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Lysophosphatidic acid (LPA) and endothelin-1 (ET-
1), two ligands for G-protein coupled receptors
(GPCRs), induce activation of mitogen activated pro-
tein kinase (MAPK). Surprisingly, LPA and ET-1 did
not induce MAPK activation in SK-N-MC neuroepithe-
lioma cells, even though these GPCR ligands evoked a
rapid, transient rise in intracellular free Ca21 concen-
tration in these cells, indicating that SK-N-MC cells
express functional LPA- and ET-1-receptors. Transient
transfection of the EGFR into SK-N-MC cells, which do
not express endogenous EGFR, potentiated LPA- and
ET-1-induced MAPK activation. LPA and ET-1 did not
enhance basal level tyrosine phosphorylation of the
transfected EGFR in SK-N-MC cells. Even though the
mechanism of LPA- and ET-1-induced MAPK activa-
tion in EGFR-transfected SK-N-MC cells remains to be
determined definitively, our results provide strong ev-
idence that the EGFR links these GPCRs to MAPK
activation. © 1998 Academic Press

Two classes of receptors have been identified that
mediate activation of the Ras/Mitogen Activated Pro-
tein Kinase (MAPK) pathway in response to extracel-
lular signals, receptor protein-tyrosine kinases (PTKs)
and heterotrimeric G-protein coupled receptors
(GPCRs) (1). It has been established that recruitment
of the guanine nucleotide exchange factor for the Ras
GTPase, Son of Sevenless, to the membrane is the
activating step in the mechanism of receptor PTK-
mediated activation of MAPK. In this respect relatively
little is known about how GPCRs couple to MAPK.

Lysophosphatidic acid (LPA) is the ligand for a pu-
tative GPCR and it is the prototypic GPCR agonist that
activates the Ras/MAPK pathway (2). The LPA recep-
tor couples to at least three distinct heterotrimeric G
proteins, Gq, G12/13 and Gi. Pertussis toxin-sensitive Gi

induces Ras.GTP accumulation, eventually leading to
MAPK activation, which is mediated by a PTK (3). The
identity of the PTKs that are involved in GPCR-
induced MAPK activation is currently under debate.

Candidate PTKs that have been identified to link
GPCRs to MAPK include cytoplasmically localized
PTKs, Src, Lyn, Syk, Pyk2 and a receptor PTK, Epi-
dermal Growth Factor Receptor (EGFR). Activation of
these PTKs is dependent on the GPCR and appears to
be cell-type specific. For instance, the Src-family PTK
Lyn is essential for m1, but not m2 muscarinic acetyl-
choline receptor-induced MAPK activation, while the
PTK Syk is necessary for both (4). Src is activated in
response to LPA and mediates MAPK activation in
COS-7 and PC12 cells (5,6), but not in fibroblasts, since
MAPK is still activated in Src-/- fibroblasts in response
to LPA (7). In PC12 cells, Src cooperates with Pyk2 in
linking GPCRs, including receptors for bradykinin and
LPA, to MAPK activation (6). The EGFR has been
found to link GPCR-activation to MAPK activation,
since LPA-, ET-1- and thrombin-induced MAPK acti-
vation is blocked by an EGFR selective PTK inhibitor
and by overexpression of dominant negative EGFR (8).
EGFR tyrosine phosphorylation (transactivation) may
be involved in GPCR-induced MAPK activation (8).
However, other reports indicate that EGFR tyrosine
phosphorylation is not induced in response to GPCR
activation (6,7). Therefore, the mechanism by which
the EGFR is involved in GPCR-mediated MAPK acti-
vation remains to be determined definitively.

Here we report that LPA and ET-1 did not induce
MAPK activation in SK-N-MC cells. However, SK-
N-MC cells were responsive to these ligands, in that
LPA and ET-1 induced a rapid, transient increase in
intracellular free Ca21 concentration ([Ca21]i). Tran-
sient transfection of the EGFR into SK-N-MC cells
potentiated LPA- and ET-1-induced MAPK activation,
but LPA and ET-1 did not enhance basal level EGFR
tyrosine phosphorylation. Our results demonstrate
that introduction of the EGFR is sufficient to potenti-
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ate GPCR-induced MAPK activation in these cells, bol-
stering the idea that the EGFR is involved in GPCR-
induced MAPK activation.

EXPERIMENTAL PROCEDURES

Cells, plasmids, and materials. SK-N-MC neuroepithelioma cells
and COS-7 cells were cultured in a 1:1 mixture of DMEM and Ham’s
F12 (DF) medium supplemented with 10% and 7.5% foetal calf se-
rum, respectively. The SV40-driven expression vector for the human
EGFR, pSV2HERc, has been described before (9). The cytomegalo-
virus (CMV) promoter driven expression vector for haemagglutinin
(HA)-epitope-tagged p42 MAPK (10) was a kind gift of Mike Weber.
LPA and ET-1 were bought from Sigma (St Louis, MO, USA), recom-
binant bovine basic Fibroblast Growth Factor (bFGF) from Boeh-
ringer Mannheim (Germany), recombinant Platelet Derived Growth
Factor (PDGF) from PreproTech Inc. (NJ, USA) and purified EGF
from Biomedical Technologies Inc. (MA, USA).

Transient transfections and MAPK activity assays. Transient
transfections by calciumphosphate precipitation were done exactly
as described before (11). Following stimulation with the indicated
stimuli for 5 min, the cells were lysed in cell lysis buffer (50 mM
HEPES pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1%
Triton X-100, 10% glycerol, 10 u/ml aprotinin, 1 mM pMSF, 200 mM
sodium orthovanadate). Immunoprecipitation was done by incuba-
tion with anti HA-tag MAb (12CA5) and protein A-sepharose (Phar-
macia, Uppsalala, Sweden) for 3 h at 4°C. The beads were washed
extensively and resuspended in kinase buffer (40 mM Tris pH 8.0, 20
mM MgCl2, 2 mM MnCl2, 10 mM ATP) containing 1 mCi g-[32P]-ATP
and 10 mg myelin basic protein (MBP) as a substrate per sample and
incubated for 30 min at 30°C, followed by addition of Laemmli
sample buffer, boiling and loading on 15% SDS-polyacrylamide gels.
The kinase assays were quantified using a Phosphorlmager (Molec-
ular Dynamics) and visualized by autoradiography.

[Ca21]i measurements. SK-N-MC cells, attached to a glass sub-
strate, were incubated in Hepes buffered saline (HBS: 10 mM
HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10
mM glucose, pH 7.3 at 33°C) with 10 mM Indo-1-AM (Molecular
Probes, OR, USA) for 45 min. Coverslips were mounted in a quartz
cuvette and measurements were done using a Perkin Elmer model
LS50B fluorescence spectrometer at 33°C (excitation 355 nm [slit 5
nm] and 405 nm emission [slit 10 nm]). Calibration of the internal
calcium was determined using 5 mg/ml ionomycin. The maximal and
minimal fluorescence was determined by addition of 4 mM CaCl2,
and 6 mM MnCl2, respectively in the presence of ionomycin. Absolute
values were calculated according to Grynkiewitcz et al. (12).

Immunoprecipitation and immunoblotting. The EGFR was im-
munoprecipitated using MAb 108.1 (13). Immunoblotting was done
exactly as described before (11), using anti-P.Tyr MAb PY-20 (Trans-
duction Laboratories, KY, USA) or polyclonal rabbit anti-EGFR an-
tibody 281-7 (14) (kind gift of Bas Defize). Detection of the immuno-
reactive bands using horse radish peroxidase-conjugated secondary
antibodies was done by enhanced chemiluminescence (ECL).

RESULTS

Lack of MAPK activation in response to LPA in SK-
N-MC cells. We investigated MAPK activation in re-
sponse to a panel of stimuli in SK-N-MC neuroepithe-
lioma cells. The cells were transiently transfected with
epitope-tagged MAPK (HA-MAPK), stimulated for 5
min with LPA, FGF or EGF, and MAPK activity was
determined by a kinase assay, using myelin basic pro-
tein (MBP) as a substrate. Whereas FGF induced a 15-

to 25-fold stimulation of MAPK activity, LPA nor EGF
elicited detectable MAPK activation in these cells (Fig-
ure 1). SK-N-MC cells are not responsive to EGF, since
these cells do not express endogenous EGFRs (15, 16).
In parallel to the SK-N-MC cells we determined MAPK
activation in response to the same panel of stimuli in
COS-7 cells. All three stimuli induced strong MAPK
activation (8- to 14-fold), depending on the stimulus
(Figure 1). These results demonstrate that SK-N-MC
cells are not responsive to LPA with respect to MAPK
activation.

LPA- and ET-1-induced Ca21 mobilization in SK-
N-MC cells. Most cell types are responsive to LPA,
indicating that most cell types express LPA receptors.
It is well established that LPA elicits a rapid, transient
rise in [Ca21]i in LPA-responsive cells, including fibro-
blasts (17). Since LPA did not induce MAPK activation
in SK-N-MC cells (Figure 1), we investigated the ef-
fects of LPA on [Ca21]i, in order to establish whether
SK-N-MC cells expressed LPA receptors. LPA-
treatment led to a rapid, transient increase in [Ca21]i
of approximately 190 nM (Figure 2A,C), which is in the
same range as the LPA-induced rise in [Ca21]i, re-
ported in fibroblasts (18). ET-1, a ligand for another
GPCR, also induced a rise in [Ca21]i of approximately

FIG. 1. LPA did not induce MAPK activation in SK-N-MC cells.
SK-N-MC cells and, as a control, COS-7 cells were transiently trans-
fected with HA-tagged MAPK, serum-starved overnight, and treated
for 5 min with LPA (1 mM), FGF (10 ng/ml) or EGF (50 ng/ml), or they
were left untreated (control, C). HA-tagged MAPK was immunopre-
cipitated and an in vitro kinase assay using g-[32P]-ATP and MBP as
a substrate was performed. Autoradiographs of the 15% SDS-
polyacrylamide gel of a representative experiment are shown in the
upper panel. Direct quantification of the radioactivity incorporated
in MBP was done using a Phosphorlmager, and the results are
depicted in the lower panel as fold induction relative to the control.
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160 nM (Figure 2B,C). EGF did not affect [Ca21]i in
SK-N-MC cells, since these cells do not express EGFRs
(data not shown). These results clearly demonstrate
that SK-N-MC cells are responsive to LPA and ET-1.
Therefore, we conclude that SK-N-MC cells express
receptors for LPA and ET-1.

Potentiation of GPCR-induced MAPK activation by
overexpression of the EGFR. LPA did not induce
MAPK activation in SK-N-MC cells (Figure 1), even
though these cells expressed functional LPA receptors
(Figure 2). Daub et al. (8) have demonstrated that the
EGFR may link GPCRs to MAPK activation. The fact
that SK-N-MC cells do not express endogenous EGFRs
(15,16) prompted us to test the hypothesis that the lack
of endogenous EGFRs is responsible for the fact that
GPCR activation did not induce MAPK activation in
these cells. To this end we co-transfected the EGFR
and epitope-tagged MAPK into SK-N-MC cells and de-
termined MAPK activity, following stimulation with a
panel of stimuli. LPA induced a 5- to 12-fold increase in
MAPK activity in SK-N-MC cells, co-transfected with
EGFR, but not in mock-transfected cells. Likewise,
ET-1 did not induce MAPK activation in mock-
transfected cells, but elicited a 14- to 23-fold induction
of MAPK-activity in EGFR-transfected cells (Figure 3).
Relative MAPK activation varied from experiment to
experiment, presumably due to subtle differences in
experimental conditions. However, LPA and ET-1 al-
ways induced significant MAPK activation in EGFR-
transfected cells, but never in mock-transfected cells.
The response to PDGF (13- to 45-fold MAPK activa-

tion) was not dependent on co-transfection of the EGFR
(Figure 3). The EGFR is functional in transiently
transfected SK-N-MC cells, since EGF itself also in-
duced MAPK-activation (32- to 62-fold) in EGFR-
transfected, but not mock-transfected cells. These re-
sults demonstrate that overexpression of the EGFR
potentiated GPCR-induced MAPK activation in SK-
N-MC cells.

LPA and ET-1 did not induce EGFR transactivation
in SK-N-MC cells. Whether GPCR activation induces
EGFR tyrosine phosphorylation (transactivation) is
currently under debate (6–8, 19). In order to establish
whether LPA and ET-1 induced EGFR transactivation
in SK-N-MC cells, we determined EGFR tyrosine phos-
phorylation by immunoblotting. Transient transfection
of the EGFR in SK-N-MC cells resulted in low basal
level tyrosine phosphorylation of the EGFR. LPA nor
ET-1 induced enhanced EGFR tyrosine phosphoryla-
tion, while EGF elicited a robust increase in EGFR
tyrosine phosphorylation (Figure 4). These results
demonstrate that transiently transfected EGFR is
functional and suggest that LPA- and ET-1-induced
MAPK activation in transiently transfected SK-N-MC
cells is not due to EGFR transactivation.

DISCUSSION

Activation of GPCRs induces activation of MAPK via
an intermediary PTK. Identification of this intermedi-

FIG. 3. The EGFR potentiated MAPK activation in response to
GPCR activation. SK-N-MC cells were transiently co-transfected
with HA-epitope-tagged MAPK and expression vector (Mock) or
pSV2HERc, an expression vector for the human EGFR. The cells
were serum-starved overnight and left untreated, or they were
treated with LPA (1 mM), ET-1 (100 nM), EGF (50 ng/ml), or PDGF
(50 ng/ml) for 5 min. Subsequently, the cells were lysed, epitope-
tagged MAPK was immunoprecipitated, and a kinase assay was
performed, using MBP as a substrate. Equal HA-MAPK expression
was monitored by immunoblotting (data not shown) and MAPK-
activity was determined using a Phosphorlmager. MAPK activation
is depicted as fold induction, relative to the mock-transfected or
EGFR-transfected unstimulated controls, respectively.

FIG. 2. LPA and ET-1 induced a rapid, transient rise in [Ca21]i

in SK-N-MC cells. INDO.1.AM-loaded SK-N-MC cells were chal-
lenged with (A) LPA (1 mM) or (B) ET-1 (100 nM), while constantly
monitoring fluorescence. Representative traces are depicted. (C)
Quantification of LPA- and ET-1-induced changes in [Ca21]i. The
average of 4 independent experiments is depicted and the standard
deviation is indicated.
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ary PTK has been the subject of several recent studies
and at least five PTKs have been found that may me-
diate GPCR-induced MAPK activation. Here we pro-
vide evidence supporting the model that the EGFR, one
of the candidate PTKs, is involved in MAPK activation
in response to LPA and ET-1, since transfection of the
EGFR in SK-NM-C cells, that lack endogenous EGFR,
potentiates MAPK activation by these two GPCR ago-
nists.

The mechanism by which GPCR activation leads to
MAPK activation remains to be determined defini-
tively. LPA is the prototypic GPCR ligand that induces
MAPK activation. The LPA receptor mediates its ef-
fects through at least three distinct heterotrimeric G
proteins, Gq, G12/13 and Gi (2). G12/13 may link the LPA
receptor to the small GTP-binding protein Rho, even-
tually leading to cytoskeletal remodelling and cell
shape changes (20,21). Gq links to phospholipase Cb,
leading to the production of diacylglycerol and inositol
tris-phosphate (IP3), resulting in activation of Protein
Kinase C (PKC) and Ca21-mobilization, respectively
(22). It has been speculated that Gq-mediated activa-
tion of PKC may lead to MAPK activation in a Ras-
independent manner (1,23). However, Gq-mediated
MAPK activation was only partially inhibited following
downregulation of PKC, indicating that Gq-mediated
MAPK activation is largely PKC-independent (24).
Moreover, pertussis toxin completely abolished LPA-

induced MAPK activation in Rat-1 fibroblasts (25), in-
dicating that LPA-induced MAPK activation is medi-
ated solely by pertussis toxin sensitive Gi and not by
Gq. Here we demonstrate that LPA elicited a rise in
[Ca21]i in SK-N-MC cells, which is presumably medi-
ated by Gq. However, LPA did not induce MAPK acti-
vation in these cells, suggesting that Gq-activated
pathways are not involved in MAPK activation in SK-
N-MC cells.

Gi-mediated MAPK activation is most likely medi-
ated by the Gibg subunits, rather than the ai subunit
(5,26,27), and involves an intermediary PTK, since
genistein and staurosporine, non-specific inhibitors of
PTK activity, abolished activation of the Ras/MAPK
pathway (3,7,25,28). Several candidate PTKs have
been identified that may mediate MAPK activation in
response to GPCR agonists (4–6,8). The EGFR may
link GPCRs to MAPK activation in Rat-1 fibroblasts,
since LPA-, ET-1- and thrombin-induced MAPK acti-
vation was blocked by overexpression of dominant neg-
ative EGFR, and by an EGFR selective PTK-inhibitor
(8). More detailed analysis of the involvement of the
EGFR in GPCR-mediated MAPK activation indicated
that Src is involved as well, since the Src-specific in-
hibitor, PP1, severely inhibited LPA- and EGF-induced
MAPK activation (19). However, the involvement of
Src in LPA-induced MAPK activation is complex, since
MAPK activation was still observed in Src2/2 cells (7).
We demonstrate here that SK-N-MC cells are not re-
sponsive to LPA and ET-1 with respect to MAPK acti-
vation. Src immunoprecipitation/ kinase assays indi-
cated that SK-N-MC cells express Src at levels that are
comparable to fibroblasts (data not shown), suggesting
that Src is not sufficient for LPA- and ET-1-induced
MAPK activation. Overexpression of Src by itself in-
duced MAPK activation which was not enhanced fur-
ther by LPA or ET-1 (data not shown). Therefore, we
cannot exclude the possibility that Src is involved in
GPCR-induced MAPK activation via the EGFR in SK-
N-MC cells.

Transient transfection of the EGFR in SK-N-MC
cells potentiated LPA- and ET-1-induced MAPK acti-
vation. SK-N-MC cells do not express endogenous
EGFR. However, these cells express functional recep-
tor PTKs, including FGFR and PDGFR (15, 16 and
Figures 1 and 3). Apparently, endogenous FGFR and
PDGFR do not mediate MAPK activation in response
to GPCR agonists. It is noteworthy that dominant neg-
ative EGFR and specific EGFR inhibitors inhibited
GPCR-induced MAPK activation (8,19), suggesting
that the EGFR specifically mediates GPCR-induced
MAPK activity.

Transient transfection of the EGFR in SK-N-MC
cells led to low basal levels of EGFR autophosphoryla-
tion as determined by anti-P.Tyr immunoblotting, con-
ceivably due to EGFR overexpression at relatively high
levels (Figure 4). LPA and ET-1 did not induce en-

FIG. 4. Lack of EGFR transactivation in response to LPA and
ET-1 in SK-N-MC cells. SK-N-MC cells were transiently transfected
with an expression vector for the human EGFR, pSV2HERc. The
cells were serum-starved overnight and left untreated (C), or they
were treated with LPA (1 mM), ET-1 (100 nM), or EGF (50 ng/ml) for
5 min. Subsequently the cells were lysed, the EGFR was immuno-
precipitated, and either the immunoprecipitates (upper panel) or
total cell lysates (lower panel) were loaded on 7.5% SDS-PAGE gels.
The material on the gels was transferred to blots and the blots were
probed with anti-P.Tyr MAb (PY-20) (upper panel) or anti-EGFR
polyclonal antibody (281-7) (lower panel) and developed using en-
hanced chemiluminescence (ECL). Immunoblots are depicted with
the molecular weights (in kDa) of marker proteins that were co-
electrophoresed with the samples on the left. The position of the
EGFR is indicated.
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hanced tyrosine phosphorylation of the EGFR, while
EGF did, suggesting that establishment of GPCR-
induced MAPK activation by transient transfection of
the EGFR is not due to transactivation of the EGFR, as
described in previous reports (8,19). Our data are con-
sistent with several reports that fail to detect EGFR
transactivation in response to GPCR activation (6,7).
The mechanism by which the EGFR is involved in
GPCR-induced MAPK activation in SK-N-MC cells re-
mains to be determined. It is noteworthy that PDGF-
induced MAPK activation, which is independent of
EGFR-signalling, is similar in mock-transfected and
EGFR transfected cells (Figure 3), indicating that tran-
sient transfection of the EGFR by itself did not en-
hance MAPK activation in general. Transfection of the
EGFR into SK-N-MC cells led to low basal level ty-
rosine phosphorylation of the EGFR itself (Fig. 4), but
did not induce major increases in tyrosine phosphory-
lation of cellular proteins (data not shown). LPA and
ET-1 did not enhance EGFR tyrosine phosphorylation
and we did not detect significant changes in tyrosine
phosphorylation of cellular proteins, as determined by
anti-P.Tyr immunoblotting of total cell lysates (data
not shown). However, we cannot exclude the possibility
that subtle changes in tyrosine phosphorylation are
induced by LPA and ET-1. Transient transfection of
the EGFR clearly potentiated GPCR-induced MAPK
activation in SK-N-MC cells. Since transactivation ap-
parently is not involved in GPCR-induced MAPK acti-
vation in SK-N-MC cells, we hypothesize that the basal
level EGFR tyrosine phosphorylation that we observed
may be sufficient to potentiate GPCR-induced MAPK
activation, for instance by recruiting adaptor proteins
and/or other signalling proteins to the membrane. Al-
ternatively, basal level EGFR PTK activity may lead to
subtle changes in P.Tyr-content of key substrates,
thereby potentiating GPCR-induced MAPK activation.

Here we demonstrate that transient transfection of
the EGFR potentiated GPCR-induced MAPK activa-
tion in SK-N-MC cells that are normally not responsive
to GPCR-activation with respect to MAPK activation,
bolstering the idea that the EGFR is involved in link-
ing GPCRs to MAPK activation. Since transient trans-
fection of the EGFR is sufficient to potentiate GPCR-
induced MAPK activation in SK-NM-C cells, these cells
may be a useful tool to dissect the mechanism of EGFR-
mediated GPCR-induced MAPK activation.

ACKNOWLEDGMENTS

We thank Mike Weber for the epitope-tagged p42MAPK construct,
Bas Defize for the polyclonal anti-EGFR antibody 281-7, and Chris-
tophe Blanchetot and Mark Verheijen for useful discussions. This
work was supported by a grant from the Life Sciences Foundation/
Netherlands Organization for Scientific Research (SLW/NWO) (to
A.B.) and a grant from the Dutch Cancer Society (to J.d.H.).

REFERENCES

1. Burgering, B. M. T., and Bos, J. L. (1995) Trends Biochem. Sci.
20, 18–22.

2. Moolenaar, W. H., Kranenburg, O., Postma, F. R., and Zondag,
G. C. M. (1997) Curr. Opin. Cell Biol. 9, 168–173.

3. van Corven, E. J., Hordijk, P. L., Medema, R. H., Bos, J. L., and
Moolenaar, W. H. (1993) Proc. Natl. Acad. Sci. USA 90, 1257–1261.

4. Wan, Y., Kurosaki, T., and Huang, X.-Y. (1996) Nature 380,
541–544.

5. Luttrell, L. M., Hawes, B. E., van Biesen, T., Luttrell, D. K.,
Lansing, T. J., and Lefkowitz, R. J. (1996) J. Biol. Chem. 271,
19443–19450.

6. Dikic, I., Tokiwa, G., Lev, S., Courtneidge, S. A., and Schless-
inger, J. (1996) Nature 383, 547–550.

7. Kranenburg, O., Verlaan, I., Hordijk, P. L., and Moolenaar,
W. H. (1997) EMBO J. 16, 3097–3105.

8. Daub, H., Weiss, F. U., Wallasch, C., and Ullrich, A. (1996)
Nature 379, 557–560.

9. den Hertog, J., de Laat, S. W., Schlessinger, J., and Kruijer, W.
(1991) Cell Growth and Diff. 2, 155–164.

10. Her, J. H., Lakhani, S., Zu, K., Vila, J., Dent, P., Sturgill, T. W.,
and Weber, M. J. (1993) Biochem. J. 296, 25–31.

11. den Hertog, J., and Hunter, T. (1996) EMBO J. 15, 3016–3027.
12. Grynkiewitcz, G., Poenie, M., and Tsien, R. Y. (1985) J. Biol.

Chem. 260, 3440.
13. Bellot, F., Moolenaar, W., Kris, R., Mirakuhr, B., Verlaan, I.,

Ullrich, A., Schlessinger, J., and Felder, S. (1990) J. Cell Biol.
110, 491–502.

14. Defize, L. H. K., Boonstra, J., Meisenhelder, J., Kruijer, W.,
Tertoolen, L. G. J., Tilly, B. C., Hunter, T., van Bergen en
Henegouwen, P. M. P., Moolenaar, W. H., and de Laat, S. W.
(1989) J. Cell Biol. 109, 2495–2507.

15. van Weering, D. H. J., Medema, J. P., van Puijenbroek, A.,
Burgering, B. M. T., Baas, P. D., and Bos, J. L. (1995) Oncogene
11, 2207–2214.

16. van Puijenbroek, A. A. F. L., van Weering, D. H. J., van den
Brink, C. E., Bos, J. L., van der Saag, P. T., de Laat, S. W., and
den Hertog, J. (1997) Oncogene 14, 1147–1157.

17. van Corven, E. J., Groenink, A., Jalink, K., Eichholtz, T., and
Moolenaar, W. H. (1989) Cell 59, 45–54.

18. Jalink, K., van Corven, E. J., and Moolenaar, W. H. (1990)
J. Biol. Chem. 265, 12232–12239.

19. Daub, H., Wallasch, C., Lankenau, A., Herrlich, A., and Ullrich,
A. (1997) EMBO J. 16, 7032–7044.

20. Buhl, A. M., Johnson, N. L., Dhanasekaran, N., and Johnson,
G. L. (1995) J. Biol. Chem. 270, 24631–24634.

21. Ridley, A. J. (1996) Curr. Biol. 6, 1256–1264.
22. Moolenaar, W. H. (1995) J. Biol. Chem. 270, 12949–12952.
23. Faure, M., Voyno-Yasenetskaya, T. A., Bourne, H. R. (1994)

J. Biol. Chem. 269, 7851–7854.
24. Crespo, P., Xu, N., Simonds, W. F., and Gutkind, S. (1994)

Nature 369, 418–420.
25. Luttrell, L. M., van Biesen, T., Hawes, B. E., Koch, W. J., Touhara,

K., and Lefkowitz, R. J. (1995) J. Biol. Chem. 270, 16495–16498.
26. van Biesen, T., Hawes, B. E., Luttrell, D. K., Krueger, K. M.,

Touhara, K., Porfiri, E., Sakaue, M., Luttrell, L. M., and Lefko-
witz, R. J. (1995) Nature 376, 781–784.

27. Touhara, K., Hawes, B. E., van Biesen, T., and Lefkowitz, R. J.
(1995) Proc. Natl. Acad. Sci. USA 92, 9284–9287.

28. Hordijk, P. L., Verlaan, I., van Corven, E. J., and Moolenaar,
W. H. (1994) J. Biol. Chem. 269, 645–651.

Vol. 251, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10


