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The complex G protein-coupled receptor kinase
2 (GRK2) interactome unveils new
physiopathological targets
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GRK2 is a ubiquitous member of the G protein-coupled receptor kinase (GRK) family that appears to play a central, integrative
role in signal transduction cascades. GRKs participate together with arrestins in the regulation of G protein-coupled receptors
(GPCR), a family of hundreds of membrane proteins of key physiological and pharmacological importance, by triggering
receptor desensitization from G proteins and GPCR internalization, and also by helping assemble macromolecular signalosomes
in the receptor environment acting as agonist-regulated adaptor scaffolds, thus contributing to signal propagation. In addition,
emerging evidence indicates that GRK2 can phosphorylate a growing number of non-GPCR substrates and associate with a
variety of proteins related to signal transduction, thus suggesting that this kinase could also have diverse ‘effector’ functions.
We discuss herein the increasing complexity of such GRK2 ‘interactome’, with emphasis on the recently reported roles of this
kinase in cell migration and cell cycle progression and on the functional impact of the altered GRK2 levels observed in several
relevant cardiovascular, inflammatory or tumour pathologies. Deciphering how the different networks of potential GRK2
functional interactions are orchestrated in a stimulus, cell type or context-specific way is critical to unveil the contribution of
GRK2 to basic cellular processes, to understand how alterations in GRK2 levels or functionality may participate in the onset or
development of several cardiovascular, tumour or inflammatory diseases, and to assess the feasibility of new therapeutic
strategies based on the modulation of the activity, levels or specific interactions of GRK2.
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Introduction

G protein-coupled receptor kinases (GRKs) were initially iden-
tified as serine/threonine kinases that participate together
with arrestins in the regulation of multiple GPCR. The GRKs
constitute a group of protein kinases (seven members in
mammals) that specifically recognize and phosphorylate
agonist-activated GPCRs (Penela et al., 2003; Premont and
Gainetdinov, 2007). Arrestins then bind to the phosphory-
lated receptor, leading to uncoupling from heterotrimeric G
proteins and receptor desensitization. As a result of B-arrestin
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binding, phosphorylated receptors are also targeted for
clathrin-mediated endocytosis, a process that classically
serves to re-sensitize and recycle receptors back to the plasma
membrane (Reiter and Lefkowitz, 2006; Moore et al., 2007).
Besides such ‘negative’, inhibitory role of GRKs/arrestins in
GPCR signalling, recent and emerging evidence indicate that
both GRKs and arrestins are able to interact with a variety of
cellular proteins involved in signal transduction, thus con-
tributing to signal propagation at defined cellular locations
upon GPCR activation. In the case of B-arrestins, several labo-
ratories have shown that these proteins can act as scaffold
molecules that bring different signalling molecules into the
receptor complex, such as c-Src, J]NK-3, components of the
Raf/MEK/ERK cascade, the cAMP phosphodiesterase PDE4,
the Ral-GDS regulator of the cytoskeleton, components of the
NfkB signalling pathway or the Mdm2 ubiquitin ligase,
among others [reviewed in (Reiter and Lefkowitz, 2006;
DeWire etal.,, 2007; Premont and Gainetdinov, 2007)].
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Therefore, GRK-mediated arrestin recruitment is critical for
triggering the modulation of important intracellular signal-
ling cascades by GPCR, contributing to the overall cellular
response to the presence of an agonist.

It should be stressed, however, that GRK’s cellular role is not
limited to promoting B-arrestin binding to activated GPCRs.
GRKs are multidomain proteins with diverse cellular func-
tions. In particular, the ubiquitous and prototypic GRK
isoform, GRK2, is emerging as a key node in signal transduc-
tion pathways, displaying a very complex interactome, as we
will discuss below. Moreover, the expression and function of
GRK2 is tightly regulated and its levels and functionality
altered in several pathological situations, thus suggesting that
these changes may contribute to the onset or development of
these pathologies (Penela et al., 2003; 2006; Premont and
Gainetdinov, 2007; Ribas et al., 2007).

GRK2 is a multi-domain protein

GRK family members can be subdivided into three main
groups based on sequence homology: visual GRK subfamily
(GRK1 and GRK7), the B-adrenergic receptor kinase subfamily
(GRK2/GRK3) and the GRK4 subfamily (GRK4, GRKS and
GRK6). GRK2, 3, 5 and 6 are ubiquitously expressed in mam-
malian tissues.

GRKs share a common structural architecture with a well-
conserved, central catalytic domain (~270 aa), similar to that
of other serine-threonine kinases, flanked by an N-terminal
domain (~185 aa) and a variable-length carboxyl-terminal
domain (~105-230 aa). The N-terminal domain has been pro-
posed to be important for receptor recognition, for intracel-
lular membrane anchoring and also contains an RH domain
(regulator of G protein signalling homology domain) of
~120 aa. In the case of GRK2 and GRK3, the RH domain has
been shown to specifically interact with Gaq family members,
thus blocking its interaction with their effector, phospholi-
pase C beta (PLCP). The C-terminal region of GRK2 contains
a pleckstrin homology domain (PH) with binding sites for the
membrane phospholipid PIP2 and free Gy subunits and
therefore is involved in its agonist-dependent translocation to
the plasma membrane (Penela et al., 2003; Ribas et al., 2007).

The crystal structure of GRK2 in complex with G protein
B1y2 subunits provided new insights into GRK regulation,
placing its three distinct regions (RH, kinase and PH domains)
at the vertices of a triangle, an excellent example of how
multiple modular domains are integrated in a single molecule
to transduce and modulate signalling events (Lodowski et al.,
2003). The crystal structure of GRK2 in complex with Goq has
also been solved. Residues in Goq involved in its interaction
with GRK2 are analogous to those implicated in association to
its classical effector PLCP, indicating that the GRK2 RH
domain binds Goq in a manner more similar to an effector-
like interaction than an RGS-like one and making it possible
to suggest a role for GRK2 as an effector of Goq signalling-
mediated pathways (Tesmer et al., 2005).

In addition to this general domain architecture, ongoing
research is unveiling the localization of regions involved in
interaction with different cellular proteins and of regulatory
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phosphorylation sites in the GRK2 structure [reviewed in
(Penela et al., 2003; Ribas et al., 2007), also see below].

GRK2 phosphoryates non-GPCR substrates
and displays a complex network of
functional interactions

Recent data indicate that arrestins and GRKSs can also regulate
signalling mediated by other membrane receptor families,
such as tyrosine kinase receptors for IGF-1, Insulin, PDGF or
EGF (Hupfeld and Olefsky, 2007; Cipolletta et al., 2009). GRK2
phosphorylates PDGF-Rf and reduces receptor activity
without altering its down-regulation (Hildreth et al., 2004).
Activation of EGF receptors promotes the recruitment of
GRK2 and subsequent phosphorylation at tyrosine residues of
GRK2 itself, increasing its catalytic activity and inducing
opioid receptor transregulation (Chen et al., 2008).

In addition, a growing number of non-GPCR, non-plasma
membrane receptor substrates are being identified for GRKs,
particularly GRK2. These include tubulin, synucleins, phos-
ducin, ribosomal protein P2, the inhibitory y subunit of the
type 6 retinal cyclic guanosine monophosphate (cGMP) phos-
phodiesterase, a subunit of the epithelial Na+ channel, the
ERM family protein ezrin, the calcium-binding protein
DREAM, I[KappaBalpha or the p38 MAPK (Peregrin etal.,
2006; Ribas et al., 2007; Patial et al., 2009) and references
therein]. GRK2 also inhibits TGF-beta-mediated cell growth
arrest and apoptosis by inducing Smad phosphorylation (Ho
et al., 2005). Overall, these data suggest that GRK2 may act as
an ‘effector’, participating in the regulation of diverse cellular
phenomena through the phosphorylation of substrates that
are very varied functionally (Figure 1).

Besides such phosphorylation-dependent processes, GRK2
may also contribute to modulate cellular responses in a
phosphorylation-independent manner thanks to its ability to
interact with a plethora of proteins involved in signalling and
trafficking. In addition to the specific interaction with Goq
and Gy subunits discussed above, that may help to recruit
GRK2 to the membrane and also block the interaction of
these G protein subunits with cellular effectors, this kinase
has been reported to associate with PI3K, clathrin, GIT, caveo-
lin, MEK, AKT, and RKIP [see Ferguson (2007) and Ribas et al.
(2007) for reviews and below]. Very recent reports have iden-
tified novel interactions of GRK2 with the RalA GTPase in
HEK293 cells (Aziziyeh et al., 2009) and with the APC protein
in osteoblasts (Wang et al., 2009)]. For instance, the interac-
tion of GRK2 with PI3Kgamma has been proposed to facilitate
PI3K recruitment to the membrane upon agonist stimulation,
thus contributing to receptor endocytosis and desensitization
(Naga Prasad et al., 2002). The GRK2/MEK association seems
to be important in the control of chemokine induction of
MAPK activation (Jimenez-Sainz et al., 2006). On the other
hand, we have recently found that the interaction of GRK2
with GIT1, a scaffold protein involved in multiple cellular
processes as cytoskeletal dynamics, membrane trafficking or
cell adhesion is implicated in the modulation of cell migra-
tion in epithelial cells, as we will discuss below (Penela et al.,
2008).



" o

C\a’rhri:;:/ GR K 2

Caveolin /
RalA
APC

Mdm2

RKIP

Calmodulin

Figure 1

W

GIT1 Need4

The complex GRK2 interactome. In addition to its ‘classical’ role triggering GPCR phosphorylation and B-arrestin binding, GRK2 can
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modulate cell signalling by interacting with Goiq and Gy subunits. Furthermore, emerging evidence indicate that GRK2 phosphoryates diverse
non-GPCR substrates and displays a complex network of functional interactions with proteins involved in signal transduction. The P symbol
denotes that GRK2 has been shown to phosphorylate the indicated proteins. The molecular target nomenclature in text and figure legends
conforms to the British Journal of Pharmacology Guide to Receptors and Channels (Alexander et al., 2008). See text for details. GPCR, G

protein-coupled receptor; GRK, G protein-coupled receptor kinase.

Other functional interactions have been shown to be
involved in the regulation of GRK expression levels, localiza-
tion, and activity (Penela et al., 2003; Reiter and Lefkowitz,
2006; Premont and Gainetdinov, 2007). The association of
GRK2 with a-actinin, clathrin, calmodulin, caveolin or RKIP
appear to participate in controlling GRK2 activity and in
determining the complex subcellular distribution of the
kinase.

Phosphorylation by different kinases has been shown to
either enhance (PKA, PKC, Src) or decrease (ERK) membrane
targeting and/or the catalytic activity of GRK2 (Sarnago et al.,
1999; Elorza et al., 2000; Penela et al., 2003), thus opening the
possibility of transmodulation by different signalling path-
ways. A recent work has put forward S-nitrosylation of GRK2
as a novel mechanism to inhibit its activity (Whalen et al.,
2007). Phosphorylation of GRK2 at given tyrosine or serine
residues is also emerging as a key mechanism to dynamically
modulate its interaction with cellular partners. Tyrosine phos-
phorylation by c-Src appears to enhance the interaction of
GRK2 with Gaq (Ribas et al., 2007) and with the GIT1 scaffold
protein. On the other hand, ERK1/2 phosphorylates GRK2 on
S$670, strongly impairing the GRK2/Gfy interaction (Pitcher
et al., 1999) and inhibiting kinase translocation and catalytic
activity towards receptor membrane substrates, while also
modulating GRK2 interaction with GIT1 [(Penela et al., 2008)
see also below].

Regarding the regulation of GRK2 expression little has been
reported about the mechanisms governing GRK transcription.

In aortic smooth muscle cells, we found that agents that
induce physiological vasoconstriction and hypertrophy
markedly enhance GRK2 promoter activity, whereas pro-
inflammatory cytokines promote the opposite effect, suggest-
ing that the expression of GRK2 is strongly controlled at the
transcriptional level by the interplay between various signal
transduction pathways (Ramos-Ruiz etal., 2000). TGF-B
induces GRK2 expression in hepatocarcinoma cells (Ho et al.,
2005) and in vascular smooth muscle cells (Guo et al., 2009).
However, whether these mechanisms apply to other cell types
awaits further investigation.

Regulation of GRK2 stability may provide an important
mechanism for modulating its expression levels. We have
shown that GRK2 is rapidly degraded by the proteasome
pathway, and that GRK2 ubiquitination and turnover is
enhanced by ,AR activation as a result of phosphorylation of
GRK2 by c¢-Src and MAPK in a B-arrestin-dependent manner
(Penela et al., 1998; 2001; Elorza et al. 2003). More recently,
we have shown that Mdm2, an E3-ubiquitin ligase involved
in the control of cell growth and apoptosis, plays a key role in
GRK2 degradation (Salcedo et al., 2006). Mdm2 and GRK2
association and subsequent proteolysis are facilitated by the
B-arrestin scaffold function upon f,-adrenergic receptor
stimulation. On the contrary, activation of the PI3K/Akt
pathway by agonists such as IGF-1 alters Mdm2 phosphory-
lation and triggers its nuclear localization thus hampering
Mdm2-mediated GRK2 degradation and leading to enhanced
GRK2 stability and increased kinase levels (Salcedo etal.,
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2006). It is tempting to suggest that deregulated activity of the
PI3K/Akt pathway in pathophysiological contexts character-
ized by increased cell proliferation and survival would lead to
GRK2 up-regulation in human tumour malignancies (Metaye
et al., 2005), and we are currently very actively investigating
this possibility.

This complex GRK2 ‘interactome’ puts forward that this
kinase lies at the crossroads of multiple signalling pathways.
However, there are a number of important questions that
remain to be addressed. How are such interactions modulated
by extracellular signals? Which of them are relevant in physi-
ological and pathological situations characterized by changes
in GRK2 expression levels and/or functionality? Are there new
interactions of GRK2 that underlie its participation in key
biological functions? In this context, we will focus on the
recently reported roles of GRK2 in cell migration and cell
cycle progression and discuss the functional impact of the
altered GRK2 levels observed in several relevant cardiovascu-
lar, inflammatory or tumour pathologies.

GRK2 in cardiovascular cells:
functional consequences

GRK2 plays a key role in the control of beta-adrenergic sig-
nalling in the heart. Hemizygous GRK2 mice expressing 50%
less protein than control littermates are hyper-responsive to
catecholamines and present increased cardiac contractility
and function. The opposite happens with transgenic mice
overexpressing different levels of this kinase (Koch etal.,
1998) in which the adrenergic cardiac response is impaired.
The relationship between increased GRK2 protein levels and
end-stage heart failure (HF) has been established in animal
models and in patients afflicted with different heart condi-
tions. Increased left ventricular GRK2 mRNA and activity were
reported in patients with ischemic or idiopathic dilated car-
diomyopathy, cardiac ischemia, volume overload and left
ventricular hypertrophy (Penela et al., 2006; Premont and
Gainetdinov, 2007). Interestingly, in some animal models the
development of overt HF is preceded by an elevation of GRK2
levels that correlates with progressive impaired myocardial
contractility and B-adrenergic receptor (BAR) responsiveness
[reviewed in (Penela et al., 2006)]. More interestingly, GRK2
levels are elevated post-infarction only in animals that
develop heart failure (Theilade et al., 2003). The levels and/or
activity of GRK2 are also elevated in lymphocytes of patients
with cardiac failure (Iaccarino et al., 2005). This has lead to
the possibility that lymphocyte GRK2 could be used as surro-
gate readout of myocardial levels of GRK2.

The presence of beta-agonists has been reported to
up-regulate GRK2 mRNA, whereas ischemia might promote
GRK2 degradation by the proteasome in some experimental
models [reviewed in Penela et al. (2006)]. However, there is
limited knowledge of the mechanisms modulating GRK2
expression in cardiovascular cells in pathological settings.

Although the issue of whether elevated GRK2 expression is
a precipitating factor for congestive heart failure or an initial
adaptive process that eventually turns pathologic has not
been solved, the available data underline the importance of
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GRK2 levels as a marker of predisposition to cardiac dysfunc-
tion and supports the idea that GRK2 offers a potential thera-
peutic target. Several mouse models seem to support this
concept. The inhibition of GRK2 activity by overexpression of
GRK2ct (also termed BARKct), a construct encompassing the
GPybinding domain of GRK2 that inhibits endogenous GRK2
by competing with the kinase for GBy-mediated membrane
translocation, has provided a successful approach for restor-
ing cardiac function in animals with HE. GRK2ct transgenic
animals show enhanced basal and isoproterenol-stimulated
contractility, suggesting that the level of GRK2 activity
directly modulates BAR-dependent cardiac responses in vivo
(Rockman et al., 1998). Moreover, overexpression of GRK2ct
rescues cardiac dysfunction and improves survival in many
different mouse models of heart failure, although it does not
prevent cardiac deterioration in Gaq or dominant-negative
CREB transgenic mice despite the fact that normal BAR sig-
nalling was restored [reviewed in (Penela et al., 2006)].
These results indicate that the potential benefits of gene
therapy based on GRK2ct delivery would depend on the aeti-
ology of the heart failure, and suggest that GRK2ct effects go
beyond the modulation of the f1AR/adenylyl cyclase signal-
ling module. Indeed, chronic adrenergic activation appears to
be more detrimental than beneficial for heart disease:
increased adrenergic activation is a direct cause of cardiomy-
opathy; chronic elevations in adrenergic signals achieved by
transgenic overexpression of betal-receptors, Gas proteins or
adenylyl cyclase, or by means of chronic agonist treatment in
mice evolve to cardiac dysfunction; genetic polymorphisms
that enhance sympathetic tone are independent risk factors
for HF; and, most importantly, B-blockers represent a success-
ful standard treatment for this disease (Lymperopoulos et al.,
2007; Dorn, 2009b). It should be noted that over-expression
of the GRK2ct peptide may also affect endogenous GRK2
activity towards other GPCR different from B1-adrenergic in
the heart, and this construct could also titrate Gy dimers
from different signalling mediators and thus down-regulate
other signalling routes. The beneficial effects of GRK2ct might
be also related to its ability to disrupt the interaction of GRK2
with some of its partners such as RKIP, PI3K/Akt, tubulin,
ezrin or GIT1. Finally, GRK2 inhibition may favour recently
identified alternative cardio-protective signalling pathways
that may help improve cardiovascular function and survival
outcomes (Noma et al., 2007). These pathways have been
shown to be more dependent on the arrestin-mediated
branch downstream of GPCRs. GRK2 inhibition could lead to
a ‘signalling switch’ that would selectively increase signalling
to certain cardioprotective routes downstream of GPCRs what
could compensate the cardiotoxic effects of the concomitant
over-activation of second messenger-dependent pathways.
Recent experiments using GRK2-deficient mice have also
shed new light on the role of this kinase in the heart (Dorn,
2009a). GRK2-deficient mice are embryonic lethal and display
a marked cardiac hypoplasia (Jaber et al., 1996). This observa-
tion initially suggested that GRK2 was required for the proper
development and maintenance of heart structure. However,
mice with specific ablation of GRK2 in cardiomyocytic cells
are viable (Matkovich et al., 2006). This result unmasks the
fact that it is not myocardial GRK2 protein, but rather an
extra-cardiac effect of GRK2 deficiency what accounts for a



hampered cardiac development. These cardiomyocyte-
deficient GRK2 mice are, however, more prone to cardiac
damage induced by adrenergic stimulation when adult,
arguing against a beneficial role of decreased GRK2 in cardiac
dysfunction and adding to the controversy of whether GRK2
inhibition could be beneficial or harmful in HE. A subsequent
report has succeeded in shedding some light on this issue. By
developing mice with an inducible GRK2-deficiency in cardi-
omyocytes, Raake et al. have been able to elegantly demon-
strate that deleting GRK2 either prior to or 10 days after
myocardial infarction impedes HF and improves survival
(Raake et al., 2008). This report clearly demonstrates a causal
role for GRK2 in cardiac remodelling and dysfunction, and
identifies this kinase as a target for therapeutic intervention.
Moreover, the same group further established that long-term
silencing GRK2 by means of adeno-associated viruses injected
in mouse myocardium increases contractility, prevents
remodelling, and, more importantly, halts the neurohumoral
vicious circle of increased catecholamines and aldosterone
characteristic of HF (Rengo et al., 2009).

It should also be noted that, in addition to modulating
B-adrenergic receptors in the heart, o2-adrenergic receptors,
which negatively regulate the release of catecholamines by
the adrenal gland, are also desensitized by GRK2. As adrenal
GRK2 is also up-regulated in heart failure, it would trigger a
catecholamine overdrive, which per se is detrimental for
cardiac function in the long term. Therefore, the pathological
effects of GRK2 in heart failure might rely on locally impaired
contractility as well as on unbalanced systemic homeostasis
due to excessive desensitization of neuro-humoral receptors.
Interestingly, a recent report has demonstrated the efficacy of
inhibiting GRK2 by expressing GRK2ct in rat adrenal glands
using adenoviral vectors (Lymperopoulos et al., 2007; Dorn,
2009a). This strategy restores a2-receptor signalling, decreases
circulating catecholamine levels, and improves cardiac func-
tion after myocardial infarction. Overall, these data support
GRK2 inhibition as an integrated approach to therapies that
target catecholaminergic pathways in heart failure.

In addition to HF, several clinical manifestations of hyper-
tension have been associated to increased GRK2 expression.
GRK2 is selectively up-regulated in lymphocytes from young
borderline hypertensive patients while remained unaltered in
normotensive subjects (Gros et al., 1997; Cohn et al., 2009).
These changes paralleled impaired BAR responsiveness, key to
vasodilatation responses. One of the caveats of this study was
whether the changes observed in lymphocytes accurately
mirrored those occurring in the vasculature. This fact was
confirmed in spontaneously hypertensive rats and in salt-
sensitive hypertensive Dahl rats, identifying GRK2 as a point
of convergence in hypertension of different aetiologies (Gros
etal., 2000). Elevated GRK2 expression in the vasculature is
not only a mere marker of the hypertensive state but rather a
precipitating factor of hypertension. Transgenic mice with
vascular smooth muscle-targeted overexpression of GRK2
display attenuated vascular BAR signalling and vasodilatation
while o-adrenergic-mediated vasoconstriction remains unal-
tered. This leads to elevation of resting blood pressure and
vascular remodelling (Eckhart et al., 2002). Inhibition of vas-
cular smooth muscle GRK2 by cell-specific gene ablation also
enhances o1D-adrenergic receptor constriction (Cohn et al.,
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2008). Recently, both endothelin-1 receptor signalling and
endothelial eNOS production, which are instrumental for the
maintenance of portal tension, have been shown to be
impaired by elevated GRK2 levels (Liu et al., 2005). This new
role of endothelial GRK2 in vascular homeostasis could be
relevant in human primary hypertension, but whether GRK2
up-regulation in this condition is confined to vascular
smooth muscle cells or also extended to the endothelium
remains to be established.

Overall, these studies suggest that enhanced vascular GRK2
might be an important contributor to the pathogenesis/
maintenance of human essential hypertension. Interestingly,
it has been reported that GRK2 positively modulates the func-
tionality of the epithelial Na+ channels (ENaC), present in
diverse salt-scavenging epithelia, the hyperactivity of which is
directly related to the development of hypertension
(Dinudom et al., 2004).

GRK2 interactome in epithelial and immune cell
migration: physiopathological implications

Signal-directed migration requires a spatio-temporal integra-
tion of information arising from mechanical cues and from
diffusible molecules including growth factors and molecules
acting through GPCR such as chemokines and bioactive lipids
like sphingosine-1-phosphate (S1P). Failures in this process
might result in aberrant migration leading to chronic inflam-
matory disorders, tumour invasion and metastasis, impaired
wound healing or other diseases (Ridley et al., 2003). In this
regard, in addition to participate in the regulation and signal-
ling of a variety of GPCR related to migration processes, GRK2
has been shown to interact with a variety of proteins involved
in migration such as MEK, Akt, ezrin, PI3Ky or GIT. Consis-
tently, recent evidence suggests that GRK2 plays an impor-
tant, complex role in epithelial and immune cell migration.

GRK?2 is highly expressed in different cellular types of the
immune system and emerges as an important regulator of cell
responses during inflammation (Vroon etal., 2006). GRK2
phosphorylates manifold chemokine receptors such as CCRS,
CCR2b, CXCR4, CXCR2 and chemotactic receptors for sub-
stance P, S1P or formyl-peptide, responsible for leukocyte
trafficking to the inflammatory foci, T cell egression from
lymphoid organs, leukocyte activation or proliferation (Vroon
et al., 2006). According to the classical, ‘negative’ role of GRK2
in GPCR modulation, it was hypothesized that GRK2 levels
would be important in determining the rate and extent of
GPCR desensitization at the leading edge, where high con-
centrations of chemokines and chemokine receptors are
present. Consistently, splenocytes and T lymphocytes isolated
from GRK2+/- mice display increased agonist-induced activa-
tion of ERK and PI3K/Akt pathways (Vroon et al., 2004) and
increased migration when compared with wild-type litter-
mates in response to certain chemokines (CCL5, CXCL12). In
agreement with these data, it has been described that the
GRK2 and GRKS transcriptional down-regulation caused by
activation of the Toll-like receptor (TLR)-4 pathway lowers
chemokine receptor desensitization augmenting the migra-
tory response of polymorphonuclear leukocytes (PMNs) (Fan
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Figure 2 GRK2 interactome involved in cell migration. Schematic representation of signalling molecules/pathways relevant for migration that
have been shown to functionally interact with GRK2 (Pathway Studio 6.0, ResNet MedScan Database, Ariadne Genomics). GRK2 interacts with
diverse receptors, molecular switches, structural proteins, scaffolding molecules and kinases related to cell motility and chemotaxis. The overall
effect on cell migration of the different interactions of GRK2 with its partners will be dependent on the cell type and the signalling context.

See text for details. GRK, G protein-coupled receptor kinase.

et al., 2003). The modulation of chemokine-mediated induc-
tion of ERK activity by altered GRK2 levels seems to involve
both kinase-dependent and independent functions, the later
related to the ability of GRK2 to interfere the MEK/ERK inter-
face (Jimenez-Sainz et al., 2006). Whether other functional
interactions of GRK2 (Figure 2) may also modify immune cell
migration remains to be investigated (Penela et al., 2009).

These observations suggest an important role of GRK2
levels in cells of the immune system that can have functional
consequences in the development and progression of inflam-
matory diseases. Accordingly, a decrease of GRK2 protein
expression (~55%) and kinase activity was found in peripheral
blood mononuclear cells of patients with rheumatoid arthritis
compared with healthy subjects [reviewed in (Vroon et al.,
2006)]. The decline of GRK2 is a direct consequence of the
pathology as demonstrated in animal models of experimental
arthritis, because diseased mice specifically show a reduction
in GRK2 levels in splenocytes and mesenteric lymph node
cells.
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Transient down-regulation of GRKs in immune cells during
inflammation may represent an initially adaptive mechanism
to facilitate cell response, whereas chronic GRK2 down-
regulation would lead to an aberrant inflammatory outcome.
However, whether GRK2 expression levels are determinant for
the progression of RA still requires further evidence. Expres-
sion of GRK2 in leukocytes from patients with multiple scle-
rosis (MS) was also decreased by 40% compared with that of
healthy individuals (Vroon et al., 2005). GRK2 levels appear to
have a direct impact in the clinical course of experimental MS,
as the onset of the relapsing-remitting experimental autoim-
mune encephalomyelitis in hemizygous GRK2+/— mice was
significantly accelerated, concomitant with a higher initial
infiltration of T cells into the brain. Curiously, these animals
display lower inflammatory infiltrates in the long term and do
not develop relapses in the disease compared with wild-type
animals. Therefore, the effects of altered GRK2 expression are
far from being well defined, as many different cell types that
are responsible for the progress of the disease, not only from



the immune system but also from the inflamed tissue, can
respond differently to GRK2 changes. For instance, whereas in
T cells and monocytes decreased GRK2 levels lead to
enhanced migration, consistent with its classical role in GPCR
desensitization [revised in Vroon et al. (2006); DeFea (2007);
Penela et al. (2009)] preliminary data suggest that in other cell
types and in response to other stimuli (granulocytes stimu-
lated with LTB4 or IL-8), decreased GRK2 levels do not affect
chemotactic responses (Tarrant et al., 2008), suggesting that
the effect of GRK2 on cell migration would be dependent on
the precise stimuli or cell type.

In this context, we have recently investigated a potential
role for GRK2 in epithelial cell migration. GRK2 promotes
changes in actin cytoskeleton and paxillin localization consis-
tent with enhanced focal adhesion turnover and higher cell
motility. Moreover, GRK2 promotes increased migration
towards fibronectin in different epithelial cell lines models
and in fibroblasts. These effects were independent of GRK2
kinase activity, as they were also observed upon expression of
a catalytically inactive mutant. Therefore, and contrary to that
what has been described in immune cells, increased GRK2
expression facilitates migration towards fibronectin and GRK2
down-regulation impairs migration (Penela et al., 2008).

How do GRK2 levels modulate the cellular response to
fibronectin, which acts through an integrin receptor? We
have found that fibronectin induces sphingosine kinase activ-
ity and the subsequent release of S1P, what in turn triggers
migration via Gi-coupled S1P1-receptors (Penela et al., 2008).
Interestingly, GRK2 appears to affect this process at least at
two levels. First, frans-modulation of S1P1 receptors by
fibronectin is potentiated by GRK2 expression, as enhanced
GRK2 levels lead to increased S1P production, by yet
unknown mechanisms. In addition, GRK2 facilitates the acti-
vation of the ERK pathway and migration in response to
fibronectin and S1P (Penela ef al., 2008). Therefore, contrary
to the classical paradigm, GRK2 would be playing an overall
‘positive’ role in cell signalling in epithelial cells and fibro-
blasts (Figure 2).

The dynamic association of GRK2 with GIT-1 has been
shown to underlie the effects of the kinase on epithelial cell
migration (Penela et al., 2008). GIT-1, first described as a GRK-
interacting protein (Premont et al., 1998), is a multidomain
protein with ARF-GAP activity, able to interact with Rac
modulators, paxillin and MEK1. GIT-1 plays important roles
in receptor endocytosis and cell motility, and it can promote
migration by increasing focal adhesion turnover, delivering
active PAK to the leading edge and also by acting as a scaffold
for ERK activation in focal adhesions (reviewed in Hoefen and
Berk, 2006). Interestingly, S1P stimulation dynamically
modulates the GRK2/GIT1 association. S1P-mediated Src-like
activation first triggers GRK2 phosphorylation at tyrosine resi-
dues and promotes GRK2/GIT interaction; subsequent phos-
phorylation of GRK2 by MAPK at S670 disrupts the complex
and allows additional rounds of dynamic GRK2/GIT1 associa-
tion that favour cell migration by promoting an efficient and
localized activation of the Rac/PAK/MEK/ERK signalling
cascade. Mutants unable to engage in such dynamic processes
(such as the GRK2-S670A mutant, which displays a very
strong association with GIT1) can not substitute for wild-type
GRK2 and impair cell signalling and migration in response to
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these stimuli. These results highlight the functional relevancy
of the dynamic GRK2/GIT1 interaction (Penela et al., 2008).
Decreased GRK2 levels in hemizygous mice result in
delayed wound healing rate in vivo (Penela et al., 2008), con-
sistent with a physiological role for GRK2 as a regulator of
coordinated integrin and GPCR-directed epithelial cell migra-
tion. These data put forward the interesting notion that
altered GRK2 expression levels might alter migratory
responses in pathological conditions. Aberrant epithelial cell
motility plays a key role in cancer progression and metastasis.
S1P and integrin signalling, as well as other GPCRs such as
chemokine receptors or protease-activated receptors are
involved in these processes (Milstien and Spiegel, 2006;
Dorsam and Gutkind, 2007). Increased S1P-receptor activity is
common in breast and other solid tumours correlating with
metastasis and chemoresistance, whereas overexpressed 1
and o6B4 integrins promote carcinoma invasion (Brockbank
etal., 2005). Likewise, CXCR4 and CXCR2 are functionally
over-expressed in breast tumours, ovarian cancer and mela-
noma, among others (Dorsam and Gutkind, 2007). Certain
signalling pathways instrumental in many cancers cause the
up-regulation of GRK2 protein levels in malignant cell lines
(Ho et al., 2005; Salcedo et al., 2006). In addition, preliminary
data indicate that GRK2 protein levels can be either
up-regulated in tissue samples of patients with granulosa cell
tumours and with differentiated thyroid carcinoma (Metaye
et al., 2002, 2008), or down-regulated in a subgroup of pros-
tate tumours (Prowatke et al., 2007). Altogether these results
suggest that altered GRK2 expression in specific tumour cells
may affect migration in response to particular stimuli and
play a role in carcinogenesis. This hypothesis is further sup-
ported by the observed cooperation of GRK2 with known
oncogenes in ‘in vitro’ transformation assays (Meloni et al.,
2006) and by the emerging role of GRK2 in cell cycle progres-
sion (see below). A detailed characterization of GRK2 expres-
sion levels in different types of tumours and further insight
on the effects of altered GRK2 expression in tumour progres-
sion are needed to further define its role in this process.

GRK2 and cell cycle progression

As discussed above, GRK2 knockout mice are embryonic
lethal at day 9-12 (Jaber etal., 1996) and display marked
cardiac abnormalities as a result of extra-cardiac GRK2 func-
tions (Matkovich et al., 2006). In addition, germline GRK2
ablation promotes generalized embryo growth retardation
and additional alterations from normal development. These
features support the idea that this protein plays a critical role
in basic cellular functions such as cell proliferation, differen-
tiation or migration during development. In this regard,
emerging evidence points at a role for GRK2 as both an
extrinsic and intrinsic cell-cycle regulator (Figure 3). GRK2
expression has been reported to have distinct impacts on cell
proliferation and mitogenic signalling depending on both the
cell type and the mitogenic stimuli analysed. GRK2 inhibits
TGF-mediated cell growth arrest and apoptosis in human
hepatocarcinoma cells (Ho et al., 2005). On the other hand,
GRK2 attenuates serum- or PDGF-induced proliferation of
thyroid cancer cell lines (Metaye et al., 2008) and smooth
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Figure 3 GRK2 interactome involved in the modulation of cell cycle progression. GRK2 is linked to diverse regulatory networks acting at
specific stages of the cell cycle. In response to both extrinsic and intrinsic cues, GRK2 protein plays a critical role in driving cell progression
through G1/S and G2/M transitions in a kinase-dependent and independent manner. GRK2 is part of an intrinsic pathway that ensures timely
progression of cell cycle at G2/M by means of its functional interaction with CDK2/cyclinA and Pin1 (Penela et al., 2010). Such pathway is
disrupted upon DNA damage, when GRK2 appears to turn into a pro-arresting factor that promotes increased cell survival and to dampen
p53-dependent responses by mechanisms that remain to be established (dotted lines/question mark). On the other hand, GRK2 contributes
to the Hedgehog/Smoothened-triggered control of cell proliferation by promoting Smo activity and relieving the Patched-dependent
inhibition of cyclin B (Jiang et al., 2009). CDK, cyclin-dependent kinase; GRK, G protein-coupled receptor kinase.

muscle cells (Peppel et al., 2000), respectively, whereas its
expression increases MAPK signalling in response to EGF in
HEK-293 cells (Wan et al., 2003) and GRK2 kinase activity is
required for IGF-1-triggered proliferation and mitogenic sig-
nalling in osteoblasts (Bliziotes et al., 2000) We and other
groups have found that GRK2 potentiate Smoothened recep-
tor signalling and cooperates with Smoothened to transform
the fibroblastic cell line C3H10T1/2 in a focus formation assay
(Chen et al., 2004; Meloni et al., 2006; Molnar et al., 2007).
Moreover, knock-down of a GRK2 ortholog has been reported
to cause growth arrest in zebrafish accompanied by abnor-
malities in somitogenesis, the hematopoyetic system and in
patterning of the eyes and neural tube, what finally compro-
mise the survival of the organism (Jiang et al., 2009). As devel-
opmental arrest can be partially rescued by expression of a
GRK2 kinase-inactive mutant, this phenotype relies both on
kinase-dependent and independent processes. Moreover, such
phenotype resembles deficiencies in cell-cycle progression
and cell differentiation caused by impaired Smoothened sig-
nalling. The ability of GRK2 to interact with Patched and to
relieve the Patched-induced cytosolic retention of cyclin B
appears to underlie the effect of GRK2 in developing brain
and eyes, while the phosphorylation-mediated regulation of
Smoothened could be responsible for the role of GRK2 in
somite patterning (Jiang et al., 2009). Such GRK2 regulatory
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roles depend on extrinsic cues promoting cell division, as the
GRK2-mediated phosphorylation of Smoothened and the
interaction with the Patched/cyclin B pathway are both pro-
moted by the Hedgehog ligand.

In addition, GRK2 has been recently shown to establish a
complex network of novel functional interactions during cell
cycle progression that are critical for timely G2/M transition
(Penela et al., 2010). We have found that GRK2 levels are
controlled intrinsically by the cell-cycle machinery under
normal conditions and in response to DNA damage, and
differentially contribute either to cell cycle progression or cell
arrest in a receptor-independent manner. GRK2 protein levels
are transiently down-regulated during the G2/M transition by
a mechanism involving CDK2-mediated phosphorylation of
GRK2 at S670, what drives binding to the prolyl-isomerase
Pinl and subsequent degradation. Preventing GRK2 phospho-
rylation at this residue impedes normal GRK2 down-
regulation and markedly delays cell cycle progression (Penela
et al., 2010). Interestingly, the ‘default’ GRK2 protein decay in
G2 is prevented in the presence of DNA damaging agents
that trigger cell cycle arrest such as doxorubicin. Moreover, in
cells with higher steady-state levels of the kinase, increased
stabilized GRK2 levels in such conditions inversely correlate
with the pS3 response and the induction of apoptosis (Penela
et al., 2010), strongly suggesting that GRK2 contributes to



orchestrate G2/M checkpoint mechanisms, helping to restrict
the apoptotic fate of arrested cells. As it has been reported that
GRK2 is up-regulated in the context of oncogenic signalling
(Ho et al., 2005; Metaye et al., 2005; Salcedo et al., 2006), it is
tempting to suggest that inhibition of GRK2 expression might
sensitize cells to drug-induced DNA damage.

Concluding remarks

The increasingly complex GRK2 ‘interactome’ puts forward
this kinase is a relevant signalling node of the cellular trans-
duction network. The intricacy of this network of functional
interactions and the participation of this protein in basic
cellular processes as migration and cell cycle progression or
cardiovascular cell functionality predicts that alterations in
GRK2 levels and/or activity, as those reported in several rel-
evant cardiovascular, inflammatory or cancer pathologies,
may have important effects in human disease. This makes of
this kinase a potentially interesting diagnostic marker and
therapeutic target.

However, further research is needed to better understand
how the potential GRK2 interactomes are orchestrated
depending on the specific stimulus, the cell type or the physi-
ological context. The modulation of these potential GRK2
interactions by extracellular signals and its spatial and tem-
poral integration remains to be established, and the overall
physiological and pathological implications arising from
this emerging GRK2 interaction map are far from being
elucidated.
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phosphorylation and
GRK2 membrane
trageting
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inhibition of Gg-
dependent
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In this regard, we need to better understand the mecha-
nisms and signals governing the expression and activity of
GRK2 and other GRKs during the progression of different
diseases. It would also be important to assess the impact of
such alterations in the complex integrated network of GRK
cellular functions, as it is likely that altered GRK2 expression
would differentially affect the function of its interaction part-
ners and impair homeostasis in distinct ways, depending on
the cell type involved. The combined use of cellular and
animal models with altered GRK2 complement/functionality
in specific cell types or situations would be also critical to
unveil key cellular and physiological processes controlled by
this protein.

In this context, the availability of specific GRK2 inhibitors
would be very helpful. However, to our knowledge, no specific
and potent inhibitors of GRK2 amenable for animal or cellu-
lar studies are currently accessible. As for other protein
kinases, the search for ATP -mimetic inhibitors of GRK2 poses
the problems of specificity and side effects. Given the highly
conserved catalytic domain of GRKs, finding isoform-specific
inhibitors of this kind may prove particularly challenging.
Alternative strategies to inhibit GRK2 activity have been
attempted using peptides corresponding either to beta2-
adrenergic receptor regions reported to interact with this
kinase (Winstel et al., 2005) or to a stretch of residues corre-
sponding to the catalytic domain of GRK2 and GRK3 (Anis
et al., 2004) or based on RNA aptamers (Mayer et al., 2008).
As discussed above, a gene therapy approach based on the
delivery of the inhibitory GRK2ct domain, that would
inhibit endogenous GRK2 by competing with the kinase for

ATP-competing: interfere with
phosphorylation of receptor
and non-receptor substrates.

GPy-competing: interfere
with activation of GBy-
mediated events and
GRK2 membrane targeting.

Other interfaces (to be
defined): compete the
interaction of GRK2 with
specific partners (GIT,
PI3K,...)

Figure 4 Targeting the GRK2 interactome. A better knowledge of the determinants of the functional interactions of GRK2 with different
signalling proteins may help to design novel strategies in order to specifically target GRK2 interfaces with selective partners (receptors, G
protein subunits or other components of the GRK2 interactome) relevant for particular cellular functions. The structure of GRK2 in complex
with GBy and Goq (Tesmer et al., 2005) is shown. See text for details. GRK, G protein-coupled receptor kinase.
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Gpy-mediated membrane translocation, has been useful in
different transgenic mice heart failure experimental models,
preventing hypertrophy and the progressive deterioration of
cardiac function. However, whether these effects are due only
to GRK2 inhibition or also involve sequestration of Gy sub-
units remains to be clearly established (Penela et al., 2006).

As growing evidence supports that other important func-
tions of GRK2 (as epithelial cell migration or cell cycle pro-
gression) are dependent on protein-dependent scaffold roles,
targeting of these functions would requires reducing GRK2
levels, as they would be only partially modified by inhibition
of GRK2 catalytic activity. In addition to the potential use of
siRNA-based approaches for specifically down-regulating
kinase expression, the recent knowledge of the GRK2 struc-
ture and the emerging identification of interaction domains
and surfaces with given cellular proteins will help to design
peptides or molecules able to impair or disrupt such interac-
tions selectively, in order to target specific functions of this
kinase (Figure 4). Finally, a better understanding of the
molecular mechanisms regulating GRK2 expression and func-
tion may also be used to indirectly modulate kinase activity in
vivo, by agents able to modulate its gene expression, stability
or functionality.
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