










counted. Most of the cells had no pseudopodium before stimula-
tion. Examples of each cell type are shown in the left column
(untreated control) in Fig. 7A, and quantitation of number of
pseudopodia is shown in Fig. 7, B and C. Upon exposure to the
chemokine, several control and FNT cells exhibited a single,
unidirectional protrusion of pseudopodium/lamellipodium and
the number of such cells was greater in the FNT cell population
than in control cell population (Fig. 7C). Interestingly, both
DN-FNT and AS-FNT cells exhibited multiple protrusions of
pseudopodia (Fig. 7A, middle). Magnified images (Fig. 7A,
right) showed, however, that the pseudopodium in FNT cells
comprised thick actin-rich lamellipodium, whereas the multiple
pseudopodia in DN-FNT and AS-FNT cells showed filopodia-
like structures. These results suggest that FROUNT facilitates

unidirectional protrusion of lamellipodium even in the absence
of a chemokine gradient.

We next assessed whether FROUNT regulates the pseudopodial
protrusion in an appropriate direction along a chemokine gradient
by using the TAXIScan device. More persistent pseudopodia were
formed in FNT cells, but now they were directed toward the higher
concentration of chemokine (Fig. 8A). The percentage of FNT
cells with a single pseudopodium was similar to that in controls,
whereas the proportion of the cells forming two pseudopodia in-
creased and that with more than three multiple pseudopodia sub-
stantially decreased (Fig. 8B). In contrast, FROUNT-suppressed
cells produced multiple pseudopodia extruding in all directions
(Fig. 8, A and B). FROUNT overexpression increased the number
of cells with a pseudopodial protrusion directed toward the higher

FIGURE 5. Increased colocaliza-
tion of FROUNT and CCR5 upon
stimulation with CCL4. CCR5-ex-
pressing HOS cells were stimulated
with 50 ng/ml CCL4 for 1, 5, or 20
min. Cells without stimulation were
used as a control. Fixed and perme-
abilized cells were treated with Abs
against chemokine receptor CCR5
(stained with Alexa Fluor 488, green)
and FROUNT (with Alexa Fluor 546,
red). A, Confocal microscope images
of FROUNT and CCR5 in a HOS cell.
Colocalized pixels were extracted us-
ing FluoView software (Olympus)
and shown as white spots in the right
two columns. Areas of the ruffling
membrane are indicated with dotted
line in the FROUNT imaging photos.
Experiments were repeated three
times and �100 cells were examined
in each time in each condition. Stain-
ing patterns of a representative cell
are shown. Length of a bar corre-
sponding to 10 �m. B, Changes of
FROUNT and CCR5 signal intensi-
ties along the yellow arrows shown in
A are plotted and overlaid.
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chemokine concentration (Fig. 8C). These results indicate that
FROUNT promotes consolidated pseudopodial protrusion toward
higher concentrations of CCL4.

Promotion of CCR5 clustering by FROUNT overexpression

Chemokine receptors are recruited into microdomain clusters at
the plasma membrane after stimulation, and this recruitment ap-
pears to act as a sensor mechanism for the directed migration of
leukocytes through a chemoattractant gradient (24, 25). We inves-
tigated CCR5 clustering upon uniform stimulation with a CCR5-
selective ligand in CCR5-expressing HOS cells (Cont), FNT cells,
or DN-FNT cells (Fig. 9A). For visualization of receptor cluster-
ing, cells were preincubated with anti-CCR5 Abs. This procedure
caused partial detachment of the cells from the base of dish, and
the cells became rounded in shape. Cluster formation upon che-
mokine stimulation was associated with an increase in the intensity
of detectable fluorescence derived from the labeled receptors (Fig.
9B). FNT cells exhibited far more frequent receptor clustering,
producing high-density areas of the receptor, whereas FNT-sup-
pressed cells formed few clusters. It seems that these high-density
areas of the receptor form the region where the consolidated pseu-
dopodia will protrude in FNT cells.

Discussion
We report in this paper that the CCR2-binding protein FROUNT also
binds to CCR5 at the C-terminal domain, as in the case of CCR2. By
chemotaxis imaging using CCR5-expressing cells, we have shown
here for the first time that FROUNT promotes the directionality of
chemotaxis. Furthermore, we reveal that FROUNT amplifies signals
to form mainly one leading edge protrusion of pseudopodia toward
higher chemokine concentrations. It seems that FROUNT promotes
the formation of consolidated pseudopodia by facilitating receptor
clustering, producing high-density areas of the receptor where the
consolidated pseudopodia will protrude. Thus, FROUNT is a com-
mon regulator of both CCR2 and CCR5 and plays a key role in

FIGURE 6. Colocalization of FROUNT and F-actin in pseudopodia.
CCR5-expressing HOS cells were stimulated with CCL4 and prepared as de-
scribed in the legend for Fig. 5. Fixed and permeabilized cells were stained
with anti-FROUNT and visualized with Alexa Fluor 546 (red) and phalloidin
(green), respectively. Areas of pseudopodial protrusion are indicated with a
dotted line in the FROUNT imaging photos. Experiments were repeated twice,
and �100 cells were examined in each time in each condition. Staining pat-
terns of representative cells are shown. Colocalized pixels were extracted using
FluoView software (Olympus) and are shown as white spots in the right two
columns. Length of the bars indicates 20 �m.

FIGURE 7. Effect of overexpressed or suppressed FROUNT on pseudop-
odia formation. CCR5-expressing HOS cells (control), FNT cells, DN-FNT
cells, and AS-FNT cells were used in this experiment. Function of FROUNT
on pseudopodial formation upon stimulation with CCL4 was evaluated mor-
phologically by visualizing F-actin with phalloidin. Images of a representative
cell from each cell line before and after stimulation with CCL4 are shown (A).
Asterisks indicate each pseudopodium. Average numbers of pseudopodia per
cell (mean � SD) before (B) and after stimulation for 1 min (C) in five indi-
vidual fields are shown as columns. Similar results were obtained when the
experiment was repeated. �, p � 0.05. Length of the bars indicates 20 �m.

FIGURE 8. Consolidated pseudopodial protrusion toward chemokine
concentration in the cells overexpressing FROUNT. CCR5-expressing
HOS cells (Cont), FNT cells, or DN-FNT cells derived from HOS cells
were applied to a compartment of the TAXIScan device, and 100 ng/ml
CCL4 was injected to the opposite compartment. Images of the cells in the
channel between the compartments were recorded every 30 s for 75 min.
A, Representative cell (asterisk) images every 13 min after addition of the
chemokine are shown. The concentration gradient formed from bottom to
top in the figure. Arrows indicate each pseudopodium. Length of a bar
corresponds to 10 �m. B, Average numbers of pseudopodia per cell after
60-min incubation in five individual fields are shown as columns. Similar
results were obtained when the experiment was repeated. C, The relative
ratio of number of pseudopodia toward chemokine gradient against total
number of pseudopodia in a cell are shown as percentage. Data are repre-
sentative of one of three independent experiments.
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accurate control of the directional migration in each receptor-medi-
ated chemotaxis.

We previously reported that, when macrophages or CCR2-ex-
pressing cells are exposed to a chemokine gradient, FROUNT in-
teracts with CCR2 in migrating cells and induces PI3K activation.
This process is then coupled to activation of Rac, a small G protein
of the Rho GTPase family. In this paper, we have further shown,
by using CCR5-expressing cells, that FROUNT facilitates the di-
rectionality of cell migration. This directionality appears to be me-
diated by the persistent and accurate formation of a limited number
of pseudopodia (one or two) in an appropriate direction, a process
accompanied by actin reorganization. Even when stimulated uni-
formly with chemokine rather than with a chemokine gradient,
FROUNT consolidates the direction of lamellipodial formation.
Analogously, under uniform stimulation, FROUNT facilitates re-
ceptor clustering and produces a cell-surface area of high receptor
density. Taking the data together, we hypothesize that, upon
stimulation, FROUNT concentrates the distribution of receptor/
FROUNT complex, which leads to local activation of the recep-
tors, resulting in the formation of consolidated pseudopodia. Re-
cent studies have shown that control of the number and orientation
of lamellipodial protrusions mediates directional migration (26–
28). Our findings now add FROUNT to the list of molecular com-
ponents for this proposed mechanism of directional migration.

In a chemokine gradient, FROUNT amplifies signals to form
mainly one leading edge protrusion of pseudopodia toward higher
chemokine concentrations. Because FROUNT directly binds to
chemokine receptors proximal to the cell membrane and upstream
of PI3K activation, it seems that FROUNT functions at an early
stage of receptor signaling. We previously demonstrated that the
FROUNT-chemokine receptor complex selectively locates to the
more concentrated side of a chemoattractant gradient in a cell (9).
These observations suggest that FROUNT participates in the initial
amplification signal, which senses and magnifies the signal origi-
nating from the chemoattractant gradient (29–31). It has been pos-
tulated that a “molecular compass” determining the direction of

polarity exists (5). The Pro-C region where FROUNT binds seems
to serve as a scaffold for such a molecular compass. Local activa-
tion of the small G protein Ras is reported to regulate PI3K and
cell polarity in Dictyostelium (32). The GTP exchange factor Vav
interacts with CXCR4 and controls lymphocyte shape and chemo-
taxis (33). The relationship of FROUNT to molecules such as these
remains to be elucidated.

The cytoplasmic C-terminal domain of chemokine receptors is
known to be involved in efficient chemotaxis. Truncation of the
cytoplasmic carboxyl tail of CCR2 to 20 aa had little or no effect
on chemotaxis or signal transduction, but further truncation re-
sulted in marked functional defects (13). A CCR5 mutant with
truncation after the membrane-Pro-C region 313–352, but not after
the 320–352 region, resulted in impaired chemotaxis despite com-
parable expression to the wild-type receptor at the cell surface
(14). Impaired chemotaxis in these mutants of the Pro-C region of
CCR2 and CCR5 may be explained by the loss of interaction with
FROUNT and its function.

In other chemokine receptors, the C-terminal domain LLKIL
(325–329) motif of CXCR2 has been reported to be necessary for
early signals during chemotaxis (14, 34). Another CXCR2 mutant
exhibiting the loss of C-terminal residues (342–355) no longer
undergoes ligand-enhanced receptor phosphorylation or desensiti-
zation, as monitored by Ca2� mobilization in ligand stimulation
(35). A CCR3 mutant lacking residues 310–355, which include the
membrane-proximal region, exhibits impaired chemotaxis, al-
though a mutant lacking residues 325–355 displays normal che-
motaxis (36); additionally, CCR7 lacking the whole C terminus is
not able to transmit signals leading to cell migration, while a mu-
tant lacking part of the C terminus exhibits normal chemotaxis
(37). These defects in truncation mutants of the C terminus, espe-
cially the Pro-C region, have been thought to be due to the inability
of the protein to activate G proteins. The specific binding of
FROUNT to homologous receptors implies the existence of
“FROUNT-like” molecules that bind to the Pro-C region of other
cheomkine receptors and regulate the early signaling of chemo-
tactic responses dependent or independent of G protein activation.

CCR2 and CCR5 have been shown to form heterodimeric com-
plexes, resulting in more efficient signaling (20). The C-terminal
sequences of CCR2 and CCR5 are structurally related and are
partially overlapping, but their functions differ due to different che-
mokine usage (19, 38). CCR2 is expressed mainly in monocytes
and macrophages, whereas CCR5 is expressed in NK cells,
CD4�-, CD8�-, and Th1-type lymphocytes, and immature den-
dritic cells, in addition to monocytes/macrophages. Monocytes/
macrophages and some types of T lymphocytes express both
CCR2 and CCR5 together. It has been shown that CCR2/CCR5-
ligand double knockout mice exhibit an increased survival in a
model of pulmonary inflammation than do CCR2 single knockout
mice (18). We have reported previously that FROUNT is ex-
pressed mainly in the red pulp of mouse spleens together with
CCR2 and a macrophage marker, and that, in mice whose
FROUNT functions in hematopoietic cells are defective, infiltra-
tion of macrophages into the inflammation sites is reduced (9). It
is possible that, in those experiments, a combination of CCR5 and
CCR2 should have worked efficiently for macrophage recruitment.
Macrophages are the cells that are involved in various chronic
inflammatory diseases such as atherosclerosis, obesity, multiple
sclerosis, and rheumatoid arthritis, and they generate a large
amount of inflammatory cytokines that may affect prognosis (19,
39–41). Because the sequence of the internal Pro-C region in
CCR2 and CCR5 is conserved among animal species including
humans and mice, an inhibitor that blocks the FROUNT-CCR2/
FROUNT-CCR5 interaction could overcome species specificity.

FIGURE 9. Increase in CCL4-induced CCR5 clustering and internal-
ization in FROUNT-overexpressing cells. CCR5-expressing HOS cells
overexpressing human FROUNT or DN and AS-FNT were seeded, and
CCL4-induced CCR5 clustering was visualized by preincubation with bi-
otinylated anti-human CCR5 Ab, followed by streptavidin-Alexa Fluor
546. Cells were incubated with 50 ng/ml CCL4 at room temperature for 30
min. Fluorescence images before and after stimulation with CCL4 are
shown (A). Asterisks indicate CCR5 clusters. Scale bar corresponds to 10
�m. The relative mean fluorescence intensity of the cell area from one
result of three independent experiments was calculated (B). Similar results
were obtained when the experiment was repeated.
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The physiological role of FROUNT in vivo as a common regulator
of CCR2 and CCR5 has not yet been assessed. Future analysis of
FROUNT-transgenic or FROUNT-knockout mice will provide
crucial information on this issue. Our findings indicate the signif-
icance of FROUNT as a therapeutic target for a broad range of
diseases associated with chemokine signaling.
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