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Cyclical activation and inactivationofRho family smallGpro-
teins, such as Rho, Rac, and Cdc42, are needed for moving cells
to form leading edge structures in response to chemoattrac-
tants. However, the mechanisms underlying the dynamic regu-
lation of their activities are not fully understood. We recently
showed that another small G protein, Rap1, plays a crucial role
in the platelet-derived growth factor (PDGF)-induced forma-
tionof leading edge structures and activationofRac1 inNIH3T3
cells.We showed here that knockdown of afadin, an actin-bind-
ing protein, inNIH3T3 cells resulted in a failure to develop lead-
ing edge structures in association with an impairment of the
activation of Rap1 and Rac1 and inactivation of RhoA in
response to PDGF. Overexpression of a constitutively active
mutant of Rap1 (Rap1-CA) and knockdown of SPA-1, a Rap1
GTPase-activating protein that was negatively regulated by afa-
din by virtue of binding to it, in afadin-knockdownNIH3T3 cells
restored the formation of leading edge structures and the reduc-
tion of the PDGF-induced activation of Rac1 and inactivation of
RhoA, suggesting that the inactivation of Rap1 by SPA-1 is
responsible for inhibitionof the formationof leading edge struc-
tures. The effect of Rap1-CAon the restoration of the formation
of leading edge structures and RhoA inactivation was dimin-
ished by additional knockdown of ARAP1, a Rap-activated Rho
GAP, which localized at the leading edges of moving NIH3T3
cells. These results indicate that afadin regulates the cyclical
activation and inactivation of Rap1, Rac1, and RhoA through
SPA-1 and ARAP1.

Cell migration is a spatiotemporally regulated process
involving the formation and disassembly of protrusions, such as
filopodia and lamellipodia, ruffles, focal complexes, and focal
adhesions. At the leading edges of moving cells, the continuous
formation and disassembly of these protrusive structures are
tightly regulated by the actions of the Rho family small G pro-
teins, including RhoA, Rac1, and Cdc42. RhoA regulates the

formation of stress fibers and focal adhesions, whereas Rac1
andCdc42 regulate the formation of lamellipodia and filopodia,
respectively (1, 2). In addition, both Rac1 and Cdc42 regulate
the formation of focal complexes (3, 4). In order to have cells
keep moving, each member of the Rho family small G proteins
should cyclically be active and inactive as these leading edge
structures are dynamically formed and disassembled. Rac1 and
Cdc42must be activated and RhoAmust be inactivated at focal
complexes, and vice versa at focal adhesions. Thus, the cyclical
activation and inactivation of the Rho family small G proteins
are critical for turnover of the transformation of focal com-
plexes into focal adhesions during cell movement. The activi-
ties of these small G proteins are tightly regulated by guanine
nucleotide exchange factors and GTPase-activating proteins
(GAPs).2 It is likely that signals from receptors and integrins
cooperatively regulate the dynamics of this spatial and tempo-
ral activation and inactivation of the Rho family small G pro-
teins. However, the molecular mechanisms of their cyclical
activation and inactivation through the regulation of guanine
nucleotide exchange factors and GAPs at the leading edges
remain largely unknown.
We recently showed that platelet-derived growth factor

(PDGF) receptor (PDGFR), integrin �v�3, and Necl-5 associate
with each other and form a complex and that this complex is
clustered at the leading edges of directionally moving NIH3T3
cells in response to PDGF (5, 6). We also demonstrated that
PDGF induces the activation of Rap1, which then induces the
activation of Rac1 (7). Overexpression of Rap1GAP to inacti-
vate Rap1 inhibits the PDGF-induced formation of leading edge
structures, cell movement, and activation of Rac1, suggesting
that, in addition to the activation of Rap1, the subsequent acti-
vation of Rac1 and presumably the inactivation of RhoAmay be
critical for the PDGF-induced migration of NIH3T3 cells.
Afadin is a nectin- and F-actin-binding protein that is

involved in the formation of adherens junctions in cooperation
with nectin and cadherin (8). Afadin hasmultiple domains: two
Ras association (RA) domains, a forkhead-associated domain, a

* This work was supported by grants-in-aid for Scientific Research and for
Cancer Research and, in part, by the Targeted Proteins Research Program
of the Ministry of Education, Culture, Sports, Science, and Technology,
Japan (2006 –2008) and a research grant from the Japan Foundation for
Applied Enzymology.

1 To whom correspondence should be addressed: Division of Molecular and
Cellular Biology, Dept. of Biochemistry and Molecular Biology, Kobe Uni-
versity Graduate School of Medicine, Kobe 650-0017, Japan. Tel.: 81-78-
382-5400; Fax: 81-78-382-5419; E-mail: ytakai@med.kobe-u.ac.jp.

2 The abbreviations used are: GAP, GTPase-activating protein; PDGF, platelet-
derived growth factor; PDGFR, PDGF receptor; RA, Ras association; CA, con-
stitutively active; DMEM, Dulbecco’s modified Eagle’s medium; Ab, anti-
body; mAb, monoclonal antibody; pAb, polyclonal antibody; BSA, bovine
serum albumin; PBS, phosphate-buffered saline; RT, reverse transcription;
GFP, green fluorescent protein; EGFP, enhanced GFP; aa, amino acid(s);
siRNA, small interfering RNA; KD, knockdown; HA, hemagglutinin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 36, pp. 24595–24609, September 4, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

SEPTEMBER 4, 2009 • VOLUME 284 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24595



dilute domain, a PSD-95-Dlg-1-ZO-1 domain, three proline-
rich domains, and an F-actin-binding domain at the C terminus
and localizes to adherens junctions in epithelial cells (9). Afa-
din-knock-outmice showed impaired formation of the cell-cell
junction during embryogenesis (10, 11). Although Ras small G
protein was initially identified as an interacting molecule with
the RA domain of afadin (12), other studies demonstrate that
afadin binds GTP-bound Rap1 with a higher affinity thanGTP-
bound Ras or GTP-bound Rap2 (13, 14). In addition to the
functional role of afadin in the organization of cell-cell adhe-
sion, we recently found that, in NIH3T3 cells that do not form
cell-cell junctions, afadin did not associate with nectin, local-
ized at the leading edges during cell movement, and was
involved in their directional, but not random, movement. The
interaction of afadin with Rap1 at the leading edge was neces-
sary for the PDGF-induced directional movement of NIH3T3
cells. Thus, in addition to that in the formation of adherens
junctions, afadin plays another role in directional cell move-
ment in NIH3T3 cells.
In a series of studies using afadin-knockdown NIH3T3 cells,

we found that neither lamellipodia, ruffles, nor focal complexes
are formed, suggesting that Rap1 may be inactivated and, con-
versely, RhoA may be activated in the reduced state of afadin.
Here we first examined this possibility and found that Rap1 is
indeed inactivated, whereas RhoA is activated in afadin-knock-
downNIH3T3 cells. To understand themechanisms of how the
activities of Rap1 and RhoA are regulated in afadin-knockdown
NIH3T3 cells, we searched for afadin-interacting proteins that
could potentially regulate Rap1 activity and sought Rap1 targets
that might regulate RhoA activity. We focused on SPA-1 and
ARAP1 and found that these proteins coordinately regulate the
activities of these small G proteins. SPA-1 is a GAP for Rap1
that interacts with afadin (15), whereas ARAP1 is a Rho GAP
that binds Rap1 and could be activated by virtue of this binding
(16). We describe here how afadin regulates the cyclical activa-
tion and inactivation of Rap1, Rac1, and RhoA through SPA-1
and ARAP1 at the leading edges of moving NIH3T3 cells. We
conclude that afadin is critical for the coordinated regulation of
the activation of Rap1 and Rac1 and subsequent inactivation of
RhoA necessary for cell movement.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Expression vectors for GFP-tagged
Rap1 (pEGFP-Rap1), FLAG-tagged Rap1-CA (pIRM21-FLAG-
Rap1-CA), and GFP-tagged Rap1-CA (pEGFP-Rap1-CA) were
prepared as described (7, 17, 18). Expression vectors for Myc-
tagged dominant negative Rac1 and RhoA (pEF-BOS-Myc
Rac1-DN and pEF-BOS-Myc RhoA-DN, respectively) and
FLAG-taggedconstitutivelyactiveRac1(pEF-BOS-FLAGRac1-
CA) were prepared as described previously (19, 20). A plasmid
expressing EGFP-tagged afadin (pEGFP-C1M-afadin) was pre-
pared as described elsewhere (21). Plasmids expressing FLAG-
tagged SPA-1 and FLAG-tagged SPA-1 lacking the GAP-re-
lated domain (SPA-1-�GAP) were kindly provided by Prof. N.
Minato (KyotoUniversityGraduate School ofMedicine, Kyoto,
Japan). A plasmid expressing FLAG-tagged ARAP1 was a kind
gift from Dr. K. Miura (Osaka Bioscience Institute, Suita,
Japan). Expression vectors for HA-tagged ARAP1 and mutants

of ARAP1, in which the RA domain and the Rho GAP domain
were deleted (ARAP1-�RBD andARAP1-�RGD, respectively),
were constructed by standard molecular biology methods. The
constructs of SPA-1 contained the following amino acids (aa):
pSR�-FLAG-SPA-1, aa 1–1038; pSR�-FLAG-SPA-1-�GAP, aa
212–532 deletion. The constructs of ARAP1 contained the
following aa: pCMV-HA-ARAP1, aa 75–1210; pCMV-HA-
ARAP1-�RBD, aa 932–1021 deletion; pCMV-HA-ARAP1-
�RGD, aa 714–899 deletion. Plasmids expressing siRNA-
resistant mutants were generated using the QuikChange
site-directed mutagenesis kit (Stratagene).
Cell Culture, Transfection, and siRNAExperiment—NIH3T3

cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) calf serum. Afadin-
knockdown stable NIH3T3 cell lines (afadin-knockdown
NIH3T3 cells) were established as described (21) and cultured
in DMEM supplemented with 10% calf serum and G418
(Nacalai Tesque). For transient expression experiments, cells
were transfected with various expression vectors and siRNAs
by the use of Lipofectamine 2000 reagent or Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s in-
structions. Stable NIH3T3 and afadin-knockdown stable
NIH3T3 cell lines in which GFP or GFP-Rap1-CA were stably
expressed (GFP-NIH3T3,GFP-Rap1-CA-NIH3T3, afadin-KD-
GFP-NIH3T3, and afadin-KD-GFP-Rap1-CA-NIH3T3 cells)
were obtained by infection of pMSCVpuro-EGFP-C1M and
pMSCVpuro-EGFP-C1M-bV12Rap1B recombinant retrovi-
ruses, respectively, and selection with puromycin.
Antibodies and Reagents—Rat anti-Necl-5 monoclonal anti-

body (mAb) was prepared as described (22). Hamster anti-in-
tegrin �V and anti-integrin �3 mAbs (BD Biosciences), rabbit
anti-PDGFR� mAb (Abcam), goat anti-ARAP1 polyclonal Ab
(pAb) (Abcam), rabbit anti-Rap1 pAb (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), mouse anti-Rac1 mAb (BD Bio-
sciences), rabbit anti-RhoA pAb (Santa Cruz Biotechnology),
rabbit anti-Rap1GAP mAB (EPITOMICS), mouse anti-afadin
mAb (BD Biosciences), rabbit anti-GFP pAb (Medical and Bio-
logical Laboratories), mouse anti-FLAG mAb (Sigma), rabbit
anti-HA pAb (Abcam), rabbit anti-Myc pAb (Cell Signaling
Technology), mouse anti-HAmAb (Covance), and rhodamine-
phalloidin (Molecular Probes) were purchased from commer-
cial sources. Horseradish peroxidase-conjugated secondary
Abs were purchased from GE Healthcare. Fluorophore (fluo-
rescein isothiocyanate, Cy3, and Cy5)-conjugated secondary
Abs were purchased from Jackson ImmunoResearch. Rabbit
anti-SPA-1 and anti-ARAP1 pAbs were kindly provided by
Prof. N. Minato and Dr. K. Miura, respectively. Human recom-
binant PDGF-BBwas purchased fromPEPROTECH.Vitronec-
tin was purified from human plasma (Kohjinbio) as described
(23). Stealth RNAis for SPA-1 andARAP1were purchased from
Invitrogen.
Directional Stimulation with PDGF—To generate a concen-

tration gradient of PDGF, a �-Slide VI flow (uncoated; Ibidi)
was used (5). In brief, the �-Slide VI flow has six parallel chan-
nels, which were coated with 5 �g/ml vitronectin, according to
the manufacturer’s protocol. Cells were plated at a density of
5 � 103 cells/cm2, cultured for 16 h, and starved of serum with
DMEM containing 0.5% bovine serum albumin (BSA) for 1 h.
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The concentration gradient of PDGFwas applied using DMEM
containing 0.5% BSA and 30 ng/ml PDGF according to the
manufacturer’s protocol. After 30 min, cells were fixed with
acetone/methanol (1:1) or, alternatively, 4% paraformalde-
hyde/phosphate-buffered saline (PBS) and then incubated with
100%methanol at�20 °C. Cells were incubatedwith 1%BSA in
PBS and then incubatedwith 20%BlockAce in PBS, followed by
immunofluorescence microscopy (24). To analyze the leading
edge formation quantitatively, the signal for F-actin, a major

component of peripheral ruffles, was observed. Two investiga-
tors blindly counted at least 100 cells of each type, and the
results were averaged. The cell morphology was classified into
four categories: “lamellipodia with ruffles,” “lamellipodia with-
out ruffles,” “thin and angular shapes,” and “round shapes.”
Pull-down Assays for Small G Proteins—Pull-down assays

were performed as described (25). In brief, cells were plated on
vitronectin-coated dishes and cultured overnight. After 1 h
of serum starvation, cells were treated with PDGF-BB and

FIGURE 1. Reduced activation of Rap1 and Rac1 and reduced inactivation of RhoA by knockdown of afadin. A and B, immunofluorescence images of
wild-type (A) and afadin-knockdown (afadin-KD) NIH3T3 cells (B) cultured on vitronectin-coated �-slide dishes. Cells were stimulated by PDGF for 30 min and
then stained with various combinations of the anti-PDGFR� mAb, the anti-integrin �3 mAb, the anti-Necl-5 mAb, and phalloidin. Arrowheads, leading edges;
insets, higher magnification images of the leading edges; scale bars, 20 �m. The results shown are representative of three independent experiments. C–E,
inhibition of the PDGF-induced activation of Rap1 and Rac1 and inactivation of RhoA in afadin-knockdown NIH3T3 cells. Wild-type and afadin-knockdown
NIH3T3 cells were plated, starved of serum, and cultured in the presence of 15 ng/ml PDGF for the indicated periods of time. The cell lysates were subjected to
pull-down assays followed by Western blotting using the anti-Rap1 pAb (C), the anti-Rac1 mAb (D), and the anti-RhoA pAb (E). Bars in the graphs represent the
relative intensity of GTP-Rap1, GTP-Rac1, and GTP-RhoA normalized for the total amount of Rap1 (n � 3), Rac1 (n � 10), and RhoA (n � 5), respectively, as
compared with a value in the absence of PDGF in wild-type NIH3T3 cells, which is expressed as 1.
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then washed twice with 5 ml of ice-cold PBS, lysed in Buffer
A (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM

Na3VO4, 10 �g/ml leupeptin, 2 �g/ml aprotinin, and 10 �M

4-amidinophenylmethanesulfonyl fluoride) containing 30
�g of GST fusion proteins, GST-RalGDS-RBD for Rap1,
GST-PAK-CRIB for Rac1, or GST-Rhotekin for RhoA, and
incubated at 2 °C for 30 min. The
cell extract was obtained by cen-
trifugation at 20,000 � g at 0 °C for
10 min and incubated with 50 �l of
glutathione-Sepharose beads (GE
Healthcare) at 2 °C for 1 h. After
the beads were washed with Buffer
A, proteins bound to the beads
were eluted with SDS sample
buffer and subjected to SDS-
PAGE followed by Western
blotting.
Reverse Transcription (RT)-PCR—

Total mRNA was isolated from
NIH3T3 cells and J774.1 cells by the
use of TRIzol (Invitrogen). Equal
amounts of mRNAs were subjected
to RT-PCR using Transcriptor First
Strand cDNA Synthesis kit (Roche
Applied Science) with specific
primers for ARAP1 (5�-ttgacgactct-
gactatgatgatgt-3� and 5�-ggcgtccttg-
ttactgtcaaagtat-3�), ARAP2 (5�-tttg-
gagcagtacctcttacatttc-3� and 5�-cagt-
aatggaatcggaacactctat-3�), ARAP3
(5�-atgatgcctaatgccatctactttg-3� and
5�-gtcactgccaaagtacattagactc-3�), or
glyceraldehyde-3-phosphate dehy-
drogenase (5�-acggatttggtcgtattgggc-
3� and 5�-ttgacggtgccatggaatttg-3�).
Western Blotting—Cells were un-

transfected or transfected with the
indicated siRNA, cultured for 48 h,
washed with ice-cold PBS, and lysed
with lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM

Na2EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerophosphate, 1
mM Na3VO4, 1 �g/ml leupeptin,
and 1mM phenylmethylsulfonyl flu-
oride). The lysates were subjected to
centrifugation at 12,000 � g for 10
min. The supernatant was mixed
with 5� Laemmli buffer and boiled.
The samples were subjected to SDS-
PAGE and transferred to polyvinyli-
dene difluoride membranes. Mem-
branes were blocked in 5% nonfat
dry milk and then incubated with
primary Abs, followed by incuba-

tion with horseradish peroxidase-conjugated secondary Abs.
After incubation with SuperSignal West Pico chemilumines-
cent substrate or SuperSignal West Femto maximum sensitiv-
ity substrate (Pierce), signals were detected using the LAS-
3000mini imaging system (Fujifilm).
Boyden Chamber Assays—Cell migration was investigated

using Boyden chamber assays as described (26). In brief, cell
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culture inserts with PET membranes (8.0-�m pores; BD Bio-
sciences) were coated with 5 �g/ml vitronectin for 1 h and then
blocked with 1% BSA at 37 °C for 30 min. NIH3T3 cells, which
had been serum-starved with DMEM supplemented with 0.5%
BSA for 1 h, were detached with 0.05% trypsin and 0.53 mM

EDTA and then treated with a trypsin inhibitor (Sigma). The
cells were then resuspended in DMEM supplemented with
0.5% BSA and plated at a density of 5 � 104 cells/insert. The
cells were incubated at 37 °C for 4 h in the presence or absence
of 30 ng/ml PDGF-BB. PDGF-BBwas added only to the bottom
well to generate a concentration gradient. After incubation, the
inserts were washed with PBS, and the cells were fixed with
3.7% formaldehyde and stained with crystal violet. The cells
that had not migrated were removed by wiping the top of the
membrane with a cotton swab. The number ofmigrated cells in
five randomly chosen fields per filter was counted by micro-
scopic examination.

RESULTS

Reduced Activation of Rap1 and Rac1 and Reduced Inactiva-
tion of RhoA by Knockdown of Afadin—We first examined the
effect of knockdown of afadin on the activities of Rap1, Rac1,
and RhoA in NIH3T3 cells that were stimulated by PDGF.
Wild-type and afadin-knockdown NIH3T3 cells were sparsely
plated on �-slide VI flow dishes precoated with vitronectin, an
extracellular matrix protein that binds integrin �V�3 (27),
starved of serum, and directionally stimulated by PDGF. Most
NIH3T3 cells became polarized and formed protrusive lamelli-
podia and ruffles over the lamellipodia at the leading edges in
the direction of higher concentrations of PDGF, whereas afa-
din-knockdown NIH3T3 cells morphologically showed elon-
gated shapes with no marked lamellipodia or ruffles and devel-
oped more prominent stress fibers than in wild-type cells (Fig.
1, A and B) (21). In wild-type cells, the immunofluorescence
signals for Necl-5, PDGFR, and integrin �3 were concentrated
and co-localized at the ruffles. The signal for Necl-5 was
observed at focal complexes under the ruffles, whereas the sig-
nal for integrin �3 was apparent at both focal complexes and
focal adhesions. These results were consistent with our earlier
observations (5). Pull-down assays showed that PDGF in-
creased the amounts ofGTP-boundRap1 andRac1 inwild-type

NIH3T3 cells, whereas in afadin-knockdown cells, the amounts
of GTP-bound Rap1 and Rac1 were decreased even in the
absence of PDGF as comparedwith those inwild-type cells, and
PDGF failed to increase them (Fig. 1,C andD). PDGFdecreased
the amount of GTP-bound RhoA in wild-type cells, whereas it
was markedly increased even in the absence of PDGF, and
PDGF failed to decrease it in afadin-knockdown cells as com-
paredwith that inwild-type cells (Fig. 1E). The total amounts of
these small G proteins were not different between these two
types of cells. These results indicate that afadin regulates the
PDGF-induced activation of Rap1 and Rac1 and inactivation of
RhoA.
Restoration of the Reduced Activation of Rac1 and Inactiva-

tion of RhoA and the Impaired Formation of Leading Edge
Structures by Expression of a Constitutively Active Mutant
of Rap1 in Afadin-knockdown NIH3T3 Cells—To examine
whether a decrease in Rap1 activity is responsible for the
impaired formation of leading edge structures in afadin-knock-
downNIH3T3 cells, we tested a possibility that Rap1-CA could
restore the impaired formation of leading edge structures in
afadin-knockdown NIH3T3 cells. Analysis of cell morphology
revealed that most wild-type NIH3T3 cells formed the polar-
ized structures with lamellipodia (Fig. 2A). On the other hand,
the number of cells forming the polarized structures with
lamellipodia was decreased, whereas the number of cells with
thin and angular shapes was increased in afadin-knockdown
NIH3T3 cells. An expression of GFP-Rap1-CA, but not GFP, in
afadin-knockdown NIH3T3 cells increased the percentage of
the cells to form the polarized structures with lamellipodia and
decreased the percentage of the cells with thin and angular
shapes. An expression of GFP-Rap1-CA reduced stress fibers
and reformed lamellipodia, ruffles, and focal complexes at the
leading edges, similar to those in wild-type NIH3T3 cells as the
immunofluorescence signals for Necl-5, PDGFR, and integrin
�3 were concentrated and co-localized at the ruffles (Fig. 2B).
The signal for Necl-5 was observed at focal complexes under
the ruffles, whereas the signal for integrin �3 was apparent at
both focal complexes and focal adhesions. On the other hand,
GFP-transfected cells showed elongated shapes with no
marked lamellipodia or ruffles and displayed prominent stress

FIGURE 2. Restoration of the reduced activation of Rac1 and inactivation of RhoA and the impaired formation of leading edge structures by expres-
sion of a constitutively active mutant of Rap1 in afadin-knockdown NIH3T3 cells. A, morphology of wild-type and afadin-knockdown NIH3T3 cells
transiently expressing GFP or GFP-Rap1-CA. Top, representative images. Scale bars, 100 �m. Bottom, quantitative analysis of the formation of leading edge
structures. The results shown are the means � S.E. of three independent experiments. B and C, immunofluorescence images of afadin-knockdown NIH3T3 cells
transiently expressing GFP-Rap1-CA (B) or GFP (C) cultured on vitronectin-coated �-slide dishes. Cells were stained with various combinations of the anti-
integrin �3 mAb, the anti-Necl-5 mAb, the anti-PDGFR pAb, and phalloidin. Arrowheads, leading edges; insets, higher magnification images of the leading
edges; scale bars, 20 �m. The results shown are representative of three independent experiments. D, restoration of the reduced activation of Rac1 and
inactivation of RhoA by Rap1-CA. Rac1 and RhoA activities were analyzed in afadin-knockdown NIH3T3 cells stably expressing GFP-tagged Rap1-CA (afadin-
KD-GFP-Rap1-CA-NIH3T3 cells) or GFP (afadin-KD-GFP-NIH3T3 cells). Cells were starved of serum and cultured in the presence of 15 ng/ml PDGF for the
indicated periods of time. The cell lysates were subjected to the pull-down assays followed by Western blotting using the anti-Rac1 mAb and the anti-RhoA
pAb. The results shown are representative of three independent experiments. E, effects of Rac1-CA and RhoA-DN on the PDGF-induced activation of Rap1.
Afadin-knockdown NIH3T3 cells, co-transfected with GFP-tagged Rap1 and either constitutively active Rac1, dominant-negative RhoA, or vector alone were
plated on vitronectin-coated dishes, starved of serum, and then cultured in the presence of 15 ng/ml PDGF for the indicated periods of time. The cell lysates
were subjected to the pull-down assays followed by Western blotting using the anti-GFP pAb. The results shown are representative of three independent
experiments. F, no effects of Rac1-DN on the PDGF-induced activation of Rap1. Wild-type NIH3T3 cells, co-transfected with GFP-tagged Rap1 and dominant-
negative mutant Rac1 or vector alone, were plated on vitronectin-coated dishes, starved of serum, and then cultured in the presence of 15 ng/ml PDGF for the
indicated periods of time. The cell lysates were subjected to the pull-down assays followed by Western blotting using the anti-GFP pAb. The results shown are
representative of three independent experiments. G, inhibition of directional cell movement by Rap1-CA. Afadin-KD-GFP-Rap1-CA-NIH3T3 and afadin-KD-
GFP-NIH3T3 cells were starved of serum and incubated on the cell culture inserts coated with vitronectin in the presence or absence of 30 ng/ml PDGF in the
bottom wells for 4 h. *, p � 0.05. The results shown are the means � S.E. of the three independent experiments.
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fibers, as did afadin-knockdown cells (Fig. 2C). These results
indicate that the reduced activation of Rap1 is responsible for
the impaired formation of leading edge structures in afadin-
knockdown NIH3T3 cells.
To examine whether suppression of Rap1 activity is respon-

sible for the reduced activation of Rac1 and the reduced inacti-
vation of RhoA in afadin-knockdown NIH3T3 cells, we tested
the possibility that Rap1-CA could restore the activation levels
of these small G proteins in afadin-knockdown NIH3T3 cells.
For this purpose, we established and used afadin-knockdown
NIH3T3 cells stably expressing GFP (afadin-KD-GFP-NIH3T3
cells) or GFP-tagged Rap1-CA (afadin-KD-GFP-Rap1-CA-
NIH3T3 cells). Treatment of afadin-KD-GFP-NIH3T3 cells
with PDGF induced the activation of Rac1 in a time-dependent
manner, but the PDGF-induced activation of Rac1 was aug-
mented in afadin-KD-GFP-Rap1-CA-NIH3T3 cells as com-
pared with that in afadin-KD-GFP-NIH3T3 cells (Fig. 2D). In
addition, the level of the amount of GTP-bound RhoA was sig-
nificantly higher in afadin-KD-GFP-NIH3T3 cells than that in
afadin-KD-GFP-Rap1-CA-NIH3T3 cells (Fig. 2D). Notably, the
PDGF-induced inactivation of RhoA was observed in afadin-
KD-GFP-Rap1-CA-NIH3T3 cells (Fig. 2D). These results indi-
cate that Rap1-CA can restore the reduced activation of Rac1
and inactivation of RhoA in afadin-knockdown cells.
We further examined the possibility that activation of Rac1

or inactivation of RhoA could restore Rap1 activation levels. To
detect clearly the effects of Rap1-CA and RhoA-DN, GFP-
tagged Rap1 was co-expressed in afadin-knockdown NIH3T3
cells, and GFP-Rap1 from transfected cells was then selectively
detected by subsequent anti-GFP blotting of precipitated GTP-
bound Rap1. Introducing Rac1-CA, but not RhoA-DN,
restored the amount of GTP-bound Rap1 (Fig. 2E), indicating
that restoring Rac1 activity, but not RhoA activity, reversed
Rap1 activity in afadin-knockdown NIH3T3 cells. Conversely,
introducing Rac1-DN in wild-type NIH3T3 cells did not affect
the PDGF-inducedRap1 activation (Fig. 2F). Thus, onceRap1 is
activated in response to PDGF, activated Rap1 stimulates acti-
vation of Rac1, and activated Rac1 then potentiates the PDGF-
induced activation of Rap1 in a positive feedback manner.
Boyden chamber assays revealed that knockdown of afadin

reduced a motile activity in NIH3T3 cells and that overexpres-
sion of Rap1-CA did not restore the reduced cell motile activity
despite the restoration of morphology and the activation levels
of Rac1 and RhoA (Fig. 2G). These results indicate that cyclical,

but not persistent, activation and inactivation of Rap1, Rac1,
and RhoA are needed for efficient cell movement.
Restoration of the Reduced Activation of Rap1 and the

Impaired Formation of Leading Edge Structures by Knockdown
of SPA-1 in Afadin-knockdown NIH3T3 Cells—To understand
the mechanism by which afadin regulates the Rap1 activity, we
examined the possibility that SPA-1, a Rap1 GAP known to
bind afadin (15), is involved in this regulation.When SPA-1was
additionally silenced by means of SPA-1 siRNA in afadin-
knockdown NIH3T3 cells, the expression of SPA-1 was indeed
reduced, whereas the expression of other proteins, such as
Rap1GAP and actin, remained unchanged (Fig. 3A). Analysis of
cell morphology revealed that afadin- and SPA-1-double
knockdown NIH3T3 cells showed morphological phenotypes
similar to those of wild-type NIH3T3 cells (compare Fig. 3, B
and D, with Figs. 2A and 1A, respectively). Knockdown of
SPA-1 restored the number of cells to form the polarized struc-
tures with lamellipodia in afadin-knockdown NIH3T3 cells
(Fig. 3B). Afadin- and SPA-1-double knockdown NIH3T3 cells
formed lamellipodia, ruffles, and focal complexes at the leading
edges in response to PDGF (Fig. 3, C and D). Knockdown of
SPA-1 restored the amounts of GTP-bound Rap1, Rac1, and
RhoAand the cellmotile activity in afadin-knockdownNIH3T3
cells, as estimated by the pull-down assays andBoyden chamber
assays, respectively (Fig. 3, E and F). These results indicate that
SPA-1 is critical for the reduced activation of Rap1, which is
responsible for the impaired formation of leading edge struc-
tures, the reduced activation of Rac1 and inactivation of RhoA,
and the impaired cell movement.
To assess whether the effect of SPA-1 siRNA indeed resulted

from knockdown of SPA-1, we developed a mutant of FLAG-
tagged SPA-1 that was not silenced by SPA-1 siRNA (FLAG-
SPA-1r) (Fig. 4A). Re-expression of SPA-1 insensitive to siRNA
in afadin- and SPA-1-double knockdownNIH3T3 cells showed
phenotypes similar to those of afadin-knockdownNIH3T3 cells
(compare Fig. 4, B and C, with Figs. 2A and 1B, respectively).
However, an expression of an siRNA-insensitive deletion
mutant of SPA-1 that lacks the Rap GAP domain (SPA-1-
�GAPr) failed to restore the phenotypes (Fig. 4,B andD). These
results indicate that SPA-1 inactivates Rap1 in the absence of
afadin.
Mechanisms of the Regulation of Rap1 Activation by Afadin—

Our results suggest that afadin prevents SPA-1 from inacti-
vating Rap1 by virtue of its binding to SPA-1 or Rap1. We

FIGURE 3. Restoration of the reduced activation of Rap1 and Rac1, the reduced inactivation of RhoA, and the impaired formation of leading edge
structures by knockdown of SPA-1 in afadin-knockdown NIH3T3 cells. A, knockdown of SPA-1 in afadin-knockdown NIH3T3 cells. The cell lysates of NIH3T3
cells untransfected or transfected with SPA-1 siRNA or non-silencing control siRNA were subjected to Western blotting using the anti-SPA-1 pAb, the anti-
Rap1GAP mAb, and the anti-actin mAb. B, effect of knockdown of SPA-1 on morphology of afadin-knockdown NIH3T3 cells. Top, representative images. Scale
bars, 100 �m. Bottom, quantitative analysis of the formation of leading edge structures. The results shown are the means � S.E. of three independent
experiments. C and D, immunofluorescence images of afadin-knockdown NIH3T3 cells transiently transfected with non-silencing control siRNA (C) or SPA-1
siRNA (D) cultured on vitronectin-coated �-slide dishes. Cells were stained with various combinations of the anti-PDGFR� mAb, the anti-integrin �3 mAb, the
anti-Necl-5 mAb, and phalloidin. Arrowheads, leading edges; insets, higher magnification images of the leading edges; scale bars, 20 �m. E, reactivation of Rap1
and Rac1 and reinactivation of RhoA by knockdown of SPA-1. The activities of Rap1, Rac1, and RhoA were measured by the pull-down assays. Afadin-
knockdown NIH3T3 cells transiently transfected with SPA-1 siRNA or non-silencing control siRNA were plated on vitronectin-coated �-slide dishes, starved of
serum, and cultured in the presence of 15 ng/ml PDGF for 1 min (Rap1), 2 min (Rac1), and 15 min (RhoA). The cell lysates were subjected to the pull-down assays
followed by Western blotting using the anti-Rap1 pAb, the anti-Rac1 mAb, and the anti-RhoA pAb. F, the effect of knockdown of SPA-1 on directional cell
movement. Wild-type and afadin-knockdown NIH3T3 cells transiently transfected with SPA-1 siRNA or non-silencing control siRNA were starved of serum and
incubated on the cell culture inserts coated with vitronectin in the presence of 30 ng/ml PDGF in the bottom wells for 4 h. The number of migrated cells was
counted. The results shown are the means � S.E. of the three independent experiments.
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examined whether Rap1 regulates the interaction between
afadin and SPA-1 and tested the possibility that afadin binds
SPA-1 and thereby inhibits its Rap GAP activity. Co-imuno-
precipitation assays revealed that GFP-afadin bound FLAG-
SPA-1 but that this binding was inhibited by GFP-Rap1-CA
(Fig. 5, A and B). The effect of GFP-Rap1-CA was absent
when afadin-�RA (GFP-afadin-�RA), a deletion mutant of
afadin lacking the RA domain, was transfected instead of
full-length afadin. Consistently, endogenous afadin was co-
immunoprecipitated with SPA-1, and the amount of co-im-
munoprecipitated afadin was decreased by an expression of
GFP-Rap1-CA in NIH3T3 cells (Fig. 5, C and D). These

results indicate that Rap1-CA reduces the association
between afadin and SPA-1.
We then examined the effect of afadin on the RapGAP activ-

ity of SPA-1. An expression of FLAG-SPA-1 decreased the
amount of GTP-bound Myc-Rap1, and this decrease was
reversed by an expression ofGFP-afadin (Fig. 6A). These results
suggest the possibility that the interaction of afadinwith SPA-1,
which is negatively regulated by Rap1, inhibits the Rap GAP
activity of SPA-1. However, GFP-afadin increased GTP-bound
Myc-Rap1 in the absence of SPA-1, indicating that afadin pos-
itively regulates the Rap1 activity irrespective of SPA-1 (Fig.
6A). Notably, GFP-afadin-�RA, which was able to bind FLAG-

FIGURE 4. Restoration of the effect of knockdown of SPA-1 by re-expression of SPA-1. A, construction of siRNA-resistant mutants of SPA-1. HEK293 cells
were transiently co-transfected with various mutants of SPA-1 and either non-silencing control siRNA or SPA-1 siRNA. The cell lysates were subjected to the
Western blotting using the anti-FLAG mAb and the anti-actin mAb. FL, full-length SPA-1; FLr, full-length SPA-1 resistant to SPA-1 siRNA; �GAPr, a GAP domain
deletion mutant resistant to SPA-1 siRNA. B, effects of SPA-1 mutants on morphology of SPA-1- and afadin-double knockdown NIH3T3 cells. Afadin-knockdown
NIH3T3 cells co-transfected with SPA-1 siRNA and either the SPA-1 siRNA-resistant SPA-1 (FLAG-SPA-1r) or SPA-1-�GAP (FLAG-SPA-1-�GAPr) mutants were
stained with the anti-FLAG mAb (green) and rhodamine-phalloidin (red). Top, representative images. Scale bars, 100 �m. Bottom, quantitative analysis of the
formation of leading edge structures. The results shown are the means � S.E. of three independent experiments. C and D, immunofluorescence images of
afadin-knockdown NIH3T3 cells transiently co-transfected with SPA-1 siRNA and either FLAG-SPA-1r (C) or FLAG-SPA-1-�GAPr (D). Cells were stained with
various combinations of the anti-FLAG mAb, the anti-integrin �3 mAb, the anti-Necl-5 mAb, the anti-PDGFR� mAb, and phalloidin. Arrowheads, leading edges;
insets, higher magnification images of the leading edges; scale bars, 20 �m. The results shown are representative of three independent experiments.
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SPA-1 (Fig. 6C), failed to increase the amount of GTP-bound
Myc-Rap1 (Fig. 6B). Taken together, these results indicate that
the interaction of afadin with Rap1 rather than with SPA-1 is
probably responsible for the prevention of SPA-1 from inacti-
vating Rap1.
Expression andLocalization ofARAP1at the Leading Edges in

NIH3T3 Cells—It was reported that Rap1 regulates the Rac1
activity through Vav2 and Tiam1, guanine nucleotide
exchange factors for Rac1 (28). In this paper, an expression
of a constitutively active mutant of Rac1 induces the inacti-
vation of RhoA. This result provides the possibility that Rap1
may induce the inactivation of RhoA through the activation
of Rac1. However, transfection of a constitutively active
mutant of Rac1, V12Rac1, to afadin-knockdown NIH3T3
cells did not restore the phenotypes (data not shown), imply-
ing that another mechanism by which Rap1 regulates the
activity of RhoAmay be involved. Therefore, we next studied
how the PDGF-mediated activation of Rap1 induces the
inactivation of RhoA. ARAP is a Rho GAP that binds Rap1
and is activated by this binding (29), suggesting that this
molecule may be involved in the Rap1-induced inactivation
of RhoA. To test this possibility, we initially analyzed the
expression of ARAP in NIH3T3 cells. ARAP constitutes a
family consisting of three members, ARAP1, ARAP2, and
ARAP3 (16, 30). RT-PCR analysis demonstrated that ARAP1
mRNA was abundantly expressed, whereas ARAP2 and

ARAP3 mRNAs were hardly detected (Fig. 7A), indicating
that ARAP1 is selectively expressed in NIH3T3 cells. West-
ern blotting showed that ARAP1 was indeed expressed in
this cell line (Fig. 7B). We then examined the intracellular
localization of ARAP1 in moving NIH3T3 cells. When
ARAP1 was stained in directionally moving NIH3T3 cells
under the same conditions as described above, the immuno-
fluorescence signal for ARAP1 was concentrated at the ruf-
fles over lamellipodia and focal complexes but not at focal
adhesions (Fig. 7C). These results indicate that ARAP1 is
expressed and concentrated at the leading edges of direc-
tionally moving NIH3T3 cells.
Inactivation of RhoA by Rap1 through ARAP1 in Afadin-

knockdownNIH3T3 Cells—To examine whether ARAP1medi-
ates the Rap1-CA-induced inactivation of RhoA in afadin-
knockdown NIH3T3 cells, we tested the effect of knockdown
of ARAP1. Western blotting showed that ARAP1 was effec-
tively knocked down by ARAP1 siRNA in afadin-knockdown
NIH3T3 cells (Fig. 8A). Knockdown of ARAP1 cancelled the
restoration of cell morphology by Rap1-CA in afadin-knock-
down NIH3T3 cells (Fig. 8B). In ARAP1- and afadin-double
knockdown NIH3T3 cells, an expression of Rap1-CA failed to
induce the inactivation of RhoA; Rap1-CA could not diminish
stress fibers or form lamellipodia, ruffles, or focal complexes
(Fig. 8, C and D). Although knockdown of ARAP1 showed no
significant effect on the amount ofGTP-boundRhoA in afadin-

FIGURE 5. Regulation of the interaction between afadin and SPA-1 by Rap1. A, co-immunoprecipitation of afadin with SPA-1. HEK293 cells were transfected
with FLAG-SPA-1 and GFP-afadin. FLAG-SPA-1 was immunoprecipitated (IP) using anti-FLAG mAb, and samples were assessed by Western blotting (WB) using
the anti-FLAG mAb and the anti-GFP pAb. B, inhibition of binding of SPA-1 to afadin by Rap1-CA. HEK293 cells were transfected with various combinations of
FLAG-SPA-1, GFP-afadin, GFP-afadin-�RA, GFP-Rap1-CA, and GFP, as indicated. FLAG-SPA-1 was immunoprecipitated using the anti-FLAG mAb, and samples
were assessed by Western blotting using the anti-FLAG mAb and the anti-GFP pAb. C, co-immunoprecipitation of afadin with SPA-1 in NIH3T3 cells. SPA-1 was
immunoprecipitated using the anti-SPA-1 pAb, and samples were assessed by Western blotting using the anti-afadin mAb and the anti-SPA-1 pAb. D, inhibi-
tion of binding of SPA-1 to afadin by Rap1-CA. SPA-1 was immunoprecipitated using the anti-SPA-1 pAb in GFP-NIH3T3 and GFP-Rap1-CA-NIH3T3 cells, and
samples were assessed by Western blotting using the anti-afadin mAb and the anti-SPA-1 pAb.
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KD-GFP-NIH3T3 cells in which the activity of Rap1 was sup-
pressed, ARAP1 partially restored it in afadin-KD-GFP-Rap1-
CA-NIH3T3 cells (Fig. 8E), indicating that ARAP1 acts as a Rho
GAP downstream of Rap1. Thus, ARAP1 mediates the Rap1-
induced inactivation of RhoA.
To further confirm that Rap1 activates ARAP1 and then acti-

vated ARAP1 induces the inactivation of RhoA, siRNA-insen-
sitive full-length ARAP1 (HA-ARAP1r) or a siRNA-insensitive
mutant ofARAP1, of which the Rap-binding domain or the Rho
GAP domain was deleted (HA-ARAP1-�RBDr and HA-
ARAP1-�RGDr, respectively) (Fig. 9A), was co-expressed with
Rap1-CA in ARAP1- and afadin-double knockdown cells. Co-
expression of HA-ARAP1r with Rap1-CA restored the mor-
phological phenotypes of ARAP1- and afadin-double knock-
down cells, whereas co-expression of HA-ARAP1-�RBDr or
HA-ARAP1-�RGDr with Rap1-CA did not show this effect
(Fig. 9, B–E). These results indicate that the effect of ARAP1

siRNA is indeed mediated by knockdown of ARAP1 and that
both the Rap binding activity and the Rho GAP activity are
needed for the ability of ARAP1 to inactivate RhoA. Collec-
tively, Rap1 inactivates RhoA throughARAP1 in afadin-knock-
down NIH3T3 cells.

DISCUSSION

In the present study, we demonstrated that, in comparison
with wild-type NIH3T3 cells, afadin-knockdown NIH3T3 cells
show the reduced activation of Rap1 and Rac1 and the reduced
inactivation of RhoA induced by PDGF. Although the differ-
ence was statistically significant, the amplitude of Rac1 activa-
tion by PDGFwas less than that of Rap1 activation. This appar-
ently small increase may be caused by the activation locally at
the leading edge or the high background. We previously
reported that Rap1 is critical for the formation of leading edge
structures, such as lamellipodia, ruffles, and focal complexes,

FIGURE 6. Inhibition of the Rap GAP activity of SPA-1 by afadin. A and B, HEK293 cells were transfected with various combinations of FLAG (Mock),
FLAG-SPA-1, FLAG-SPA-1-�GAP, GFP, GFP-afadin, GFP-afadin-�RA, and Myc-Rap1, as indicated. Rap1 activity was assessed by a pull-down assay using the
anti-Myc pAb. The expression of FLAG-SPA-1 and GFP-tagged proteins was assessed by Western blotting (WB) using the anti-FLAG mAb and the anti-GFP pAb,
respectively. C, co-immunoprecipitation of afadin with SPA-1 but not SPA-1-�GAP. HEK293 cells were transfected with various combinations of FLAG (Mock),
FLAG-SPA-1, FLAG-SPA-1-�GAP, GFP-afadin, and GFP-afadin-�RA, as indicated. FLAG-SPA-1 or FLAG-SPA-1-�GAP was immunoprecipitated using the anti-
FLAG mAb, and samples were assessed by Western blotting using the anti-afadin mAb and the anti-FLAG mAb. The results shown are representative of two
independent experiments, and identical results were obtained.
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and cell movement in response to PDGF in NIH3T3 cells (7).
Inhibition of Rap1 by overexpression of Rap1GAP resulted in
an impairment of the formation of these leading edge structures
in association with the reduced Rac1 activity and enhanced
RhoA activity. Overall phenotypes of Rap1GAP-expressing
cells were similar to those of afadin-knockdown cells. Consis-
tently, an expression of Rap1-CA restored the reduced activa-
tion of Rap1 and Rac1 and the reduced inactivation of RhoA
induced by PDGF. Therefore, the reduced activation of Rap1 is
critical for the reduced activation of Rac1 and the reduced inac-
tivation of RhoA in afadin-knockdown cells. In addition, intro-
ducing Rac1-CA, but not RhoA-DN, restored the Rap1 activa-
tion in response to PDGF in afadin-knockdown NIH3T3 cells
(Fig. 2E). These results account for a cross-talk between Rap1
and Rac1. We reported that inhibiting Rap1 decreases Rac1
activation in response to PDGF in NIH3T3 cells (7). Introduc-
ing Rac1-DN did not affect the PDGF-induced Rap1 activation
inwild-typeNIH3T3 cells (Fig. 2F).We therefore conclude that
PDGF induces Rap1 activation, which in turn leads to Rac1
activation. The PDGF-induced activation of Rac1 is necessary
for clustering of the Necl-5-integrin �V�3 complex, which then
enhances the PDGF-induced activation of Rac1 (5, 6). Collec-
tively, afadin plays an important role in the regulation of Rap1

activation, Rap1-dependent activa-
tion of Rac1, and Rac1-mediated
positive feedback activation of Rap1
and Rac1.
We explored the mechanism

underlying the inactivation of Rap1
by knockdownof afadin and showed
here that SPA-1 is involved in this
process. Because afadin binds
SPA-1, afadin might recruit SPA-1
to inactivate Rap1, since Su et al.
(15) previously showed that AF6 (a
human homologue of afadin)
binds SPA-1 and that AF6/afadin
enhances the SPA-1-induced de-
crease in the levels of GTP-bound
Rap1. On the contrary, Zhang et al.
(31) reported that overexpression of
AF6/afadin increases the level of
GTP-bound Rap1, whereas knock-
down of AF6/afadin decreases it in
the Jurkat T cell line. They con-
cluded that AF6/afadin binds Rap1
and stabilizes Rap1 in the GTP-
bound state. In agreement with the
result of the study by Zhang et al.
(31), we showed here that knock-
down of afadin inhibits the activa-
tion of Rap1, indicating that the
binding of afadin to SPA-1 and/or
Rap1may prevent SPA-1 from inac-
tivating Rap1. We showed here that
GFP-afadin was able to inhibit the
Rap GAP activity of SPA-1, whereas
GFP-afadin-�RA was unable to

inhibit it. These results indicate that the interaction of afadin
with Rap1 rather than with SPA-1 is probably responsible for
the prevention of SPA-1 from inactivating Rap1. Because the
interaction between afadin and SPA-1 was decreased in the
presence of Rap1-CA, it is plausible that the binding of Rap1 to
afadin may induce the dissociation of SPA-1 from the afadin-
SPA-1 complex. Taken together, it is likely that SPA-1 pre-
bound to afadin is dissociated upon binding of Rap1 to afadin
and thereby induces the inactivation of Rap1 that is not bound
to afadin.
We demonstrated that SPA-1 plays a pivotal role in the reg-

ulation of the Rap1 activity at the leading edges of moving
NIH3T3 cells. In afadin-knockdown NIH3T3 cells, the Rap1-
dependent formation of leading edge structureswas suppressed
by the action of SPA-1. Consistent with our results, Shimonaka
et al. (32) demonstrated that SPA-1 effectively suppresses the
chemokine-induced Rap1-dependent cell polarization in lym-
phocytes.We also showed that the phenotype of afadin-knock-
down cells is restored by additional knockdown of SPA-1 and
that the effect of knockdown of SPA-1 is fully restored by co-
transfection of an siRNA-resistant mutant of SPA-1 but not
SPA-1-�GAP with SPA-1 siRNA. Although the regulation of
the Rap1 GAP activity of SPA-1 might vary depending on cell

FIGURE 7. The expression and localization of ARAP1 at the leading edges in moving NIH3T3 cells. A, the
expression of ARAP mRNAs. Total mRNA was extracted from NIH3T3 and J774.1 cells and subjected to the
RT-PCR analyses using specific primers for ARAP1, ARAP2, and ARAP3. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control. B, the expression of ARAP1. The cell lysate of NIH3T3 cells was
subjected to Western blotting (WB) using the anti-ARAP1 pAb. C, immunofluorescence images of NIH3T3 cells
cultured on vitronectin-coated �-slide dishes. The cells were triple-stained with the anti-ARAP1 pAb, the
anti-afadin mAb, and the anti-Necl-5 mAb. Arrowheads, leading edges; insets, higher magnification images of
the leading edges; scale bars, 20 �m. The results shown are representative of three independent experiments.
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types and/or stimuli, and other RapGAPsmight play a role, our
results suggest that SPA-1 regulates the Rap1 activity by com-
petitively interacting with afadin.
Although either an expression of Rap1-CA or knockdown

of SPA-1 in afadin-knockdown NIH3T3 cells restored

the formation of leading edge structures, knockdown of
SPA-1 but not an expression of Rap1-CA restored cell move-
ment. The expression of Rap1-CA was not limited to the
leading edges in GFP-Rap1-CA-transfected afadin-knock-
down NIH3T3 cells. These results suggest that regional,

FIGURE 8. Inactivation of RhoA by Rap1-CA through ARAP1 in afadin-knockdown NIH3T3 cells. A, knockdown of ARAP1 in afadin-knockdown NIH3T3
cells. The cell lysates of NIH3T3 cells untransfected or transfected with ARAP1 siRNA or non-silencing control siRNA were subjected to Western blotting using
the anti-ARAP1 pAb and the anti-actin mAb. B, restoration of morphology of Rap1-CA-transfected afadin-knockdown NIH3T3 cells by knockdown of ARAP1.
Afadin-knockdown NIH3T3 cells co-transfected with GFP-tagged Rap1-CA and either ARAP1 siRNA or non-silencing control siRNA were stained with rhoda-
mine-phalloidin (red). Top, representative images. Scale bars, 100 �m. Bottom, quantitative analysis of the formation of leading edge structures. The results
shown are the means � S.E. of three independent experiments. C and D, immunofluorescence images of afadin-knockdown NIH3T3 cells co-transfected with
GFP-tagged Rap1-CA and either non-silencing control siRNA (C) or ARAP1 siRNA (D) cultured on vitronectin-coated �-slide dishes. The cells were stained with
various combinations of the anti-integrin �3 mAb, the anti-Necl-5 mAb, the anti-ARAP1 pAb, and phalloidin. Arrowheads, leading edges; insets, higher
magnification images of the leading edges; scale bars, 20 �m. E, restoration of the Rap1-induced inactivation of RhoA by knockdown of ARAP1. Afadin-
knockdown NIH3T3 cells stably expressing GFP-tagged Rap1-CA (afadin-KD-GFP-Rap1-CA-NIH3T3 cells) or GFP (afadin-KD-GFP-NIH3T3 cells) were transfected
with ARAP1 siRNA or non-silencing control siRNA. The cell lysates were subjected to the pull-down assay followed by Western blotting using the anti-RhoA pAb.
The results shown are representative of three independent experiments.
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rather than whole, inactivation of Rap1 by SPA-1 is respon-
sible for the impaired formation of leading edge structures in
afadin-knockdown NIH3T3 cells.
We demonstrated here that ARAP1 is expressed in NIH3T3

cells and is critical for the inactivation of RhoA at the leading
edges ofmoving cells. ARAP, comprising ARAP1 to -3, consists
of five pleckstrin homology domains, an RA domain, an Arf
GAP domain, and a RhoGAP domain (16, 30). Arf GAP activity
is increased by the binding of phosphatidylinositol 3,4,5-
triphosphate to the pleckstrin homology domains in ARAP1.
Unlike the Arf GAP activity, the Rho GAP activity is not

affected by phosphatidylinositol 3,4,5-triphosphate (16). It has
been reported that the Rho GAP activity of ARAP3 depends on
the binding of Rap and that ARAP3 is an effector for Rap (29).
Although the mechanism underlying the regulation of the Rho
GAP activity of ARAP1 remained to be determined, we showed
here that the Rap1-dependent Rho GAP activity is needed for
the inactivation of RhoA, because knockdown of ARAP1 sup-
pressed the Rap1-CA-induced inactivation of RhoA in afadin-
knockdown NIH3T3 cells. Moreover, re-expression of HA-
ARAP1r restored the phenotype of afadin- and ARAP1-double
knockdown cells, whereas HA-ARAP1-�RBDr or HA-ARAP1-

FIGURE 9. Requirement of the Rap-binding domain and the Rho GAP domain for inactivating RhoA by ARAP1. A, construction of siRNA-resistant mutants
of ARAP1. HEK293 cells were transiently co-transfected with various HA-tagged mutants of ARAP1 and either non-silencing control siRNA or ARAP1 siRNA. The
cell lysates were subjected to the Western blotting using the anti-HA pAb and the anti-actin mAb. FL, full-length ARAP1; FLr, full-length ARAP1 resistant to
ARAP1 siRNA; �RBDr, a Rap-binding domain deletion mutant resistant to ARAP1 siRNA; �RGDr, a Rho GAP domain deletion mutant resistant to ARAP1 siRNA.
B, the effects of ARAP1 mutants on morphology of Rap1-CA-transfected ARAP1- and afadin-double knockdown NIH3T3 cells. Afadin-knockdown NIH3T3 cells
co-transfected with GFP-Rap1-CA, ARAP1 siRNA, and either ARAP1 siRNA-resistant HA-tagged full-length ARAP1 (HA-ARAP1r), ARAP1-�RBD (HA-ARAP1-
�RBDr), or ARAP1-�RGD (HA-ARAP1-�RGDr) mutants were stained with anti-HA mAb (blue) and rhodamine-phalloidin (red). Top, the representative images.
Scale bars, 100 �m. Bottom, quantitative analysis of the formation of leading edge structures. The results shown are the means � S.E. of three independent
experiments. C–E, immunofluorescence images of afadin-knockdown NIH3T3 cells co-transfected with GFP-Rap1-CA, ARAP1 siRNA, and either HA-ARAP1r (C),
HA-ARAP1-�RBDr (D), or HA-ARAP1-�RGDr (E) cultured on vitronectin-coated �-slide dishes. Cells were stained with phalloidin and the anti-HA mAb. Arrow-
heads, leading edges; scale bars, 20 �m. The results shown are representative of three independent experiments.
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�RGDr failed to restore it. Taken
together, these results indicate that
Rap1 induces the inactivation of
RhoA though ARAP1 in NIH3T3
cells in response to PDGF.
We showedhere that the localiza-

tion of Necl-5, integrin �3, and
PDGFR at the leading edges was
changed concomitantly with the
alterations in cell morphology,
which were associated with the
activities of small G proteins, such
as Rac1 and RhoA. However, the
changes in these activities by
transfection of various plasmids
and siRNAs did not appear to be so
significant despite the great alter-
ations in cell morphology. This is
not surprising and seems to be a
limitation of the method to meas-
ure the activities of small G pro-
teins in this study. We measured
the activities of small G proteins by
the pull-down assay, and this strat-
egy was to evaluate these activities
within whole cells but not limited to
the leading edges. If the activities of
small G proteins at the leading
edges could be selectivelymeasured,
they might change more obviously.
The development of a novel tech-
nique to selectively quantitate the
activities of small G proteins at the
leading edges is required.
Cell motility is critically impor-

tant during physiological events,
such as embryogenesis and angio-
genesis, as well as under patholog-
ical conditions, includingmetasta-
sis of cancer cells. Our finding also
provides insights into the molecu-
lar events that lead to embryonic
lethality due to developmental de-
fects in afadin-deficient mice (10).
We propose a model for the regu-
lation of the cyclical activation and
inactivation of Rap1 andRhoA (Fig.
10). Rap1 is activated by virtue of
binding of PDGF to its receptor (A).
Activated Rap1 induces the activa-
tion of Rac1, whereas it binds
ARAP1 and induces the inactivation
of RhoA, resulting in the formation
of lamellipodia, ruffles, and focal
complexes at the leading edges (B).
On the other hand, activated Rap1
binds afadin and induces the
recruitment of afadin to the leading

FIGURE 10. A schematic model for the regulation of the cyclical activation and inactivation of Rap1, Rac1,
and RhoA. Details are described under “Discussion.”
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edges, which then results in the release of SPA-1 from afadin
(B). SPA-1, unbound to afadin, then inactivates Rap1 at the
leading edges, causing the inactivation of Rac1 and the activa-
tion of RhoA (C). The activation of RhoA then induces the
activation of ROCK, thereby stimulating the transformation of
focal complexes to focal adhesions (33). Thus, the cyclical acti-
vation and inactivation of these small G proteins facilitate the
turnover of leading edge structures and the transformation of
focal complexes to focal adhesions during cell movement (D).
Afadin plays a pivotal role in this dynamic cyclical activation
and inactivation of Rap1, Rac1, and RhoA by the coordinated
regulation of SPA-1 and ARAP1.
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