THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 278, No. 21, Issue of May 23, pp. 19118-19126, 2003
Printed in U.S.A.

Roles of Src and Epidermal Growth Factor Receptor
Transactivation in Transient and Sustained ERK1/2 Responses to
Gonadotropin-releasing Hormone Receptor Activation*

Received for publication, December 18, 2002, and in revised form, February 26, 2003
Published, JBC Papers in Press, March 17, 2003, DOI 10.1074/jbc.M212932200

Bukhtiar H. Shahi, M. Parvaiz Farshorii, Anokhi Jambusaria, and Kevin J. Catt$
From the Endocrinology and Reproduction Research Branch, NICHD, National Institutes of Health,

Bethesda, Maryland 20892-4510

The duration as well as the magnitude of mitogen-
activated protein kinase activation has been proposed
to regulate gene expression and other specific intracel-
lular responses in individual cell types. Activation of
ERK1/2 by the hypothalamic neuropeptide gonado-
tropin-releasing hormone (GnRH) is relatively sus-
tained in aT3-1 pituitary gonadotropes and HEK293
cells but is transient in immortalized GT1-7 neurons.
Each of these cell types expresses the epidermal growth
factor receptor (EGFR) and responds to EGF stimula-
tion with significant but transient ERK1/2 phosphoryl-
ation. However, GnRH-induced ERK1/2 phosphoryla-
tion caused by EGFR transactivation was confined to
GT1-7 cells and was attenuated by EGFR kinase inhibi-
tion. Neither EGF nor GnRH receptor activation caused
translocation of phospho-ERK1/2 into the nucleus in
GT1-7 cells. In contrast, agonist stimulation of GnRH
receptors expressed in HEK293 cells caused sustained
phosphorylation and nuclear translocation of ERK1/2 by
a protein kinase C-dependent but EGFR-independent
pathway. GnRH-induced activation of ERK1/2 was at-
tenuated by the selective Src kinase inhibitor PP2 and
the negative regulatory C-terminal Src kinase in GT1-7
cells but not in HEK293 cells. In GT1-7 cells, GnRH stim-
ulated phosphorylation and nuclear translocation of the
ERK1/2-dependent protein, p90¥S¥-! (RSK-1). These re-
sults indicate that the duration of ERK1/2 activation
depends on the signaling pathways utilized by GnRH in
specific target cells. Whereas activation of the G /pro-
tein kinase C pathway in HEK293 cells causes sustained
phosphorylation and translocation of ERK1/2 to the nu-
cleus, transactivation of the EGFR by GnRH in GT1-7
cells elicits transient ERK1/2 signals without nuclear
accumulation. These findings suggest that transactiva-
tion of the tightly regulated EGFR can account for the
transient ERK1/2 responses that are elicited by stimula-
tion of certain G protein-coupled receptors.

G protein-coupled receptors (GPCRs)! activate mitogen-acti-
vated protein (MAP) kinase signaling cascades by a wide vari-
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ety of mechanisms. These include the generation of second
messengers (Ca%?*, PKC, and cAMP), G protein subunit cou-
pling to novel effectors, and activation of receptor tyrosine
kinases (RTKs), such as EGFR, platelet-derived growth factor
receptor, and insulin-like growth factor receptor (1, 2). MAP
kinases are a family of serine/threonine protein kinases that
are activated by a wide spectrum of stimuli, ranging from
mitogens and growth factors to cellular stress and neurotoxic
factors. The extracellular signal-regulated protein kinases 1
and 2 (ERK1/2) are closely related members of the MAP kinase
family that are predominantly activated by growth factors and
GPCRs and play an important role in cell survival, motility,
and secretion (3).

Although the physiological roles of MAP kinase activation
are diverse, the convergence of signals emanating from GPCRs
and RTKs often leads to the activation of mitogenic pathways
associated with cell proliferation. The choice between prolifer-
ation and differentiation is primarily determined by the dura-
tion and strength of ERK1/2 activation, and transient versus
sustained activation of ERK1/2 can elicit different types of
responses. Sustained activation of ERK1/2 (e.g. by fibroblast
growth factor or nerve growth factor) usually leads to differen-
tiation (4, 5), whereas transient activation (e.g. by EGF) often
leads to proliferation (6, 7). In general, sustained ERK1/2 ac-
tivation is associated with the translocation of ERK1/2 from the
cytoplasm to the nucleus (7-9). Therefore, transient activation
has different consequences for gene expression than sustained
activation, because nuclear accumulation of active ERK1/2 re-
sults in qualitative differences in the activation of transcription
factors (6, 10, 11).

We and others have shown that EGFR transactivation by
GPCR agonists, such as angiotensin II, lysophosphatidic acid,
bradykinin, thrombin, and endothelin-1, has a major role in
ERK1/2 activation (12-14). Depending on the cell type, this
process may be inhibited by pertussis toxin, sequestration of
free G protein By subunits, Ca%* chelators, and inhibition of
PKC, metalloproteinases, and Src (1, 2, 12-15). Whereas
GPCR-mediated ERK1/2 activation can be either transient or
sustained, EGF-induced responses are usually of short dura-
tion (4-6, 14). This suggests that GPCRs that stimulate
ERK1/2 phosphorylation through EGFR transactivation tend
to mimic the signaling characteristics of EGF-induced receptor
activation (16—18). The aberrant expression or dysfunction of
RTKs can produce a variety of diseases and developmental
disorders (19, 20), and their activities are tightly regulated in
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Fic. 1. Transient phosphorylation responses of ERK1/2 to GnRH and EGF in GT1-7 cells. A and B, time course of the effects of GnRH
and EGF on ERK1/2 phosphorylation (phospho-ERK1/2) at Thr?°*/Tyr?°* in GT1-7 cells. The cells were stimulated with GnRH (A, 100 nm) and EGF
(B, 50 ng/ml) for the time periods indicated, washed with ice-cold PBS, and lysed in Laemmli sample buffer. The cell lysates were analyzed by
SDS-PAGE and immunoblotting for phosphorylation of ERK1/2 using phospho-specific (Thr?°%/Tyr?°*) antibodies. The blots were stripped and
reprobed with ERK1/2 antibody. The lower panels show total ERK1/2. The data were quantitated, and the means = S.E. as arbitrary units (a.u.)

are shown in the lower panels (n = 3-4).

the course of promoting normal physiological responses. Sev-
eral mechanisms exist for the attenuation and termination of
RTK and ERK1/2 activation (19, 21), and the balance between
stimulatory and inhibitory responses ultimately determines
the strength and duration of the signals that originate at the
cell surface in response to GPCR or RTK stimulation.

The mammalian GnRHR lacks a C-terminal cytoplasmic do-
main and accordingly is slowly internalized and desensitized
(22, 23). For this reason, GnRH-mediated signaling tends to be
relatively sustained in pituitary gonadotropes and other cell
types expressing endogenous GnRHRs, as well as in receptor-
transfected HEK293 cells (10, 24, 25). However, we recently
observed that GnRH-induced ERK1/2 activation in the GT1-7
hypothalamic neuronal cell line is quite transient (18). The
reasons for such short-lived signaling by GnRH and its impact
on cellular activities including subcellular distribution of acti-
vated ERK1/2 are not known. An analysis of the differential
effects of GnRH on the duration of ERK1/2 activation revealed
that GnRH action in GT1-7 cells involves Src and EGFR trans-
activation that results in transient phosphorylation of ERK1/2,
which does not undergo nuclear translocation. In contrast,
ERK1/2 responses to activation of GnRHR expressed in
HEK293 cells are independent of Src and EGFR but are de-
pendent on PKC and lead to sustained activation and subse-
quent accumulation of ERK1/2 in the nucleus.

EXPERIMENTAL PROCEDURES

Materials—GnRH was obtained from Peninsula Laboratories, Inc.
(Belmont, CA), EGF was from Invitrogen, and pertussis toxin was from
List Biological Labs. Protein assay kits were from Pierce. ERK1/2 and
anti-phospho-ERK1/2 (Thr?°?/Tyr?°*) antibodies were from New Eng-
land Biolabs, and secondary antibodies conjugated to horseradish per-
oxidase were from Kirkegaard and Perry Laboratories, Inc. Antibodies
against Src, EGFR, phospho-EGFR (Tyr!''"®/Tyr'°®), and phosphoty-
rosine (PY20) were from Santa Cruz Biotechnology, Inc., and anti-
phospho-EGFR  (Tyr!%%®) was from BIOSOURCE International.
AG1478, Go6983, Ro 31-8220, PP2, BAPTA, and PMA were from Cal-
biochem, and LipofectAMINE was from Invitrogen. The Src negative
regulatory kinase (Csk) was provided by Dr. Zvi Naor (University of Tel
Aviv). Western blotting reagents and ECL were obtained from Amer-
sham Biosciences or Pierce.

Cell Culture—GT1-7 neurons donated by Dr. Richard Weiner (Uni-
versity of California, San Francisco) were grown in culture medium
consisting of 500 ml of Dulbecco’s modified Eagle’s medium containing

0.584 g/liter L-glutamate and 4.5 g/liter glucose, mixed with 500 ml of
F-12 medium containing 0.146 g/liter L-glutamate, 1.8 g/liter glucose,
100 pg/ml gentamicin, 2.5 g/liter sodium carbonate, and 10% heat-
inactivated fetal calf serum. DNA transfections were performed with
Lipofect AMINE according to the manufacturer’s instructions.

Expression of GnRHR in HEK293 Cells—The 1020-base pair mouse
GnRHR c¢cDNA was tagged with an hemagglutinin epitope at its N
terminus and subcloned into the pEGFP-N1 vector between Bgl/II and
Smal sites. HEK293 cells were cultured in 24-well plate and trans-
fected with 500 ng of subcloned hemagglutinin-GnRHR ¢DNA in opti-
MEM containing 3 ul of Lipofect AMINE 2000 for 2 h. After 24 h the
cells were trypsinized and plated in a 100-mm culture dish at very low
density (100-500 cells/dish). On the next day, incubation was continued
in culture medium containing 200 uM G418 for selection. Several colo-
nies were obtained within 2 weeks, and the studies were performed on
a stably transfected HEK293 cells.

Transfections—GT1-7 or HEK293 cells were transfected with Csk (2
ng) using LipofectAMINE in Opti-MEM-1 (Invitrogen). After 5 h, the
cells were switched to regular serum-containing medium for 24 h fol-
lowed by replacement with serum-free medium overnight. The cells
were treated with agonist and collected in Laemmli lysis buffer for
immunoblot analysis.

Inositol Phosphate Measurements—The cells were labeled for 24 h in
inositol-free Dulbecco’s modified Eagle’s medium containing 20 pCi/ml
[®*H]inositol as previously described (18) and then washed twice with
inositol-free M199 medium and stimulated at 37 °C in the presence of
10 mm LiCl. The reactions were stopped with perchloric acid, inositol
phosphates were extracted, and radioactivity was measured by liquid
scintillation y-spectrometry.

Immunocytochemistry—The cells were plated at low density on poly-
L-lysine-coated glass coverslips for 24 h, then rinsed, and incubated in
serum-free medium for 12—-24 h. The cells were then treated with GnRH
or EGF for the time periods indicated. Following stimulation, cells were
rinsed in warm PBS and fixed in 3.7% fomaldehyde for 15 min. The cells
were then permeablized by immersing coverslips in 100% methanol for
5 min and then incubated at 37 °C in blocking medium (3% bovine
serum albumin and 3% normal serum) for 60 min. Following incubation
in primary antibodies diluted (1:50) in blocking medium, coverslips
were washed with 3X PBS and incubated with Texas Red-labeled goat
anti-mouse or Cyb5-labeled anti-rabbit or anti-mouse antibodies. Fi-
nally, the cells were washed with PBS and mounted in ProLong mount-
ing medium (Molecular Probes, Eugene, OR), and the images were
taken with a Bio-Rad confocal microscope.

Immunoprecipitation—After treatment with inhibitors and drugs,
the cells were placed on ice, washed twice with ice-cold PBS, lysed in
RIPA lysis buffer containing 50 mm Tris, pH 8.0, 100 mMm NaCl, 20 mm
NaF, 10 mM sodium pyrophosphate, 5 mm EDTA, 1% Nonidet P-40, 10
ug/ml aprotonin, 10 wg/ml leupeptin, 10 pg/ml soybean trypsin inhibi-



19120
A
IP: EGFR
EGFR | s IB: PY20
E I w
8§ £ 8
G
B
- - e Phospho-ERK1/2
TS ESES WP | Total ERK 172

S —-.001 .01 1 1 AG1478(uM)
o L 1
GnRH
c
- Phospho-ERK1/2
AR aEnaEsas | Total ERK 1/2
S -.001 .01 1 1 AG1478(uM)
0 L |
EGF
D

g

ERK phosphorylation
(% of control)

c 8 8 8 8

o o001 01 01 1
AG1478 (uM)

Fic. 2. EGFR transactivation mediates GnRH-induced ERK1/2
phosphorylation in GT1-7 cells. A, effects of GnRH and EGF on
tyrosine phosphorylation of the EGFR in GT1-7 cells. The cells were
stimulated with agonists for 2 min and collected in lysis buffer. The cell
lysates were immunoprecipitated (IP) with anti-EGFR antibody as de-
scribed under “Experimental Procedures” and immunoblotted (IB) with
phosphotyrosine antibody (PY20). Con indicates untreated control cells.
B and C, concentration-dependent inhibitory effects of the selective
EGFR tyrosine kinase inhibitor, AG1478, on ERK1/2 phosphorylation
by GnRH and EGF. GT1-7 Cells were treated with AG1478 for 20 min
before stimulation with GnRH (B, 200 nm) or EGF (C, 50 ng/ml) for 5
min. The cells were washed with ice-cold PBS, lysed in Laemmli sample
buffer, and analyzed by SDS-PAGE. D, quantitation of data (means *
S.E.) exemplified by B and C (n = 3).

tor, 10 ug/ml pepstain, and 1 mM 4-(2-aminoethyl)benzensulfonyl fluo-
ride, and probe-sonicated (Sonifier Cell Disruptor). The solubilized ly-
sates were clarified by centrifugation at 8000 X g for 10 min, precleared
with agarose, and then incubated with specific antibodies and protein
A- or G-agarose. The immunoprecipitates were collected, washed four
times with LB, and dissolved in Laemmli buffer. After heating at 95 °C
for 5 min, the samples were centrifuged briefly, and the supernatants
were analyzed by SDS-PAGE on 8-16% gradient gels.

Immunoblot Analysis—The cells were grown in 6-well plates and at
60-70% confluence were serum-starved for 24 h before treatment at
37 °C with selected agents. The media were then aspirated, and the
cells were washed twice with ice-cold PBS and lysed in 100 ul of
Laemmli sample buffer. The samples were briefly sonicated, heated at
95 °C for 5 min, and centrifuged for 5 min. The supernatant was
electrophoresed on SDS-PAGE (8-16%) gradient gels and transferred
to polyvinylidene difluoride membranes. The blots were incubated over-
night at 4 °C with primary antibodies and washed three times with
Tris-buffered saline/0.1% Tween 20 before probing with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room tempera-
ture. The blots were then visualized with ECL (Amersham Biosciences
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Fic. 3. Involvement of metalloproteases in GnRH-induced
ERK1/2 activation. Serum-starved GT1-7 cells were pretreated with
the metalloprotease inhibitor, GM6001 (200 nm), for 15 min and then
stimulated with GnRH (200 nm), HB-EGF, or EGF (10 ng/ml) for 5 min.
The cells were washed with ice-cold PBS, lysed in Laemmli sample
buffer, and analyzed by SDS-PAGE for ERK1/2 phosphorylation (n = 3).
Con, control.

or Pierce) and quantitated with a scanning laser densitometer. In some
cases, the blots were stripped and reprobed with other antibodies.

RESULTS

Agonist stimulation of GT1-7 neuronal cells, which express
endogenous receptors for GnRH and EGF, caused rapid but
transient ERK1/2 activation, with a maximum response at 5
min and subsequent decline (Fig. 1A). In the same cells, EGF
likewise caused marked but transient ERK1/2 activation (Fig.
1B). Both EGF and GnRH caused phosphorylation of the EGFR
as measured by immunoprecipitation of the EGFR and immu-
noblotting with phosphotyrosine antibody (Fig. 24). ERK1/2
activation by both GnRH and EGF was abolished by the selec-
tive EGFR kinase inhibitor, AG1478, consistent with the need
for EGFR transactivation during GnRH-induced ERK1/2 sig-
naling in GT1-7 cells (Fig. 2, B-D).

Recent studies have shown that the soluble EGF-like ligand,
HB-EGF, is generated by proteolytic processing of the proHB-
EGF precursor by metalloproteases in response to a variety of
external stimuli (2, 13, 15). To evaluate the involvement of
metalloproteases in transactivation of the EGFR by GnRH,
GT1-7 cells were pretreated with the selective metalloprotease
inhibitor, GM6001, and stimulated with GnRH. As shown in
Fig. 3, GM6001 abolished GnRH-induced activation of ERK1/2.
However, GM6001 had no inhibitory effect on ERK1/2 activa-
tion induced by EGF or HB-EGF stimulation. These findings
indicate the specificity of GM6001 and also demonstrate the
dependence of GnRH signaling on metalloprotease action up-
stream of the EGFR.

We next examined the effects of GnRH on ERK1/2 signaling
in HEK293 cells transfected with the GnRHR. These cells
express endogenous EGFRs and have been used in recent stud-
ies to analyze the signaling properties of the GnRHR (23, 24).
As in GT1-7 cells, ERK1/2 activation by EGF was transient,
reaching a peak between 2 and 5 min and declining thereafter
toward basal levels (Fig. 4A4). EGF stimulation also caused
marked phosphorylation of the EGFR at Tyr''”® that was at-
tenuated by AG1478 in a concentration-dependent manner
(Fig. 4, B and O).
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Fic. 4. EGF causes transient phosphorylation of EGFR and
ERK1/2 in HEK293 cells. A and B, time course of the effects of EGF
(50 ng/ml) on phosphorylation of ERK1/2 and EGFR at Tyr''”® in
HEK293 cells stably expressing GnRHR. C, concentration-dependent
inhibitory effects of AG1478 on EGF-stimulated phosphorylation of the
EGFR at Tyr''"® in HEK293 cells. After washing with ice-cold PBS, the
cells were lysed in Laemmli sample buffer and analyzed for phospho-
rylation of EGFR at Tyr''”® with anti-phospho-EGFR antibody. Con,
control.

In contrast to GT1-7 cells, GnRH stimulation of HEK293
cells caused rapid and sustained ERK1/2 activation (Fig. 5A).
EGF, but not GnRH or PMA, caused marked phosphorylation
of the EGFR (Fig. 5B). Moreover, GnRH-mediated ERK1/2
activation was not affected by the selective EGFR kinase an-
tagonist, AG1478 (Fig. 6A), which abolished the effect of EGF
on ERK1/2 phosphorylation (Fig. 6B). These findings demon-
strate that GnRH-induced ERK1/2 activation in HEK293 cells
is independent of EGFR transactivation.

To determine the effects of transient and sustained activa-
tion of ERK1/2 on its translocation to the nucleus, the cellular
distribution of GnRH-activated ERK1/2 in GT1-7 and HEK293
cells was examined by confocal microscopy. As shown in Fig. 7
(A and B), nuclear translocation of ERK1/2 occurred only dur-
ing the sustained ERK1/2 activation induced by GnRH in
HEK293 cells and was not observed in GT1-7 cells. In compar-
ison, EGF failed to cause nuclear translocation of ERK1/2 in
GT1-7 cells (Fig. 7C) following EGF stimulation. These data
show that the transient GnRH-induced ERK1/2 phosphoryla-
tion in GT1-7 cells that occurs through transactivation of the
EGFR does not cause translocation of activated ERK1/2 into
the nucleus. However, in HEK293 cells, GnRH causes sus-

19121
A HEK 293 Cells
S | Phospho-ERK1/2
S | Total ERK 1/2
§. 2 5 100 15 30 60"
GnRH
__ 14
& 12
§ 10 ¢
s g
3 R
S 6
@ 4
2 af
P =~
a 2}
E 0 L 1 I 1 1 L1
W "0 10 20 30 40 50 60 120
Time (min)
B
o Phospho-EGFR
W ——— e ww | EGFR
£ + = = 4= +|PMAO-’N
e GnRH EGF  PMA

Fic. 5. GnRH causes sustained ERK1/2 phosphorylation in
HEK293 cells. A, time course of the effects of GhnRH on ERK1/2
phosphorylation in HEK293 cells transfected with GnRHR. The cells
were stimulated with GnRH (200 nm) for the periods indicated, washed
twice with ice-cold PBS, and lysed in Laemmli sample buffer. Immu-
noblot analysis was performed as described under “Experimental Pro-
cedures.” The data are the means of four independent experiments. B,
effects of GnRH, EGF, and PMA on phosphorylation of the EGFR in
control and PKC-depleted (PMA, 1 uMm) overnight (O/N) HEK293 cells.
The cells were stimulated with GnRH (200 nm), EGF (10 ng/ml), and
PMA (100 nM) for 5 min. Phosphorylation of the EGFR was detected
using phospho-specific antibody against EGFR Tyr!°%®. The blots were
reprobed with EGFR antibody to show the equivalent protein loading
(lower panel). The data are representative of two similar experiments.
Con, control.

tained ERK phosphorylation responses that are independent of
EGFR transactivation and are accompanied by prominent nu-
clear translocation of the activated ERK1/2.

To explore the cause(s) of the differential signaling of GnRH
in these two cell types, we examined the mechanism of GnRH-
induced ERK1/2 activation. Depletion of PKC by prolonged
treatment with PMA (1 uMm for 16 h) blocked ERK1/2 phospho-
rylation induced by GnRH in both GT1-7 and HEK293 cells
(Fig. 8A), consistent with the major role of PKC in GnRH
signaling. However, PKC depletion had no effect on the EGF-
induced phosphorylation of EGFR and ERK1/2 in these cell
types. These data suggest that PKC is a common upstream
mediator of GnRH-induced ERK1/2 activation in both cell
types. To confirm that PKC activation in GT1-7 cells causes
phosphorylation of ERK1/2 through EGFR transactivation, we
pretreated the cells with AG1478 and measured ERK1/2 phos-
phorylation induced by PMA. This revealed that ERK1/2 acti-
vation by PMA (100 nM for 10 min) was significantly attenu-
ated by AG1478 in GT1-7 cells but not in HEK293 cells (Fig.
8B). These data suggest that GnRH-mediated PKC activation
signals through the EGFR only in GT1-7 cells.

Because Src kinase has been implicated in GPCR-mediated
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Fic. 6. Absence of EGFR transactivation by GnRH in HEK293
cells. A and B, effects of EGFR tyrosine kinase inhibition by AG1478 on
ERK1/2 phosphorylation by GnRH and EGF in HEK293 cells. The cells
were treated with increasing concentrations of AG1478 for 20 min
before stimulation with GnRH (A4, 200 uMm) and EGF (B, 50 ng/ml) for 5
min. The lower panels show total ERK1/2. Quantitation of the relative
effects of AG1478 on ERK1/2 activation by GnRH and EGF is shown in
the bottom panel (n = 3). Agonist-stimulated phosphorylation in cells
without AG1478 treatments was taken as 100% (control), and the data
are presented as a percentage of control. Con, control.

EGFR transactivation, we examined the effects of Src inhibi-
tion on GnRH-mediated ERK1/2 activation. Inhibition of Src by
the selective Src kinase inhibitor, PP2, or overexpression of Csk
attenuated agonist-induced ERK1/2 activation in GT1-7 cells
(Fig. 9A). However, EGF-induced ERK1/2 activation was not
affected by PP2 or Csk overexpression (data not shown). In
contrast to its action in GT1-7 cells, Src inhibition had no effect
on GnRH-mediated ERK1/2 activation in HEK293 cells (Fig.
9B). These results show that Src kinase is required for GnRH-
mediated ERK1/2 activation in GT1-7 cells and acts upstream
of the EGFR. In contrast, GnRH does not utilize Src and EGFR
transactivation in HEK293 cells and therefore does not mimic
the short term signaling characteristics of EGF-induced
ERK1/2 activation.

Phosphorylated ERK1/2 is often translocated to the nucleus
and elicits a variety of transcriptional responses (3). However,
neither GnRH nor EGF caused nuclear translocation of
ERK1/2 in GT1-7 cells, as shown in Fig. 7. Interestingly, GnRH
is known to increase c-fos expression in these cells, indicative of
transcriptional activation (26). To determine whether other
intermediate signaling molecules are involved in the transmis-
sion of mitogenic signals from activated cytosolic ERK1/2 to the
nucleus, we examined the interaction of ERK1/2 with p90 ri-
bosomal S6 kinase(s) (p90%K or RSK1), which undergoes
translocation to the nucleus after phosphorylation by ERK1/2
(27). Both EGF and GnRH markedly stimulated phosphoryla-
tion of RSK-1 at Ser®¢/Thr%4 in GT1-7 cells in a MEK-depend-
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Fic. 7. Nuclear translocation of ERK1/2 in agonist-stimulated
HEK293 but not GT1-7 cells. A and B, serum-starved cells were
stimulated with GnRH (200 nm) and EGF (50 ng/ml) for the periods
indicated, and the cellular distribution of ERK1/2 was examined by
confocal microscopy as described under “Experimental Procedures.”
The HEK293 cells shown in A are stably transfected with GFP-tagged
GnRH receptors. GnRH causes marked translocation of ERK1/2 into
the nucleus in HEK293 cells (A) but not in GT1-7 cells (B). C, lack of
ability of EGF to cause ERK1/2 translocation into nuclei of GT'1-7 cells.

ent manner. GnRH-stimulated RSK-1 phosphorylation was at-
tenuated by inhibition of PKC and Src (Fig. 10A). Similarly,
EGF-induced RSK-1 phosphorylation was inhibited by AG1478
and the MEK inhibitor, PD98059 but not by the Src inhibitor,
PP2. As expected, RSK-1 phosphorylation by GnRH was also
abolished by the EGFR kinase antagonist, AG1478 (Fig. 10B).
These data indicate that GnRH-induced RSK-1 phosphoryla-
tion in GT1-7 cells is mediated by PKC, Src, and EGFR trans-
activation and that Src acts upstream of the EGFR.

To determine whether RSK-1 is translocated to the nucleus
following GnRH stimulation, we visualized its distribution in
GT1-7 cells. Under basal conditions, RSK-1 was predominantly
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present in the cytosol. However, GnRH stimulation caused
marked accumulation of RSK-1 in the nucleus (Fig. 11). These
results suggest that the agonist-induced changes in c-fos gene
expression observed in GT1-7 cells (26) could be mediated by
ERK1/2-dependent phosphorylation of RSK-1.

DISCUSSION

Our results show that, depending on cell type, GnRH-in-
duced ERK1/2 activation can occur through both the G,/PKC/
Raf pathway and G,/PKC/Src/EGFR activation, with corre-
spondingly distinct effects on the duration and cellular
distribution of the activated ERK1/2. Although endogenous
GnRHRs in GT1-7 cells mediate Src- and metalloprotease-de-
pendent EGFR transactivation that results in transient
ERK1/2 activation, those expressed in HEK293 cells are not
coupled to Src and EGFR activation and elicit sustained
ERK1/2 responses. The finding that EGF stimulation of endog-
enous EGFRs in both GT1-7 and HEK293 cells causes tran-
sient ERK1/2 activation without nuclear translocation suggests
that GnRH-induced signaling characteristics, such as the ki-
netics of ERK1/2 activation, are largely determined by the
extent to which this response is dependent on EGFR
transactivation.

Following RTK phosphorylation, the steps involved in

GPCR- and RTK-mediated ERK1/2 activation are generally
similar (1, 2, 14, 16). Thus, the signaling pathways initiated by
GPCR-mediated transactivation of the EGFR, or directly by
EGF binding, are indistinguishable (14, 16, 18). EGFR activa-
tion leads to the recruitment and activation of other signaling
proteins such as phospholipase Cy and/or adaptor proteins
such as She, Grb2, and Sos. The latter catalyzes the exchange
of GTP for GDP on Ras, an effect that eventually culminates in
the activation of ERK1/2. EGF is known to induce phosphoryl-
ation of several tyrosine residues in its receptor, some of which
mediate specific functions of the EGFR (19). In GT1-7 cells,
ERK1/2 activation by both GnRH and EGF was abolished by
the selective EGFR kinase antagonist, AG1478. Moreover,
GnRH caused phosphorylation of the EGFR, albeit of lesser
magnitude than EGF, at Tyr''”®, a major target site for Src
action (28, 29) and at Tyr'%8, a site involved in Grb2 recruit-
ment (17). Grb2 is known to link EGFR tyrosine kinase to
activation of the Ras/Raf/ERK1/2 cascade (30). The involve-
ment of scaffolding and adaptor proteins in response to GnRH
stimulation in GT1-7 cells might be a key determinant of the
fidelity of ERK1/2 signaling and the precise control of biological
responses.

The type 1 mammalian GnRHR lacks a C-terminal tail and
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FiGc. 10. Mechanism of RSK-1 phosphorylation in GT1-7 cells.
A, effects of inhibition of PKC, Src, and MEK on GnRH-induced phos-
phorylation of RSK-1. GT'1-7 cells were treated with the PKC inhibitor,
R0318220 (Ro31; 1 um), EGFR antagonist, AG1478 (AG78; 100 nm), the
Src inhibitor, PP2 (5 um), and the MEK inhibitor, PD98059 (PD98; 20
uM) before stimulation with GnRH (200 nm) or EGF (50 ng/ml) for 5
min. B, concentration-dependent inhibition by AG1478 of RSK-1 phos-
phorylation by GnRH (200 nM for 5 min). The cells were washed, lysed
in Laemmli lysis buffer, and analyzed for agonist-induced RSK-1 phos-
phorylation at Ser®*%/Thr?¢4. The blots were stripped and reprobed with
RSK-1 antibody (lower panel). The data are representative of three
independent experiments. Con, control.

does not exhibit agonist-induced phosphorylation. It is slowly
internalized and desensitized and hence exhibits prolonged
signaling behavior (25). This feature is particularly evident in
pituitary gonadotrophs (10) and transfected HEK293 cells (23,
24). In HEK293 cells, GnRH causes sustained ERK1/2 activa-
tion that is independent of Src and EGFR activation (Figs. 5
and 9). In contrast, GnRH-mediated ERK1/2 activation in
GT1-7 cells is Src-dependent, is mediated through generation
of HB-EGF by metalloprotease activation, and reflects the
transient signaling characteristics of the EGFR (Figs. 1 and 9).
Transactivation of the EGFR by GnRH is not a general feature
of GnRH target cells and does not occur in HEK293 cells (22)
and «T3-1 pituitary gonadotropes (31). Thus, the duration of
GnRH-induced neuronal signaling to ERK1/2 correlates with
the transient phosphorylation of the EGFR during GnRH ac-
tion, despite sustained GnRH receptor activation. As noted
above, EGF causes transient ERK1/2 activation in both GT1-7
and HEK293 cells (Fig. 1 and 6). ERK1/2 activation, in partic-
ular that mediated by RTKs, is closely regulated through mul-
tiple forms of negative feedback control mechanisms. The short
duration of EGF-induced ERK signaling could be attributable
to rapid internalization and degradation of the EGFRs (4, 19)
and to negative feedback phosphorylation of Sos by a kinase
downstream of MEK that results in dissociation of the Shec-
Grb2-Sos complex (4, 21).

To determine the impact of the differential pattern of
ERK1/2 activation by GnRH in the two cell types, we investi-
gated downstream signaling characteristics such as the com-
partmentalization of agonist-activated ERK1/2. Consistent
with the relationship between sustained ERK1/2 signaling and
nuclear translocation, nuclear localization of the GnRH-acti-
vated ERK1/2 was observed only in HEK293 cells (Fig. 7), a
finding similar to that observed in pituitary LBT2 gonado-
tropes (10). In contrast, GnRH stimulation of GT1-7 cells
caused only transient ERK1/2 phosphorylation without nuclear
translocation of activated ERK1/2 (Figs. 1 and 7). Our obser-
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GnRH stimulation

0 min 1 min

10 min

Fic. 11. GnRH causes nuclear translocation of RSK1 in GT1-7
cells. The cells were stimulated with GnRH (200 nMm) for the periods
indicated, and translocation of activated RSK1 into the nuclei was
determined by confocal microscopy. RSK-1 in control cells is mostly
present in the cytosol (red) with negligible amounts in the nuclei
(green). GnRH stimulation causes translocation of RSK-1 into the nuclei
(red).

2 min

HEK/GT1-7
EGFR

Raf

\
MEK

ERK 1/2 (Transient)
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Fic. 12. Comparison of signaling pathways utilized by GnRH
in GT1-7 and HEK293 cells. GnRH causes transient ERK1/2 activa-
tion through Src, metalloprotease (MP), and EGFR transactivation in a
PKC-dependent manner. The transient ERK1/2 activation by EGF and
GnRH through transactivation of the EGFR does not cause nuclear
translocation of ERK1/2 in GT1-7 cells. Thus, the GnRH-mediated
transcriptional activation in these cells is mediated by ERK1/2-depend-
ent phosphorylation of RSK1. In contrast, GnRH causes ERK1/2 acti-
vation independent of Src and EGFR transactivation in HEK293 cells
transfected with GnRHR. The PKC-dependent ERK1/2 phosphorylation
by GnRH in these cells is sustained and accompanied by marked trans-
location of ERK1/2 into the nucleus.

vations on the differential localization of ERK1/2 are consistent
with recent studies (32) in which ERK1/2 activated by angio-
tensin IT through the G,/PKC pathway (e.g. in HEK293 cells)
was translocated to the nucleus, whereas ERK1/2 activated



Transient versus Sustained MAP Kinase Activation by GnRH

through the Src/Ras pathway was not, as seen in GT1-7 cells. It
appears that the involvement of Src and Ras proteins is an
important factor in modifying the characteristics of GPCR sig-
naling. In fact, Boglari et al. (33) found that overexpression of
dominant negative Ras in PC12 cells caused sustained signal-
ing accompanied by nuclear translocation of ERK1/2, whereas
low expression of dominant negative Ras resulted in transient
signaling without accumulation of ERK1/2 into the nucleus.

The mechanism of translocation of agonist-activated ERK1/2
in various subcellular compartments is not fully understood.
Recently, Tohog et al. (11) showed that although angiotensin
II-induced activation of G,/PKC pathway in COS-7 cells caused
translocation of activated ERK1/2 into the nucleus, overexpres-
sion of pB-arrestins caused retention of agonist-activated
ERK1/2 in the cytosol. However, this does not account for the
differential subcellular localization of activated ERK1/2 in
GT1-7 cells, because GnRH signaling characteristics including
GnRHR endocytosis are not affected by under- or overexpres-
sion of B-arrestins (25, 34). Although studies utilizing cells
transfected with GPCRs or signaling molecules have provided
useful insights into the mechanisms of receptor signaling, the
characteristics of cells containing overexpressed ectopic recep-
tors and signaling proteins may differ from those of cells ex-
pressing endogenous GPCRs (35, 36). For example, in GT1-7
cells the GnRHR preferentially interacts with G, and also with
G, and G; proteins (37), whereas GnRHRs expressed in
HEK293 cells are solely coupled to G/, (23, 24). Taken to-
gether, it is likely that the differential coupling of G proteins in
the two cell types accounts for the engagement of distinct
signaling proteins with variable consequences for the duration
of ERK1/2 phosphorylation and the subsequent cellular distri-
bution during GnRH stimulation.

In general, ERK1/2 activation elicited by GPCRs and RTKs
is important for cell survival and growth responses that can be
dependent on or independent of transcriptional activation pro-
cesses (3, 38, 39). Most GPCRs, and growth factors such as
nerve growth factor and fibroblast growth factor, are known to
cause translocation of activated ERK1/2 into the nucleus and
subsequent changes in target gene transcription and DNA syn-
thesis. However, EGF stimulation elicits variable responses in
terms of nuclear translocation of ERKs, cell proliferation, and
cell survival (40—43). EGF is well known to exert neurotrophic
and neuromodulatory effects (44, 45). Our preliminary data
show that both GnRH and EGF cause activation of cell survival
signaling proteins such as protein kinase B/Akt in GT1-7 cells.?
It is possible that the involvement of EGF in GnRH action in
GT1-7 neuronal cells is related to the generation of cell survival
signals.

Recently, Liu et al. (10) reported that GnRH causes nuclear
accumulation of ERK1/2 and activation of the c-fos and LH
genes in LBT2 gonadotropes. Although GnRH failed to induce
nuclear translocation of ERK1/2 in GT1-7 cells, it caused rapid
induction of nuclear transcription factors such as c-fos (26). The
mechanism of such transcriptional activation in the absence of
measurable nuclear accumulation of activated ERK1/2 is not
known. To determine whether other intermediate signaling
molecules are involved in the transmission of mitogenic signals
from phosphorylated ERK1/2 in the cytosol to the nucleus, we
examined the interaction of ERK1/2 with RSK1, which under-
goes translocation to the nucleus after phosphorylation by
ERK1/2. The RSKs are cytoplasmic serine/threonine kinases
that are phosphorylated by activated ERK1/2 and translocate
to the nucleus, where they phosphorylate transcription factors
including cAMP-responsive element-binding protein, c-Fos, c-

2 B. H. Shah and K. J. Catt, unpublished results.
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Jun, and serum response factor (27). Our data show that both
EGF and GnRH markedly stimulated phosphorylation of
RSK-1 at Ser®®%/Thr®¢* in GT1-7 cells through EGFR transac-
tivation in a MEK/ERK1/2-dependent manner (Fig. 10). More-
over, GnRH promoted translocation of RSK-1 into the nucleus.
Thus, it is probable that the nuclear effects of both GnRH and
EGF in GT1-7 cells are mediated through the intermediary
protein, RSK-1 (Fig. 11).

A substantial body of data has demonstrated the absolute
dependence of GPCR-mediated ERK1/2 activation on EGFR
transactivation in various cell types by specific agonists, in-
cluding angiotensin II in vascular smooth cells (46) and hepa-
tocytes (14), bradykinin in PC-12 cells (17), and bombesin,
lysophosphatidic acid, and carbachol in COS-7 cells (16). One of
the key regulators during GPCR-mediated EGFR transactiva-
tion is Src kinase (1, 12, 14, 18). Consistent with this, our
results show that ERK1/2 activation is dependent on Src ki-
nase as well as EGFR activation in GT1-7 cells but not in
HEK293 cells (Figs. 2 and 9). Such cross-talk also does not have
a major role in HEK293 cells transfected with other GPCRs
such as angiotensin AT, (47), lysophosphatidic acid, and
thrombin receptors (48). The reason why GnRH-mediated
ERK1/2 activation is independent of EGFR transactivation in
these cells is not clear. Our preliminary data indicate that
overexpression of constitutively active c-Src causes phosphoryl-
ation of the EGFR in HEK293 cells.2 Therefore, it is possible
that the lack of EGFR transactivation by GnRH in HEK293
cells is due to inadequate activation of Src or Src-related ki-
nases. This assumption is supported by earlier studies showing
that ERK1/2 activation by PMA is independent of Src activa-
tion in HEK293 cells (49). In conclusion, our results demon-
strate that GnRH-induced ERK1/2 activation in GT1-7 cells
occurs through Src and EGFR transactivation, which mediates
transient responses similar to those elicited by EGF. However,
GnRHRs expressed ectopically in HEK293 cells do not require
Src and EGFR transactivation and cause sustained ERK1/2
phosphorylation. Thus, the exclusive routing of GPCR-medi-
ated signals through EGFR transactivation restricts their
characteristics to those of EGF stimulation in the individual
cell types examined in this study. These pathways are summa-
rized in the diagram shown in Fig. 12. It is possible that such
EGF-induced signaling accounts for the time course of ERK
phosphorylation elicited by agonist activation of GPCRs ex-
pressed in diverse cell types.
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