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cAMP-induced Epac-Rap activation inhibits epithelial cell migration by
modulating focal adhesion and leading edge dynamics
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Abstract

Epithelial cell migration is a complex process crucial for embryonic development, wound healing and tumor metastasis. It depends on
alterations in cell–cell adhesion and integrin–extracellular matrix interactions and on actomyosin-driven, polarized leading edge protrusion. The
small GTPase Rap is a known regulator of integrins and cadherins that has also been implicated in the regulation of actin and myosin, but a direct
role in cell migration has not been investigated. Here, we report that activation of endogenous Rap by cAMP results in an inhibition of HGF- and
TGFβ-induced epithelial cell migration in several model systems, irrespective of the presence of E-cadherin adhesion. We show that Rap
activation slows the dynamics of focal adhesions and inhibits polarized membrane protrusion. Importantly, forced integrin activation by antibodies
does not mimic these effects of Rap on cell motility, even though it does mimic Rap effects in short-term cell adhesion assays. From these results,
we conclude that Rap inhibits epithelial cell migration, by modulating focal adhesion dynamics and leading edge activity. This extends beyond the
effect of integrin affinity modulation and argues for an additional function of Rap in controlling the migration machinery of epithelial cells.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Epithelial cell migration is a complex process induced by
specific growth factors that takes place during certain stages
of embryonic development, organogenesis and wound healing.
In response to oncogenic signals, epithelial cell migration also
mediates tumor invasion and metastasis [1]. Epithelial cell
migration requires the disruption of cell–cell adhesion [1], the
modification of the integrin–extracellular matrix (ECM) interac-
⁎ Corresponding authors. J. de Rooij is to be contacted at Hubrecht Institute,
Uppsalalaan 8, 3584 CT, The Netherlands. Tel.: +31 30 2121960; fax: +31 30
2126464.

E-mail addresses: j.l.bos@umcutrecht.nl (J.L. Bos), j.derooij@niob.knaw.nl
(J. de Rooij).
1 Current address:Wittmann Laboratory, Department of Cell and TissueBiology,

University of California-San Francisco, 513 Parnassus Avenue, HSW-618,
San Francisco, CA, United States.
2 These authors contributed equally to this paper.

0898-6568/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.cellsig.2008.01.018
tions [2] and engagement of the actomyosin-based migration
machinery that induces polarized membrane protrusion [3].
Beneath this leading edge protrusion of a migrating cell, integrin-
mediated focal contacts are initiated and subsequently reinforced
by tension generated in the actomyosin cytoskeleton [4]. As a
consequence, they grow larger and alter their composition to
become focal adhesions (FAs) [5]. Contraction of the actomyosin
cytoskeleton attached to leading edge FAs pulls the cell body
forward and is used to disassemble rear-end FAs [6,7]. The effi-
ciency of migration in two-dimensional culture also depends on
the balance between ECM concentration and the extent of
integrin-activation [8].

Several growth factors implicated in tumor metastasis can
induce the processes described above in cultured cells, resulting
in the scattering of initially clustered epithelial cells. The most
well-known inducers of epithelial cell scattering are transform-
ing growth factor-β (TGFβ) and hepatocyte growth factor
(HGF) [9]. TGFβ induces scattering in many different cell lines,
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invariantly accompanied by silencing of the E-cadherin gene
through Smad signaling [10]. The most prominent induction
of scattering by HGF occurs in MDCK cells [11] and does not
involve down regulation of E-cadherin protein levels or adhesive
capacity, but correlates with increased integrin-mediated adhe-
sion and depends on actomyosin based tension [12]. Given the
lethal consequences of tumor metastasis, we aim to understand
the cellular machinery that governs epithelial cell migration.

cAMP is a pivotal second messenger that regulates a wide
range of cellular processes. Signaling through cAMP and protein
kinase A (PKA) has been implicated in cytoskeletal regulation
and cell migration [13]. The effects of PKA on cell migration can
be both stimulatory and inhibitory, depending on the cell type and
matrix used [13–16]. cAMP also activates the guanine nucleotide
exchange factor (GEF) Epac that can subsequently activate the
small GTPase Rap [17]. Rap is an important regulator of both
integrin- and cadherin-mediated adhesion (reviewed in [18–20]).
Although it is not yet completely understood how Rap regulates
these two processes, several proteins that interact with its GTP-
bound form have been identified that may serve as effector
proteins [18]. In the case of integrin-mediated adhesion, Rap
regulates both integrin affinity and integrin avidity, or clustering,
depending on the type of integrin and the cell type [21–24]. Two
effectors of Rap1, Riam and RapL, have been shown to be
important in the regulation of integrin affinity [25,26], although
they induce integrin activation via distinctmechanisms [27,28]. In
the regulation of (V)E-cadherin-mediated adhesion, Rap effectors
likely recruit junctional proteins to sites of developing cell–cell
contacts to stabilize the connection between the actin cytoskeleton
and the junctional complex [20,29,30]. Because of its established
function as a regulator of integrin-mediated cell adhesion, a role
for Rap in cell migration has been suggested. Direct evidence
comes from studies in leukocytes, where chemokine-induced
integrin activation by Rap1 leads to an increase in adhesion to the
endothelium and subsequent endothelial transmigration [31,32].
Clearly, in addition to PKA, also Epac/Rap signaling may be
involved in regulation of cell migration via cAMP.

Previously, we reported that Rap is involved in cell surface
expression of E-cadherin and the stabilization of cell–cell
junctions and that cAMP-induced activation of Rap through
Epac1 inhibits HGF-induced cell scattering. These observations
suggested that scattering is inhibited by stabilization of adherens
junctions [33]. However, a deficiency in C3G, another RapGEF,
results in increased migration velocity [34], indicating that Rap
might also have a restraining effect on cell migration itself.
Moreover, Zhang et al. recently described that TGFβ-induced
transformation of cells is inhibited by cAMP, independently of
PKA [35]. As TGFβ, in contrast to HGF, down regulates the
E-cadherin expression levels, cAMP-Epac-Rap signaling may
regulate cell migration directly rather than through a stabilizing
effect on cell–cell junctions.

Here, we show that activation of Rap through Epac1 inhibits
epithelial cell migration in a number of different model systems
in response to both HGF and TGFβ, irrespective of the presence
of cell–cell junctions. Interestingly, forced integrin activation,
by the integrin-activating antibody TS2/16, does not inhibit
migration, even though it induces adhesion to the ECM to the
same extent as Rap activation does. Apparently, the effects of
Rap on cadherin-mediated adhesion and integrin activation are
not sufficient to inhibit epithelial cell migration, indicating that
inhibition of the basal cell migration machinery is the critical
step downstream of Rap that mediates its effects on scattering.
To further understand the mechanism of Rap-induced inhibition
of cell migration, we studied the migration machinery in more
detail and observed that Rap activation impairs the dynamics of
focal adhesions and blocks protrusive activity at the leading
edge in migrating cells. These effects are also not mimicked by
integrin activating antibodies. Together, these data show that
Rap regulates focal adhesion and leading edge dynamics,
independently of integrin activation, to restrain epithelial cell
migration.

2. Results

2.1. cAMP-induced Rap activation inhibits HGF-stimulated
epithelial cell migration

To investigate the effect of Rap activation on epithelial cell
migration we used MDCK cells, which do not express endoge-
nous Epac, and MDCK cells stably expressing GFP-tagged
humanEpac1 (MDCK-GFP-Epac cells). Cells were plated in a 48-
well plate coated with collagen (10 µg/mL), simultaneously
filmed by phase-contrast microscopy for 2 h, stimulated with
HGF, and filmed for an additional 18 h. Parental MDCK cells
exhibited a typical response to HGF; the cells initially spread,
disrupted cell–cell contacts and migrated away from their neigh-
bors (Movie S1 and Fig. 1A). MDCK-GFP-Epac cells showed a
similar response to HGF treatment compared to parental MDCK
cells, but scattering was inhibited in HGF-stimulated MDCK-
GFP-Epac cells treatedwith the cell-permeable cAMPanalogue 8-
bromo-cAMP (Movie S1 and Fig. 1A) or the cAMP-elevating
drug forskolin (Movie S2 and Fig. S1). 8-Bromo-cAMP did not
inhibit scattering in parental MDCK cells, suggesting that activa-
tion of Epac mediated this response. To confirm that PKA is not
needed for the inhibition of scattering by cAMP,we used theEpac-
specific cAMP analog 8-CPT-2OMe-cAMP [36] and the PKA-
specific cAMP analog N6-Bnz-cAMP [37]. 8-CPT-2OMe-cAMP
inhibited scattering in MDCK-GFP-Epac, but not in parental
MDCK cells (Movie S1 and Fig. 1A). In contrast, activation of
PKA with N6-Bnz-cAMP did not inhibit scattering in MDCK-
GFP-Epac cells (Movie S2 and Fig. S1).

To quantify these observations, the migration velocity of
parental and MDCK-GFP-Epac cells was determined by tracking
cell nuclei using custom-written, automated cell-tracking soft-
ware. For each condition 3 independent time-lapse image series
were analyzed, resulting in the tracking of at least 300 individual
cells per condition. MDCK and MDCK-GFP-Epac cells in-
creased their migration velocity from 0.5 to 1.2 µm/min, within
16 h of HGF stimulation (Fig. 1B, solid and dashed black lines).
MDCK cells treated with 8-bromo-cAMP showed the same re-
sponse to HGF (Fig. 1B, solid grey line). In contrast, MDCK-
GFP-Epac cells exposed to HGF and 8-bromo-cAMP or 8-CPT-
2OMe-cAMP showed no significant increase in cell velocity
(Fig. 1B, grey dashed line and Fig. 1C, black dashed line,
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respectively). To evaluate the statistical significance of the inhi-
bition of migration by cAMP, the velocity values for each time
point after the plateau of maximal velocity was reached (t=750–
1000 min post-HGF) were averaged (Fig. 1E) and subjected to a
Students t-test. Thus we conclude that cAMP-induced activation
of Epac (and not PKA) and subsequent activation of endogenous
Rap in MDCK cells strongly inhibits HGF-induced scattering.

2.2. Rap activation inhibits HGF-induced cell migration in the
absence of cell–cell junctions

As Rap has been previously shown to modulate both cell–cell
and cell-ECM adhesion receptors [21–23,33,38,39], we aimed to
investigate whether the cAMP-induced inhibition of cell migra-
tion is simply caused by the stabilization of cell–cell adhesion
through Rap. To this end, we analyzed the velocity of MDCK-
GFP-Epac cells in the absence of cell–cell junctions using two
approaches. First, we examined the HGF-induced motility in low
Ca2+ (20 µM Ca2+)-containing medium that does not support
homotypic E-cadherin adhesion. Second, we used our tracking
software to distinguish clearly single cells from cells in contact
with neighboring cells in high Ca2+ conditions to specifically
analyze the HGF-induced motility of single cells.

Fig. 1C (dotted black line and Movie S3) shows that HGF-
stimulated MDCK-GFP-Epac cells in low Ca2+-containing
medium achieved a similar maximum velocity of 1.2 µm/min.
Notably, these cells showed an earlier increase in cell velocity
compared to MDCK-GFP-Epac cells cultured in high Ca2+

(Fig. 1C, solid grey line), indicating that cell–cell junctions do
need to be disrupted before the velocity increase is observed. In
the presence of 8-CPT-2OMe-cAMP, MDCK-GFP-Epac cells in
lowCa2+ showed no increase in velocity, similar to 8-CPT-2OMe-
cAMP-treated cells in the presence of high Ca2+ (Fig. 1C, dashed
grey and dashed black lines, respectively and Movie S3). To
corroborate this conclusion, the velocity increase of clearly non-
contacted cells present in high Ca2+ conditions (usually less than
10% of all cells) was inhibited as well (Fig. 1D, dashed black
line). Comparison of maximum velocities and statistical analysis
was performed as above and is depicted in Fig. 1E. These data
demonstrate that Rap activation strongly inhibits epithelial cell
migration even in the absence of functional adherens junctions.

2.3. Rap inhibits epithelial cell migration induced by several
different growth factors

To investigate if the inhibitory effect of Rap activation on cell
migration is restricted to HGF-induced motility, we used A549
Fig. 1. cAMP-induced Rap activation inhibits HGF-induced cell migration in the ab
contrast timelapse image series showing the inhibitory effect of 8-bromo-cAMP and 8
parental MDCK cell lines. Scale bar is 100 µm. (B) Velocity time-course, by automat
series, to quantify HGF-induced migration and cAMP-induced inhibition in these
independent time-lapse image series to quantify the inhibitory effect of 8-CPT-2OM
presence (1.8 mM Ca2+) and absence (20 µM Ca2+) of cell–cell junctions. (D) Veloc
lapse image series, showing the effect of 8-CPT-2OMe-cAMP on the migration of
(averaging values from all time-points at the plateau phase of maximum velocity (75
asterisk (⁎) indicates pb0.0001.
cells that scatter in response to HGF or TGFβ, another notorious
metastasis-promoting growth-factor [40] that disrupts cell–cell
junctions by silencing the E-cadherin gene [10]. In analogy to
MDCK cells, we constructed a cell line stably expressing Epac1
(A549-Epac, Fig. 2A) to specifically activate endogenous Rap by
8-CPT-2OMe-cAMP. As shown in Fig. 2B, both HGF and TGFβ
induce scattering in A549 and A549-Epac cells. In A549-Epac
cells, scattering is abolished by 8-CPT-2OMe-cAMP, whereas in
parental A549 cells scattering is normal.

We used time-lapse phase-contrast microscopy to further
characterize the scattering process and the effect of Rap activation
on it in these cells (Movie S4) and measured cell migration to
quantify this. HGF andTGFβ both induce cellmigration (Fig. 2C,
solid black and grey lines, respectively), which is completely
abolished by 8-CPT-2OMe-cAMP (Fig. 2C, dotted black and
grey lines, respectively). Quantification and statistical evaluation
is shown in Fig. 2E. Thus, Rap activation efficiently blocks scat-
tering induced by two distinct signaling pathways, one of which
results in a loss of E-cadherin expression (even in the presence of
active Rap, see Fig. 3F).

2.4. cAMP induction of endogenous Epac-Rap signaling
inhibits epithelial cell migration

To investigate whether endogenous Epac-Rap signaling also
blocks cell migration, we used renal cell carcinoma RCC10
cells. These cells are VonHippel–Lindau-defective and express
little to no E-cadherin [41]. RCC10 cells respond to HGF
stimulation by activating ERK1/2 and express the β1 integrin
required for migration on a collagen matrix, as well as Epac1
(Figs. 2A and 3C). These cells showed a 1.5 fold increase in
velocity upon HGF stimulation (Fig. 2D, solid black line and
Movie S5). The motogenic response of these cells was more
rapid compared to MDCK cells, and cells achieved their maxi-
mal velocity after 1 h of HGF stimulation. This probably
reflects the absence of cell–cell junctions in these cells.
Importantly, treating cells with 8-CPT-2OMe-cAMP to speci-
fically activate Epac/Rap, completely inhibited the HGF-
induced increase in cell motility (Fig. 2D, dotted black line and
Movie S5 and quantification in 2E). Together, these data show
that cAMP-mediated activation of endogenous Rap via both
exogenously- and endogenously-expressed Epac1 leads to the
inhibition of epithelial cell scattering induced in different cell
lines and by different growth factors. As this inhibition is
independent of the level of E-cadherin expression and the
presence of cell–cell junctions, this suggests that Rap has an
inhibitory effect on the induction of cell migration itself.
sence or presence of cell–cell adhesion. (A) Representative images from phase
-CPT-2OMe-cAMP on HGF-induced cell motility in MDCK-GFP-Epac, but not
ed tracking of approximately 300 cells from three independent time-lapse image
cells. (C) Velocity time-course by tracking of approximately 600 cells from 3
e-cAMP on HGF-induced MDCK and MDCK-GFP-Epac cell velocity in the
ity time-course by tracking of approximately 60 cells from 3 independent time-
non-contacted MDCK-GFP-Epac cells in high Ca2+. (E) Average cell velocity
0–1000 min)) (±SD) from each of the velocity time-courses in B, C, and D. An



Fig. 2. Rap activation inhibits several types of growth factor-induced epithelial cell migration. (A) Western blot showing Epac1 and β1-integrin expression in A549-
Epac and RCC10 cells. (B) 8-CPT-2OMe-cAMP inhibits TGFβ- and HGF-induced scattering of A549-Epac cells. Representative phase contrast images of A549-Epac
cells showing the effect of 8-CPT-2OMe-cAMP on TGFβ- and HGF-induced cell scattering. Scale bar is 100 µm. Cells were stimulated with TGFβ or HGF for 24 h, in
the presence or absence of 8-CPT-2OMe-cAMP. (C) Velocity time-course showing the effect of 8-CPT-2OMe-cAMP on TGFβ- and HGF-induced A549-Epac cell
migration. (D) Velocity time-course showing the inhibitory effect of 8-CPT-2OMe-cAMP on HGF-induced RCC10 cell migration. (E) Average cell velocity (±SD) at
the plateau phase (1100–1200 min) of A549 cells and RCC10 cells (400–500 min) from each of the velocity time-courses in C and D, respectively.
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Fig. 3. Rap activation does not interfere with growth factor signaling. (A) Rap is activated by 8-CPT-2OMe-cAMP in MDCK-GFP-Epac cells in the presence and
absence of HGF. Cells were stimulated for 16 h with HGF and/or 8-CPT-2OMe-cAMP. Blots shown are representative of at least 3 independent experiments. (B) Rap
activation in parental and Epac-expressing A549 cells. Cells were treated for the indicated time periods with TGFβ and 8-CPT-2OMe-cAMP prior to performing a
Rap-GTP pulldown assay. Blots shown are representative of at least 4 independent experiments. (C) Rap activation does not interfere with HGF-induced ERK
activation and 8-CPT-2OMe-cAMP-induced Rap activity is not significantly affected by short- or long-term HGF stimulation in RCC10 cells. Cells were treated for the
indicated time periods with HGF and/or 8-CPT-2OMe-cAMP prior to performing a Rap-GTP pulldown assay and probing of whole cell lysates for Erk activation.
Blots shown are representative of 3 independent experiments. (D) Rap activation does not affect TGFβ-induced ERK activation in A549-Epac cells. Cells were
incubated for 24 h with the indicated stimuli. Whole cell lysates were probed with the appropriate antibodies as indicated to show activation and equal loading. Blots
shown are representative of at least 3 independent experiments. (E) Epac expression and Rap activation do not affect TGFβ-induced phosphorylation of Smad2. Cells
were incubated for 24 h with the indicated stimuli. Whole cell lysates were probed with the appropriate antibodies as indicated to show activation and equal loading.
Blots shown are representative of 3 independent experiments. (F) Rap activation does not restore TGFβ-induced downregulation of E-cadherin in A549-Epac cells.
Cells were incubated for 24 h with the indicated stimuli. Whole cell lysates were probed with the appropriate antibodies as indicated to show activation and equal
loading. Blots shown are representative of at least 3 independent experiments.
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2.5. 8-CPT-2OMe-cAMP activates Rap, but does not interfere
in growth factor signaling

One of the mechanisms via which Rap may interfere in
growth factor-induced cell migration, is through direct inhibi-
tion of growth factor signaling. Rap pulldowns were used to
confirm that 8-CPT-2OMe-cAMP activates Epac to induce Rap-
GTP in Epac-expressing (endogenous or exogenous) cell lines.
This activation of Rap was present for the complete duration of
our time lapse experiments and was not affected by HGF or
TGFβ stimulation (Fig. 3A–C). Next, we examined if Epac1
expression or Rap activation with 8-CPT-2OMe-cAMP could
suppress HGF- and TGFβ-mediated ERK activation [40]. In
agreement with our previous experiments in MDCK cells [33],
activation of Rap in RCC10 cells does not interfere with HGF-
induced ERK1/2 phosphorylation at any of the time-points
investigated (Fig. 3C). Rap activation also did not modulate the
TGFβ-induced phosphorylation of ERK1/2 in A549-Epac cells
(Fig. 3D). Furthermore, neither exogenous Epac1 expression
nor 8-CPT-2OMe-cAMP stimulation suppressed Smad2 phos-
phorylation after TGFβ addition (Fig. 3E), as was reported in
293T cells [42]. Finally, Rap activation did not affect the down
regulation of E-cadherin protein levels that is observed in the
presence of TGFβ (Fig. 3F). These data show that Rap acti-
vation does not interfere in the major growth factor receptor
signaling events important for scattering, but rather acts to
prevent the induction of migration at a more downstream level.
For instance, Rap may directly inhibit the migration machinery.

2.6. Forced integrin activation does not mimic the inhibitory
effects of Rap on cell migration

Besides the disruption of cell–cell adhesion [1], cells also
requiremodification of the integrin-mediated adhesion to theECM
[2] and engagement of the actomyosin-basedmigrationmachinery
that induces polarized membrane protrusion [3] for efficient cell
migration. To investigate whether the induction of integrin affinity
downstream of Rap [21,28], could explain the inhibition of cell
migration, we examined the effect of integrin-activating antibodies
on HGF-induced cell motility. These antibodies force the integrins
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into their high-affinity conformation and thus mimic inside-out
integrin activation as induced by Rap. Because these antibodies
recognize human, but not dog integrins, we used RCC10 and
A549 cells and not MDCK cells. For RCC10 cells plated on
collagen, which mainly binds to β1 integrins to mediate cell
migration, we used the β1 integrin-activating antibody TS2/16
[43]. For A549 cells plated on fibronectin (Fn), which can bind
to β1 and β3 integrins to facilitate cell migration, we used a com-
bination of TS2/16 and the β3 integrin-activating antibody LIBS6
[8,44]. In short-term adhesion assays performed with RCC10 cells
Fig. 4. Forced integrin-activation by antibodies does not mimic the effect of Rap activ
by 8-CPT-2OMe-cAMP, but not TS2/16. In a live-cell phase-contrast time-lapse, HG
Velocity of approximately 300 automatically tracked cells from 3 independent time-lap
the plateau-phase (400–500 min) from the velocity time-course in A. (C) Adhesio
adhesion kinetics in RCC10 cells on 3 µg/ml collagen. Cells were plated in the absence
for the indicated time points. Data are means±SD; n=4. (D) Velocity increase of A5
8CPT-2OMe-cAMP or antibodies (3 µg/ml TS2/16 and 3.7 µg/ml LIBS6) were adde
tracking of approximately 300 cells from 3 independent time-lapse image series. (E) A
from the velocity time-course in C. (F) TS2/16 and 8-CPT-2OMe-cAMP, but not LIBS6
on 1 µg/ml fibronectin in the absence or presence of 100 µM 8-CPT-2OMe-cAMP or
quantified. Data are means±SD; n=4.
on collagen, TS2/16 and 8-CPT-2OMe-cAMP induce adhesion to
a similar extent (Fig. 4C), indicating that indeed β1 integrins are
the main collagen receptors in these cells. In A459 cells on Fn,
TS2/16 induces adhesion to a higher extent than 8-CPT-2OMe-
cAMP, whereas LIBS6 results in a very small induction of adhe-
sion (Fig. 4F), indicating that β1 integrins are the main receptors
for Fn in these cells. However, in migration experiments TS2/16
did not inhibit HGF-induced cell motility in RCC10 cells (Fig. 4A,
solid grey line), andTS2/16+LIBS6 failed to inhibit HGF-induced
migration inA459 cells (Fig. 4D, solid grey line).Quantification of
ation on cell migration. (A) Velocity increase of RCC10 cells by HGF is inhibited
F and 100 µM 8-CPT-2OMe-cAMP or 3 µg/ml TS2/16 were added at t=60 min.
se image series wasmeasured. (B) Average cell velocity (±SD) of RCC10 cells at
n time course showing comparable 8-CPT-2OMe-cAMP- and TS2/16-induced
or presence of 100 µM8-CPT-2OMe-cAMPor 3 µg/ml TS2/16 and left to adhere
49-Epac cells by HGF is not inhibited by TS2/16 and LIBS6. HGF and 100 μM
d during imaging at t=120 min and velocity was determined by automated cell-
verage cell velocity (±SD) at the plateau-phase (1100–1200 min) of A549 cells
, induce adhesion ofA549-Epac cells to fibronectin. A549-Epac cells were plated
3 µg/ml TS2/16 or 3.7 µg/ml LIBS6, allowed to adhere for 30 min, washed and



Fig. 5. Rap activation enhances focal adhesion area and stability. (A) Representative images showing the effect of 8-CPT-2OMe-cAMP on FAs in MDCK-Epac cells.
Cells were plated on collagen in the presence or absence of 8-CPT-2OMe-cAMP, fixed and stained for paxillin. Lower panels show images segmented in ImageJ.
(B) Images were processed and the total focal adhesion and cell area for at least 35 cells from 2 independent experiments were quantified in ImageJ as described in the
Materials and methods section. (C) Representative images from timelapse series showing the effect of 8-CPT-2OMe-cAMP and TS2/16 on the stability of GFP-
paxillin-labeled FAs in HGF-treated RCC10 cells. A 7.6 µm×7.6 µm area of the cell is highlighted (white dashed box), and white arrowheads show FAs that persist for
more than 60 min within this area. Scale bar is 5 µm. (D) Focal adhesion persistence analysis was performed in ImageJ as described in the Materials and methods
section for eight cells (~200 FAs tracked per condition) and the data are expressed as the mean±SD.
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plateau-velocity and statistical evaluation is shown in Fig. 4B
(RCC10 cells, 400–500 min) and 4E (A549 cells, 1100–
1200 min). This shows that simply inducing integrin activation
does not inhibit HGF-induced motility and indicates that a
different effect downstream of Rap is involved.

2.7. Rap activation inhibits focal adhesion turnover and front-
rear polarity in contrast to forced β1-integrin activation

Because just simple integrin activation and ECM adhesion
does not seem to be enough to inhibit migration, we focused on
focal adhesions (FAs), to investigate if Rap might affect integrin
signaling downstream of the integrin-ECM connection. FAs reg-
ulate cell motility by connecting the cytoskeleton to the ECM [45].
To determine if Rap activation modulates these structures in
epithelial cells, we examined the effect of 8-CPT-2OMe-cAMP
on FA morphology in MDCK-Epac cells (MDCK cells stably
expressing un-tagged Epac1 [33]) plated on collagen and stained
for paxillin, a major component of FAs. Three hours after plating,
MDCK-Epac cells (in the absence or presence of 8-CPT-2OMe-
cAMP) were adhered and spread onto the collagen-coated glass
coverslip. In the presence of 8-CPT-2OMe-cAMP, FAs were
larger and more elongated and paxillin staining was more intense
(Fig. 5A). The same effect on focal adhesion area was observed in
A549-Epac and RCC10 cells (data not shown). Measuring the
area of paxillin intensity that clearly surmounted background
fluorescence, revealed a 1.3-fold increase in the relative focal
adhesion area in 8-CPT-2OMe-cAMP-treated compared to un-
treated cells (Fig. 5B, pb0.0001). These data show that Rap acti-
vation enhances FAs in MDCK-Epac cells.

Next, we examined the dynamic behavior of FAs in migrating
RCC10 cells. For these studies we used RCC10 cells because they
express endogenous Epac, exhibit a rapid response to HGF and do
not form tightly clustered cell colonies. RCC10 cells were
transfected with GFP-paxillin, plated and imaged using widefield
fluorescence microscopy. Cells transfected with GFP-paxillin
appeared indistinguishable from untransfected cells in phase-
contrast images demonstrating that exogenous GFP-paxillin ex-
pression does not significantly alter the morphology of RCC10
cells (data not shown). In the presence of HGF, we observed small
FAs forming at the leading edge of protrusions, and larger FAs in
the body and trailing edge of the cell (Movie S6 and Fig. 5C
(panels from 0 to 90min)). In Fig. 5C, a dashed grey box outlines a
magnified region at the leading edge of the cell, and white
arrowheads identify the FAs that persist for longer than 60 min.
Upon stimulation with 8-CPT-2OMe-cAMP, cells rapidly altered
their focal adhesion dynamics with fewer FAs forming and dis-
appearing within the 90 min time period (Fig. 5C, panels from
95min onwards andMovie S6), resulting in a loss of small leading
edge adhesions and an increase in large central FAs. As a con-
sequence, cells appeared to rapidly lose their distinct front/rear
polarity and migration was inhibited, when stimulated with 8-
CPT-2OMe-cAMP, but not with TS2/16.

The lifetime of individual FAs is highly variable in migrating
cells. To quantify focal adhesion lifetime in a comprehensive
manner, we randomly selected FAs in the first frame of the
image sequence and determined how long these persisted. Cells
treated with HGF showed a nearly equal percentage of FAs that
persisted for a short time (less than 15 min), intermediate times
(16–60 min) and a very long time (N61 min) (Fig. 5D). When
Rap was activated in these cells, the percentage of FAs lasting
for more than 61 min was increased 2-fold (Fig. 5D, grey and
white bars, p=0.002), whereas we observed a concomitant 2-
fold decrease in the percentage of FAs lasting 15 min or shorter
(p=0.04). TS2/16 treatment did not mimic the effect of 8-CPT-
2OMe-cAMP, as it did not result in any increase in the per-
centage of long-lasting FAs, but rather in a 1.5-fold increase of
small, short-lived FAs (Fig. 5C and D, grey and black bars,
p=0.06). Furthermore, the presence of TS2/16 enhanced the
polarized phenotype of these cells (as judged by the asymmetric
distribution of small and large FAs).

In conclusion, Rap activation reduces FA dynamics and results
in the loss of front rear polarity. This response is very different
from the response to treatment with an integrin-activating anti-
body, which shows increased FA dynamics and no loss of cell-
polarity.

2.8. Rap activation reduces lamellipodial activity

In RCC10 GFP-paxillin timelapses, we noted a decrease in the
number of leading edge protrusions after Rap activation (Fig. 6A,
arrowheads). To clearly determine whether Rap activation indeed
affects HGF-induced protrusion and retraction, we examined the
membrane dynamics of RCC10 cells in the presence and absence
of 8-CPT-2OMe-cAMP. RCC10 cells were transiently transfected
with the membrane marker GFP-CAAX [46], plated on collagen-
coated glass-bottom dishes overnight and imaged using widefield
fluorescence microscopy. In the presence of HGF, RCC10 cells
formed approximately equivalent and polarized areas of net
protrusion and retraction (Fig. 6B, solid black areas and Movie
S7). The total protrusion and retraction area wasmarkedly reduced
when Rap was activated with 8-CPT-2OMe-cAMP in HGF-
treated cells (Fig. 6B), but remained in cells treated with TS2/16.
Furthermore, protrusion and retraction were not polarized in 8-
CPT-2OMe-cAMP-treated cells as no persistence in any direc-
tion was observed. These differences were not due to toxic or
otherwise disturbing effects of the expression of GFP-CAAX as
expression was similar in HGF-only and HGF+8-CPT-2OMe-
cAMP or HGF+TS2/16-treated cells used for this analysis (as
determined by fluorescence intensity). Furthermore, HGF-only
treated cells that expressed GFP-CAAX migrated indistinguish-
able from untransfected RCC10 cells (data not shown).

To quantify the protrusive activity, we divided the area of
leading-edge extension in consecutive frames by the total cell
area during the 60 min of the experiment (Fig. 6C). The average
membrane activity of HGF-treated cells was 1.4-fold higher than
basal activity (Fig. 6C, black and grey lines, respectively, and 6D).
The membrane activity was reduced 1.4-fold when Rap was
activated with 8-CPT-2OMe-cAMP (Fig. 6C, black dashed line
and 6D). Addition of TS2/16 antibody only resulted in a small dif-
ference in protrusive activity (Fig. 6B and C, grey dashed line, and
6D) and polarization was fully maintained. Clearly, forced integrin
activation by TS2/16 did not mimic the inhibitory effect of Rap
activation. These data demonstrate that Rap activation blocks the



Fig. 6. Rap activation inhibits HGF-induced membrane protrusions. (A) 8-CPT-2OMe-cAMP decreases the number of protrusions in RCC10 cells treated with HGF.
The arrowheads indicate newly formed protrusions in GFP-paxillin expressing RCC10 cells in each timelapse frame. (B) Rap activation reduces the HGF-induced
increase in membrane protrusion and retraction area. Representative images of RCC10 cells transiently expressing GFP-CAAX and their corresponding total
protrusion and retraction area (black areas) over 60 min after treatment with HGF alone, HGF+8-CPT-2OMe-cAMP, and HGF+TS2/16. The difference in membrane
area between sequential timelapse images was determined in ImageJ as described in the Materials and methods section. Scale bar is 5 µm. (C) Timecourse showing the
difference in membrane area relative to the total area of the cell, due to protrusion and retraction, in sequential frames of 60 min timelapses. The data are the averages
from 9, 27, 18, and 19 cells for mock-, HGF-, HGF+8-CPT-2OMe-cAMP-, and HGF+TS2/16-treated cells, respectively. (D) Average membrane activity (±SD) of
RCC10 cells during the time-course in C.
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HGF-induced increase in polarized membrane protrusion and
retraction.

3. Discussion

For cells to migrate efficiently, both cell–cell junctions and
cell-ECM interactions need to be regulated and tension within the
actomyosin cytoskeleton needs to be induced [1–3]. Polarized
membrane protrusion and efficient turnover of focal adhesions are
also required for efficient cell migration [6]. As the small GTPase
Rap is a known regulator of cell junctions and integrin-mediated
adhesion [18] and has been suggested to be involved in cell
migration [34], we investigated how Rap interferes in epithelial
cell migration. Surprisingly, neither the stabilization of cell–cell
junctions nor the activation of integrins could account for this
effect on migration. Major receptor signaling pathways like ERK
and Smad (unlike previously reported [42]), are also not affected,
indicating that signaling through Epac/Rap does not interfere in
HGF or TGFβ signaling, but rather acts downstream to block the
induction of cell migration by these transforming growth factors.

During migration on the ECM, integrin-based FAs provide
linkage between the cytoskeleton and the ECM to transmit forces,
sense the environment and initiate intracellular signaling cascades
[45]. Regulated, efficient formation and turnover of FAs is re-
quired for optimal cell migration. Small adhesions at the leading
edge turn over rapidly to facilitate protrusion or mature into larger
FAs that provide the tension for the disassembly of adhesions at
the rear of the cell [6,47].

We examined the effect of Rap activation on FAs using paxillin
as a marker [48] and found a rapid alteration of focal adhesion
dynamics. After Rap was activated, fewer FAs formed at the
leading edge and focal adhesion disassembly was inhibited,
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resulting in an overall increase in FA persistence and an apparent
loss of the polarized morphology that is characteristic of migrating
cells. One explanation for the observed effects on focal adhesion
complexes is an increase in integrin-mediated cell adhesion.
However, the β1-integrin-activating antibody TS2/16 did not
affect FA dynamics in the same way as Rap activation, although
both induced a similar level of adhesion. This suggests that
increased integrin-affinity per se is not causing the inhibition of cell
migration. In accordance with these observations, Huttenlocher
et al. showed that forcing integrins into a high affinity state using
antibodies does not influence FA morphology and does not
strongly inhibit cell migration, but shifts the optimal migration
conditions to a lower concentration of ECM substrate. In contrast,
mutant integrins that have lost proper regulation of their linkage to
the cytoskeleton and exhibit forced cytoskeletal linkage, show
strongly enhanced FAs and a severely impaired capacity tomigrate
[8]. We observe similar effects when Rap is activated in epithelial
cells that are treated with growth factors. Our results, therefore,
suggest that Rap has an effect on the integrin-cytoskeletal linkage
and that this effect is more important for the inhibition of cell
migration than the effect of Rap on integrin affinity.Whether this is
achieved by the same molecules that mediate the affinity modu-
lation (Riam and Talin [28]), remains to be shown. Thus far we
could not detect endogenousRiamorRiam-GFP in FAs in the cells
that we used for our experiments.

In addition to stabilizing FAs, Rap inhibits the formation of
polarized membrane protrusions during migration. This process
is driven by actin polymerization (the motor), but also depends
on a regulation of the integrin-cytoskeletal linkage (the clutch)
as has been illustrated by two recent papers [49,50]. Several
reports have indicated that Rap may influence actin polymer-
ization, the driving force behind lamellipodial protrusion. For
instance, Rap has strong stabilizing effects on cortical actin in
endothelial cells [51,52] and the Rap interacting protein RIAM
was shown to increase the amount of filamentous actin,
presumably through its interaction with profilin [25]. Further-
more, Rap interacts with several RacGEFs, known regulators of
actin polymerization, to increase cell-spreading [53], although it
has also been reported that Rap can function as an antagonist of
Rac signaling [54].

Because we also observe an effect on FA dynamics, the effect
of endogenous Rap activity on lamellipodial protrusion could be
explained by a stabilization of the connection between the
integrins and the cytoskeleton. In other words, the clutch is
engaged too long, leading to a loss of productive protrusion.
Further studies are required to determine whether Rap regulates
the connection between the actin cytoskeleton and integrins and to
identify the molecular mechanism that mediates the Rap-induced
inhibition of cell migration.

Finally, contractile tension generated within the actomyosin
cytoskeleton is also required for efficient migration. Increased
actomyosin contraction results in increased FA size [45] and
dynamic regulation of myosin is critical to efficient protrusion
[55]. An alternative explanation for the effects on FA size and
dynamics and for the effects on protrusion could be the recent
finding that Rap1 regulates myosin in Dictyostelium [56].
However, we could not detect any effects of Rap activation on
myosin light chain phosphorylation downstream of HGF or
TGFβ, arguing against this possibility. Also, the Rap1 effector
that mediates the myosin induction by Rap1 is not conserved
between Dictyostelium and mammals.

4. Conclusion

We conclude that activation of endogenous Rap leads to an
inhibition of growth factor-induced epithelial cell migration by
targeting the basal migration machinery. This effect is indepen-
dent of E-cadherin stabilization and cannot be explained solely by
affinity modulation of β1-integrins. Rap inhibits epithelial cell
migration through the stabilization of focal adhesions and the
inhibition of membrane protrusion, possibly by stabilizing the
connection between the actin cytoskeleton and integrins.

5. Materials and methods

5.1. Cell lines and culture

Stable MDCK-GFP-Epac cells were created by transfection of MDCK with
pEGFP-C1-Epac1 followed by selection with G418. Polyclonal MDCK cells
stably expressing moderate levels of GFP-Epac were isolated by fluorescence
activated cell sorting (FACS) from this cell line. MDCK-Epac1 cells were
described previously [33]. Stable Epac1-expressing A549 cells were created by
infecting A549 cells with Epac1 ecotrophic virus. The Epac1 gene was linked
via an IRES sequence to a zeocin resistance gene. Forty-eight hours after
infection, cells were placed under selection with zeocin (0.2 mg/ml) to select for
Epac1 expressing cells. Monoclonal A549-Epac1 cell lines expressing moderate
levels of Epac1 were single-cell sorted from these polyclonal cell lines by FACS.
MDCK, MDCK-GFP-Epac and MDCK-Epac cells were cultured in DMEM
supplemented with 10% fetal calf serum (FCS), glutamine, and antibiotics.
A549 and RCC10 cell lines were cultured in RPMI supplemented with
glutamine, antibiotics, and 10% or 8% FCS, respectively. RCC10 cells were
transiently transfected using Fugene transfection reagent (Roche) according to
the manufacturer's protocol. Cells were plated in complete medium 24 h after
transfection, and analysis of expressed proteins occurred 24 h thereafter.

5.2. Plasmids

The GFP-CAAX construct expresses an N-terminal GFP-tagged tetra-amino
acid motif (CAAX) that localizes to the plasma membrane [46]. The GFP-
paxillin construct expresses an N-terminal EGFP-tagged fusion to human
paxillin and was generously provided by Dr. Marc Ginsberg (University of
California-San Diego). GFP-Epac1 contains amino acids 2-881 of Epac1 fused
at its N-terminus to EGFP in the pEGFP-C1 vector.

5.3. ECM proteins

For analysis of MDCK cell motility, non-tissue culture treated 48-well plates
were coated with collagen type I from calf skin (Sigma) for 2 h at 37 °C, washed
3 times with phosphate buffered saline (PBS), and blocked with 1% heat-
denatured bovine serum albumin (BSA) in PBS for 1 h at 37 °C. For analysis of
A549 cell motility, 48 well plates were coated with 1 µg/mL fibronectin for 2 h
at 37 °C and washed 3 times in PBS. In all other cases, glass-bottomed dishes
and coverslips were coated with collagen type I from rat tendon (Upstate) for
16 h at 4 °C and washed 3 times in PBS.

5.4. Rap activation assays and immunoblotting

Rap activation was assayed as described previously [57]. Endogenous Rapwas
detected following Western blotting with polyclonal anti-Rap antibody (Santa
Cruz). Polyclonal phospho-ERK (Thr202/Tyr204) antibody and phospho-Vasp
(Ser157) antibody were obtained from Cell Signaling. Polyclonal phospho-Smad2
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(Ser465/467), monoclonal anti-E-cadherin (HECD-1) and anti-GAPDH antibodies
were from Chemicon International. Anti-β1 integrin and anti-β-catenin antibodies
were from BD Transduction Laboratories and anti-tubulin antibody was from
Calbiochem.Monoclonal anti-Epac1 5D3 antibody was described previously [33].

5.5. Live cell microscopy

For phase-contrast imaging, MDCK, MDCK-GFP-Epac, and RCC10 cells
were plated in medium containing 0.5% FCS and 10 mM Hepes, pH 7.4, 24 h
before image acquisition in non-tissue culture–treated polystyrene well plates
coated with 10 µg/mL collagen (or the indicated concentrations). Prior to
imaging, 100 µM 8-CPT-2OMe-cAMP, 10 µM forskolin, 300 µM N6-Bnz-
cAMP or 3 µg/mL TS2/16 were added to the appropriate wells, wells were
completely filled with medium and the plate was sealed using silicon grease and
a glass plate. Images were acquired every 6 min using a 10×0.5 NA Plan
objective lens and a 0.5 NA ELWD condenser with a Zeiss Axiocam camera on
a Zeiss Axiovert 200 M microscope in climate-controlled incubator. A robotic
stage (Zeiss MCU 28) was used to collect images at different stage positions. All
electronic microscope functions were controlled using Axiovision software
(Zeiss). The cells were imaged for 2 h in absence of HGF, and then 5 ng/ml HGF
was added to cells on the microscope stage to prevent loss of the cells of interest
and imaging was continued for 16 h. At least three timelapse series were
acquired for each condition in each separate experiment.

A549 and A549-Epac cells were plated on a fibronectin-coated (1 µg/mL)
48-well plate 24 h before imaging, which was performed as above. At the
indicated timpoint 10 ng/mLTGFβ, 25 ng/ml HGF and 100 µM 007 or 3 µg/ml
integrin-activating antibody TS2/16 and/or LIBS6 were added to the appropriate
wells. GFP-tagged proteins were imaged in an 8-well Lab-tek chambered
coverglass (Nalge Nunc International, Rochester, NY) coated with 10 µg/mL
collagen on a Zeiss Axiovert 200 M microscope using a Lambda DG-4 Ultra
High Speed Wavelength Switcher from Sutter Instruments as a light source.
Fluorescent images were acquired every 2 or 3 min using either a 40X/1.3 oil or
a 63X/1.25 oil Neofluar objective lens.

5.6. Fixation and immunolocalization

Cells were fixed in freshly-prepared 4% paraformaldehyde for 10 min,
permeabilized in 0.2% Triton X-100 for 5 min, and blocked in PBS containing
0.2%BSA and 5% horse serum for 1 h at room temperature. Cells were incubated
with monoclonal paxillin antibody (BD Biosciences) for 1 h in PBS containing
0.2% BSA, followed by incubation with the appropriate secondary antibody for
45 min at room temperature. Images were acquired using a Zeiss Axioskop 2
microscope fitted with a Zeiss Axiocam CCD camera and 100X Plan APO
objective lens.

5.7. Image analysis and processing

To determine cell trajectories in phase-contrast timelapse image series, the
centroids of the nuclei were followed. To automate this and allow for unbiased
analysis of many cells in multiple timelapses, a program was written in Matlab
(Mathworks) that segments images based on pixel intensity and determines the
presence of nuclei based on phase-density, size and shape. Nuclei are then linked in
consecutive frames using a neural network algorithm and cells tracked for less than
5 consecutive frames are automatically discarded (manuscript in preparation, JdR
and Danuser G.). Detection fidelity in our experiments was over 80%, which was
confirmed by eye for each individual timelapse. To distinguish single cells from
clustered cells in this program, areas occupied by cells were determined by edge-
detection and overlayed with the detected nuclei to determine if one (single cell) or
more (clustered cells) nuclei were present in a detected cell-area. Similar results
were obtained when a smaller number of randomly selected cells from a number
of timelapses were analyzed using the track objects function in MetaMorph
(Universal Imaging Corp.).

Focal adhesion and total cell areas from images of fixed and stained cells
were measured in ImageJ. First, the fluorescence intensities of images from 2
independent experimentswere normalized, and then a bandpass filter was applied
to remove background staining that was consistently observed around the
nucleus. FAs were segmented using the analyze particles function in ImageJ, and
the total segmented areawas normalized to the total cell area. The effectiveness of
our segmentation procedure was inspected visually.

FAsweremanually tracked in ImageJ. Approximately 27 FAswere randomly
selected in similarly localized regions of the cell and marked in the first frame
(t=0) of each timelapse series using the Cell Counter ImageJ plugin. The selected
FAs were tracked until they were no longer visible and the frame at which the
focal adhesion disappeared was recorded.

To quantify protrusion dynamics, we determined the changes in membrane
area between sequential timelapse images of RCC10 cells expressing GFP-
CAAX. Using Metamorph software, an exclusive threshold was applied to each
normalized image series to define the outer cell membrane. We created a journal
in Metamorph that defined and measured the thresholded areas and produced a
stack of binary images. The subtract function in the ImageJ Image Calculator was
applied to sequential binary timelapse images to determine areas of protrusion
and retraction, and differences in membrane area were normalized to the total cell
area. Images showing the net protrusion and retraction were made by applying
the sum slices option in the z-project function of ImageJ to sequentially
subtracted images.

5.8. Adhesion assays

Cells were trypsinized, washed once in RPMI containing 10% FCS, and
allowed to recover surface proteins for 1.5 h in suspension in RPMI containing
0.5% FCS, glutamine, antibiotics, and 10 mM Hepes, pH 7.4, at 37 °C with
constant, gentle rolling. 8-CPT-2OMe-cAMP (200 µM) and TS2/16 antibody
(2 µg/mL, unless indicated otherwise) were diluted in 100 µL of RPMI and added
to the wells of a 48-well polystyrene cell culture dish coated with 3 µg/ml
collagen (for RCC10 cells) or 1 µg/ml fibronection (A549-Epac cells). After
rolling, 50,000 cells in 100 µL were plated per well, making the final
concentrations of 8-CPT-2OMe-cAMP and TS2/16 100 µM and 1 µg/mL,
respectively. Adhesion was allowed to proceed for the indicated times at 37 °C,
and unbound cells were discarded by washing three times with PBS preheated to
37 °C. Adhered cells were lysed in the wells by adding 200 µl of assay buffer
containing 0.4%TritonX-100, 50mM sodium citrate, and 10mg/ml phosphatase
substrate (Sigma-Aldrich). The total amount of cellular protein per well was
quantified by acid phosphatase activity as previously described [58]. The reaction
was incubated for 20 h at 37 °C and terminated by addition of 100 µl of 1 N
NaOH. Absorbance was measured at 405 nm. Every condition was measured in
quadruplicate.

5.9. Statistical analysis

Statistical analysis was performed in Kaleidagraph (Synergy Software)
using the unpaired Student's t-test for samples of unequal variance.
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