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The formation of primitive adipose tissue is the initial process
in adipose tissue development followed by the migration of
preadipocytes into adipocyte clusters. Comparatively little is
known about the molecular mechanism controlling preadipo-
cyte migration. Here, we show that cytohesin-2, the guanine-
nucleotide exchange factor for the Arf family GTP-binding pro-
teins, regulates migration of mouse preadipocyte 3T3-L1 cells
throughArf6. SecinH3, a specific inhibitor of the cytohesin fam-
ily, markedly inhibits migration of 3T3-L1 cells. 3T3-L1 cells
express cytohesin-2 and cytohesin-3, and knockdown of cytohe-
sin-2 with its small interfering RNA effectively decreases cell
migration. Cytohesin-2 preferentially acts upstream of Arf6 in
this signaling pathway. Furthermore, we find that the focal
adhesion protein paxillin forms a complex with cytohesin-2.
Paxillin colocalizes with cytohesin-2 at the leading edges of
migrating cells. This interaction is mediated by the LIM2
domain of paxillin and the isolated polybasic region of cytohe-
sin-2. Importantly, migration is inhibited by expression of the
constructs containing these regions. These results suggest that
cytohesin-2, through a previously unexplored complex forma-
tion with paxillin, regulates preadipocyte migration and that
paxillin plays a previously unknown role as a scaffold protein of
Arf guanine-nucleotide exchange factor.

Adipose tissue plays a key role in energy storage and in the
secretion of regulatory lipid hormones such as leptin, adiponec-
tin, and tumor necrosis factor-� (1–3). The initial stage of adi-
pocyte differentiation begins with the proliferation of multipo-
tentmesenchymal stem cells, which then enter the first stage of
differentiation into preadipocytes. These fibroblast-like imma-

ture adipocytes still have proliferative activity; they migrate to
various sites to undergo further adipogenesis. They eventually
enter into the second differentiation stage, during which they
become spherical mature adipocytes containing droplets of fat.
In contrast to the normal development of adipose tissue,
chronic overnutrition of the adipose tissue leads tomacrophage
infiltration, resulting in local inflammation that potentiates
insulin resistance (4). Many signaling molecules, especially
those for transcriptional regulatory proteins, participate in the
process of adipocyte differentiation and in the formation of
pathological conditions (5), but the intracellular signals respon-
sible for cellular morphological changes and for the migration
of preadipocytes before initiation of their differentiation into
adipocytes remain largely unknown.
Cellmigration is essential formany aspects of developmental

processes and requires several spatially and temporally coordi-
nated changes in cytoskeletons and cellular membranes.
Dynamic structures critical to cell migration include filopodia,
lamellipodia, and actin stress fibers. The cellularmorphological
changes involved in cell migration are regulated by Rho family
GTPases (6), the ADP-ribosylation factors (Arfs), and the other
small GTP-binding proteins. Arf proteins primarily regulate
intracellular vesicular transport to control endocytic and secre-
tory pathways and may be involved in morphological changes.
In mammalian cells the Arf family consists of five or six iso-
forms (7, 8) that are grouped into three classes: class I (Arf1 and
Arf2 and/or Arf3), class II (Arf4 and Arf5), and class III (Arf6).
As this classification suggests, Arf6 is unique in importantways.
It can regulate peripheral actin cytoskeleton as well as vesicle
transport by controlling lipid-modifying enzymes such as phos-
phatidylinositol-4-phosphate 5-kinases and phospholipase D
isozymes and other downstream effectors (8–10).
Like other small GTP-binding proteins, Arfs act asmolecular

switches and are active when bound to GTP and inactive when
bound to GDP. Guanine-nucleotide exchange factors (GEFs)3
catalyze the intrinsically slow exchange reaction of GDP with
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free cytoplasmic GTP to generate active conformations,
whereas GTPase-activating proteins (GAPs) inactivate GTP-
binding proteins. The former reaction is a very important rate-
limiting step, as GEFs define the specificity of small GTP-bind-
ing protein activation by integrating intracellular signals. Arf
GEFs are divided into five families based on overall structure
and domain organization (11, 12): Golgi brefeldin A (BFA)-
resistance factor 1/BFA-inhibited GEF (GBF/BIG) (13), Arf
nucleotide binding site opener (ARNO)/cytohesin, exchange
factor for Arf6 (EFA6) (14, 15), BFA-resistant Arf GEF (BRAG)
(16), and F-box only protein 8 (FBX8) (17). The large number of
GEFs relative to the number of Arf proteins suggests that GEF
activities are controlled under extensive regulatory conditions
in various types of cells.
Paxillin is cytoskeletal adaptor/scaffold protein involved in

the dissemination of signals from extracellular cell adhesion
proteins such as integrins and growth factor receptors (18, 19).
Paxillin contains only protein-protein interaction domains: five
leucine-rich repeat (LD) domains and four lin-11, isl-1, mec-3
(LIM) domains. Through these, paxillin intracellularly medi-
ates interactions with actin cytoskeleton regulatory proteins.
Thus, paxillin is crucial in changing themorphology of cells and
promoting cell migration (18, 20–23); for example, it binds to
regulator and effector complexes of RhoGTPases and regulates
their spatiotemporal actions. These facts suggest that theremay
be additional links between paxillin and small GTP-binding
proteins and/or their regulatory proteins.
In this study we report that the cytohesin-2 and Arf6 signal-

ing unit mediates migration of mouse preadipocyte 3T3-L1
cells. Furthermore, we find that paxillin directly involves cyto-
hesin-2 and Arf6 in cell migration before the initiation of adi-
pocyte differentiation, adding a unique binding partner to the
components of the cellular paxillin complex.

EXPERIMENTAL PROCEDURES

Antibodies—The antibodies used were as follows: mouse
monoclonal anti-Arf1 and anti-Arf6 (1:50; Santa Cruz Biotech-
nology, Santa Cruz, CA), mouse monoclonal anti-paxillin and
mousemonoclonal anti-actin (1:1,000; BD Biosciences), mouse
monoclonal anti-GFP (1:1,000; MBL, Nagoya, Japan), rabbit
polyclonal anti-RFP (1:1,000; Evrogen,Moscow, Russia),mouse
monoclonal anti-FLAG and rabbit polyclonal anti-DDDDK
(1:1,000; MBL), and goat anti-mouse or rabbit IgG antibody
conjugated with horseradish peroxidase (1:10,000; GE
Healthcare).
Plasmids—The regions encoding full-length mouse cytohe-

sin-1 (GenBankTM accession number NM 001112699) and
mouse cytohesin-2 (GenBankTM accession number NM
001112701) were amplified from cytohesin-1 cDNA (24, 25)
and 3T3-L1 cell cDNA, respectively, by the PCRmethod. Cyto-
hesin-3 (GenBankTM accession number NM 011182) cDNA
was obtained from the Biological Resource Center of the
National Institute of Technology and Evaluation (Chiba,
Japan). The PCR products were ligated into the mammalian
FLAG-tagged expression vector p3�FLAG-myc-CMVTM-24
(Sigma). Eachdomain (coiled-coil (CC), amino acids 1–59; Sec7
domain, amino acids 60–254; pleckstrin homology (PH)
domain plus C-terminal polybasic region (PH�b), amino acids

255–400; isolated PH domain, amino acids 255–386; C-termi-
nal polybasic region, amino acids 387–400) was inserted into
the p3�FLAG and pEGFP vectors. The pEGFP-paxillin and the
pTurboRFP-paxillin LD1, LD2, LD3, LD4/5, LIM1, LIM2
(amino acids 381–440) and LIM3/4 plasmids were constructed
as described previously (26). The �LIM2 was produced by the
overlapping PCR method and subcloned into pTurboRFP-C1
vectors. The region encoding Golgi-localizing �-adaptin ear
homology domain (GGA) 3 (amino acids 1–343), which specif-
ically binds to the GTP-bound, active form of Arf6 was ampli-
fied by the RT-PCR method from total RNA of human brain
cells and subcloned into the Escherichia coli GST-tagged
expression vector pET42a (Merck). All nucleotide sequences
were confirmed by the Fasmac sequencing service (Kanagawa,
Japan).
Recombinant Proteins—Recombinant GST-GGA3 andGST-

paxillin LIM2 were purified using E. coli BL21 (DE3) pLysS
(Takara Bio Inc., Otsu, Japan) according to the manufacturer’s
protocols. The transformed E. coli cells were treated with 0.4
mM isopropyl-1-thio-�-D-galactopyranoside at 30 °C for 2.5 h
and were harvested through centrifugation. The precipitates
were extracted with buffer A (50 mM Tris-HCl (pH 7.5), 5 mM

MgCl2, 1mM dithiothreitol, 1mM phenylmethanesulfonyl fluo-
ride, 1 �g/ml leupeptin, 1 mM EDTA, and 0.5% Nonidet P-40)
containing 500 �g/ml lysozyme and 100 �g/ml DNase on ice.
All purification steps were performed at 4 °C. The cell lysate
was centrifuged at 150,000� g for 30min. The supernatant was
applied to glutathione-Sepharose 4B (GE Healthcare), and the
resin was washed with buffer B (100 mM Tris-HCl (pH 8.0), 2
mM MgCl2, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl
fluoride, and 1�g/ml leupeptin). GST-GGA3 andGST-paxillin
LIM2 were eluted with column buffer B containing 20 mM glu-
tathione (Nacalai Tesque, Kyoto, Japan). The eluted fraction
was dialyzed against buffer C (10mMHEPES-NaOH (pH 7.5), 1
mM dithiothreitol, 2mMMgCl2, 1mM dithiothreitol, 1mM phe-
nylmethanesulfonyl fluoride, 1 �g/ml leupeptin, and 150 mM

NaCl) and stored at �80 °C.
FLAG-tagged cytohesin-2 PH�b protein was purified from

293T cells transiently transfected with p3�FLAG-cytohesin-2
PH�b using the CalPhos transfection reagent (Clontech,
Mountain View, CA) according to the manufacturer’s proto-
cols (23). In brief, cells were lysed in lysis buffer A and centri-
fuged. The supernatant was mixed with protein G resin (GE
Healthcare) that was preadsorbedwith an anti-FLAG antibody.
Bound FLAG-tagged PH�b protein was extensively washed
with lysis buffer A containing 500 mM NaCl and subsequently
with lysis buffer A containing 500 mM NaCl and 50 mM EDTA
and eluted with lysis buffer A containing 20 mM FLAG peptide
(Sigma) according to the manufacturer’s protocols. The buffer
contained in elution fractions was exchanged with reaction
buffer (20 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 5 mM

MgCl2, 1mM dithiothreitol, 1mM phenylmethanesulfonyl fluo-
ride, 1 �g/ml leupeptin, and 1 mM EDTA). The aliquot was
stored at �80 °C until use.
siRNAOligonucleotides—The 21-nucleotide siRNAduplexes

were synthesized by Nippon EGT (Toyama, Japan). The spe-
cific target sequences were as follows: 5�-AAGAGCTAAGTG-
AGCTATGA-3� for mouse cytohesin-2 siRNA, 5�-AAGAAA-
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AAAGGAACTTATTGA-3� for mouse cytohesin-3 siRNA, 5�-
AAGAATATCAGCTTCACCGTG-3� for mouse Arf1 siRNA,
5�-AAGTTCAACGTGTGGGATGTG-3� for mouse Arf6
siRNA, and 5�-AAGAGCACGTCTACAGCTTCC-3� for
mouse paxillin siRNA. The target sequence of the control Pho-
tinus pyralis luciferase siRNA was 5�-AAGCCATTCTATCC-
TCTAGAG-3�, which does not have significant homology to
any mammalian gene sequences.
PCR Primers—The DNA primers were synthesized by the

Fasmac oligonucleotide service (Kanagawa, Japan). The prim-
ers usedwere as follows: 5�-ATGGAGGACGATGACAGCTA-
TGTC-3� (sense) and 5�-TCAGTGTCTCTTTGTGGAGGA-
GAC-3� (antisense) for mouse cytohesin-1; 5�-ATGGAGGAC-
GGTGTCTACGAG-3� (sense) and 5�-TCAGGGTTGTTCT-
TGCTTCTTCTTCAC-3� (antisense) for mouse cytohesin-2;
5�-ATGGACGAAGGCGGTGGCGGTG-3� (sense) and 5�-
CTATTTATTGGCAATCCTCCTTTTCCTCGTGGCC-
AAC-3� (antisense) for mouse cytohesin-3; 5�-ATGGATGTG-
TGTCACACAGATCCAG-3� (sense) and 5�-CTACTTGCC-
GACAATCTTCTTTTTCCGA-3� (antisense) for mouse cyto-
hesin-4; 5�-CTGGATGCTGCAGGGAAGACAAC-3� (sense)
and 5�-CTGAATGTACCAGTTCCTGTGGCGT3� (antisense)
for mouse Arf1; 5�-ATGGGCAATATCTTTGGGAACCTTCT-
GAAG-3� (sense) and 5�-TAGCATTCGGCAAATCCTGTTTG-
TTTGCAAAC-3� (antisense) for mouse Arf3; 5�-TCGGCAAG-
AAGCAGATGCGCATTTTG-3� (sense) and5�-CTGCAGACC-
TAGCTTGTCTGTCATCT-3� (antisense) for mouse Arf4;
5�-GAAGTTGGGGGAGATTGTCACCAC-3� (sense) and
5�-ACAGCCAGTCCAGCCCATCATACA-3� (antisense) for
mouse Arf5; 5�-AGTGCTATCCAAGATCTTCGGGAAC-
AAG-3� (sense) and 5�-CTGGATCTCATGGGGTTTCATG-
GCA-3� (antisense) for mouse Arf6. The control primers for
mouse �-actin were 5�-ATGGATGACGATATCGCTGCG-
CTC-3� (sense) and 5�-CTAGAAGCATTTGCGGTGCACG-
ATG-3� (antisense).
RT-PCR—Total RNA was extracted from 3T3-L1 cells using

aTrizol reagent (Invitrogen). The cDNAswere prepared from1
�g of total RNA with Superscript III (Invitrogen) according to
the manufacturer’s instructions. PCR amplification was per-
formed with ExTaq polymerase (Takara Bio) in 30 cycles, each
cycle consisting of denaturation at 94 °C for 1min, annealing at
58.5–61.5 °C (depending on the primer pair’s Tm value) for 1
min, and extension at 72 °C for 1 min.
Cell Culture—Unless otherwise described, mouse preadipo-

cyte 3T3-L1 cells and human embryonic kidney 293T cells were
cultured at 37 °C in Dulbecco’s modified Eagle’s medium con-
taining 10% heat-inactivated fetal bovine serum, 50 units/ml
penicillin, and 50mg/ml streptomycin. For themigrating assay,
cells were preincubated with or without 10�M cytohesin inhib-
itor SecinH3 (Compound ID 1029232; CAS no. 853625-60-2;
Merck) in the presence of 10 �M AraC. Less than 5% of cells
incorporated trypan blue after at least 10 h of culture in the
presence of 10 �M SecinH3 and/or 10 �M AraC.
Plasmid Transfection—For 3T3-L1 cells, the plasmids

encoding fluorescence proteins were transfected using the
Lipofectamine 2000 reagent (Invitrogen) or the cell line Amaxa
Nucleofector Kit (Lonza Group Ltd, Basel, Switzerland), each
according to its manufacturer’s protocols. For lipofection and

electroporation, the medium was replaced 4 and 24 h after
transfection, respectively. Unless otherwise indicated, cells
were cultured in medium containing fetal bovine serum for an
additional 24 or 44 h. For 293T cells, plasmidDNAswere trans-
fected into cells using the CalPhos transfection reagent (Clon-
tech). The fluorescent images were captured using an Eclipse
TE-300microscope system (Nikon, Tokyo, Japan) and analyzed
with AxioVision software (Carl Zeiss, Oberkochen, Germany).
siRNA Transfection—3T3-L1 cells were transfected with

siRNA oligonucleotides using a CrediaTF reagent (Credia,
Kyoto, Japan) according to the manufacturer’s protocols. The
medium was replaced 4 h after transfection, and cells were cul-
tured in medium containing fetal bovine serum for an addi-
tional 44 h.
Immunofluorescence—Cultured cells were fixed in 4%

paraformaldehyde in phosphate-buffered saline (PBS), blocked
with 20% heat-inactivated fetal bovine serum in PBS, 0.05%
Tween 20, incubated with each primary antibody for 12 h at
4 °C, and treated with fluorescence-labeled secondary antibod-
ies and/or fluorescence-labeled phalloidin (Invitrogen) in PBS,
0.1% Tween 20 for 0.5 h at room temperature. The coverslips
were mounted with Vectashield (Vector Laboratories, Bur-
lingame, CA) onto slides for confocal microscopic observation.
The confocal images were collected with an IX81 microscope
with a Laser-Scanning FV500 System (Olympus, Tokyo, Japan)
and analyzed with FluoView software (Olympus) and Adobe
Photoshop (contrast value, 50; Adobe, San Jose, CA).
Evaluation of Localization on the PlasmaMembrane and the

Focal Adhesion Region in the Cytoplasm—The cellular localiza-
tions of cytohesin-2, paxillin, vinculin, and actin were deter-
mined as described previously (27, 28). The localization of each
of these molecules was evaluated by means of fluorescence
intensity profiling of a typical line scan using ImageJ 1.42q
software.
Immunoblotting—Cells were lysed in lysis buffer B (50 mM

HEPES-NaOH (pH 7.5), 20 mM MgCl2, 150 mM NaCl, 1 mM

dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 1 �g/ml
leupeptin, 1 mM EDTA, 1 mM Na3VO4, 10 mM NaF, and 0.5%
Nonidet P-40), and the lysates were centrifuged at 14,000 rpm
for 10 min at 4 °C. The proteins in the supernatants were dena-
tured in Laemmli buffer (0.4 M Tris-HCl (pH 6.8), 0.2 M dithio-
threitol, 0.2% bromphenol blue, 4% SDS) and then subjected to
SDS-PAGE. The electrophoretically separated proteins were
transferred to polyvinylidene difluoride membranes, blocked
with a Blocking One reagent (Nacalai Tesque), and immuno-
blotted first with each primary antibody and then with peroxi-
dase-conjugated secondary antibodies. The bound antibodies
were detected using ECL or ECL-Plus reagent (GEHealthcare).
Immunoprecipitation—Cells were lysed with lysis buffer B.

The cell extracts were mixed with protein G-Sepharose CL-4B
(GE Healthcare) absorbed with the primary antibody. The
immune complexes were precipitated by means of centrifuga-
tion and washed three times with lysis buffer B. The immuno-
precipitates were boiled in sample buffer and then separated on
SDS-polyacrylamide gels. The bound proteins were detected
through immunoblotting.
In Vitro Arf1 and Arf6 Activity—3T3-L1 cells were plated on

60-mm dishes and stimulated after being scratched. The Arf1
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and Arf6 activities were measured as described (28, 29). Briefly,
cells were lysed in ice-cold lysis buffer. Samples were incubated
for 10 min at 4 °C and spun at 14,000 rpm for 10 min at 4 °C.
GST-GGA3 protein coupled to glutathione-Sepharose 4B was
added to each supernatant, and samples were rotated at 4 °C for
1 h. Proteins were eluted by being heated to 95 °C in Laemmli
buffer (0.4MTris-HCl (pH6.8), 0.2Mdithiothreitol, 0.2%brom-
phenol blue, 4% SDS) for 5 min, subjected to SDS-PAGE, and
immunoblotted.
Wound Closure Migration Assay—3T3-L1 cells were cul-

tured in 35- or 60-mm dishes and incubated at 37 °C for 0, 6, or
10 h with or without SecinH3 in the presence of 10 �M AraC.
The monolayers of confluent cells were scraped with the nar-
row end of a micropipette tip to generate wounds �50 �m in
width (30). The rate of wound healingwas quantified as follows:
rate of healing (%) � (width of wound at 0 h minus width of
wound at 0, 6, or 10 h/width of wound at 0 h) � 100.
In Vitro Binding Assay—Immobilized recombinant cytohe-

sin-2 PH�b protein wasmixed with recombinant GST-paxillin

LIM2 for 2 h at 4 °C. The complex was washed three times with
lysis buffer B, subjected to SDS-PAGE, and immunoblotted
with an anti-GST antibody. The Kd value was calculated
according to a Scatchard analysis.
Statistical Analysis—Values shown represent the means �

S.D. of data from separate experiments. ANOVA was followed
by Fisher’s protected least significant difference post hoc com-
parison (*, p 	 0.01).

RESULTS

Involvement of the Cytohesin Family in Migration of Mouse
Preadipocyte 3T3-L1 Cells—Preadipocytic cell lines such as the
3T3-L1 line are very useful in vitro models for studying hor-
monal regulation of adipocyte differentiation and metabolism
(31). The signaling mechanisms underlying preadipocyte
migration, however, remain largely unknown. In an attempt to
clarify these, we searched for endogenous intracellular proteins
that can regulate actin cytoskeleton/focal adhesion assembly
and turnover. In this searchwe used SecinH3, a newly identified
inhibitor specific to the cytohesin family of GEFs for Arf pro-
teins, on 3T3-L1 cells (32, 33).
In our wound healing assay the movement of 3T3-L1 cells

into artificial wounds was measured at 0, 6, and 10 h in the
presence or absence of SecinH3 (10 �M (32, 33)). As shown in
Fig. 1,A and B, themigration distances traveled by control cells
over periods of 6 and 10 h were 43 � 3 and 57 � 5 �m, respec-

FIGURE 1. SecinH3, a cytohesin family inhibitor, inhibits migration of
3T3-L1 cells. A, in the wound healing assay, 3T3-L1 cells were pretreated with
or without SecinH3 (10 �M). 3T3-L1 cell monolayers were wounded by scrap-
ing and observed microscopically at 0, 6, and 10 h. The position of the repre-
sentative healing edge of migrating cells at 0 h is indicated by a dashed line,
and those at 6 and 10 h are indicated by dotted lines. The scale bar indicates
100 �m. B, the rate of healing was calculated based on the width of the
wound at 6 h (left panel) and 10 h (right panel). C, 3T3-L1 cells were pretreated
with or without SecinH3 (0.1 and 10 �M) and cultured for 10 h. Data were
evaluated with one-way ANOVA (*, p 	 0.01).

FIGURE 2. Suppression of cytohesin-2, but not cytohesin-3, inhibits
migration of 3T3-L1 cells. A, in the wound healing assay 3T3-L1 cells were
transfected with an siRNA for control (luciferase), cytohesin-2, or cytohesin-3.
After siRNA treatment, 3T3-L1 cell monolayers were wounded by scraping
and observed microscopically at 0 and 6 h. The rate of healing was calculated
based on the width of the wound. Data were evaluated with one-way ANOVA
(*, p 	 0.01). B, RT-PCR of mouse cytohesin-2, cytohesin-3, and actin (as the
control) was performed using total RNA of 3T3-L1 cells treated with each type
of siRNA.
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tively, whereas those of SecinH3-treated cells were 16 � 4 and
23 � 2 �m. At both 6 and 10 h, SecinH3-treated cells had
traveled approximately half as far as control cells had. This phe-
nomenon is likely due to changes in the rate of cell migration
rather than to alterations in cell proliferation, considering the
fact that the experimental period was only 12 h. The experi-
ment was deliberately kept short to minimize the potential
effects of proliferation in the presence of AraC, an anti-mitotic
reagent. AraC treatment did not exert a significant effect on the
incorporation of trypan blue (less than 5% of treated cells incor-
porated trypan blue).
The effect of SecinH3 on cell migration was dependent on its

concentration (Fig. 1C), suggesting that this cytohesin family
GEF regulates 3T3-L1 cell migration through certain signaling
pathways. Less than 5% of cells incorporated trypan blue under
treatmentwith 0, 0.1, and 10�MSecinH3. These results suggest
that the cytohesin-Arf protein signaling unit may regulate
3T3-L1 migration.
The cytohesin family is composed of cytohesin-1, cytohesin-

2/ARNO, cytohesin-3/Grp1/ARNO3, and cytohesin-4 (11). To
determine which of these cytohesins is responsible for the
inhibitory effect of SecinH3, we performed RT-PCR using total
RNA of 3T3-L1 cells. RT-PCR analysis showed that 3T3-L1
cells express cytohesin-2, cytohesin-3, and, weakly, cytohe-
sin-1. Any expression of cytohesin-4 was below the detection

FIGURE 3. Suppression of Arf1 or Arf6 decreases wound closure of 3T3-L1
cells. A, in the wound healing assay 3T3-L1 cells were transfected with an
siRNA for control (luciferase), Arf1, or Arf6. 3T3-L1 cell monolayers were
wounded by scraping and observed microscopically at 0 and 6 h. The rate of
healing was calculated based on the width of the wound. Data were evalu-
ated with one-way ANOVA (*, p 	 0.01). B, cell lysates were immunoblotted
with an antibody against Arf1, Afr6, or actin.

FIGURE 4. Cytohesin-2, acting through Arf6 but not through Arf1, regulates
migration of 3T3-L1 cells. A, after 0- 30 scratches, cells were stimulated for 6 h,
and Arf1 activity levels were measured. Cells were lysed then affinity-precipitated
with a recombinant GST-GGA3 (200 ng) and immunoblotted with an anti-Arf1
antibody. Total Arf1 was detected using an anti-Arf1 antibody. In a parallel exper-
iment, applied GST-GGA3 was stained with Coomassie Brilliant Blue. B, after 0–30
scratches, cells were stimulated for 6 h, and Arf6 activity levels were measured.
Cells were lysed and affinity-precipitated with a recombinant GST-GGA3 and
immunoblotted with an anti-Arf6 antibody. Total Arf6 was detected using an
anti-Arf6 antibody. In a parallel experiment, applied GST-GGA3 was stained with
Coomassie Brilliant Blue. C, cells were transfected with an siRNA for control (lucif-
erase) or for cytohesin-2. After 0 or 30 scratches, cells were incubated for 6 h, and
Arf1 activity levels were measured, respectively. Cells were lysed and affinity-
precipitated with a recombinant GST-GGA3 and immunoblotted with the corre-
sponding antibody. Using aliquots of total lysates, total Arf1 was detected with
anti-Arf1 antibody. To confirm the effect of cytohesin-2 siRNA on its knockdown
specificity, RT-PCR of cytohesin-2 was performed using total RNA of 3T3-L1 cells
that had been treated with each siRNA. In a parallel experiment, applied GST-
GGA3 was stained with Coomassie Brilliant Blue. Data were evaluated with one-
way ANOVA (*, p 	 0.01). D, cells were transfected with an siRNA for control
(luciferase) or for cytohesin-2. After 0 or 30 scratches, cells were incubated for 6 h,
and Arf6 activity levels were measured, respectively. Cells were lysed and affinity-
precipitated with a recombinant GST-GGA3 and immunoblotted with the corre-
sponding antibody. Using aliquots of total lysates, total Arf6 were detected with
anti-Arf6 antibody. To confirm the effect of cytohesin-2 siRNA on its knockdown
specificity, RT-PCR of cytohesin-2 was performed using total RNA of 3T3-L1 cells
that had been treated with each siRNA. In a parallel experiment, applied GST-
GGA3 was stained with Coomassie Brilliant Blue. Data were evaluated with one-
way ANOVA (*, p 	 0.01).
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level (supplemental Fig. S1). Because the cytohesin family is the
GEF for Arf proteins, we next sought to determine which Arf
protein is expressed in 3T3-L1 cells. RT-PCR analysis showed
that all Arf proteins exist in 3T3-L1 cells (supplemental Fig. S2),
indicating that 3T3-L1 cells possess the cytohesin-2/3-Arf pro-
tein signaling unit and that this unit may be responsible for the
ability of SecinH3 to inhibit migration.
Cytohesin-2 Regulates CellMigration through Arf6 in 3T3-L1

Cells—Because cytohesin-2 and cytohesin-3 are primarily
expressed in 3T3-L1 cells, both or either may regulate cell
migration. Accordingly, we transfected siRNAoligonucleotides
specific for cytohesin-2, cytohesin-3, and control luciferase into
cells. The expression levels of cytohesin-2 and cytohesin-3were

specifically and markedly reduced
by transfection with siRNAs for
cytohesin-2 and cytohesin-3,
respectively, whereas the expres-
sion level of actin was unaffected, as
revealed by RT-PCR (Fig. 2B). In the
wound healing assay, we observed
that knockdown of cytohesin-2 sig-
nificantly inhibited migration after
6 h. In contrast, knockdown of cyto-
hesin-3 did not have an obvious
inhibitory effect on migration (Fig.
2A). These results suggest that cyto-
hesin-2 is the primary mediator of
the migration of 3T3-L1 cells.
Cytohesin-2 as a GEF is preferen-

tial for Arf1 and Arf6 (11). Accord-
ingly, we tested whether the sup-
pression of Arf1 or Arf6 by each
isoform siRNA had an effect on cell
migration. The expression levels of
Arf1 and Arf6 were specifically
reduced by transfection with Arf1
siRNA and Arf6 siRNA, respec-
tively, whereas the expressions of
other proteins were unaffected, as
revealed by immunoblotting analy-
sis (Fig. 3B). Knockdown of Arf1 or
Arf6 inhibited migration (Fig. 3A),
suggesting that Arf1 and Arf6 may
act downstream of cytohesin-2.
We next examined bona fide Arf

protein activity in 3T3-L1 cells.
We performed affinity precipitation
using the recombinant GST-tagged
N-terminal domain ofGGA3,which
binds to active GTP-bound forms of
Arf1 and Arf6. Endogenous active
Arf1 and Arf6 were present in
a scratch-number-dependent man-
ner 6 h after scratching (Fig. 4, A
and B).

Next, we confirmed that Arf1 and
Arf6 are regulated by cytohesin-2.
Knockdown of cytohesin-2 inhib-

ited scratch-inducedArf6 activation (Fig. 4D) but not Arf1 acti-
vation (Fig. 4C). These results indicate that cytohesin-2 is the
primary upstream regulator for Arf6 in this signaling pathway.
Interaction of Cytohesin-2 with Paxillin in 3T3-L1 Cells—

Cell migration is a complex process consisting of multiple cell
signaling steps, each of which requires cytoskeletal recognition
and the coordination of membrane trafficking. The migration
process is controlled by the regulated activities of many pro-
teins; one of these is paxillin, which modulates multipotent
associations between various signalingmolecules and cytoskel-
etal proteins (18, 19). Previously, we studied the relationship
between paxillin and small GTP-binding protein signals in cell
morphological changes (20–22, 26). These studies prompted us

FIGURE 5. Cytohesin-2, acting through Arf6, cooperates with paxillin at the leading edge of migrating
3T3-L1 cells. A, the plasmid encoding GFP-tagged cytohesin-2 was electroporated into 3T3-L1 cells, and cells
were immunostained using anti-GFP antibody and anti-paxillin antibody 6 h after scratching. Representative
confocal images of GFP-tagged cytohesin-2 (green) and endogenous paxillin (red) were collected with a con-
focal microscope system. Staining intensities measured according to pixel brightness were evaluated through
a fluorescence intensity (F.I.) profile of a typical line scan (lines 1 and 2). The lower panels (a) are high magnifi-
cation images of the areas boxed with white lines in the corresponding upper panels. The scale bar indicates 50
�m. B and C, 3T3-L1 cells were transfected with an siRNA for control (luciferase) or paxillin. B, cell monolayers
were wounded by scraping and observed microscopically at 0 and 6 h. The rate of healing was calculated based
on the width of the wound. C, after 0 or 30 scratches, the Arf6 GTP form was measured with GST-GGA3,
respectively. Cell lysates were immunoblotted with an antibody against paxillin, small GTP-binding protein, or
actin. Data were evaluated with one-way ANOVA (*, p 	 0.01).
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to investigate whether cytohesin-2 interacts with paxillin in
3T3-L1 cell migration. As shown in Fig. 5A, immunofluores-
cence labeling revealed that GFP-tagged cytohesin-2 was par-
tially colocalized with paxillin in the cell peripheral regions at
6 h after scratching. These colocalization data are consistent
with the finding that paxillin localizes to a greater degree in
membrane-ruffling surfaces or cell peripheral regions in

migrating cells (34, 35). In addition,
knockdown of paxillin inhibited
migration of 3T3-L1 cells (Fig. 5B)
and scratch-inducedArf6 activation
(Fig. 5C). The siRNA knockdown of
paxillin slightly decreased the basal
Arf6 activity. This reason may be
because paxillin is involved in regu-
lation of the network of signaling
molecules, including small GTP-
binding proteins. The expression
level of paxillin was specifically
reduced by transfection with siRNA
for paxillin, whereas the expression
levels of other proteins were unaf-
fected, as revealed by immunoblot-
ting. Thus, cytohesin-2, acting
through paxillin, may regulate Arf6
in 3T3-L1 cells.
The C-terminal Polybasic Region of

Cytohesin-2 Is Required for Binding to
the LIM2 Domain of Paxillin—Be-
cause cytohesin-2 partially colocal-
izes and interacts with paxillin in
migrating 3T3-L1 cells, we assessed
the direct interaction between pax-
illin and cytohesin-2. We first per-
formed co-immunoprecipitation of
endogenous paxillin with endoge-
nous cytohesin-2 from 3T3-L1 cell
lysates and found that cytohesin-2
formed an immune complex (Fig.
6A). It is possible that in 3T3-L1
cells cytohesin-2 may be the pri-
mary partner of paxillin among the
cytohesin family.
Next, to determinewhich domain

of cytohesin-2 interacts with paxil-
lin, we constructed four FLAG-
tagged truncated mutants of cyto-
hesin-2: the CC domain (amino
acids 1–59), the catalytic Sec7
domain (amino acids 60–254),
the phosphoinositide binding PH
domain plus C-terminal polybasic
region (PH�b) (amino acids 255–
400), and the isolated PH domain
(amino acids 255–386) (Fig. 6B).We
found that the FLAG-tagged PH�b
domain of cytohesin-2 was respon-
sible for interaction with GFP-pax-

illin (Fig. 6C). Interestingly, the cytohesin-2 PH�b domain also
binds to Arl4D, the other type of Arf protein, whereas the iso-
lated PH domain does not (28, 36); in a similar manner, the
interaction between cytohesin-2 and paxillin may require the
C-terminal polybasic region in addition to the PH domain.
Thus, we tested the possibility that the isolated C-terminal
polybasic region binds paxillin. As shown Fig. 6D, the GFP-

FIGURE 6. Specific interaction of cytohesin-2 with paxillin in cells. A, endogenous paxillin was immunopre-
cipitated from 3T3-L1 cell lysates using anti-paxillin antibody and immunoblotted with an anti-cytohesin-2
antibody. The total lysates were also used for immunoblotting with an anti-paxillin antibody or an anti-cyto-
hesin-2 antibody. B, the schematic structures of full-length cytohesin-2 and its domains are illustrated. C, 293T
cells were transfected with plasmids coding either FLAG-tagged cytohesin-2 domain (CC, Sec7, PH�b, PH) or
GFP-tagged full-length paxillin. After 48 h, cells were lysed, immunoprecipitated with an anti-FLAG antibody,
and immunoblotted with an anti-GFP antibody. The total lysates were also used for immunoblotting with an
anti-FLAG antibody or anti-GFP antibody. D, 293T cells were transfected with plasmids coding GFP-tagged
isolated C-terminal polybasic region of cytohesin-2 and RFP-tagged full-length paxillin. After 48 h, cells were
lysed, immunoprecipitated with an anti-RFP antibody, and immunoblotted with an anti-GFP antibody. The
total lysates were also used for immunoblotting with an anti-GFP antibody or anti-RFP antibody. E, the sche-
matic structures of full-length paxillin, and its domains are illustrated. F and G, 293T cells were transfected with
plasmids coding both FLAG-tagged full-length cytohesin-2 and one of the RFP-tagged paxillin domains. After
48 h, cells were lysed, immunoprecipitated with an anti-FLAG antibody, and immunoblotted with an anti-RFP
antibody. The total lysates were also used for immunoblotting with an anti-FLAG antibody or anti-RFP anti-
body. The squares with dotted lines indicate specific binding (F) compared with the negative control that does
not express FLAG-cytohesin-2 (G). Asterisks indicate nonspecific binding. IP, immunoprecipitation; IB,
immunoblotting.
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tagged isolated polybasic region of cytohesin-2 weakly coim-
munoprecipitated with RFP-tagged paxillin, suggesting that it
is the minimum interaction site with paxillin.
To determine which region of paxillin interacts with cytohe-

sin-2, we performed co-immunoprecipitation of RFP-tagged
LD1 (amino acids 1–140), LD2 (amino acids 141–207), LD3
(amino acids 208–260), LD4/5 (amino acids 261–320), LIM1
(amino acids 321–380), LIM2 (amino acids 381–440), or
LIM3/4 (amino acids 441–557) (Fig. 6E) with FLAG-tagged
cytohesin-2. The RFP-tagged LIM2 domain of paxillin co-im-
munoprecipitated with FLAG-tagged cytohesin-2 (Fig. 6F) as a
comparison with the negative control without FLAG-tagged
cytohesin-2 transfection shows (Fig. 6G). We further checked
the direct interaction of paxillin with cytohesin-2 using recom-
binant proteins. The recombinant GST-tagged paxillin LIM2
domain was produced in E. coli, and the FLAG-tagged cytohe-

sin-2 PH�b domain was produced
in 293T cells; each protein was puri-
fied for further examination (Fig.
7A). The GST-tagged paxillin LIM2
domain with the FLAG-tagged cyto-
hesin-2 PH�b domain exhibited a
specific band, whereas the sample
with GST protein and the FLAG-
tagged cytohesin-2 PH�b domain
exhibited no band (Fig. 7B).
To assess the interaction between

E. coli produced, GST-tagged paxil-
lin LIM2, and the 293T cell-pro-
duced FLAG-tagged cytohesin-2
PH�b domain before further analy-
sis, we performed an in vitro binding
assay. The dissociation constant
(Kd) was �0.2 �M (Fig. 7C), indicat-
ing that the association of paxillin
with cytohesin-2 is direct and signif-
icant. This association constant is
comparable with that of the GIT1
paxillin binding domain with paxil-
lin LD2 (25.1 � 0.2 �M) or LD4
motifs (7.0� 0.2�M) (38). Together
with the results shown in Figs. 6 and
7, this indicates that cytohesin-2
binds to paxillin and that the inter-
action occurs through the PH�b
domain and the LIM2 domain.
The LIM2 Domain of Paxillin

Plays an Important Role in Arf6
Activation—We next checked
whether the LIM2 domain of paxil-
lin is required for Arf6 activation.
Transfection with the plasmid
encoding the isolated LIM2 domain
(381–440) (Fig. 8B) into 3T3-L1
cells inhibited scratch-induced Arf6
activation (Fig. 8A), as did transfec-
tion with the LIM2 domain-defi-
cient paxillin mutant (Fig. 8, B and

D), which has no ability to bind to cytohesin-2 (Fig. 8C). These
results further support the idea that the LIM2 domain structur-
ally participates in the binding of paxillin to cytohesin-2 and the
regulation of Arf6 GEF activity in cells.
Migration of 3T3-L1 Cells Is Meditated through the Region

Containing the Polybasic Amino Acid Sequence of Cytohesin-2
and the LIM2 Domain of Paxillin—To investigate whether pax-
illin interacts functionally with cytohesin-2, we electroporated
plasmids encoding each RFP-tagged domain of paxillin into
3T3-L1 cells. The number of migrating RFP-positive cells was
counted 6 h after scratching and compared with the number of
migrating cells expressing only control RFP. Cells within the heal-
ing area were inhibited by transfection with the RFP-tagged
LD4/5, LIM1, and LIM2 domains of paxillin (Fig. 9,A–D) but not
by transfection with the RFP-tagged LD1, LD2, or LD3 domains
(Fig. 9,A andB). TheRFP-taggedLIM3/4domainmodestly inhib-

FIGURE 7. The cytohesin-2 PH�b domain directly interacts with the paxillin LIM2 domain in vitro. A, puri-
fied recombinant GST-tagged paxillin LIM2 domain (1 �g, left panel) and FLAG-tagged cytohesin-2 PH�b
domain (1 �g, right panel) were stained with Coomassie Brilliant Blue. B, 1 �M FLAG-tagged cytohesin-2 PH�b
domain was mixed for 2 h at 4 °C with 1 �M concentrations of either immobilized GST or GST-tagged paxillin
LIM2 domain and GST. Affinity-precipitated GST or GST-tagged LIM2 domain was subjected to SDS-PAGE
followed by immunoblotting with anti-GST antibody (upper panel). The LIM2 domain specifically bound to the
PH�b domain. Immobilized FLAG-tagged cytohesin-2 PH�b domain was stained with Coomassie Brilliant
Blue (lower panel). C, quantitative analysis of the interaction between FLAG-tagged cytohesin-2 PH�b domain
and GST-tagged paxillin LIM2 domain was performed. Various concentrations (0.04 –1.8 �M) of recombinant
GST-tagged paxillin LIM2 domain were added to immobilized FLAG-tagged cytohesin-2 PH�b domain (1 �M),
and each sample was washed and subjected to SDS-PAGE followed by immunoblotting with anti-GST antibody
(upper panel). The amount of bound versus free GST-tagged paxillin LIM2 is plotted. Scatchard analysis indi-
cated that the Kd was �0.2 �M (inset).
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itedmigration (Fig. 9,C andD). These inhibitory effects exhibited
by domains other than the LIM2 domain may be caused by the
existence of many other paxillin-interacting proteins (18, 19).
We next transfected plasmids encoding each GFP-tagged

domain of cytohesin-2. The number of migrating GFP-positive
cells was counted 6 h after scratching and compared with the
number of migrating cells expressing only control GFP. Cells
within the healing area were inhibited by transfection with the
GFP-tagged PH�b domain of cytohesin-2 and modestly by

transfection with the isolated PH
domain of cytohesin-2 but not by
transfection with the GFP-tagged
CC or Sec7 domains of cytohesin-2
(Fig. 10, A and B). The PH�b
domain is also known to be a mini-
mally functional domain that par-
ticipates in the interaction of cyto-
hesin-2 with the Arf family small
GTP-binding protein Arl4D and
that acts upstream of cytohesin-2 in
migrating cells (28, 36). Taken
together, these data indicate that
the paxillin-cytohesin-2 interaction
is involved in the migration of
3T3-L1 cells and that this is medi-
ated mostly by the LIM2 domain of
paxillin and possibly through the
region containing the polybasic
amino acid sequence of cytohesin-2.

DISCUSSION

Preadipocytes differentiate from
multipotent mesenchymal stem
cells, then migrate to various sites
where they undergo adipogenesis
into mature adipocytes (3, 39).
Although an array of transcription
factors are known to control adipo-
cyte differentiation, the mechanism
underlying preadipocyte migration
remains poorly understood. Here,
using the preadipocyte 3T3-L1 cell
line as a model, we have discovered
a key signaling pathway through Arf
protein, the small GTP-binding
protein involved in cellular mor-
phological changes essential for cell
migration.
A large part of the signaling

mechanism underlying 3T3-L1 cell
migration is mediated by the Arf
GEF cytohesin-2 and Arf6. This
conclusion is supported by our
observation that inhibition of cyto-
hesin-2 or Arf6 with a pharmaco-
logical inhibitor or knockdown of
the specific molecule through RNA
interference attenuates migration

and by our observation that cytohesin-2-dependent Arf6 activ-
ity is stimulated in a scratch-dependent manner. Importantly,
3T3-L1 cell migration requires the interaction of paxillin with
cytohesin-2. This interaction occurs between the LIM2 domain
of paxillin and the C-terminal PH domain in tandem with a
short polybasic amino acid sequence of cytohesin-2. Expression
of the LIM domain or C-terminal region containing the PH
domain in cells results in an inhibitory effect on migration.
These results demonstrate that migration of 3T3-L1 cells

FIGURE 8. Role of paxillin LIM2 domain in interaction with cytohesin-2. A, 3T3-L1 cells were electroporated
with RFP and RFP-paxillin LIM2 domain. After 0 or 30 scratches, cells were incubated for 6 h, and Arf6 activity
was measured, respectively. Cells were lysed, affinity-precipitated with GST-GGA3, and immunoblotted with
the corresponding antibody. B, the schematic structures of paxillin wild type, isolated paxillin LIM2 domain,
and paxillin �LIM2 domain are shown. C, 293T cells were transfected with various combinations of plasmids of
pEGFP-paxillin, pEGFP-paxillin �LIM2 domain, and p3�FLAG-cytohesin-2. After 48 h, cells were lysed, and
supernatants were incubated with an anti-FLAG antibody and collected with protein G-Sepharose CL-4B. After
washing the resin with ice-cold lysis buffer, bound proteins as well as total lysate were separated by SDS-PAGE
and detected by Western blotting with antibodies against FLAG tag and GFP-tag. IP, immunoprecipitation; IB,
immunoblotting. D, 3T3-L1 cells were electroplated with RFP and RFP-paxillin �LIM2 domain. After 0 or 30
scratches, cells were incubated for 6 h, and Arf6 activity was measured, respectively. Cells were lysed, affinity-
precipitated with GST-GGA3, and immunoblotted with the corresponding antibody.
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involves a previously unknown functional signaling unit,
namely, the cytoskeletal scaffold protein paxillin-Arf GEF cyto-
hesin-2 complex.
It is clear thatcytohesin-2, acting throughArf6, regulatesmigra-

tion of 3T3-L1 cells, but other GEFs for Arf6 may also participate
inmigration. EFA6 andBRAG family proteins aswell as cytohesin
family proteins are also GEFs for Arf6 (11). All of these GEFs con-
sist of similar domains organized in a similarmanner; the catalytic
Sec7 domain is in tandemwith the PHdomain and the coiled-coil
region.TheEFA6 familyofproteins is composedof fourmembers:
EFA6A, EFA6B, EFA6C, and EFA6D. EFA6B and EFA6D are
widely expressed in tissues, whereas EFA6A and EFA6C are pre-

dominantly expressed in brain tissues
(14, 15). The BRAGs include three
members, among which BRAG2
shows ubiquitous expression; in con-
trast, BRAG1andBRAG3display pri-
mal expression in the brain (16). It is
conceivable that EFA6A, EFA6E,
and/or BRAG2 could act together
with cytohesin-2 in 3T3-L1 cell
migration.
It is worth noting that cytohesin

family proteins also act as GEFs for
Arf1, as migration also involves
Arf1. Moreover, 3T3-L1 cells weakly
express other cytohesin family pro-
teins in addition to cytohesin-2.
TheseGEFsmayactupstreamofArf1
and controlmigration, at least in part.
Alternatively, the well characterized
brefeldin A-sensitive GEFs may be
upstream regulators of Arf1 in this
signaling pathway. In fact, BIG1
mediates migration of HepG2 cells
(40), and BIG2 promotes neural pro-
genitor cell migration in the cerebral
cortex (41). It will be interesting to
study how the GEFs for Arf1 and/or
Arf6 cooperatively regulate 3T3-L1
cell migration.
Paxillin plays crucial roles in

cytoskeletal organization, cell adhe-
sion, migration, and cellular mor-
phological changes (18, 19). It is a
multidomain adaptor or scaffold
protein that links extracellular sig-
nals from cell adhesion proteins and
growth factor receptors to intracel-
lular signaling proteins through
direct interaction and/or phosphor-
ylation-dependent association. Here-
in, we identify the Arf GEF cytohe-
sin-2 as a novel binding partner of
paxillin. Paxillin is already known to
form a complex with some Arf
GAPs, including G protein-coupled
receptor kinase-interacting protein

1 (GIT1; also called Cat-1/p95-APP1), GIT2 (also called Cat-2/
p95-APP2/PKL), Arf GAP with Src homology 3 domain,
ankyrin repeats, and PH domains 2 (ASAP2; also called PAP/
AMAP2/DEF1/PAG3) (42, 43). GIT2 displays nearly ubiqui-
tous expression in tissues, whereas GIT1 appears to be
expressed only in endothelial cells. GIT1/2 binds to the LD4
domain of paxillin (42). ASAP2, which ubiquitously expresses
in tissues, binds to the N-terminal region involving all LD
domains (44). Because the paxillin-binding sites of Arf GAPs
GIT1/2 andASAP2 are different from that of cytohesin-2, these
Arf GAPs and cytohesin-2 can bind to paxillin simultaneously.
Interestingly, GIT1/2 also exists as a tight physiological com-

FIGURE 9. Effects of paxillin domains on 3T3-L1 cell migration. A, in the wound healing assay, a plasmid
encoding either RFP or one of the RFP-tagged paxillin domains (LD1-LD4/5) was electroporated into 3T3-L1
cells. 3T3-L1 cell monolayers were wounded by scraping and were observed microscopically at 6 h. Images for
phase contrast (left panel) and RFP fluorescent images (right panel) were obtained at 0 and 6 h. The position of
the representative healing edge of migrating cells at 0 h is indicated by a dashed line, and that at 6 h is indicated
by a dotted line. The scale bar indicates 100 �m. B, based on the images described above in A, the population of
RFP-positive cells within each healing area was measured. Values are expressed relative to the healing area of
RFP (control)-expressing cells. C, in the wound healing assay, a plasmid encoding RFP or one of the RFP-tagged
paxillin domains (LIM1-LIM3/4) was electroporated into 3T3-L1 cells. 3T3-L1 cell monolayers were wounded by
scraping and observed microscopically at 6 h. Images for phase contrast (left panel) and RFP fluorescent images
(right panel) were obtained at 0 and 6 h. The position of the representative healing edge of migrating cells at 0 h
is indicated by a dashed line, and that at 6 h is indicated by a dotted line. The scale bar indicates 100 �m. D, based
on the images described above in C, the population of RFP-positive cells within each healing area was mea-
sured. Values are expressed relative to the healing area of RFP (control)-expressing cells. Data were evaluated
with one-way ANOVA (*, p 	 0.01).
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plex with p21-activated kinase-interacting exchange factor
(PIX)/Cool proteins, the GEFs for Rac and Cdc42, members of
the Rho family of small GTPases (45). In addition, CdGAP, a
GAP for Rho GTPases, interacts with paxillin (46). Cell migra-
tion involves dynamic cytoskeletal changes and intracellular
membrane traffic and is mediated by organized cycles of on/off
switch mechanisms in signaling molecules. Paxillin may pro-

vide a platform for small GTP-binding protein regulators,
including the GEFs andGAPs for the Arf and Rho proteins; this
idea is consistent with our observation that expression of
domains other than the LIM2 domain in cells partially inhibits
migration of 3T3-L1 cells.
Cytohesin-2 may regulate 3T3-L1 cell migration not only

through paxillin but also through other known binding part-
ners. Some cytohesin family binding proteins have been identi-
fied and characterized. The coiled-coil domain provides a bind-
ing site with other coiled-coil domain-containing proteins,
including Grp1 signaling partner (GRSP)1/mKIAA1013 (47),
Grp1-associated scaffold protein (GRASP)/tamalin (48, 49),
cytohesin-associated scaffold protein (CASP)/Cybr/cytohesin-
interacting protein (CYTIP) (50–52), and interaction protein
for cytohesin exchange factor (IPCEF) 1/KIAA0403 (53).
Although CASP probably interacts specifically with cytohe-
sin-1, GRSP1, GRASP, and IPCEF can bind to most cytohesin
proteins. These adaptor-like proteins may be involved in this
signaling pathway, although their precise roles in cell migration
are not yet thoroughly understood.
It is well established that Arf6 directly activates phospha-

tidylinositol-4-phosphate 5-kinases and phospholipase D
isoenzymes in many types of cells (6, 8, 10). Phosphatidylino-
sitol-4-phosphate 5-kinases and phospholipase D isoenzymes
participate in actin cytoskeletal changes that generate phos-
phoinositides and phospholipids as the products. These lipid-
modifying enzymes may, therefore, act as the functional effec-
tors downstream of Arf6 in this signaling pathway.
Alternatively, cytohesin-2 and Arf6 may regulate Rac, which
contributes to actin cytoskeletal changes. Arf6 activation of Rac
is proposed to be mediated by the Rac-GEF Dock180-engulf-
ment and cell motility (ELMO) complex (54). Montagnac et al.
(55) have recently reported that c-JunN-terminal kinase (JNK)-
interacting protein (JIP) 3 and JIP4 are targets of Arf6. JIP3/4
may mediate migration of 3T3-L1 cells, as it forms a complex
with kinesin-1 and dynactin to control the microtube-depen-
dent endosome trafficking required for migration. Because
theseArf6 effectors are involved in basic cellular functions such
as phosphoinositide cycling and intracellular trafficking, it is
conceivable that they also function coordinately in this signal-
ing pathway.
In this study we show for the first time that paxillin forms a

functional complex with the Arf-GEF cytohesin-2 to mediate
scratch-induced migration of 3T3-L1 preadipocytes before the
initiation of differentiation to adipocytes. It is known that
adipogenesis is regulated by activities of small GTP-binding
proteins (56, 57). For example, RhoA regulates adipogenesis
(37) and maintains the cell morphology of primary mesenchy-
mal stem cells. Inhibition of RhoA and the downstream Rho
kinase leads to differentiation to adipocytes. Similarly, our pre-
liminary data show that inhibition of cytohesin family proteins
by means of the pharmacological inhibitor SecinH3 promoted
differentiation of 3T3-L1 cells (data not shown). As in the case
of RhoA, Arf6 activity may support the preservation of the
undifferentiated phenotype as well as migration. Further stud-
ies on the role of the cytohesin-2-Arf6 signaling pathway in
3T3-L1 cells and also in primary cells will advance our under-
standing of the involvement of small GTP-binding protein

FIGURE 10. Effects of cytohesin-2 domains on 3T3-L1 cell migration. A, in
the wound healing assay, a plasmid encoding GFP or one of the GFP-tagged
cytohesin-2 domains was electroporated into 3T3-L1 cells. 3T3-L1 cell mono-
layers were wounded by scraping and observed microscopically at 6 h.
Images for phase contrast (left panel) and GFP fluorescent images (right panel)
were obtained at 0 and 6 h. The position of the representative healing edge of
migrating cells at 0 h is indicated by a dashed line, and that at 6 h is indicated
by a dotted line. The scale bar indicates 100 �m. B, based on the images
described above in A, the population of GFP-positive cells within each healing
area was measured. Values are expressed relative to the healing area of GFP
(control)-expressing cells. Data were evaluated with one-way ANOVA (*, p 	
0.01).
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activity in adipocyte differentiation. In addition, because inhi-
bition of cytohesin-2 in vivo results in hepatic insulin resistance
(32, 33) and insulin resistance is a hallmark of type 2 diabetes,
inhibition of this signaling pathway through cytohesin-2 is
closely associated with pathological changes. Conversely, if this
pathway is properly regulated, it may present a means for
improving type 2 diabetes. Elucidation of the details of this
pathway molecular mechanism and of the cytohesin-2 role
therein may contribute to the development of drug target-spe-
cific medicines for type 2 diabetes.

Acknowledgments—We thank Drs. M. Imagawa (Nagoya City Uni-
versity) and M. Nishizuka (Nagoya City University) for providing
3T3-L1 cells and for participation in helpful discussions.

REFERENCES
1. Lazar, M. A. (2005) Science 307, 373–375
2. Rosen, E. D., and Spiegelman, B. M. (2006) Nature 444, 847–853
3. Gálvez, B. G., SanMartín, N., and Rodríguez, C. (2009) PLoSONE 4, e4444
4. Odegaard, J. I., Ricardo-Gonzalez, R. R., Goforth, M. H., Morel, C. R.,

Subramanian, V., Mukundan, L., Red Eagle, A., Vats, D., Brombacher, F.,
Ferrante, A. W., and Chawla, A. (2007) Nature 447, 1116–1120

5. MacDougald, O. A., and Lane, M. D. (1995) Annu. Rev. Biochem. 64,
345–373

6. Hall, A. (1998) Science 279, 509–514
7. Kahn, R. A., Kern, F. G., Clark, J., Gelmann, E. P., and Rulka, C. (1991)

J. Biol. Chem. 266, 2606–2614
8. Kahn, R. A., Cherfils, J., Elias, M., Lovering, R. C., Munro, S., and Schur-

mann, A. (2006) J. Cell Biol. 172, 645–650
9. Donaldson, J. G., and Honda, A. (2005) Biochem. Soc. Trans. 33, 639–642
10. D’Souza-Schorey, C., and Chavrier, P. (2006) Nat. Rev. Mol. Cell Biol. 7,

347–358
11. Casanova, J. E. (2007) Traffic 8, 1476–1485
12. DiNitto, J. P., Delprato, A., Gabe Lee, M. T., Cronin, T. C., Huang, S.,

Guilherme, A., Czech, M. P., and Lambright, D. G. (2007) Mol. Cell 28,
569–583

13. Niu, T. K., Pfeifer, A. C., Lippincott-Schwartz, J., and Jackson, C. L. (2005)
Mol. Biol. Cell 16, 1213–1222

14. Franco, M., Peters, P. J., Boretto, J., van Donselaar, E., Neri, A., D’Souza-
Schorey, C., and Chavrier, P. (1999) EMBO J. 18, 1480–1491

15. Luton, F., Klein, S., Chauvin, J. P., Le Bivic, A., Bourgoin, S., Franco, M.,
and Chardin, P. (2004)Mol. Biol. Cell 15, 1134–1145

16. Murphy, J. A., Jensen, O. N., and Walikonis, R. S. (2006) Brain Res. 1120,
35–45

17. Yano, H., Kobayashi, I., Onodera, Y., Luton, F., Franco, M., Mazaki, Y.,
Hashimoto, S., Iwai, K., Ronai, Z., and Sabe, H. (2008) Mol. Biol. Cell 19,
822–832

18. Brown, M. C., and Turner, C. E. (2004) Physiol. Rev. 84, 1315–1339
19. Deakin, N. O., and Turner, C. E. (2008) J. Cell Sci. 121, 2435–2444
20. Yamauchi, J., Miyamoto, Y., Sanbe, A., and Tanoue, A. (2006) Exp. Cell

Res. 312, 2954–2961
21. Miyamoto, Y., Yamauchi, J., Chan, J. R., Okada, A., Tomooka, Y.,

Hisanaga, S., and Tanoue, A. (2007) J. Cell Sci. 120, 4355–4366
22. Yamauchi, J., Miyamoto, Y.,Murabe,M., Fujiwara, Y., Sanbe, A., Fujita, Y.,

Murase, S., and Tanoue, A. (2007) Exp. Cell Res. 313, 1886–1896
23. Yamauchi, J., Miyamoto, Y., Chan, J. R., and Tanoue, A. (2008) J. Cell Biol.

181, 351–365
24. Goda, N., Tanoue, A., Kikuchi, S., and Tsujimoto, G. (2000) Biochim.

Biophys. Acta 1493, 195–199
25. Koga, H., Yuasa, S., Nagase, T., Shimada, K., Nagano, M., Imai, K., Ohara,

R., Nakajima, D., Murakami, M., Kawai, M., Miki, F., Magae, J., Inamoto,
S., Okazaki, N., and Ohara, O. (2004) DNA Res. 11, 293–304

26. Yamauchi, J., Miyamoto, Y., Kusakawa, S., Torii, T., Mizutani, R., Sanbe,

A., Nakajima, H., Kiyokawa, N., and Tanoue, A. (2008) Exp. Cell Res. 314,
2279–2288

27. Nagel, W., Schilcher, P., Zeitlmann, L., and Kolanus, W. (1998)Mol. Biol.
Cell 9, 1981–1994

28. Li, C. C., Chiang, T. C., Wu, T. S., Pacheco-Rodriguez, G., Moss, J., and
Lee, F. J. (2007)Mol. Biol. Cell 18, 4420–4437

29. Yamauchi, J., Miyamoto, Y., Torii, T., Mizutani, R., Nakamura, K., Sanbe,
A., Koide, H., Kusakawa, S., and Tanoue, A. (2009) Exp. Cell Res. 315,
2043–2052

30. Tan, I., Yong, J., Dong, J. M., Lim, L., and Leung, T. (2008) Cell 135,
123–136

31. Green, H., and Kehinde, O. (1976) Cell 7, 105–113
32. Fuss, B., Becker, T., Zinke, I., and Hoch, M. (2006) Nature 444, 945–948
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