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Rho family small GTPases regulate lymphocyte migration induced by chemo-

kines. However, how lymphocyte migration is regulated by Rho GTPases

remains to be elucidated. Here, we identified FilGAP, a Rac-specific GAP, as a

negative regulator of lymphocyte polarization and migration. Depletion of Fil-

GAP in mouse pro-B BAF cells increased cellular elongation and membrane

protrusion after stimulation of the cells with SDF-1a, which caused increased

migration speed. Although FilGAP is detectable both at the front and rear of

polarized cells, FilGAP appears to be concentrated at the tip of retracting

lamellae of moving lymphocytes. Moreover, depletion of FilGAP increased acti-

vation of Rac at the front of polarized cells. Thus, FilGAP may inhibit lamellae

extension at the front of moving lymphocytes.

Keywords: cell adhesion; cell migration; cell polarity; chemotaxis; Rac;

Rho; signal transduction; small GTPases

The chemokine stromal cell-derived factor 1a (SDF-

1a), also named CXCL12, binds to its receptor

CXCR4 and regulates directed migration of lympho-

cyte to elicit inflammatory responses such as rapid

accumulation of cells at sites of injury and infection

[1–6]. The chemokine-induced cell migration involves

cell polarization, which makes a leading lamellae and

a trailing uropod [7–12]. The actin cytoskeleton plays

a major role for the formation of lamellae and uropod

[11–14].
Rho family small GTPases (Rho GTPases) are

essential for cell migration and polarization

[9,10,13,15–17]. Rac and RhoA, members of Rho

GTPases, act as key regulators of actin cytoskeleton.

Rac induces formation of lamellae at the front of

migrating cells through actin polymerization [9,15]. In

contrast, the activity of RhoA is required for uropod

formation at the rear through activation of acto-

myosin contraction [9,15]. These Rho GTPases cycle

between active GTP-bound state and inactive GDP-

bound state. Two classes of proteins mainly regulate

this cycle. Guanine nucleotide exchange factors

(GEFs) activate Rho GTPase by catalyzing the

exchange of GDP for GTP [18,19]. While GTPase-acti-

vating proteins (GAPs) stimulate the intrinsic GTPase

activity and inactivate them.

FilGAP is a Rac-specific GAP that regulates cell

polarity through Rac-dependent suppression of lamel-

lae formation [20–26]. FilGAP is phosphorylated

downstream of Rho/ROCK signaling, and this phos-

phorylation stimulates its RacGAP activity [20,26].

Depletion of endogenous FilGAP in MDA-MB-231

breast carcinoma cells induced a Rac-dependent elon-

gated mesenchymal morphology. Conversely, forced

expression of FilGAP induced membrane blebbing and

a rounded amoeboid morphology that required Rho/

Abbreviations

CCD, charge-coupled device; DSU, disk scanning unit; GAPs, GTPase-activating proteins; GEFs, guanine nucleotide exchange factors;

IL3, interleukin-3; KD, knockdown; SDF-1a, stromal cell-derived factor 1a.
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ROCK-dependent phosphorylation of FilGAP [23].

Thus, FilGAP mediates the antagonism of Rac and

Rho that suppresses mesenchymal morphology and

promotes amoeboid migration of carcinoma cells

[22,27,28].

Although the role of FilGAP in tumor cell migration

is well documented, little is known about the role of

FilGAP in leukocyte migration. Unlike blebbing amoe-

boid migration used by carcinoma cells, amoeboid

migration used by leukocytes is lamellae-driven, fast
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(up to 30 lm�min�1), and lacks strong adhesive interac-

tion with tissue [29,30]. Moreover, leukocytes use a dis-

tinct migration mode according to their cell type, and

the role of Rho GTPases seems to be different among

leukocytes [31–33]. FilGAP is highly expressed in B

lymphocyte and B-cell lymphoma [34]. In addition,

high expression of FilGAP was shown as an indepen-

dent unfavorable prognostic factor in follicular lym-

phoma, a common type of malignant B-cell lymphoma

[34]. This suggests that FilGAP may contribute to

change in motility of B lymphocyte to increase invasion

into extracellular matrix. However, it is unclear how

FilGAP regulates migration of lymphocyte cells.

In this study, we studied the role of FilGAP in

migrating lymphocytes. We show that depletion of Fil-

GAP in pro-B BAF cells increased cell elongation and

migration speed. Knockdown of FilGAP induced more

persistent formation of lamellae compared to control

cells, and activated Rac was localized at the front of

polarized BAF cells. Our study suggests that FilGAP

may inhibit activation of Rac at the front of migrating

lymphocytes.

Materials and methods

Cell culture and transfection

The BAF/LFA-1 cells, a interleukin-3 (IL3)-dependent

mouse pro-B cell line stably expressing human LFA-1, were

cultured in Roswell Park Memorial Institute 1640 medium

(RPMI-1640; Sigma-Aldrich, St. Louis, MO, USA) con-

taining 10% FBS, 50 U�mL�1 penicillin/streptomycin,

50 lM b-Mercaptoethanol, and 10% WEHI-3 conditioned

medium as a source of IL-3 at 37 °C/5% CO2 [35]. For

stimulation by SDF-1a, cells were cultured in RPMI-1640

containing 1% FBS, 5 U�mL�1 penicillin/streptomycin,

5 lM b-Mercaptoethanol, and IL-3. After 24 h, cells were

treated with 100 nM SDF-1a dissolved in 0.1% BSA in

PBS for indicated times at 37 °C.

For generation of a stable cell line expressing enhanced

green fluorescent protein (EGFP) (control) or FilGAP

shRNA and EGFP (FilGAP KD), the pSIREN-RetroQ

vector (Clontech, Palo Alto, CA, USA) containing IRES-

EGFP or human FilGAP shRNA KD and IRES-EGFP

was used. The targeting sequence was as follows:

FilGAP KD (1975–1999) 50-AAGAUAGAGUAUGA

GUCCAGGAUAA-30.

The FilGAP KD-resistant construct (FilGAP KDr) was

generated by introducing point mutations at nucleotide

positions 1980, 1986, 1992, and 1995 of the FilGAP coding

sequence using the QuikChange site-directed mutagenesis

kit (Stratagene, La Jolla, CA, USA) according to the man-

ufacturer’s instructions. The final mutant sequence resistant

to FilGAP shRNA KD was AAGATC1980GAGTAC1986

GAGTCT1992AGA1995ATAA. A cDNA encoding mCherry

in pcDNA3 vector was PCR-amplified, and the PCR prod-

ucts were digested with XhoI and inserted into CSII-EF-

MCS vector. FilGAP KDr construct in pCMV5-HA-based

vector was digested with EcoRI and inserted into the CSII-

EF-MCS vector containing mCherry. Constitutively acti-

vated Rac G12V construct in pCMV5-myc-based vector

was also digested with BamHI and inserted into CSII-EF-

MCS vector containing mCherry. Cells were transfected

by electroporation or lentivirus infection with pSIREN-

RetroQ vector or CSII-EF-MCS vector, respectively,

and selected with 0.5 lg�mL�1 puromycin for genera-

tion of cells stably expressing FilGAP shRNA after electro-

poration.

Microscopy

Cells were stimulated with 100 nM SDF-1a and plated on

10 lg�mL�1 fibronectin-coated dishes. After 30 min, cells

were fixed by 3.7% formaldehyde in PBS for 10 min. The

fixed cells were washed with PBS, plated on poly-L-lysine-

coated slide glasses and permeabilized in 0.05% Triton X-

100 in PBS for 5 min. Cells were then incubated with

blocking buffer [10% Blocking One (Nakarai Tesque,

Kyoto, Japan) in PBS] for 30 min and immunostained

with primary antibodies solution in blocking buffer for

1 h. The cells were then washed and incubated with

Alexa Fluor dye-labeled secondary antibodies (Invitrogen,

Carlsbad, CA, USA) in blocking buffer for 1 h. For

Fig. 1. Morphology of BAF cells stimulated with SDF-1a on fibronectin. (A) Generation of FilGAP-depleted BAF lymphocytic cells. BAF cells

were transfected by electroporation with pSIREN-RetroQ containing EGFP alone (control) or FilGAP shRNA and EGFP (FilGAP KD).

Immunoblot shows that FilGAP is depleted in FilGAP KD BAF cells (clone #3 and #6) compared to control cells (clone #11 and #17). EGFP

and tubulin (loading control) were also shown. (B) BAF cells stimulated with SDF-1a for 30 min on fibronectin-coated dishes were fixed and

stained with anti-ezrin antibody (green) and phalloidin for F-actin (red). Merged images are shown. Scale bar, 20 lm. (C) Images of

unpolarized and polarized cells. Representative cells are shown. Scale bar, 10 lm. (D) Cells with polarized morphology (n ≥ 200), shown in

the middle and the lower panels of (C), were counted, and the data are expressed as the mean � SD (N = 3, *0.01 < P < 0.05,

**P < 0.01). Statistical significance was determined by Student’s t-test or one-way ANOVA and multiple comparison test. (E) Cells with

uropod (n ≥ 200), shown in the lower panel of (C), were counted, and the data are expressed as the mean � SD (N = 3, *0.01 < P < 0.05).

Statistical significance was determined by one-way ANOVA and multiple comparison test. (F) Elliptical form factor in control and FilGAP KD

cells was calculated as the ratio of max length (L) by width (W) of cells, and represented as a dot plot (n ≥ 48, *0.01 < P < 0.05). Statistical

significance was determined by one-way ANOVA and multiple comparison test. Horizontal red lines depict the mean.
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visualization of F-actin and nuclei, cells were also stained

with Alexa Fluor 568-phalloidin and Hoechst 33258,

respectively. After washing with PBS, cells were mounted

with AquaPolyMount (Polysciences, Warrington, PA,

USA). Cells were examined under Olympus IX81

fluorescence microscope with Disk scanning unit (DSU)

(Olympus, Tokyo, Japan). Images were acquired by a

charge-coupled device (CCD) camera (ORCA-ER; Hama-

matsu photonics, Hamamatsu, Japan) or an EMCCD

camera (iXon3 860; Andor, South Windsor, CT, USA)
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Fig. 2. Depletion of FilGAP increases migration speed of lymphocyte stimulated with SDF-1a on fibronectin. (A) Time-lapse images of

migrating control and FilGAP KD BAF cells. The cells were stimulated with 100 nM SDF-1a, plated on fibronectin-coated dishes, and cultured

for 1 h. Images were acquired at 10-s intervals and shown from a selected 100-s interval. White lines show trajectory of the cells. Scale

bar, 20 lm. (B) Trajectory of migrating cells. (C) Expression of FilGAP proteins resistant to FilGAP shRNA. FilGAP-depleted BAF cells were

transfected by lentivirus infection with mCherry-FilGAP resistant to FilGAP shRNA (FilGAP KDr). mCherry-tagged KDr and endogenous

FilGAP proteins were analyzed by immunoblot using anti-FilGAP antibody. Tubulin was used as a loading control. (D) Images of FilGAP-

depleted BAF cells transfected without or with mCherry-FilGAP KDr protein. Cells stimulated with SDF-1a for 30 min were fixed and stained

with phalloidin for F-actin (green). Merged images are shown. Scale bar, 10 lm. (E) Cells with uropod (n ≥ 200), shown in (D), were

counted, and the data are expressed as the mean � SD (N = 3, **P < 0.01). Statistical significance was determined by Student’s t-test. (F)

Box and whisker plots of cell speed of migrating BAF cells (n ≥ 20, *0.01 < P < 0.05, **P < 0.01). Statistical significance was determined

by Welch’s t-test or one-way ANOVA and multiple comparison test.
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and analyzed by METAMORPH software (Molecular Devices,

Sunnyvale, CA, USA) or IMAGEJ (National Institutes of

Health, NIH, Bethesda, MD, USA).

For time-lapse microscopic observation, cells were

stimulated with 100 nM SDF-1a, plated on fibronectin-

or ICAM-1-coated glass bottom dishes and cultured

for 1 h. Images were acquired at 10-s intervals and

analyzed by METAMORPH software or IMAGEJ. Trajectory of

cell migration was generated by tracking cell front.

Antibodies and reagents

Mouse anti-ezrin, anti-a-tubulin, anti-Rac1, anti-active

Rac1, and anti-GFP monoclonal antibodies were pur-

chased from Santa Cruz Biotechnology (Santa Cruz, CA,

USA), Sigma, Millipore (Billerica, MA, USA), NewEast

Biosciences (King of Prussia, PA, USA), and Roche

Applied Science (Indianapolis, IN, USA), respectively.

Rabbit anti-FilGAP polyclonal antibody was prepared as

described previously [20]. Alexa Fluor 488 or 568 conju-

gated secondary antibodies, Alexa Fluor 568-phalloidin

(Invitrogen), Hoechst 33258 (Dojindo laboratories, Kuma-

moto, Japan) were also purchased from commercial

sources. Y27632, wortmannin, and LY294002 were pur-

chased from Sigma.

Rac1 activity

GTP-bound Rac1 was determined by pull-down assay as

described previously [20] with minor modifications. Briefly,

cells were washed with Tris-buffered saline and solubilized

in RIPA buffer (20 mM Tris-HCl at pH 7.5, 120 mM

NaCl, 1% Triton X-100, 0.1% deoxycholate, 0.1% SDS,

10 mM MgCl2, 1 mM EDTA, 1 mM orthovanadate, 1 mM

DTT, and 1 mM PMSF) containing protease inhibitor

cocktail. Cell lysates were precleared and incubated with

GST-PAK1-PBD in the presence of glutathione-Sepharose

4B (GE Healthcare BioScience, Uppsala, Sweden) for

20 min at 4 °C. The glutathione-Sepharose beads were

washed four times with wash buffer (20 mM Tris-HCl at

pH 7.5, 120 mM NaCl, 0.1% Triton X-100, 10 mM MgCl2)

and the extent of GTP-bound Rac1 was determined by

immunoblot using anti-Rac1 antibody. GTP-bound Rac1

was also visualized by immunofluorescent staining using

antiactive Rac1 antibody. For quantification of GTP-

Rac1, the fluorescence intensity of GTP-Rac1 at the lamel-

lae stained with phalloidin (Fig. 3G) was measured using

IMAGEJ, and mean intensity was quantified by calculating

total intensity divided by area of the lamellae. Images

were obtained with fixed acquisition parameters in each

experiment. To confirm the recognition of GTP-bound

Rac1 by antiactive Rac1 antibody, immunostaining was

also performed using antiactive Rac1 antibody preab-

sorbed with GTPcS-ligated Rac1 protein or GDPbS-
ligated Rac1 protein.

Statistical analysis

The statistical significance was accessed by two-tailed

paired Student’s t-test or Welch’s t-test. The statistical

significance was also performed using one-way ANOVA

followed by multiple comparison test. Differences were

considered to be statically significant at P value of

< 0.05.

Results

FilGAP regulates SDF-1a-induced polarization of

BAF cells

To investigate the role of FilGAP in lymphocyte

migration, BAF cells were transfected with FilGAP

shRNA (Fig. 1A). Two stably transfected cell lines

were established and we confirmed that FilGAP was

not completely but significantly depleted in the cell

lines (clone #3; 22% � 0.89, clone #6; 40% � 0.06)

(Fig. 1A). Because percentage of depletion of FilGAP

was different between the clones #3 and #6, they were

treated as different cell lines in statistical analysis con-

ducted in this study. On the other hand, the control

cell lines (#11 and #17) were regarded as one entity

since FilGAP expression was conserved (Fig. 1A).

Knockdown (KD) of FilGAP in BAF cells did not

affect surface expression of CXCR4, a receptor for

cytokine SDF-1a; VLA-5, a receptor for fibronectin;

and LFA-1, a receptor for ICAM-1 (Fig. S1). BAF

cells lack expression of CXCR5, a receptor for

CXCL13. When control BAF cells were stimulated

with cytokine SDF-1a on fibronectin, the cells

induced polarized morphology (Fig. 1B,C). Cell polar-

ization requires both activation of CXCR4 by SDF-

1a and VLA-5 by binding to fibronectin. BAF cells

failed to polarize on poly-L-lysine-coated dishes in the

presence of SDF-1a (Fig. S2A) nor on fibronectin-

coated dishes in the absence of SDF-1a (Fig. S2B). In

polarized cells, F-actin and ezrin are localized at the

opposite side of cells (Fig. 1B,C) [36]. The polarized

cells produce elongated F-actin-rich lamellae at the

front and round uropod at the rear, which is stained

by ezrin [37]. Less than 5% of control and FilGAP-

depleted BAF cells showed polarized phenotype

(Fig. 1D). On the other hand, knockdown of FilGAP

induced polarized morphology after stimulation of the

cells with SDF-1a. Knockdown of FilGAP has more

significant effect on uropod formation. We found that

less than 5% of control cells formed uropod after

stimulation (Fig. 1E). On the other hand, depletion of

FilGAP enhanced uropod formation after stimulation

with SDF-1a (Fig. 1E). In addition, FilGAP KD cells
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formed a more elongated shape compared to control

cells after stimulation with SDF-1a (Fig. 1F). The

ratio of cell polarization increased 15% compared

with control cells (control: #11 1.19 � 0.02, #17

1.19 � 0.05, FilGAP KD: #3 1.36 � 0.07, #6

1.37 � 0.08) (Fig. 1F). These data suggest that Fil-

GAP might regulate polarization of BAF cells after

stimulation with SDF-1a on fibronectin.

Depletion of FilGAP increases migration speed of

BAF cells

We next examined if FilGAP may regulate migration

of lymphocyte. After exposure of BAF cells to a uni-

form concentration of SDF-1a, cells started to

migrate on fibronectin (Fig. 2A,B, Movies S1 and

S2). Compared to control cells, FilGAP KD cells

exhibited more stabilized lamellae and increased

migration speed (Fig. 2F). Transfection of FilGAP

shRNA-resistant mutant (FilGAP KDr) into FilGAP-

depleted cell lines produced overexpression of FilGAP

protein as determined by immunoblot analysis

(Fig. 2C). Transfection of FilGAP KDr decreased in

the population of cells with uropod (Fig. 2D,E) and

reduced migration speed of FilGAP-depleted cells

(Fig. 2F). Migration speed of FilGAP KDr-expressing

cells is lower than that of control cells (Fig. 2F). This

may be due to overexpression of FilGAP KDr protein

compared to the amount of endogenous FilGAP

protein in BAF cells (Fig. 2C). Taken together,

these results suggest that FilGAP may suppress lym-

phocyte migration after stimulation with SDF-1a on

fibronectin.

During SDF-1a-induced migration of BAF cells on

fibronectin, formation and retraction of lamellae

occurred in a short time in control cells. On the other

hand, in FilGAP KD cells, more persistent formation

of lamellae was observed during migration (Fig. 3A,

Movie S3). This is more evident with kymograph

(Fig. 3B). Moreover, the average size of the extended

lamellae is much larger in FilGAP KD cells compared

to that of control cells (Fig. 3C) and the average

lamellae lifetime becomes much longer than that of

control cells (Fig. 3D). Therefore, more persistent

migration may result from the production of more

stable lamellae in FilGAP KD cells.

The BAF cells require stimulation of both GPCR

(i.e., SDF-1a receptor) and integrin (i.e., fibronectin

receptor). Our BAF cells (BAF/LFA-1) stably express

human integrin LFA-1, an ICAM-1 receptor, and lym-

phocytes show polarized phenotype when the cells are

stimulated by SDF-1a and LFA-1 [38]. Therefore, we

determined if FilGAP is involved in the LFA-1-

mediated signal transduction. About 30% of control

cells become polarized and formed uropod when the

cells are plated on ICAM-1-coated dishes and stimu-

lated with SDF-1a (Fig. S4A,B, Movie S4). Depletion

of FilGAP increased in the population of polarized

cells with uropod (Fig. S4A,B, Movie S4). They

showed more elongated morphology, higher migration

speed, and produced larger lamellae (Fig. S4C–F).
Thus, in addition to fibronectin, FilGAP appears to be

involved in ICAM-1-mediated regulation of cell polar-

ity and migration.

We next determined if the persistent formation of

lamellae in FilGAP KD cells may be due to an increase

in the amount of GTP-Rac. GTP-Rac1 pull-down assay

showed that depletion of FilGAP in BAF cells did not

change the total amount of GTP-Rac1 (Fig. 3E,F).

However, more activated Rac is localized at the front of

polarized FilGAP KD cells compared to control cells

when the GTP-Rac1 was visualized using antiactive

Rac1 antibody (Fig. 3G,H). The specificity of the anti-

active Rac1 antibody was confirmed since the antibody

Fig. 3. FilGAP regulates lamellae formation in BAF cells. (A) BAF cells were stimulated with 100 nM SDF-1a, plated on fibronectin-coated

dishes, and cultured for 1 h. Time-lapse images were acquired at 10-s intervals and shown from a selected 1-min interval. Scale bar, 20 lm.

(B) Kymographs represent dynamics of lamellae along the lines in A. Scale bar, 10 lm. (C) A line graph shows distance of leading edge

from origin. Tip of leading edge of 0 min was defined as origin (n = 8). (D) Lifetime of individual lamellae in control and FilGAP-depleted BAF

cells were analyzed by time-lapse video microscopy (30 min), and the data are expressed as the mean � SD (n ≥ 20, *0.01 < P < 0.05).

Statistical significance was determined by one-way ANOVA and multiple comparison test. (E) Quantification of Rac1 activity in BAF cells.

Control and FilGAP-depleted BAF cells were stimulated with 100 nM SDF-1a for 30 min on fibronectin-coated dishes. Cell lysates were

prepared and GTP-Rac1 was precipitated using GST-PAK1-PBD. The amount of Rac1 in cell lysates before pull-down and GTP- (GST-PBD-

bound) Rac1 was detected by immunoblot using anti-Rac1 antibody. (F) The amount of GTP-Rac1 was normalized to that of total Rac1 and

expressed as the means � SD (N = 6) (G) Localization of GTP-Rac1 in BAF cells. BAF cells stimulated with SDF-1a for 30 min on

fibronectin-coated dishes were fixed and stained with anti-active Rac1 antibody (green) and phalloidin for F-actin (red). Merged images are

shown. Dotted lines indicate phalloidin-stained area (lamellae). Scale bar, 10 lm. (H) Fluorescence intensity of GTP-Rac1 at the lamellae

[dotted lines at (G)] was measured, and mean intensity (total intensity divided by area of the lamellae) was calculated. The data are

expressed as the mean � SD (n ≥ 30, *0.01 < P < 0.05). Statistical significance was determined by one-way ANOVA and multiple

comparison test.
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failed to stain the front of the cells when the antibody

was preabsorbed with GTPcS-Rac1 but not GDPbS-
Rac1 (Fig. S3). Thus, depletion of FilGAP may locally

activate Rac at the front of moving BAF cells.

Localization of FilGAP in migrating BAF cells

We next studied localization of FilGAP in polarized

lymphocytes. Localization of endogenous FilGAP in
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BAF cells was difficult to determine due to the low

signaling of available anti-FilGAP antibodies. We

therefore determined the localization of FilGAP trans-

fected into BAF cells. Transfection of BAF cells with

mCherry-FilGAP resulted in the overexpression of

mCherry-FilGAP protein compared to endogenous

FilGAP protein (Fig. 4A). Less than 5% of transfected

cells became polarized and formed uropod after stimu-

lation of the cells with SDF-1a on fibronectin

(Fig. 4B). However, in polarized cells, we found that

mCherry-FilGAP was localized both at the front and

rear of polarized BAF cells (Fig. 4C). To confirm the

localization of FilGAP at both front and rear of lym-

phocytes, localization of mCherry-FilGAP was ana-

lyzed using a heat map (Fig. 4D,E). Heat maps were

generated as the ratio of intensity of mCherry-FilGAP

to that of EGFP, a cytoplasmic marker. The heat map

clearly showed the specific localization of mCherry-

FilGAP at the front and rear of migrating BAF cells

(Fig. 4D,E).

Live cell imaging analysis demonstrated that polar-

ized BAF cells expressing mCherry-FilGAP fre-

quently change their direction by extending and

retracting lamellae after acute stimulation with SDF-

1a (Fig. 4F, Movie S5). Although FilGAP does not

seem to be concentrated at the extending lamellae,

FilGAP appears to be concentrated at the tip of

retracting lamellae (Fig. 4G, Movie S5). The kymo-

graphic analysis showed that FilGAP appears to be

more concentrated at the lamellae during retraction

compared to extension (Fig. 4H). This is consistent

with the idea that FilGAP may induce retraction

of lamellae by inactivating Rac at the front of

migrating cells.

Effect of activation of Rac and inhibition of ROCK

on the migration of BAF cells

We have previously shown that Rho/ROCK-depen-

dent phosphorylation of FilGAP stimulates its Rac-

GAP activity, and FilGAP may mediate Rho/ROCK-

dependent inactivation of Rac [20]. Knockdown of Fil-

GAP may increase cellular Rac activity or inhibit

Rho/ROCK signaling. Therefore, we studied if

increased cell migration induced by depletion of Fil-

GAP may result from activation of Rac or inhibition

of ROCK in BAF cells. To test the possibilities, we

first studied the migration of BAF cells expressing con-

stitutively activated mutant Rac G12V (Fig. 5A–D).

We found that forced expression of Rac G12V indeed

increased migration speed as observed in FilGAP-

depleted BAF cells (Fig. 5A,B). However, overexpres-

sion of Rac G12V did not induce polarization of cells

(Fig. 5C). Instead, BAF cells migrated with ruffles

extending around the cell periphery (Fig. 5D, Movies

S6 and S7).

We next studied the effect of inhibition of ROCK

(Fig. 5E,F). Preincubation of BAF cells with ROCK-

specific inhibitor, Y27632, blocked migration of con-

trol and FilGAP-depleted cells. The inhibitor reduced

migration speed of control as well as FilGAP KD

cells. (Fig. 5F) Moreover, inhibition of ROCK did

not induce elongated cell morphology (Fig. 5E,

Movie S8). In accordance with our observation that

depletion of FilGAP locally increased Rac-GTP at

the front of polarized cells (Fig. 3G,H), the study

suggests that FilGAP knockdown may not induce

global activation of Rac or inhibition of ROCK

signaling.

Fig. 4. Localization of FilGAP in migrating lymphocytes. (A) BAF cells were transfected by lentivirus infection with mCherry-FilGAP.

Expression of FilGAP proteins was analyzed by immunoblot using anti-FilGAP antibody. Tubulin was used as a loading control. (B) BAF cells

transfected without (�) or with mCherry-FilGAP (+) were stimulated with SDF-1a for 30 min on fibronectin-coated dishes. Cells with uropod

(n ≥ 200) were counted, and the data are expressed as the mean � SD (N = 3, *0.01 < P < 0.05). Statistical significance was determined

by Student’s t-test. (C) BAF cells expressing mCherry-FilGAP were stimulated with 100 nM SDF-1a, plated on fibronectin-coated dishes, and

cultured for 30 min. The cells were fixed and stained with anti-ezrin antibody. Scale bar, 10 lm. The fluorescence intensity of ezrin (green)

and mCherry-FilGAP (red) across the lines was measured, and the line profiles were generated. (D, E) BAF cells expressing EGFP were

transfected by lentivirus infection with mCherry-FilGAP or mCherry. The transfected cells were fixed, and immediately observed. Heat map

indicates the ratio of fluorescence intensity of mCherry-FilGAP (D) or mCherry (E) to that of EGFP. The merged images of nucleus stained

with Hoechst 33258 (light blue) and mCherry-FilGAP (D) or mCherry (E) are also shown. Scale bar, 10 lm. (F) Time-lapse images of

migrating BAF cells. The cells were stimulated with 100 nM SDF-1a, plated on fibronectin-coated dishes, and cultured for 1 h. Images were

acquired at 10-s intervals and shown from a selected 20-s interval. Fluorescent images of mCherry-FilGAP (upper panels) and phase

contrast images (lower panels) of migrating BAF cells are shown. Allowheads (red) and (blue) indicate extending and retracting lamellae,

respectively. Arrows in upper panel at time (01:10) indicate nonspecific signals. Scale bar, 10 lm. (G) Enlarged images of cell shown in F at

time 03:10 within the square. Images were shown at 20-s intervals. Scale bar, 10 lm. (H) Kymographs represent dynamics of lamellae

along the lines in (G). DIC and mCherry FilGAP images are shown. Kymographs of protruding lamellae (red) and retracting lamellae (blue) are

also shown.
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Role of PI3 kinase in the regulation of FilGAP-

mediated cell polarization

During cell polarization induced by chemokine stimu-

lation, activation of PI3 kinase is required for lamellae

formation at the cell front through PIP3 (phos-

phatidylinositol 3,4,5 triphosphate)-dependent activa-

tion of RacGEFs and induction of Rac activity

[11,13,17]. Activated Rac in turn stimulates PI3 kinase

and this PIP3-Rac forms positive feedback loop to

enhance and stabilize lamellae structure at the cell

front during chemotaxis [11,13,17,39]. Therefore, we

examined if PI3 kinase signaling is involved in the

enhancement of cell polarization induced by depletion

of FilGAP in BAF cells. We found that uropod for-

mation is completely blocked by pretreatment with

specific inhibitors of PI3 kinase, wortmannin, and

LY294002 in control as well as FilGAP knockdown

BAF cells (Fig. 6). Thus, elongated cell morphology

induced by depletion of FilGAP seems to be depen-

dent on the activation of Rac at the cell front.
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Discussion

We have presented evidence that FilGAP may play a

role in the regulation of SDF-1a-mediated cell polar-

ization and migration of BAF cells. The initiation and

maintenance of cell polarity is induced by activation of

Rac at the front of migrating cells. Chemokines bind

to chemokine-receptors, which couples to heterotri-

meric G proteins and induces activation of PI3 kinase.

Activated PI3 kinase produces phospholipid PIP3,

which stimulates several RacGEFs. RacGEFs in turn

stimulates Rac activity, which leads to actin polymer-

ization. The F-actin network stimulates PIP3 produc-

tion and this PIP3/RacGEFs/Rac/F-actin linkage

results in a positive feedback loop to stabilize leading

edge lamellae structure to maintain cell polarity and

directed migration [9,10,15,17]. Our present study

shows that in addition to RacGEFs, negative regula-

tors of Rac (RacGAPs) may also contribute to the reg-

ulation of cell polarity and migration of lymphocytes.

The mechanism of how FilGAP regulates cell polar-

ity of lymphocytes is unclear but FilGAP appears to

down-regulate Rac at the front of polarized cells.

First, depletion of FilGAP by shRNA in BAF cells

induced elongated cell morphology. The elongated

morphology is caused by the long protrusion at the

front of moving cells. Moreover, the elongated mor-

phology in FilGAP KD cells is abolished by the treat-

ment of the cells with PI3 kinase inhibitors

wortmannin and LY294002. The production of PIP3

at the front of polarized leukocytes plays an essential

role for maintenance of activated Rac through positive

feedback mechanism. Therefore, FilGAP may nega-

tively regulate Rac at the front of moving lympho-

cytes. In accordance with this idea, more GTP-Rac

appears to be concentrated at the front of polarized

FilGAP KD cells compared to control cells. Second,

knockdown of FilGAP in BAF cells did not inhibit

formation of uropod at the rear of polarized cells as

detected by staining the cells with a uropod marker

ezrin. Thirdly, FilGAP appears to be concentrated at

the tip of retracting lamellae of migrating BAF cells.

Finally, overexpression of constitutively activated Rac

G12V mutant in BAF cells did not induce elongated

polarized cell morphology. Thus, knockdown of Fil-

GAP in BAF cells may induce localized activation of

Rac rather than entire area of cells.

Lymphocyte polarization and migration require not

only chemokine (SDF-1a)-dependent signaling but also

integrin-dependent outside-in signaling [16,38,40].

Depletion of FilGAP did not increase in the popula-

tion of cells with uropod plated on poly-L-lysine. On

the other hand, they exhibited polarized phenotype

Fig. 5. Effect of Rac activation or ROCK inhibition on SDF-1a-induced migration of BAF cells on fibronectin. (A) Time-lapse images of

migrating BAF cells expressing mCherry-Rac G12V. The cells were stimulated with 100 nM SDF-1a, plated on fibronectin-coated dishes, and

cultured for 1 h. Images were acquired at 10-s interval and shown from a selected 100-s interval. Arrow indicates a mCherry-Rac G12V-

transfected cell. White lines show trajectory of the cells. Scale bar, 20 lm. (B) Box and whisker plots of migration speed of BAF cells

(n ≥ 50, *0.01 < P < 0.05). Statistical significance was determined by one-way ANOVA and multiple comparison test. BAF cells were

transfected by lentivirus infection with control (mCherry) or constitutively activated Rac G12V (mCherry-Rac G12V), respectively. (C) Cells

with uropod after stimulation with SDF-1a (n ≥ 200) were counted, and the data are expressed as the mean � SD (N = 3, *0.01 < P < 0.05).

Statistical significance was determined by one-way ANOVA and multiple comparison test. (D) Time-lapse images of migrating BAF cells

expressing mCherry-Rac G12V. The cells were stimulated with 100 nM SDF-1a, plated on fibronectin-coated dishes, and cultured for 1 h.

Images were acquired at 10-s intervals and shown from a selected 20-s interval. Fluorescent images of mCherry-Rac G12V (upper panels) and

phase contrast images (lower panels) of migrating BAF cells are shown. Scale bar, 10 lm. (E) Time-lapse images of migrating BAF cells.

Control or FilGAP KD BAF cells were preincubated with 20 lM Y27632 for 10 min and then stimulated with 100 nM SDF-1a, plated on

fibronectin-coated dishes, and cultured for 1 h. Images were acquired at 10-s intervals and shown from a selected 100-s interval. White lines

show trajectory of the cells. Scale bar, 20 lm. (F) Box and whisker plots of migration speed of BAF cells (n ≥ 20, *0.01 < P < 0.05,

**P < 0.01). Statistical significance was determined by Welch’s t-test or one-way ANOVA and multiple comparison test.
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Fig. 6. Effect of PI3K inhibition on SDF-1a-induced migration of

BAF cells. BAF cells incubated without (untreated) or with PI3K

inhibitors 10 lM wortmannin or 50 lM LY294002 for 1 h. The cells

were then stimulated with SDF-1a for 30 min on fibronectin-coated

dishes and fixed and stained with anti-ezrin antibody and phalloidin

for F-actin. Cells with uropod (n ≥ 200) were counted, and the data

are expressed as the mean � SD (N = 3, *0.01 < P < 0.05).

Statistical significance was determined by one-way ANOVA and

multiple comparison test.
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plated on fibronectin as well as ICAM-1. Therefore,

FilGAP could modulate Rac activity downstream of

integrin (outside-in) signaling.

FilGAP is known to interact with several signaling

molecules and some of them may be responsible for

targeting FilGAP at the front of leading edge to inacti-

vate Rac. The PH domain of FilGAP specifically inter-

acts with PIP3 and FilGAP may be targeted to PIP3

to inactivate Rac [24]. FilGAP may be regulated simi-

larly with ARHGAP15, which also contains PH

domain and binds PIP3 [41]. FilGAP also binds Fil-

amin A and Filamin A is localized at the lamella of

moving cells [20]. The PH domain of FilGAP also

interacts with activated Arf6 and Arf6 is shown to be

involved in the regulation of leukocyte chemotaxis

[17,24,26,42]. It will be interesting to determine how

these signaling are involved in the regulation of

FilGAP.

We have shown previously that FilGAP is phospho-

rylated downstream of Rho/ROCK-signaling and

involved in Rho-mediated inactivation of Rac [20,26].

FilGAP therefore plays a role in the mesenchymal to

amoeboid transition of carcinoma cells [23]. Specifi-

cally, overexpression of FilGAP in carcinoma cells

induced amoeboid morphology, whereas depletion of

FilGAP in carcinoma cells induced elongated cell mor-

phology [23]. This elongated cell morphology is also

induced by inhibition of ROCK by treatment of the

cells with Y27632 [23]. In leukocytes, Rho/ROCK-

signaling has been shown to be responsible for uropod

formation at the rear of moving cells [9,17]. However,

it is unclear if FilGAP is involved in the regulation of

uropod formation in BAF cells. Although FilGAP is

detectable at the rear of polarized cells, depletion of

FilGAP did not impair the formation of uropods.

Moreover, overexpression of FilGAP did not stimulate

uropod formation. Treatment of the BAF cells with

ROCK-specific inhibitor Y27632 did not induce the

mesenchymal elongated cell morphology and therefore

it is unlikely that elongated morphology in FilGAP

knockdown BAF cells is due to inhibition of Rho/

ROCK-signaling. However, the effect of Y27632 on

the morphology and motility of leukocytes seems to be

cell type-specific. Further study is necessary to deter-

mine the role of FilGAP at the uropod of leukocytes

[43–46].
In humans, FilGAP is highly expressed in B lym-

phocyte and follicular lymphoma, a common type of

malignant B-cell lymphoma [34]. Moreover, high

expression of FilGAP was shown as an independent

unfavorable prognostic factor in follicular lymphoma.

It is unclear how high expression of FilGAP may con-

tribute to the malignancy of B-cell lymphoma. In

three-dimensional (3D) environment, FilGAP could

stabilize uropod downstream of Rho/ROCK-signaling

and facilitate invasion into extracellular matrix.

Because our BAF cells did not adhere and migrate in

3D collagen gels, we were unable to determine the role

of FilGAP in lymphocyte migration in 3D environ-

ments (data not shown). Further study is required to

clarify the role of FilGAP in B-cell lymphoma.

Immune cells use distinct migration mode according

to their cell type [31]. Lymphocyte can crawl by lamel-

lae-driven migration with minimal adhesive interac-

tions with substrates while adherent macrophages

require myosin II-dependent contraction at the rear to

detach and retract the cell body during migration [32].

In addition, Rac proteins are not essential for macro-

phage migration but they are important for neutrophil

migration [33,47]. Our present study shows that Fil-

GAP may suppress lamellae formation at the front of

migrating lymphocyte. It will be interesting to deter-

mine the specific role of FilGAP in immune cells other

than lymphocyte.
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Additional Supporting Information may be found

online in the supporting information tab for this
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Fig. S1. Expression profiles of CXCR4, VLA-5, and

LFA-1 in control and FilGAP-depleted BAF cells.

Fig. S2. Morphology of BAF cells.

Fig. S3. Localization of GTP-Rac1 in BAF cells.

Fig. S4. Morphology of BAF cells stimulated with

SDF-1a on ICAM-1.

Movie S1. Time-lapse movie of migrating control BAF

cells, related to Fig. 2A.

Movie S2. Time-lapse movie of migrating FilGAP KD

BAF cells, related to Fig. 2A.

Movie S3. Time-lapse movies of migrating control and

FilGAP KD BAF cells, related to Fig. 3A.

Movie S4. Time-lapse movies of migrating control and

FilGAP KD BAF cells, related to Fig. S4A.

Movie S5. Time-lapse movie of migrating BAF cells

expressing mCherry-FilGAP, related to Fig. 4F.

Movie S6. Time-lapse movie of migrating BAF cells

expressing mCherry-Rac G12V, related to Fig. 5A.

Movie S7. Time-lapse movie of migrating BAF cells

expressing mCherry-Rac G12V, related to Fig. 5D.

Movie S8. Time-lapse movies of migrating control and

FilGAP KD BAF cells, related to Fig. 5E.
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