported that CS increased dur-
ng the implantation period in rabbit endometrium [1,3]. Also, in
uman endometrium, we recently revealed that cholesterol sulfo-
ransferase 2B1b, an enzyme of CS synthesis, increased during the

id-secretory phase of the menstrual cycle [4].  In the present study,
he amount of RORA mRNA increased during the mid-secretory
hase (Fig. 2C). These results suggest that CS may  regulate RORA
xpression in the human endometrium. RORA transcriptional activ-
ty can be modulated by changes in intracellular cholesterol levels
r by mutation of residues involved in cholesterol binding [42].
ntracellular cholesterol in mammalian cells is determined by the
ptake of serum low-density lipoprotein (LDL), which may  also
ollow a circadian rhythm [43].

In the present study, we found that CS had a higher affinity for
ORA than cholesterol (Fig. 1). Several lines of evidence indicate
hat CS is a natural ligand of RORA [10,11]. NR1D1 mRNA is reg-
lated by RORA [20]. In the present study, we revealed that CS
egulated NR1D1 transcription in ESCs (Fig. 3F). However, as shown
y the results of the luciferase assay, CS did not function as a ligand

or RORA (Fig. 5). Because of low efficiency of transfection and sam-
le limitation, we did not use endometrial cells for the luciferase
ssay. The physiological condition of endometrial cells is different
rom COS1 cells. One possible explanation is that COS1 cells may
(B) Transcriptional activity of RORAWt and ROR D-mt via human NR1D1 promoter
tive of three independent experiments and presented as the mean ± SEM (P < 0.05).

not contain cofactors necessary for RORA to act as receptor of CS. A
second possible explanation is that CS increases RORA expression,
which subsequently regulates NR1D1 in human endometrium.

In the present study, we  show that CS regulates the expres-
sion of RORA responsive genes in human endometrial cells. This
effect is exerted by up-regulation of RORA transcription but not
by action as a ligand for RORA. Our results indicate that CS may
regulate the expression of genes via the regulation of RORA expres-
sion in human endometrium. As mentioned above, the level of CS
increases during the implantation window in endometrium. It is
possible that CS may  play an important role in the differentiation
of the endometrium in preparation for implantation.
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