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kinase PKA.

downstream signaling.
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(Background: The small G protein Rapl is phosphorylated within its carboxyl terminus by the cAMP-dependent protein

Results: This phosphorylation removes Rap1 from the plasma membrane to limit Rap1 signaling.
Conclusion: Rapl phosphorylation switches Rapl off the membrane and terminates its activation.
Significance: Carboxyl-terminal phosphorylation may be common among small G proteins to regulate GTP/GDP cycling and

J

The small G protein Rap1 can mediate “inside-out signaling”
by recruiting effectors to the plasma membrane that signal to
pathways involved in cell adhesion and cell migration. This
action relies on the membrane association of Rapl, which is
dictated by post-translational prenylation as well as by a stretch
of basic residues within its carboxyl terminus. One feature of
this stretch of acidic residues is that it lies adjacent to a func-
tional phosphorylation site for the cAMP-dependent protein
kinase PKA. This phosphorylation has two effects on Rapl
action. One, it decreases the level of Rap1 activity as measured
by GTP loading and the coupling of Rap1 to RapL, a Rap1 effec-
tor that couples Rap1 GTP loading to integrin activation. Two, it
destabilizes the membrane localization of Rap1l, promoting its
translocation into the cytoplasm. These two actions, decreased
GTP loading and decreased membrane localization, are related,
as the translocation of Rap1-GTP into the cytoplasm is associ-
ated with its increased GTP hydrolysis and inactivation. The
consequences of this phosphorylation in Rapl-dependent cell
adhesion and cell migration were also examined. Active Rapl
mutants that lack this phosphorylation site had a minimal effect
on cell adhesion but strongly reduced cell migration, when com-
pared with an active Rap1 mutant that retained the phosphory-
lation site. This suggests that optimal cell migration is associ-
ated with cycles of Rapl activation, membrane egress, and
inactivation, and requires the regulated phosphorylation of
Rapl by PKA.

Rapl is targeted to the plasma membrane via prenylation
(geranylgeranylation) at its carboxyl-terminal CAAX motif, but
this modification by itself is not sufficient to anchor proteins to
the lipid bilayer (1, 2). For Rap1, and for other prenylated small
G proteins such as K-Ras (3, 4) and RhoA (5), localization

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK090309.

! Present address: Dept. of Pathology and Immunology, Washington Univer-
sity School of Medicine, St. Louis, MO 63110.

2To whom correspondence should be addressed: L474, 3181 S.W. Sam Jack-
son Park Rd., Portland, OR 97239. Tel.: 503-494-5494; Fax: 503-494-4976;
E-mail: stork@ohsu.edu.

27712 JOURNAL OF BIOLOGICAL CHEMISTRY

requires a second mechanism involving a stretch of positively
charged basic amino acids that interact with negatively charged
phospholipids within the membrane (1, 6). Interestingly, these
polybasic regions are often interrupted by consensus sequences
for protein phosphorylation (7-9). Phosphorylations at these
sites neutralize the positive charges required for membrane
association, and have the potential to destabilize membrane
localization. These “electrostatic switches” occur within poly-
basic stretches adjacent to the prenylation sites within many
prenylated proteins including the tyrosine kinase Src, via PKA
(7, 8), and the small G protein K-Ras, via PKC (9). Here, we
examine a potential electrostatic switch in the small G protein
Rapl.

Rapl regulates both cell adhesion and cell motility through
its “inside-out” activation of integrins. Intuitively, for cell
migration to occur Rapl activation of integrins and cell adhe-
sion must be reversible to allow for cell detachment. The mech-
anisms that underlie this reversible behavior are not known.
We show here that PKA phosphorylation of Rap1-GTP desta-
bilizes its association with the plasma membrane and promotes
Rapl inactivation. Using phosphorylation-deficient mutants,
we demonstrate that Rapl can potentiate cell migration only
when this phosphorylation site is available for PKA-dependent
phosphorylation. We propose that PKA phosphorylation pro-
vides a mechanism for cycling of Rap1 activation and inactiva-
tion during cell migration.

EXPERIMENTAL PROCEDURES

Plasmids—The cDNA of bovine Raplb (encoding the same
amino acid sequence as human Raplb) was cloned into the
vector pcDNA3 (Invitrogen) containing either an N-terminal
GFP or FLAG epitope (pcDNA3-FLAG), as previously
described (10, 11). Mutations encoding RapE63, and the corre-
sponding PKA site mutations S179A/S180A (AA)® or S180D

3 The abbreviations used are: AA, S179A/S180A; HEK293, human embryonic
kidney 293; GAP, GTPase activating protein; OMe, OMe-cAMP, 8-(4-chloro-
phenylthio)-2'-O-methyladenosine-3’,5"-cyclic monophosphate; PKA, cCAMP
dependent protein kinase; PKI, protein kinase inhibitor (of PKA); Epac,
exchangers activated by cAMP; GDS, guanine nucleotide dissociation
stimulator.
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were introduced by site-directed mutagenesis. The plasmid
GFP-RaplDK was generated by PCR amplification using a
primer designed to introduce the sequence “KRKKRA” amino-
terminal to the S180D mutation of GFP-RaplD. FLAG-Rap-
GAP1 was described previously (12). Human RapL (NorelB,
RassF3) was purchased form Origene Technologies (Rockville,
MD) and inserted into a pcDNA3 vector containing the FLAG
epitope (pcDNA3-FLAG). Complementary pairs of short hair-
pin RNA (shRNA) for Rapla were described previously (10).
Human Epacl was gift from Johannes Bos, Utrecht University,
and FLAG-Epacl has been described previously (13).

Antibodies—Anti-Rap1 (SC65), anti-B-Raf (H145), anti-GFP
(SC8334), and anti-Rapla (SC1482) were from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Anti-Rapla/b, agarose-
coupled anti-FLAG (M2), and anti-FLAG (M2) were from
Sigma. Anti-GFP and anti-cadherin were from Abcam (Cam-
bridge, MA). Anti-phospho-(Ser/Thr) PKA substrate antibody
(RRXS*/T*) was from Cell Signaling Technology (Beverly, MA).
Anti-mouse and anti-rabbit secondary antibodies for Western
blots were from GE Healthcare. Cy3-conjugated secondary
antibody for immunofluorescent microscopy was from Jackson
ImmunoResearch Laboratories Inc. (West Grove, PA).

Chemicals—Forskolin, 3-isobutyl-1-methylxanthine, 5-iso-
quinolinesulfonamide (H89), and PKA inhibitor (14-22 amide,
cell permeable, myristoylated, or myr-PKI) were purchased
from Calbiochem (Riverside, CA). 8-(4-Chloro-phenylthio)-
2'-O-methyladenosine-3’,5"-cyclic monophosphate (OMe-
cAMP) was purchased from Biolog Life Sciences (Bremen,
Germany).

Cell Culture, Transfection, and Treatments—H1299 cells
were provided by Mushui Dai (Oregon Health and Science Uni-
versity (OHSU)), Ovcar3 cells were provided by Grover C.
Bagby (OHSU), MDM-MB-231 cells were provided by Rosalie
R. Sears (OHSU), and RCC10 cells were provided by David Z.
Qian (OHSU). HEK293, H1299, MDM-MB-231, and RCC10
were cultured in DMEM plus 10% fetal calf serum, penicillin-
streptomycin, and L-glutamine at 37 °C and 5% CO,. SK-
MEL-24 cells were cultured as previously described (11).
Ovcar3 cells were cultured in RPMI 1640 plus 10% fetal calf
serum supplemented with penicillin, streptomycin, and L-glu-
tamine. Transient transfections were performed using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions, and serum starved prior to treatment. Cells
treated with 10 um forskolin also received 100 um 3-isobutyl-
1-methylxanthine for 20 min, unless otherwise indicated. H89
was used at 10 uM and added 20 min prior to treatment. OMe-
cAMP was used at 50 um for 20 min. For the stable cell line,
H1299 cells were transfected with FLAG-RapE63, RapE63AA,
FLAG-RaplWT, FLAG-RapAA, or pcDNA3 vector and
selected with 0.5 mg/ml of G418 (Invitrogen) for 4 weeks.

Western Blotting—Immunoprecipitations and Western blot-
ting were performed as previously described (11, 13). To detect
a mobility shift of phosphorylated Rapl, proteins were sepa-
rated on an 8% polyacrylamide gel to allow resolution of phos-
phorylated and non-phosphorylated bands. Rapl activation
assay was performed using GST-tagged Ras-binding domain of
Ral-GDS as described previously (14). All experiments were
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performed at least three times and representative gels are
shown.

Fractionation—HEK293, H1299, or HEK293 cells transiently
transfected with the indicated cDNAs in 10-cm dishes were
lysed and homogenized in hypotonic buffer (10 mm KCl, 1.5 mm
MgCl,, 1 mm Na-EDTA, 1 mm DTT, 1 um leupeptin, 10 ug/ml
of soybean trypsin inhibitor, 0.1 um aprotinin, 1 mm sodium
orthovanadate, 1 mm (-glycerophosphate, and 10 mm Tris-
HCl, pH 7.4). A small fraction was separated into aliquots as
total cell lysate. Cell fractionation was performed as previously
described (10). The endogenous cadherin proteins were exam-
ined as markers for the P (membranous) fractions, and endog-
enous B-Raf was examined as a marker for the S (cytosolic)
fractions.

Immunofluorescent Staining—Staining was performed as
previously described (11). Briefly, SK-Mel-24 cells were grown
on fibronectin-coated coverslips and then serum starved over-
night. After forskolin treatment, cells were fixed, permeablized,
blocked, and then incubated with anti-Rapl antibody over-
night. After washing, cells were incubated with secondary anti-
body and wash.

Confocal Imaging and Quantification—For live cell imaging,
cells were plated on to the coverslips coated with fibronectin
(R&D Systems) and transfected and serum starved 4—6 h prior
to imaging. All imaging experiments were performed using a
confocal microscope (Zeiss LSM780) on coverslips clamped
into a heated imaging chamber. The images were acquired with
a X63 oil immersion objective (N.A. 1.3), captured over the
period of time indicated in the figure legends and processed
with ZEN 2008 software (Carl Zeiss, Inc.). All images were ana-
lyzed using Image J software (NIH). The images are represent-
ative of at least 15 cells examined, in each of three separate
experiments.

To quantify the change in intensity of GFP within the cyto-
plasm and the plasma membrane, we measured fluorescence
intensities within two defined 0.72-um? areas, along the plasma
membrane and at a fixed distance within the cytoplasm. Inten-
sities within the plasma membrane and cytoplasm areas were
measured at time 0. Intensities at the plasma membrane and
cytoplasm at 10 and 30 min of forskolin treatment were also
measured and the ratios of these intensities at each time point
were calculated and normalized to the ratio at time 0. For each
construct, 10—15 random cells were imaged before and after
forskolin treatment in a single experiment, and experiments
were independently repeated 3 times. The data were presented
as the relative ratio of intensities within the cytoplasm to the
plasma membrane.

Adhesion Assay—96-Well flat bottom plates were coated
with fibronectin (1-5 ug/ml as indicated) followed by blocking
with 3% bovine serum albumin/phosphate-buffered saline for
1 h at 37 °C. Stably transfected cells serum starved were over-
night before the adhesion assay, and detached by trypsinization
and resuspended in serum-free medium containing 10 mm
HEPES, 0.5% BSA, rotated in suspension at 37 °C for 1 h and
plated in quadruplicate at 25,000 cells/well. In studies with H89
(10 um), cells were incubated at 37 °C for 45 min before plating
wells. After incubating at 37 °C for the indicated times, non-
adherent cells were removed and adherent cells were fixed and
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stained with 0.5% crystal violet. After extensive washing, the
retained dye was eluted and the absorbance at 590 nm was read.
The number of total adherent cells was determined at 2 h post-
plating, and the percentage of adherent cells was plotted.

Migration Assay—Wound healing assays were performed
using stably transfected cells plated onto fibronectin (1 wg/ml)-
coated 24-well plates in duplicate or triplicate and serum
starved overnight. After cells were grown as a monolayer, a
wound was introduced by scratching with a 200-ul tip and
washed, then replaced with 1% serum-containing medium.
Migration across the wound was measured at 0 and 8 h.

For shRNA experiments, cells were transfected three times
on consecutive days and serum starved overnight. shRNA
expressing cells or stably transfected cells were grown as a
monolayer, a wound was introduced. Cells were washed and
incubated with 1% serum containing medium with or without
treatment. Migration across the wound was monitored and
measured using IncuCyte ZOOM (Essen Bioscience, Ann
Arbor, MI).

Modified Boyden chamber assays were performed using sta-
bly transfected cells were serum starved overnight and then
stained with Calcein AM for 1 h, then detached by trypsiniza-
tion and resuspended in 5 (for Fig. 6C) or 1% (for Fig. 6D)
serum-contained medium. A total of 5,000 cells were loaded
into duplicate or triplicate wells of a 24-well BD FluoroBlock™
chamber (modified Boyden chamber), and allowed to migrate
toward medium containing with or without treatment. After
24 h, cells migrating through inserts were imaged using an
inverted fluorescence microscope and counted manually.

Statistics—All of the experiments were repeated at least three
times. Prism version 3 (GraphPad Software, La Jolla, CA) was
used for data plotting and analysis. Data were shown as mean =
S.E., and significant differences were analyzed using un-paired ¢
test and Tukey’s method.

RESULTS

Rap1 Is Phosphorylated on Serine 179/180 by PKA—The Rap
family of small G proteins includes Rap1 and Rap2. Rap1 is well
known for its role in cell adhesion and cell migration (15). Rapl
exists as two isoforms, Rapla and Rap1b that are evolutionarily
conserved, both being modified by a geranylgeranylation at
their carboxyl-terminal cysteines. Lying adjacent to these cys-
teines are serine residues within consensus recognition sites for
the cAMP-dependent protein kinase PKA (Fig. 14). Raplahasa
single serine at this site, whereas Rap1b has two tandem serine
residues (Fig. 14). In 1991, phosphorylation of endogenous
Raplb by PKA was demonstrated in vitro and predicted to
occur at one of two serines within the carboxyl terminus (16).
Later it was shown that endogenous Rap1b was phosphorylated
both in vitro and in vivo at serine 180 by PKA (17), but when this
site was mutated to alanine (S180A), the adjacent Ser-179
became a PKA substrate (17). Therefore, to create a phosphor-
ylation-deficient mutant, we used the double mutant Rapl
S179A/S180A (RaplAA). Phosphorylation of Rapl can be trig-
gered by forskolin, a potent activator of adenylate cyclase and
PKA. This phosphorylation was identified by an antibody rec-
ognizing phosphorylated PKA substrates (PKAS Ab), in both
wild type Rap1 (Fig. 1B) and a constitutively activated mutant of

27714 JOURNAL OF BIOLOGICAL CHEMISTRY

Rapl, RapE63 (Fig. 1C). This phosphorylation did not occur in
RaplAA, asjudged by the loss of detection by the PKAS Ab (Fig.
1B). Phosphorylation of endogenous Rapl is complete by 20
min of forskolin treatment (Fig. 1D) and was inhibited by H89
(Fig. 1E). A similar time course of phosphorylation of wild type
Rapl was monitored by a mobility shift that is absent in the
RaplAA mutant (Fig. 1F).

GTP Loading of Rap1 Is Decreased by PKA Phosphorylation—
Rapl can be activated by cAMP through the activation of the
family of guanine nucleotide exchange proteins called Epacs
(exchangers activated by cAMP) (18). This action of cCAMP is
independent of PKA. To determine how PKA phosphorylation
could affect activation of Rapl by cAMP, we examined Rapl
activation in HEK293 cells transfected with Epacl. In these
cells, we stimulated Rapl activation using either forskolin or
the Epac agonist 8-(4-chloro-phenylthio)-2'-O-methyladenos-
ine-3',5'-cyclic monophosphate (OMe-cAMP) (19). To inhibit
PKA, we utilized the PKA inhibitor H89. Rap1 activation was
monitored biochemically using GST-Ral-GDS. We show that
forskolin treatment induced a modest level of Rapl activation
that was further increased when PKA was inhibited by H89
(Figs. 2, A and B). The same high level of Rap1 activation was
also achieved using OMe-cAMP, which activates Epac without
activating PKA. Moreover, H89 did not further increase the
activation of Rapl induced by OMe-cAMP (Fig. 2A). Impor-
tantly, the enhancing effect of H89 was lost in the RaplAA
mutant (Fig. 2, A and B). Taken together, the data show that
PKA reduces the level of activation of Rap1 achieved following
Epac activation and demonstrate a direct role for PKA phos-
phorylation of Rapl1 in this reduced activation. Consistent with
this model, a phosphomimetic mutant containing an aspartate
in place of Ser-180 (Rap1S180D or Rap1D) displayed very lim-
ited Rapl activation by forskolin (Fig. 2B). This PKA-depen-
dent inhibition of cAMP activation of endogenous Rapl was
seen in multiple cell lines (Fig. 2, C-E).

The PKA-dependent Decrease in the GTP Loading of Rapl
Reflects Increased Inactivation of Rapl—The ability of PKA
phosphorylation of Rapl to reduce Rapl activation could be
due to decreased Rapl activation or increased Rapl inactiva-
tion. These two possibilities were tested by comparing the time
course of activation by forskolin of wild type Rapl with
RaplAA. In Fig. 34, we show that the time course of Rapl1AA
activation was more sustained than that of wild type Rap1, sug-
gesting that PKA phosphorylation decreased the levels of Rapl
activity after it was already activated, possibly by increasing the
rate of Rapl inactivation.

The inability of Rap1D to be activated by forskolin (shown in
Fig. 2B) was examined further. PKA phosphorylation of Rapl
introduces negative charges adjacent to the positive charges
provided by the polybasic motif that is required for proper
membrane attachment (Fig. 14). Similarly, we reasoned that
the introduction of a phosphomimetic aspartate (Rap1D) might
also counteract the charges within this motif to destabilize
membrane attachment. Because Rap1 activation usually occurs
via membrane-targeted guanine nucleotide exchangers, desta-
bilizing membrane attachment might also affect Rapl activa-
tion. To test this, we introduced an additional polybasic motif
between the aspartate mutation and the carboxyl cysteine res-
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FIGURE 1. PKA phosphorylation of the carboxyl-terminal domain of Rap1. A, alignment of the carboxyl-terminal sequences of Rap1a, Rap1b (human,
bovine, and mouse), and Rap1 (Drosophila melanogaster). The amino acid residue number is shown below. The conserved cysteines demarcating the sites of
geranylgeranyl modification within the CAAX domains are indicated with the arrow. PKA consensus phosphorylation sites are shown in gray. B, phosphoryla-
tion of serine 179/180 in Rap1b. HEK293 cells were transfected with wild type FLAG-tagged Rap1b (Flag-Rap 1WT) or FLAG-Rap1AA (mutated at the consensus
PKA sites Ser-179 and Ser-180), and treated with forskolin (F) or left untreated (U). Forskolin induced the phosphorylation in FLAG-Rap1WT, but not FLAG-
Rap1AA, as detected by the PKAS Ab (first panel). Levels of FLAG-Rap1 in the total cell lysate (TCL) are shown (second panel). C, phosphorylation of serine 179/180
in constitutively active Rap1E63 (RapE63). HEK293 cells were transfected with FLAG-tagged RapE63 (FLAG-RapE63) and treated with forskolin (F) or left
untreated (U). Forskolin induced the phosphorylation in FLAG-RapE63, as detected by the PKAS Ab, and these actions were prevented by pretreament with H89
(FH) (first panel). Levels of FLAG-RapE63 within the immunoprecipitate (/P) and total cell lysate are shown in the second and third panels, respectively. D, the
phosphorylation of endogenous Rap1 can be monitored by PKAS antibody. HEK293 cells were treated with forskolin for the times indicated. Cells were lysed
and endogenous Rap1 was immunoprecipitated and assayed for PKA-dependent phosphorylation, detected using PKAS Ab (first panel). Phosphorylation can
be seen at 15 min of forskolin and is maximal by 20 min. Rap1 levels within the total cell lysate are shown (second panel). E, the phosphorylation of endogenous
Rap1 by forskolin is PKA-dependent. HEK293 cells were untreated (U), treated with forskolin alone (F), or in the presence of pretreatment with H89 (FH). Cells
were lysed, endogenous Rap1 was immunoprecipitated and assayed for PKA-dependent phosphorylation, detected using PKAS Ab following Rap1 IP (first
panel). Rap1 levels within the immunoprecipitate and total cell lysate are shown in the second and third panels, respectively. F, the phosphorylation of Rap1b
by forskolin can be monitored by gel mobility shift. Cells were transfected with FLAG-Rap1b or FLAG-Rap1AA and treated with forskolin for the indicated times.
The mobility of FLAG-Rap1b is shown by Western blot and can be seen as a gel shift thatis complete by 20 min. This shift requires serines 179/180, as it is absent
in FLAG-Rap1AA.

idue to generate Rap1DK (described under “Experimental Pro-
cedures”). Rap1DK largely restored the deficit in activation
seen in Rap1D (Fig. 3B). This suggests that the Rap1D mutant
was inactive because of the electrostatic effects of the phospho-
mimetic mutant.

Rapl is inactivated by the hydrolysis of GTP via Rap1-GAP
(GTPase-activating protein). Mutants such as RapV12 and
RapE63 are poor targets of Rap1-GAP and, therefore, are con-
stitutively GTP-loaded (activated). To determine whether PKA
inhibition of Rapl required GTP hydrolysis, we examined the
action of forskolin on RapE63. Forskolin was unable to affect
the Rap1 activity of RapE63. Furthermore, two phosphorylation
mutants also mutated at the Glu-63 site, RapE63AA, and

SEPTEMBER 27, 2013 «VOLUME 288+-NUMBER 39

RapE63D, showed similar levels of activation to RapE63, both
basally and following forskolin treatment (Fig. 3C). These data
suggest that the S180D mutation did not disrupt the constitu-
tive GTP loading of Rap1l mutants. Taken together, PKA phos-
phorylation of Rap1 does not affect the intrinsic GTP loading of
Rapl, but only lowers Rap1-GTP levels when Rap1 is a target for
GTP hydrolysis.

This regulation of Rapl activation by phosphorylation was
also reflected in the binding of Rap1 to the Rap1 effector RapL
(also called NorelB or RassF3). RapL is a well characterized
effector linking Rapl to integrin activation (20) and motility
(21). RapL binds Rap1 in a GTP-dependent manner where it
forms a complex with the integrin « chain to alter integrin
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FIGURE 2. The level of activated Rap1 is decreased by PKA phosphorylation. A, inhibition of PKA enhances Rap1 activity. HEK293 cells were transfected with
wild type FLAG-Rap1 (Rap1WT) or FLAG-Rap1AA (Rap1AA), along with FLAG-Epac1, and left untreated (U) or treated with forskolin (F), OMe-cAMP (OMe), and
H89, as indicated. Activity of FLAG-Rap1 (Flag-Rap1-GTP) was measured by a GST-Ral-GDS pull-down assay (Ral-GDS), followed by a FLAG Western blot (first
panel). The expression levels of FLAG-Rap1 (WT or AA) and FLAG-Epac1 within the total cell lysates (TCL) are shown in the second and third panels, respectively.
B, the level of Rap1 activity is decreased following by PKA-dependent phosphorylation. HEK293 cells were transfected with wild type FLAG-Rap1 (Rap1WT),
FLAG-Rap1AA (Rap1AA), or FLAG-Rap1D (Rap1D), as indicated, along with FLAG-Epac1. Cells were treated with forskolin in the absence of H89 (F), in the
presence of H89 pre-treatment (FH), or left untreated (U). Activity of FLAG-Rap1 (Flag-Rap 1-GTP) was measured by Ral-GDS assay, followed by a FLAG Western
blot (first panel). The expression levels of total FLAG-Rap1 (WT or mutants) and FLAG-Epac1 within the total cell lysates are shown in the second and third panels,
respectively. The relative levels of Rap1 activation (Rap-GTP) averaged from four independent experiments are shown in the bar graph, n = 4 = S.E. *, denotes
statistical significance at <0.05. **, denotes statistical significance at <0.01. ns, denotes statistical significance at =0.05. C-E, inhibition of PKA enhances
endogenous Rap1 activity in multiple cell lines. RCC10 (C), MDM-MB-231 (D), and Ovcar3 () cells were treated with H89 alone (H), forskolin in the absence of
PKA inhibitors (F), in the presence of either H89 (FH) or myr-PKI (F/PKI), or left untreated (U). Cell lysates were examined for activated Rap1 (Rap-GTP) by a
Ral-GDS assay followed by a Rap1 Western blot (first panel) and total Rap protein levels are shown in the second panel.
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FIGURE 3. PKA enhances GAP-dependent inactivation of Rap1-GTP. A, PKA inhibits the duration of Rap1 activation by forskolin. HEK293 cells were
transfected with FLAG-Epac1 and wild type FLAG-Rap1 (Rap1WT, left panels) or FLAG-Rap1AA (Rap1AA, right panels), and treated with forskolin for the times
indicated. Activity of FLAG-Rap1 (Flag-Rap 1-GTP) was measured by a Ral-GDS assay, followed by a FLAG Western blot (first panel). The levels of total FLAG-Rap1
(WT or AA) within the total cell lysates (TCL) are shown in the second panel. The levels of FLAG-Epac1 are also shown (third panel). B, the introduction of basic
amino acids restores the activity of the phosphomimetic mutant Rap1D. HEK293 cells were transfected with wild type FLAG-Rap1 (Rap1WT), FLAG-Rap1D
(Rap1D), or FLAG-Rap1DK (Rap1DK), as indicated, along with FLAG-Epac1. Cells were treated with forskolin alone (F) or following H89 pre-treatment (FH) or left
untreated (V). Activity of FLAG-Rap1 (Flag-Rap 1-GTP) was measured by a Ral-GDS assay, followed by a FLAG Western blot (first panel). The expression levels of
FLAG-Rap1 (WT or mutants) and FLAG-Epac1 within the total cell lysates are shown in the second and third panels, respectively. C, PKA cannot inhibit the GTP
loading of the GAP-insensitive mutant RapE63. HEK293 cells were transfected with FLAG-tagged Rap mutants (E63, E63AA, E63D), treated with forskolin (+) or
left untreated (—), and Rap1 activity was measured by Ral-GDS assay followed by a FLAG Western blot (first panel). The levels of FLAG-Rap mutants E63, E63AA,
and E63D within the total cell lysates are shown in the second panel.
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Cells were treated with forskolin in the absence of H89 (F), in the presence of H89 pre-treatment (FH), or left untreated (U). RapL binding to GFP-Rap1 and
mutants was shown by a FLAG Western blot following GFP immunoprecipitation (IP) (first panel). Levels of GFP-Rap WT and mutants in the immunoprecipita-
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B, the binding of constitutively activated Rap1 to its effector RapL is not affected by PKA-dependent phosphorylation. HEK293 cells were transfected with
FLAG-RapL and either wild type GFP-Rap1 (WT) or mutants E63, E63AA, or E63D, as indicated. Cells were treated with forskolin (F) or left untreated (U). RapL
binding to GFP-Rap1 mutants was determined by a FLAG Western blot following GFP IP (first panel). Levels of Rap1 mutants within the IP are shown in the
second panel. The expression levels of FLAG-RapL (third panel) and RapE63 mutants (fourth panel) within the total cell lysates are shown. The last lane includes

cells transfected with RapTWT (WT) and left untreated (U), showing the GTP dependence of the interaction with RapL.

affinity and localization (22—24). Here, we show that the bind-
ing of Rap1 to RapL requires the GTP-loading state of Rap1, and
is decreased by the PKA-dependent phosphorylation of Ser-180
(Fig. 4A). In Fig. 4B, we show that this binding is GTP-depen-
dent. The GTP-loaded Rapl constructs RapE63, RapE63AA,
and RapE63D all bound RapL equally well and this binding was
not regulated by treatment with forskolin.

The Localization of Rapl at the Plasma Membrane Is Regu-
lated by PKA Phosphorylation—Small G proteins are generally
only capable of being activated on the plasma membrane
because their exchangers are activated on, or recruited to, the
plasma membrane. Both FLAG-Raplb and endogenous Rapl
are largely localized to the plasma membrane before forskolin
treatment, and relocalize to the cytosol after treatment (Fig. 5,
A and B, respectively). This movement of endogenous Rapl is
also seen in H1299 cells (a human non-small cell lung carci-
noma cell line) (Fig. 5C). Translocation of Rap1 did not require
Rapl inactivation as forskolin-dependent translocation of the
constitutively active mutant, RapE63, was also seen (Fig. 5D).

Importantly, this relocalization required phosphorylation of
Rapl within its C terminus, as there was no relocation of the
phosphorylation-deficient mutant RapE63AA (Fig. 5D). In con-
trast, Rapl GTPase-activating protein (Rap1GAP) is localized
in the cytosol and forskolin does not affect either its localization
or levels (Fig. 5A). Therefore we suggest that PKA phosphory-
lation and subsequent translocation increases the proximity of
Rapl and Rap1GAP, thereby enhancing Rap1 inactivation.

The Removal of Rap1 from the Plasma Membrane Was Con-
firmed Microscopically—Forskolin treatment relocated endog-
enous Rapl from the plasma membrane to the cytoplasm (Fig.
5E). Live cell images of HEK293 cells showed that wild type
GFP-Rapl and GFP-Rapl1AA were predominantly at the mem-
brane. Forskolin treatment of cells relocalized GFP-Rap1WT
from the plasma membrane into the cytoplasm (Fig. 5, Fand G).
In contrast, forskolin did not induce the translocation of GFP-
RapAA (Fig. 5F), suggesting that this relocalization required
phosphorylation of Rap1 within its C terminus.

In contrast to wild type GFP-Rapl, GFP-Rap1D was largely
cytoplasmic and remained cytoplasmic following forskolin
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treatment (Fig. 6A4). However, Rap1DK restored the membrane
localization (Fig. 6A4). This demonstrates that the activation
deficits seen in Rap1D (Fig. 3B) are due to the movement off
the plasma membrane and can be reversed by neutralizing
the acidic residue. The ability of PKA phosphorylation to
relocate Rap1 to the cytosol can also be seen microscopically
using the constitutively active mutant RapE63 (Fig. 6B). Simi-
larly, RapE63AA and RapE63D were located on the plasma
membrane and cytosol independently of forskolin treatment
(Fig. 6B).

PKA Phosphorylation of Rapl Is Not Required for Cell
Adhesion—Constitutively GTP-loaded RapV12 and RapE63
both stimulate cell adhesion on a variety of extracellular matri-
ces in a wide range of cell types (25-28). This was also true in
H1299 cells stably expressing RapE63, when compared with
cells expressing a control vector (Fig. 7A). Inhibition of PKA
using H89 enhanced adhesion only in vector expressing cells
(Fig. 7B).

We compared Rapl-dependent adhesion in H1299 cells sta-
bly expressing RapE63 with cells expressing equivalent levels of
RapE63AA (Fig. 7C). Like RapE63, RapE63AA expressing
cells showed enhanced adhesion compared with vector
expressing cells (Fig. 7A), confirming that RapE63AA was
functional and could activate integrin signaling. RapE63AA
appeared to show enhanced adhesion compared with
RapE63, although this was not statistically significant. These
data suggest that PKA phosphorylation of Rapl is not
required for adhesion.

PKA Phosphorylation of Rapl Is Required for Cell Migration—
Rapl is also required for integrin-dependent cell migration (21,
29-32). To address whether PKA phosphorylation of Rapl
would affect cell migration, we examined Rapl-dependent
migration in two models: a wound healing assay (Fig. 8, A and B)
and a modified Boyden chamber assay (Fig. 8, C and D). Initial
experiments utilized RapE63 to eliminate the known effects of
cAMP to regulate Rapl through specific Rapl exchangers (18,
33, 34). In both assays, transfection of RapE63 significantly
increased migration compared with vector alone (Fig. 8, A and
(). Unlike that seen for cell adhesion, these increases were
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blocked by H89 (Fig. 8B). Importantly, this increase was not
seen in cells expressing RapE63AA (Fig. 8A4). The expression of
constitutively active mutants of Rapl permits us to examine
effects of forskolin that are independent of cAMP activation of
Rapl. To examine Rapl and mutants that retain the capacity for
cAMP-dependent activation, we stably expressed wild type
Rapl and RaplAA in H1299 cells (Fig. 8, D and E). As with the

Glu-63 mutants, expression of wild type Rap1, but not Rapl1AA,
stimulated migration compared with vector expressing cells
(Fig. 8D). However, in all cells, forskolin enhanced migration. In
Fig. 8, Fand G, we show that the depletion of Rapla reduced cell
migration. These data support a role for endogenous Rapl in
cell migration. The inhibition was statistically significant but
modest because of the continued presence of Raplb. Taken
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called integrins, whose activation is tightly controlled by the
small G protein Rapl (15, 35, 36). Rapl signaling to integrins
requires the recruitment of one of a number of specific Rapl
effectors including RapL, RIAM (Rap1l-GTP-interacting adap-
tor molecule), or the paralogue of RIAM, Lamellipodin (37, 38).
Bringing these effectors to the plasma membrane is essential for
the binding of talin to the cytoplasmic tail of integrin. This is the
final step in the process of “inside-out signaling” that governs
integrin activation (38, 39). However, the regulated turnover of
active and inactive Rap1 between the compartments of plasma
membrane and cytoplasm is not well characterized. Here we
show that this dynamic process is controlled by PKA-depen-
dent phosphorylation of Rapl.

cAMP and PKA both regulate Rapl signaling in multiple
ways. For example, PKA can inhibit Rap1-dependent angiogen-
esis, acting downstream of Rap1 (40). cAMP-dependent activa-
tion of Epac can regulate Rap1-dependent adhesion and migra-
tion (27, 41-44). PKA and other kinases can decrease the
signaling actions of Epac by regulating the availability of cAMP
through phosphodiesterases (45-48). Here we examine an
additional level of PKA regulation by direct phosphorylation of
Rapl itself.

Using biochemical and microscopic methods, we show that
phosphorylation of a consensus PKA site within the polybasic
region at the carboxyl terminus releases Rap1 from the plasma

A GFP-Rap1 WT  GFP-Rap1D

GFP-Rap1DK

Untreated

Forskolin

o

GFP-RapE63  GFP-RapE63AA GFP-RapE63D

Untreated

Forskolin

FIGURE 6. Localization of Rap1 mutants in cells. A, the introduction of basic
amino acids restores plasma membrane relocalization of the Rap1D mutant.
Micrographs of HEK293 cells transfected with GFP-tagged Rap1 constructs,
GFP-Rap1WT, GFP-Rap1D, and GFP-Rap1DK, are shown. Images were taken
before and 20 min after forskolin treatment. For each transfection, a repre-
sentative cell is shown. The scale bar is 5 wm in length. B, localization of
RapE63 is regulated by PKA phosphorylation. Shown here are micrographs of
HEK293 cells transfected with the GFP-tagged RapE63 constructs, GFP-
RapE63 WT, GFP-RapE63AA, and GFP-RapE63D. For each transfection, a rep-
resentative cell is shown before and after forskolin treatment. The scale bar is
5 wmin length.

together, these results are consistent with a model that revers-
ible phosphorylation of Rap1 is necessary for migration.

DISCUSSION

The ability of a cell to migrate requires the coordination of
two cellular processes: cell adherence and cell motility. Cell
adherence is governed by a family of transmembrane proteins

membrane. This was supported by experiments using a phos-
phomimetic mutant of Rapl (Rap1D) and a phosphorylation-
deficient Rapl mutant (Rap1AA). RaplAA was localized on the
plasma membrane, whereas Rap1D was largely localized within
the cytoplasm. Forskolin had no effect on the location of either
mutant. Importantly, neutralizing the acidic charge introduced
by the phosphomimetic mutation restored the plasma mem-
brane location of the protein.

Previous studies have proposed that Rapl phosphorylation
promotes Rap1 degradation (49). However, in our hands, Rap1
protein levels were not altered by phosphorylation. Other stud-
ies have proposed that phosphorylation of Rapl regulates the
level of interaction of effectors with GTP-loaded (activated)
Rapl1 (50, 51). However, when we examine binding of RapL to
GTP-loaded Rapl, we see no additional effect of phosphoryla-
tion at Ser-180. Indeed, the levels of Rap1 activation in the wild

FIGURE 5. Rap1 localization is regulated by PKA phosphorylation. A, Rap1 translocates from the membrane to the cytosol upon forskolin treatment,
whereas Rap1-GAP is always cytosolic. HEK293 cells were transfected with FLAG-Rap1-GAP and FLAG-Rap1WT and were left untreated (—) or treated with
forskolin (+), then fractionated into soluble (S, left) and particulate (P, right) fractions. FLAG-Rap1-GAP (first panel) and FLAG-Rap1 (second panel) were detected
by a FLAG Western blot. B and C, forskolin induces the translocation of endogenous Rap1 from the plasma membrane and into the cytosol in HEK293 (B) and
H1299 cells (C). Cells were treated with forskolin for 20 min, and lysates were separated into particulate (P) and soluble (S) fractions. The first and second panels
show the levels of the cytoplasmic protein B-Raf and the membrane protein cadherin as markers for S and P fractions, respectively. The third panel shows the
localization of endogenous Rap1 protein within the S and P fractions, as detected by a Rap1 Western blot. The bottom inset shows the levels of ERK2 (upper
panel) and Rap1 (lower panel) within the total cell lysates (TCL) before and after forskolin treatment. D, forskolin-induced translocation of Rap1 from the plasma
membrane to the cytosol requires Rap1 phosphorylation. Forskolin induces a relocalization of FLAG-RapE63 (E63), but not FLAG-RapE63AA (E63AA) to the
soluble fraction. HEK293 cells were transfected with the indicated FLAG-tagged proteins, treated with forskolin for 20 min, and lysates were separated into
soluble and particulate fractions. The first and second panels show the levels of the cytoplasmic protein B-Raf and the membrane protein Cadherin as markers
for Sand P fractions, respectively. The third panel shows the localization of FLAG-Rap mutants within S and P fractions, as detected by a FLAG Western blot. The
bottom inset shows the levels of FLAG-Rap mutant proteins (upper panel) and ERK2 (lower panel) within the total cell lysates before and after forskolin treatment.
E, immunofluorescence of SK-MEL-24 cells. Left, a representative untreated cell showing endogenous Rap1 at the plasma membrane. Right, a representative
cell treated with forskolin (20 min). The upper and lower panels represent two optical sections through the same cells. The optical planes in the upper panels are
0.32 um above those in the lower panels. The scale bar is 5 um in length. F, time course of Rap1 relocalization by forskolin. HEK293 cells were transfected with
GFP-Rap1WT (first panel) or GFP-RapAA (second panel). Cells were left untreated (Un) or treated with forskolin for 10 and 30 min, as indicated. The scale bar is 5
um in length. G, quantification of Rap1 at the plasma membrane in real time. The fluorescence intensities of GFP-Rap1WT or GFP-RapAA at the plasma
membrane and the cytosol at 0, 10, and 30 min after forskolin treatment were quantified as described under “Experimental Procedures.” The data are plotted
as the ratio of cytoplasmic to plasma membrane intensities, normalized to that ratio calculated for 0 min, n = 3, = S.E. ***, denotes statistical significance at
<0.001.
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FIGURE 7. RapE63AA and RapE63 stimulate adhesion in H1299 cells. A,
adhesion assay. Stably transfected H1299 cells expressing pcDNA3 vector
(Vector) or FLAG-RapE63 (RapE63) or FLAG-RapE63AA (RapE63AA) were resus-
pended and plated in quadruplicate onto fibronectin (1 ug/ml)-coated wells
and adherent cells were quantitated as described under “Experimental Pro-
cedures.” The values shown are the average of 4 independent experiments, =
S.E.**, denotes statistical significance at <0.01. ***, denotes statistical signif-
icance at <0.001.B, adhesion assay. Stably transfected H1299 cells expressing
pcDNAS3 vector (V) or FLAG-RapE63 (E63) were incubated with H89 40 min
before being plated onto fibronectin (1.5 ug/ml)-coated wells and cells were
allowed to adhere for 60 min. The percentage of adherent cells were quanti-
tated as described under “Experimental Procedures.” The values shown are
the average of 5 independent experiments, = S.E. *, denotes statistical signif-
icance at <0.05. **, denotes statistical significance at <0.01. ns, denotes sta-
tistical significance at =0.05. C, stable cells lines. H1299 cells expressing
pcDNA3 vector (V), FLAG-RapE63 (E63), or FLAG-RapE63AA (E63AA) were sta-
bly selected as described. The levels of transfected Rap proteins are shown in
the first panel. The levels of ERK2 are shown in the second panel as a loading
control.

type or phosphomimetic mutants Rap1D and RaplAA mea-
sured in vitro correlated with their binding to the effector RapL
in vivo, as measured by co-immunoprecipitation (Fig. 4, A and
B). Moreover, when variants of the constitutively active mutant
RapE63 were examined, all phosphorylation site mutants
showed identical GTP loading and binding to RapL (Fig. 4B),
demonstrating that phosphorylation of Rap1 did not affect the
affinity of Rapl for RapL independently of its effect on GTP
loading. Therefore, we propose a simpler model that phosphor-
ylation of Rap1 may induce changes in the activation of mem-
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brane-bound effectors by removing Rapl from effector path-
ways normally triggered at the plasma membrane, such as
RapL-dependent integrin activation.

We show that phosphorylation of Rap1 decreased the levels
of Rap1-GTP. We propose that this is due to an increase in
hydrolysis of GTP rather than decrease in GTP loading for the
following reasons. One, phosphorylation of Rap1 occurs after
Rapl activation. Two, the consequence of Rap1 phosphoryla-
tionis areduction in the duration of Rap1 activation rather than
in its magnitude of activation. Three, the inhibitory effects of
the phosphorylation of PKA on Rapl GTP levels are not seen
when using the RapE63 mutant. Because RapE63 is no longer
inhibited by Rap-GAPs, this suggests that GTP hydrolysis is
required for the inhibitory effects of PKA on Rapl. The only
Rap-specific GAP that is expressed in HEK293 cells is
Rap1GAP (52, 53), and it is entirely cytoplasmic. It is likely the
release of Rap1 from the plasma membrane into the cytoplasm
promotes its inactivation by increasing its chances of encoun-
tering the cytoplasmic pool of RaplGAP. We propose that
RaplD is deficient in its activation because it is localized within
the cytoplasm. This model is supported by the finding that the
Rap1DK mutant restores both its activation deficit and plasma
membrane localization.

Because cell migration requires cycles of Rap1 activation and
inactivation, we predict that the presence of an electrostatic
switch may enhance this cycling to promote integrin-depen-
dent cell migration. We propose that both activation and inac-
tivation of Rapl participates in integrin-dependent cellular
movements and that this occurs through cycles of PKA-depen-
dent phosphorylation of Rapl.

Cell migration requires the reversibility of integrin-depen-
dent contacts (54). We propose that it also depends on the
reversibility of Rapl-dependent integrin activation. Here, we
use phosphorylation site mutants to examine the role of phos-
phorylation of Rapl in cell adhesion and cell migration. We
show that eliminating the electrostatic switch with phosphory-
lation-deficient mutants of Rap1 blocked cell migration but did
not block cell adhesion. This suggests that local cycling of Rap1
on and off the membrane is important for migration, but not for
adhesion. Indeed, studies with the phosphomimetic RapV12D
mutant suggest that locking this site into a permanent phos-
phorylated state may also not be optimal for migration (data not
shown). We propose that the ability of Rap1 to be phosphory-
lated by PKA is essential for the reversibility of integrin-depen-
dent adhesion that is required during cell migration. This
reversibility may underscore other motile processes as well,
such as axonal pathfinding, lymphocyte extravasation, and
tumor cell metastasis (55). For example, preventing either the
activation or inactivation of Rap1 limits its ability to promote
metastasis of cancer cells into the lungs (55).

The inability of phosphorylation-deficient mutants of Rap1
to promote migration suggests that Rapl was phosphorylated
by PKA at some stage during migration. Because we examined
cell migration in the absence of any extrinsic stimulators of
PKA, we postulate that the stimulation of PKA activity initiated
from intrinsic cues. One intrinsic trigger of PKA activation is
integrin activation itself. cAMP/PKA activity is generated
locally by integrin clustering and activation (56, 57) at the lead-
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FIGURE 8. Cell migration assays show Rap1-dependent migration. A, wound healing assay. Stably transfected H1299 cells expressing pcDNA3 vector (V),
FLAG-RapE63 (E63), or FLAG-RapE63AA (E63AA) were examined by a wound healing assay as described under “Experimental Procedures.” The bar graph shows
the percentage of wound closure across the scratch at 8 h. The values shown are the average of 5 independent experiments, = S.E. **, denotes statistical
significance at <0.01. B, wound healing assay. Stably transfected H1299 cells expressing pcDNA vector (V) or FLAG-RapE63 (E63) were prepared for a wound
healing assay as described under “Experimental Procedures.” Then cells were incubated in 1% serum with (+) or without (—) H89. Cell migration across the gap
was monitored and analyzed after 8 h. The bar graph shows the percentage of wound closure. n = 3, = SE. *, denotes statistical significance at <0.05. **¥,
denotes statistical significance at <0.001. C, modified Boyden chamber assay. Stably transfected H1299 cells expressing pcDNA vector (Vector), FLAG-RapE63
(E63), or FLAG-RapE63AA (E63AA) were loaded into duplicate wells of a 24-well BD FluoroBlock™ plates (modified Boyden chamber) and migrating cells were
quantitated as described under “Experimental Procedures.” n = 4, = S.E. *, denotes statistical significance at <0.05. **, denotes statistical significance at <0.01.
D, modified Boyden chamber assay. Stably transfected H1299 cells expressing pcDNA vector (V), FLAG-RapTWT (WT), or FLAG-RapAA (AA) were serum staved
overnight and loaded into duplicate wells, then allowed to migrate into 1% serum contain medium with (+) or without (—) forskolin (10 um)/3-isobutyl-1-
methylxanthine (100 um) of a 24-well BD FluoroBlock™ plates (modified Boyden chamber). Migrating cells were quantitated as described under “Experimental
Procedures.” n = 3, £ S.E. **, denotes statistical significance at <0.01. ***, denotes statistical significance at <0.001. E, stable cells lines used in S180D. H1299
cells expressing pcDNA3 vector (V), FLAG-Rap1 (WT), or FLAG-RapAA (AA) were stably selected as described. The levels of transfected Rap proteins are shown
inthe first panel. The levels of ERK2 are shown in the second panel as a loading control. F, wound healing assay. H1299 cells expressing either pcDNA3 vector (V),
scrambled (scr), or Rap1a shRNA (sh-Rap1a) were examined by a wound healing assay as described under “Experimental Procedures.” The bar graph shows the
percentage of wound confluence at 6 h. n = 4, = S.E. ¥, denotes statistical significance at <0.05. G, stable cells lines were as described in F. The efficiencies of
knockdown of endogenous Rap1a by pcDNA3 vector (V), scrambled (scr), or Rap1a shRNA (sh-Rap1a) are shown in the first panel and total endogenous ERK is
shown as a loading control in the second panel.

ing edge of the migrating cell (58). Importantly, cycles of PKA  We propose that these cycles of PKA activation also regulate
activation and PKA inactivation generation at the leading edge  Rap1 signaling to provide cyclical regulation of integrins as well.
are required for cell migration (59—-63). These cycles of PKA Integrin-dependent fluctuations in PKA activity are thought
activation have been shown to regulate Racl and RhoA (60, 63).  to act as pacemakers for RhoA inactivation during cell migra-
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tion (60, 63). By regulating Rapl as well, PKA can coordinate
the actions of RhoA and Rapl to orchestrate cell motility and
cell adhesion during cell migration. This has broad significance
for all processes that rely on the coupling of cell adhesion and
cell migration including development, immune function, and
cancer.
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