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Cell migration requires integration of signals arising from
both the extracellular matrix and messengers acting
through G protein-coupled receptors (GPCRs). We find
that increased levels of G protein-coupled receptor kinase
2 (GRK2), a key player in GPCR regulation, potentiate
migration of epithelial cells towards fibronectin, whereas
such process is decreased in embryonic fibroblasts from
hemizygous GRK2 mice or upon knockdown of GRK2
expression. Interestingly, the GRK2 effect on fibronectin-
mediated cell migration involves the paracrine/autocrine
activation of a sphingosine-1-phosphate (S1P) Gi-coupled
GPCR. GRK2 positively modulates the activity of the Rac/
PAK/MEK/ERK pathway in response to adhesion and
S1P by a mechanism involving the phosphorylation-de-
pendent, dynamic interaction of GRK2 with GIT1, a
key scaffolding protein in cell migration processes.
Furthermore, decreased GRK2 levels in hemizygous mice
result in delayed wound healing rate in vivo, consistent
with a physiological role of GRK2 as a regulator of
coordinated integrin and GPCR-directed epithelial cell
migration.
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Introduction

Signal-directed migration requires a spatiotemporal integra-
tion of information from mechanical cues and from diffusible
molecules such as chemokines, bioactive lipids and growth
factors. Failures in this process might result in aberrant
migration, leading to chronic inflammatory disorders, tumour
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metastasis, impaired wound healing or vascular diseases
(Ridley et al, 2003).

Cellular motility demands dynamic regulation of cell an-
chorage. Adhesion structures are nucleated by integrins,
membrane receptors that orchestrate multi-protein com-
plexes, namely focal adhesions and focal contacts that mod-
ulate cell growth, survival and cytoskeleton remodelling,
linking the actin cellular cytoskeleton to components of the
extracellular matrix (Brunton et al, 2004). Focal adhesion
turnover is under the control of multiple signalling inputs.
Activation of members of the FAK and Src families of tyrosine
kinases decreases adhesive interactions and disorganizes the
associated cytoskeleton by means of phosphorylation of
numerous proteins (Brunton et al, 2004). In addition, extra-
cellular signal-regulated protein kinase/mitogen-activated
protein kinase (ERK/MAPK) activity can also promote focal
adhesion assembly/disassembly by modifying paxillin,
calpain or MLCK activities (Carragher and Frame, 2004;
Webb et al, 2004), thereby enhancing cell migration.

For migration to progress efficiently, pro-migratory signals
from a variety of G protein-coupled receptors (GPCRs) must be
precisely coordinated with those arising from integrins (Li
et al, 2003; Luttrell and Luttrell, 2004; DeFea, 2007). Most
chemokines and lipid messengers, such as sphingosine-1-
phosphate (S1P), emit signals to the actin cytoskeleton and
to adhesion structures by binding to plasma membrane recep-
tors of the GPCR family (Spiegel et al, 2002; DeFea, 2007).
Concomitantly, GPCR occupancy activates desensitization me-
chanisms that are also required for proper migration. Agonist-
occupied receptors are phosphorylated by a family of serine/
threonine kinases known as G protein-coupled receptor
kinases (GRKs), an event that triggers binding of arrestins,
uncoupling from G proteins and receptor internalization
(Penela et al, 2003). The GRK family of kinases comprises
seven isoforms, of which G protein-coupled receptor kinase 2
(GRK2) is the most ubiquitously expressed (Penela et al,
2003). Consistent with its role in GPCR desensitization,
GRK2 has been shown to attenuate chemokine-induced migra-
tion in T cells and monocytes (revised by Vroon et al, 2006),
thus emerging as a relevant modulator of inflammatory res-
ponses. However, pro-migratory effects of -arrestins and of a
member of a distinct GRK subfamily, GRK6, have also been
reported in response to different GPCRs in several cell types
(Vroon et al, 2006; DeFea, 2007), thereby suggesting other
unknown functional roles different from those related to GPCR
desensitization. Interestingly, GRK2 has been shown to inter-
act with a variety of proteins involved in migration (MEK, Akt,
ezrin, PI3Ky or GIT; reviewed by Ribas et al, 2007). However,
the functional role of such interactions in cell migration and
whether GRK2 influences motility in cellular types other than
immune cells and towards different chemotactic stimuli have
not been investigated.

In this report, we have studied the impact of altering GRK2
protein levels on integrin-dependent chemotaxis. We show
for the first time that GRK2 positively regulates epithelial cell
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migration by mechanisms involving coordinated fibronectin-
and S1P-mediated signalling and the modulation of the Rac/
PAK/MEK/ERK1/2 pathway in response to S1P and adhesion,
based on the dynamic regulation of the interaction of GRK2
with GIT1, a key scaffolding protein in cell migration pro-
cesses.

Results

Increased GRK2 expression promotes profound changes
in epithelial cell morphology and enhances motility
towards fibronectin

To explore the potential impact of GRK2 on cell migration,
wild-type (wt) GRK2 was stably overexpressed in two differ-
ent model epithelial-derived cell lines, COS7 and HEK-293
cells. Increased kinase expression resulted in marked mor-
phological changes characteristic of motile cells (Figure 1A
and Supplementary Figure S1A). Increased GRK2 levels trig-
ger cortical actin rearrangements at the cell periphery,
accompanied by a reduction in stress fibres. Interestingly,
expression of a kinase-dead mutant of GRK2 (GRK2-K220R)
at comparable levels promoted changes similar to those
observed with wt GRK2 (Figure 1B). In both cases, increased
GRK2 expression promoted a diffuse cytosolic localization of
paxillin, in marked contrast to its dot-like distribution at
peripheral and central focal adhesions observed in control
COS7 cells (Figure 1B). Such paxillin redistribution suggested
a role for GRK2 in focal adhesion turnover independent of
kinase activity.

To address whether such GRK2-induced changes result in
altered cell motility, we analysed migration towards fibronec-
tin in different epithelial cell lines stably expressing GRK2 or
the GRK2-K220R mutant. Increased GRK2 expression mark-
edly enhanced migration in COS7, HeLa (Figure 1C and D) or
HEK-293 cells (Supplementary Figure S1B), in a kinase
activity-independent manner. Such response did not
depend on the interaction of GRK2 with Gag subunits
(Supplementary Figure S1C). Expression of a C-terminal
deletion mutant no longer capable of binding to GBy subunits
did not significantly enhance cell migration, whereas a
membrane-targeted GRK2 mutant strongly enhanced cell
motility, suggesting the involvement of a scaffolding function
for GRK2 when recruited to specific membrane locations.
This pro-migratory effect was clearly reduced when the
fibronectin gradient was abolished, indicating that GRK2
impacts preferentially the cell chemotactic responses
(Figure 1E). Furthermore, the effect of GRK2 is specific and
does not affect the overall cell motility, as migration of COS7
or HeLa cells towards collagen fraction IV was unaltered
by overexpression of wt GRK2 or GRK2-K220R (Figure 1C
and D).

Interestingly, migration towards fibronectin was signifi-
cantly reduced upon downregulation of endogenous GRK2
expression in HeLa cells using either a specific GRK2-siRNA
construct (not shown) or adenoviral-mediated shRNA deliv-
ery (Figure 1F), and in mouse embryonic fibroblasts (MEFs)
derived from hemizygous GRK2 + /— mice, which display a
40-50% reduction in kinase levels compared to wt animals
(Figure 1G). These results indicate that GRK2 expression
levels positively correlate with cell migration to specific
matrix proteins in primary cells and in different epithelial-
derived cell lines.

©2008 European Molecular Biology Organization

GRK2 potentiates epithelial cell migration
P Penela et al

GRK2-dependent increased migration to fibronectin is
mediated by a PTX-sensitive GPCR

Regarding the mechanisms underlying the effect of GRK2
on cell migration, initial experiments excluded the participa-
tion of a Rho-dependent pathway (Supplementary
Figure S2A). Given the key role of GRK2 in GPCR modulation
and signalling, we hypothesized that a GPCR activity
might be involved. Addition of pertussis toxin (PTX), an
inhibitor of Gi-coupled receptor signalling, completely
suppressed the increase in GRK2-dependent migration
(Figure 2A). As our assays were performed in the absence
of soluble stimuli and using cells deprived of serum, we
hypothesized that an autocrine signal acting through GPCRs
might be implicated. In this regard, SI1P is endogenously
generated by the activity of sphingosine kinase (SK) and is
able to stimulate S1P; (Gi-coupled) and S1P; GPCRs, present
in fibroblasts and epithelial cell lines, in a paracrine/
autocrine manner (Spiegel et al, 2002; El-Shewy et al, 2006;
Hait et al, 2006).

Interestingly, pharmacological inhibition of SK abolished
the effect of increased GRK2 expression on migration to
fibronectin in HeLa cells (Figure 2B) and COS7 cells
(Supplementary Figure S3) as well as impaired motility in
wt and GRK2 + /— MEFs (Figure 2C). The presence of a
selective S1P;/S1P; receptor antagonist decreased the
migration rate of HeLa cells stably expressing GRK2
(Figure 2D), thus ruling out receptor-independent actions of
S1P. Treatment with PTX decreased migration in both
GRK2-expressing and control cells, indicating that specificity
of receptor coupling is not altered by GRK2 overexpression
(Figure 2E). Moreover, exogenous S1P reversed the effects of
the SK inhibitor SKI on cell migration towards fibronectin in
HeLa and COS7 cells with or without extra GRK2
(Supplementary Figure S3A and B), further supporting
the paracrine/autocrine actions of S1P. We next used endo-
genous S1P; receptor internalization as a read-out of
physiologically relevant S1P production leading to S1P
receptor transactivation. We found that in the presence
of fibronectin (but not collagen), a clear S1P, receptor inter-
nalization takes place in wt or GRK2-overexpressing HeLa
cells, being slightly increased in the latter (Figure 2F and G).
Direct determination of S1P levels indicated increased auto-
crine production of this messenger in cells stably expressing
GRK2 (0.96+0.13puM in conditioned medium and
9.61+2.2uM in the cytosolic fraction) compared to wt
HeLa cells (0.56+0.21 and 5.46+1.3 uM, respectively).
Overall, these results suggested that the pro-migratory effects
of GRK2 in epithelial cells involved SK activation and para-
crine/autocrine actions of S1P signalling through Gi-coupled
receptors.

Confirming such functional interplay, cells stably expres-
sing GRK2 or the GRK2-K220R mutant displayed higher
migration rates in response to exogenously added S1P than
control cells (Figure 2E and Supplementary Figure S3C),
whereas S1P-induced migration was significantly reduced
upon knockdown of endogenous GRK2 in HelLa cells
(Supplementary Figure S3D) or in MEFs from GRK2+ /—
mice compared to wt cells (data not shown). Overall, our data
suggested that fibronectin triggers an autocrine loop invol-
ving S1P receptors to potentiate epithelial cell migration, and
that this component is positively modulated by GRK2
protein levels.
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Figure 1 GRK2 expression levels influence cell morphology and migration to fibronectin. (A, B) COS7 cells stably overexpressing wt GRK2 or
the inactive GRK2-K220R mutant were plated on coverslips coated with 10 png/ml fibronectin (FN) in the presence of 10% serum and their
morphology was compared to that of parental cells by phase-contrast microscopy (objective x 20) (A) or by confocal fluorescence microscopy
as described in Materials and methods. Scale bars, 50 um (B). (C-E) GRK2 expression enhances fibronectin-directed cell migration. Serum-
starved COS7 (C) or HeLa cells (D) expressing or not increased wt GRK2 or GRK2-K220R levels (3- to 10-fold over endogenous protein levels as
determined by immunoblot analysis; see insets) were seeded on Transwell filters precoated with 20 pg/ml FN or 10 ug/ml collagen fraction IV
and cell migration was assessed as detailed in Materials and methods. Data are the mean +s.e.m. of 4-6 independent experiments performed in
duplicate. **P<0.01, compared to control cells. Number of control HeLa cells migrating to FN and collagen was 32 +10 and 22 +9 cells/field,
respectively, whereas that of COS7 cells migrating to FN was 73+19 cells/field (means+s.d.). In (E), directed migration of COS7 cells
expressing wt GRK2 was analysed upon addition of FN (20 pg/ml) to either the bottom chamber alone (chemotactic gradient) or to both upper
and bottom chambers (uniform concentration). (F, G) Cellular migration to FN was significantly decreased upon reduction of GRK2 expression
(see inset blots) in HeLa cells infected with an adenoviral-GRK2 shRNA construct (F) and in MEFs (G) derived from hemizygous GRK2 + /—
mice as compared to parental HeLa cells and MEFs from wt GRK2 mice, respectively. Data are the mean+s.e.m. of 3-4 independent
experiments performed in duplicate. *P<0.05, **P<0.01, compared to control cells. Control values for HeLa and wt MEFs migrating to FN
were 3747 and 201 +33 cells/field (means+s.d.), respectively.

GRK2 facilitates activation of the ERK pathway upon

direct or integrin-mediated S1P receptor stimulation

To define the role of GRK2 downstream S1P receptor signal-
ling, we analysed the impact of altering GRK2 levels on S1P-
dependent ERK1/2 activation. Increased GRK2 expression in
HeLa cells promoted an enhanced (~ 12-fold versus ~ 8-fold)
ERK1/2 peak stimulation, followed by a similar decay to
baseline levels (Figure 3A). A similar effect was noted in
COS7 cells with extra GRK2 or GRK2-K220R levels
(Supplementary Figure S4). ERK1/2 stimulation involved
Gi-coupled S1P receptors (Figure 3A, bottom panel) as in
S1P-mediated migration. Consistent with the notion that
GRK2 levels positively modulate SI1P receptor-dependent
ERK1/2 activation, decreased stimulation of this pathway

1208 The EMBO Journal VOL 27 | NO 8 | 2008

by S1P was observed in MEFs from GRK2+/— mice
compared to wt animals (Figure 3B).

Similarly, increased GRK2 expression results in a stronger
stimulation of ERK1/2 upon integrin-mediated adhesion
(Figure 3C), whereas a more rapid attenuation of ERK
stimulation was detected in GRK2 + /— compared to wt
MEFs in these conditions (Figure 3D). Consistently, knock-
down of endogenous GRK2 in HeLa cells also leads to
decreased fibronectin- or S1P-mediated ERK stimulation
(data not shown). Moreover, the effect of GRK2 on ERK1/2
activation during adhesion was attenuated in the presence of
either PTX or an SK1 inhibitor (Figure 3E), thus indicating
cooperation between S1P and integrin receptors in this
signalling pathway.

©2008 European Molecular Biology Organization
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Figure 2 The effect of GRK2 on cell migration to FN involves a PTX-sensitive SIP GPCR. Migration to FN of HeLa cells overexpressing or not
wt GRK2 (A, B, D) or MEFs derived from wt or hemizygous GRK2 mice (C) was determined as in Figure 1D in the presence of vehicle or upon
cell treatment with pertussis toxin (PTX) (D), SKI (B, C) or VPC23019 (D) as detailed in Materials and methods. In control conditions, the
number of HeLa cells migrating to FN was 15+4 (A), 26+4 (B) and 44+2 (D), whereas that of wt MEFs was 123422 (C) cells/field
(means+s.d.). (E) Increased GRK2 expression enhances the migratory response of HeLa cells upon direct challenge of Gi-coupled S1P
receptors. Migration of cells treated or not with PTX was assessed towards 1 uM S1P as above. In all panels, data are the mean+s.e.m. of four
independent experiments performed in duplicate. *P<0.05, **P<0.01, compared to untreated control cells; "P<0.05, comparison between
vehicle and inhibitor-treated HeLa cells stably expressing wt GRK2. (F, G) COS7 cells with or without extra GRK2 were kept in suspension for
1h in the presence of serum and allowed to adhere on FN-coated (10 pg/ml) or collagen IV-coated (10 pg/ml) coverslips for the indicated times.
Adhered cells were fixed, permeabilized and stained with an anti-S1P; polyclonal antibody to analyse receptor subcellular localization by
confocal fluorescence microscopy (G). Despite showing an unspecific nuclear staining, anti-S1P; antibody clearly labels plasma membrane and
intracellular vesicles. Cells positive for membrane receptor presence were quantified as detailed in Supplementary data (F). Data are the
mean +s.e.m. of three independent experiments. *P<0.05, compared to collagen-adhered cells. Scale bars, 10 pm.

We next explored whether B-arrestins are involved in the
positive effects of GRK2 on ERK1/2 activation and cell
migration by using MEFs lacking f-arrestin-1 and -2 expres-
sion (Barrl/2-KO MEFs). S1P promoted a robust increase in
ERK signalling in these cells, and migration to fibronectin was
markedly increased (2.5-fold) in knockout MEFs compared to
controls (Supplementary Figure S4A and B). Interestingly, we
had previously reported that GRK2 levels are higher in farrl/
2-KO MEFs compared to control MEFs (Salcedo et al, 2006),
which could promote enhanced migration and S1P/ERK
signalling. Moreover, stably increasing GRK2 levels in
B-arrestin KO MEFs further enhanced migration towards
fibronectin (Supplementary Figure S4C), thus stressing a
B-arrestin-independent effect of GRK2 on cell motility. In

©2008 European Molecular Biology Organization

keeping with this, GRK2-K220R, a mutant that does not
trigger p-arrestin recruitment to the receptor complex,
potentiates S1P-induced ERK1/2 stimulation as efficiently as
wt GRK2 (Supplementary Figure S4D).

Phosphorylation of GRK2 on tyrosine and serine
residues regulates ERK signalling and cell motility in
response to S1P and fibronectin

Interestingly, the effect of GRK2 on fibronectin-directed
epithelial cell migration was clearly decreased by pharma-
cological inhibition of the MEK/ERK pathway or the activity
of c-Src or PI3K, but did not involve Akt activation
(Supplementary Figures S2 and S5). We have previously
reported that GRK2 itself can be phosphorylated by
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Figure 3 GRK2 expression levels modulate S1P-triggered or adhesion-dependent stimulation of ERK1/2. (A) Increased GRK2 expression
promotes a more rapid and potent activation of ERK in response to S1P. The indicated cells were serum-starved for 6 h and challenged with
1 uM S1P for the indicated times. ERK1/2 activation was determined in cell lysates by using an anti-phospho-ERK1/2 antibody (P-ERK). The
immunoblot was then stripped and the total cellular ERK1/2 was detected with specific antibodies. Phospho-ERK2 band densities were
normalized to cognate total ERK2 densities. Preincubation with PTX markedly inhibits ERK activation. A representative blot is shown.
(B) ERK1/2 activation is reduced in cells displaying lower levels of GRK2 protein. MEFs derived from GRK2 + /+ or GRK2 + /— mice were
starved for 12h in 0.1% serum, stimulated with 1 uM S1P for the indicated times and ERK1/2 activation was assessed as in (A). (C-E) GRK2
levels modulate ERK1/2 activity upon adhesion in a Gi protein-dependent and S1P-mediated manner. HeLa cells stably overexpressing or not
wt GRK2 (C, E) or MEFs from GRK2 + / + or GRK2 + /— mice (D) with or without PTX or SKI (E) were serum-starved and kept in suspension
(S) for 2 h before adhesion on 10 ng/ml FN-coated plates for different periods of time. ERK stimulation was assessed as in (A). In all panels, data
are the mean+s.e.m. of 3-4 independent experiments. *P<0.05, **P<0.01, ***P<0.001, compared to control cells or to vehicle-treated cells
at each time point of adhesion (E). In (D), the normalized fold stimulation of ERK2 activity versus basal (suspension) conditions is indicated in
the representative blot.

c¢-Src upon GPCR activation (Ribas et al, 2007), which mod-
ulates its activity and interaction with other molecules
(Mariggio et al, 2006), whereas phosphorylation of serine
670 by ERK1/2 impairs GPy-dependent catalytic activity
(Penela et al, 2003). Interestingly, cell adhesion and S1P
challenge were able to promote such phosphorylation events
(Supplementary Figure S6). Remarkably, GRK2 phosphory-
lation at S670 was preceded by an increase in GRK2 phos-
photyrosine levels and by maximal ERK1/2 pathway activity
(see Figure 3) either upon S1P stimulation or cellular
adhesion, consistent with a functional link between these
processes.

Next, we addressed whether an adequate timing of tyro-
sine and serine phosphorylation of GRK2 might influence

1210 The EMBO Journal VOL 27 | NO 8 | 2008

cellular responses to either S1P or fibronectin, by using
specific GRK2 phosphorylation mutants. Mimicking ‘perma-
nent’ tyrosine phosphorylation of GRK2 (GRK2-Y2D mutant)
did not cause an increase in cell migration observed with the
transient expression of either wt GRK2 or a mutant with
decreased phosphorylation by c-Src (Figure 4A). On the other
hand, HeLa cells stably expressing a GRK2 mutant unable
to be phosphorylated at S670 (GRK2-S670A) displayed
a markedly decreased migration towards fibronectin
(Figure 4B). Interestingly, the presence of a GRK2 mutant
that would mimic permanent phosphorylation at this site,
GRK2-S670D, was unable to enhance motility of HeLa cells as
effectively as wt GRK2. A similar trend was observed in the
migratory responses to S1P challenge (Figure 4C). The effect

©2008 European Molecular Biology Organization
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Figure 4 Phosphorylation of GRK2 at defined tyrosine or serine residues regulates migration and ERK1/2 signalling in response to S1P
challenge and FN-mediated adhesion. (A-C) HeLa cells transiently transfected with either wt GRK2 or the tyrosine phoshorylation mutants
GRK2-Y13,86,92F or GRK2-Y86,92D (A) or stably overexpressing similar levels (B, inset blot) of wt GRK2 or the GRK2-S670A or GRK2-S670D
mutants (B, C) were subjected to migration assays towards 20 pg/ml FN (A, B), 10 pg/ml collagen fraction IV (B) or 1 uM S1P (C), as detailed in
Materials and methods. Data are the mean +s.e.m. of 2-4 independent experiments performed in duplicate. *P<0.05, **P<0.01, compared to
control HeLa cells; "P<0.05, compared to cells transfected with GRK2-Y13,86,92F. Control cells migrating towards fibronectin were 21 +1 (A),

33+10 (B) or 23+1 (C) cells/field (mean+s.d.), and towards collagen

21+4 (B). (D, E) Expression of GRK2-S670A completely abrogates

ERK1/2 activation in response to S1P and upon adhesion to fibronectin. HeLa cells or cells stably expressing wt GRK2, GRK2-S670A or GRK2-

S670D were serum-starved and challenged with 1 uM S1P (D) or kept in

suspension (S) before adhesion to 10 pg/ml FN (E) for the indicated

times. ERK activation was determined as in Figure 3. Representative blots from four independent experiments are shown, and fold stimulation

of ERK2 activity normalized by total ERK2 is included in (D).

of GRK2 mutants on motility was not caused by an unspecific
impairment in cellular locomotion, as cell migration towards
collagen was unaltered in the presence of such mutants
(Figure 4B). Moreover, blockade of migration by expression
of GRK2-S670A does not result from an altered cell
attachment (Supplementary Figure S7).

These results indicate that timely and dynamic regulation
of serine and tyrosine phosphorylation of GRK2 was strictly
required, in a step following integrin engagement, for proper
migration in response to S1P and fibronectin. As the extent
and duration of ERK1/2 activation is instrumental in cell
motility (Brahmbhatt and Klemke, 2003), we explored
whether GRK2 phosphorylation status could modulate
agonist-mediated stimulation of the ERK1/2 pathway.
Expression of GRK2-S670A completely abrogated ERK1/2

©2008 European Molecular Biology Organization

activation in response to S1P where that of GRK2-S670D led
to a pattern of stimulation similar to that observed in control
HeLa cells expressing endogenous levels of GRK2 (Figure 4D,
see quantified blots for comparison), in line with the fact that
these cells migrate similar to HeLa parental cells in response
to S1P and fibronectin. Activation of ERK1/2 during adhesion
to fibronectin was also severely inhibited in the presence of
GRK2-S670A (Figure 4E), thus stressing the notion that
GRK2 modulates cell motility by means of regulating ERK
activation.

Signalling integration between adhesion and the ERK
pathway involves integrin-induced phosphorylation of
MEKI1 at S298 by PAK1, which enhances both phosphoryla-
tion of MEK1 by Raf and MEK1-ERK interaction, thus leading
to efficient ERK activation (Slack-Davis et al, 2003; Edin and

The EMBO Journal VOL 27 | NO 8 | 2008 1211



GRK2 potentiates epithelial cell migration
P Penela et al

Juliano, 2005). Interestingly, S1P triggered a more potent
increase of Raf-dependent phosphorylation of MEK1 in cells
overexpressing wt GRK2 (or GRK2-S670D) as compared to
control cells (Figure 5A), which correlates with the higher
activation of ERK observed in HeLa-GRK2 wt cells (Figure 3).
In contrast, the presence of GRK2-S670A completely abro-
gated MEKI1 activation by S1P (Figure 5A). A similar trend in
MEK]1 activation was observed upon adhesion to fibronectin
in cells expressing wt GRK2 or the S670A mutant (Figure 5B).
Moreover, PAK-mediated MEK1 phosphorylation at S298 was
markedly impaired in the presence of such GRK2 mutant in
S1P-stimulated adherent cells (Figure SC) and upon adhesion
to fibronectin (Figure 5D).

These data suggested that timely serine phosphorylation of
GRK2 at S670 might be required for MEK1 activation by
facilitating MEK modulation by PAK or PAK activation itself.
In this regard, we observed that PAK activation in response to
S1P was compromised in the presence of the GRK2-S670A
mutant (Supplementary Figure S8). Moreover, adhesion to

fibronectin stimulated a rapid and transient activation of Rac
in cells expressing wt GRK2, whereas such pattern was not
observed in cells expressing GRK2-S670A (Figure S5E).
Overall, these data indicated that GRK2 levels, by a
mechanism involving its dynamic phosphorylation at S670,
would regulate the extent and duration of Rac activation by
integrins and, therefore, the ability of Rac to stimulate PAK
(Bokoch, 2003).

GRK2 affects S1P-induced ERK signalling by modulating
the scaffolding function of GIT1

It has been reported that GRK2 interacts with GIT1, a
scaffolding protein that recruits active Rac in close proximity
to its downstream effector PAK through a BPIX-mediated
recruitment of both molecules, thus leading to PAK activation
both at focal adhesions and at the cell leading edge (Hoefen
and Berk, 2006). GIT1 also acts as a scaffold for MEK/ERK1/2
activation at focal adhesions (Yin et al, 2004, 2005), which
promotes their disassembly and causes increased motility
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Figure 5 Phosphorylation of GRK2 at S670 is required for triggering Rac/PAK1/MEK]1 activation in response to S1P or fibronectin. HeLa cells
with or without extra wt GRK2 or GRK2-S670A were serum-starved and stimulated with 1 uM S1P (A, C) or kept in suspension for 2h (S) and
then adhered to FN-coated plates (B, D, E) for the indicated times. The phosphorylation status of MEK1 at relevant activation sites promoted by
PAK1 and Rafl kinases was analysed by using specific anti-phospho-S298 and anti-phospho-T217/221 antibodies, respectively. Total MEK1
expression is also shown. Data are representative and/or mean +s.e.m. of 4-5 independent experiments. *P<0.05, compared to control HeLa
cells. In (A), the asterisk denotes a cross-reacting unspecific band. (E) Racl activation pattern upon adhesion to FN is altered in cells expressing
GRK2-S670A. HeLa cells stably expressing wt GRK2 or GRK2-S670A were lysed at the indicated times of adhesion and Rac activity was
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(Zhao et al, 2000). To address whether this scaffold protein
could be involved in the GRK2-dependent modulation of
MEK/ERK signalling, we expressed a GIT1 mutant lacking
the SHD domain (aa 258-346), which is required for MEK
recruitment and ERK activation upon different stimuli
(Hoefen and Berk, 2006) but dispensable for GRK2 binding.
The presence of GIT1-ASHD markedly decreased S1P-induced
ERK stimulation in both wt and GRK2-overexpressing cells
(Supplementary Figure S9), strongly suggesting that the
scaffold role of GIT1 is involved in mediating the effects of
GRK2.

Interestingly, in cells stably expressing wt GRK2 and
endogenous GIT1, S1P or cell adhesion stimulated a transient
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co-immunoprecipitation of both proteins (Figure 6A and data
not shown). Next, we investigated whether such transient
association of GRK2 with GIT1 might be dictated by GRK2
phosphorylation status. We observed that an enhanced
GRK2/GIT1 association is detected in the presence of active
Src (Figure 6B), and that tyrosine phosphorylation of GRK2 is
critical for such effect, as an increased co-immunoprecipita-
tion of these proteins is not observed in the presence of active
Src when key GRK2 tyrosine sites are mutated, whereas
mimicking phosphorylation at Y86/92 suffices to enhance
such association (Figure 6B). On the other hand, the GRK2-
S670A mutant displayed a markedly increased association
(six- to seven-fold) to GIT1 when compared to wt Kinase,
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Figure 6 Dynamic GRK2 phosphorylation at tyrosine and serine residues modulates its association to GIT1. (A) S1P challenge promotes
transient association of GRK2 with GIT1. HeLa- GRK2 wt cells were treated with 1 pM S1P for the indicated times and processed for GIT1
immunoprecipitation (IP) as described in Materials and methods. The presence of GRK2 and GIT1 in the immune complexes was assessed by
immunoblot analysis (IB) with specific antibodies. Data (mean +s.e.m. of five independent experiments) indicate the amount of co-precipitated
GRK2 protein, normalized by immunoprecipitated GIT1 and referred to association in basal (i.e., non-stimulated) conditions. (B, C) HEK-293
cells were transiently co-transfected with GIT1 and wt GRK2 or the indicated phosphorylation mutants in the presence or absence of active
(Y527F) or kinase-dead (K295R) c-Src constructs as indicated. GIT1 immunoprecipitates were analysed as above. Data are the mean +s.e.m. of
3-5 experiments. *P<0.05, **P<0.01, compared to wt GRK2/GIT1 association. (D) GIT1 interaction with GRK2-S670A in response to S1P
occurs earlier and is more persistent. HeLa cells stably expressing GRK2-S670A were challenged with S1P, and GIT1 immunoprecipitates were
analysed as above. Fold stimulation of GRK2 co-immunoprecipitation normalized by total GIT1 is shown. Results are representative of three
independent experiments. Representative co-immunoprecipitation and total cell lysate expression blots are shown in all panels.
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whereas binding of the GRK2-S670D mutant was decreased
(Figure 6C).

Overall, our results demonstrated that phosphorylation of
GRK2 tightly regulates its interaction with GIT1. In response
to S1P or during adhesion, the sequential or spatial stimula-
tion of signalling pathways (c-Src and ERK1/2) with opposing
effects on GRK2/GIT binding would lead to a dynamic
association of both proteins. Consistent with this notion,
S1P promotes an earlier and more sustained association
between GIT1 and GRK2-S670A (Figure 6D) compared to wt
GRK2 (Figure 6A).

Interestingly, GRK2 association to GIT1 is favoured by
membrane targeting, as the GRK2-gg mutant strongly inter-
acts with GIT1 (Supplementary Figure S10A), which is par-
alleled by increased cell motility (Supplementary Figure S1C).
However, the GRK2-Act mutant, which also strongly interacts
with GIT1 (Supplementary Figure S10A), fails to promote
migration (Supplementary Figure S1C), thus suggesting that
the GRK2/GIT1 association must occur at specific cellular
locations to be functional. The scaffolding functions of GIT1
require an appropriate spatial localization to render func-
tional signalling complexes. In control HeLa cells, GIT1 was
mainly confined to focal adhesion-like structures and showed
a distribution pattern similar to that of paxillin (Figure 7A).
Endogenous GRK2 and GIT1 displayed a largely distinct
subcellular distribution, although a partial colocalization
was appreciated in some peripheral adhesion structures,
consistent with their transient and dynamic interaction. An
increase in wt GRK2 levels led to a dramatic change of this
pattern, as shown by the loss of GIT1 (and paxillin) signal at
adhesion-like structures and the appearance of a diffuse
cytoplasmic staining. As total protein levels of both proteins
were not decreased (Supplementary Figure S10B), reduction
in their staining at focal adhesions is consistent with the
occurrence of focal adhesion disassembly, similar to that
observed in COS7 cells overexpressing GRK2 (see Figure 1).
Interestingly, expression of GRK2-S670D (which shows re-
duced binding to GIT1 compared to wt) was unable to
promote this effect (Figure 7A), whereas expression of
GRK2-S670A (which displays a marked increase in steady-
state GIT1 association) was able to promote loss of focal
adhesion staining for both GIT1 and paxillin.

Wound healing rates are altered in GRK2 hemizyogous
mice

An in vitro ‘wound healing’ assay indicated that knockdown
of endogenous GRK2 expression in COS7 cells impairs the
closure process (Supplementary Figure S11). Re-epithelializa-
tion of wounded skin represents a well-established process
involving epithelial cell migration in response to specific
mechanical (integrin-mediated) and chemotactic (S1P) cues
(Jacinto et al, 2001; Grose et al, 2002; Vogler et al, 2003), thus
recapitulating several of the processes affected by altering
GRK2 expression in cell culture. Analysis of wound healing
rates from day 2 until 6 in GRK2+ /— mice (Figure 7b)
revealed a significant decrease compared to wt littermates
(F(1,16) =12.988; P<0.01). Moreover, analysis of data ob-
tained on separate days revealed a significant decrease in
wound healing rates at days 2 and 5 (P<0.05). Proliferation
of epithelial cells was not significantly different in these mice
groups (Figure 7B, inset, and Supplementary Figure S11B),
thus further supporting that cell migration is the key process
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altered in the delayed re-epithelialization in GRK2 + /— mice.
In summary, our data strongly indicate that GRK2 positively
regulates wound healing in vivo.

Discussion

The concerted action of integrin receptors and GPCRs has
been shown to be important in the modulation of cell migra-
tion and adhesion (Brunton et al, 2004; Carragher and Frame,
2004; Hait et al, 2006; DeFea, 2007). In this report, we
demonstrate that GRK2, a well-known GPCR regulatory pro-
tein, positively modulates epithelial cell migration by regulat-
ing the spatiotemporal interplay of signals arising from
integrin engagement and S1P challenge into the ERK1/2
pathway.

Consistent with the observation that increased GRK2 levels
promote cytoskeletal structural changes that favour cell mo-
tility, we found that migration rates of fibroblasts and differ-
ent epithelial cell lines towards fibronectin, but not collagen
IV, positively correlate with the expression of this kinase, in a
GRK2 activity-independent manner. Interestingly, activation
of Gi-coupled S1P receptors is required for the effect of GRK2
on fibronectin-directed migration, as PTX treatment, inhibi-
tion of endogenous S1P with an SK inhibitor or S1P,/S1P;
receptor blockade by means of a selective antagonist strongly
impaired such response. Enhanced fibronectin-induced S1P;
receptor internalization and direct determination of S1P
levels further support that the pro-migratory effects of
GRK2 in epithelial cells involve SK activation and para-
crine/autocrine actions of S1P signalling. Remarkably, en-
hanced GRK2 expression enables more efficient activation of
the ERK1/2 pathway in response to either S1P receptor
activation or integrin engagement. The positive effects
of GRK2 on cell motility and signalling are independent of
B-arrestin function.

Although previous reports have described the association
of GRK2 to the S1P; receptor complex at the plasma mem-
brane (Alderton et al, 2001) and GRK2-mediated phosphor-
ylation of S1P; or S1P; receptors (Watterson et al, 2002;
Rutherford et al, 2005), our results describe for the first
time a functional consequence of GRK2 in S1P receptor
signalling in an endogenous system. Importantly, in contrast
to what has been reported for chemokine receptors in im-
mune cell types (Vroon et al, 2006), GRK2 appears to function
as a positive regulator of S1P receptors signalling to the ERK
cascade and the migration machinery. In lymphocytes, in-
creased GRK2 expression reduces chemokine-mediated ERK
stimulation, whereas MEK activation is not altered (Jimenez-
Sainz et al, 2006). However, in response to S1P receptor
activation in epithelial cells, the expression of GRK2 posi-
tively correlates with both ERK and MEK stimulation, thus
revealing a new mode of action. Our data support the notion
that GRK2 has positive signalling functional roles different
from those related to GPCR desensitization, which represents
a new paradigm in GPCR transduction, and are in line with
recent observations in the Smoothened receptor system
(Meloni et al, 2006; Molnar et al, 2007). Our results further
indicate that changes in GRK2 expression levels may lead to
different outcomes regarding cell migration, depending on
the cell type, the specific stimuli acting through GPCRs, RTK
or integrin receptors or the signalling context, and involve its
dynamic interaction with a variety of cellular proteins, lead-
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Figure 7 (A) Effect of GRK2 on the subcellular localization of GIT1 and paxillin. Control HeLa cells or cells stably expressing wt GRK2, GRK2-
S670A or GRK2-S760D were plated on coverslips coated with 10 ug/ml FN in the presence of 10% serum, fixed and stained with specific
antibodies to detect GRK2, GIT1 and paxillin, and analysed by fluorescence confocal microscopy. Zoomed images correspond to the indicated
areas in the low-magnification merged image to show clearly partial colocalization of endogenous GIT1 and GRK2. (B) Wound healing rate is
significantly decreased in GRK2 + /— compared to wt mice. Animals were wounded with a 4 mm biopsy punch and healing rate was calculated
as described in Materials and methods. Data of wound healing rates (mean +s.e.m.) from days 2-6 post-wounding for wt (white bar; n =8-9)
and GRK2 + /— mice (black bar; n=8-9) are graphically summarized. *P<0.05, wt versus GRK2 + /—. Wound sections from BrdU-labelled
mice were stained with a specific anti-BrdU antibody and positive cells in the hyperproliferative epithelium were quantified (inset), indicating
that keratinocyte proliferation was not significantly altered. (C) A model for the role of GRK2 in fibronectin/S1P-mediated ERK signalling and
cell migration. Integrins would promote SK stimulation leading to paracrine/autocrine activation of S1P receptors (upper part of the scheme),
which would recruit GRK2 to the vicinity of the plasma membrane. The dynamic association of GRK2 to the GIT1 scaffold, enhanced upon
tyrosine phosphorylation of GRK2 (P, light blue, middle part) and decreased upon phosphorylation by ERK at S670 (P, purple, lower part),
would facilitate the localized activation of the Rac/PAK/MEK/ERK pathway, leading to increased focal adhesion (FA) turnover and cell
migration. See text for additional discussion. SK, sphingosine kinase; 2, unknown mechanism; B-arr, p-arrestin, SRC, Src-like tyrosine kinase.

ing to differential networks of interaction of GRK2 with cell
migration-related signalosomes.

Interestingly, the functional interplay between integrins
and S1P receptors at the level of ERK1/2 signalling is influ-
enced by the expression level of GRK2. Signal cross-talk
between integrins and structurally diverse receptors such as
growth factor tyrosine kinase receptors (Tzima et al, 2002;
Slack-Davis et al, 2003) and heptahelical chemokine recep-
tors (Campbell and Butcher, 2000) has been described.
Regarding S1P receptors, integrin activity seems to be re-
quired for endothelial cell migration in response to S1P (Paik
et al, 2001). Our data extend these previous observations
demonstrating that S1P receptors cooperate with integrins to
modulate cellular adhesion and migration in epithelial cells,
pointing to GRK2 as a novel co-actor in this signalling
integration.

©2008 European Molecular Biology Organization

S1P receptor transactivation seems to represent a general
strategy for endowing non-GPCRs with the ability to trigger G
protein-dependent signalling cascades by which cell migra-
tion can be modulated, such as the MEK1/ERK1/2 pathway
(Spiegel et al, 2002; El-Shewy et al, 2006). Our data are
compatible with integrin activation promoting cellular pro-
duction of the S1P receptor ligand S1P by means of SK
activation, as has been described for several growth factors
and cytokines through SK1 stimulation (Milstien and Spiegel,
2006), although the detailed molecular mechanisms involved
remain to be investigated. Alternatively, S1P receptors might
activate inside-out mechanisms leading to integrin modula-
tion (Milstien and Spiegel, 2006) as has been reported for
other GPCRs.

Our data indicate that the dynamic phosphorylation of
GRK2 at tyrosine and serine residues markedly affects ERK
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signalling and cell motility in response to S1P and fibronectin
by means of altering its interaction with GIT1, a key scaffold-
ing protein involved in cell motility and cellular adhesion.
Interestingly, S1P receptors have been shown to modulate
GIT1 complexes and promote its translocation to focal adhe-
sions (Shikata et al, 2003).

It has been reported that GIT1 serves as a scaffold for
MEK1 and ERK1/2 activation in focal adhesions (Yin et al,
2004, 2005) and has a critical role in delivering signalling
molecules to the cell leading edge (Hoefen and Berk, 2006).
Our results are consistent with a model in which integrin/S1P
stimulation would cause GPy-dependent translocation of
GRK2 to the plasma membrane and GRK2-mediated recruit-
ment of GIT1, in a phosphotyrosine-dependent manner, to
sites wherein chemotactic activation is taking place (see
scheme in Figure 7C). Such events would facilitate Racl-
dependent PAK1 activation and localized ERK1/2 stimula-
tion. Active ERK at the cell leading edge would promote
turnover of integrin-mediated adhesive structures, required
for directional movement, by phosphorylating paxillin, FAK
or calpain, among other molecules. Adequate migration
would also require the disassembly of GRK2/GIT1 complexes
by means of localized phosphorylation of GRK2 by ERK at
S$670. Alterations in such dynamic scenario as a result of
either modified GRK2 protein levels or expression of phos-
phorylation-impaired GRK2 mutants would compromise
ERK1/2 activation in response to both SI1P and fibronectin
as well as cellular migration to either stimulus. GRK2-S670A
would act as a dominant-negative mutant by keeping away
GIT1 from endogenous GRK2. In contrast, GRK2-S670D-ex-
pressing cells do not mimic the effect of wt GRK2 over-
expression on ERK activation or cell migration, as this
mutant associates poorly to the GIT1 scaffold and would
not prevent endogenous GRK2 from dynamically interacting
with GIT1.

The mechanism(s) by which dynamic GRK2 association
facilitates GIT1-dependent ERK1/2 activation and focal adhe-
sion turnover remains to be established. Interestingly, GRK2
interacts with the central region of GIT1 that targets the
protein to cytoplasmic complexes (Manabe et al, 2002).
GRK2-mediated regulation of GIT1 trafficking between cyto-
plasmic and adhesion structures might contribute to GRK2-
induced cell migration. Alternatively, GRK2 might modulate
either the function of GIT1 as a scaffold in the Rac/PAK/
ERK1/2 cascade or the activity of such GIT1-recruited mole-
cules. As GRK2-S670A not only prevents PAKIl-mediated
MEKI1 phosphorylation and PAK1 activation but also hampers
Racl activity, improper GRK2/GIT1 interaction might inter-
fere either at the GIT1/Racl or Racl/PAK1 interfaces.
Whether modulation of additional signalling cascades also
participates in GRK2-facilitated migration deserves future
investigation.

The notion that GRK2 function and expression levels might
be relevant for migratory events involving either S1P or
fibronectin cues in epithelial cells in vivo is confirmed by
our results showing that hemizygous GRK2 mice exhibit
decreased wound healing rates. Interestingly, some of the
mechanisms operating in adult epithelial cell repair are
recapitulated during embryonic morphogenetic movements.
We have reported that GRK2 is highly expressed in areas of
the mouse embryo undergoing active migration and differ-
entiation processes (Sefton et al, 2000). On the other hand,
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aberrant epithelial cell motility has a key role in cancer
progression wherein S1P and integrin signalling actively
participate (Guo and Giancotti, 2004; Milstien and Spiegel,
2006). Increased S1P receptor functionality and SK1 upregu-
lation is common in breast and other solid tumours correlat-
ing with metastasis and chemoresistance (Milstien and
Spiegel, 2006; Spiegel and Milstien, 2007), whereas over-
expressed B1 and a6B4 integrins promote carcinoma invasion
(Guo and Giancotti, 2004; Brockbank et al, 2005). In this
regard, we have recently reported an increase in GRK2
protein levels in malignant breast epithelial cells depending
on the activity of the AKT/Mdm2 pathway (Salcedo et al,
2006). The possibility that in some contexts increased GRK2
expression levels might contribute to enhanced migration and
invasion of tumour cells emerges as an attractive hypothesis
that is currently being addressed in our laboratory.

Materials and methods

Cell culture

COS7, HEK-293 or HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO, USA) at 37°C
in a humidified 5% CO, atmosphere. GRK2 + /— and wt MEFs were
derived from embryonic day 12 embryos and propagated in DMEM
plus 10% FBS until pass 5. Immortalized Barrl/2-KO MEFs were
cultured as reported (Salcedo et al, 2006). The cells were serum-
starved for 12 h (migration assays) or 4-6h (S1P signalling assays)
and stimulated with S1P (1 uM) at 37°C in serum-free DMEM media
for the desired time periods. Details on cell transfection are
provided in Supplementary data.

Cell migration assays

Cells serum-starved in 0.1 % FBS (MEFs) or DMEM (HeLa, HEK-293
and COS7 cells) were seeded (30000 cells/well) onto uncoated or
fibronectin-coated (10-20 ug/ml) or collagen type IV-coated (10 pg/
ml) 6.5-mm Transwell filters with 8-um pores (Costar, Cambridge,
MA, USA) in the presence of S1P (1 uM) or serum-free medium as
indicated. Cell treatment with the SK inhibitor SKI (10 uM), which
depletes endogenous cellular S1P, the Src inhibitor PP2 (5uM),
the MEK kinase inhibitor PD98059 (50 uM), VPC23019 (10 uM), a
selective antagonist for the S1P receptors 1 and 3 or the ROCK
inhibitor Y27632 (30 uM) was initiated 30 min before the migration
assay and maintained thereafter by addition to the upper cell
chamber. For inactivation of Gi proteins, cells were pretreated with
PTX (100ng/ml) 12h before the assay. After approximately 16h
(HEK-293 and COS7) or 5h (COS7, HeLa and MEFs) of migration,
cells were fixed and stained with 5 ug/ml DAPI. Five random fields
of each filter were counted.

Adhesion assays

Cells were detached and kept in suspension on 150-mm Petri dishes
precoated with 1% BSA (lipid-free) for 2h in serum-free medium.
Cells were then either immediately lysed (cells in suspension (S)) or
allowed to adhere for the indicated time periods to culture dishes
coated with 10 pg/ml fibronectin, followed by lysis in RIPA buffer.
Cellular lysates were resolved by 8-10% SDS-PAGE and subjected
to immunoblot analysis.

Wound healing assay

Hemizygous GRK2 + /— mice backcrossed to C57bl/6 mice for 10
generations and wt littermates were used in this study. Mice were
housed in the animal facility of Utrecht University under standard
conditions. The animal committee of the University Medical Center
Utrecht approved the experiments. Two symmetrical, full-thickness
wounds were created on the dorsum below the inferior angle of the
scapula of ketamine- and xylazine-anaesthetized mice using a
sterile 4mm biopsy punch (Stiefel Laboratorium, Germany).
Wounds were photographed daily using a Sony digital camera.
The digital image of each wound was analysed using ImageJ
software (NIH, USA). To prevent magnification and angulation
errors, the wound area was determined as a ratio to a 4 mm circular
standard. Wound healing rate was calculated as the difference in
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wound area that day compared to the day before. All wound
measurements were performed by the same individual, who was
blinded to the experimental groups.

See Supplementary data for further details on materials and
experimental methods regarding GRK2 knockdown, immunopreci-
pitation and western blot analysis, determination of ERK1/2, MEK,
PAK and Rac activities or S1P levels, immunofluorescence, cell
proliferation assay and statistics.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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