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We have isolated a cDNA, frl (formin-related gene in leukocytes), a novel mammalian member of the formin
gene family. The frl cDNA encodes a 160-kDa protein, FRL, that possesses FH1, FH2, and FH3 domains that are
well conserved among other Formin-related proteins. An FRL protein is mainly localized in the cytosol and is highly
expressed in spleen, lymph node, and bone marrow cells. Formin-related genes and proteins have been re-
ported to play crucial roles in morphogenesis, cell polarity, and cytokinesis through interaction with Rho fam-
ily small GTPases. FRL binds to Rac at its N-terminal region including the FH3 domain and associates with
profilin at the FH1 domain. In a macrophage cell line, P388D1, overexpression of a truncated form of FRL con-
taining only the FH3 domain (FH3-FRL) strongly inhibited cell adhesion to fibronectin and migration upon
stimulation with a chemokine. Moreover, expression of the truncated FH3-FRL protein resulted in apoptotic
cell death of P388D1 cells, suggesting that the truncated FH3-FRL protein may interfere with signals of FRL.
Overexpression in the P388D1 cells of full-length FRL or of the truncated protein containing the FH3 and FH1
domains, with simultaneous expression of the truncated FH3-FRL protein, blocked apoptotic cell death and inhi-
bition of cell adhesion and migration. These results suggest that FRL may play a role in the control of reorgani-
zation of the actin cytoskeleton in association with Rac and also in the regulation of the signal for cell survival.

formin-related genes comprise a very large family and have
been shown to control morphogenesis, embryonic differentia-
tion, cell polarity, and cytokinesis. Mutation in the mouse
formin gene, the limb deformity (ld) locus, causes a reduction
and fusion of the distal bones and digits of all limbs, accom-
panied by variable kidney defects (54). Null mutations of the
Drosophila diaphanous gene (dia) result in sterility and lethal-
ity due to a failure of cytokinesis in all cells (8). Another
Drosophila formin-related gene, cap, is required for localiza-
tion of molecular determinants within the developing Drosoph-
ila oocyte (12). Mutation in the Aspergillus nidulans sepA gene
prevents septation and causes defects in the maintenance of
cellular polarity (17). The Schizosaccharomyces pombe fus1
gene mutant blocks conjugation at a point after cell contact
and agglutination.

The Bni1p in Saccharomyces cerevisiae, identified as a mu-
tant synthetically lethal with the Cdc12 (23, 56), has been
shown to be a target of Rho1 and Cdc42. Bni1p interacts with
profilin, an actin binding protein, resulting in regulation of the
actin cytoskeleton (13, 21, 26). p140mDia, a mammalian ho-
mologue of Dia, has also been shown to bind RhoA and pro-
filin (51). DFNA1, a mutant of human Diaphanous 1, is respon-
sible for an autosomal dominant, fully penetrant, sensorineural
progressive hearing loss that may result from a defect in the
actin organization of hairy cells in the inner ear (30). Bni1p,
Dia, and p140mDia are regarded as the members of the Di-
aphanous protein family.

Formin-related proteins have three characteristic domains:
formin homology domain 1 (FH1), FH2, and FH3. FH1 is a
proline-rich domain that associates with Src homology 3 (SH3)
domains (42), WWP/WW domains (4, 9), and profilin (21, 31,
51). FH2 is the conserved 130-amino-acid region at the C

terminus of Formin-related proteins. FH3 is located at the N
terminus of Formin-related proteins and differs from the Rho
binding site of Bni1p and p140mDia. FH3 is required for the
intracellular localization of Fus1 in S. pombe (40). Formin-
related proteins have been thought of as multidomain proteins
mediating various signals including actin reorganization.

The Rho family GTPases, Rho, Rac, and Cdc42, have been
implicated in the regulation of diverse biological processes,
including cell motility, cell adhesion, cytokinesis, cell morphol-
ogy, and cell growth (16). A major function of Rho, Rac, and
Cdc42 is to regulate the organization of polymerized actin
structure and the assembly of associated integrin complexes. In
Swiss 3T3 fibroblasts, activation of Rho by extracellular ligands
such as lysophosphatidic acid leads to the formation of actin
stress fibers and focal adhesion complexes. Rac could be acti-
vated by platelet-derived growth factor (PDGF), epidermal
growth factor (EGF), or insulin, which leads to the formation
of an actin meshwork at the cell periphery to produce lamel-
lipodia and membrane ruffles (44, 45). Activation of Cdc42 by
bradykinin leads to the formation of filopodial protrusions (27,
37). Rac and Cdc42 also induce integrin-based adhesion com-
plexes, which are distinct from Rho-induced focal adhesions
(19, 37). These integrin-based adhesion complexes contain
vinculin, paxillin, p125FAK, and b-integrin (37). Moreover,
Cdc42 activation leads to subsequent activation of Rac, which
in turn leads to activation of Rho (27, 37). Rho GTPases
regulate the c-Jun NH2-terminal kinase or stress-activated pro-
tein kinase (JNK/SAPK) (35) and the p38 mitogen-activated
protein (MAP) kinase cascades (50). Rho family GTPases have
been also reported to stimulate transcription of serum re-
sponse transcription factor (SRF) through mechanisms other
than MAP kinase cascades (18, 53). Rho family GTPases trig-
ger progression of the G1 phase of the cell cycle in quiescent
fibroblasts, and their activities are essential for serum-induced
G1 progression (38). Activation of G1 progression by Rac cor-
relates well with its ability to stimulate the formation of lamel-
lipodia but not with its ability to regulate JNK (24, 28).
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Recent studies have identified many downstream molecu-
lar targets for Rho family GTPases. p140mDia and Bni1p,
referred to above, are effectors of Rho family GTPases. As
effectors of Rac, p65PAK (p21-activated kinase) (32, 33),
NADPH p67phox (43), IQGAP (6), phosphatidylinositol-4-
phosphate 5-kinase (41, 47), WAVE (34), and LIM-kinase (3,
55) have been identified. WAVE, a member of the Wiskott-
Aldrich syndrome protein (WASP) family, has been shown to
regulate the actin cytoskeleton required for membrane ruffling
in COS7 cells.

We have cloned the frl (formin-related gene in leukocytes)
gene, a novel mammalian gene with characteristics of formin-
related genes. In the present study, we clarify the functions of
FRL in relation to Rac, which are involved in murine macro-
phage morphogenesis and motility. Moreover, we demonstrate
a possible role for FRL in macrophage survival.

MATERIALS AND METHODS

cDNA screening. In the course of searching for the molecules involved in
signal transduction in immune cells, we isolated a cDNA fragment (TE-4) from
a mouse thymus cDNA library. TE-4 contained FH1 and FH2 conserved se-
quences. Since it was strongly expressed in lymphoid tissues, it was designated frl.
Additional clones overlapping the primary frl cDNA fragment were obtained by
screening a mouse brain cDNA library (c-600 in lgt-10; Clontech) with 32P-
labeled TE-4 as a probe. Three positive clones were obtained. To obtain the 59
end of the cDNA, a 59 RACE (rapid amplification of cDNA ends) procedure was
used. One full-length cDNA was isolated from a brain cDNA and named frlb. A
spleen cDNA library was also screened with a 32P-labeled 860-bp fragment of frlb
cDNA as a probe, and positive clones were obtained. It was named frla. Both
libraries were screened by filter replica hybridization. The filters were hybridized
in hybridization buffer (50% formamide, 0.12 M Na2HPO4, 0.25 M NaCl, 7%
sodium dodecyl sulfate [SDS], 1 mM EDTA) with a 32P-labeled probe at 42°C
overnight. The filters were finally washed with 0.13 SSC (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) and 0.1% SDS at room temperature and were then
subjected to autoradiography. DNA sequencing was performed on an ABI se-
quencer.

Northern blot analysis. The filters of mRNA-loaded adult and embryonic
mouse tissues were purchased from Clontech. Total RNAs from various mouse
cell lines were extracted using Isogen reagent (Invitrogen). Total RNA was
separated on a 1% agarose gel containing 6% formaldehyde and transferred to
a nylon membrane (Hybond N; Amersham). The filters were hybridized with the
32P-labeled cDNAs corresponding either to the common part of frla and frlb or
to b-actin. Each hybridization was performed according to the manufacturer’s
instructions for QuickHybri (Invitrogen), and products were subjected to auto-
radiography.

Preparation of antibody. Anti-FRL antibody was prepared as follows. A pep-
tide against the C terminus of FRL (Cys-Leu-Ile-Tyr-Glu-Ser-Asp-Arg-Asp-
Gly-Ile-Glu-Asp-Ile-Ile-Thr) was synthesized and purified by high-performance
liquid chromatography (HPLC). Prior to injection, rabbits were bled for preim-
mune sera. Keyhole limpet hemocyanin (KLH)-conjugated peptide mixed with
Freund’s adjuvant was injected into two rabbits, and sera were collected after a
second booster. Using transiently frl cDNA-transfected 293T cells, antisera were
screened by their ability to react with FRL. The immunoglobulin G (IgG)
fraction of the antibody was purified using a protein G column (Pharmacia).

Western blotting for FRL. Various mouse tissues were homogenized in 0.25 M
saccharose containing 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 1 mM dithiothreitol (DTT). The protein content of each lysate was
quantified with a BCA Protein Assay Reagent Kit (Pierce). Each tissue lysate
equivalent to 100 mg of proteins was subjected to SDS–7.5% polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride membrane (Im-
mobilon-P; Millipore). The filters were blotted with anti-FRL or anti-b-actin
(PharMingen). The anti-FRL antibody was used at a 1:1,000 dilution, and human
b-actin was at a 1:1,000 dilution. Peroxidase-conjugated goat anti-rabbit IgG
(Cappel) was used at a 1:10,000 dilution as a secondary antibody. The blot was
then developed using an enhanced chemiluminescence system according to the
manufacturer’s instructions (Amersham).

P388D1 cells were washed twice with phosphate-buffered saline (PBS), and the
cell pellet was resuspended in a hypotonic buffer (20 mM HEPES [pH 7.4], 10
mM KCl, 1.5 mM MgCl2, 1 mg of aprotonin/ml, 1 mM PMSF, 1 mg of leupeptin/
ml) and allowed to swell on ice for 10 min. Cells were then lysed on ice by
vigorous Dounce homogenization (100 strokes) using a tight-fitting Dounce
homogenizer. The homogenate was spun down at 1,500 3 g for 5 min at 4°C. The
pellet was washed twice with a hypotonic buffer containing 0.5% NP-40 and then
homogenized by Dounce homogenizer with an additional 10 strokes and spun
down at 1,500 3 g for 5 min at 4°C. The resulting pellet (nuclear fraction) was
resuspended in an SDS-polyacrylamide gel electrophoresis sample buffer and
sonicated prior to analysis by Western blotting. The supernatant from the first

spin was centrifuged at 100,000 3 g for 30 min. The supernatant (S100) was used
as a cytosolic fraction, while the pellet (P100) was used as a membrane fraction.
Each sample was fractionated by SDS–7.5% polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane. The Western blot was
probed with a rabbit anti-FRL antibody.

Transfection. The plasmids of full-length frla cDNA (FULL-pcDNA3.1/His)
and its various truncated forms (FH3-pcDNA3.1/HisC, FH11FH3-pcDNA3.1/
HisC, and FH2-pcDNA3.1/HisC) were constructed in the pcDNA3.1/HisC vec-
tor (Invitrogen). The plasmids of full-length frla cDNA (FULL-pEGFP-C1) and
truncated forms (FH3-pEGFP-C1, FH11FH3-pEGFP-C1, FH2-pEGFP-C1,
N1-pEGFP-C1, and N2-pEGFP-C1) (see Fig. 3C) were also inserted into the
C-terminal protein fusion vector pEGFP-C1 (Clontech). COS7 cells and 293T
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS; Cell Culture Technologies), 0.1 mM
nonessential amino acids solution, 2 mM L-glutamate, 1 mM sodium pyruvate,
penicillin (100 IU/ml), and streptomycin (100 mg/ml) (Gibco BRL). The above
plasmid DNAs were transfected into COS7 cells or 293T cells by using Lipo-
fectamine (Gibco BRL) according to the manufacturer’s protocol. Cells were
lysed 24 h after transfection, and the cell extracts were used for Western blotting.

The tet-on system was used to obtain stable transformants that can be induced
by doxycycline to express full-length or various truncated FRLs. DraI-DraI cDNA
fragments of each plasmid (FH3-pcDNA3.1/HisC, FH11FH3-pcDNA3.1/HisC,
FH2-pcDNA3.1/HisC, and FULL-pcDNA3.1/His) that each contained an Xpress
tag at the 59 end were inserted into pUHD 10-3 (15) with a hygromycin resistance
gene controlled by the phosphoglycerate kinase (PGK) promoter. These were
designated FH3-pUHD 10-3/Hyg, FH11FH3-pUHD 10-3/Hyg, FH2-pUHD
10-3/Hyg, and FULL-pUHD 10-3/Hyg. P388D1 cells were transfected with
pUHD 172-1neo using Lipofectamine (Gibco BRL) according to the manu-
facturer’s protocol and then cultured in RPMI 1640 (Gibco BRL) containing
500 mg of neomycin/ml. The stable transformants (P388D1/pUHD172-1neo)
were then transfected by electroporation with each of the pUHD 10-3/Hyg
plasmids expressing full-length and truncated forms of FRL proteins. Three to
five clones for each type of transformants (FULL/P388D1, FH3/P388D1,
FH11FH3/P388D1, and FH2/P388D1) were obtained by selection with 500 mg
of hygromycin/ml. The expression of frla cDNA and its truncated forms was
confirmed by Western blotting with an anti-Xpress antibody (Invitrogen).

For experiments of reintroduction of cDNA encoding full-length or FH11
FH3-FRL in FH3/P388D1 cells, the plasmid DNA of FH11FH3-pEGFP-C1 or
FULL-pEGFP-C1 was transfected into the cells by electroporation. After 24 h,
the transfected FH3/P388D1 cells were cultured with doxycycline for another
24 h and then used for assays.

Binding assay. Glutathione S-transferase (GST) fusion proteins of RhoA,
Rac1, and Cdc42Hs were expressed and prepared according to the manufactur-
er’s instructions. The procedure for affinity precipitation has been described
previously (22). P388D1 cells (107 cells) were collected and disrupted by soni-
cation in 3.2 ml of buffer A (10 mM morpholineethanesulfonic acid [MES; pH
6.5], 150 mM NaCl, 2 mM MgCl2, 0.5 mM EDTA, 0.5% Triton X-100, 5 mM
DTT, 1 mM PMSF, 5 mg of leupeptin/ml). Sonicated homogenates were centri-
fuged at 10,000 3 g for 20 min, and the supernatants were stored. Loading of
each nucleotide was carried out by incubating 10 mM GST-Rho GTPases with 1
mM guanosine 59-O-3-thiotriphosphate (GTPgS) or GDP, or 10 mM GST with
1 mM GTPgS or GDP at 4°C for 1 h with gentle shaking. One-tenth of the
supernatants was then incubated with 400 pmol of each nucleotide-loaded GST-
Rho GTPase or GST. After incubation at 30°C for 30 min, 5 ml of glutathione-
Sepharose 4B beads (Pharmacia) was added to the solution, and the mixture was
incubated at 4°C for 1 h. The beads were washed twice with 1 ml of buffer A and
then boiled in Laemmli sample buffer. The solubilized extracts were subjected to
immunoblotting with an anti-FRL antibody.

To investigate the ability of truncated FRL to bind Rac, COS7 cells were
transfected with FH3-pEGFP-C1, FH11FH3-pEGFP-C1, FH2-pEGFP-C1, N1-
pEGFP-C1, or N2-pEGFP-C1. Cell lysates from each COS7 transformant were
mixed with GST-Rac at 30°C for 30 min, and then glutathione-Sepharose 4B
beads were added (Pharmacia). The mixture was incubated at 4°C for 1 h. The
solubilized extracts from the beads were subjected to immunoblotting with an
anti-GFP antibody (MBL). GST-profilin I or GST-profilin II was mixed with cell
lysates of each of the above transformants, and 20 ml of glutathione-Sepharose
4B beads was added to the mixture. After incubation with rotation for 2 h at 4°C,
the beads were washed with PBS plus 0.1% Triton X-100 and suspended in 20 ml
of SDS sample buffer. The solubilized extracts from the beads were subjected to
immunoblotting with an anti-FRL antibody, an anti-green fluorescent protein
(GFP) antibody, and anti-actin.

Immunoprecipitation. P388D1 cell lysates were mixed with an anti-FRL anti-
body or anti-Rac1 (Santa Cruz) immobilized on protein A-agarose beads at 4°C
for 2 h. The beads were washed with PBS–0.1% Triton X-100 (PBS T) three
times. The precipitates were analyzed by Western blotting with an anti-FRL
antibody, anti-Rac1, and anti-profilin (Cytoskeleton) antibodies.

Immunofluorescence. COS7 cells were seeded onto four-chamber slides
(Nunc) at a density of 2 3 104 cells and cultured overnight. At 24 h after
transfection of cDNAs in pEGFP-C1 vectors, cells were washed in PBS and then
fixed in 4% paraformaldehyde for 30 min at room temperature. After three
washes with PBS, fluorescence images were photographed with a conventional
fluorescence microscope to detect the localization of FRL.
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Inducible P388D1 transformants were washed in PBS and then fixed in 4%
paraformaldehyde for 30 min at room temperature. After three washes with PBS,
cells were incubated in blocking buffer (PBS containing 1% bovine serum albu-
min [BSA], 0.2% skim milk, and 0.3% Triton X-100) at room temperature for 30
min. Rhodamine-conjugated phalloidin (Molecular Probes) was used for F-actin
staining.

Adhesion assay. Doxycycline-inducible transformants were cultured in RPMI
1640 with 10% FCS containing 1 mg of doxycycline/ml for 24 h. Cells were
harvested and resuspended in RPMI 1640 without FCS. Ninety-six-well cluster
plates (polystyrene, non-tissue culture treated; Falcon) were coated with 10 mg
of fibronectin/ml. Proteins were allowed to bind for 2 h at 37°C before the wells
were rinsed and blocked for 1 h with 1% BSA (Sigma) in PBS. Viable cells were
distinguished by staining with trypan blue. Viable cells were added to the wells at
a concentration of 105/0.1 ml and allowed to attach at 37°C for 20 min. Nonad-
herent cells were removed by two washes with PBS and were then fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature. The fixed cells were
then rinsed twice with water, stained with 0.1% crystal violet in water for 30 min
at room temperature, and rinsed twice with water. Adhesion was quantitated by
adding 10% acetic acid to the crystal violet-stained well and examining the
solution in a spectrophotometer at 600 nm. Nonspecific attachment to BSA alone
was quantitated and subtracted from values obtained for specific adhesion.

Assay for chemotaxis. Chemotaxis of inducible P388D1 transformants was
examined using stromal cell-derived factor-1 (SDF-1) or macrophage colony-
stimulating factor (M-CSF) (Genzyme). SDF-1, a CXC chemokine, has chemo-
tactic activity for CFU–granulocyte-macrophage, burst-forming unit–erythro-
cyte, and CFU–granulocyte-erythrocyte-macrophage-megakaryocyte (25). The
cells were cultured in RPMI 1640 with 10% FCS containing 1 mg of doxycy-
cline/ml for 24 h, switched to RPMI 1640 without FCS, and harvested 24 h later.
The in vitro migration of cells was assessed in a Transwell cell culture chamber
(Costar) as described previously, with some modification (46). Polycarbonate
filters (pore size, 8.0 mm) were precoated with 5 mg of gelatin in a volume of 50
ml on the lower surface and dried overnight at room temperature. The coated
filters were washed in PBS and then dried immediately before use. A 100-ml cell
suspension (105 cells) was added to the upper compartment of the chamber.
SDF-1 (DIACLONE Research) diluted in serum-free culture medium was
loaded in the lower compartment at a concentration of 100 ng/ml. After 20 h of
incubation, the filters were fixed with methanol and the cells on the upper surface
were removed by wiping with cotton swabs. The filters were then cut from the
upper compartment and stained with hematoxylin and eosin. The cells that had
migrated to the lower surface of the filters were manually counted under a
microscope at a magnification of 3400. Data were expressed as the number of
migrated cells per field.

Analysis for cell proliferation and viability of P388D1 cells after doxycycline-
induced expression of truncated FRLs. For the cell proliferation assay, the
inducible P388D1 transformants (FULL/P388D1, FH3/P388D1, FH11FH3/
P388D1, and FH2/P388D1) were cultured in 96-well-plates without or with 1 mg
of doxycycline/ml for 24, 48, or 72 h. The cells were pulsed with [3H]thymidine
for the last 8 h of cultures.

For cell cycle analysis, FH3/P388D1- and mock-transformed cells were cul-
tured in media containing 1 mg of doxycycline/ml for 0, 24, 48, or 72 h. Cells were
washed in PBS and resuspended in 200 ml of hypotonic buffer (0.1% sodium
citrate, 0.1% Triton X-100, and 20 mg of RNaseA/ml) containing 50 mg of
propidium iodine (Sigma)/ml. Samples were incubated overnight at 4°C (36). For
each sample at least 104 events were collected and analyzed on a FACScan
(Becton Dickinson). Further analysis of flow cytometric data was performed
using CellQuest software. To examine the plasma membrane phosphatidylserine
(PS) transition of inducible transformants, binding buffer (HEPES-buffered sa-
line solution supplemented with 2.5 mM CaCl2 [pH 7.4]) was added to the cell
suspension. Cells were incubated with 100 ng of fluorescein isothiocyanate
(FITC)-conjugated Annexin-V (Pharmingen)/ml for 15 min at room temperature
in the dark. Thereafter, cells were further diluted in 400 ml of binding buffer and
analyzed on a FACScan.

Nucleotide sequence accession numbers. The frla and frlb sequences have
been assigned GenBank numbers AF215666 and AF006466, respectively.

RESULTS

Isolation of mouse frl cDNA. The isolated cDNA fragment
(TE-4) had a single open reading frame (ORF), and its de-
duced amino acid sequences revealed that it contained two
domains, FH1 and FH2, that are highly conserved among
formin-related proteins. To obtain a full-length coding se-
quence, a mouse brain cDNA library was screened. The iso-
lated full-length cDNA encoded a protein of 1,064 amino
acids. Another type of full-length frl cDNA was obtained by
screening a mouse spleen cDNA library, and it encoded a
protein of 1,094 amino acids (Fig. 1A). We designated the
longer form isolated from spleen cells frla, and the form from
brain cDNA was designated frlb (Fig. 1B). Two coiled-coil

regions are located at the N-terminal side (amino acids [aa]
357 to 422 in FRLa) of FH1 and the C-terminal side (aa 957
to 983) of the FH2 domain. The existence of coiled-coil regions
at equivalent positions is also observed in other formin-related
proteins.

The FH1, FH2, and FH3 domains are commonly found in
formin-related proteins. FRL was moderately homologous to
formin 4, Dia, p140mDia, and Bni1p (Fig. 1C). FRL shows 24,
25, and 23% identity downstream of the FH1 domain to
Formin 4, Dia, and p140mDia, respectively, and shows 40 and
34% identity of the FH2 domain to the respective regions of
Dia and p140mDia. FRL shows 22% identity of the N-terminal
region, excluding FH3, to the respective region of Dia.

In Western blot analysis using an anti-FRL antibody, FRL
proteins were detected strongly in the spleen, thymus and bone
marrow (Fig. 2C). Thus, we designated this novel gene frl, for
formin-related gene in leukocytes.

Expression of frl gene in mouse tissues and cell lines.
mRNAs from various mouse tissues and hematopoietic cell
lines of mice were subjected to Northern blot analysis by using
a common part of the frla and frlb cDNAs as a probe. Ap-
proximately 3.6- to 4.0-kb transcripts for frl were expressed in
adult mouse spleen, kidney, lung, heart, brain, and skeletal
muscles (Fig. 2A). The expression pattern of transcripts for frl
obtained by using a fragment specific for frla was similar to the
above results. The size differences between these transcripts
suggested that alternative splicing may have occurred. In anal-
ysis of mRNA from a mouse embryo, the expression of frl
rapidly increased at day 17 (Fig. 2A). frl transcripts were ex-
pressed in several hematopoietic cell lines: 38.B9 (pre-B lym-
phoid), WEHI-231 (immature B lymphoid), AKR-L-176 (T
lymphoid), and P815 (mast cell). The frl mRNA was especially
strongly expressed in the P388D1 and J774 macrophage cell
lines (Fig. 2B). These results suggested that frl transcripts are
widely expressed in hematopoietic cells, especially in macro-
phages.

Intracellular localization of FRL protein. Intracellular lo-
calization of endogenous FRL was examined by Western blot
analysis using subcellular fractions from P388D1 cells. Endog-
enous FRL was detected in the cytosolic fraction (S100) and
the membrane fraction (P100) but was not detected in the
nuclear fraction (Fig. 2D). Similar results were obtained using
COS7 cells with transient expression of GFP fusion protein of
full-length FRL (data not shown).

Specific association of FRL with Rac1 in vitro and in vivo.
p140mDia and Bni1p have been reported to bind Rho family
GTPases (13, 26, 51). Therefore we examined whether FRL
can bind Rho family GTPases. P388D1 cell lysates were incu-
bated with GST-RhoA, GST-Rac1, GST-Cdc42Hs, or GST,
each of which was preloaded with either GTPgs or GDP. GST
fusion proteins were precipitated by glutathione-Sepharose 4B
beads, and the pellets were analyzed by immunoblotting with
an anti-FRL antibody. FRL was precipitated from P388D1 cell
lysates by the GTP-bound form of recombinant GST-Rac, and
to a lesser extent by the GDP-bound form. FRL was not pre-
cipitated by GST-RhoA or GST-Cdc42Hs (Fig. 3A). These
results indicated that FRL specifically associates with Rac1
among RhoA, Rac1, and Cdc42Hs and that its binding is stron-
ger in the case of the GTP-bound form of Rac than the GDP-
bound form.

In order to examine the interaction between endogenous
FRL and Rac, immunoprecipitation analysis was carried out by
using an anti-Rac antibody. As shown in Fig. 3B, FRL was
coprecipitated with Rac, indicating that FRL associates with
Rac in vivo.

Then five types of vectors containing different truncated

6874 YAYOSHI-YAMAMOTO ET AL. MOL. CELL. BIOL.



FRLs were constructed in the form of GFP fusion proteins
(Fig. 3C) in order to investigate whether truncated proteins
could bind Rac1 in vitro. FH3-FRL consisted of the N-terminal
region including the FH3 domain. FH11FH3-FRL consisted
of the FH1 and FH3 domains, and FH2-FRL consisted of the
N-terminal 53 amino acids and the FH2 domain. N1-FRL had
the N-terminal 80 amino acids, and N2-FRL contained the
N-terminal 216 amino acids. Each type of truncated FRL was
transiently overexpressed in COS7 cells. FH3-FRL or FH11
FH3-FRL was coprecipitated from COS7 cell lysates by GST-
Rac1, but the other truncated FRL proteins were not copre-
cipitated (Fig. 3D). These results indicated that FRL can bind
Rac1 with its N-terminal region, consisting of 216 to 537 amino
acids, which contains the FH3 domain.

FRL associates with profilin both in vitro and in vivo. It has
been reported that the FH1 domains of p140mDia and Bni1p
associate with an actin binding protein, profilin. The associa-
tion between profilin and FRL was examined in a binding assay
using P388D1 cell lysates and the GST-profilin I or GST-
profilin II fusion protein. As shown in Fig. 4A, FRL bound to
both profilin I and profilin II. Greater amounts of FRL were
precipitated with profilin I than with profilin II. Furthermore,
actin was coprecipitated with profilins. P388D1 cell lysates
were also subjected to immunoprecipitation using an anti-FRL
antibody. Profilin was coprecipitated with FRL, indicating that
FRL associates with profilin also in vivo (Fig. 4B). To confirm
the domain that binds to profilin, the association of several
truncated FRL proteins with profilin was investigated by using
lysates of COS7 cells expressing GFP fusion proteins with
truncated FRLs. Only FH1-FRL could bind to profilin (Fig.

4C), indicating that FRL associates with profilins at the FH1
domain.

Expression of the FH3-FRL truncated protein suppressed
cell spreading and the formation of lamellipodia. In order
to study the functional properties of FRL in macrophages, a
doxycycline-regulated inducible vector system (15) was used
for expression of the full-length frl cDNA and three types of
truncated frl cDNAs (FH3-FRL, FH11FH3-FRL, and FH2-
FRL) in P388D1 cells (Fig. 3C). Addition of doxycycline to
these stable transformants for 24 h induced expression of the
full length FRL or truncated FRL proteins (Fig. 5A).

The morphology of transformants that overexpressed vari-
ous truncated forms of FRL was examined after 15 h of serum
starvation. Serum-starved P388D1 cells generally lack lamelli-
podia, membrane ruffles, and filopodia [Fig. 5B(a) and (b)]. All
inducible transformants expressing each form of truncated
FRL were stimulated by 100 ng of SDF-1/ml for 20 min. They
were then fixed and stained with phalloidin for F-actin. Mock-
transformed cells containing only vector showed prominent
formation of filopodia and lamellipodia after stimulation
with SDF-1 [Fig. 5B(c)]. The cells overexpressing the trun-
cated FH3-FRL protein decreased in size compared to mock-
transformed cells and could hardly spread or display mem-
brane ruffling upon SDF-1 stimulation [Fig. 5B(d)]. On the
other hand, transformants overexpressing the full-length,
FH11FH3-FRL, or FH2-FRL protein showed responses sim-
ilar to those of mock-transformed cells upon SDF-1 stimula-
tion. These results suggest that overexpressed FH3-FRL trun-
cated protein inhibited Rac-induced reorganization of the
actin cytoskeleton by binding Rac in place of endogenous FRL.

FIG. 1. Structure of protein and cDNA of FRL and other formin-related proteins. (A) Deduced amino acid sequence of FRLa. An FH1 domain is indicated by
a bold underline, and FH2 by a bold broken line. An FH3 domain is indicated by a thin underline. Coiled-coil regions are indicated by a thin broken line. The accession
numbers of the nucleotide sequences in GenBank are AF215666 for frla and AF006466 for frlb. (B) Isoforms of frl cDNA. frla encodes a protein of 1,094 amino acids,
and frlb encodes a protein of 1,064 amino acids. frla differs from frlb at its 59 end and has an in-frame deletion of 99 bp at its 39 terminus. (C) Schematic presentation
of FRL and other formin-related proteins. The homology was calculated by the ratio of the number of identical amino acids to the number of corresponding amino
acids of FRL and is expressed as a percentage in each indicated region.
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Inhibition of adhesion and chemotaxis of P388D1 cells by
the induced expression of the truncated FH3-FRL protein. As
described above, FRL associates with Rac, which suggests that
FRL may have a role in cell adhesion and motility. P388D1
cells containing doxycycline-inducible truncated cDNA encod-
ing FH3-FRL (FH3/P388D1 cells) were adhesive to fibronec-
tin-coated plates similarly to the mock cells when cultured
without doxycycline. However, 24 h after addition of doxycy-
cline, the number of cells adhesive to fibronectin-coated plates
was markedly reduced (Fig. 5C). Transformants overexpress-
ing other truncated FRLs did not show any reduction of ad-
hesion. These results suggested that overexpression of FH3-
FRL disturbed cell binding to the extracellular matrix.

Rac has been shown to participate in the migration of
macrophages. Migration of the doxycycline-inducible trans-
formants to SDF-1 was examined 24 h after the addition of

doxycycline (Fig. 5D). The numbers of migrating P388D1 cells
expressing the truncated FH3-FRL protein were decreased to
about 35%, compared to those of mock-transformed cells.
Similar results were obtained in the case of M-CSF stimula-
tion. The numbers of migrating cells in the absence of these
chemokines were fewer than 3 per field in all transformants.

These results indicate that FRL, in cooperation with Rac, is
involved in the regulation of adhesion and motility of macro-
phages, and that the N-terminal region containing the FH3 and
FH1 domains is essential for its function.

Inhibition of cell growth by the FH3-FRL truncated protein.
Proliferation of the above transformants in the presence of
doxycycline was examined by [3H]thymidine incorporation. In
FH3-1 and FH3-2 clones of FH3/P388D1 cells, which over-
expressed FH3-FRL upon the addition of doxycycline, [3H]
thymidine incorporation was reduced to 30.5 and 43.3%,
respectively, at 72 h (Fig. 6A). Expression of full-length and
other truncated FRL proteins did not affect [3H]thymidine
incorporation by P388D1 cells. Doxycycline alone did not af-
fect the growth of mock-transformed cells. Three other inde-
pendent experiments showed similar results.

Overexpression of the truncated FH3-FRL protein induced
apoptotic cell death in P388D1 cells. DNA fragmentation and
phosphatidylserine (PS) transition in FH3/P388D1 cells were
examined at 24, 48, and 72 h after the addition of doxycycline.
The percentage of nuclear fragmentation of P388D1 cells over-
expressing FH3-FRL was 4.1 6 0.57% at 24 h, 8.63 6 0.51% at
48 h, and 12.4 6 0.87% at 72 h, in contrast to 1.3 to 1.8% in
mock-transformed cells (Fig. 6B). The percentages of An-
nexin-V-positive cells among P388D1 cells overexpressing the
FH3-FRL truncated protein were 10.42 6 0.41% at 24 h,
12.71 6 0.13% at 48 h, and 14.66 6 0.62% at 72 h, in contrast
to 4.0 to 4.9% in mock-transformed cells at all times (Fig. 6C).
Three other independent measurements showed similar re-
sults. Overexpression of either FULL-FRL, FH11FH3-FRL,
or FH2-FRL protein did not induce apoptosis. From these
results, it appeared that overexpression of FH3-FRL truncated
protein induced apoptosis in P388D1 cells, suggesting that a
block of FRL binding to Rac by the FH3 truncated protein
impaired the cell survival function of FRL.

Rescue of the FH3 truncated protein-induced inhibition of
cell adhesion, migration, and proliferation by overexpression
of FRL or FH11FH3-FRL protein. To confirm whether the
phenomena observed in P388D1 cells expressing the truncated
FH3-FRL protein were caused by its interference with FRL-
Rac association, GFP fusion proteins of FULL-FRL or FH11
FH3-FRL were overexpressed in FH3/P388D1 cells. There
were no significant differences in the amount of FH3-FRL
protein induced by doxycycline among these cells transfected
with FULL-pEGFP-C1, FH11FH3-pEGFP-C1, or pEGFP-
C1 vector (data not shown). In spite of the presence of the
doxycycline-induced truncated FH3-FRL protein, the cells ex-
pressing FULL-FRL or FH11FH3-FRL protein could spread
and form ruffles upon stimulation by SDF-1 (Fig. 7A). In the
adhesion assay, overexpression of the FH11FH3-FRL or
FULL-FRL protein recovered the ability of the FH3 protein-
producing P388D1 cells to adhere to fibronectin (Fig. 7B).
Expression of FH11FH3-FRL or FULL-FRL in FH3/P388D1
cells could also increase their ability to migrate toward SDF-1
(Fig. 7C). Similar results were obtained in the case of cell mi-
gration toward M-CSF (data not shown). Furthermore, these
transformants regained their ability to proliferate, as shown in
Fig. 7D.

FIG. 2. Expression of the frl gene and protein in various mouse tissues and
cell lines. (A) Northern blot analysis of frl expression in various mouse tissues
(left) and in a mouse embryo (right). (B) Northern blot analysis of frl in mouse
hematopoietic cell lines. Total RNAs were probed with a common part of frla
and frlb cDNAs. The amounts of loaded RNA were normalized by the level of
b-actin mRNA. (C) Western blot analysis of various mouse tissues. Total tissue
extracts (100 mg of protein/lane) from each organ were blotted with a rabbit
anti-FRL antibody and a horseradish peroxidase-labeled anti-rabbit IgG anti-
body. (D) FRL localization in P388D1 cells. P388D1 cells were lysed and sepa-
rated into three fractions: nuclei, cytosol (S100), and membrane (P100). Each
sample was subjected to Western blotting with a rabbit anti-FRL antibody.
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DISCUSSION

FRL contains three domains, FH1, FH2 and FH3, that char-
acterize Formin-related proteins. Among these proteins, FRL
shows moderate homology to Diaphanous proteins p140mDia
and Bni1p in the region outside the FH domains. FH1 has
been shown to bind the SH3 domain (42), the WWP/WW
domain (9), and profilin (13, 21). The Diaphanous proteins
p140mDia and Bni1p regulate actin polymerization by binding
profilin. In this study, it was shown that the FH1 domain of
FRL associates with profilin, suggesting that FRL function may
also be mediated by profilin. Since the FH1 domain of FRL
contains three PPLP motifs that can bind to both WWP/WW
and SH3 domains (4), FRL may express its function by binding
several proteins that contain these domains. The function of
the FH2 domain has not yet been clarified. Considering that
both FH1 and FH2 are well conserved and contained in all
Formin-related proteins, the two domains could function to-
gether. However, morphology, adhesion, migration, and pro-
liferation were not impaired in P388D1 cells expressing trun-
cated FRL proteins that contained both FH3 and FH1, but not
FH2, indicating that the region containing FH3 and FH1 is
enough to exhibit the function of FRL. The results of overex-
pression of FH11FH3-FRL in FH3/P388D1 cells strongly sup-
port this notion (Fig. 7). Thus, the FH2 domain in FRL seems
to have little effect on FRL function. The FH3 domain is
located at the N terminus in most formin-related proteins. It
has been reported that FH3 differs from the Rho binding site

FIG. 3. Association of FRL and truncated FRL proteins with Rac1 in vitro
and in vivo. (A) Precipitation of FRL by the GTPgS- or GDP-bound form of
Rac1. P388D1 cell lysates were incubated with GST-RhoA, GST-Rac1, GST-
Cdc42Hs, or GST, each of which was preloaded with either GTPgs or GDP. GST
fusion proteins were precipitated by glutathione-Sepharose 4B beads, and the
pellets were analyzed by immunoblotting with an anti-FRL antibody. (B) In vivo
association of FRL with Rac1. P388D1 cell lysates were immobilized on protein
A-agarose beads without (lane 1) or with (lane 2) anti-Rac1. The precipitates
were analyzed by Western blotting with an anti-FRL antibody and an anti-Rac1
antibody. (C) Structure of truncated FRLs. FH3-FRL contains only the FH3
domain, FH11FH3-FRL contains the FH1 and FH3 domains, and FH2-FRL
contains only the FH2 domain. N1 consists of the N-terminal 80 amino acids, and
N2 consists of the N-terminal 216 amino acids. (D) FRL associates with Rac1 at
its N-terminal region containing the FH3 domain. COS7 cells transfected with
each expression vector (FH3-pEGFP-C1, FH11FH3-pEGFP-C1, FH2-pEGFP-
C1, N1-pEGFP-C1, or N2-pEGFP-C1) were lysed, incubated with GST-Rac1,
and precipitated by glutathione-Sepharose 4B. The pellets were analyzed by
immunoblotting with an anti-GFP antibody.

FIG. 4. FRL associates with profilin. (A) Interaction of FRL and profilin in
vitro. P388D1 cell lysates were incubated with GST-profilin I or with GST-
profilin II and then precipitated by glutathione-Sepharose 4B beads, and the
pellets were analyzed by immunoblotting with anti-FRL, anti-GST, and anti-
actin antibodies. (B) In vivo association of FRL with profilin. P388D1 cell lysates
were immobilized on protein A-agarose beads without (lane 1) or with (lane 2)
an anti-FRL antibody. The precipitates were analyzed by Western blotting with
anti-FRL and anti-profilin antibodies. (C) The FH1 domain of FRL binds to
profilin. COS7 cells transfected with each expression vector (FH3-pEGFP-C1,
FH11FH3-pEGFP-C1, and FH2-pEGFP-C1) were lysed, incubated with GST-
profilin I, and precipitated by glutathione-Sepharose 4B beads. The pellets were
analyzed by immunoblotting with anti-GFP and anti-actin antibodies.
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of Bni1p and p140mDia. Fus1, one of the Formin-related pro-
teins, is required for conjugation and is localized at the pro-
jection tips of mating pairs in S. pombe. The FH3 of Fus1 was
shown to localize at the projection tips of mating pairs and has
been thought to control localization of Fus1 during conjuga-
tion (40). Although the N-terminal region of FRL shows ho-
mology (26%) to the Rho binding sites of p140mDia, FRL
does not bind Rho, but Rac. The N-terminal region of FRL
containing FH3 was shown to be required for associating with
Rac. It has been shown that proteins containing the Cdc42/Rac
interactive binding (CRIB) motif bind to Cdc42 and/or Rac in
a GTP-dependent manner (7). FRL binds preferentially to the
GTP-bound form of Rac. However, considering that FRL does
not possess the CRIB motif and could also associate weakly
with the GDP-bound form of Rac, the interaction of FRL with
Rac seems to be independent of the activation of Rac.

Diaphanous proteins have been shown to associate with Rho
GTPases and profilin and to contribute to the regulation of
actin cytoskeleton (13, 21). Rac induces lamellipodia and reg-
ulates integrin adhesion complexes in Swiss 3T3 cells (19, 37,
44, 45). The role of Rho GTPases in regulating cytoskeletal

organization has been examined in macrophages, which lack
stress fibers. Cells of the monocyte-macrophage lineage are
particularly interesting because they are highly locomotive, and
their ability to migrate towards a source of a chemoattractant
is essential for their recruitment to sites of inflammation (11).
In Bac1 cells, a murine macrophage cell line, CSF-1 induces an
actin filament-based structure, and the organization of integrin
adhesion complexes with the extracellular matrix is regulated
by Cdc42 and Rac, but not Rho (1). These adhesion complexes
contain several proteins normally associated with focal adhe-
sion in fibroblasts. Rac is also required for the process of
macrophage locomotion, whereas Cdc42 is involved in re-
sponding to a gradient of the chemokine (2). FRL shows abun-
dant expression in macrophage cell lines, suggesting that FRL
might be involved in regulation of actin cytoskeleton organi-
zation in macrophages. Expressing the truncated FH3-FRL in
P388D1 cells led to reduction in spreading and in the forma-
tion of lamellipodia upon stimulation by a chemokine, SDF-1.
FH3-FRL also inhibited adhesion and migration in P388D1
cells. Cell migration is a complex process involving dynamic
and coordinate changes in cell adhesion and in the cytoskele-

FIG. 5. The inducible P388D1 transformants express various forms of FRL; effects of overexpression of the truncated FH3-FRL protein in P388D1 cells. (A) Cell
lysates from doxycycline-inducible transformants of P388D1 (FH3/P388D1, FH11FH3/P388D1, FH2/P388D1, and FULL/P388D1) were collected after incubation with
doxycycline (1.0 mg/ml) at 0, 24, 48, or 72 h and subjected to Western blotting with an anti-Xpress antibody. FRL was strongly expressed from 24 to 72 h after the
addition of doxycycline. (B) Inhibition of cell spreading and of formation of lamellipodia in P388D1 cells by doxycycline-inducible overexpression of FH3-FRL.
Mock-transformed cells (a and c) and FH3/P388D1 cells (b and d) pretreated with doxycycline were starved for 15 h and then incubated without (a and b) or with (c
and d) SDF-1 (100 ng/ml). The cells expressing FH3-FRL protein did not spread well or show the formation of membrane ruffles (d), compared to mock-transformed
cells (c). (C) Expression of the truncated FH3-FRL protein strongly inhibited P388D1 cell adherence to fibronectin. After 24 h of incubation with doxycycline, each
transformant of P388D1 cells was examined for adhesion to fibronectin-coated wells. Error bars represent standard deviations in triplicate cultures. Similar results were
obtained in three separate experiments (P , 0.01 in Student’s t test for FH3. (D) Reduction of the chemotaxis of P388D1 cells upon SDF-1 by overexpression of FH3-
FRL truncated protein. Inducible P388D1 transformants expressing full-length FRL or each truncated form of FRL and mock-transformed cells were examined for
chemotactic activity in response to SDF-1 (100 ng/ml). Random fields of transwell membranes were counted for the number of migrating cells. Similar results were
obtained in three separate experiments (P , 0.01 by Student’s t test for FH3).
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ton (29). Therefore, the decrease in the migrating activity of
P388D1 cells following overexpression of the FH3-FRL trun-
cated protein can be regarded as a result of a combination of
a defect in adhesion and a defect in morphological changes in
the cytoskeleton. The truncated FH3-FRL protein has an N-

terminal region, which can bind Rac but lacks the C-terminal
region, including the FH1 domain, which interacts with profi-
lin. Various defects in P388D1 cells resulting from FH3-FRL
expression can be explained by the direct binding of the FH3-
FRL truncated protein to Rac, which interfered with the Rac
binding of endogenous FRL; thus, the normal function of FRL
was inhibited. Recently, it was reported that RhoA and the C
terminus of p140mDia competitively bind to the N-terminal
region of p140mDia, and it was proposed that p140mDia shows
intramolecular binding between its N and C termini (52). This
finding might be considered one explanation for the mecha-
nism by which FH3-FRL exerts dominant inhibitory effects on
endogenous FRL function. Overexpression of FH11FH3-FRL
or FULL-FRL in FH3/P388D1 cells rescued the defects in cell
adhesion, migration, and proliferation which were induced by
the expression of the truncated FH3 protein. Taken together,
it appears that FRL has a crucial role in the actin cytoskeleton,
adhesion, and migration by virtue of its association with Rac.

Rac plays a critical role in cell growth. Continuous activation
of Rho, Rac, or Cdc42 induces G1 progression in quiescent
Swiss 3T3 cells, leading to DNA synthesis (38). Rac and Cdc42
regulate JNK/SAPK and p38 MAP kinase cascades (10, 35, 38,
57). It has been suggested that Rac activates the JNK/SAPK
cascade through binding to PAK and induces actin poly-
merization and proliferation through binding to POR1 and
p160ROCK (24, 28, 48). Activation of G1 progression by Rac
correlates well with its ability to stimulate lamellipodia. The
results of cell proliferation assays and the observation of mor-
phological changes in response to SDF-1 in P388D1 cells ex-
pressing the truncated FH3-FRL protein suggest that FRL
regulates the cell proliferation of macrophages in a similar
fashion. However, overexpression of FH3-FRL also led to apo-
ptosis in P388D1 cells. Therefore, several possibilities can be
considered. Integrin-based adhesion complexes that are in-
duced by Rac are also thought to be the source of signals
required for cell cycle progression and survival (24, 28). On
the other hand, it has been suggested that cell adhesion on
fibronectin plays a critical role in cytoskeletal organization, cell
cycle progression, and cell survival (14, 20). Detachment of
epithelial and endothelial cells from the extracellular matrix
leads to programmed cell death (14). It is also suggested that
signals from the fibronectin matrix seem to control cell prolif-
eration, whereas cell substrate adhesion provides a survival
signal (5). Considering these facts, apoptosis induced by the
overexpression of the FH3-FRL truncated protein may occur
due to the defects in formation of integrin-based adhesion
complexes. Since FRL did not associate with PAK (data not
shown), it is unlikely that FRL controls the signal from Rac to
PAK, which leads to activation of the JNK/SAPK cascade. Rho
GTPases also stimulate transcription from the cyclin D pro-
motor and activate the SRF in the pathway which does not
correlate with activation of MAP kinases (ERK, SAPK/JNK,
or p38) (18, 53). FRL may be operative in the latter pathway,
transmitting a signal essential to survival. Alternatively, FRL
may mediate the signal to protect cells from apoptosis through
a signaling pathway entirely independent of Rac. Of note, sta-
ble transformants of 293 cells or L cells with overexpression of
full-length FRL have not yet been obtained. The same phe-
nomenon was also reported with the formin gene (49). It sug-
gests that cells overexpressing FRL may be at a selective dis-
advantage. FRL might stop the cell cycle or induce cell death
in these cell lines. Rho GTPases have been shown to induce
various cell responses specific for each cell type, so that ex-
pression of FRL in nonhematopoietic cells might lead an the
outcome different from that observed in P388D1 cells. In con-
clusion, from the present studies using P388D1 transformants

FIG. 6. Expression of the truncated FH3-FRL protein inhibited cell growth
and induced apoptotic cell death in P388D1 cells. (A) [3H]thymidine incorpo-
ration of inducible P388D1 transformants at 72 h after the addition of doxycy-
cline (1.0 mg/ml). Overexpression of the truncated FH3-FRL protein strongly
inhibited proliferation of P388D1 cells (clone FH3-1 and clone FH3-2). Similar
results were obtained in three separate experiments (P , 0.01 by Student’s t test
for FH3-1 and -2. (B) DNA fragmentation in FH3/P388D1 and mock-trans-
formed cells at 0, 24, 48, and 72 h after the addition of doxycycline (1.0 mg/ml).
FH3, FH3/P388D1 cells incubated with doxycycline. (C) FH3/P388D1 and mock-
transformed cells were stained with Annexin-V at 0, 24, 48, and 72 h after the
addition of doxycycline (1.0 mg/ml). Error bars represent standard deviations in
triplicate samples. Similar results were obtained in three separate experiments.
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expressing truncated FRL proteins, the N-terminal region con-
taining FH3 is required for association with Rac, and the FH1
domain is critical for various functions of FRL in P388D1 cells.

Macrophages play an important role in specific immune
responses by T and B cells as well as in other host defenses,
including phagocytosis and antitumor activities. Most of these
macrophage activities are not expressed constitutively but are
acquired after exposure to stimuli encountered in the tissue
microenvironment. During this activation process, macro-
phages become usually bigger and more metabolically active,
and gain an increased capacity for adherence. In these pro-
cesses, FRL is expected to display a special function. Further-
more, FRL is expressed in various hematopoietic as well as
lymphoid cells. All stages in lymphocyte differentiation and
activation are associated with profound changes in cell mor-
phology that mainly depend on functional tubulin and the actin
cytoskeleton (39). FRL might be one of the key molecules
involved in actin cytoskeleton organization in the immune
cells. We are now generating frl gene-targeted mice. They may
provide us with further information about the biological func-
tion of FRL in vivo.
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