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With the stimulation of many types of cell surface receptors,
MAPKs are activated. We have previously demonstrated an
effect of extracellular ATP on ERKs and gonadotropin-
induced progesterone secretion, implicating the significance
of ATP in the regulation of ovarian function. However, little
is known about the specific role of ATP in the subsequent
MAPK-induced signaling cascade in human granulosa-luteal
cells (hGLCs). The present study was designed to examine the
effect of ATP on the activation of the MAPK signaling path-
way, including nuclear translocation and the expression of
the immediate early genes in hGLCs. Western blot analysis,
using a monoclonal antibody, which detected the total and
phosphorylated forms of ERK1 and ERK2 (p42mapk and p44
mapk, respectively), demonstrated that exogenous ATP evoked
ERKs in a dose- and time-dependent manner. In contrast, p38
and JNK were not significantly activated after ATP treatment.

To examine the translocation of activated ERKs, fluorescein
isothiocyanate-conjugated secondary antibody was used to
detect the distribution of total and phosphorylated ERKs. Im-
munofluorescent staining revealed that phosphorylated
ERKs were translocated from cytoplasm into nucleus subse-
quent to 10 �M ATP treatment. To study the gene(s) induced
by exogenous ATP, mRNA was extracted from hGLCs in the
presence or absence of 10 �M ATP. Gene array for 23 genes
associated with members of the mitogenic pathway cascade
and immediate early genes revealed that the expression of
early growth response 1 and c-raf-1 was increased. To our
knowledge, this is the first demonstration of the ATP-induced
nuclear translocation of MAPKs in the human ovary. These
results suggest that the MAPK signaling pathway plays a role
in mediating ATP actions in the human ovary. (J Clin Endo-
crinol Metab 89: 5189–5195, 2004)

AFTER BINDING TO a G protein-coupled P2 purino-
ceptor, extracellular ATP may participate in various

types of physiological responses, including secretion, mem-
brane potential, cell proliferation, platelet aggregation, neu-
rotransmission, cardiac function, and muscle contraction (1,
2). ATP is coreleased with neurotransmitter granules from
nerve endings by exocytosis (3). Considering that the ovary
is a well-innervated organ, it is tempting to speculate that the
coreleased ATP from nerve endings may play a role in reg-
ulating ovarian functioning.

MAPKs are a group of serine-threonine kinases involved
in converting extracellular stimuli into intracellular signals.
ERKs, one of the MAPKs subfamilies, have been shown to be
activated by extracellular agonists such as cytokines, growth
factors, and neurotransmitters (4, 5). It is believed that two
classes of cell surface receptors, G protein-coupled receptor
(GPCR) and receptor tyrosine kinases, are associated with
the activation of MAPKs (6–8). The nucleus has been shown
to be a critical site for phosphorylated p42/p44 MAPKs lo-

calization. When activated, ERK1 and ERK2 (also known as
p42mapk and p44 mapk, respectively) may be imported into the
nucleus and phosphorylate a variety of substrates, including
transcription factors, which have been implicated in the con-
trol of DNA replication, cell proliferation, and differentiation
(9–14). However, the translocation of MAPKs is still un-
known in human granulosa-luteal cells (hGLCs).

We reported previously the effect of ATP on the activation
of ERKs and human chorionic gonadotropin-induced pro-
gesterone production in hGLCs (15, 16), highlighting the
significance of ATP in regulating ovarian function, but little
is known about the signaling events and gene responses
related to activated MAPKs in the human ovary. The present
study was designed to examine the effect of ATP on the
activation of the MAPKs signaling pathway, intracellular
translocation, and its action on the expression of members of
the mitogenic pathway cascade and immediate early genes
in hGLCs.

Materials and Methods
Reagents and materials

ATP was obtained from Sigma Chemical Co. (St. Louis, MO); and
PD98059, a MAPK kinase (MEK) inhibitor, was purchased from Cell
Signaling Technology (Beverly, MA). DMEM, penicillin-streptomycin,
and fetal bovine serum were obtained from GIBCO-BRL (Rockville,
MD). PD98059 was dissolved in dimethylsulfoxide, as suggested by the
manufacturer. GEArray was purchased from SuperArray Bioscience

Abbreviations: egr-1, Early growth response 1; FITC, fluorescein iso-
thiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GPCR, G protein-coupled receptor; hGLC, human granulosa-luteal cell;
HRP, horseradish peroxidase; MEK, MAPK kinase; PKC, protein kinase
C; SDS, sodium dodecyl sulfate.
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FIG. 1. The effect of ATP on MAPK activation in hGLCs using Western blot analysis. A, The dose-response of ATP on ERK1/2 (p44/p42)
activation. hGLCs were treated with increasing concentrations of ATP (0, 100 nM, 1 �M, 10 �M, or 100 �M) for 5 min, as described in Materials
and Methods. B, The time effect of ATP on ERK1/2 (p44/p42) activation. hGLCs were treated with 10 �M ATP for 0, 1, 5, 10, or 20 min, as described
in Materials and Methods. C, The dose-response of ATP on p38 activation in hGLCs. D, The time effect of ATP on p38 activation in hGLCs.
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Corp. (Bethesda, MD). Phospho-p44/42 MAPK (Thr202/Tyr204) E10
monoclonal antibody (catalog no. 9106), p44/42 MAPK polyclonal an-
tibody (catalog no. 9102), phospho-p38 MAPK polyclonal antibody (cat-
alog no. 9211), and phospho-stress-activated protein kinases/JNK
(Thr183/Tyr185) G9 monoclonal antibody (catalog no. 9255) were pur-
chased from Cell Signaling Technology. Goat antimouse IgG horserad-
ish peroxidase (HRP) (catalog no. sc-2005) and donkey antirabbit IgG
HRP (catalog no. sc-2313) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA).

hGLC cultures

The hGLCs were collected from patients undergoing in vitro fertili-
zation treatment. The use of hGLCs was approved by the Clinical Screen-
ing Committee for Research and Other Studies Involving Human Sub-
jects, in the Department of Obstetrics/Gynecology of Taipei Medical
University Hospital. Granulosa cells were separated from red blood cells
in follicular aspirates by centrifugation through Ficoll Paque, washed,
and suspended in DMEM containing 100 U penicillin G/ml, 100 �g
streptomycin/ml, and 10% fetal bovine serum, as described before (16).
The cells were plated at a density of approximately 150,000 cells in
35-mm culture dishes. Cells were incubated at 37 C under a water-
saturated atmosphere of 5% CO2 in air for 3 d.

Treatments

The hGLCs were incubated in a serum-free medium for 4 h before
treatment. To examine the dose-response relationship, hGLCs were
treated with increasing concentrations of ATP (100 nm, 1 �m, 10 �m, or
100 �m) for 5 min. For time-course experiments, hGLCs were treated
with 10 �m ATP for 1, 5, 10, or 20 min.

To determine the translocation of MAPKs, hGLCs were treated with
10 �m ATP for 5 min and fixed in 3.7% formaldehyde in Dulbecco’s PBS.
To study the expression of members of the mitogenic pathway cascade
and immediate early genes induced by ATP, hGLCs were treated with
10 �m ATP for 30 min, then the mRNA was extracted. To examine the
direct effect of MAPK in gene expression, hGLCs were pretreated with
PD98059 for 30 min before 10 �m ATP exposure, and the mRNA was
extracted.

Western blot analysis

The hGLCs were washed with ice-cold PBS and lysed with 100 �l cell
lysis buffer, RIPA [150 mm NaCl, 50 mm Tris-HCl (pH 7.5), 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1.0 mm
phenylmethylsulfonylfluoride, 10 �g/ml leupeptin, and 100 �g/ml
aprotinin] at 4 C for 30 min. The cell lysate was centrifuged at 10,000 �
g for 5 min, and the supernatant was collected for Western blot analysis.
The amount of protein was quantified using a Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA), following the manufacturer’s pro-
tocol. Aliquots (30 �g) were subjected to 10% SDS-PAGE under a re-
ducing condition, as previously described (17). The proteins were then
electrophoretically transferred from the gels onto nitrocellulose mem-
branes (Amersham Pharmacia Biotech, Piscataway, NJ), following the
procedures of Towbin et al. (18). These nitrocellulose membranes were
probed with a mouse monoclonal antibody directed against the phos-
phorylated forms of ERK1 and ERK2 (P-MAPK, p42mapk, and p44mapk,
respectively), phospho-JNK, or phospho-p38 at 4 C for 16 h. Alterna-
tively, the membranes were probed with a rabbit polyclonal antibody for
p42/p44 MAPK, which detected total MAPK (T-MAPK) levels (Cell
Signaling Technology). After washing, the membranes were incubated
with HRP-conjugated goat antimouse or donkey antirabbit secondary
antibody, and the signal was visualized using an ECL system (Amer-
sham Pharmacia Biotech) followed by exposure to x-ray film. The au-
tographs were then scanned and quantified with Scion Image-Released
� 3b (Scion Corp., Bethesda, MD).

Immunofluorescence microscopy

hGLCs were seeded onto glass cover slips (5000/slip) and incubated
for 3 d at 37 C in humidified air with 5% CO2 before immunofluorescence
microscopy experiments. Cells were treated with 10 �m ATP for 5 min
in the absence or presence of PD98059 (pretreated for 30 min before ATP
exposure), fixed in 3.7% formaldehyde in Dulbecco’s PBS for 10 min,
rinsed in PBS, and permeabilized for 10 min in PBS containing 1%
Nonidet P-40 before staining. Nonspecific staining was blocked with 5%
goat serum/PBS. Cells were incubated with the antibody against phos-
phorylated forms of ERKs or total ERKs overnight at 4 C. Coverslips
were rinsed extensively in PBS and then incubated with either fluores-
cein isothiocyanate (FITC)-conjugated goat antimouse or FITC-conju-
gated goat antirabbit IgG for 60 min at room temperature. After the
antibody incubations, the coverslips were washed in PBS, and nuclei
were stained with Hoechst 33342 reagent (Molecular Probes, Eugene,
OR). Coverslips were mounted onto slides with Fluoromount-G and
viewed on a Nikon microscope equipped with E600 epi-fluorescence set
and CoolSNAP-Pro Digital Kits (Media Cybernetics, Inc., Silver Spring,
MD).

Total RNA isolation

The hGLCs were treated with 10 �m ATP for 30 min before RNA
extraction. Total RNA was isolated using an RNeasy Mini Kit (Qiagen,
Valencia, CA). Briefly, cells were disrupted in a buffer containing gua-
nidine isothiocyanate, and then homogenized, following the manufac-
turer’s protocol. Ethanol was then added to the lysate, creating condi-
tions that promote the selective binding of RNA to the RNeasy silica-gel
membrane. The sample was then applied to the RNeasy minicolumn.
With total RNA bound to the membrane, contaminants were efficiently
washed away, and high-quality RNA was eluted in ribonuclease-free
water. The RNA concentration was determined based on absorbance at
260 nm.

Gene array analysis

Biotinylated cDNA probes were synthesized from 5 �g total RNA
of ATP-treated or control samples using SuperArray’s proprietary
GEAprimer mix as reverse transcriptase primers and hybridized to the
GEArray membrane spotted with 23 gene-specific cDNA fragments,
following the manufacturer’s instructions (SuperArray Bioscience Cor-
poration). Briefly, total RNA was used as a template for the synthesis of
cDNA probes with deoxynucleotide triphosphate mix containing biotin-
16-deoxy-UTP. Annealing of RNA with primers was performed in a
preheated heat block at 70 C for 2 min. Samples were cooled to 42 C and
kept at 42 C for 2 min before labeling with biotin-16-deoxy-UTP. The
cDNA probe was denatured by heating at 94 C for 5 min, and quickly
chilled on ice. The GEArray membrane spotted with 23 gene-specific
cDNA fragments was wet with deionized H2O and prehybridized the
membrane with GEAhyb hybridizational solution containing heat-
denatured sheared salmon sperm DNA at 68 C for 1–2 h. The membrane
was then incubated with the denatured cDNA probe overnight with
continuous agitation at 68 C, then washed twice with prewarmed 2�
SSC containing 1% SDS for 20 min at 68 C, and twice with prewarmed
0.1� SSC containing 0.5% SDS for 20 min at 68 C. After blocking with
GEAblocking solution, the membrane was incubated with alkaline phos-
phatase-conjugated streptavidin, washed with washing buffer, incu-
bated with CDPStar, a chemiluminescent substrate, and exposed to x-ray
film. Each GEArray membrane was spotted with a negative control of
pUC18 DNA as well as two positive control genes, �-actin, and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The relative abun-
dance of a particular transcript can be estimated by comparing its signal
intensity to the signal derived from �-actin and GAPDH. The intensity
of the array of spots was converted into numerical data using the Image
Pro Plus software.

E, The dose-response of ATP on JNK activation in hGLCs. F, The time effect of ATP on JNK activation in hGLCs. The amount of loading was
normalized by total ERK. The data are shown as relative ratio to basal levels. Values are presented as the mean � SE of three individual
experiments. Statistical analysis was performed by one-way ANOVA followed by the Tukey test. *, Differences were considered significant at
P � 0.05.
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Statistical analysis

MAPKs were expressed as a relative ratio of basal levels. Independent
replicates of experiments in this study were performed with cells from
different patients. Data were represented as means � se of two indi-
vidual experiments with triplicate samples. Statistical analysis was per-
formed by one-way ANOVA followed by Tukey’s multiple-comparison
test. Differences were considered significant at P � 0.05.

Results
Effect of ATP on MAPK activation

For the dose effect of ATP on activating MAPK, hGLCs
were treated with increasing concentrations (100 nm–100 �m)
of ATP for 5 min. For time-course analysis, the cells were
treated with 10 �m ATP for varying time intervals (1–20 min).
As shown in Fig. 1A, ATP activated ERK1/2 in hGLCs in a
dose-dependent manner. A significant effect was observed at
1 �m ATP, with a maximum effect noted at 10 �m, and there
was no statistical difference between cells treated with 10 and
100 �m ATP. ATP was capable of rapidly inducing ERK1/2
activity. A significant effect was seen within 5 min after
treatment, and the activation of ERK1/2 lasted for at least 15
min (Fig. 1B). In contrast, p38 and JNK were not activated by
ATP in this study (Fig. 1, C–F).

Subcellular ERK localization

As shown in Fig. 2A, the use of a polyclonal antibody
against total ERKs demonstrated that ERKs (nonphospho-
rylated and phosphorylated) were distributed in both the
cytoplasm and the nucleus. To observe the base line level of
phosphorylated ERKs, cells were fixed in the absence of ATP,
and the faint intracellular fluorescence revealed that small
amounts of phosphorylated ERK1/2 were located in the nu-
cleus (Fig. 2C). To examine the distribution of ATP-activated
ERKs, hGLCs were treated with 10 �m ATP for 5 min. Once
activated, phosphorylated ERKs were translocated into the
nuclei, which were detected by a monoclonal antibody
against phosphorylated ERK1/2 (Fig. 2E). Figure 2G dem-
onstrates that, in the presence of PD98059, the effect of ATP
on ERK1/2 translocation was completely blocked. A faint
fluorescent staining revealed the distribution of phosphor-
ylated ERK1/2 in both the cytoplasm and nucleus. The nu-
clear translocation of phosphorylated ERK1/2 was not sig-
nificant when compared with the cells in Fig. 2C. The nuclei
of hGLCs in the present study were stained with Hoechst and
emitted blue fluorescence (Fig. 2, B, D, F, and H).

Gene array analysis

Total RNA, extracted from hGLCs incubated in the ab-
sence or presence of 10 �m ATP for 30 min, was converted
to cDNA. Superarray analysis for 23 genes related to mem-
bers of the mitogenic pathway cascade and immediate early
genes revealed that the expression of early growth response
1 (egr-1, spots 2E and 2F) and c-raf-1 (spots 8A and 8B) were
increased (Fig. 3, A and B). The relative abundance of egr-1
in the ATP-treated group was 4.3-fold greater than the con-
trol group, when comparing their signal intensities to the
signals derived from GAPDH. The expression of c-raf-1 was
increased by 2.7-fold in the presence of ATP. To examine the
direct effect of MAPK in gene expression, hGLCs were pre-

treated with PD98059 for 30 min before 10 �m ATP exposure,
and the mRNA was extracted. As shown in Fig. 3C, the effects
of ATP on the expression of egr-1 and Raf were significantly
down-regulated in the presence of PD98059.

FIG. 2. The distribution of p42/p44 and the effect of ATP on phospho-
p42/p44 translocation in hGLCs. A, The distribution of p42/p44 in
hGLCs. Formaldehyde-fixed cells were incubated with the primary
polyclonal anti-p42/p44 MAPKs antibody, and the primary antibody
staining was detected with the FITC-conjugated antirabbit IgG. B,
Nuclei of cells in A were stained with Hoechst 33342. C, The local-
ization of the phospho-p42/p44 in hGLCs. Formaldehyde-fixed
hGLCs, in the absence of ATP, were incubated with the primary
monoclonal anti-phospho-p42/p44 antibody, and primary antibody
staining was detected with the FITC-conjugated antimouth IgG. D,
Nuclei of cells in C were stained with Hoechst 33342. E, The local-
ization of the activated p42/p44 (phospho-p42/p44) in hGLCs. hGLCs
were treated with 10 �M ATP for 5 min. Formaldehyde-fixed cells were
incubated with the primary monoclonal anti-phospho-p42/p44 anti-
body, and the primary antibody staining was detected with the FITC-
conjugated antimouth IgG. F, Nuclei of cells in E were stained with
Hoechst 33342. G, The effect of PD98059 on ATP induced-transloca-
tion of the activated p42/p44 in hGLCs. hGLCs were treated with 10
�M ATP in the presence of PD98059 for 5 min. Formaldehyde-fixed
cells were incubated with the primary monoclonal anti-phospho-p42/
p44 antibody, and the primary antibody staining was detected with
the FITC-conjugated antimouse IgG. H, Nuclei of cells in G were
stained with Hoechst 33342.
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Discussion

The present study demonstrated that ATP was able to
activate the ERK1/2, induce the nuclear translocation of
phosphorylated ERKs, and increase the expression of egr-1
and c-raf-1 in hGLCs. MAPKs have been identified and play
important roles in several steroidogenic cells (8, 19). Re-
cently, Kang et al. (20) reported that MAPKs mediate the
inhibitory effect of GnRH in progesterone production in
hGLCs, indicating the role of MAPKs in steroidogenesis.
Previously, we demonstrated that ATP is capable of activat-
ing ERK1/2 in hGLCs through the signaling cascade of P2-
purinoceptors, G protein, phospholipase C, protein kinase C
(PKC), and MEK and, furthermore, that MAPKs mediated
the antigonadotropic action of ATP in steroidogenesis in
hGLCs (15).

The MAPKs have been implicated in the regulation of cell
growth and differentiation (21). MAPKs are classified into

three subfamilies: 1) ERKs, including ERK1 and ERK2; 2)
stress-activated protein kinases, also called c-jun N terminus
kinases (JNKs); and 3) p38 kinase (7). The first MAPKs to be
cloned are MAPK/ERK 1 and 2, which are phosphorylated
and activated by MEKs (22, 23). Because the ERKs are only
one class of MAPK, we extended our studies to include both
JNK and p38 MAPKs. The present study revealed that ATP
activated the ERK1/2 but not JNKs or p38 (Fig. 1). The
concentration of ATP in the adrenergic granules of sympa-
thetic nerves and in the acetylcholine-containing granules of
parasympathetic nerves can be as high as 150 mm (24). Our
results demonstrated that ATP was able to activate ERKs in
a dose- and time-dependent manner; the functional role of
activated ERKs was partially revealed in our previous study
as an antigonadotropic effect (15). The current study further
examined the intracellular performance of activated ERKs in
human ovarian cells.

FIG. 3. Biotinylated cDNA probes were synthesized from 5 �g total RNA of hGLCs in the absence (A) or presence (B) of 10 �M ATP and hybridized
to the GEArray membrane spotted with 23 gene-specific cDNA fragments. After the hybridization, the membrane was incubated with alkaline
phosphatase-conjugated streptavidin, and the signal was visualized with CDPStar, a chemiluminescent substrate, and exposed to x-ray film.
C, Biotinylated cDNA probes were synthesized from 5 �g total RNA of hGLCs pretreated with MEK inhibitor (PD98059) before 10 �M ATP
exposure (2E and 2F, egr-1; 8A and 8B, c-raf-1; 8E and 8F, GAPDH).
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Extracellular ATP binds to purinergic receptors, which
belong to one of the GPCRs. The GPCRs used to control the
activity of MAPKs vary between receptor and cell types but
fall broadly into one of three categories: 1) signals initiated
by classical G protein effectors; 2) signals initiated by cross-
talk between GPCRs and classical receptor tyrosine kinases;
and 3) signals initiated by direct interaction between
b-arrestins and components of the MAPK cascade (25). Var-
ious functions were observed in each of these pathways.
ERKs activation occurring via the GPCRs/PKC pathway and
EGF receptor transactivation leads to the nuclear transloca-
tion of the kinases and stimulates cell proliferation, whereas
MAPKs activation via b-arrestin scaffolds primarily boosts
cytosolic kinase activity (12, 25). MAPKs nuclear transloca-
tion has been shown to be essential for growth factor-induced
DNA replication and cell transformation (12–14). When ac-
tivated, ERKs phosphorylate a variety of substrates in the
nucleus, including transcription factors, which have been
implicated in the control of cell proliferation and differen-
tiation (9–11). In the present study, we demonstrated the
ATP-induced nuclear translocation of activated ERK1/2 (Fig.
2E). We reported previously that PD98059 (a MEK inhibitor)
significantly attenuated the ATP-induced activation of
MAPK (15). We hereby showed that, in the presence of
PD98059, the effect of ATP on ERK1/2 translocation was
blocked (Fig. 2G).

The import of ERK into the nucleus reaches a maximal
level in several min, after which the imported ERK is ex-
ported from the nucleus (26). It is believed that the nucleus
is also a significant site for mitogenic signal termination by
the nuclear sequestration of p42/p44 MAPKs away from
MEK, their cytoplasmic activator, and dephosphorylation by
certain nuclear phosphatases (15). Interestingly, transient
and sustained ERK phosphorylation varies in effect on cell
growth. The phosphatase inhibitor may cause growth inhi-
bition as a consequence of prolonged ERK phosphorylation
(27).

In the nucleus, activated ERK1/2 continuously phosphor-
ylates elk-1, leading to the nuclear accumulation of tran-
scription factors, such as c-fos, which is responsible for DNA
synthesis (28, 29). In the human ovarian cells, GnRH agonist
stimulates a significant increase in c-fos mRNA expression,
and the maximal effect is observed within 30 min (30). In the
present study, we examined the effect of ATP on 23 genes of
members of the mitogenic pathway cascade and immediate
early genes. These include: ATF-2 (creb-2), c-fos, c-jun, c-
myc, CREB, egr-1, elk-1, elk-3, ERK1 protein kinase, ERK2
(MAPK1), JNK1, JNK2, Max, MEK1, MEK2, MEKK1,
MEKK3, MKK3, MKK4 (JNKK1), MKK6, p38 MAPK, Raf
(c-raf-1), and SRF (serum response factor). Among these
genes, the expression of egr-1 and c-raf-1 were elevated sig-
nificantly (Fig. 3). It has been reported that insulin rapidly
increased the transcription of egr-1 through ERK1/2 activa-
tion (31); egr-1 is an immediate early gene, which is rapidly
activated in quiescent cells by mitogens and has been in-
volved in diverse biological functions such as cell growth and
differentiation. It was also demonstrated that the enforced
expression of the egr-1 gene induces apoptosis (32). Extra-
cellular ATP elevates the expression level of egr-1 protein in
a human osteoblastic cell line via a PKC-dependent pathway

(33). In addition, it has been reported that the activation of
ERKs 1 and 2 is related to an increased expression of c-fos,
egr-1, and junB (34). We reported previously that extracel-
lular ATP induced the activation and translocation of PKC�
in hGLCs. Taken together, our results indicate that extracel-
lular ATP plays an important role in inducing the expression
of immediate early response genes via the PKC/ERK sig-
naling pathway.

c-raf-1 is an upstream activator in the Ras/Raf/MEK/ERK
signaling cascade (35, 36). ATP has been reported to induce
cell proliferation via activation of the Ras/Raf/MEK/MAPK
pathway (37). In the present study, the increased expression
of c-raf-1 after ATP treatment further supports the existence
of an autoregulation system in the ATP-evoked MAPK
pathway.

To our knowledge, this is the first demonstration of the
ATP-induced nuclear translocation of phosphorylated ERKs
and the induction of egr-1 and c-raf-1 expression in the hu-
man ovary. These results support the notion that the MAPKs
signaling pathway plays a role in mediating ATP actions in
the human ovary.

Acknowledgments

We thank the Center for Reproductive Medicine, Department of Ob-
stetrics/Gynecology, Taipei Medical University Hospital for the provi-
sion of hGLCs.

Received December 10, 2003. Accepted June 22, 2004.
Address all correspondence and requests for reprints to: Dr. Chii-

Ruey Tzeng, Department of Obstetrics and Gynecology, Taipei Medical
University, 252 Wu-Xing Street, Xin-Yi District, Taipei, 110 Taiwan.
E-mail: tzengcr@tmu.edu.tw.

This work was supported by the National Science Council, Taipei,
Taiwan. P.C.K.L. is the recipient of a Distinguished Scholar award from
the Michael Smith Foundation for Health Research.

References

1. el-Moatassim C, Dornand J, Mani J-C 1992 Extracellular ATP and cell sig-
naling. Biochim Biophys Acta 1134:31–45

2. Burnstock G 1990 Overview. Purinergic mechanisms. Ann NY Acad Sci 603:
1–17

3. Gordon JL 1986 Extracellular ATP: effects, sources and fate. Biochem J 233:
309–319

4. Cobb MH, Goldsmith EJ 1995 How MAP kinases are regulated. J Biol Chem
270:14843–14846

5. Fanger GR 1999 Regulation of the MAPK family members: role of subcellular
localization and architectural organization. Histol Histopathol 14:887–894

6. Fantl WJ, Johnson DE, Williams LT 1993 Signaling by receptor tyrosine
kinases. Annu Rev Biochem 62:453–481

7. Lopez-Ilasaca M 1998 Signaling from G protein-coupled receptors to mitogen-
activated protein (MAP)-kinase cascades. Biochem Pharmacol 56:269–277

8. Chabre O, Cornillon F, Bottari SP, Chambaz EM, Vilgrain I 1995 Hormonal
regulation of mitogen-activated protein kinase activity in bovine adrenocor-
tical cells: cross-talk between phosphoinositides, adenosine 3�,5�-monophos-
phate, and tyrosine kinase receptor pathways. Endocrinology 136:956–964

9. Post GR, Brown JH 1996 G protein-coupled receptors and signaling pathways
regulating growth responses. FASEB J 10:741–749

10. Cano E, Mahadevan LC 1995 Parallel signal processing among mammalian
MAPKs. Trends Biochem Sci 20:117–122

11. Blenis J 1993 Signal transduction via the MAP kinases: proceed at your own
RSK. Proc Natl Acad Sci USA 90:5889–5892

12. Brunet A, Roux D, Lenormand P, Dowd S, Keyse S, Pouyssegur J 1999
Nuclear translocation of p42/p44 mitogen-activated protein kinase is required
for growth factor-induced gene expression and cell cycle entry. EMBO J 18:
664–674

13. Kim-Kaneyama J, Nose K, Shibanuma M 2000 Significance of nuclear relo-
calization of ERK1/2 in reactivation of c-fos transcription and DNA synthesis
in senescent fibroblasts. J Biol Chem 275:20685–20692

14. Robinson MJ, Stippec SA, Goldsmith E, White MA, Cobb MH 1998 A

5194 J Clin Endocrinol Metab, October 2004, 89(10):5189–5195 Tai et al. • ATP and Nuclear Translocation of MAPKs in hGLCs



constitutively active and nuclear form of the MAP kinase ERK2 is sufficient for
neurite outgrowth and cell transformation. Curr Biol 8:1141–1150

15. Tai CJ, Kang SK, Tzeng CR, Leung PC 2001 Adenosine triphosphate activates
mitogen-activated protein kinase in human granulosa-luteal cells. Endocri-
nology 142:1554–1560

16. Tai CJ, Kang SK, Cheng KW, Choi KC, Nathwani PS, Leung PCK 2000
Expression and regulation of P2U-purinergic receptor in human granulosa-
luteal cells. J Clin Endocrinol Metab 85:1591–1597

17. Laemmli UK 1970 Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227:680–685

18. Towbin H, Staehelin T, Gordon J 1979 Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some ap-
plications. Proc Natl Acad Sci USA 76:4350–4354

19. McNeill H, Puddefoot JR, Vinson GP 1998 MAP kinase in the rat adrenal
gland. Endocr Res 24:373–380

20. Kang SK, Tai CJ, Cheng KW, Leung PCK 2000 Gonadotropin-releasing hor-
mone activates mitogen-activated protein kinase in human ovarian and pla-
cental cells. Mol Cell Endocrinol 170:143–151

21. Brunet A, Pouyssegur J 1997 Mammalian MAP kinase modules: how to trans-
duce specific signals. Essays Biochem 32:1–16

22. Boulton TG, Yancopoulos GD, Gregory JS, Slaughter C, Moomaw C, Hsu J,
Cobb MH 1990 An insulin-stimulated protein kinase similar to yeast kinases
involved in cell cycle control. Science 249:64–67

23. Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Morgenbesser
SD, DePinho RA, Panayatatos N, Cobb MH, Yancopoulos GD 1991 ERKs: a
family of protein-serine/threonine kinases that are activated and tyrosine
phosphorylated in response to insulin and NGF. Cell 65:663–675

24. Winkler H, Carmichael SW 1982 The chromaffin granule. In: Poisner AM,
Trifaro JM, eds. The secretory granule. Vol 1. Amsterdam: Elsevier Biomedical
Press; 3–79

25. Luttrell LM 2002 Activation and targeting of mitogen-activated protein ki-
nases by G protein-coupled receptors. Can J Physiol Pharmacol 80:375–382

26. Furuno T, Hirashima N, Onizawa S, Sagiya N, Nakanishi M 2001 Nuclear
shuttling of mitogen-activated protein (MAP) kinase (extracellular signal-
regulated kinase (ERK) 2) was dynamically controlled by MAP/ERK kinase
after antigen stimulation in RBL-2H3 cells. J Immunol 166:4416–4421

27. Adachi T, Kar S, Wang M, Carr BI 2002 Transient and sustained ERK phos-

phorylation and nuclear translocation in growth control. J Cell Physiol 192:
151–159

28. Tanimura S, Nomura K, Ozaki K, Tsujimoto M, Kondo T, Kohno M 2002
Prolonged nuclear retention of activated extracellular signal-regulated kinase
1/2 is required for hepatocyte growth factor-induced cell motility. J Biol Chem
277:28256–28264

29. Boulom V, Lee HW, Zhao L, Eghbali-Webb M 2002 Stimulation of DNA
synthesis, activation of mitogen-activated protein kinase ERK2 and nuclear
accumulation of c-fos in human aortic smooth muscle cells by ketamine. Cell
Prolif 35:155–165

30. Kang SK, Tai CJ, Nathwani PS, Choi KC, Leung PC 2001 Stimulation of
mitogen-activated protein kinase by gonadotropin-releasing hormone in hu-
man granulosa-luteal cells. Endocrinology 142:671–679

31. Keeton AB, Bortoff KD, Bennett WL, Franklin JL, Venable DY, Messina JL
2003 Insulin regulated expression of Egr-1 and Krox20: dependence on Erk1/2
and interaction with p38 and PI3-kinase pathways. Endocrinology 144:5402–
5410

32. Pignatelli M, Luna-Medina R, Perez-Rendon A, Santos A, Perez-Castillo A
2003 The transcription factor early growth response factor-1 (EGR-1) promotes
apoptosis of neuroblastoma cells. Biochem J 373:739–746

33. Pines A, Romanello M, Cesaratto L, Damante G, Moro L, D’andrea P, Tell
G 2003 Extracellular ATP stimulates the early growth response protein 1
(Egr-1) via a protein kinase C-dependent pathway in the human osteoblastic
HOBIT cell line. Biochem J 373:815–824

34. Hodge C, Liao J, Stofega M, Guan K, Carter-Su C, Schwartz J 1998 Growth
hormone stimulates phosphorylation and activation of elk-1 and expression of
c-fos, egr-1, and junB through activation of extracellular signal-regulated ki-
nases 1 and 2. J Biol Chem 273:31327–31336

35. Kyriakis JM, App H, Zhang XF, Banerjee P, Brautigan DL, Rapp UR, Avruch
J 1992 Raf-1 activates MAP kinase-kinase. Nature 358:417–421

36. Park JI, Strock CJ, Ball DW, Nelkin BD 2003 The Ras/Raf/MEK/extracellular
signal-regulated kinase pathway induces autocrine-paracrine growth inhibi-
tion via the leukemia inhibitory factor/JAK/STAT pathway. Mol Cell Biol
23:543–554

37. Tu MT, Luo SF, Wang CC, Chien CS, Chiu CT, Lin CC, Yang CM 2000 P2Y(2)
receptor-mediated proliferation of C(6) glioma cells via activation of Ras/
Raf/MEK/MAPK pathway. Br J Pharmacol 129:1481–1489

JCEM is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Tai et al. • ATP and Nuclear Translocation of MAPKs in hGLCs J Clin Endocrinol Metab, October 2004, 89(10):5189–5195 5195


