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Crosstalk Between G Protein-Coupled Receptors
and Tyrosine Kinase Signaling: Src Take Centre Stage
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Abstract. Although the role of G protein-coupled receptors in the regulation of metabolic, secretory and contrac-
tile responses is well established, they have only recently been recognized as important mediators of cellular
growth and differentiation. G protein-coupled signaling pathways had been previously thought to be totally
independent of the tyrosine kinase receptor pathway. It was previously believed that molecular switches respon-
sible for growth factor tyrosine kinase receptor signaling and G protein-coupled signaling were divided into
adistinct sets of protein families. Recent evidence has demonstrated, however, that G protein-coupled receptors
can crosstalk to tyrosine kinase signaling. In the past few years several groups have found that G protein-coupled
receptors utilize non-receptor tyrosine kinases, mostly that of Src family, and some adapter proteins, to regulate

tyrosine kinase cascades in cells.
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Receptors coupled to heterotrimeric GTP-binding
proteins (G proteins) are the largest family of cell sur-
face receptors in mammalian cells. These receptors are
formed by a single polypeptide with an extracellular
N-terminus, an intracellular C-terminus and 7 trans-
membrane domains. Several well-described groups of
agonists, including hormones, neurotransmitters,
chemokines and chemotactic agents, have been shown
to bind to the N-terminus of their cognate receptor.
When a receptor is stimulated with a ligand, its intra-
cellular regions undergo conformational changes,
allowing the receptor to interact noncovalently with
G proteinst. This association, in turn, leads to confor-
mational changes in the G proteins. Each receptor acti-
vates a specific class of trimeric G proteins, including
Gi-a, Gg-a, G-p/y and many others. G protein activity
is tightly linked to the binding and hydrolysis of GTP.

In the resting state, GDP is bound to the guanine nu-
cleotide binding site on G-a. The binding of an agonist
to its receptor promotes the release of GDP and its
replacement with GTP. At the same time G-a under-
goes a conformationa transformation and dissociates
from G-PBly, leaving both in their biologicaly active
state. The mechanism of utilizing trimeric G-proteins
to transduce signals from an activated receptor into
a cdlular response is quite different from that of
growth factor receptors which employ intrinsic tyrosine
kinase activity. Nevertheless, it has been known for
many years that G protein-coupled receptor dependent
Ras and MAPK activation can be blocked with inhibi-
tors of tyrosine phosphorylation, indicating that tyro-
sine phosphorylation plays an important role in this
process. Since these receptors were not known to
couple to previously defined pathways for tyrosine ki-
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nase/Ras activation, the means by which these receptors
stimulate Ras and MAPK function has until recently
been unclear. Several groups found that G protein-
-coupled receptors stimulate tyrosine phosphorylation
cascade through association with Src family tyrosine
kinases and the Shc adapter protein'? 17 18 % These
reports implicated Src/Shc signaling complexes as the
go between that relay messages from the G protein-
-coupled receptors to the Ras and MAPK. Src and Shc-
-mediated integration between G protein-coupled sig-
naling and growth factor receptor signaling occurs via
obscure mechanisms involving phosphatidylinositol
3-kinase (PI3K) activity and perhaps other as yet un-
identified proteins.

G Protein-Coupled Receptor Signaling
via Src/Shc Complexes

The G protein-coupled N-formyl peptide chemoat-
tractant receptor of leukocytes has been shown to medi-
ate complex formation between a Src family tyrosine
kinase and a tyrosine phosphorylated Shc adapter pro-
tein®®, This is important because Shc is an adapter
molecule that servesto link tyrosine kinase receptors to
the Ras activation complex (i.e. Grb2 and Sos). Asso-
ciation between Src and Shc is sensitive to pertussis
toxin (PTX), indicating that the signal is mediated by
PTX-sensitive G proteins'®. On the other hand, this
event is not stimulated by elevations in intracellular
Ca&*, nor blocked by a low dose of staurosporine, sug-
gesting that activation of protein kinase C is not re-
quired for Src/Shc interaction. This is of interest be-
cause the G protein-coupled receptor family has been
classicdly linked to cdl activation via phospholipase C,
calcium and protein kinase C, but not via Src/Shc as-
sociation®. Similarly, it has been recently shown in
COS-7 cells that stimulation of G protein-coupled ly-
sophosphatidic acid (LPA) receptor leadsto an increase
in c-Src autophosphorylation and the formation of
a Src/She complex!?, Coexpression of Csk in these
cells, which inactivates Src family kinases by phosho-
rylating the regulatory ¢ —terminal tyrosine residue, in-
hibited LPA stimulation of Shc tyrosine phosphoryla-
tion, Shc-Grb2 complex formation, and MAP kinase
activation. Again, these events are pertussis toxin-sen-
sitive, indicating that Src activity, which regulates mi-
togenic signaling cascade in this cellular system, is ac-
tivated by PTX-sengitive G proteins. Consistent with
this, activation of c-fos transcription by endothelin-1,
which acts through a G protein-coupled receptor, is
strongly inhibited by both Csk and a dominant negative

mutant of c-Src?. This additionally indicates that non-
-receptor tyrosine kinases of the Src-family may play
an important role in G protein-coupled receptor-medi-
ated cell growth. Convergence of the G protein-coupled
receptor and the growth factor receptor is further sup-
ported by observations that the epidermal growth factor
receptor (EGF-R) became tyrosine phosphorylated after
G protein activation®. LPA and 32A-adrenergic recep-
tor stimulation induces tyrosine phosphorylation of the
EGF receptor, and formation of a complex containing
c-Src, She and EGF receptor™. Interestingly, the bloc-
kade of Src activity by expression of either Csk or
dominant negative mutant of c-Src inhibits this com-
plex assembly*!. These results strongly indicate that Src
plays an “upstream” role in growth factor receptor
transactivation by G protein-coupled receptors. Thus,
al available data support the concept that G protein-
-coupled receptors gain access to Ras and MAPK-de-
pendent signaling pathways by regulating the activity
of growth factor receptors through Src (see Fig. 1).
However, little is still known about the precise bio-
chemical mechanism whereby this is achieved.
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Fig. 1. G protein-coupled receptor-induced activation of the MAP
kinase cascade via transactivated tyrosine kinase growth factor re-
ceptor. The interaction of G protein-coupled receptor with Src-re-
lated kinase, and subsequently with receptor tyrosine kinase, Shc
adapter protein and PI3 kinase signaling complex, is shown sche-
matically (details are described in the text)

G Protein-Coupled Receptor Signaling via PI3K

Associated with the Src-Shc complex formed during
G protein-coupled receptor stimulation is PI3K an im-
portant signaling enzyme, whose activity may be regu-
lated by thisinteraction'” %8, The lipid products of PI3K
have been implicated in signaling pathways leading to
cell growth® 16, differentiation® 3 > 16 apoptosis’,
chemotaxis* and secretion®. The mechanism by which
PI3K is controlled by G protein-coupled receptors does
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not appear to be a result of direct recruitment of PI3K
to this receptor. Two mechanisms through which PI3K
can be activated by these receptors have been de-
scribed. One pathway involves the coupling of the src-
-related tyrosine kinases to the “classical” p85/p110
form of PI3K" 18, The other pathway utilizes B/y sub-
units of G proteins to activate a novel, “non-classical”
form of PI3K® 2L, Thisform of PI3K has recently been
cloned and shown to consist of unique p110y catalitic
subunit that lacks the p85 binding domain and, there-
fore, does not associate with the p85 subunit. An im-
portant question that has not yet been fully resolved is
the contribution of the Src-regulated p85/p110 PI3K
pathway versus that of the B/y-regulated p110y PI3K to
the overall formation of phosphatidylinositol 3,4,5 tri-
phosphate — PIP3, which is the main product of PI3K?,
in G protein-coupled receptor-stimulated cells. Pre-
viously, several studies provided indirect evidence that
G protein-coupled receptors stimulate PIP3 formation
mostly through the Src and the p85/p110 heterodimer
and the tyrosine kinase-dependent signaling® *’. Other
studies suggested that G protein-coupled receptors may
predominantly activate cell and PIP3 formation through
p110y, which is independent of tyrosine kinase'® 2.
Recently, we have clearly shown, by transfecting cells
with a p85 dominant negative mutant, that the
p85/p110 PI3K is predominantly required for G pro-
tein-dependent cell activation, at least in epithelial
cells'. This is of interest because p85/p110 PI3K is
known to bind, through its SH2 domain on the p85
subunit, to a tyrasine phosphorylated motif on growth
factor receptors. Thus, this isoform of PI3K forms
afunctional complex with the tyrosine kinase receptor,
the Src non-receptor tyrosine kinase and the Shc adapt-
er protein. As we already mentioned, Src protein plays
an “upstream” role in assembling this signaling com-
plex't. However, the role for PI3K in this process is
more obscure. In contrast to inhibitors of Src activity,
the PI3K inhibitors reportedly fail to prevent G protein-
-coupled receptor-mediated EGF receptor transactiva-
tior®.

Nevertheless, they effectively block MAP kinase
activation mediated by G protein-coupled receptors in
COS-7 and CHO cell$. Theseinhibitors also prevented
LPA-mediated activation of Shc® and Ras?, as well as
chemoattractant receptor-mediated activation of Shc
(Ptasznik and Traynor-Kaplan, data unpublished),
Thus, while p85/p110 PI3K activity is apparently in-
volved in the mitogenic and chemoattractant signaling
pathways triggered by G protein-coupled receptors, the
PI3K-dependent intermediate step in this pathway is
probably “downstream” from Src and receptor tyrosine

kinase activation, and “upstream” from Shc tyrosine
phosphorylation and Ras activation. A possible expla-
nation of the role of PI3K in signaling upstream from
Shc and Ras is that the product of PI3K activity, PIP3,
has a high binding affinity for the SH2 domains of vari-
ous proteins'®. PIP3 recruits a subgroup of SH2-con-
taining proteins to specific compartments of the cell
that may be important for activation of these proteins.
We therefore speculate that interactions between PIP3
and Shc-SH2 and Grb2-SH2 domain might have
a regulatory effect on the Ras activation complex. Fu-
ture studies directed at the mechanism by which G pro-
tein-coupled receptors couple to receptor tyrosine ki-
nases should prove informative, as will further
investigation of downstream signaling elements linked
to this pathways.

Summary and Future Prospects

G protein-coupled signaling pathways synergize
with other receptor pathways to enhance or inhibit sig-
nals elicited by these various receptors. Therefore, one
of the most interesting challenges in this fields is to
identify the signaling molecules that mediate crosstalk
between these receptor pathways. These signaling
molecules play avita rolein coordinating such cellular
events as proliferation, differentiation, chemotaxis,
apoptosis and secretion. Conversely, disintegration of
these multiple regulatory pathways may lead to serious
cell dysfunction. Thus, complete understanding of
crosstalk signaling mechanisms may facilitate the de-
sign of new pharmacological agents for the treatment
of diseases involving uncontrolled cell proliferation,
abnormal cell differentiation, and premature or ex-
cessive apoptosis, such as atherosclerosis, tumorigen-
esis and inflammatory diseases.
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