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Granulosa cell proliferation is inhibited by PGE2 in the primate ovulatory follicle
Patric S. Lundberga, Gil J. Moskowitzb, Carmel Bellacosec, Esra Demirelc, Heidi A. Trauc and Diane M. Duffyc

aDepartment of Microbiology and Medical Molecular Biology, Eastern Virginia Medical School, Norfolk, VA, USA; bDepartment of Department of
Computer Science, Old Dominion University, Norfolk, VA, USA; cDepartment of Physiological Sciences, Eastern Virginia Medical School, Norfolk,
VA, USA

ABSTRACT
Prostaglandin E2 (PGE2) is a key paracrine mediator of ovulation. Few specific PGE2-regulated gene
products have been identified, so we hypothesized that PGE2 may regulate the expression and/or
activity of a network of proteins to promote ovulation. To test this concept, Ingenuity Pathway
Analysis (IPA) was used to predict PGE2-regulated functionalities in the primate ovulatory follicle.
Cynomolgus macaques underwent ovarian stimulation. Follicular granulosa cells were obtained
before (0 h) or 36 h after an ovulatory dose of human chorionic gonadotropin (hCG), with
ovulation anticipated 37–40 h after hCG. Granulosa cells were obtained from additional monkeys
36 h after treatment with hCG and the PTGS2 inhibitor celecoxib, which significantly reduced
hCG-stimulated follicular prostaglandin synthesis. Granulosa cell RNA expression was determined
by microarray and analyzed using IPA. No granulosa cell mRNAs were identified as being
significantly up-regulated or down-regulated by hCG + celecoxib compared with hCG only.
However, IPA predicted that prostaglandin depletion significantly regulated several functional
pathways. Cell cycle/cell proliferation was selected for further study because decreased
granulosa cell proliferation is known to be necessary for ovulation and formation of a fully-
functional corpus luteum. Prospective in vivo and in vitro experiments confirmed the prediction
that hCG-stimulated cessation of granulosa cell proliferation is mediated via PGE2. Our studies
indicate that PGE2 provides critical regulation of granulosa cell proliferation through
mechanisms that do not involve significant regulation of mRNA levels of key cell cycle
regulators. Pathway analysis correctly predicted that PGE2 serves as a paracrine mediator of this
important transition in ovarian structure and function.
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Introduction

The midcycle surge of luteinizing hormone (LH) initiates
structural and functional changes within the ovulatory
follicle which culminate in release of the oocyte and for-
mation of the corpus luteum (Duffy et al. 2019). Follicular
prostaglandins are low prior to the LH surge. The LH
surge initiates follicular synthesis of prostaglandins and,
in particular, prostaglandin E2 (PGE2) (Sirois 1994; Sirois
and Dore 1997; Mikuni et al. 1998; Duffy and Stouffer
2001). Locally-elevated PGE2 is a critical mediator of ovu-
latory changes including expansion of cumulus granu-
losa cells, angiogenesis, follicle rupture, and release of
an oocyte capable of fertilization (Duffy 2015; Trau
et al. 2015). Blockade of PGE2 synthesis or action
results in unruptured follicles with retained oocytes
(Hizaki et al. 1999; Tilley et al. 1999; Duffy and Stouffer
2002).

PGE2 plays a critical role in ovulation. Perhaps surpris-
ingly, few PGE2-regulated gene products have been

identified in the ovulatory follicle. Gene array analyses
focusing on gene expression regulated by the LH surge
(or hCG in experimental models) have identified numer-
ous gonadotropin-regulated genes in ovarian cells and
tissues from rodents, domestic animals, monkeys, and
humans (Fan et al. 2009; Xu et al. 2011; Christenson
et al. 2013; Wissing et al. 2014). Since the LH surge
initiates synthesis of ovulatory prostaglandins, we
might expect that prostaglandin-regulated genes
should be a subset of all LH-regulated genes. A few pros-
taglandin-regulated genes have been identified in pro-
spective studies of LH-regulated genes (Seachord et al.
2005; Li Q et al. 2006; Sayasith et al. 2008; Markosyan
and Duffy 2009). Additional prostaglandin-regulated
gene products have been identified after ovulatory dys-
functions were noted in mice lacking expression of the
key prostaglandin synthesis enzyme PTGS2 (Hizaki
et al. 1999; Tilley et al. 1999). However, the well-estab-
lished failure of ovulation in the absence of

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group on behalf of the Korean Society of Integrative Biology
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prostaglandins
cannot

reasonably
be

explained
by

regu-
lation

of
a
such

a
sm

allnum
ber

of
gene

products.
The

goalof
this

study
w
as

to
use

pathw
ay

analysis
to

identify
prostaglandin-regulated

functionalities
ofgranu-

losa
cells.

W
hile

changes
in

functionalities
m
ay

be
sec-

ondary
to

altered
gene

expression,
functionalities

m
ay

also
be

linked
to

prostaglandin-dependent
changes

in
the

function
ofexisting

proteins.Ex
vivo

gene
expression

analysis
w
as

perform
ed

using
granulosa

cells
obtained

from
m
onkeys

before
and

after
an

ovulatory
gonado-

tropin
stim

ulus;add
itionalgranulosa

cells
w
ere

obtained
afteran

ovulatory
gonadotropin

stim
ulus

in
com

bination
w
ith

the
PTG

S2
inhibitor

celecoxib.
U
nbiased

analysis
identified

specific
pathw

ays
that

show
ed

significant
pre-

dicted
functional

changes
w
ith

PG
E2

depletion
.Follow

-
up

studies
dem

onstrated
that

PG
E2

reduced
cell

cycle
progression

by
granulosa

cells,
an

essential
step

in
the

transition
from

preovulatory
follicle

to
corpus

luteum
.

O
ur

studies
indicate

thatPG
E2

provides
criticalregulation

of
granulosa

cell
proliferation

through
m
echanism

s
that

do
not

require
a
significant

change
in

the
m
RN

A
levelof

any
individual

cell
cycle

regulator.
The

literature
does

provide
precedent

for
the

concept
that

subtle
changes

in
m
any

gene
products

results
in

m
easurable,functional

changes
in

cell
function.Pathw

ay
analysis

correctly
pre-

dicted
that

PG
E2

serves
as

a
paracrine

m
ediator

of
this

im
portant

transition
in

ovarian
structure

and
function.

O
verall,these

studies
dem

onstrate
the

utility
of

pathw
ay

analysis
to

identify
ovulatory

pathw
ays

regulated
by

PG
E2

and
other

paracrine
m
ediators

of
ovulation.

M
aterials

an
d
m
eth

od
s

M
onkey

ovarian
cells

and
tissues

G
ranulosa

cells
and

w
hole

ovaries
w
ere

obtained
from

adultfem
ale

cynom
olgus

m
acaques

(M
acaca

fascicularis)
aged

4–10
years,

3–4.5
kg,

at
Eastern

Virginia
M
edical

School
(EVM

S).
A
ll
anim

al
protocols

and
experim

ents
w
ere

approved
by

the
EVM

S
A
nim

alC
are

and
U
se

C
om

-
m
ittee

and
w
ere

conducted
in

accordance
w
ith

the
N
ational

Institutes
of

H
ealth

G
uide

for
the

C
are

and
U
se

of
Laboratory

A
nim

als.
A
nim

al
husbandry

and
sam

ple
collection

w
ere

perform
ed

as
previously

describ
ed

(Seachord
et

al.2005).Brie
fly,blood

sam
ples

w
ere

obtained
under

ketam
ine

chem
ical

restraint
by

fem
oral

venipuncture,
and

serum
w
as

stored
at

–20°C
.

A
septic

surgeries
w
ere

perform
ed

in
a
dedicated

surgical
suite

under
iso

flurane
anesthesia,

and
post-operative

pain
w
as

controlled
w
ith

bup
renorphine

alone
orin

com
-

bination
w
ith

ketoprofen.
A
controlled

ovarian
stim

ulation
m
odeldeveloped

for
the

collection
of

m
ultiple

oocytes
for

in
vitro

fertilization

w
as

used
to

obtain
m
onkey

granulosa
cells

(Seachord
et

al.2005).Beginning
w
ithin

3
days

ofinitiation
ofm

en-
struation,

FSH
(90

IU
daily,

M
erck

and
C
o.,

Inc.,
Kenil-

w
orth,

N
J)

w
as

adm
inistered

for
6–8

days,
follow

ed
by

daily
adm

inistration
of

90
IU

FSH
plus

60
IU

LH
(Serono

Reproductive
Biology

Institute,
Rockland,

M
A
)
for

2
days

to
stim

ulate
the

grow
th

of
m
ultiple

preovulatory
follicles.

A
G
nRH

antagonist
(A
ntide,0.5

m
g/kg

body
w
eight;Serono)

w
as

also
adm

inistered
daily

to
prevent

an
endogenous

ovulatory
LH

surge.A
dequate

follicular
developm

ent
w
as

m
onitored

by
serum

estradiol
levels

and
ultrasonograp

hy.Follicularaspiration
w
as

perform
ed

during
aseptic

surgery
before

(0
h)

or
up

to
36

h
after

adm
inistration

of
1000

IU
r-hC

G
(EM

D
Serono).

To
inhibit

follicular
prostaglandin

production
during

the
ovulatory

interval,add
itional

anim
als

w
ere

treated
w
ith

gonadotropins
and

A
ntide

as
describ

ed
above;

these
anim

als
also

received
the

PTG
S2

inhibitor
celecoxib

(C
el-

ebrex,
P
fizer,

N
Y;

6.7
m
g/kg

body
w
eight

orally
every

12
h)

beginning
w
ith

hC
G

adm
inistration

until
follicles

w
ere

aspirated
36

h
later(Seachord

etal.2005).A
taspira-

tion,each
follicle

≥
4
m
m

in
diam

eter
w
as

pierced
w
ith

a
22-gauge

need
le,

and
the

contents
of

all
aspirated

fol-
licles

w
ere

pooled.
O
vulatory

follicles
in

cynom
olgus

m
acaques

are
typically

4–6
m
m

in
diam

eter
as

assessed
by

ultrasonograp
hy

and
con

firm
ed

by
direct

m
easure-

m
ent

at
surgery;

ovulation
is

anticipated
37–40

h
after

hC
G

in
this

species.
W
hole

ovaries
w
ere

also
obtained

from
m
onkeys

experiencing
ovarian

stim
ulation

as
described

above.O
varies

w
ere

bisected,m
aintaining

at
least

tw
o

follicles
greater

than
4
m
m

in
diam

eter
on

each
piece.

O
varian

pieces
w
ere

fixed
in

10%
form

alin
for

para
ffi
n
sections.

M
onkey

granulosa
cellR

N
A
,A

ff
ym

etrix
array,and

Ingenuity
Pathw

ay
A
nalysis

M
onkey

granulosa
cells

and
oocytes

w
ere

pelleted
from

the
follicular

aspirates
by

centrifugation
at

250
X

g.
Follow

ing
oocyte

rem
oval,

a
granulosa

cell-enriched
population

ofcells
w
as

obtained
by

Percollgradient
cen-

trifugation
(Seachord

et
al.2005);viability

w
as

assessed
by

trypan
blue

exclusion
and

averaged
85%

.G
ranulosa

cells
w
ere

stored
at

–80°C
until

RN
A
w
as

isolated
using

Trizol
reagent.

Total
RN

A
from

m
onkey

granulosa
cell

obtained
at0

h
hC

G
,36

h
hC

G
,and

36
h
hC

G
+
celecoxib

w
ere

processed
using

the
A
ff
ym

etrix
G
eneC

hip
W
T
PLU

S
Reagent

Kit
and

hybrid
ized

to
G
ene

A
tlas

C
ynom

olgus
G
ene

1.1
ST

A
rrays

Strips,
and

Robust
M
ultichip

A
verage

(RM
A
)-norm

alized
(Irizarry

et
al.

2003).
G
ene

ID
s
from

M
acaca

fascicularis
(G
C
A
_000364345.1

2013/
06/12

version)
w
as

used
to

verify
transcripts

reported
in

this
study.

G
ene

Level
expression

data
(p<

0.05

126
P.S.LU

N
D
BERG

ET
A
L.

® 



threshold)
w
as

im
ported

to
Ingenuity

Pathw
ay

A
nalysis

(IPA
,G

erm
antow

n,M
D
)softw

are
for

analysis.Expression
ratios

w
ere

generated,
ratios

of
gene

expression
data

w
ere

overlaid
on

expressed
genes

in
netw

orks,and
the

IPA
M
olecule

A
ctivity

Predictor
w
as

used
to

color-code
upstream

regulators.

H
um

an
granulosa

cells

G
ranulosa

cells
w
ere

obtained
from

healthy
w
om

en
undergoing

ovarian
stim

ulation
for

oocyte
donation

at
the

Jones
Institute

for
Reprod

uctive
M
edicine

at
EVM

S.
The

Institutional
Review

Board
at

EVM
S

determ
ined

that
this

use
of

discarded
hum

an
granulosa

cells
does

not
constitute

hum
an

subjects
research

as
de

fined
by

45
C
FR

46.102(f).
Follicular

aspirates
are

routinely
col-

lected
34–36

h
after

adm
inistration

of
an

ovulatory
dose

ofhC
G
.G

ranulosa
cells

w
ere

transferred
to

our
lab-

oratory
after

oocyte
rem

oval.
A
granulosa

cell-enriched
pop

ulation
ofcells

w
as

obtained
by

Percollgradientcen-
trifugation

as
describ

ed
above

for
m
onkey

granulosa
cells.

C
ells

w
ere

cultured
on

fibronectin-coated
cham

ber
slides

(N
algene

N
unc,

Rochester,
N
Y)

in
D
M
EM

/F12
m
edia

(Sigm
a)

containing
10%

fetal
bovine

serum
(A
tlanta

Biologicals),penicillin
(100

U
/m

l),strepto-
m
ycin

(100
µg/m

l),insulin
(10

µg/m
l),transferrin

(10
µg/

m
l),and

selenium
(10

ng/m
l).M

ed
ia
w
ere

changed
each

day
for

7
days

as
has

been
show

n
to

allow
these

granu-
losa

cells
to

regain
gonadotropin

responsiveness
com

-
parable

to
granulosa

cells
obtained

from
large,

preovulatory
follicles

(Freim
ann

et
al.

2004;
A
l-A

lem
et

al.2015).To
initiate

treatm
ents,fresh

m
edia

w
as

sup-
plem

ented
w
ith

final
concentrations

of
hC

G
(20

IU
/m

l,
Sigm

a),
the

general
cyclooxygenase

inhib
itor

indo-
m
ethacin

(0.1
μM

,
Sigm

a),
and/or

PG
E2

(0.1
μM

,
C
aym

an).A
fter

24
or

48
h
in

vitro,m
edia

w
as

rem
oved,

cells
w
ere

fixed
in

10%
form

alin
for

20
m
in,

and
slides

w
ere

stored
in

phosphate
bu

ff
ered

saline
at

4C
until

used
for

im
m
unodetection

of
Ki67.

Q
uantitative

R
T-PC

R
(qPC

R
)

D
eterm

ination
of

granulosa
cell

levels
of

individual
m
RN

A
s
w
as

conducted
by

qPC
R
using

a
Roche

LightC
y-

cler
(Roche

D
iagnostics,Indianapolis,IN

).TotalRN
A
w
as

obtained
from

granulosa
cells

using
Trizol

reagent,
treated

w
ith

D
N
ase

and
reverse

transcribed
as

previously
describ

ed
(D
u
ff
y,D

ozier,et
al.2005).PC

R
w
as

perform
ed

using
the

FastStart
D
N
A
M
aster

SYBR
G
reen

Ikit
(Roche)

follow
ing

m
anufacturer’s

instructions.
Prim

ers
w
ere

designed
using

Prim
er-Blast

(N
C
BI;

http://w
w
w
.ncbi.

nlm
.nih.gov/tools/prim

er-blast)
based

on
available

hum
an

or
m
onkey

sequences
and

span
an

intron
to

prevent
undetected

am
plification

of
genom

ic
D
N
A

(Table
1).

PC
R

products
w
ere

sequenced
(G
enew

iz,
South

Plain
field,

N
J)

to
con

firm
am

plicon
identity.

A
t

least
5

log
dilutions

of
the

sequenced
PC

R
product

w
ere

included
in
each

assay
and

used
to

generate
a
stan-

dard
curve.

For
each

sam
ple,

the
content

of
m
RN

A
of

interestand
A
CTB

m
RN

A
w
as

determ
ined

in
independent

assays.N
o
am

plification
w
as

observed
w
hen

cD
N
A
w
as

om
itted.

A
ll
data

w
ere

expressed
as

the
ratio

of
m
RN

A
of

interest
to

A
CTB

m
RN

A
for

each
sam

ple.

Im
m
unodetection

of
Ki67

D
epara

ffi
nized

m
onkey

ovarian
sections

and
hum

an
gran-

ulosa
cells

on
cham

berslides
w
ere

used
forim

m
unodetec-

tion
of

the
proliferation

antigen
Ki67

essentially
as

previously
described

(D
u
ffy,Seachord,et

al.2005).Brie
fly,

a
m
ouse

m
onoclonal

antibody
against

hum
an

Ki67
(D
ako,

G
lostrup,

D
enm

ark)
w
as

used
at

a
1:100

dilution
(final

concentration
46

µg/L);
im

m
unodetection

w
as

achieved
using

a
biotinylated

anti-m
ouse

IgG
A
BC

kit
(Vector

Laboratories,Burlingam
e,CA

)
and

visualized
w
ith

D
A
B

(brow
n

stain,
Vector).

In
som

e
experim

ents,
the

prim
ary

antibody
w
as

om
itted

as
a
negative

control.
A
ll

slides
w
ere

counterstained
w
ith

hem
atoxylin.To

quantify
Ki67,each

tissue
section

or
cham

ber
w
as

im
aged

4
tim

es
in

a
predeterm

ined
standard

pattern
using

an
O
lym

pus
BX41

m
icroscope

fitted
w
ith

a
D
P70

digital
cam

era
and

associated
softw

are
(M

elville,N
Y).For

each
im

age,nuclei
w
ith

brow
n
stain

(Ki67+
)
and

nuclei
lacking

brow
n
stain

(blue;
Ki67-)

w
ere

counted.
A

m
inim

um
of

150
nuclei

w
ere

counted
on

each
im

age.
Replicates

for
each

tissue
section

or
cham

ber
w
ere

averaged.

Statisticalanalysis

D
ata

w
ere

assessed
for

heterog
eneity

of
variance

using
Bartlett’s

test;data
w
ere

log-transform
ed

w
hen

Bartlett’s
test

yield
ed

a
significance

of
<

0.05.
D
ata

w
ere

then
assessed

by
A
N
O
VA

.
A
N
O
VA

w
ith

one
repeated

m
easure

w
as

used
for

cell
culture

experim
ents

to
re
flect

repeated
use

of
cells

from
an

individual
w
om

an
in

alltreatm
ents

in
vitro.For

A
N
O
VA

,post
hoc

analyses
w
ere

perform
ed

using
D
uncan

’s
m
ultiple

range
test.Stat-

istical
analyses

w
ere

perform
ed

using
StatPak

v4.12

Table
1.Prim

ers
for

qPCR.
Target

Prim
er

sequence
(5 ′–3 ′)

Accession
num

ber

ACTB
U
p

ATCCG
CAAAG

ACCTG
T

N
M
_001285025.1

D
ow

n
G
TCCG

CTAG
AAG

CAT
CCN

B1
U
p

ACCTG
ATG

G
AACTAACTATG

T
N
M
_031966.2

D
ow

n
G
TG

CTTTGTAAG
TCCTTG

AT
CCN

E1
U
p

CAG
CCCCATCATG

CCG
A

N
M
_001238

D
ow

n
TCACACACCTCCATTAACCAA

A
N
IM

A
L
C
ELLS

A
N
D
SYSTEM

S
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softw
are

(N
orthw

est
A
nalytical,

Portland,
O
R).

D
ata

are
presented

as
m
ean

+
SEM

,
n
=
3–5

m
onkeys

or
w
om

en
per

treatm
ent

group
or

tim
e

point,
and

significance
w
as

assum
ed

at
p
<
0.05.

R
esults

Identification
of

gonadotropin-
and

prostaglandin-sensitive
gene

products

In
vivo

exposure
to

an
ovulatory

gonadotropin
stim

ulus
significantly

altered
granulosa

cell
expression

of
32

indi-
vidual

gene
products.

G
ranulosa

cell
m
RN

A
levels

present
after

ovarian
stim

ulation
and

36
h
of

exposure
to

hCG
(36

h
hCG

)
w
ere

com
pared

w
ith

granulosa
cell

m
RN

A
levels

present
after

ovarian
stim

ulation
in

the
absence

of
hCG

(0
h
hCG

).
This

com
parison

yielded
31

m
RN

A
s
significantly

increased
by

hCG
treatm

ent
and

1
m
RN

A
significantly

decreased
by

hCG
treatm

ent(Table
2).

The
ovulatory

gonadotropin
surge

initiates
all

ovula-
tory

changes
in

the
prim

ate
follicle.

O
ne

key
ovulatory

change
is
the

initiation
of

prostaglandin
synthesis,result-

ing
in

prostaglandin
accum

ulation
24–36

h
after

hCG
adm

inistration,
w
hich

w
e

have
previously

reported
(D
u
ff
y,

D
ozier,

et
al.

2005).
N
ote

that
follicle

health
is

dependent
on

continued
gonadotropin

stim
ulation.It

is
not

possible
to

determ
ine

the
im

pact
of

PG
E2

by
sim

ply
adm

inistering
PG

E2
in

the
absence

of
hC

G
.
Instead,

to
determ

ine
if
a
subset

of
all

hCG
-induced

changes
are

due
to

elevated
follicular

prostaglandins,
additional

m
onkeys

underw
ent

ovarian
stim

ulation
follow

ed
by

36
h
treatm

ent
w
ith

hCG
and

the
PTG

S2
inhibitor

cele-
coxib,w

hich
has

previously
been

show
n
to

reduce
hC

G
-

stim
ulated

PG
E2

(Seachord
et

al.
2005).

G
ranulosa

cell
expression

of
the

histone
cluster

protein
H
IST1H

2BL
w
as

significantly
reduced

by
36

h
hCG

treatm
ent

and
som

e-
w
hat,but

notsignificantly,increased
w
ith

celecoxib
treat-

m
ent

(Table
2).

Prostaglandin-sensitive
expression

of
a

single
gene

seem
ed

insu
ffi
cient

to
explain

the
fact

that
blockade

of
prostaglandin

synthesis
results

in
ovulation

failure.
So,

pathw
ay

analysis
w
as

perform
ed

to
identify

candidate
pathw

ays
w
hich

are
regulated

by
hCG

and
prostaglandins

at
levels

other
than

gene
transcription.

Identification
of

pathw
ays

regulated
by

gonadotropins
and

prostaglandins

IPA
w
as

used
to

generate
the

netw
orks

show
ing

the
diff

erential
m
RN

A
expression

betw
een

treatm
ent

w
ith

Table
2.G

onadotropin
and

celecoxib
regulated

genes
in

m
onkey

granulosa
cells.

G
ene

Sym
bol

Fold
Change

36
h

hCG
/0

h
hCG

Fold
change

36
h

hCG
+
celecoxib/36

h
hCG

Transcript
N
am

e

H
IST1H

2BL
−
2.872

+
1.547

histone
cluster

1,H
2bl

APCD
D
1

+
3.260

−
1.071

adenom
atosis

polyposis
colidow

n-regulated
1

PTG
ES

+
3.079

−
1.038

prostaglandin
E
synthase

AD
AM

TS9
+
2.776

−
1.045

AD
AM

m
etallopeptidase

w
ith

throm
bospondin

type
1
m
otif,9

FCG
R2A

+
2.695

+
1.396

Fc
fragm

ent
of

IgG
,low

a
ffi
nity

IIa,receptor
(CD

32)
D
H
RS9

+
2.591

+
1.013

dehydrogenase/reductase
(SCD

fam
ily)m

em
ber

9
EN

PP1
+
2.387

+
1.001

ectonucleotide
pyrophosphatase/phospodiesterase

1
O
LFM

4
+
2.381

−
1.007

olfactom
edin

4
CRYAB

+
2.376

−
1.109

crystallin,alpha
B

RU
N
X2

+
2.370

−
1.062

runt-related
transcription

factor
2

M
O
CO

S
+
2.300

−
1.076

m
olybdenum

cofactor
sulfurase

PRLR
+
2.296

+
/−
1.000*

prolactin
receptor

AN
KRD

22
+
2.254

+
1.346

ankyrin
repeat

dom
ain

22
(transcription

regulator)
EREG

+
2.185

+
1.050

epiregulin
(grow

th
factor)

N
N
M
T

+
2.143

−
1.366

nicotinam
ide

N
-m

ethyltransferase
G
PC4

+
2.135

−
1.100

glypican
4

SH
C4

+
2.119

−
1.122

SH
C
(Src

hom
ology

2
dom

ain
containing)fam

ily,m
em

ber
4

ABCA9
+
2.087

+
1.019

ATP-binding
cassette,subfam

ily
A
(ABC1),m

em
ber

9
AP1S2

+
2.082

−
1.009

adaptor-related
protein

com
plex

1,sigm
a
2
subunit

FSTL3
+
2.072

−
1.055

follicatin-like
3
(secreted

glycoprotein)
LG
ALS3

+
2.069

−
1.038

lectin,galactoside-binding,soluble,3
TN

FAIP6
+
2.067

+
1.201

tum
or

necrosis
factor,alpha-induced

protein
6

G
XYLT2

+
2.066

−
1.064

glucoside
xylosyltransferase

2
FAM

129B
+
2.065

+
1.091

fam
ily

w
ith

sequence
sim

ilarity
129,m

em
ber

B
H
SD

11B1
+
2.051

+
1.046

hydroxysteroid
(11-beta)

dehydrogenase
1

D
IRAS3

+
2.048

−
1.094

D
IRAS

fam
ily,G

TP-binding
RAS-like

3
M
AP3K13

+
2.047

−
1.073

m
itogen-activated

protein
kinase

kinase
kinase

13
VN

N
1

+
2.044

+
1.226

vanin
1

SLC16A10
+
2.032

−
1.046

solute
carrier

fam
ily

16,m
em

ber
10

(arom
atic

am
ino

acid
transporter)

G
FPT2

+
2.018

+
1.002

glutam
ine-fructose-6-phosphate

transam
inase

2
CACN

A1E
+
2.017

−
1.089

calcium
channel,voltage-dependent,R

type,alpha
1E

subunit
CO

BLL1
+
2.001

−
1.180

cordon-bleu
W
H
2
repeat

protein-like
1

G
enesw

ith
significantly

differentexpression
(±
2-fold)forhCG

-treated
versusuntreated

granulosa
cells(36

h/0
h;left)and

the
corresponding

fold
changesfor36

h
hCG

+
celecoxib-treated

versus
36

h
hG

C-treated
granulosa

cells
(36

h+
celecoxib/36

h;right).*denotes
no

change.
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36 h hCG and 0 h hCG (Figure 1(A)). IPA was also used to
identify networks showing changes between treatment
with 36 h hCG + celecoxib treatment and 36 h hCG
only (Figure 1(B)). For each comparison, the total list of
differentially-regulated genes (Table 2) as well as IPA pre-
dicted upstream regulators (Table 3) were connected to
generate the networks. In addition, colors indicating the
direction of change in mRNA expression were overlaid
for each panel in Figure 1. IPA’s Molecule Activation Pre-
dictor function colorizes network connections as blue or
orange when gene expression changes are consistent
with known gene relationships, and yellow when the

relationship is inconsistent. In both panels, numerous
blue and orange connections highlight the importance
of cell cycle regulation and pro-inflammatory responses
within these networks.

Granulosa cell proliferation is controlled by
gonadotropin and prostaglandins

Many of the upstream regulators predicted by pathway
analysis of our array data (Table 3) are associated with
cell cycle regulation. Importantly, three of these pre-
dicted upstream regulators (e.g. E2F2, RBL1, CCND1)

Figure 1. Predicted granulosa cell gene networks regulated by hCG and celecoxib. Top up-regulated genes and down-regulated genes
(TG) and IPA-predicted change in upstream regulator (UR) gene activity when comparing 36 h hCG versus 0 h hCG (Panel A) and 36 h
hCG + celecoxib versus 36 h hCG (Panel B). Transcripts were included where TG with a change above absolute 2 (Table 1) and predicted
UR with an estimated significance below p=0.05/Z-score > ABS(2.1) (Table 2). For clarity, p53 and Rb (purple) were not included in the
network build as they connected with most nodes in Panel A. Shown is the subcellular view option in IPA, with nuclear localization is at
the bottom and extracellular/secreted proteins are at the top; cytoplasmic and plasma membrane proteins are located as indicated.
Transcript icons and color scheme are IPA defaults. Briefly, red, orange and yellow are up-regulated, blue and green are down-regu-
lated, and gray are unknown/no prediction as either actual or predicted depending on molecule. Overlays and predictions (provided by
the Molecule Activity Predictor function in IPA) were done using transcript expression values for the respective comparison analysis.

Table 3. Upstream regulators predicted to be significantly regulated with hCG treatment (36 h hCG/0 h hCG) or with celecoxib
treatment (36 h hCG+celecoxib/36 h hCG) based on experimental data.

Molecule Type

36 h hCG/0 h hCG 36 h hCG+celecoxib/36 h hCG

Activated Inhibited Activated Inhibited

Growth Factor TGFB1, AGT IL5 TGFB2, INHBA
Kinases ATM MAP2K1, MAP3K1
Transcription Regulators CDKN2A, NUPR1, SMARCB1, HSF1, RB1,

PPRC1, CEBPB, TP53, EZH2, RBL1, ERG
CCND1, MYCN, MYC, FOXM1,
NCOA3, E2F2, E2F1

E2F2, CCND1,E2F4 SMAD3, SMARCA4, ERG, RBL1,
KDM5A, RUVBL1

MicroRNA let-7 miR-17-5p let-7
Enzymes NDUFA13
Cytokines TNF, CSF2, WNT5A, OSM, IL1A, IL1B IL21 WNT5A
Other PGR, SHH, A2M S100A6, SFTPA1, PCM1 S100A6, EIF4G1 CD24, IGF1R, IGFBP2

Italics indicates regulators which differ in both groups, but note that the direction of regulator activity change differs in all cases, meaning that celecoxib counters
the directional regulation by hCG.
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are implicated in control of cell cycle progression
(Johnson and Walker 1999). Therefore, cell cycle regu-
lation was selected for further analysis.

A network of E2F2-regulated genes was overlaid with
ratios of mRNA expression data from 36 h hCG/0 h hCG
and 36 h hCG + celecoxib/36 h hCG (Figure 2). These
comparisons were selected because they are physiologi-
cally meaningful. The ratio of 36 h hCG/0 h hCG reflects
changes stimulated by hCG as the follicle transitions
from a dominant preovulatory follicle to a luteinizing fol-
licle just before ovulation (Figure 2(A)). Treatment with
hCG decreases expression of many cell cycle regulators,
as denoted by the green color. Importantly, the majority
of these proteins increase the rate of cell proliferation. In
addition, hCG increased expression of CDKN1A, an
inhibitor of cell cycle progression. It is important to
note that the overall impact of hCG is to subtly, but
not significantly, alter the mRNA expression of many
cell cycle regulators, with the net effect of decreasing
cell proliferation.

In contrast, the ratio of 36 h hCG + celecoxib/36 h hCG
shows the impact of prostaglandin depletion in the ovu-
latory follicle (Figure 2(B)). The overlay shows that prosta-
glandin depletion effectively reverses the effect of hCG,
upwardly shifting expression of many gene products
which increase cell proliferation and downwardly shift-
ing expression expression of a cell cycle inhibitor,
CDKN1A. These data demonstrate that the role of hCG-
stimulated prostaglandins is to subtly shift cell cycle to
decrease the rate of cell proliferation. However, no
single mRNA is significantly increased or decreased by
prostaglandins.

E2F2 is the predicted locus of control for this pathway
(Figure 2). IPA predicted that an ovulatory dose of hCG

decreases E2F2 activity as a control point for shifting
granulosa cells from a highly proliferative state to a
state of very limited cell cycle progression. Furthermore,
this analysis predicted that prostaglandins (stimulated by
hCG) subtly alter mRNA expression of this same cluster of
gene products to decrease cell cycle progression by via
the activity of E2F2.

Experiments confirmed that mRNA levels for two cell
cycle regulators, CCNB1 and CCNE1, decreased after
exposure to hCG in vivo (Figure 3(A,B)). Treatment with
36 h hCG + celecoxib did not alter CCNB1 and CCNE1
levels when compared to treatment with 36 h hCG only
(Figure 3(A,B)). These findings are consistent with gene
expression levels in Figure 2. In this Figure, inhibition of
cell cycle regulation was seen in the 36 h hCG/0 h hCG
ratio and activation of cell cycle regulation was seen in
the 36 h hCG + celecoxib/36 h hCG ratio, albeit subtle.

Additional prospective studies were conducted to test
the hypothesis that prostaglandins mediate hCG-regu-
lated reduction in cell cycle progression by follicular
granulosa cells. Ki67 immunodetection was performed
to determine the percentage of monkey granulosa cells
engaged in cell cycle progression before hCG treatment
(0 h hCG), at specific times after hCG administration, and
after treatment with 36 h hCG + celecoxib in vivo (Figure
3(C–F)). Before hCG administration, 45 ± 5% of granulosa
cells were Ki67 + . The percentage of Ki67+ granulosa
cells was significantly reduced 24 h after hCG adminis-
tration (31 ± 4%), and only 11 ± 3% of granulosa cells
were Ki67+ by 36 h after hCG administration. Co-admin-
istration of hCG and celecoxib yielded 39 ± 6% of granu-
losa cells determined to be Ki67+, similar to the
percentage of Ki67+ granulosa cells observed at 0 h
hCG. To determine if the specific prostaglandin PGE2 is

Figure 2. E2F2 is a predicted node for regulation of granulosa cell cycle modulators. Panel A. Comparison of 36 h hCG-treated vs
untreated granulosa cells (36 h / 0 h) showed IPA predicted down-regulation (green) as the primary effect of the predicted inhibition
(blue) of E2F2. Panel B. Comparison of 36 h hCG + celecoxib versus 36 h hCG in vivo (36 h + celecoxib/36 h) showed IPA predicted pre-
dominantly up-regulation (red) as the effect of the predicted activation (orange) of E2F2 in granulosa cells.
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Figure 3. hCG and PGE2 regulate granulosa cell proliferation. Panels A-B. CCNB1 (A) and CCNE1 (B) levels in monkey granulosa cells
obtained after ovarian stimulation without (0 h) hCG or 12, 24, or 36 h after administration of hCG; additional monkeys received
hCG and celecoxib for 36 h (36+C). mRNA of interest was expressed relative to ACTB. Panel C. The percentage of Ki67 immunopositive
granulosa cells in monkey ovarian tissues obtained after treatments described for Panels A-B. For each panel A-C, groups with no
common superscripts are different by ANOVA and Duncans post hoc test, p<0.05; n=3–5 monkeys/time or treatment. Panels D-F. Repre-
sentative images of Ki67 immunodetection in monkey granulosa cells (lower portion of each image) obtained after treatment with 0 h
hCG (D), 36 h hCG (E), and 36 h hCG + celecoxib (F). Example Ki67+ (arrow) and Ki67- (arrowhead) nuclei are indicated in Panel D; inset
in panel F shows lack of stain in granulosa cells when primary antibody was omitted. Panels G-H. Human granulosa cells received indo-
methacin alone (control) or in combination with hCG, PGE2, or hCG + PGE2 for 24 h (G) or 48 h (H) before Ki67 immunodetection; n = 4
women/treatment. For each panel G-H, groups with no common superscripts are different by ANOVA with one repeated measure (for
repeated use of each woman’s cells) and Duncans post hoc test, p < 0.05. Panels I-L. Representative images of Ki67 immunodetection in
human granulosa cells cultured for 48 h with control media (I), hCG (J), PGE2 (K), or hCG + PGE2 (L). Example Ki67+ (arrow) and Ki67-
(arrowhead) nuclei are indicated in panel I. Inset in panel J shows lack of stain in granulosa cells when primary antibody was omitted.
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involved
in

cessation
of

cell
cycle

progression,
hum

an
granulosa

cells
w
ere

m
aintained

for
7

days
in

vitro
using

culture
conditions

w
hich

restore
responsiveness

to
gonadotropin

stim
ulation

.
G
ranulosa

cells
w
ere

treated
in

vitro
w
ith

the
generalcyclooxygenase

inhibi-
tor

indom
ethacin

to
block

endogenous
prostaglandin

prod
uction;PG

E2
w
as

replaced
in

som
e
cultures

in
the

absence
or

presence
of

hC
G
.
C
ulture

for
24

h
did

not
reveal

diff
erences

in
Ki67

im
m
unodetection

betw
een

treatm
ents

(Figure
3(G

)).
H
ow

ever,
cultures

treated
in

vitro
for

48
h
in

vitro
show

ed
that

PG
E2,

but
not

hC
G
,

reduced
the

percentage
of

Ki67
im

m
unopositive

cells
(Figure

3(H
–L)).

D
iscussion

The
overallgoalof

the
present

study
w
as

to
utilize

array
technology

and
pathw

ay
analysis

to
identify

gene
pro-

ducts
and

gene
netw

orks
utilized

by
PG

E2
to

m
ediate

ovulation
and

luteinization.
Previous

studies
show

ed
that

PG
E2

levels
in

prim
ate

follicles
are

elevated
during

the
second

half
of

the
interval

betw
een

the
ovulatory

gonadotropin
surge

and
ovulation

(D
u
ff
y
and

Stou
ff
er

2001).
The

present
analysis

includ
ed

identification
of

gene
prod

ucts
w
hich

w
ere

diff
erent

before
and

36
h

after
hC

G
adm

inistration,just
before

the
expected

tim
e

of
ovulation.

C
o-adm

inistration
of

hC
G

and
the

PTG
S2

inhib
itor

celecoxib
w
as

previously
show

n
to

prevent
rising

intrafollicular
prostaglandins

in
m
onkeys

(Sea-
chord

et
al.2005).If

hC
G
-stim

ulated
prostaglandins

are
im

portant
regulators

of
a
gene

prod
uct

w
ithin

the
fol-

licle,
then

it
w
as

anticipated
that

hC
G

w
ould

increase
and

hC
G
+
celecoxib

w
ould

decrease
expression

levels.
The

converse
(expression

decreased
by

hC
G

and
expression

increased
by

hC
G
+
celecoxib)

w
ould

also
indicate

a
role

for
prostagland

ins
to

m
ediate

hC
G
-regu-

lated
gene

expression.
H
IST1H

2BL
w
as

significan
tly

d
ecreased

w
ith

hC
G
,b

ut
increased

H
IST1H

2BL
w
ith

h
C
G
+
celecoxib

d
id

n
ot

m
eet

th
e

sig
n
ificance

criteria
estab

lished
for

this
stud

y.
A

p
revious

g
en

e
array

stud
y

id
en

tified
H
IST1H

2BL
as

a
h
C
G
-reg

ulated
g
en

e
in

gran
ulosa

cells
of

hum
an

ovulatory
follicles

(W
issing

et
al.

2014).
A
s
a
core

h
istone

p
rotein,

H
IST1H

2BL
facilitates

D
N
A

rep
lication

and
cell

p
roliferation

(M
arzlu

ff
an

d
D
uron

io
2002).

D
ecreased

H
IST1H

2BL
exp

ression
after

h
C
G

exp
osure

w
ould

con
trib

ute
to

d
ecreased

cell
cycle

p
rog

ression
.
Sub

tle,
elevated

exp
ression

w
ith

h
C
G
+
celecoxib

is
con

sisten
t
w
ith

a
role

for
p
rosta-

g
land

ins
as

key
local

m
ed

iators
of

a
cluster

of
genes

w
h
ich

,
actin

g
tog

eth
er,

con
trib

ute
to

g
ran

ulosa
cell

exit
from

cell
cycle.

H
ow

ever,
a
sub

tle
chan

ge
in

the
exp

ression
of

a
sin

g
le

gene
is

un
likely

to
b
e

resp
onsib

le
for

the
m
ajor,

p
rostagland

in
-d
ep

end
en

t
chang

es
ob

served
d
uring

ovulation
in

vivo.
N
etw

ork
analysis

predicted
thatcellcycle

regulation
is

a
m
ajor

hC
G
-
and

prostagland
in-controlled

process
in

granulosa
cells

ofovulatory
follicles.C

elecoxib
treatm

ent
w
as

predicted
to

alter
expression

and/or
activity

of
the

cell
cycle

regulators
E2F2,

RBL1,
and

C
C
N
D
1

in
a

m
anner

consistent
w
ith

the
hypothesis

that
hC

G
decreases

cell
cycle

progression
in

a
prostaglandin-

dependent
m
anner.

The
RBL1

protein
is

thought
to

bind
to

E2F2
and

other
m
em

bers
of

the
E2F

fam
ily

of
transcription

regulators
to

decrease
transcription

of
cell

cycle
regulators

and
other

gene
products

involved
in

cell
cycle

progression
(Johnson

and
W
alker

1999).
This

includes
regulation

of
C
C
N
D
1

(also
know

n
as

cyclin
D
1),

w
hich

regulates
the

transition
from

the
G
1
to

S
phase

of
the

cell
cycle

(Johnson
and

W
alker

1999).The
concept

that
the

transcription
regulator

E2F2
serves

as
a
control

point
for

cell
cycle

regulation
specifically

in
granulosa

cells
is

supported
by

the
linkage

of
E2F2

to
expression

of
m
any

cell
cycle

regulators,also
show

n
to

be
m
odestly

up-ordow
n-regulated

in
m
onkey

granulosa
cells.This

finding
is
com

plem
entary

to
a
recent

report
of

netw
ork

analysis
in

hum
an

granulosa
cells

w
ithout

and
w
ith

hC
G
,w

here
all

netw
orks

w
ith

predicted
decreases

in
activity

w
ith

hC
G

w
ere

related
to

cell
cycle

(W
issing

et
al.

2014).
Indeed,

this
analysis

of
hum

an
granulosa

cells
included

m
any

of
the

specific
gene

prod
ucts

ident-
ified

in
the

present
study.

It
is

interesting
to

note
that

m
any

genes
predicted

to
be

regulated
by

E2F2
w
ere

altered
in

a
direction

consistent
w
ith

hC
G
+
prostaglan-

din-reduced
cellcycle

activity,even
though

the
m
odest

change
in

the
expression

level
of

each
of

these
genes

did
not

m
eet

the
stringent

significance
criteria

for
changes

in
m
RN

A
levels

set
for

this
study.

H
ow

ever,
these

finding
are

consistent
w
ith

the
hypothesis

that
prostagland

in
stim

ulation
leads

to
sm

all
changes

in
levels

of
m
RN

A
,
protein,

and/or
activity

of
m
any

cell
cycle

regulators,
and

com
bined

contributions
of

these
m
any

sm
all

changes
cause

an
overall

decreased
the

rate
of

cellcycle
progression.

The
prediction

that
a
prostaglandin,and

in
particular

PG
E2,is

involved
in

granulosa
cell

w
ithdraw

al
from

cell
cycle

w
as

tested
directly

in
vivo

and
in

vitro.
A
dm

inis-
tration

of
hC

G
in

vivo
caused

a
decrease

in
the

percen-
tage

of
granulosa

cells
in

active
cell

cycle,
as

determ
ined

by
im

m
unodetection

of
Ki67.

These
data

are
consistent

w
ith

previous
reports

show
ing

thatgranu-
losa

cells
exit

cellcycle
in

the
hours

follow
ing

the
ovula-

tory
gonadotropin

surge
(Robker

and
Richards

1998;
C
ha

ffi
n

et
al.

2001).
In

contrast,
co-adm

inistration
of

hC
G

and
celecoxib

for
36

h
failed

to
cause

granulosa
cell

exit
from

cell
cycle.

This
finding

indicates
that

a
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PTGS2 product is necessary for hCG to reduce prolifer-
ation in granulosa cells. Our in vitro studies of human
granulosa cells identified PGE2 as the key prostaglandin
involved in cell cycle regulation. Previous reports find
limited evidence of a correlation between prostaglandins
and granulosa cell proliferation (Wang et al. 1992; Li J et al.
1996; Mori et al. 2011; Li F et al. 2012), but there was no
consensus as to whether prostaglandins promote or
inhibit cell cycle progression. Some studies demonstrate
that granulosa cell exit from cell cycle begins before pros-
taglandins accumulate in the follicle (Mikuni et al. 1998;
Duffy and Stouffer 2001), indicating that the ovulatory
gonadotropin surge is likely the initial stimulus for granu-
losa cell cycle exit. However, the present study shows that
a PTGS2 product is needed for cell cycle exit in vivo, and
PGE2 is able to stimulate primate granulosa cell exit from
cell cycle in vitro. While gonadotropin likely initiates cell
cycle exit in vivo, gonadotropin-stimulated production of
PGE2 is needed to achieve and maintain very low rates
of granulosa cell proliferation which occur at the time of
ovulation and luteal formation.

Cessation of proliferation is a prerequisite for differen-
tiation from the follicular granulosa cell phenotype to the
luteal cell phenotype (reviewed in (Robker and Richards
1998)). Functional luteinization, as defined by elevated
progesterone production, is initiated by gonadotropin,
independent of prostaglandins, in non-human primates
and women (Duffy 2015). Structural luteinization
includes granulosa cell hypertrophy to become large
luteal cells, formation of a capillary network within the
granulosa cells, and replacement of the antral space
with a mature corpus luteum; these changes do not
occur when prostaglandin synthesis is inhibited during
exposure to an ovulatory dose of gonadotropin (Kim
et al. 2014; Trau et al. 2015). A critical role for follicular
prostaglandins in granulosa cell cycle exit is consistent
with the formation of luteinized unruptured follicles. In
women with endogenous LH surges or receiving hCG
to initiate ovulatory events, co-administration of a pros-
taglandin synthesis inhibitor caused the formation of
luteinized unruptured follicles (Killick and Elstein 1987;
Pall et al. 2001; Jesam et al. 2010). These follicles continue
to increase in diameter after the LH surge or hCG and can
remain as fluid-filled, cystic structures for a week or more
after an ovulatory dose of gonadotropin. Similar studies
in non-human primates and cows used intrafollicular
administration of a prostaglandin synthesis inhibitor to
prevent elevated follicular prostaglandins after adminis-
tration of a ovulatory dose of hCG. These treatments
resulted in formation of enlarged, cystic structures with
multiple layers of unluteinized, proliferative granulosa
cells (Peters et al. 2004; Kim et al. 2014). Normal or
near-normal serum progesterone levels measured in

these studies support the concept that functional luteini-
zation occurs in the absence of prostaglandins. Elevated
intrafollicular prostaglandins are involved in structural
luteinization and contribute to this process, at least in
part, by stimulating granulosa cell exit from cell cycle.

The study presented here used non-human primate
granulosa cell RNA obtained after specific conditions of
hCG administration and prostaglandin depletion to facili-
tate identification of a previously-unappreciated network
of prostaglandin-sensitive granulosa cell gene products.
However, this approach did not identify many granulosa
cell mRNAs previously shown to be hCG-regulated in
human and non-human primate ovarian cells (Xu et al.
2011; Wissing et al. 2014; Yerushalmi et al. 2014).
Oocytes and surrounding cumulus were manually
removed from our follicular aspirates, so the cells used
for gene array analysis in the present study were
thought to be primarily (but not exclusively) mural gran-
ulosa cells. Prostaglandin-regulated gene products impli-
cated in cumulus expansion in rodents (reviewed in
(Russell and Robker 2007)) were likely not identified in
the present study since many cumulus cells were
removed prior to preparation of cDNA for analysis.
Expression levels for many mural granulosa cell gene
products increase immediately after the LH surge or
hCG administration and are low again by the time of ovu-
lation in primates (Chaffin et al. 1999, 2000; Duffy, Dozier,
et al. 2005). mRNAs regulated in this fashion would not
be detected by our analysis. Focused analysis of chan-
ging patterns of gene expression late in the ovulatory
interval allowed identification of cell cycle regulation as
a PGE2-sensitive process that is essential for both ovu-
lation and formation of a fully-functional corpus luteum.
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