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Classically, receptor-mediated signalling was conceived as a linear process involving one agonist, a variety of potential targets
within a receptor family (e.g. α- and β-adrenoceptors) and a second messenger (e.g. cAMP)-triggered response. If distinct re-
sponses were stimulated by the same receptor in different tissues (e.g. lipolysis in adipocytes vs. increased beating rate in the heart
caused by adrenaline), the differences were attributed to different second messenger targets in the different tissues. It is now
realized that an individual receptor can couple to multiple effectors (different G proteins and different β-arrestins), even in the
same cell, to drive very distinct responses. Furthermore, tailored agonists can mould the receptor conformation to activate one
signal pathway versus another by a process termed ‘biased signalling’. Complicating issues further, we now know that activating
one receptor can rapidly trigger the local release of agonists for a second receptor via a process termed ‘transactivation’. Thus, the
end response can represent a cooperative signalling process involving two or more receptors linked by transactivation. This
overview, with a focus on the GPCR, protease-activated receptor-1, integrates both of these processes to predict the complex
array of responses that can arise when biased receptor signalling also involves the receptor transactivation process. The thera-
peutic implications of this signalling matrix are also briefly discussed.
LINKED ARTICLES
This article is part of a themed section on Molecular Pharmacology of G Protein-Coupled Receptors. To view the other articles in
this section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v173.20/issuetoc
Abbreviations
HB-EGF, heparin-binding EGF; PAR, proteinase-activated receptor; TGFBR, TGF-β receptor; TRPV, transient receptor poten-
tial channel; VSMC, vascular smooth muscle cell
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Introduction
GPCRs are integral to all physiology andmuch pathophysiol-
ogy. The study of GPCRs and their signalling pathways has ar-
guably proved to be the most successful route for generating
highly efficacious therapeutic agents. Since the mid-1960s
when the first GPCR ligand-binding studies were made using
radiolabelled atropine (Paton and Rang, 1965), great strides
have been made in understanding the molecular pharmacol-
ogy of GPCR signalling ranging from detailed receptor
structure-activity studies to an understanding of the crystal
structure of the β-adrenoceptor interacting with its Gs protein
effector (Rasmussen et al., 2011a, 2011b). For reference,
Figure 1
Classification of GPCR signalling developed from the perspective of the e
GPCR signalling paradigm.
guidance and clarity are greatly simplified; classical or histor-
ical views of GPCR signalling are provided in Figure 1.

The concept of the plasticity of the receptor has also
advanced substantially, in terms of predicting either ligand-
stabilized (Changeux–Wyman–Monod model) or ligand-
induced (Koshland model) conformational changes that
drive receptor–effector interactions (Christopoulos et al.,
2014). In keeping with themobile or floating receptor models
of receptor function proposed some time ago (de Haen, 1976;
Jacobs and Cuatrecasas, 1976), receptor plasticity permits
different ligands to drive interactions of an individual GPCR
in different ways with their G-protein effectors leading to
different cellular effects or hormone-induced phenotypic
merging importance of transactivation-dependent signalling to the
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outcomes. This ligand-dependent differential interaction of a
receptor with its effectors that results in distinct end responses
has been termed ‘functional selectivity’ or ‘biased’ signalling
(Kenakin and Miller, 2010; Kenakin, 2013; Kenakin and
Christopoulos, 2013; Christopoulos, 2014) (Figure 2). This
signalling bias for GPCRs applies not only to GPCR-mediated
signalling but also to Gα-independent, β-arrestin-dependent
scaffold-mediated signalling by so-called GPCRs (Defea, 2008).
This conceptual framework for distinct signalling pathways
triggered by an individual agonist–receptor interaction
presumes that all of the receptor-driven downstream signal
pathways result directly from the individually but differentially
activated receptor.

What the above paradigms have not taken into account is
the ability of a signalling process triggered by one receptor to
cause a rapid sequential activation of a second cell surface re-
ceptor that is ultimately responsible for major downstream
cellular signalling and cellular effects or hormone-induced
phenotypic outcomes. This sequential signalling, caused by
the second receptor is most often qualitatively and quantita-
tively different from the canonical signalling pathways stim-
ulated by the GPCR that was first activated. Indeed,
sequential signalling can involve not only plasma membrane
signalling (e.g. via growth factor receptors and ion channels;
see below) but also rapid modulation of downstream signal-
ling via steroid hormone receptors, like the receptors for the
hormone, oestrogen.

For the purposes of our article, the transactivation of ste-
roid hormone receptors will not be dealt with but cannot be
discounted (Bunone et al., 1996; Kato et al., 1998; Busch
et al., 2015). This type of sequential signalling, involving
two or possibly more different receptors has been termed ‘re-
ceptor transactivation’. This transactivation process, as most
Figure 2
Schema encompassing the phenomena referred to as ‘biased signalling’.
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commonly understood, involves the rapid generation by the
first-activated receptor of a ligand that in turn activates a sec-
ond receptor. For instance, activation of the protease-acti-
vated receptor-1 (PAR1) for thrombin in gastric smooth
muscle quickly (within a minute) releases COX-generated
prostanoids that in turn drive EP receptor-driven
contractile responses (Zheng et al., 1998). This receptor
transactivation via a rapidly released ligand has, for GPCRs,
also been found to activate the EGF receptor via the
release of an EGF receptor-activating ligand like heparin-
binding EGF (HB-EGF). This ligand-release process has
been found to be proteinase dependent, in terms of the
GPCR-triggered transactivation of the EGF receptor. Thus, a
membrane-localized MMP triggered by GPCR stimulation re-
leases an EGF-activating ligand (HB-EGF or, alternatively,
amphiregulin). The released HB-EGF in turn activates the
EGF receptor to stimulate downstream Epidermal Growth
Factor Receptor (EGFR) kinase signalling pathways (Daub
et al., 1996; Prenzel et al., 1999). To date, most attention for
this transactivation process has been focused on the sequen-
tial activation of the EGF receptor caused by a variety of
GPCRs, including those for thrombin (PAR1), endothelin-1
and lysophosphatidic acid (Daub et al., 1996; Prenzel et al.,
1999). The transactivation of the EGF receptor, in parallel
with GPCR activation, can also take place via an
MMP-independent process that involves a TK (Src)-mediated
cross-phosphorylation/activation of the EGF-receptor
kinase. Thus, until recently, transactivation-dependent
signalling was thought to involve either the generation of
locally produced prostanoids (a process unfortunately
overlooked in many recent discussions of transactivation) or
the release of an EGF receptor ligand that causes activation
of the EGF-receptor TK. Thus, downstream stimulation of
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growth factor-associated pathways like MAPK/ERK caused by
GPCR activation can be due either to the direct GPCR-
mediated regulation of G protein or β-arrestin scaffold-
mediated signalling or, in parallel, to the transactivation of
the EGF receptor. More recently, however, this paradigm has
been extended from solely TK receptors to include the
GPCR-mediated transactivation of a receptor-serine/
threonine kinase, specifically the TGF-β receptor (TGFBR1),
leading to the formation of extreme carboxy-terminal-
phosphorylated Smad2 (phosphoSmad2C). This process can
be blocked by antagonising the GPCR PAR1 or the TGFBR1
(Burch et al., 2010; Burch et al., 2013). The mechanism of
the GPCR transactivation of protein TK receptors has been
the subject of almost 200 publications and is fairly well un-
derstood at least at a rudimentary level. Interestingly, and
somewhat surprisingly, all of the data thus far reported for
the GPCR transactivation of protein serine/threonine kinase
receptors indicate that this mechanism is completely distinct
from that for transactivation of protein TK receptors. There is
a major caveat that the role of G proteins has been little
explored, for reasons we have previously discussed (Bernard
et al., 2014; Kamato et al., 2015b), and the potential that G
proteins represent a point of commonality in GPCR to
protein tyrosine, and serine/threonine kinase receptor
transactivation signalling represents a very important piece
of the puzzle in this area. This transactivation process can
be even more complex in the setting of a cell culture or
in vivo model where an independent rapid transcriptional
event, for example, cell stretching, results in the generation
of new GPCR agonists in the system (e.g. cytokines), which
in turn regulate their own receptor systems.

Receptor transactivation in the context we will discuss
here will be limited to the very rapid process, defined as the
mechanism by which ‘the agonist occupancy of its cognate
GPCR’ leads in a relatively short time (seconds to minutes)
and in the absence of de novo protein synthesis to the activa-
tion of a second cell surface receptor (Kamato et al., 2015a). As
mentioned above, it is necessary to take into account the
rapid temporal characteristics of the response, because
longer-term receptor signalling can, via transcriptional or
post-translational mechanisms, lead to the generation of a
multitude of secondary and tertiary signalling processes. For
our overview, these longer-term effects will be excluded from
the definition of transactivation. For instance, this delayed
effect may be due to the GPCR-mediated up-regulation of a
cytokine, which in turn activates its own cytokine receptor
in the cell microenvironment. This review deals with the
challenge of integrating these paradigms of biased signalling
or functional selectivity into a common paradigm that can
include the receptor transactivation processes. The following
sections deal with this challenge.
GPCR biased signalling and receptor
transactivation
Classically, receptor-mediated signallingwas conceived as a lin-
ear process involving one agonist, a variety of potential targets
within a receptor family (e.g. α- and β-adrenoceptors) and a sec-
ond messenger (e.g. cAMP)-triggered response. If distinct
responses were stimulated by the same receptor in different tis-
sues (e.g. lipolysis in adipocytes vs. increased beating rate in
the heart caused by adrenaline), the differences were attributed
to different second messenger effectors in the different tissues.
As already mentioned above, it is now appreciated and under-
stood that an individual receptor can couple to multiple effec-
tors (different G proteins and different β-arrestins), even in the
same cell, to drive very distinct responses. Furthermore,
tailored agonists can mould the receptor conformation to acti-
vate one signal pathway versus another by a process termed
biased signalling or functional selectivity (Kenakin and Miller,
2010; Kenakin, 2013; Kenakin and Christopoulos, 2013;
Christopoulos, 2014). The plasticity of a receptor-ligand inter-
action leads to signalling consequences for both agonists and
antagonists in terms of their potential sites of interaction with
the receptor [e.g. at the orthosteric ligand-binding site or
remotely at an allosteric-binding site that can affect ligand
signalling in a positive (positive allosteric modulation) or
negative (negative allosteric modulation) way]. This process
of modulating agonist action would also have its impact on
the process of receptor transactivation, as will be dealt with
briefly in the following sections.

To place our overview in a practical context, we will use as
a prototype, signalling by PAR1, which is a major target for
the serine protease, thrombin. We choose this example
because thrombin has for some time been recognized as a
rapid regulator of numerous cell responses, including platelet
secretion, vascular contractility, tumour cell invasion and
anabolic tissue responses involving transcriptional and trans-
lational mechanisms. Thus, this GPCR (PAR1) drives multiple
and diverse responses thatmatch the complexity of responses
to growth factors like insulin, EGF and TGF-β and to do so,
PAR1 uses all of the tools for signalling, including functional
selectivity and kinase receptor transactivation. Indeed, PAR1
has it all in terms of exploiting ligand-driven receptor plastic-
ity, and it does so all on its own in a unique manner.
Discovery of thrombin action via PAR1 and
biased PAR signalling
Proteinase-activated receptors (PARs), discovered as a result of
the search for the target of thrombin action (Rasmussen et al.,
1991; Vu et al., 1991; Coughlin, 2000; Adams et al., 2011;
Alexander et al.,2015a) belong to the group A rhodopsin-like
GPCR subfamily comprising four members (PAR1, 2, 3 and 4)
(Alexander et al., 2015a). PARs have the unusual mechanism
of activation that involves the proteolytic unmasking of a
cryptic receptor-activating peptide sequence that remains at-
tached to the receptor N-terminus and functions as a tethered
ligand (Vu et al., 1991). When first cloned, it was not appreci-
ated that the thrombin receptor belongs to a GPCR family
with four members and that the multiple cellular actions of
thrombin involve the activation of two different receptors,
namely, PAR1 and 4. Further, the second family member to
be cloned, PAR2, which is preferentially activated by trypsin
but not thrombin, was found to be co-expressed with PAR1
in the vasculature and was therefore able to work in a coordi-
nated way with PAR1 to regulate vasoconstriction. Thus, it
took some time to sort out the multiple signalling effects of
the PARs in terms of which PAR can trigger which response
in a target tissue. Issues of biased signalling and receptor
British Journal of Pharmacology (2016) 173 2992–3000 2995
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transactivation involving the PARs were therefore difficult to
evaluate until about the late 2000s, when the actions of
PAR-selective peptide agonists and PAR-selective antagonists
became available. Furthermore, although it was realized that
multiple serine proteinases could mimic the actions of
thrombin and trypsin to activate PAR1, 2 and 4 by cleaving
at a common arginine to unmask a tethered canonical ligand
in each PAR, it was not appreciated that some enzymes like
MMP1 and neutrophil elastase can activate PAR signalling
by cleaving the N-terminal sequence at sites distinct from
those targeted by thrombin and trypsin (Boire et al., 2005;
Trivedi et al., 2009; Ramachandran et al., 2011; Mihara et al.,
2013; Hollenberg et al., 2014). In a similar manner, the coag-
ulation factor, activated protein-C (APC) for PAR1 (Mosnier
et al., 2012; Schuepbach et al., 2012), and cathepsin-S for
PAR2 (Zhao et al., 2014a) are also able to cleave PARs at distinct
N-terminal sites to result in signalling that is distinct from
that for thrombin (for PAR1) and trypsin (for PAR2). These dis-
tinct non-canonical tethered ligand sequences unmasked by
MMP1, elastase, APC and cathepsin S drive biased PAR
signalling, so as to result in quite distinct cellular responses
(Zhao et al., 2014a; Zhao et al., 2014b). As for the canonical
PAR-activating tethered ligand sequences unmasked by
thrombin (PAR1 and4) and trypsin (PAR2), synthetic peptides
derived from the non-canonical tethered ligands revealed in
the PAR1 N-terminus by MMP1, APC and neutrophil elastase
can, in the absence of receptor proteolysis, trigger biased sig-
nalling (Boire et al., 2005; Mosnier et al., 2012; Schuepbach
et al., 2012; Mihara et al., 2013; Zhao et al., 2014a). As
reviewed more extensively elsewhere, GPCRs in general can
be stimulated to activate a selective signalling pathway
(Kenakin and Christopoulos, 2013; Christopoulos, 2014),
and many of these GPCRs are also able to mediate the
transactivation of other receptors including the one for EGF.
PAR1 signalling and receptor transactivation
As already mentioned, in addition to biased PAR signalling, it
was appreciated early on in studies of thrombin action that
PAR1 can signal via the transactivation of a prostanoid EP re-
ceptor, due to the rapid generation of prostaglandins in the
course of tissue activation (Zheng et al., 1998). Further, PAR1
joined other GPCRs as a receptor able to transactivate the
EGF receptor via the MMP-catalysed release of amphiregulin
or HB-EGF (Daub et al., 1996; Daub et al., 1997). What is not
yet clear is whether or not the processes of biased signalling
and PAR-driven signal transactivation does or does not
involve the participation of PAR homo or heterodimers
(Gieseler et al., 2013). This issue is of a complexity beyond
the scope of our overview but will need to be taken into
account in the future. Thus, it is essential to distinguish
biased PAR1 signalling (either as a receptor monomer or as a
potential homo or heterodimer with another PAR) from a cell
response that results fromPAR1-mediated transactivation of a
second receptor. In principle, depending on the host cell in
which PAR1 is activated, the transactivation process can be
driven by a biased PAR1 activation process, where a unique
signal pathway is triggered (Figure 2).

For PAR1-mediated signalling via transactivation of other
receptors, attention has been focused primarily on targeting
the receptor for EGF (Gschwind et al., 2001). This process is
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now known to involve not only participation of a
membrane-localized MMP that liberates an EGF receptor ago-
nist but also via an MMP-independent process that involves
Src (Kawao et al., 2005; Caruso et al., 2006; van der Merwe
et al., 2008) and a number of other recently identified factors,
including a Rho-GTP-exchange factor (TRIO), an apoptosis-
targeted TK (BMX) and choline-kinase-α (George et al.,
2013). These complex signal pathways lead to the rapid
transphosphorylation/activation of the EGF receptor to drive
MAPK activation and thereby stimulate a number of complex
downstream signalling pathways that are targets of EGF
action. In a similar way, the PDGF receptor can be
transactivated by an Src-dependent direct phosphorylation
of the receptor when PAR2 is activated by the Tissue
Factor/Factor VIIa complex (Siegbahn et al., 2008).There is
no reason to doubt that the Src-mediated process will also
coordinately regulate other receptor targets in addition to
the EGF and PDGF receptors.

An example of the complexity of this transactivation
process can be seen in the regulation of primary cultures of
human saphenous vein-derived vascular smooth muscle cells
(VSMCs) via PAR1. Thus, when VSMCs are treated with
thrombin, there is a rapid increase in ERK/MAPK phosphory-
lation activation. There are several possible mechanisms
downstream of PAR1 that can lead to activation of this
pathway including not only the kinase suppressor of Raf scaf-
folding protein (KSR; Dhanasekaran et al., 2007) but also
pathways relying on the transactivation of the EGF receptor.
This EGFR transactivation, via its GRB2-Ras activation mech-
anism would lead to ERK/MAPK signals. In VSMCs, almost all
of the increased ERK/MAPK activation in response to throm-
bin treatment can be blocked by the EGF receptor kinase
inhibitor, AG1478. Thus, the EGF receptor-kinase is integrally
involved, although its precise mechanism of transactivaton
in the smooth muscle cells (i.e. MMP mediated or not) was
not determined (Burch et al., 2013).

To add to the depth of this transactivation process,
stimulation of the VSMCs by thrombin, along with affecting
EGF-kinase activity, simultaneously transactivates the
serine/threonine kinase TGFBR1, which directly phosphory-
lates Smad2 and/or Smad3 in their extreme carboxy-terminal
domains in what is known as canonical TGFBR1 signalling
(Derynck and Zhang, 2003; Massague, 2012). The carboxy-
terminal phosphoSmad2 or 3 can translocate to the nucleus
and is thus fully functional in terms of TGF-β signalling.
Smad2 or 3 phosphorylation is followed by Smad4
heterodimerization with the phosphoSmads and ultimately
the regulation of TGF-β-stimulated gene expression
(Massague, 2012; Burch et al., 2013; Macias et al., 2015).
Notably, concomitant PAR1 stimulation and transactivation
of both the EGF receptor and TGF-β receptors mediates the
action of thrombin to stimulate hyperelongation of the
glycosaminoglycan chains on the proteoglycan, biglycan, in
a mechanism under investigation as the initiating event in
the development of atherosclerosis (Little et al., 2008;
Ballinger et al., 2010; Getachew et al., 2010; Burch et al.,
2013). Thus, understanding the signal mechanisms that can
ultimately lead to transactivation of both the EGF and
TGF-β receptors is of pathophysiological importance.

We have also shown that as well as thrombin acting at
PAR1, endothelin-1 acting through its cognate receptor, ET



Figure 3
This schema illustrates the potential simultaneous transactivation of
three different receptor systems resulting from the unbiased activa-
tion of a GPCR by agonist number 1 (black arrows). However, a bi-
ased agonist, number 2, is shown selectively to transactivate only
receptor number 3.

GPCR transactivation-dependent and biased signalling BJP
receptor, can transactivate the TGFBR1 in cultured human
VSMCs with both models producing a time-dependent
increase in phosphoSmad2 and downstream regulation of
glycosaminoglycan synthesis on biglycan (Little et al.,
2010). Cheng et al. have recently reported nearly identical re-
sults for the transactivation of TGFBR1 by the PAR2 agonist
2f-LI, in primary human proximal tubular epithelial cells
(Chung et al., 2013). There was only one substantial differ-
ence in the mechanism of GPCR (PAR1 and PAR2) to
serine/threonine kinase receptor TGFBR1 transactivation in
these two reports in that Chung et al. (2013 reported that
the response was dependent upon MMPs, implying a role
for the release of a TGFBR1-activating ligand analogous to
the role of HB-EGF in angiotensin II to EGF receptor
transactivation, whereas we had earlier reported that the re-
sponse was not blocked by the broad spectrum MMP inhibi-
tor, GM6001, and was therefore independent on MMPs
(Burch et al., 2013). This important mechanistic point re-
quires experimental clarification. Our preliminary data indi-
cate that the phenomenon of PAR1 transactivation of the
TGFBR1 is cell-type specific. We have found that the response
is not present in human cardiac fibroblasts or in bovine aortic
endothelial cells but the transactivation appears to be present
in HaCaT keratinocytes, which show an increase in
phosphoSmad2C in response to several GPCR agonists
(unpublished results); it is notable that immortalized human
keratinocyte HaCaT cells were also used in the early work
demonstrating the GPCR-mediated transactivation of the
EGF receptor (Daub et al., 1997).
PAR-mediated transregulation of transient
receptor potential channels
In addition to regulation of receptor function, trans-
activation processes can also affect ion channel function to
stimulate signal transduction pathways. Thus, activation of
PAR2, in addition to triggering the transactivation of the
EGF receptor can also enhance the function of transient re-
ceptor potential channels TRPV1 and 4. The amplification
of TRPV1 function by PAR2 activation involves phosphoryla-
tion of PKC-ε as well as PKA (Amadesi et al., 2006). Although
not evaluated, it is possible that a direct TRPV1 phosphoryla-
tion due to PAR2 action in a sensory nerve leads to increased
calcium influx and thus, calcium-mediated signalling events
due to channel transregulation. In a comparable way, PAR2
stimulation can augment the function of TRPV4. In this
instance, the transregulation of the channel is due to the
phosphorylation of tyrosine residue 110 in TRPV4 (Poole
et al., 2013). No doubt other GPCRs will be found to affect
TRPV4 channel function, as we have found that TRPV4 sig-
nalling is augmented in endothelial cells stimulated by angio-
tensin II as well as by a PAR agonist (Saifeddine et al., 2015). In
this situation, the transregulation of TRPV4 is a result of
transactivation of the EGF receptor. Thus, two quite distinct
signal events, one involving transactivation of the EGF
receptor and a second due to transregulation of TRPV4 would
have an immediate effect on cell function. This example
illustrates the complexity of the transactivation process.
Whether or not biased PAR or angiotensin II signalling can
differentially affect this dual transactivation process remains
to be evaluated.
Therapeutic implications of biased signalling
and receptor transactivation
The substantial impact of biased signalling on the develop-
ment of therapeutic agents has already been reviewed in
depth (Kenakin, 2013, Kenakin and Christopoulos, 2013).
However, the differential transactivation of multiple receptor
targets in the same cellular environment has yet to be taken
into account for the process of biased signalling, as outlined
in Figure 3. Thus, the transactivation of multiple target recep-
tors could in principle shower the cell with a large matrix of
downstream signalling pathways as illustrated in Figure 2.
However, as shown in Figure 3, a biased agonist could in prin-
ciple transactivate only one of the potential feed-forward re-
ceptors in the system. Thus, if a therapeutic agent targeted
only one of the downstream receptors that can be
transactivated (e.g. an EGF receptor-selective kinase inhibitor
like AG1478), the remainder of the signalling triggered by the
upstream GPCR would be unaffected. Thus, one can predict
that the distinct transcriptome readout for the biased GPCR
agonist would be due not to the direct action of the GPCR
and its effectors alone but due to the absence of signalling
by the other transactivated receptors that are activated by
the unbiased agonist number 1. Potentially, this kind of situ-
ation could lead to what might be interpreted as off-target ef-
fects of the two distinct agonists. That interpretation would
miss the mark made by the selective transactivation process.
This issue merits consideration, because many of the para-
digms for developing biased agonists or antagonists use
reductionist signal readout systems, which are very often de-
void of secondary receptor transactivation signals. To com-
plement this reductionist approach, it will be of value in the
future to assess the ability of biased agents to drive (or not)
biased signalling in several cell and intact tissue systems.
Conclusion
The main message we wish to give is that GPCR signalling
provides a rich source of stimuli, including not only the
potential activation of multiple G proteins and a β-
arrestin-scaffold-stimulated signal pathway but also via the
rapid coordinated transactivation of other independent re-
ceptors, which also signal to the cell originally activated by
the first GPCR. The transactivation process can affect multi-
ple membrane receptors with intrinsic tyrosine and
serine/threonine kinase activity as well as activating
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prostanoid EP/TP receptors due to the rapid generation of
COX products. Further, the transactivation process is able to
signal not only via pharmacological receptors but also via
ion channels like TRPV1 and TRPV4.

To sum up, established pathways of classical multiplex
signalling can be termed transactivation-independent. The
multiple downstream signals generated by a single receptor
can, for this process, be seen to be due either to the activation
of multiple effectors (de Haen, 1976; Jacobs and Cuatrecasas,
1976) involving either distinct G proteins or a Gα-
protein-independent signal pathway involving an arrestin
scaffold. This arrestin-mediated signalling can occur either
with or without receptor internalizaton. Added to these mul-
tiple signals triggered by the GPCR itself, transactivation-
dependent signalling involves a rapid stimulation of a
sequential receptor mechanism that can involve the
immediate generation of released autacoids, like prostaglan-
dins or growth factor-activating agonists, or the direct
cross-activation of receptor kinases, which in turn phosphor-
ylate either tyrosine or serine/threonine targets to generate
signals (e.g. PDGF, EGF or TGFBRs respectively). These
transactivation-independent and transactivation-dependent
signal processes initiated by a GPCR will of necessity overlap
with the biased signalling paradigm, in which an individual
receptor like PAR1 can produce different responses when
stimulated with different activating ligands, as outlined
above. Thus, a future issue to sort out will be to determine if
biased agonists in a bioassay system of relevance do or do
not trigger the same transactivation signalling process as the
non-biased agonists. This information will be of therapeutic
relevance as more biased receptor regulators are discovered
for use in the clinic. One can therefore look forward to
exciting developments in this area of GPCR signalling in
the future.
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