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Our objective is to test the hypothesis that inhibi-
ion of mitogen-activated protein (MAP) kinase kinase
MEK) with PD98059 in human luteinized granulosa
ells will block epidermal growth (EGF)-stimulated
AP kinase activity and induce apoptosis. Luteinized

ranulosa cells from human in vitro fertilization aspi-
ates were cultured and treated with the following: (1)
ehicle; (2) PD98059; (3) EGF; (4) PD98059 1 EGF.
reatment with PD98059 suppressed MAP kinase ac-

ivity, inhibited MAP kinase phosphorylation by West-
rn blot analysis, blocked nuclear translocation of
hosphorylated MAP kinase by confocal microscopy,
nd increased percentages of subdiploid apoptotic nu-
lei by flow cytometry. Our data are the first evidence
hat a relationship may exist between the MAP kinase
athway and control of apoptosis in human luteinized
ranulosa cells. These results support the hypothesis
hat suppression of the MAP kinase pathway may lead
o apoptosis in these cells. © 1999 Academic Press

Key Words: ovary; apoptosis; MAP kinase.

Peptide growth factors are among the intraovarian
ignals that contribute to regulation of cell fate during
varian remodeling (1). Much of the cell deletion that
ccompanies the periodic cycles of growth and regres-
ion in the ovary is due to apoptosis of granulosa cells
2). Growth factors, including the epidermal growth
actor (EGF), have been implicated in control of apop-
osis and steroidogenesis in cultured granulosa cells
3–7).

EGF transmits intracellular signals through activa-
ion of different mitogen activated protein (MAP) ki-
ase cascades (8). We have recently shown that EGF
levates MAP kinase activity and increases the levels

1 Presented at the 81st Annual Meeting of the Endocrine Society,
an Diego, CA, June 12–16, 1999.

2 To whom correspondence should be addressed. Fax: 612-626-
665. E-mail: yehxx005@tc.umn.edu.
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einized granulosa cells (9).
MEK is the upstream kinase responsible for the dual

hosphorylation of specific threonine and tyrosine res-
dues necessary for the activation of ERK1/ERK2 (10).
ntracellular signals initiated by different growth fac-
ors, cytokines and integrins can converge on MEK
ndependently of Ras or Raf or through transactivation
f EGFR (8). PD98059 inhibits MEK, suppresses the
ownstream activation of ERK1/ERK2 and effectively
locks transduction through this pathway (11).
PD98059 has been used in a number of studies with

ther mammalian cells to distinguish between the in-
olvement of different kinase cascades in the induction
nd prevention of apoptosis (12, 13).
We hypothesize that PD98059, a potent and selective

nhibitor of the MAP kinase kinase (MEK), may inhibit
he phosphorylation of MAP kinase (ERK1/ERK2) and
nduce apoptosis in luteinized granulosa cells.

ATERIALS AND METHODS

Isolation of luteinized granulosa cells. Luteinized granulosa cells
ere isolated from follicular aspirates of women undergoing in vitro

ertilization procedure, following the method described by Izawa et
l. (14). The Human Subjects Committee of the University of Min-
esota approved the use of these cells for this investigation. Red
lood cells were removed from the follicular aspirates by centrifuga-
ion through ficoll/hypaque (density 1.07, Gallard-Schlesinger, Carle
lace, NY). White blood cells were depleted by treatment with anti-
D45 coated magnetic beads (Dynal, Miami, FL). Luteinized gran-
losa cells were dispersed by incubation in trypsin (13, Gibco-BRL,
rand Island, NY). Trypsin digestion was stopped after 3 minutes by
ddition of six volumes of 10% fetal bovine serum (FBS) (Intergen,
urchase, NY) supplemented with Dulbecco’s modified Eagle/ Ham’s
12 culture medium, containing 100 IU/ml penicillin, 100 mg/ml
treptomycin, 0.25 mg/ml amphotericin (Sigma, St. Louis, MO). Cells
ere plated at approximately 2 3 105 cells per 60 mm plastic culture
ishes (Nunclon, Denmark).

Treatment of luteinized granulosa cells. Cells were starved over-
ight in serum-free medium before treatment. Cells were preincu-
ated with PD98059 (100 mM in 1:1 ethanol: dimethyl sulfoxide,
albiochem, San Diego, CA) prior to EGF treatments (10 ng/ml in
istilled water, Gibco BRL). Treatment groups consisted of the fol-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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owing: (1) control (vehicle only); (2) PD98059 (100 mM for 60 min-
tes); (3) EGF (10 ng/ml for 10 minutes 1 vehicle); (4) PD98059 (100
M for 60 minutes) followed by EGF (10 ng/ml for 10 minutes).
Treatments were terminated by removal of media followed by 2
ashes in cold phosphate-buffered saline (PBS). Luteinized granu-

osa cells were scraped from plates in ice-cold lysis buffer containing
0 mM Tris-HCl pH 7, 1% TnT X100, 1 mM EGTA, 1 mM EDTA, 50
M NaF, 5 mM Na-pyrophosphate, 0.5 mM Na3VO4, 10 mM Na-b-

lycerophosphate, 10 mM phenylmethylsulfonyl fluoride with 1
g/ml protease inhibitors (pepstatin, leupeptin, aprotinin and tryp-
in inhibitor). Lysates were frozen in liquid nitrogen and stored at
70°C. Total protein was assayed using the bicinchoninic acid
ethod (BCA, Pierce, Rockport, MD).

MAP kinase assay. MAP kinase activity was determined by assay
f g-32P-labelled ATP incorporation into myelin basic protein (MBP)
Upstate Biotechnology Incorporated, Lake Placid, NY). Reaction
ixtures (40 ml) contained 10 mg total protein from cell lysates, 500
M ATP with 5 mCi g-32P-ATP (NEN, Boston, MA) and 20 mg MBP.
eactions were conducted at 30°C for 15 minutes. The reaction was

erminated by transfer of 25 ml of the reaction mix onto phosphocel-
ulose filters to bind phosphoproteins. Heat-treated lysates (5 min-
tes at 95°C) were used to evaluate the background. Incorporated
adioactivity was quantified using liquid scintillation counter
LS2800, Beckman, Irvine, CA).

Western blot analysis. Proteins (25 mg) from whole cell lysates
esolved through 12% polyacrylamide minigels (BioRad, Hercules,
A). Proteins were transferred to nitrocellulose filters by electro-
lotting overnight (14 V at 4°C). After blocking with PBS containing
% dry milk, filters were incubated with anti-phospho-ERK1/ERK2
ntibody (New England Biolabs, Beverly, MA; 1:500 dilution) for 1

FIG. 1. PD98059 suppresses EGF-stimulated MAP kinase acti-
ation in luteinized granulosa cells. MAP kinase activities in whole
ell lysates (10 mg total protein) were determined by radiochemical
ssay of 32-P incorporation into MBP. The mean for EGF (asterisk)
iffers significantly from means of the other treatments (p , 0.05
tudent-Neuman-Keuls test). Treatment groups: Controls 5 vehicle;
D98059 5 100 mM for 60 minutes; EGF 5 60 minutes preincuba-
ion with vehicle followed by 10 ng/ml EGF for 10 minutes;
D98059 1 EGF 5 60 minutes preincubation with 100 mM PD98059

ollowed by 10 minutes treatment with 10 ng/ml EGF. Values rep-
esent the mean pmoles/hr 32P incorporation for experiments with

5 5 patients. The error bars are 6SEM. Treatment with
D98059 1 EGF blocked increases in MAP kinase activity stimu-

ated by EGF (*p , 0.05).
144
ilk) and incubated for 1 h with second antibody, alkaline phospha-
ase conjugated anti-rabbit IgG (Sigma, St. Louis, MO). After wash-
ng, the levels of MAPK protein were determined using the nitro blue
etrazolium/5-bromo-4-chloro-3-indolyl phosphate method (BioRad).
mmunoreactive bands were quantified by digital densitometric im-
ging (Gel Doc 1000 with Model GS-700 Densitometer and Molecular
nalyst Software, BioRad).

Immunofluorescent microscopy. Luteinized granulosa cells were
ultured in 8-chambered glass slides (Nunclon). The cells were
reated with PD98059 and EGF as described above. Following treat-
ent, the cells were fixed in ice-cold methanol:acetone (1:1) for 10
inutes. After washing with 50 mM Tris/150 mM NaCl, pH 7.0

Tris-NaCl), the cells were blocked for one hour with 5% bovine
erum albumin (BSA) in Tris-NaCl. The cells were then incubated
ith anti-phospho-ERK1/ERK2 antibody (1:500 dilution in Tris-
aCl/5% BSA) at room temperature for 30 minutes. Incubations
ithout primary antibody were used to assess nonspecific binding.
fter three washes with Tris-NaCl containing 0.05% Tween-20, the
ells were incubated for 30 minutes at room temperature with fluo-
oscein isothiocyanate (FITC) conjugated second antibody (anti-
abbit IgG; 1:1000 dilution). The cells were washed and dehydrated
y passage through increasing grades of ethanol (50, 70, 80, 90 and

FIG. 2. PD98059 blocks EGF-stimulated phosphorylation of
AP kinase in luteinized granulosa cells. (a) Western blot analysis

f cell lysates (25 mg total protein) using polyclonal antibodies anti-
hospho-ERK1/ERK2 (anti-phospho-p44/p42 MAPK, New England
iolabs, Beverly, MA). Treatment groups are as described in Fig. 1.

mmunoreactive bands for both activated phospho-ERK1/ERK2 are
ndicated. Only faint bands were visible for PD98059 and PD98059 1
GF treatments. The blot shown is representative of experiments
ith n 5 5 patients. (b) Computer imaging densiometry of Western
lots described above. The mean for EGF (asterisk) differs signifi-
antly from the means of the other treatments (p , 0.05 Student-
euman-Keuls test). Values represent the mean relative optical
ensity units for experiments with n 5 5 patients. The error bars
re 6SEM.
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00%). Slides were cleared in xylene and mounted with permount.
ctivated ERK1/ERK2 (phospho-p44/p42 MAPK) exhibiting green
uoresence from FITC was viewed under a confocal microscope (Bio-
ad 1000) using a 603 objective.

Analysis of apoptosis. Flow cytometry of isolated nuclei stained
ith propidium iodide (PI) was used to assess apoptotic fragmenta-

ion of DNA in luteinized granulosa cells (15). Cultured cells were
reated with PD98059 or EGF for 24 hours as described before. After
he treatments, cells were scraped from the plate, centrifuged at
00 3 g for 5 minutes, and incubated overnight at 4°C in 500 ml lysis
uffer (50 mg/ml propidium iodide (PI), 0.1% sodium citrate, 0.1%
riton X100).
Flow cytometry was performed using a Perkin-Elmer FacsCalibur

nstrument (Norwalk, CT). Fluorescent events (1.0 3 104) were ac-
uired at low flow setting. Data were recorded and analyzed using
ellquest software (Perkin-Elmer).

Statistical analysis. Data were subjected to analysis of variance
ANOVA) using the CoStat package from CoHort Software (Berke-
ey, CA). The Student-Neuman-Keuls test of mean separation was
sed for Post-ANOVA analysis. Statistical significance was at the 5%
robability level (p , 0.05).

FIG. 3. PD98059 blocks nuclear translocation of activated MAP
iscroscopy was performed as described under Materials and Metho
ith vehicle only. (b) Cells treated with PD98059 (100 mM) for 60 min

o concentrated fluorescent staining surrounding the nuclei. (d) Cell
g/ml) for 10 minutes. Cells were viewed on a Bio-Rad 1000 confoca
sing confocal microscope operating system (COMOS) software (Bio
145
ESULTS

Effects of EGF and PD98059 on MAP kinase activity.
AP kinase activities (mean 6 SEM pmoles/hr 32P

ncorporation) for the different experimental condi-
ions were (1) control 5 24.68 6 7.30; (2) PD98059 5
.68 6 0.93; (3) EGF 5 49.44 6 12.91; (4) PD98059 1
GF 5 8.67 6 4.52 (Fig. 1). EGF treatments signifi-

antly increased MAP kinase activity. Treatment with
D98059 lowered MAP kinase activity as compared to
ontrols and significantly suppressed the activation
nduced by EGF.

Phosphorylation of MAP kinase. Distinct immuno-
eactive bands corresponding to activated ERK1
phospho-p44 MAPK) and activated ERK2 (phospho-
42 MAPK) were observed in Western blots (Fig. 2a).
nly faint bands were visible from treatments with
D98059 alone or in combination with EGF. No other

inase in luteinized granulosa cells. Immunohistochemical confocal
sing anti-phospho-ERK1/ERK2 antibodies. (a) Control cells treated

s. (c) Cells treated with EGF (10 ng/ml for 10 minutes). Arrow points
eated with PD98059 (100 mM) for 60 minutes followed by EGF (10
icroscope under a 603 objective. Images were collected and stored
d).
k
ds u
ute
s tr
l m
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mmunoreactive bands were detected. Relative optical
ensities of the imuunoreactive bands as determined
rom computer densiometry were (1) control 5 0.025 6
.011; (2) PD98059 5 0.006 6 0.0017; (3) EGF 5
.071 6 0.019; (4) PD98059 1 EGF 5 0.0068 6 0.0016
Fig. 2b). The levels of activated ERK1/ERK2 (phos-
ho-p44/p42 MAPK) were significantly increased by
GF treatments. PD98059 abolished the increases in

evels of phosphorylated MAP kinase in EGF-treated
ells.

Immunocytochemical localization of activated MAP
inases. Representative imaging of immunofluores-
ent-labeled cells from the four treatment groups is
hown in Fig. 3. Green fluorescence, indicative of phos-
horylated MAP kinase, was observed in the cytoplasm

FIG. 4. Flow cytometry of PD98059 induced apoptotic subdiplo
ranulosa cells were isolated, stained with PI, and analyzed for subd
ethods. Treatment groups: Control 5 vehicle only, PD98059 5 1
D98059 1 EGF 5 100 mM PD98059 1 10 ng/ml EGF for 24 hours. (a
uclei) detected from luteinized granulosa cells treated with PD9805
ubdiploid DNA (fragmented or condensed chromatin); M2 5 diplo
Synthesis (S) cell cycle phase); M3 5 23 diploid DNA (Gap2/Mitosi
ccumulated fluorescent event counts (PI-stained nuclei). (c) Quantifi
%) of nuclei containing subdiploid DNA content for experiments with
D98059 1 EGF (asterisks) are significantly greater (p , 0.05 Stud
146
nd nuclei of control and EGF-treated cells. Treat-
ents with EGF enhanced the concentration of fluo-

escent staining at the nuclei of luteinized granulosa
ells (arrow, Fig. 3c). In contrast, PD98059 alone or in
ombination with EGF, reduced the levels of cytoplas-
ic and nuclear fluorescence (Figs. 3b and 3d). No signal
as observed in the negative controls (not shown).

Induction of subdiploid apoptotic DNA fragmenta-
ion. A representative scatterplot and histogram
howing flow cytometric analysis of DNA content in
I-stained nuclei is shown in Figs. 4a and 4b. The
ercentages of apoptotic nuclei for the specific treat-
ent groups were (1) control 5 7.55 6 0.055%; (2)
D98059 5 13.83 6 1.73%, (3) EGF 5 8.04 6 0.89%; (4)
D98059 1 EGF 5 15.15 6 1.94%. Significantly in-

DNA in luteinized granulosa cells. Nuclei from human luteinized
id DNA content by flow cytometry as described under Materials and
mM PD98059 for 24 hours; EGF 5 10 ng/ml EGF for 24 minutes;
atterplot showing the accumulation of fluorescent events (PI-stained
b) Histogram analysis of the scatterplot shown. M 5 Marker; M1 5
DNA (Gap0/Gap1 (G0/G1) cell cycle phase); M3 5 .diploid DNA
2/M) cell cycle phase). X axis 5 increasing DNA content. Y axis 5
ion of subdiploid DNA (M1). Values represent the mean percentage

8 patients. The error bars are 6SEM. The means for PD98059 and
t-Neuman-Keuls test) than those of the other treatments.
id
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n cells treated with PD98059 and PD98059 plus EGF
Fig. 4c).

ISCUSSION

Activation of the MAP kinase pathway in different
ell types is involved in proliferation, differentiation
nd apoptosis (16, 17, 18). Recent biochemical and
enetic analysis suggest that MAP kinases may poten-
iate cell survival in D. melanogastor and determine
ell fate in C. elegans (19, 20). In mammalian cells, the
AP kinase pathway can prevent (21–26) or induce

27–29) apoptosis depending on the type of cell and the
xtracellular stimuli that initiate the pathway. We
ound, from the experiments reported herein, that EGF
ncreases MAP kinase activity above control levels in
ultured luteinized granulosa cells, consistent with our
revious results and with those of others (9, 30). We
ow report that MEK inhibition abolishes the effect of
GF treatments. Treatments with PD98059 in combi-
ation with EGF resulted in decreased MAP kinase
ctivity as measured by radiochemical assay and by
estern blot analysis. PD98059 also decreased the

oncentration of activated MAP kinase at the nuclei of
reated cells. This suggests that PD98059 suppresses
GF-stimulated MAP kinase activity in human lutein-

zed granulosa cells. Since treatment with PD98059
lone and in combination with EGF increased the sub-
iploid DNA levels, we conclude that an active MAP
inase pathway is required for survival of human lu-
einized granulosa cells.

Our preliminary results demonstrating that EGF
reatments can attenuate apoptosis caused by tyrphos-
in 51, an inhibitor of EGF receptor autophosphoryla-
ion, also support a direct role for EGF-mediated sur-
ival of granulosa cells (9). However, we have not
bserved a decline in the rate of apoptosis in cultured
uteinized granulosa cell controls as a result of EGF
reatments. This may reflect differences due to the
pecies of origin, the developmental stage or the cul-
ure conditions of the cells examined. Taken together,
hese results suggest that apoptotic mechanisms in
ranulosa cells are related to but independent of the
GF-mediated MAP kinase pathway. Further studies
re necessary to define the extent to which specific
rowth factors may utilize the MAP kinase pathways
o regulate cell survival during follicular development.

The functional capacity and eventual fate of granu-
osa cells are influenced by a complex array of signals
ncluding the pituitary gonadotropins, steroids, prosta-
landins, and peptide hormones (16). Apoptosis of
ranulosa cells during follicular atresia and corpus
uteum regression is a crucial aspect of ovarian physi-
logy (31–34). Our results suggest that suppression of
he MAP kinase pathway may lead to apoptosis in
147
poptosis may contribute to the pathophysiology of
ome ovarian dysfunctions, a better understanding of
he control of apoptosis in these cells could enable
evelopment of more effective treatment modalities for
varian disorders (35, 36).
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