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(Background: FilGAP is a Rac GTPase-activating protein, but regulation via phosphorylation has not been previously

Results: Phosphorylation of FilGAP at serine 402 is necessary to activate FilGAP to suppress cell spreading on fibronectin.
Conclusion: Serine 402 is a critical phosphorylation site to regulate FilGAP activity.
Significance: This study showed that regulation of FilGAP by phosphorylation may play a role in integrin-mediated cell

J

FilGAP is a Rho GTPase-activating protein (GAP) that specif-
ically regulates Rac. FilGAP is phosphorylated by ROCK, and
this phosphorylation stimulates its RacGAP activity. However,
it is unclear how phosphorylation regulates cellular functions
and localization of FilGAP. We found that non-phosphorylat-
able FilGAP (ST/A) mutant is predominantly localized to the
cytoskeleton along actin filaments and partially co-localized
with vinculin around cell periphery, whereas phosphomimetic
FilGAP (ST/D) mutant is diffusely cytoplasmic. Moreover, phos-
phorylated FilGAP detected by Phos-tag is also mainly localized
in the cytoplasm. Of the six potential phosphorylation sites in
FilGAP tested, only mutation of serine 402 to alanine (S402A)
resulted indecreased cell spreading on fibronectin. FilGAP phos-
phorylated at Ser-402 is localized to the cytoplasm but not at the
cytoskeleton. Although Ser-402 is highly phosphorylated in
serum-starved quiescent cells, dephosphorylation of Ser-402 is
accompanied with the cell spreading on fibronectin. Treatment
of the cells expressing wild-type FilGAP with calyculin A, a Ser/
Thr phosphatase inhibitor, suppressed cell spreading on
fibronectin, whereas cells transfected with FilGAP S402A
mutant were not affected by calyculin A. Expression of consti-
tutively activate Arf6 Q67L mutant stimulated membrane bleb-
bing activity of both non-phosphorylatable (ST/A) and phos-
phomimetic (ST/D) FilGAP mutants. Conversely, depletion of
endogenous Arf6 suppressed membrane blebbing induced by
FilGAP (ST/A) and (ST/D) mutants. Our study suggests that
Arf6 and phosphorylation of FilGAP may regulate FilGAP, and
phosphorylation of Ser-402 may play a role in the regulation of
cell spreading on fibronectin.

Rho family small GTPases (Rho GTPases) are involved in the
control of actin cytoskeleton and membrane dynamics and play
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essential roles in many cellular functions such as cell adhesion,
cell migration, and vesicle trafficking (1- 6). Rho GTPases func-
tion as molecular switches in cells. They exist in either an inac-
tive GDP-bound state or an active GTP-bound state; in the
active state, they stimulate downstream effectors. This cycle is
mainly regulated by two classes of proteins. Guanine nucleotide
exchange factors activate Rho GTPases by loading GTP,
whereas GTPase-activating proteins (GAPs)> facilitate the
inactivation of Rho GTPases by stimulating their intrinsic
GTPase activity (7-11).

FilGAP is a Rac-specific GAP that suppresses Rac-dependent
lamellipodia formation and cell spreading (12-20). Phospho-
rylation of FilGAP by Rho/Rho-associated protein kinase
(ROCK) stimulates its Rac GAP activity (12). Depletion of
endogenous FilGAP by siRNA induces a Rac-driven elongated
mesenchymal morphology. Conversely, overexpression of Fil-
GAP induces membrane blebbing and a rounded amoeboid
morphology contingent upon Rho/ROCK-dependent phos-
phorylation of FilGAP (18). Thus, FilGAP mediates antagonism
of Rac by Rho, which suppresses the elongated mesenchymal
morphology and promotes rounded amoeboid migration (18,
19, 21, 22).

Although Rho/ROCK-dependent phosphorylation of Fil-
GAP stimulates its RacGAP activity in vivo, such phosphoryla-
tion has no effect on the catalytic activity of FIlGAP in vitro (12).
In this report we present evidence that phosphorylation of Fil-
GAP may regulate its subcellular localization. We also show
that Ser-402 is an important phosphorylation site for the regu-
lation of FilGAP activity.

Experimental Procedures

Proteins and Plasmids—The HA-tagged FilGAP (wild-type,
ST/D, ST/A, S391A, S402A, S413A, S415A, S437A, and T452A)
constructs in pCMV5 vector were described previously (12, 18).
The HA-tagged Arf6 (Q67L) construct in the pcDNA vector
was provided by Dr. Nakayama (Kyoto University, Kyoto,
Japan). Arf6 siRNA-resistant construct (HA-Arf6 Q67LF) was

2The abbreviations used are: GAP, GTPase-activating protein; ROCK, Rho/
Rho-associated protein kinase; ANOVA, analysis of variance.
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generated by introducing 5 silent point mutations to siRNA
targeting sequence (nucleotides 73—-97). The final mutant was
changed into ?’GGTAAGACTACAATTCTTTACAAAT® by
PCR. The FLAG-tagged FilGAP (wild-type, ST/D, and ST/A)
constructs in pCMV5 vector were described previously (20).

Cell Culture—HEK 293, HeLa, COS-7, and MDA-MB-231
cells were grown at 37 °C in DMEM (Sigma) supplemented with
10% (v/v) fetal bovine serum (FBS) and 50 units/ml penicillin/
streptomycin at 37 °C. The human melanoma cell lines A7 were
grown in minimum Eagle’s medium (Sigma) supplemented
with 2% FBS, 8% newborn calf serum, 50 units/ml penicillin/
streptomycin, and 50 ug/ml Geneticin at 37 °C. For transfec-
tion, cells were transfected with plasmid DNA using Lipo-
fectamine 2000 as described by the manufacturers (Invitrogen).
Immunofluorescent staining was performed as described (12).
Briefly, cells plated on coverslips were fixed in 3.7% formalde-
hyde, permeabilized in 0.5% Triton X-100, and stained with
anti-HA or other antibodies. For cytoskeletal staining, cells
were washed once by PHEM buffer (20 mm PIPES, 2 mm MgCl,
50 mm KCL, 5 mm EGTA, 5 mM DTT, and 1 mm ATP), permea-
bilized in PHEM buffer containing 0.5% Triton X-100 for 2 min,
and then fixed in PHEM buffer containing 3.7% formaldehyde
at room temperature. For visualization of F-actin, cells were
stained with Alexa Fluor 568-conjugated phalloidin in PBS for
1 h. Cells were observed under an Olympus IX81 fluorescence
microscope (Olympus, Tokyo, Japan). Images were acquired by
a charge-coupled device camera (ORCA-ER; Hamamatsu pho-
tonics, Hamamatsu, Japan) with constant exposure time (300
ms for transfected cells and 1 s for detecting endogenous pro-
tein) and analyzed by MetaMorph software (Molecular
Devices, Sunnyvale, CA).

Antibodies—Mouse anti-HA (12CA5) antibody was pur-
chased from Roche Applied Science. Mouse monoclonal anti-
a-tubulin and anti-vinculin antibodies were purchased from
Sigma. Mouse monoclonal anti-vimentin antibody was pur-
chased from Dako Cytomation. Mouse monoclonal anti-Arf6
antibody was purchased from Santa Cruz Biotechnology. Poly-
clonal antibodies against FilGAP were raised in rabbits and
purified as described previously (20). Secondary antibodies
conjugated to Alexa Fluor 488 or 568 and Alexa Fluor 568-
phalloidin were also purchased from Invitrogen. Rabbit anti-
Ser(P)-402 FilGAP polyclonal antibody was directed against
amino acid residues 397—-407 (CGSKTNpSPKNSV) of human
FilGAP protein. The peptide was coupled through cysteine at
the NH,-terminal residue to keyhole limpet hemocyanin (KLH)
and was used to raise the antiserum. The antiserum specific to
Ser(P)-402 FilGAP was affinity-purified with the immobilized
peptides. The first column contains phosphorylated peptides
(CGSKTNpSPKNSV), and the second column holds non-phos-
phorylated peptide (CGSKTNSPKNSV). The animal experi-
ments were carried out in strict accordance with the protocols
approved by committee of Kitasato University (No.SA1010).
All efforts were made to minimize animal suffering.

Cell Spreading Assay—A cell spreading assay was performed
as described (12). Briefly, quiescent cells were trypsinized and
suspended in serum-free minimum Eagle’s medium containing
0.2% BSA (Calbiochem) and incubated as a suspension for 1 h at
37 °C. Cells were then plated on fibronectin-coated cover slips
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and incubated for the indicated time periods at 37 °C. The cells
were fixed and processed for immunofluorescence staining. For
immunoblotting, cells were washed twice with 2 ml of PBS and
suspended with 200 ul of lysis buffer (radioimmune precipita-
tion assay buffer) containing 50 mm Tris-HCI (pH 7.4), 500 mm
NacCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
1 mMEDTA, 1 mm sodium orthovanadate, 30 mm sodium pyro-
phosphate, and 50 mM sodium fluoride with protease inhibi-
tors. The cell lysates were precleared, the supernatants were
collected and subjected to SDS-PAGE, and proteins were
detected by immunoblot using anti-HA or anti-Ser(P)-402
antibody.

Subcellular Fractionation—Cells transfected with HA-Fil-
GAP were washed twice with 2 ml of PBS and lysed in 120 ul of
PHEM buffer containing 0.5% Triton X-100 with protease
inhibitors. Cell suspensions were collected with a rubber
policeman and centrifuged at 21,600 X g for 3 min. Supernatant
fluids were removed, and the pellets were suspended in 120 ul
of PBS containing 1% SDS. Fractions were subjected to SDS-
PAGE, and proteins were detected by immunoblot using
anti-HA antibody. The relative amount of HA-FilGAP protein
in the cytoskeleton and supernatant was quantitated from dig-
itized images of immunoblots by using the Image ] analysis
program.

Dephosphorylation Assay—HA-FilGAP protein was immu-
noprecipitated using anti-HA-agarose beads from HEK cells
transfected with pCMV5-HA-FilGAP. After immunoprecipita-
tion, the anti-HA beads were washed once with PBS and then
three times with calf intestine alkaline phosphatase reaction
buffer (TaKaRa) containing 10 mm Tris-HCl (pH 9.0) and 1 mm
MgCl,. The precipitates were resuspended in 40 ul of calf intes-
tine alkaline phosphatase buffer with or without 20 units of calf
intestine alkaline phosphatase (TaKaRa). The beads were incu-
bated for 30 min at 37 °C in the presence or absence of phos-
phatase inhibitors containing 10 mm sodium fluoride, 2 mm
B-glycerophosphate, and 2 mm sodium pyrophosphate. The
reaction was terminated by adding 10 ul of 1% SDS, boiled for 5
min, and centrifuged. The supernatants were collected and sub-
jected to SDS-PAGE. Bound-proteins were detected by immu-
noblot using anti-HA or anti-Ser(P)-402 antibody. For phos-
phatase inhibitor (calyculin A) treatment, A7 cells transfected
with HA-FilGAP were serum-starved. The quiescent cells were
incubated with 10 uM calyculin A (Cell Signaling) for 30 min at
37 °C. After treatment, the cells were washed 3 times with 2 ml
of PBS, lysed by 120 ul of lysis buffer (radioimmune precipita-
tion assay buffer) containing 50 mm Tris-HCI (pH 7.4), 500 mm
NacCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
1 mmMm EDTA, 1 mM sodium orthovanadate, 30 mm sodium pyro-
phosphate, and 50 mM sodium fluoride with protease inhibi-
tors, and centrifuged at 200,000 X g for 20 min. The superna-
tants were collected and subjected to SDS-PAGE. Bound
proteins were detected by immunoblot using anti-HA or anti-
Ser(P)-402 antibody.

Phos-tag SDS-PAGE—Phos-tag SDS-PAGE using a 6% poly-
acrylamide gel containing 25 um Phos-tag acrylamide (Wako
Chemicals) and 100 um MnCl, was also carried out according
to the manufacturer’s instructions.
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Statistical Analysis—The statistical significance was assessed
by two-tailed unpaired Student’s ¢ test or one-way analysis of
variance (ANOVA).

RNA Interference—siRNA oligonucleotides were purchased
from Invitrogen. The targeting sequence of Arf6 was
5'-GGCAAGACAACAAUCCUGUACAAGU-3'. The target-
ing sequence of FilGAP was 5'-CAGUGGUAAAUUACAAC-
CUCCUCAA-3'. A7 cells were transfected with Arf6 siRNA
using Lipofectamine 2000. COS-7 cells were transfected with
FilGAP siRNA using Lipofectamine 2000. Forty-eight hours
after transfection, the levels of each protein were measured by
Western blot analysis using anti-Arf6 or anti-FilGAP antibody.

Results

Phosphorylation of FilGAP Regulates Its Subcellular
Localization—We have shown previously that a FilGAP
mutant with all potential phosphorylation sites mutated to ala-
nine (ST/A) failed to function as a RacGAP in cells, whereas a
FilGAP mutant with all potential phosphorylation sites
mutated to phosphomimetic aspartic acid (ST/D) suppressed
Rac-driven lamellae formation in vivo. However, it is unclear
how phosphorylation regulates FilGAP. To determine whether
phosphorylation regulates subcellular localization of FilGAP,
we compared the localization of non-phosphorylatable (ST/A)
and phosphomimetic (ST/D) FilGAP mutants. We found
>40% of the ST/A mutant in the Triton X-100 insoluble frac-
tion (i.e. the cytoskeleton), whereas <20% of the ST/D mutant
was found in this fraction (Fig. 1, A and B). We next analyzed
the localization of phosphorylated FilGAP using Phos-tag SDS-
PAGE. Phosphorylated proteins can be detected by their
delayed migration in Phos-tag SDS-PAGE gels (23, 24). When
FilGAP protein immunoprecipitated from transfected cells
(HA-FilGAP) was resolved by Phos-tag SDS-PAGE, the migra-
tion of non-phosphorylatable FilGAP (ST/A) protein was much
faster than that of wild-type FilGAP protein (Fig. 1C). This sug-
gests that the serine and threonine residues mutated to alanine
are major phosphorylation sites in vivo. Moreover, although
phosphorylated FilGAP was mainly recovered in the Triton
X-100 soluble fraction, the mobility of non-phosphorylatable
FilGAP (ST/A) did not differ between Triton X-100 soluble and
insoluble fractions (Fig. 1C). To further demonstrate that phos-
phorylation is responsible for release of FilGAP from the cyto-
skeleton, we determined the effect of calyculin A, an inhibitor of
protein phosphatase 2A and protein phosphatase 1. As shown
in Fig. 1, D and E, treatment of the cells with calyculin A
reduced the amount of HA-FilGAP localized to the cytoskele-
ton. Endogenous FilGAP was also released from the cytoskele-
ton after treatment with calyculin A (Fig. 1, Fand G).

After transient transfection of cells with HA-FilGAP con-
structs, wild-type FilGAP localized with actin filaments (Fig. 2).
Wild-type FilGAP was also localized to the Triton X-100 insol-
uble cytoskeleton and co-localized with vinculin at the cell
peripheries (Fig. 3). Both the non-phosphorylatable FilGAP
(ST/A) mutant and the phosphomimetic FilGAP (ST/D)
mutant localized with actin filaments and vinculin at the cell
peripheries. However, although the ST/A mutant localized to
the cytoskeleton with actin filaments and vinculin, little ST/D
mutant was detected at the cytoskeleton (Figs. 2 and 3). These
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FIGURE 1. Phosphorylation of FilGAP regulates its subcellular localiza-
tion. A, HEK cells were transfected with HA-tagged wild-type FilGAP, non-
phosphorylatable ST/A, or phosphomimetic ST/D FilGAP mutant. The cells
were lysed and Triton-solubilized, and insoluble cytoskeletal (CSK) fractions
were prepared. Samples of each fraction were immunoblotted with anti-HA
antibody to detect HA-FilGAP. Vinculin was used as a loading control. B, the
relative amounts of HA-FilGAP in the cytoskeletons were quantitated from
digitized images of autoradiograms of immunoblots by using Image J pro-
gram. Each value represents the percentage of total and the mean = S.E. (n =
7).**,p < 0.01. Statistical significance was determined by one-way ANOVA. C,
human melanoma A7 cells were transfected with HA-tagged wild-type Fil-
GAP or non-phophorylatable (ST/A) FilGAP mutant. The cells were lysed and
Triton-solubilized, and insoluble cytoskeletal fractions were prepared. HA-
FilGAP proteins were immunoprecipitated (IP) from each fraction and sub-
jected to Phos-tag SDS-PAGE (upper lane) or Laemmli SDS-PAGE (lower panel)
and detected by immunoblot (/B) using anti-HA antibody. D, A7 cells were
transfected with HA-FilGAP (wild type) and serum-starved. Quiescent cells
were incubated with DMSO or 10 nm calyculin A for 30 min at 37 °C. Then the
cells were lysed and Triton-solubilized, and insoluble cytoskeletal fractions
were prepared. Samples of each fraction were immunoblotted with anti-HA
antibody. Vimentin was used as a marker of cytoskeletal protein. E, the rela-
tive amounts of HA-FilGAP in the cytoskeleton were quantitated from digi-
tized images of autoradiograms of immunoblots by using Image J program.
Each valuerepresents the percentage of total and the mean = S.E. of triplicate
determinations. *, p < 0.05. Statistical significance was determined by
Student’s t test. F, human breast adenocarcinoma MDA-MB-231 cells were
serum-starved. Quiescent cells were incubated with DMSO or 10 nm calyculin
A for 60 min at 37 °C. Then the cells were lysed and Triton-solubilized, and
insoluble cytoskeletal fractions were prepared. Samples of each fraction were
immunoblotted with anti-FilGAP antibody. Vimentin was used as a marker of
cytoskeletal protein. G, the relative amounts of endogenous FilGAP in the
cytoskeleton were quantitated from digitized images of autoradiograms of
immunoblots by using Image J program. Each value represents the percent-
age of total and the mean = S.E. of triplicate determinations. **, p < 0.005.
Statistical significance was determined by Student'’s t test.
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FIGURE 2. Subcellular localization of FilGAP. A7 cells were transfected with
HA-tagged wild-type (WT) FilGAP, non-phosphorylatable (ST/A), or phospho-
mimetic (ST/D) FilGAP mutant. The cells were fixed after treatment with cyto-
skeletal (CSK) or without (Total) 0.5% Triton X-100. HA-FilGAP (green) and
F-actin (red) were localized by staining the cells with anti-HA antibody and
Alexa Fluor-phalloidin. Merged fluorescent images are also shown. Scale bar,
20 um.

results suggest that non-phosphorylated FilGAP may associate
with the cytoskeleton and that phosphorylation of FilGAP at
critical residues may induce translocation of FilGAP from the
cytoskeleton to the cytoplasm, which may be required for acti-
vation of FilGAP.

Determination of the Critical Phosphorylation Site of
FilGAP—A7 cells that were plated on fibronectin-coated cov-
erslips adhered and then started to spread within 20 min (Fig.
4A) (12). Forced expression of wild-type FilGAP or the phos-
phomimetic FilGAP (ST/D) mutant abolished cell spreading,
SASBMB
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FIGURE 3. Subcellular localization of FilGAP. A7 cells were transfected with
HA-tagged wild-type (WT) FilGAP, non-phosphorylatable (ST/A), or phospho-
mimetic (S7/D) FilGAP mutant. The cells were fixed after treatment with cyto-
skeletal (CSK) or without (Total) 0.5% Triton X-100. HA-FilGAP (green) and
vinculin (red) were localized by staining the cells with anti-HA and anti-vincu-
lin antibodies. Merged fluorescent images are also shown. Scale bar, 20 um.

FiIGAP ST/D

whereas overexpression of the non-phosphorylatable FilGAP
(ST/A) mutant enhanced initial cell spreading on fibronectin
(Fig. 4A). The spread area occupied by cells expressing the
ST/A mutant-expressing cells was larger than that occupied by
cells expressing wild-type FilGAP or the ST/D mutant (Fig. 4B8).
Therefore, phosphorylation of FilGAP is required for efficient
suppression of cell spreading on fibronectin.

We used the cell-spreading assay to determine which phos-
phorylation site of FilGAP is critical for its activation. Among
the FilGAP mutants with one potential phosphorylation site
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FIGURE 4. Identification of Serine 402 of FilGAP as a critical phosphoryla-
tion site to regulate FilGAP activity. A, Hela cells were transfected without
(control) or with HA-tagged wild-type FilGAP (WT), non-phosphorylatable
(ST/A), or phosphomimetic (ST/D) FilGAP mutant and serum-starved. The qui-
escent cells were trypsinized, and cells in suspension were plated on cover-
slips coated with fibronectin and fixed 20 min after plating. Cells were stained
with anti-HA antibody for HA-FilGAP (green) and Alexa Fluor-phalloidin for
F-actin (red). Representative merged images of cells are shown. Scale bar, 50
um. B, the surface area of spreading cells 20 min after plating was calculated
and plotted as the mean * S.E. (n = 3). >50 cells were analyzed in each
experiment. **, p < 0.01. Statistical significance was determined by one-way
ANOVA. n.s., not significant. C, HeLa cells were transfected with HA-tagged
FilGAP mutants and serum-starved. The quiescent cells were trypsinized, and
cells in suspension were plated on coverslips coated with fibronectin and
fixed 20 min after plating. Cells were stained with anti-HA antibody for HA-
FilGAP mutants (green) and Alexa Fluor-phalloidin for F-actin (red). Represent-
ative of merged images of cells are shown. Scale bar, 50 um. D, the surface
area of spreading cells 20 min after plating was calculated and plotted as the
mean = S.E. (n = 3). >50 cells were analyzed in each experiment. **, p < 0.01.
Statistical significance was determined by one-way ANOVA. E, A7 cells were
transfected with HA-FilGAP constructs (wild-type, ST/A, ST/D, or S402A). The
cells were lysed and Triton-solubilized, and insoluble cytoskeletal (CSK) frac-
tions were prepared. Samples of each fraction were immunoblotted with
anti-HA antibody to detect HA-FilGAP. Vimentin was used as a marker of
cytoskeletal protein. F, the relative amounts of HA-FilGAP in the cytoskeletons
were quantitated from digitized images of autoradiograms of immunoblots
by using Image J program. Each value represents the percentage of total and
the mean = S.E. (n = 3). **, p < 0.01. Statistical significance was determined
by Student’s t test.

mutated to alanine, only the mutant with Ser-402 mutated to
alanine (S402A) stimulated initial cell spreading on fibronectin
(Fig. 4, C and D). Thus, phosphorylation of Ser-402 is required
for activation of FilGAP.
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We next determined whether phosphorylation of FilGAP at
Ser-402 regulates localization of FilGAP. Although the FilGAP
S402A mutant did not suppress cell spreading on fibronectin,
localization of this mutant was not different from that of wild-
type FilGAP (Fig. 4, E and F). Thus, targeting of FilGAP to the
cytoskeleton may require dephosphorylation of residues other
than Ser-402.

FilGAP Phosphorylated at Ser-402 Is Mainly Localized in the
Cytoplasm—To study the functional significance of phosphor-
ylation of FilGAP at Ser-402, we prepared a rabbit polyclonal
antibody that specifically recognizes FilGAP protein phosphor-
ylated at Ser-402 (anti-Ser(P)-402 antibody). The anti-Ser(P)-
402 antibody recognized wild-type HA-FilGAP and the HA-
FilGAP S413A mutant but not the HA-FilGAP S402A mutant
(Fig. 5A). HA-FilGAP protein was detected when the anti-
Ser(P)-402 antibody was pre-adsorbed with non-phosphorylat-
ed Ser-402 peptide but not when it was pre-adsorbed with phos-
phorylated peptide (Fig. 5A). Moreover, no signal for
HA-FilGAP was detected when the protein was preincubated
with calf intestine alkaline phosphatase (Fig. 5B). Consistent
with these results, treatment of the cells with calyculin A, a
phosphatase inhibitor, increased the amount of FilGAP protein
recognized by the anti-Ser(P)-402 antibody (Fig. 5, C and D).
Calyculin A also increased the amount of endogenous FilGAP
protein recognized by the anti-Ser(P)-402 antibody (Fig. 5, E
and F). Moreover, depletion of endogenous FilGAP by siRNA
abolished the signal (Fig. 5, E and F). Thus, the anti-Ser(P)-402
antibody specifically recognizes endogenous FilGAP protein
phosphorylated at Ser-402.

Treatment of the cells with lysophosphatidic acid and FCS
increased the phosphorylation of FilGAP, which is consistent
with our previous finding that phosphorylation of FilGAP is
Rho/ROCK-dependent (12, 18). However, these treatments did
not increase phosphorylation of Ser-402 (data not shown).
Moreover, treatment of the cells with the ROCK-specific inhib-
itor Y27632 did not abolish phosphorylation of FilGAP at Ser-
402 (Fig. 5, G and H). These results may suggest that protein
kinases other than ROCK may be responsible for phosphoryla-
tion of Ser-402.

We next determined the subcellular localization of FilGAP
phosphorylated at Ser-402. A7 cells were transfected with wild-
type HA-FilGAP, and the Triton X-100 soluble and insoluble
fractions were separated. As shown in Fig. 5, /and J, HA-FilGAP
protein phosphorylated at Ser-402 was mainly found in the Tri-
ton X-100 soluble fraction. Consistent with this observation,
little HA-FilGAP protein phosphorylated at Ser-402 was
detected at the cytoskeleton when HA-FilGAP was transfected,
and its localization was determined (Fig. 5, K and L). We also
determined the localization of endogenous FilGAP protein in
COS-7 cells. We detected endogenous FilGAP at the cytoskel-
eton, but FilGAP protein phosphorylated at Ser-402 mostly
localized in the cytoplasm (Fig. 6). The localization of endoge-
nous FilGAP seems to be specific because the fluorescent sig-
nals disappeared when the primary antibodies were pre-ad-
sorbed with antigens.

Cell Spreading on Fibronectin Induces Dephosphorylation of
FilGAP at Ser-402—W e next determined whether extracellular
signals such as growth factors and cell adhesion molecules reg-
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FIGURE 5. Phosphorylation of FilGAP at serine 402 in cells. A, A7 cells were transfected with HA-FilGAP constructs (wild-type, S402A, or S413A). Cell extracts
were prepared and analyzed by Western blot using anti-HA or anti-Ser(P)-402 antibodies in the presence or absence of excess amounts of antigen-phospho-
peptide or non-phosphopeptide. B, HA-FilGAP (wild-type) was isolated from transfected HEK cells using anti-HA agarose beads. The beads were washed and
incubated in the presence or absence of alkaline phosphatase (CIAP) and phosphatase inhibitors (PIs) for 30 min at 37 °C. The beads were washed, and the
bound FilGAP proteins were analyzed by immunoblot using anti-HA and anti-p402S FilGAP antibodies. C, A7 cells were transfected with HA-FilGAP (wild type)
and serum-starved. Quiescent cells were incubated with DMSO or calyculin A for 30 min at 37 °C. Then cell extracts were prepared and analyzed by immunoblot
using anti-HA and anti-Ser(P)-402 antibodies. Asterisks indicate nonspecific bands. D, the relative amounts of HA-FilGAP phosphorylated at Ser-402 compared
with total HA-FilGAP were quantitated from digitized images of autoradiograms of immunoblots by using Image J program. Each value represents the mean =
S.E.(n = 3).** p < 0.05. Statistical significance was determined by Student’s t test. A.U., absorbance units. E, COS-7 cells treated with or without FilGAP siRNA
were serum-starved. Quiescent cells were incubated with DMSO or calyculin A for 60 min at 37 °C. Cell extracts were prepared and analyzed by Western blot
using anti-FilGAP and anti-Ser(P)-402 antibodies. Tubulin was used as a loading control. F, the relative amounts of FilGAP phosphorylated at Ser-402 compared
with total FilGAP were quantitated from digitized images of autoradiograms of immunoblots by using Image J program. Each value represents the mean = S.E.
(n = 3).**, p < 0.05. Statistical significance was determined by Student’s t test. G, A7 cells were transfected with HA-FilGAP (wild type) and serum-starved.
Quiescent cells were incubated with DMSO or 10 nm Y27632 for 60 min at 37 °C. Cell extracts were prepared and analyzed by Western blot using anti-HA and
anti-Ser(P)-402 antibodies. H, the relative amounts of HA-FilGAP phosphorylated at Ser-402 compared with total HA-FilGAP was quantitated from digitized
images of autoradiograms of immunoblots by using Image J program. Each value represents the mean * S.E. (n = 3). **, p < 0.05. Statistical significance was
determined by Student’s t test. /, A7 cells transfected with HA-FilGAP (wild type) were lysed and Triton-solubilized, and insoluble cytoskeletal (CSK) fractions
were prepared. Samples of each fraction were immunoblotted with anti-HA and anti-Ser(P)-402 antibodies. J, the relative amounts of HA-FilGAP (total protein
and phosphorylated protein at Ser-402) in the cytoskeletons were quantitated from digitized images of autoradiograms of immunoblots by using Image J
program. Each value represents the percentage of total and the mean = S.E. (n = 3).**, p < 0.05. Statistical significance was determined by Student’s t test. K,
A7 cells transfected with HA-FilGAP (wild type) were fixed after treatment with cytoskeletal (CSK) or without (Total) 0.5% Triton X-100. HA-FilGAP (red) and
HA-FilGAP phosphorylated at Ser-402 (green) were localized by staining the cells with anti-HA and anti-Ser(P)-402 antibodies. Scale bar, 20 um. L, the relative
intensities of HA-FilGAP phosphorylated at Ser-402 compared with total HA-FilGAP were calculated and plotted as the means = S.E. (n = 3). **, p < 0.01.
Statistical significance was determined by Student'’s t test.

ulate phosphorylation of FilGAP at Ser-402. We found that
serum starvation of A7 cells did not significantly decrease the
phosphorylation of FilGAP at Ser-402, and the addition of
growth factors such as EGF did not increase the phosphoryla-
tion of FilGAP at Ser-402 (data not shown). Among the various
conditions tested, spreading of cells on fibronectin induced
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dephosphorylation of FilGAP at Ser-402 (Fig. 7, A and B). In
contrast, dephosphorylation of FIlGAP at Ser-402 did not occur
when the cells were plated on poly-L-lysine (Fig. 7, A and B).
When cells overexpressing HA-FilGAP were plated on
fibronectin and treated with calyculin A, dephosphorylation of
FilGAP at Ser-402 was suppressed (Fig. 7, C and D). A7 cells
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FIGURE 6. Subcellular localization of endogenous FilGAP. A, COS-7 cells
were fixed after treatment with cytoskeletal (CSK) or without (Total) 0.5%
Triton X-100. Then the cells were stained with anti-FilGAP antibody for
endogenous FilGAP (green) and Alexa Fluor-phalloidin for F-actin (red), which
were nontreated or preabsorbed with antigen (GST-FilGAP). Merged fluores-
cent images are also shown. Scale bar, 20 um. B, COS-7 cells were fixed after
treatment with cytoskeletal (CSK) or without (Total) 0.5% Triton X-100. Then
the cells were stained with anti-Ser(P)-402 antibody for phosphorylated Fil-
GAP (green) and Alexa Fluor-phalloidin for F-actin (red), which were non-
treated or preabsorbed with antigen peptide (Ser(P)-402 peptide). Merged
fluorescentimages are also shown. Scale bar, 20 um. C, the relative intensities
of endogenous FilGAP (total protein and phosphorylated protein at Ser-402)
in the cytoskeletons were quantitated and plotted as the means = S.E. (n = 3).
**, p < 0.01. Statistical significance was determined by Student'’s t test. A.U.,
absorbance units.

plated on fibronectin-coated dishes spread and achieved a max-
imal extent flattening by 1 h (Fig. 7E). Treatment of control A7
cells with calyculin A did not affect cell spreading or flattening
on fibronectin (Fig. 7, E and F). However, calyculin A treatment
of A7 cells overexpressing wild-type FilGAP suppressed cell
spreading on fibronectin, whereas spreading of A7 cells over-
expressing FilGAP mutants (ST/A and S402A) was not affected
by calyculin A (Fig. 7, E and F). Thus, dephosphorylation of
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FIGURE 7. Cell adhesion to fibronectin induces dephosphorylation of Fil-
GAP at Serine 402. A, A7 cells were transfected with HA-FilGAP (wild type)
and serum-starved. Quiescent cells were trypsinized, and cells in suspension
were plated on dishes coated with fibronectin or poly-L-lysine for the indi-
cated times. Cell extracts were prepared and analyzed by Western blot using
anti-HA and anti-Ser(P)-402 antibodies. B, the relative amounts of FilGAP pro-
tein phosphorylated at Ser-402 were calculated and plotted as the mean *
S.E.(n = 3).A.U.,absorbance units. C, A7 cells were transfected with HA-FilGAP
(wild type) and serum-starved. Quiescent cells were incubated with DMSO or
10 nm calyculin A for 30 min at 37 °C. Then the cells were trypsinized, and cells
in suspension were plated on dishes coated with fibronectin or poly-L-lysine
for the indicated times. Cell extracts were prepared and analyzed by Western
blot using anti-HA and anti-Ser(P)-402 antibodies. D, the relative amount of
FilGAP protein phosphorylated at Ser-402 was calculated and plotted as the
mean = S.E. (n = 3). E, A7 cells were transfected with HA-FilGAP constructs
(WT, ST/A, or S402A) and serum-starved. Quiescent cells were incubated with
DMSO or calyculin A for 30 min at 37 °C. Then the cells were trypsinized, and
cells in suspension were plated on coverslips coated with fibronectin and
fixed 20 min after plating. Cells were stained with anti-HA antibody (green)
and Alexa Fluor-phalloidin (red). Scale bar, 40 um. F, the surface area of
spreading cells 60 min after plating was calculated and plotted as the mean =
S.E. (n = 3). >50 cells were counted in each experiment. ***, p < 0.005. Sta-
tistical significance was determined by one-way ANOVA.

FilGAP at Ser-402 may be necessary for efficient spreading on
fibronectin.

We confirmed that dephosphorylation of endogenous Fil-
GAP could be induced by cell spreading on fibronectin. The
amount of FilGAP phosphorylated at Ser-402 in COS-7 cells as
detected by immunofluorescent staining was reduced after the
cells were plated on fibronectin (Fig. 8).

Regulation of Plasma Membrane Blebbing by Arf6 and Phos-
phorylation of FilGAP—We previously showed that Arf6
GTPase binds to FilGAP and stimulates its RacGAP activity to
induce plasma membrane blebbing (20). We examined whether
Arf6-mediated regulation has any role in the phosphorylation-
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FIGURE 8. Cell adhesion to fibronectin induces dephosphorylation of
endogenous FilGAP at serine 402. COS-7 cells were serum-starved. Quies-
cent cells were trypsinized, and cells in suspension were plated on coverslips
coated with fibronectin for the indicated time periods. Cells were fixed and
stained with anti-FilGAP or anti-Ser(P)-402 antibodies. Dotted lines indicate
cell peripheries. Scale bar, 40 um. B, the relative intensities of p402S FilGAP
compared with total FilGAP were calculated and plotted as the means *=S.E.
(n = 3). A.U., absorbance units.

dependent activation of FilGAP. Forced expression of FilGAP
in A7 cells induced membrane blebbing around the cell periph-
ery (Fig. 9, A and C). The non-phosphorylatable FilGAP (ST/A)
mutant failed to induce blebbing, whereas the phosphomimetic
FilGAP (ST/D) mutant induced blebbing as efficiently as wild-
type FilGAP (Fig. 9, A and C).

Forced expression of the constitutively activated mutant
Arf6 Q67L stimulated plasma membrane blebbing induced by
wild-type FilGAP (Fig. 9, B and C). Arf6 Q67L also stimulated
both phosphomimetic (ST/D) FilGAP and non-phosphorylat-
able (ST/A) FilGAP activity (Fig. 9, B and C). The smaller
spreading area of cells expressing Arf6 Q67L also suggested that
Arf6 stimulates FilGAP activity, because cell area is reduced by
the contraction of blebbing cells (Fig. 9D). We further exam-
ined the role of Arf6 using Arf6 siRNA. Depletion of endoge-
nous Arf6 by siRNA suppressed bleb formation induced by
both wild-type and phosphomimetic (ST/D) FilGAP mutant
(Fig. 10, A and C). Knockdown of endogenous Arf6 suppressed
cell shrinkage induced by overexpression of wild-type as well as
the ST/A and ST/D mutants (Fig. 10D). We generated a con-
struct resistant to Arf6 siRNA (HA-Arf6 Q67LY) and examined
whether down-regulation of FilGAP activity by Arf6 siRNA was
prevented. At 48 h after transfection with Arf6 siRNA, HA-Arf6
Q67LF%, but not endogenous Arf6 protein, was abundantly
expressed in A7 cells (Fig. 10E), and HA-Arf6 Q67LF rescued
the induction of membrane blebbing by wild-type and phos-
phomimetic FilGAP (ST/D) (Fig. 10, B and C). Thus, Arf6-me-
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FIGURE 9. Arf6 and phosphorylation of FilGAP regulate bleb formation. A,
A7 cells were transfected with FLAG-FilGAP constructs (WT, ST/A, and ST/D).
After 24 h the cells were fixed and stained with anti-FLAG antibody for FLAG-
FilGAP (green) and Alexa Fluor-phalloidin for F-actin (red). Scale bar, 40 pum.
Arrowheads indicate the membrane blebbing cells. B, A7 cells were trans-
fected with FLAG-FilGAP constructs (WT, ST/A, and ST/D) in the presence of
constitutively activated HA-Arf6 Q67L. After 24 h, the cells were fixed and
stained with anti-FLAG antibody for FLAG-FilGAP (green) and anti-HA anti-
body for Arf6 Q67L (red). Scale bar, 40 um. Arrowheads indicate the mem-
brane blebbing cells. C, the percentage of blebbing cells was calculated, and
the data are expressed as the mean = S.E. (n = 3). **, p < 0.01. Statistical
significance was determined by one-way ANOVA. D, the surface area of cells
was calculated and plotted as the mean = S.E. (n = 3). **, p < 0.01. Statistical
significance was determined by one-way ANOVA. E, A7 cells were transfected
with FLAG-FilGAP and HA-Arf6 Q67L. Cell extracts were prepared and ana-
lyzed by Western blot using anti-HA and anti-FLAG antibodies.

diated regulation of FilGAP may be distinct from phosphoryla-
tion-dependent activation of FilGAP.

Discussion

In this study we demonstrated that FilGAP is localized to the
cytoskeleton and cytoplasm and that phosphorylation of Fil-
GAP may induce translocation of the protein from the cytoskel-
eton to the cytoplasm to activate its RacGAP activity. We iden-
tified Ser-402 as a critical phosphorylation site for the
activation of FilGAP to suppress cell spreading on fibronectin.

Several lines of evidence suggest that phosphorylation of
FilGAP may regulate its subcellular localization. First, >40%
of the non-phosphorylatable FilGAP (ST/A) mutant was
found in the Triton X-100 insoluble fraction (the cytoskele-
ton), and this mutant localized with actin filaments and par-
tially co-localized with the focal adhesion protein vinculin.
In contrast, the phosphomimetic FilGAP (ST/D) mutant was
found in the Triton X-100 soluble fraction and barely detect-
able at the cytoskeleton by immunofluorescent staining. Sec-
ond, much of the phosphorylated FilGAP protein detected in
Phos-tag SDS-PAGE was present in the Triton X-100 soluble
fraction. Moreover, treatment of the cells with calyculin A
reduced the amount of FilGAP protein localized to the cyto-
skeleton. We showed previously that Rho/ROCK-dependent
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FIGURE 10. Depression of Arf6 suppressed bleb formation induced by phosphorylation of FilGAP. A, A7 cells were treated with or without Arf6 siRNA in
the absence or presence of FLAG-FilGAP constructs. For co-transfection of plasmid DNA and Arf6 siRNA, the cells were first transfected with siRNA for 24 h and
then cotransfected with plasmid DNA. After 24 h, cells were fixed and stained with anti-FLAG antibody for FLAG-FilGAP (green) and Alexa Fluor-phalloidin for
F-actin (red). Representative merged images are shown. Scale bar, 40 um. Arrowheads indicate the membrane blebbing cells. B, A7 cells were transfected with
Arf6 siRNA for 24 h and then co-transfected with FLAG-FilGAP constructs and HA-Arf6 Q67L resistant to Arf6 siRNA (HA-Arf6 Q67LF). After 24 h, cells were fixed
and stained with anti-FLAG antibody for FLAG-FilGAP (green) and anti-HA antibody for Arf6 Q67L" (red). Representative merged images are shown. Scale bar,
40 um. Arrowheads indicate the membrane blebbing cells. C, the percentage of blebbing cells was calculated, and the data are expressed as the mean = S.E.
(n = 3). Statistical significance was determined by one-way ANOVA. **, p < 0.01. D, the surface area of cells was calculated and plotted as the mean = S.E. (n =
3). **, p < 0.01. Statistical significance was determined by one-way ANOVA. E, A7 cells were transfected with FLAG-FilGAP with or without Arf6 siRNA. Cell

extracts were prepared and analyzed by Western blot using anti-FLAG and anti-Arf6 antibodies.

phosphorylation of FilGAP stimulates its RacGAP activity,
but how phosphorylation regulates FilGAP remains unclear
(12). It is possible that the phosphorylation-dependent
release of FilGAP from the cytoskeleton induces transloca-
tion of FilGAP to the plasma membrane to inactivate Rac.
This is consistent with our finding that bleb formation
induced by FilGAP requires the pleckstrin homology
domain, which binds to the plasma membrane (20).

Of the six potential phosphorylation sites in FilGAP, Ser-402
seems to be important for the protein’s activity. Among the
FilGAP mutants with one potential phosphorylation site
mutated to alanine, only S402A failed to suppress cell spreading
on fibronectin. This is consistent with our previous finding that
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S402A was the least effective in inducing membrane blebbing
(12). However, our present study suggests that phosphorylation
of Ser-402 may not be responsible for release of FilGAP from
the cytoskeleton. FilGAP protein phosphorylated at Ser-402 is
mostly localized in the cytoplasm as detected by anti-Ser(P)-
402 antibody. However, we found that localization of the non-
phosphorylatable FilGAP S402A mutant was not different from
that of wild-type FilGAP. Therefore, translocation of FilGAP
from the cytoskeleton to the cytoplasm may be induced by phos-
phorylation of sites in FilGAP other than Ser-402. Phosphoryl-
ation of FilGAP at Ser-402 may regulate FilGAP activity
through an as yet unidentified mechanism other than release of
FilGAP from the cytoskeleton.
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Although FilGAP is phosphorylated downstream of Rho/
ROCK signaling, our present study suggests that ROCK may
not be the principal protein kinase responsible for phosphory-
lation of FilGAP at Ser-402. We found that serum starvation of
A7 cells did not significantly decrease the phosphorylation of
FilGAP at Ser-402, and stimulation with agonists such as lyso-
phosphatidic acid and EGF did not increase the phosphoryla-
tion of FiIGAP at Ser-402. Moreover, treatment of cells with the
ROCK-specific inhibitor Y27632 did not diminish the phos-
phorylationof Ser-402. Thus, Rho/ROCK-dependent phosphor-
ylation of multiple sites other than Ser-402 may induce trans-
location of FilGAP from the cytoskeleton to activate its
RacGAP activity. FilGAP protein phosphorylated at Ser-402
was mostly detected in the cytoplasm; therefore, Ser-402 may
be phosphorylated in the cytoplasm after FilGAP is translo-
cated from the cytoskeleton. Ser-402 matches the consensus
phosphorylation sequence defined for various protein kinases,
and therefore, multiple kinases may be responsible for phos-
phorylation of Ser-402 (25-27).

Cell spreading on extracellular matrix such as fibronectin
initiates complex arrays of signaling through activation of
integrin (28 —32). We found that cell spreading on fibronectin
induced dephosphorylation of Ser-402, which may have a phys-
iological significance. Forced expression of wild-type FilGAP
suppressed initial cell spreading on fibronectin and maximal
flattening was attained by 1 h. Treatment of the cells with caly-
culin A, a phosphatase inhibitor, further suppressed cell flatten-
ing on fibronectin, suggesting that dephosphorylation of Ser-
402 may occur downstream of integrin activation. However,
calyculin A treatment of cells expressing the S402A mutant did
not affect cell spreading on fibronectin. Therefore, dephosphor-
ylation of Ser-402 may be necessary and sufficient for inactiva-
tion of FilGAP to induce maximal flattening. Previous studies
have suggested that protein serine/threonine phosphatases are
involved in the control of cell spreading on fibronectin (33-36).
Our present study suggests that dephosphorylation of endoge-
nous FilGAP at Ser-402 may occur during cell spreading on
fibronectin. It is necessary to determine whether dephosphor-
ylation of Ser-402 of endogenous FilGAP has any role in the
control of integrin-dependent cell spreading.

RhoGAPs are multidomain proteins that are regulated
downstream of distinct signaling cascades (7). Activated Arf6
recruits FilGAP to plasma membrane and stimulates its Rac-
GAP activity (20). Our present study suggests that Arf6 and
phosphorylation of FilGAP may independently regulate Fil-
GAP to stimulate its RacGAP activity. Forced expression of the
constitutively activated mutant Arf6é Q67L stimulated not only
wild-type FilGAP and the phosphomimetic FilGAP (ST/D)
mutant but also non-phosphorylatable FilGAP (ST/A) mutant.
Conversely, depletion of endogenous Arf6 by siRNA sup-
pressed plasma membrane blebbing induced by the phospho-
mimetic (ST/D) and non-phosphorylatable (ST/A) FilGAP
mutants. This may be consistent with our model in which acti-
vated Arf6 at the plasma membrane recruits FilGAP by binding
its pleckstrin homology domain, allowing FilGAP to inactivate
Rac at the membrane. Phosphorylation of FilGAP may induce
translocation of FilGAP from the cytoskeleton to the cytoplasm
increasing FilGAP access to the plasma membrane. It remains
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to be determined how phosphorylation of Ser-402 is involved in
the activation of FilGAP. Phosphorylation of Ser-402 may be
required for release of an as yet unidentified inhibitor from
FilGAP. Further study is necessary to understand the mecha-
nism of regulation.

In conclusion, our study demonstrated that dephosphoryla-
tion of FilGAP occurs during integrin-mediated cell adhesion
on fibronectin. Both integrin-mediated protein phosphoryla-
tion and integrin-mediated protein dephosphorylation may
play a role in the control of Rho GTPase signaling.
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