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Abstract. 	The	nuclear	receptor	REV-ERBα	(encoded	by	NR1D1)	has	a	critical	role	in	metabolism	and	physiology	as	well	
as	 circadian	 rhythm.	Here,	we	 investigated	 the	possible	contribution	of	 clock	genes	 including	NR1D1	 to	 the	 secretion	of	
prostaglandin	F2α	(PGF2α)	from	bovine	uterine	stromal	(USCs)	and	epithelial	cells	(UECs)	by	modulating	the	expression	
of	PTGS2.	The	circadian	oscillation	of	clock	genes	in	the	cells	was	weak	compared	with	that	reported	in	rodents,	but	 the	
expression	of	BMAL1,	PER1,	and	NR1D1	was	changed	temporally	by	treatment	with	ovarian	steroids.	Significant	expression	
of	clock	genes	including	NR1D1	was	detected	in	USCs	exposed	to	progesterone.	NR1D1	was	also	significantly	expressed	in	
UECs	exposed	to	estradiol.	The	expression	of	PTGS2	was	suppressed	in	USCs	exposed	to	progesterone,	while	the	expression	
was	 initially	 suppressed	 in	UECs	 exposed	 to	 estradiol	 and	 then	 increased	 after	 long-term	 exposure	 to	 estradiol.	BMAL1 
knockdown	with	specific	siRNA	caused	a	significant	decrease	in	the	transcript	levels	of	NR1D1	and	PTGS2	in	USCs,	but	not	
in	UECs.	The	production	of	PGF2α	also	decreased	in	USCs	after	BMAL1	knockdown,	while	its	level	did	not	significantly	
change	in	UECs.	The	transcript	level	of	PTGS2	was	increased	by	treatment	with	the	antagonist	of	REV-ERBα	in	both	cell	
types,	but	the	agonist	was	ineffective.	In	these	two	cell	types	treated	with	the	agonist	or	antagonist,	the	PGF2α	production	
coincided	well	with	the	PTGS2	expression.	Collectively,	these	results	indicate	that	REV-ERBα	plays	an	inhibitory	role	in	the	
expression	of	PTGS2	in	both	bovine	USCs	and	UECs	treated	with	ovarian	steroids.
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In	cows	and	sheep,	 luteolysis	 is	 induced	by	prostaglandin	F2α	
(PGF2α),	which	is	secreted	in	a	pulsatile	mode	from	the	uterine	

endometrium	during	the	late	 luteal	phase	to	the	follicular	phase.	
Progesterone	(P4),	estradiol	(E2),	and	oxytocin	have	been	regarded	
as	the	critical	factors	regulating	the	secretion	of	PGF2α	from	the	
endometrium.	It	has	been	demonstrated	 that	oxytocin	promotes	
the	secretion	of	PGF2α	as	a	pulse	generator	of	its	secretion	in	the	
endometrium	[1,	2].	However,	the	critical	roles	of	P4	and	E2 in the 
secretion	of	PGF2α	are	still	unclear	[3,	4].	It	is	generally	accepted	
that	ovarian	steroids	modulate	the	sensitivity	of	the	endometrium	
to	oxytocin	by	regulating	the	expression	of	the	oxytocin	receptor	
[5–7].	Conversely,	several	studies	objected	to	the	role	of	oxytocin	in	
luteolysis	[8–10],	and	it	was	proposed	that	oxytocin	is	not	essential	for	
PGF2α	secretion	[3,	11].	Therefore,	existence	of	another	regulator(s)	
of	the	PGF2α	secretion	in	the	endometrium	was	postulated	[4],	but	
no	regulator	has	not	been	identified.
Prostaglandin	G/H	synthetase	(PTGS)	is	 the	key	rate-limiting	

enzyme	converting	arachidonic	acid	into	PGG2	and	PGH2,	which	
are	the	precursors	for	PGF2α	and	other	metabolites.	PTGS	has	two	
isoforms,	PTGS1	and	PTGS2.	In	the	bovine	endometrium,	PGF2α	

is	synthesized	mostly	by	PTGS2	[12].	The	promoter	region	of	the	
bovine	PTGS2	gene	contains	the	E-box	element	and	REV-ERBα/RORα	
response	element	(RORE),	which	are	the	circadian	clock-controlled	
cis-regulatory	elements.
The	cellular	clock	components	CLOCK	and	BMAL1	bind	 to	

the	E-box	enhancer	and	induce	expression	of	 the	nuclear	recep-
tor	REV-ERBα	(encoded	by	NR1D1),	 resulting	 in	repression	of	
transcription	of	BMAL1	through	direct	binding	to	RORE	located	in	
the BMAL1	promoter	[13].	In	addition	to	regulating	each	other	to	
sustain	oscillations,	the	core	clock	proteins	also	entrain	the	rhythmic	
expression	of	numerous	genes	through	binding	to	the	E-box,	RORE,	
and	D-box	at	their	promoters,	which	have	been	called	clock-controlled	
genes	(CCGs)	and	found	to	comprise	a	large	family.	The	peripheral	
oscillators	control	 the	expression	of	downstream	CCGs	that	are	
expressed	in	tissue-specific	relationships.	REV-ERBα	has	a	critical	
role	 in	 the	 regulation	of	metabolism	and	physiology	as	well	as	
circadian	rhythms	[14].	The	cellular	level	of	heme,	identified	as	a	
physiological	ligand	for	REV-ERBα	[15],	oscillates	in	a	circadian	
manner	 [16].	SR8278	recently	became	available	as	a	synthetic	
antagonist	of	REV-ERBα	[17].	Based	on	recent	studies,	we	raised	
the	possibility	that	the	PTGS2	gene	is	a	downstream	CCG	in	bovine	
uterus	endometrial	cells.
We	reported	that	circadian	rhythmicity	is	weak	in	the	rat	uterus	

luminal	epithelium	as	revealed	by	immunohistochemistry,	although	
a	strong	immunostaining	signal	of	PER2	protein	is	detected	in	the	
epithelial	cell	 layer	compared	with	that	 in	 the	stromal	cell	 layer	
[18].	Since	regulation	of	the	circadian	clockwork	may	be	different	
between	stromal	cells	and	epithelial	cells,	the	two	cell	types	for	the	
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circadian	clockwork	need	to	be	analyzed	separately.	In	the	present	
study,	we	extended	our	recent	investigations	to	explore	the	possible	
contribution	of	the	circadian	clockwork	to	the	secretion	of	PGF2α	
from	the	bovine	endometrium	by	modulating	the	expression	of	the	
PTGS2	gene.

Materials and Methods

Isolation and culture of bovine USCs and UECs
Bovine	uteri	were	collected	from	a	slaughterhouse	and	transferred	

to	laboratory	on	ice.	The	two	cell	types	were	isolated	from	the	uteri	
of	cows	showing	the	luteal	stage	at	days	11	to	17	as	determined	by	
ovarian	morphology	[19].	The	caruncles	were	physically	dissected	
from	the	endometrium	of	the	bovine	uterus.	Tissue	pieces	were	treated	
with	0.1%	collagenase	(Wako,	Tokyo,	Japan)	at	37	C	for	30	min	
and	cultured	for	1	week	in	DMEM/F12	(Invitrogen,	Carlsbad,	CA,	
USA)	supplemented	with	10%	charcoal-stripped	FBS	(Biological	
Industries,	Kibbutz	Beit	Haemek,	Israel)	with	1×	antibiotic-antimycotic	
mixed	solution	(AA;	Nacalai	Tesque,	Kyoto,	Japan).	USCs	and	
UECs	migrated	from	the	tissue	pieces	and	separately	proliferated	
in	a	monolayer	(Supplementary	Fig.	1:	on-line	only)	[20].	USCs	
and	UECs	in	primary	culture	were	separated	with	trypsin-EDTA.	
USCs	and	UECs	were	peeled	with	0.05%	and	0.25%	trypsin-EDTA,	
respectively.	Both	cell	types	separated	(4.0×105	cells)	were	seeded	
on	a	35-mm	collagen-coated	dish	(Iwaki,	Tokyo,	Japan)	with	2	ml	
DMEM/F12	supplemented	with	1×AA.	Cells	were	cultured	 in	a	
humidified	atmosphere	of	95%	air	and	5%	CO2	at	37	C	for	48	h	
prior	to	other	treatments.
Separated	USCs	and	UECs	were	rinsed	with	PBS	followed	by	

blocking	with	blocking	solution	(2%	goat	serum	in	PBS)	for	30	
min	at	room	temperature.	These	cells	were	then	incubated	for	18	h	
at	4	C	with	an	anti-vimentin	polyclonal	antibody	(1:200;	Nichirei	
Bioscience,	Tokyo,	 Japan)	and	an	anti-cytokeratin	monoclonal	
antibody	(1:200;	Sigma-Aldrich,	St.	Louis,	MO,	USA)	diluted	in	
blocking	buffer.	Goat	serum	was	substituted	for	the	primary	antibody	
as	a	negative	control.	After	washing	several	times	with	PBS,	they	
were	incubated	with	secondary	antibodies	(Santa	Cruz	Biotechnology,	
CA,	USA)	and	DAPI	(Sigma-Aldrich)	diluted	in	blocking	solution	
(1:250)	for	1	h	at	room	temperature.	Immunostaining	was	detected	
under	a	fluorescence	microscope	(Nikon,	Japan).	The	USCs	were	
positively	immunostained	for	vimentin	(a	marker	protein	of	stromal	
cells)	but	negatively	for	cytokeratin	(a	marker	of	epithelial	cells)	
(Supplementary	Fig.	1).	The	UECs	were	strongly	immunostained	
for	cytokeratin,	as	reported	previously	[20].

Treatment with steroid hormones
USCs	and	UECs	cultured	for	2	days	were	treated	with	100	nM	

P4	 (Sigma-Aldrich)	and	100	nM	E2	 (Sigma-Aldrich)	dissolved	
in	DMSO	that	was	diluted	 in	a	serum-free	medium	with	a	final	
DMSO	concentration	<	0.1%,	respectively,	 for	12	h	 in	DMEM/
F12	supplemented	with	1×	Insulin-Transferrin-Selenium	(ITS:	Life	
Technologies,	Grand	Island,	NY,	USA),	1×	AA	and	0.1%	bovine	
serum	albumin	(BSA;	Sigma-Aldrich).	After	treatment	with	P4 or E2,	
each	cell	was	washed	with	culture	medium	and	synchronized	with	10	
μM	forskolin	(Sigma-Aldrich)	for	2	h	in	DMEM/F12	supplemented	
with	1×	ITS,	1×	AA	and	0.1%	BSA.	Then,	USCs	and	UECs	were	

further	cultured	with	100	nM	P4	and	100	nM	E2	 in	DMEM/F12	
supplemented	with	1×	ITS,	1×	AA	and	0.1%	BSA,	respectively,	
and	subjected	to	each	experiment.

Real-time monitoring of mouse Per1 promoter activity
The	–1884/–102-bp	region	upstream	of	the	translation	start	codon	

of	mouse	Per1	was	fused	to	the	luciferase	gene	in	the	pGL3-Basic	
vector	(Promega,	Per1-Luc	vector)	[21].	The	upstream	region	includes	
three	E-box	sites	(–146	to	–151,	–509	to	–514,	and	–1255	to	–1260)	
and	a	cAMP	response	element	(CRE,	–1725	to	–1732).	The	Per1-Luc 
vector	(1.0	μg/dish)	was	transfected	into	cultured	rat	and	bovine	USCs	
using	Hillymax	(Wako).	Rat	USCs	were	prepared	from	uteri	at	the	
diestrus	stage	according	to	a	previous	report	[18].	These	cells	were	
maintained	in	serum-free	DMEM/F12	supplemented	with	0.1	mM	
luciferin	(Wako),	0.1%	BSA,	1%	ITS,	1×AA	and	100	nM	P4	after	
synchronization	for	2	h	with	10	μM	forskolin.	Luciferase	activity	
was	chronologically	monitored	at	37	C	with	a	Kronos	Dio	AB-2550	
luminometer	(ATTO,	Tokyo,	Japan)	interfaced	with	a	computer	for	
continuous	data	acquisition	[21].

BMAL1-specific siRNA transfection
The	sequence	targeting	the	BMAL1	mRNA	and	non-silencing	RNA	

for	the	bovine	was	purchased	from	Sigma-Aldrich.	The	scrambled	
sequence	for	the	BMAL1	siRNA	was	used	as	a	control.	The	sequences	
of	RNA	oligos	used	are	listed	in	Supplementary	Table	1	(on-line	only).	
USCs	and	UECs	were	separately	seeded	on	35-mm	collagen-coated	
dishes	with	2	ml	DMEM/F12	supplemented	with	1×	AA,	1×	ITS,	
and	0.1%	BSA.	After	24	h	in	culture,	the	medium	was	removed,	
and	 the	BMAL1-specific	siRNA	and	non-silencing	RNA	diluted	
in	Opti-MEM	were	transfected	into	cells	using	Lipofectamine®	
RNAiMAX	reagent	(Life	Technologies,	Grand	Island,	NY,	USA)	
according	to	the	manufacturer’s	protocol.	Both	the	BMAL1-specific	
siRNA	and	non-silencing	RNA	were	used	at	a	final	concentration	
of	100	nM.	The	cells	were	maintained	with	transfection	medium	
for	an	additional	24	h.	The	medium	was	replaced	with	a	medium	
supplemented	with	1×	AA,	1×	ITS,	and	0.1%	BSA.	Then,	USCs	and	
UECs	were	cultured	with	100	nM	P4	and	100	nM	E2,	respectively,	
for	12	h	and	synchronized	with	forskolin.

Treatment with heme and SR8278
USCs	and	UECs	were	treated	with	50	μM	heme	(Sigma-Aldrich)	

or	10	μM	SR8278	(Sigma-Aldrich)	dissolved	 in	DMSO	in	 the	
presence	of	steroid	hormones	after	synchronization	with	forskolin.	
As	a	control,	each	cell	was	treated	with	0.1%	DMSO	instead	of	
heme	and	SR8278.

RNA extraction and RT-qPCR
Cultured	cells	were	harvested	at	indicated	time	points,	and	total	

RNA	was	isolated	using	an	RNeasy	Mini	Kit	(Qiagen)	according	
to	 the	manufacturer’s	protocol.	RNA	samples	were	 treated	with	
RNase-free	DNase	(Qiagen).	The	cDNAs	were	generated	by	RT	with	
Oligo	(dT)15	and	Random	Primers	using	a	GoTaq®	2-Step	RT-qPCR	
System	(Promega,	Madison,	WI,	USA).	The	primer	sets	used	for	
the	RT-qPCR	are	listed	in	Supplementary	Table	2	(on-line	only).	All	
primer	pairs	were	designed	to	span	introns	to	prevent	amplification	
of	products	from	genomic	DNA.	RT-qPCR	was	performed	in	a	50-μl	
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volume	containing	a	20-ng	cDNA	sample	in	GoTaq®	qPCR	Master	
Mix	and	250	nM	specific	primers	with	an	Mx3000P	Real-time	
qPCR	System	(Agilent	Technologies,	Santa	Clara,	CA,	USA)	using	
the	parameters	described	in	our	previous	report	[22].	The	relative	
quantification	of	gene	expression	was	analyzed	from	the	measured	
threshold	cycles	(Ct)	using	the	comparative	cycle	threshold	(ΔCt)	
method	[18].	The	ΔCt	for	each	sample	was	normalized	to	the	average	
level	of	the	constitutively	expressed	housekeeping	gene	GAPDH.	
Gene	expression	was	then	normalized	to	the	level	of	the	gene	of	
interest	in	the	control	samples.

PGF2α assay
Culture	supernatants	were	collected	at	48	h	after	synchronization.	

Then	the	PGF2α	contents	were	measured	using	EIA	kits	(Cayman	
Chemical,	Ann	Arbor,	MI,	USA)	according	to	the	manufacturer’s	
instructions.	The	intra-assay	and	inter-assay	variabilities	were	<	10%.

Data analysis and statistics
Data	are	expressed	as	the	means	±	SEM	of	at	least	three	independent	

experiments,	each	performed	with	duplicate	samples.	The	statistical	
analyses	were	performed	by	one-way	ANOVA	with	Tukey’s	multiple	
comparison	test	or	the	Student’s	t	test,	as	indicated	using	the	SigmaPlot	
software	(Ver.	12.0;	Systat	Software,	San	Jose,	CA,	USA).	Differences	
were	considered	significant	at	P<0.05	or	less.	Rhythmicity	in	gene	
expression	was	determined	by	 the	single	Cosinor	method	using	
Timing	Series	Single	6.3	(Expert	Soft	Tech.)	[23].

Results

Bioluminescence activity in rat and bovine USCs transfected 
with the mouse Per1-Luc vector
To	investigate	whether	the	cellular	clockwork	functions	in	bovine	

uterus	cells,	we	first	analyzed	mouse	Per1	promoter	activity	as	an	
indicator	of	the	clockwork.	There	are	three	E-box	sites	and	one	CRE	
in the mouse Per1	promoter	region	(Fig.	1A).	The	rat	USCs	exposed	
to	P4	were	used	as	a	positive	control,	in	which	a	robust	circadian	
clockwork	has	been	confirmed	[18,	24].	Real-time	monitoring	of	
bioluminescence	clearly	revealed	that	there	were	clear	differences	in	
oscillation	profiles	between	rat	and	bovine	USCs.	Rat	USCs	displayed	
a	sharp	peak	until	approximately	30	min	after	synchronization.	
Thereafter,	the	promoter	activity	in	rat	USCs	showed	stable	oscil-
lation	for	5	days.	Conversely,	bovine	USCs	displayed	high	activity	
immediately	after	synchronization,	and	then	the	activity	in	bovine	
USCs	decreased	and	showed	only	several	small	peaks	(Fig.	1B).

Expression of core clock genes in bovine USCs
We	next	analyzed	the	temporal	changes	of	the	clock	gene	transcript	

levels	over	the	course	of	48	h	using	bovine	USCs.	After	synchroniza-
tion	with	forskolin,	the	clock	genes	PER1	and	NR1D1	displayed	no	
significant	expression	in	the	absence	of	P4	(Fig.	2).	BMAL1	only	
showed	significantly	high	expression	at	6	h	(P<0.05).	However,	
these	clock	gene	transcripts	showed	no	diurnal	rhythms.	P4	was	
added	 to	 the	culture	medium,	because	 the	stroma	 is	comprised	

Fig. 1.	 Generation	of	bioluminescence	oscillations	by	rat	and	bovine	USCs	transfected	with	pGL3	vector	containing	the	mouse	Per1	promoter	region	
after	synchronization	with	forskolin.	(A)	Schematic	of	the	pGL3	vector	containing	the	mouse	Per1	promoter	region	(upper).	Black	bars	indicate	
the	location	of	E-box	motifs	(–146	to	–151,	–509	to	–514,	and	–1255	to	–1260)	and	a	cyclic-AMP	response	element	(CRE,	–1725	to	–1732).	(B)	
Bioluminescence	activity	was	induced	in	bovine	and	rat	USCs	transfected	with	1	μg	of	the	constructed	vector	by	synchronization	with	forskolin.	
Bioluminescence	was	monitored	in	real	time	in	serum-free	medium	DMEM/F12	supplemented	with	0.1	mM	luciferin,	0.1%	BSA,	1%	ITS,	1×AA	
and	100	nM	P4.	Each	value	represents	the	means	of	three	independent	determinations.
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of	progesterone-targeting	cells	and	is	fitted	to	the	luteal	stage.	In	
the	presence	of	100	nM	P4,	significant	expression	of	three	clock	
genes	was	detected	(P<0.01)	(Fig.	2).	Several	peaks	of	clock	gene	
transcripts	were	observed	until	48	h,	but	their	diurnal	rhythms	were	
not	significant,	except	in	the	case	of	PER1	 (Cosinor,	P=0.0006).	
The	relative	expression	of	NR1D1	was	high	in	the	presence	of	P4,	
especially	at	24	to	48	h	(P<0.05).

Expression of core clock genes in bovine UECs
We	also	analyzed	the	temporal	changes	in	the	clock	gene	transcripts	

in	UECs.	After	synchronization,	the	clock	genes	PER1	and	NR1D1 
displayed	no	significant	expression	in	the	absence	of	E2	(Fig.	3),	
but	BMAL1	displayed	significant	expression	(P<0.05)	and	diurnal	
rhythms	(Cosinor,	P=0.0013).	E2	was	also	added	 to	 the	culture	
medium,	because	the	epithelium	is	comprised	of	estrogen-targeting	
cells.	In	the	presence	of	100	nM	E2,	NR1D1	displayed	a	significant	
expression	and	peaked	at	around	30	h	(P<0.05)	 (Fig.	3).	PER1 
also	showed	significant	expression	(P<0.01).	However,	the	diurnal	
rhythms	of	PER1	and	NR1D1	were	not	significant,	except	 in	the	
case	of	BMAL1	(Cosinor,	P=0.0365).

Expression of PTGS2 in bovine USCs and UECs
The	expression	level	of	PTGS2	was	investigated	in	bovine	USCs	

and	UECs.	After	synchronization,	PTGS2	displayed	significant	
expression	in	both	cell	types.	As	shown	in	Fig.	4,	however,	different	
responses	of	the	two	cell	types	to	steroid	hormones	were	observed.	
In	 the	USCs	exposed	to	P4,	PTGS2	displayed	significantly	high	

expression	and	peaked	at	6	to	12	h	(P<0.01)	(Fig.	4A).	In	addition,	
the	diurnal	rhythm	of	the	PTGS2	transcript	was	significant	(Cosinor,	
P=0.0009).	The	expression	level	of	PTGS2	was	low	at	30	to	48	h	in	
the	presence	of	P4,	whereas	it	was	high	in	the	absence	of	P4.	In	the	
UECs	exposed	to	E2,	PTGS2	also	showed	significant	expression	and	
peaked	at	48	h	(P<0.01)	(Fig.	4B).	However,	the	diurnal	rhythm	of	
the PTGS2	transcript	was	not	significant.	The	expression	of	PTGS2 
was	suppressed	until	30	h	in	the	presence	of	E2	compared	with	in	
the	absence	of	E2.	After	 long	exposure	 to	E2	 (48	h),	 the	PTGS2 
transcript	level	was	dramatically	increased	(P<0.01).

Effect of BMAL1 knockdown on the expression of PTGS2 in 
bovine USCs and UECs
We	used	BMAL1-specific	siRNA	to	investigate	whether	the	PTGS2 

expression	is	controlled	under	BMAL1	transcriptional	regulation	
in	the	two	bovine	cell	types.	BMAL1	associated	with	CLOCK	or	
NPAS2	promotes	the	transcription	of	genes	such	as	NR1D1	through	
binding	to	the	E-box	at	 the	promoter	region.	The	transfection	of	
BMAL1-specific	siRNA	caused	a	significant	decrease	in	the	BMAL1 
transcript	level	of	both	the	USCs	(P<0.01)	and	the	UECs	(P<0.05)	
(Fig.	5).	Concomitantly,	the	NR1D1	transcript	level	was	significantly	
decreased	in	the	USCs	(P<0.01),	while	it	did	not	change	in	the	UECs.	
The PTGS2	transcript	level	was	also	significantly	decreased	in	the	
USCs	(P<0.05).	Conversely,	the	UECs	displayed	no	downregulation	
of	the	PTGS2	transcript	after	BMAL1	knockdown.

Fig. 2.	 Expression	profiles	of	core	clock	gene	 transcripts	over	 the	course	of	48	h	 in	bovine	USCs.	After	 synchronization	with	 forskolin,	 total	RNA	
samples	were	collected	at	6	h	interval	from	cells	cultured	with	(bottom)	or	without	(upper)	the	presence	of	P4.	RT-qPCR	analyses	of	transcript	
levels	were	performed	using	their	specific	primers.	The	relative	transcript	level	was	normalized	to	GAPDH	and	expressed	relative	to	the	first	
time	point	(0	h).	Each	value	represents	the	mean	±	SEM	of	three	independent	experiments.	The	statistical	analyses	were	performed	by	one-way	
ANOVA	with	Tukey’s	multiple	comparison	tests.	*	P<0.05	vs.	0	h.
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Fig. 3.	 Expression	profiles	of	core	clock	gene	 transcripts	over	 the	course	of	48	h	 in	bovine	UECs.	After	 synchronization	with	 forskolin,	 total	RNA	
samples	were	 collected	at	6	h	 interval	 from	cells	 cultured	with	 (bottom)	or	without	 (upper)	 the	presence	of	 estradiol.	RT-qPCR	analyses	of	
transcript	levels	were	performed	using	their	specific	primers.	The	relative	transcript	level	was	normalized	to	GAPDH	and	expressed	as	relative	
to	the	first	time	point	(0	h).	Each	value	represents	the	mean	±	SEM	of	three	independent	experiments.	The	statistical	analyses	were	performed	by	
one-way	ANOVA	with	Tukey’s	multiple	comparison	tests.	*	P<0.05	vs.	0	h.

Fig. 4.	 Expression	of	the	PTGS2	gene	in	bovine	USCs	and	UECs.	After	synchronization	with	forskolin,	total	RNA	samples	were	collected	at	6	h	interval	
from	USCs	(A)	and	UECs	(B)	cultured	with	or	without	the	presence	of	ovarian	steroids.	RT-qPCR	analyses	of	transcript	levels	were	performed	
using	their	specific	primers.	The	relative	transcript	level	was	normalized	to	GAPDH	and	expressed	as	relative	to	the	first	time	point	(0	h).	Each	
value	represents	the	mean	±	SEM	of	three	independent	experiments.	The	statistical	analyses	were	performed	by	one-way	ANOVA	with	Tukey’s	
multiple	comparison	tests.	*	P<0.05	vs.	0	h.
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Effects of heme and SR8278 on the PTGS2 expression in 
bovine USCs and UECs
To	further	investigate	the	regulation	of	PTGS2	expression,	we	

treated	bovine	USCs	and	UECs	with	the	agonist	(heme)	or	antagonist	
(SR8278)	of	REV-ERBα.	As	shown	in	Fig.	6,	the	Ptgs2	transcript	level	
was	dramatically	increased	by	SR8278	in	both	cell	types.	Conversely,	
treatment	with	heme	did	not	alter	the	expression.	During	treatment	
with	heme	or	SR8278,	different	transcript	levels	of	the	clock	genes	
BMAL1	and	NR1D1	were	observed.	The	NR1D1	 transcript	 level	
was	greatly	increased	by	SR8278	in	the	USCs	but	not	in	the	UECs.	
However,	the	BMAL1	transcript	level	was	not	changed	by	SR8278	in	
the	USCs	and	UECs,	probably	due	to	the	absence	of	the	REV-ERBα	
action.	Treatment	with	heme	increased	the	NR1D1	transcript	levels	in	
both	cell	types,	although	their	increases	were	very	small.	Treatment	
with	heme	also	increased	the	BMAL1	transcript	level	in	the	USCs.

Production of PGF2α by bovine USCs and UECs
To	further	 test	whether	 the	PTGS2	expression	is	regulated	by	

BMAL1	and/or	REV-ERBα,	we	determined	the	production	of	PGF2α	
in	culture	media	after	treatment	with	BMAL1-specific	siRNA	and	the	
agonist	or	antagonist	of	REV-ERBα.	As	shown	in	Fig.	7A,	the	level	
of	PGF2α	significantly	decreased	in	USCs	after	the	transfection	of	
BMAL1-specific	siRNA	(P<0.05),	and	this	was	coincident	with	the	
decreased	transcript	level	of	PTGS2.	Conversely,	the	level	of	PGF2α	
did	not	significantly	change	in	UECs	transfected	with	BMAL1-specific	

siRNA,	in	which	the	transcript	level	of	PTGS2	remained	unchanged.	
In	both	cell	types	treated	with	heme	or	SR8278,	the	production	of	
PGF2α	was	well	reflected	by	the	expression	of	PTGS2.	As	shown	
in	Fig.	7B,	the	level	of	PGF2α	increased	approximately	twofold	in	
the	presence	of	SR8278.	Conversely,	treatment	with	heme	caused	
no	significant	changes	in	the	PGF2α	level.

Discussion

The	regulation	of	PGF2α	production	in	the	bovine	uterus	endome-
trium	during	the	estrus	cycle	remains	poorly	understood,	although	
P4,	E2	and	oxytocin	are	well	known	as	the	regulatory	hormones	[3,	
4,	11].	In	the	present	study,	we	focused	on	control	of	the	cellular	
circadian	clockwork	related	to	PGF2α	production	in	bovine	USCs	and	
UECs.	We	demonstrated	that	the	nuclear	receptor	REV-ERBα	plays	
an	inhibitory	role	in	PGF2α	secretion,	which	is	mediated	through	
direct	inhibition	of	PTGS2	expression	in	both	cell	types.	We	also	
showed	that	BMAL1	promotes	PGF2α	secretion	as	a	heterodimer	
with	CLOCK,	which	 is	mediated	 through	the	 transactivation	of	
the PTGS2	expression	in	USCs.	The	secretion	of	PGF2α	may	be	
balanced	by	the	inhibitory	or	stimulatory	transcriptional	regulation	
of	REV-ERBα	and	BMAL1/CLOCK,	respectively.
Circadian	clockwork	systems	generate	cellular	rhythms	in	physi-

ological	functions	via	identified	transcriptional	and	posttranscriptional	
regulatory	processes.	The	cellular	clock	components	CLOCK	and	

Fig. 5.	 Expression	of	 the	BMAL1,	NR1D1	 and	PTGS2	gene	 transcripts	 in	bovine	USCs	and	UECs	 transfected	with	BMAL1-specific	siRNA	or	non-
silencing	RNA.	USCs	(A)	and	UECs	(B)	were	separately	treated	with	BMAL1-specific	siRNA	(siRNA)	or	non-silencing	RNA	(CONT)	according	
to	the	indicated	protocols.	The	cells	were	then	synchronized	with	forskolin.	Total	RNA	samples	were	collected	at	30	h	for	the	BMAL1 transcript 
and	48	h	for	the	NR1D1	and	PTGS2	transcripts	after	synchronization.	RT-qPCR	analyses	of	transcript	levels	were	performed	using	their	specific	
primers.	The	relative	transcript	level	was	normalized	to	GAPDH	and	expressed	relative	to	the	non-silencing	RNA	group.	Each	value	represents	
the	means	±	SEM	of	three	independent	determinations.	The	statistical	analyses	were	performed	by	one-way	ANOVA	with	the	Student’s	t	test.	
**	P<0.01;	*	P<0.05.
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BMAL1	bind	to	the	E-box	enhancer	and	positively	drive	the	expres-
sion	of	 the	Period	genes	(Per1-3)	and	 the	Cryptochrome	genes	
(Cry1-2).	In	turn,	PER	and	CRY	proteins	heterodimerize	and	undergo	
phosphorylation.	The	PER-CRY	complexes	translocate	to	the	nucleus	
and	repress	the	activity	of	CLOCK-BMAL1	heterodimers	[25,	26].	
Further	adding	to	the	complexity,	CLOCK-BMAL1	heterodimers	
induce	expression	of	 the	nuclear	receptor	REV-ERBα	(encoded	
by	NR1D1),	resulting	in	repression	of	the	transcription	of	BMAL1 
through	direct	binding	to	RORE	located	in	the	BMAL1 promoter 
[13].	The	conservative	transcriptional	feedback	loop	resides	in	the	
ovine	circadian	clock	[27],	and	the	circadian	expression	of	the	core	
clock	genes	BMAL1,	PER2,	and	CRY1	is	generated	in	the	ovine	liver	
[28].	It	was	thus	expected	that	clock	genes	would	also	be	driven	in	
oscillatory	patterns	in	bovine	uterus	endometrial	cells,	which	would	
be	similar	to	murine	cells	[18,	29].	Our	present	results	showed	that	
the	circadian	clockwork	machinery	functions	in	bovine	USCs	exposed	
to	P4,	while	it	was	weak	compared	to	that	in	rat	(Fig.	1B).	We	also	
showed	that	the	bovine	PER1	transcript	level	exhibited	a	significant	
diurnal	rhythm	in	bovine	USCs	exposed	to	P4	(Fig.	2).	However,	
comprehensively,	the	diurnal	rhythms	of	the	clock	gene	expression	
were	not	significant	in	bovine	USCs	and	UECs	in	the	presence	or	
absence	of	steroid	hormones,	except	for	PER1	and	BMAL1	under	
some	conditions	(Figs.	2	and	3).	Therefore,	it	is	supposed	that	the	
circadian	rhythm	of	clock	genes,	at	least,	that	we	observed	may	be	
weak	in	both	USCs	and	UECs.

In	regard	to	the	oscillation,	 the	superiority	of	clock	genes	and	
strength	of	circadian	oscillation	in	the	uterus	may	depend	on	cell	types	
and	physiological	states.	An	immunohistochemical	analysis	revealed	
that	the	PER2	protein	expression	is	constitutive	in	epithelial	cells	
but	not	in	the	stromal	cells	[23].	In	addition,	the	circadian	rhythm	
of	clock	genes	was	reported	to	be	significant	for	Cry1	and	not	for	
Per1,	Per2 or Bmal1	in	the	mouse	uterus	during	the	late	stage	of	
pregnancy	[30].	Moreover,	there	may	be	differences	among	animal	
species.	Most	of	the	clock	genes	displayed	no	significant	rhythms	in	
bovine	lymphocytes	[31],	unlike	murine	lymphocytes	[32].
In	the	present	study,	the	diurnal	rhythms	of	clock	genes	were	not	

particularly	significant,	but	steroid	hormones	differentially	affected	
the	temporal	changes	in	clock	gene	expression	in	both	the	USCs	
and	UECs.	In	the	USCs,	the	transcript	levels	of	NR1D1	increased,	
especially	at	24	to	48	h	after	synchronization	in	the	presence	of	P4 
(Fig.	2).	In	the	UECs,	 the	transcript	 levels	of	NR1D1	and	PER1 
changed	significantly	in	the	presence	of	E2	 (Fig.	4).	As	revealed	
by	chromatin	immunoprecipitation	followed	by	a	massive	parallel	
sequencing	(ChIP-seq)	analysis	coupled	with	microarrays	 in	 the	
mouse	uterus,	progesterone	receptor	binding	sites	are	abundant	
near	the	coding	regions	of	clock	genes	(Clock,	Npas2,	Cry1,	Per1,	
and	Nr1d2)	[33].	The	phase	of	Per2	oscillation	in	the	uterus	from	
Per2::Luc	knock-in	mice	is	affected	by	E2,	and	the	Per2 oscillation in 
the	uterus	during	the	mouse	estrus	cycle	is	modulated	by	fluctuating	
E2	and	P4	[29,	34].	These	findings,	taken	together	with	our	present	

Fig. 6.	 Expression	of	the	PTGS2	gene	transcript	in	bovine	USCs	and	UECs	treated	with	the	agonist	or	antagonist	of	REV-ERBα.	USCs	(A)	and	UECs	
(B)	were	 separately	 treated	with	 the	 agonist	 (heme)	or	 antagonist	 (SR8278)	of	REV-ERBα	according	 to	 the	 indicated	protocols.	Cells	were	
then	synchronized	with	forskolin.	Total	RNA	samples	were	collected	at	30	h	for	 the	BMAL1	 transcript	and	48	h	for	 the	NR1D1	and	PTGS2 
transcripts	 after	 synchronization.	RT-qPCR	 analyses	 of	 transcript	 levels	were	 performed	 using	 their	 specific	 primers.	The	 relative	 transcript	
level	was	normalized	to	GAPDH	and	expressed	as	relative	to	the	CONT	group.	Each	value	represents	the	means	±	SEM	of	three	independent	
determinations.	The	statistical	analyses	were	performed	by	one-way	ANOVA	with	the	Student’s	t	test.	**	P<0.01;	*	P<0.05.
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data,	indicate	that	the	expression	of	clock	genes	affected	by	steroid	
hormones	may	alter	the	expression	of	clock-controlled	genes	and	
modulate	physiological	functions	in	endometrial	cells.
Here	we	found	that	the	transcript	level	of	PTGS2	significantly	

decreased	with	circadian	oscillation	in	USCs	during	exposure	to	P4 
for	48	h,	while	its	transcript	level	increased	in	UECs	after	exposure	
to E2	for	48	h	(Fig.	4).	Consequently,	we	propose	that	the	PTGS2 
expression	in	USCs	is	regulated	by	the	circadian	clockwork	and	
P4.	It	is	possible	that	other	clock	genes	that	we	did	not	analyze	in	
Fig.	1	may	cause	circadian	oscillation	in	the	PTGS2	expression	in	
USCs.	Conversely,	the	circadian	clockwork	in	UECs	may	not	affect	
the PTGS2	expression.	Incidentally,	the	transcript	level	of	PTGS2 
significantly	increased	in	the	absence	of	P4	and	E2	(Fig.	4),	but	the	
expression	may	result	from	the	action	of	 the	forskolin	used	as	a	
resetting	factor	for	the	clockwork.	It	is	known	that	PTGS2	expression	
is	induced	by	cyclic	AMP	[35,	36].
BMAL1	transactivates	the	target	genes	by	binding	of	the	heterodi-

mer	with	CLOCK	to	the	E-box	element	(5’-CACGTG-3’)	on	the	
promoter	region	of	the	responsive	clock	genes	such	as	PER,	NR1D1,	
DBP	and	RORα	[26,	27].	There	are	functional	E-box	elements	in	the	
promoter	region	of	the	rat	PTGS2	gene	[37],	and	our	recent	study	

demonstrated	that	Bmal1	knockdown	causes	a	significant	decrease	in	
the Ptgs2	expression	and	PGE2	production	in	rat	ovarian	granulosa	
cells	[22].	In	the	promoter	region	of	the	bovine	PTGS2	gene,	also	
there	are	also	several	E-box	sites	[38].	In	the	present	study,	BMAL1 
knockdown	caused	significant	decreases	in	PTGS2	expression	and	
PGF2α	production	in	the	USCs	in	the	presence	of	P4	(Figs.	5	and	
7).	Conversely,	BMAL1	knockdown	had	no	significant	effect	on	
the PTGS2	expression	and	PGF2α	production	in	the	UECs	in	the	
presence	of	E2	(Figs.	5	and	7).	In	the	UECs,	BMAL1	knockdown	also	
had	no	effect	on	NR1D1	expression.	This	finding	may	indicate	that	
BMAL1	transactivation	in	the	PTGS2	and	NR1D1	genes	is	weak	in	
UECs	exposed	to	E2.	Actually,	it	has	been	reported	that	E2	disrupts	
the	circadian	expression	of	Per1	and	Per2,	which	are	promoted	by	
BMAL1,	in	the	liver,	kidney	and	uterus	of	rats	[39].	In	the	present	
results,	the	synchronization	of	USCs	exposed	to	P4	caused	a	significant	
increase in BMAL1	transcripts	after	6	h,	while	the	UECs	exposed	to	
E2	displayed	no	significant	increase	in	BMAL1	transcripts	(Figs.	2	
and	3).	These	results	suggest	that	the	effect	of	BMAL1	knockdown	is	
weak	in	the	E2-treated	UECs,	probably	through	E2	inhibition	of	the	
transcriptional	activity	of	BMAL1.	Taken	together	with	the	present	
data,	 these	findings	suggest	 that	the	expression	of	bovine	PTGS2 
is	controlled	under	BMAL1	or	its	responsive	clock	genes	in	USCs,	
but	not	UECs,	in	the	presence	of	ovarian	steroids.
Interestingly,	when	the	transcript	level	of	NR1D1	was	high	in	the	

USCs	and	UECs	in	the	presence	of	P4 or E2,	the	transcript	level	of	
PTGS2	was	low.	We	therefore	focused	on	the	possible	regulation	of	
PTGS2	expression	by	REV-ERBα.	The	bovine	PTGS2	gene	has	two	
ROREs	in	the	promoter	region	within	−3000	bp	upstream	from	the	
transcriptional	start	site	(AC_000173).	We	analyzed	the	expression	
of	PTGS2	using	 the	antagonist	 (SR8278)	and	agonist	 (heme)	of	
REV-ERBα.	The	agonist	was	 ineffective,	while	 the	antagonist	
resulted	in	increased	transcript	levels	of	PTGS2	in	both	cell	types	
in	the	presence	of	P4 or E2	(Fig.	6).	At	least,	these	results	indicate	
that	REV-ERBα	represses	PTGS2	gene	expression.
Concomitantly,	PGF2α	production	completely	coincided	with	

the PTGS2	 transcript	 level	(Fig.	7).	 It	 is	also	of	 interest	 that	 the	
antagonist	clearly	enhanced	the	PTGS2	expression	in	the	UECs,	in	
which	the	circadian	regulation	of	PTGS2	was	weak	as	revealed	by	
BMAL1	knockdown.	In	bovine	UECs,	therefore,	PTGS2	expression	
is	dominantly	controlled	under	REV-ERBα,	but	not	the	circadian	
clockwork,	in	the	presence	of	E2.	Unlike	UECs,	however,	bovine	USCs	
are	controlled	under	both	REV-ERBα	and	the	circadian	clockwork.	
Our	finding	that	treatment	with	the	antagonist	increased	the	transcript	
level	of	NR1D1	 in	 the	USCs	also	supports	 the	autoregulation	of	
NR1D1	expression	as	reported	previously	[40,	41].	However,	it	is	
reasonable	that	the	antagonist	had	no	significant	effect	on	the	transcript	
level	of	BMAL1	in	the	USCs,	which	has	been	found	to	be	repressed	
by	REV-ERBα	[13].	Unexpectedly,	however,	treatment	with	heme	
increased	the	BMAL1	 transcript	 level	 in	the	USCs	in	the	present	
study,	and	the	mechanism	remains	to	be	investigated.
In	conclusion,	the	circadian	oscillation	of	clock	genes	is	partially	

weak	in	bovine	USCs	and	UECs,	but	ovarian	steroid	hormones	may	
exert	differential	influences	on	the	expression	of	the	clock	genes	and	
the PTGS2	gene.	BMAL1	knockdown	decreased	both	the	PTGS2 
expression	and	PGF2α	production	in	USCs	in	the	presence	of	P4,	
indicating	circadian	regulation	of	the	PTGS2	expression.	However,	

Fig. 7.	 Production	 of	 PGF2α	 by	 bovine	 USCs	 and	 UECs	 treated	 with	
BMAL1-specific	siRNA	and	the	agonist	or	the	antagonist	of	REV-
ERBα.	USCs	and	UECs	were	treated	with	BMAL1-specific	siRNA	
(A)	and	the	agonist	or	antagonist	of	REV-ERBα	(B)	as	described	
in	Figs.	4	and	5.	The	culture	media	were	collected	at	48	h	after	
synchronization	with	forskolin	and	assayed	for	PGF2α.	Each	value	
represents	the	means	±	SEM	of	three	independent	determinations.	
The	statistical	analyses	were	performed	by	one-way	ANOVA	with	
the	Student’s	t	test.	**	P<0.01;	*	P<0.05.
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the PTGS2	expression	in	UECs	is	mostly	independent	of	the	circadian	
clockwork.	The	PTGS2	expression	was	commonly	suppressed	in	both	
cell	types	by	REV-ERBα	in	the	presence	of	steroid	hormones.	The	
present	findings	contribute	to	our	understanding	of	the	intercellular	
mechanisms	underlying	the	PTGS2	expression	and	PGF2α	production	
in	bovine	uterus	endometrium	cells.

Acknowledgments

This	work	was	 supported	 in	part	by	a	Grant-in-Aid	 for	Scien-
tific	Research	from	the	Japan	Society	for	the	Promotion	of	Science	
(JSPS	No.	22380152,	24658246)	(to	M-A	Hattori).	Keishiro	Isaya-
ma	was	supported	by	Research	Fellowships	of	 the	Japan	Society	
for	the	Promotion	of	Science	for	Young	Scientists	(Grant	No.	6117).

References

 1. Flint AP, Lamming GE, Stewart HJ, Abayasekara DR.	The	 role	of	 the	endometrial	
oxytocin	receptor	in	determining	the	length	of	the	sterile	oestrous	cycle	and	ensuring	main-
tenance	of	luteal	function	in	early	pregnancy	in	ruminants.	Philos Trans R Soc Lond B Biol 
Sci	1994;	344:	291–304.	[Medline]  [CrossRef]

 2. Wathes DC, Lamming GE.	The	 oxytocin	 receptor,	 luteolysis	 and	 the	maintenance	 of	
pregnancy.	J Reprod Fertil Suppl	1995;	49:	53–67.	[Medline]

 3. Goff AK.	Steroid	hormone	modulation	of	prostaglandin	secretion	in	the	ruminant	endome-
trium	during	the	estrous	cycle.	Biol Reprod	2004;	71:	11–16.	[Medline]  [CrossRef]

 4. Silvia WJ, Lewis GS, McCracken JA, Thatcher WW, Wilson L Jr.	Hormonal	regula-
tion	 of	 uterine	 secretion	 of	 prostaglandin	F2	 alpha	 during	 luteolysis	 in	 ruminants.	Biol 
Reprod	1991;	45:	655–663.	[Medline]  [CrossRef]

 5. Jenner LJ, Parkinson TJ, Lamming GE.	Uterine	oxytocin	receptors	in	cyclic	and	preg-
nant	cows.	J Reprod Fertil	1991;	91:	49–58.	[Medline]  [CrossRef]

 6. Kombé A, Sirois J, Goff AK.	Prolonged	progesterone	treatment	of	endometrial	epithelial	
cells	modifies	 the	effect	of	estradiol	on	 their	 sensitivity	 to	oxytocin.	Steroids	2003;	68:	
651–658.	[Medline]  [CrossRef]

 7. Skarzynski DJ, Bogacki M, Kotwica J.	 Involvement	 of	 ovarian	 steroids	 in	 basal	 and	
oxytocin-stimulated	prostaglandin	(PG)	F2	alpha	secretion	by	the	bovine	endometrium	in	
vitro.	Theriogenology	1999;	52:	385–397.	[Medline]  [CrossRef]

 8. Kotwica G, Franczak A, Okrasa S, Kotwica J.	 Effect	 of	 an	 oxytocin	 antagonist	 on	
prostaglandin	F2	alpha	secretion	and	the	course	of	luteolysis	in	sows.	Acta Vet Hung	1999;	
47:	249–262.	[Medline]

 9. Kotwica J.	The	use	of	an	oxytocin	antagonist	to	study	the	function	of	ovarian	oxytocin	
during	luteolysis	in	cattle.	Theriogenology	1997;	48:	1287–1299.		[CrossRef]

 10. Moore LG, Choy VJ, Elliot RL, Watkins WB.	Evidence	for	the	pulsatile	release	of	PGF-
2	alpha	 inducing	 the	release	of	ovarian	oxytocin	during	 luteolysis	 in	 the	ewe.	J Reprod 
Fertil	1986;	76:	159–166.	[Medline]  [CrossRef]

 11. Okuda K, Miyamoto Y, Skarzynski DJ.	 Regulation	 of	 endometrial	 prostaglandin	
F(2alpha)	synthesis	during	luteolysis	and	early	pregnancy	in	cattle.	Domest Anim Endocri-
nol	2002;	23:	255–264.	[Medline]  [CrossRef]

 12. Parent J, Villeneuve C, Fortier MA.	Evaluation	of	the	contribution	of	cyclooxygenase	1	
and	cyclooxygenase	2	to	the	production	of	PGE2	and	PGF2	alpha	in	epithelial	cells	from	
bovine	endometrium.	Reproduction	2003;	126:	539–547.	[Medline]  [CrossRef]

 13. Guillaumond F, Dardente H, Giguère V, Cermakian N.	Differential	control	of	Bmal1	
circadian	transcription	by	REV-ERB	and	ROR	nuclear	receptors.	J Biol Rhythms	2005;	20:	
391–403.	[Medline]  [CrossRef]

 14. Ripperger JA, Albrecht U.	 REV-ERB-erating	 nuclear	 receptor	 functions	 in	 circadian	
metabolism	and	physiology.	Cell Res	2012;	22:	1319–1321.	[Medline]  [CrossRef]

 15. Raghuram S, Stayrook KR, Huang P, Rogers PM, Nosie AK, McClure DB, Burris 
LL, Khorasanizadeh S, Burris TP, Rastinejad F.	 Identification	of	heme	as	 the	 ligand	
for	the	orphan	nuclear	receptors	REV-ERBalpha	and	REV-ERBbeta.	Nat Struct Mol Biol 
2007;	14:	1207–1213.	[Medline]  [CrossRef]

 16. Rogers PM, Ying L, Burris TP.	 Relationship	 between	 circadian	 oscillations	 of	 Rev-
erbalpha	 expression	 and	 intracellular	 levels	 of	 its	 ligand,	 heme.	Biochem Biophys Res 
Commun	2008;	368:	955–958.	[Medline]  [CrossRef]

 17. Kojetin D, Wang Y, Kamenecka TM, Burris TP.	Identification	of	SR8278,	a	synthetic	
antagonist	 of	 the	nuclear	heme	 receptor	REV-ERB.	ACS Chem Biol	 2011;	6:	 131–134.	
[Medline]  [CrossRef]

 18. Uchikawa M, Kawamura M, Yamauchi N, Hattori M-A.	Down-regulation	of	circadian	
clock	gene	period	2	in	uterine	endometrial	stromal	cells	of	pregnant	rats	during	decidual-

ization.	Chronobiol Int	2011;	28:	1–9.	[Medline]  [CrossRef]
 19. Ireland JJ, Murphee RL, Coulson PB.	Accuracy	of	predicting	stages	of	bovine	estrous	

cycle	by	gross	appearance	of	the	corpus	luteum.	J Dairy Sci	1980;	63:	155–160.	[Medline]  
[CrossRef]

 20. Yamauchi N, Yamada O, Takahashi T, Imai K, Sato T, Ito A, Hashizume K.	A	three-
dimensional	cell	culture	model	 for	bovine	endometrium:	regeneration	of	a	multicellular	
spheroid	using	ascorbate.	Placenta	2003;	24:	258–269.	[Medline]  [CrossRef]

 21. He PJ, Hirata M, Yamauchi N, Hashimoto S, Hattori M-A.	Gonadotropic	regulation	
of	 circadian	 clockwork	 in	 rat	 granulosa	 cells.	Mol Cell Biochem	 2007;	 302:	 111–118.	
[Medline]  [CrossRef]

 22. Chen H, Zhao L, Kumazawa M, Yamauchi N, Shigeyoshi Y, Hashimoto S, Hattori 
M-A.	Downregulation	of	core	clock	gene	Bmal1	attenuates	expression	of	progesterone	and	
prostaglandin	biosynthesis-related	genes	in	rat	 luteinizing	granulosa	cells.	Am J Physiol 
Cell Physiol	2013;	304:	C1131–C1140.	[Medline]  [CrossRef]

 23. Nelson W, Tong YL, Lee JK, Halberg F.	Methods	for	cosinor-rhythmometry.	Chronobio-
logia	1979;	6:	305–323.	[Medline]

 24. He PJ, Hirata M, Yamauchi N, Hattori M-A.	 Up-regulation	 of	 Per1	 expression	 by	
estradiol	and	progesterone	in	the	rat	uterus.	J Endocrinol	2007;	194:	511–519.	[Medline]  
[CrossRef]

 25. Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves I, Zheng B, Kume K, Lee 
CC, van der Horst GT, Hastings MH, Reppert SM.	Interacting	molecular	loops	in	the	
mammalian	circadian	clock.	Science	2000;	288:	1013–1019.	[Medline]  [CrossRef]

 26. Ueda HR, Hayashi S, Chen W, Sano M, Machida M, Shigeyoshi Y, Iino M, Hashimoto 
S.	System-level	identification	of	transcriptional	circuits	underlying	mammalian	circadian	
clocks.	Nat Genet	2005;	37:	187–192.	[Medline]  [CrossRef]

 27. Dardente H, Fustin JM, Hazlerigg DG.	Transcriptional	feedback	loops	in	the	ovine	cir-
cadian	clock.	Comp Biochem Physiol A Mol Integr Physiol	2009;	153:	391–398.	[Medline]  
[CrossRef]

 28. Andersson H, Johnston JD, Messager S, Hazlerigg D, Lincoln G.	Photoperiod	regulates	
clock	gene	rhythms	in	the	ovine	liver.	Gen Comp Endocrinol	2005;	142:	357–363.	[Med-
line]  [CrossRef]

 29. Nakamura TJ, Sellix MT, Kudo T, Nakao N, Yoshimura T, Ebihara S, Colwell CS, 
Block GD.	 Influence	of	 the	estrous	cycle	on	clock	gene	expression	 in	 reproductive	 tis-
sues:	effects	of	fluctuating	ovarian	steroid	hormone	 levels.	Steroids	2010;	75:	203–212.	
[Medline]  [CrossRef]

 30. Ratajczak CK, Herzog ED, Muglia LJ.	 Clock	 gene	 expression	 in	 gravid	 uterus	 and	
extra-embryonic	tissues	during	late	gestation	in	the	mouse.	Reprod Fertil Dev	2010;	22:	
743–750.	[Medline]  [CrossRef]

 31. Nebzydoski SJ, Pozzo S, Nemec L, Rankin MK, Gressley TF.	The	effect	of	dexametha-
sone	on	clock	gene	mRNA	 levels	 in	bovine	neutrophils	 and	 lymphocytes.	Vet Immunol 
Immunopathol	2010;	138:	183–192.	[Medline]  [CrossRef]

 32. Du YZ, Fan SJ, Meng QH, Wang GQ, Tong J.	 Circadian	 expression	 of	 clock	 and	
screening	of	 clock-controlled	genes	 in	peripheral	 lymphocytes	of	 rat.	Biochem Biophys 
Res Commun	2005;	336:	1069–1073.	[Medline]  [CrossRef]

 33. Rubel CA, Lanz RB, Kommagani R, Franco HL, Lydon JP, DeMayo FJ. Research 
resource:	Genome-wide	profiling	of	progesterone	 receptor	binding	 in	 the	mouse	uterus.	
Mol Endocrinol	2012;	26:	1428–1442.	[Medline]  [CrossRef]

 34. Nakamura TJ, Sellix MT, Menaker M, Block GD.	Estrogen	directly	modulates	circa-
dian	rhythms	of	PER2	expression	in	the	uterus.	Am J Physiol Endocrinol Metab	2008;	295:	
E1025–E1031.	[Medline]  [CrossRef]

 35. Chen L, Sooranna SR, Lei K, Kandola M, Bennett PR, Liang Z, Grammatopoulos D, 
Johnson MR.	Cyclic	AMP	increases	COX-2	expression	via	mitogen-activated	kinase	in	
human	myometrial	cells.	J Cell Mol Med	2012;	16:	1447–1460.	[Medline]  [CrossRef]

 36. Cheng Z, Sheldrick EL, Marshall E, Wathes DC, Abayasekara DR, Flint AP.	Control	
of	 cyclic	AMP	 concentration	 in	 bovine	 endometrial	 stromal	 cells	 by	 arachidonic	 acid.	
Reproduction	2007;	133:	1017–1026.	[Medline]  [CrossRef]

 37. Sirois J, Simmons DL, Richards JS.	Hormonal	regulation	of	messenger	ribonucleic	acid	
encoding	a	novel	 isoform	of	prostaglandin	endoperoxide	H	synthase	in	rat	preovulatory	
follicles.	Induction	in	vivo	and	in	vitro.	J Biol Chem	1992;	267:	11586–11592.	[Medline]

 38. Liu J, Antaya M, Boerboom D, Lussier JG, Silversides DW, Sirois J.	The	 delayed	
activation	of	the	prostaglandin	G/H	synthase-2	promoter	in	bovine	granulosa	cells	is	as-
sociated	with	down-regulation	of	 truncated	upstream	 stimulatory	 factor-2.	J Biol Chem 
1999;	274:	35037–35045.	[Medline]  [CrossRef]

 39. Nakamura TJ, Moriya T, Inoue S, Shimazoe T, Watanabe S, Ebihara S, Shinohara 
K.	Estrogen	differentially	regulates	expression	of	Per1	and	Per2	genes	between	central	and	
peripheral	clocks	and	between	reproductive	and	nonreproductive	tissues	in	female	rats.	J 
Neurosci Res	2005;	82:	622–630.	[Medline]  [CrossRef]

 40. Adelmant G, Bègue A, Stéhelin D, Laudet V.	A	 functional	Rev-erb	 alpha	 responsive	
element	located	in	the	human	Rev-erb	alpha	promoter	mediates	a	repressing	activity.	Proc 
Natl Acad Sci USA	1996;	93:	3553–3558.	[Medline]  [CrossRef]

 41. Delerive P, Chin WW, Suen CS.	Identification	of	Reverb(alpha)	as	a	novel	ROR(alpha)	
target	gene.	J Biol Chem	2002;	277:	35013–35018.	[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/7938200?dopt=Abstract
http://dx.doi.org/10.1098/rstb.1994.0067
http://www.ncbi.nlm.nih.gov/pubmed/7623343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14973258?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.025890
http://www.ncbi.nlm.nih.gov/pubmed/1756203?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod45.5.655
http://www.ncbi.nlm.nih.gov/pubmed/1847425?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0910049
http://www.ncbi.nlm.nih.gov/pubmed/12957670?dopt=Abstract
http://dx.doi.org/10.1016/S0039-128X(03)00094-1
http://www.ncbi.nlm.nih.gov/pubmed/10734374?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(99)00137-5
http://www.ncbi.nlm.nih.gov/pubmed/10344085?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(97)00371-3
http://www.ncbi.nlm.nih.gov/pubmed/3456054?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0760159
http://www.ncbi.nlm.nih.gov/pubmed/12142242?dopt=Abstract
http://dx.doi.org/10.1016/S0739-7240(02)00161-3
http://www.ncbi.nlm.nih.gov/pubmed/14525536?dopt=Abstract
http://dx.doi.org/10.1530/rep.0.1260539
http://www.ncbi.nlm.nih.gov/pubmed/16267379?dopt=Abstract
http://dx.doi.org/10.1177/0748730405277232
http://www.ncbi.nlm.nih.gov/pubmed/22613952?dopt=Abstract
http://dx.doi.org/10.1038/cr.2012.81
http://www.ncbi.nlm.nih.gov/pubmed/18037887?dopt=Abstract
http://dx.doi.org/10.1038/nsmb1344
http://www.ncbi.nlm.nih.gov/pubmed/18280802?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2008.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21043485?dopt=Abstract
http://dx.doi.org/10.1021/cb1002575
http://www.ncbi.nlm.nih.gov/pubmed/21182399?dopt=Abstract
http://dx.doi.org/10.3109/07420528.2010.522289
http://www.ncbi.nlm.nih.gov/pubmed/7372895?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(80)82901-8
http://www.ncbi.nlm.nih.gov/pubmed/12566253?dopt=Abstract
http://dx.doi.org/10.1053/plac.2002.0901
http://www.ncbi.nlm.nih.gov/pubmed/17483911?dopt=Abstract
http://dx.doi.org/10.1007/s11010-007-9432-7
http://www.ncbi.nlm.nih.gov/pubmed/23596172?dopt=Abstract
http://dx.doi.org/10.1152/ajpcell.00008.2013
http://www.ncbi.nlm.nih.gov/pubmed/548245?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17761890?dopt=Abstract
http://dx.doi.org/10.1677/JOE-07-0172
http://www.ncbi.nlm.nih.gov/pubmed/10807566?dopt=Abstract
http://dx.doi.org/10.1126/science.288.5468.1013
http://www.ncbi.nlm.nih.gov/pubmed/15665827?dopt=Abstract
http://dx.doi.org/10.1038/ng1504
http://www.ncbi.nlm.nih.gov/pubmed/19341811?dopt=Abstract
http://dx.doi.org/10.1016/j.cbpa.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15935162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15935162?dopt=Abstract
http://dx.doi.org/10.1016/j.ygcen.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20096720?dopt=Abstract
http://dx.doi.org/10.1016/j.steroids.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20450826?dopt=Abstract
http://dx.doi.org/10.1071/RD09243
http://www.ncbi.nlm.nih.gov/pubmed/20807668?dopt=Abstract
http://dx.doi.org/10.1016/j.vetimm.2010.07.017
http://www.ncbi.nlm.nih.gov/pubmed/16168960?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2005.08.228
http://www.ncbi.nlm.nih.gov/pubmed/22638070?dopt=Abstract
http://dx.doi.org/10.1210/me.2011-1355
http://www.ncbi.nlm.nih.gov/pubmed/18728223?dopt=Abstract
http://dx.doi.org/10.1152/ajpendo.90392.2008
http://www.ncbi.nlm.nih.gov/pubmed/21854542?dopt=Abstract
http://dx.doi.org/10.1111/j.1582-4934.2011.01413.x
http://www.ncbi.nlm.nih.gov/pubmed/17616730?dopt=Abstract
http://dx.doi.org/10.1530/REP-06-0220
http://www.ncbi.nlm.nih.gov/pubmed/1597485?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10574982?dopt=Abstract
http://dx.doi.org/10.1074/jbc.274.49.35037
http://www.ncbi.nlm.nih.gov/pubmed/16273538?dopt=Abstract
http://dx.doi.org/10.1002/jnr.20677
http://www.ncbi.nlm.nih.gov/pubmed/8622974?dopt=Abstract
http://dx.doi.org/10.1073/pnas.93.8.3553
http://www.ncbi.nlm.nih.gov/pubmed/12114512?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M202979200

