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he epidermal growth factor (EGF)–induced increase
in free barbed ends, resulting in actin polymerization
at the leading edge of the lamellipodium in carci-

noma cells, occurs as two transients: an early one at 1 min
and a late one at 3 min. Our results reveal that phospholi-
pase (PLC) is required for triggering the early barbed end
transient. Phosphoinositide-3 kinase selectively regulates the
late barbed end transient. Inhibition of PLC inhibits cofilin
activity in cells during the early transient, delays the initia-

T

 

tion of protrusions, and inhibits the ability of cells to sense
a gradient of EGF. Suppression of cofilin, using either small
interfering RNA silencing or function-blocking antibodies,
selectively inhibits the early transient. Therefore, our results
demonstrate that the early PLC and cofilin-dependent barbed
end transient is required for the initiation of protrusions
and is involved in setting the direction of cell movement in
response to EGF.

 

Introduction

 

Chemotaxis is a significant event central to many physiolog-
ical and pathological processes. The motility cycle (Aber-
crombie et al., 1972) is elementary to chemotaxis in most
organisms (Bailly and Condeelis, 2002), hence the similar-
ity among the different models depicting this process. In
fact, much evidence about chemotaxis has emerged from
work on chemotactic ameboid cells such as neutrophils and

 

Dictyostelium discoideum

 

.
Studies on the cAMP-driven chemotaxis in aggregation

competent 

 

D. discoideum

 

 ameoba demonstrated that cAMP
induces a biphasic actin polymerization response in the cells.
After stimulation with cAMP, actin polymerization peaks as
early as 5 s, and this event is not associated with membrane
protrusion, which begins later, around 30 s, when a second
polymerization transient occurs (Hall et al., 1989; Cox et al.,
1992; Eddy et al., 1997; Funamoto et al., 2002; Iijima and
Devreotes, 2002; Chen et al., 2003). In carcinoma cells as
well, EGF stimulation induces two actin polymerization
transients (Chan et al., 1998, 2000). The importance of un-
derstanding how the location and timing of actin polymer-
ization is regulated in carcinoma cells in response to EGF is

that these cells are chemotactic to EGF in the primary tu-
mor, and chemotaxis is directly correlated with metastasis
(Wyckoff et al., 2000a,b).

The distinct functions of the two transients of actin poly-
merization in cell motility are not well understood. More-
over, little is known about the signaling pathways that regu-
late this biphasic actin response and about the relationships
among them. The second transient of actin polymerization
is phosphoinositide-3 kinase (PI3K) dependent in both 

 

D.
discoideum

 

 and carcinoma cells (Hill et al., 2000; Chen et
al., 2003). However, the signaling pathway that leads to the
first actin polymerization transient is PI3K independent and
is still unknown (Chen et al., 2003).

PI3K activity is believed to be an essential element in di-
rectional sensing of some cell types when placed in a shallow
gradient of chemoattractant (Servant et al., 2000; Funamoto
et al., 2002; Iijima and Devreotes, 2002). Directional sensing
is defined as the detection of an asymmetric extracellular sig-
nal and the generation of an intracellular amplified asymmet-
ric response (Chen et al., 2003; Devreotes and Janetopoulos,
2003). This amplification may be attained in 

 

D. discoideum

 

by a reciprocal regulation of PI3K and PTEN activities,
where PI3K is localized at the leading edge and PTEN at the
sides and the rear of the migrating cell (Comer and Parent,
2002; Funamoto et al., 2002; Iijima and Devreotes, 2002).
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This asymmetrical distribution of the two antagonistic en-
zymes could lead to PIP3 accumulation at the leading edge
and is proposed to trigger the signaling cascade that sustains
the actin polymerization-dependent protrusive force.

Although there is much evidence supporting the idea that
the direction of cell migration in 

 

D. discoideum

 

 is established
and amplified by spatial control of PIP3 production and
degradation, little is known about the upstream mechanisms
that regulate the translocation and activation of PI3K and
PTEN. That is, what sets the initial asymmetric localization
of these enzymes in response to sensing of the chemoattrac-
tant? In mammalian cells, PTEN function is more impli-
cated in cell cycle regulation, as a tumor suppressor, than it
is in cell motility. PTEN loss of function is, in fact, corre-
lated with the progression of several tumors and is a charac-
teristic of many invasive cell lines (Wu et al., 2003). PTEN
function has been recently shown to have an inhibitory ef-
fect on cell motility in mammalian cells (Raftopoulou et al.,
2004). This finding implies that there is a distinct, PI3K-
independent signaling mechanism in mammalian cancer cells
for directional sensing.

In mammalian cells and 

 

D. discoideum

 

, the sensing of the
chemoattractant gradient is conveyed by growth factor and
G-protein–coupled receptors, respectively. Interestingly, the
spatial localization of the response, directed protrusion and
motility, is not mirrored by a redistribution of the receptors
to the leading edge (Funamoto et al., 2002; Iijima and Dev-
reotes, 2002; Chen et al., 2003). Studies that addressed this
concern about localization of the response demonstrated
that, upon stimulation, a subpopulation of EGF receptors,
with F-actin–binding activity (den Hartigh et al., 1992), di-
rectly interacts with the actin cytoskeleton. This fraction of
receptors was shown to have higher affinity for EGF, possi-
bly providing a hypersensitivity to the chemoattractant
(Payrastre et al., 1991). This finding suggests that actin
polymerization in association with EGF receptors could play
a role in initiating the asymmetry in the sensing mechanism.
An important contributor to this initial signaling cascade is
PLC. Previous studies have shown that PLC

 

�

 

 is important
for growth factor–mediated cell motility and for invasiveness
of cancer cells (Falasca et al., 1998; Kassis et al., 2002).
Moreover, the EGF receptor-associated PLC

 

�

 

 activity was
demonstrated to be imperative for motility by itself, but not
for mitogenesis (Chen et al., 1994).

The mechanism through which PLC remodels the actin
cytoskeleton may be the activation of actin-binding proteins
such as cofilin, gelsolin, and profilin (Goldschmidt-Cler-
mont et al., 1991; Yonezawa et al., 1991; Sun et al., 1999;
Allen, 2003). Cofilin, profilin, and gelsolin bound to phos-
phatidyl 4,5-biphosphate (PIP2) in an inhibited state in rest-
ing cells are postulated to be released upon PIP2 hydrolysis,
leading to a localized remodeling of the actin cytoskeleton.
Profilin supports subsequent actin polymerization by facili-
tating nucleotide exchange and biasing of actin monomers
toward barbed end polymerization (dos Remedios et al., 2003).
Gelsolin severing finishes by capping the barbed ends until
membrane PIP2 levels are restored to cause uncapping of
gelsolin (Sun et al., 1999). This is a relatively slow process
with a half-life of 15 min after growth factor stimulation
(Allen, 2003), inconsistent with a gelsolin contribution to

the early EGF-dependent actin polymerization transient, which
occurs in less than a minute (Chan et al., 2000). We have fo-
cused our efforts on the relationship between PLC and cofi-
lin activity during the early transient.

In this work, we have determined the relative contribu-
tions of the PLC and PI3K pathways to the biphasic actin
polymerization transients in carcinoma cells after EGF stim-
ulation. We have studied the early transient in more detail
because of its potential in setting the initial asymmetry dur-
ing chemotactic stimulation. We identified cofilin as an es-
sential downstream effector for actin polymerization during
the early transient.

 

Results

 

EGF-induced actin polymerization follows 
two transients

 

In carcinoma cells, the EGF-induced actin polymerization
activity is directly correlated with the generation of free
barbed filament ends. EGF induces an increase in the num-
ber of free barbed ends in the nucleation zone (correspond-
ing to the most peripheral 0.22 

 

�

 

m; Fig. 1 B, shaded area)
of the leading edge, and this increase has two transients,
with a major peak around 1 min after stimulation and a sec-
ond smaller peak at 3 min (Fig. 1 C). These results were
consistent with the previously determined high temporal
resolution kinetic time course of barbed ends (Chan et al.,
1998). In this work, we refer to the peak of barbed ends at
1 min as the early transient and to the peak of the barbed
ends at 3 min as the late transient.

 

PLC

 

�

 

 activity is stimulated during the early barbed 
end transient

 

Previous studies indicated that PLC

 

�

 

-dependent signaling
pathways are important for cell motility (Kassis et al., 1999;
Piccolo et al., 2002). This finding induced us to study the
role of PLC

 

�

 

 in the EGF-induced free barbed end tran-
sients. We started by examining the activation of PLC

 

�

 

 in
response to EGF stimulation. PLC activity is regulated by
tyrosine phosphorylation (Rebecchi and Pentyala, 2000).
Therefore, to measure the amount of activated PLC at sev-
eral time points after EGF addition, we performed an im-
munoprecipitation using antiphosphotyrosine antibodies.
The levels of PLC in the anti-P(Y) immunoprecipitates were
then detected by Western blot using an anti-PLC

 

�

 

1 anti-
body. The immunoblot band intensities were quantitated
and standardized over the intensities of the corresponding
IgG bands from the same blot (Fig. 2 A). These results show
that PLC

 

�

 

 phosphorylation increases, by twofold, in re-
sponse to EGF, peaks at 1 min, and drops to unstimulated
levels by 2 min after stimulation. Treatment with U73122, a
synthetic inhibitor drug specific for PLC (Bleasdale et al.,
1989), suppresses the activity of PLC to basal levels (Fig. 2
C). Alternatively, anti-PLC

 

�

 

 [pY783] Western blotting was
performed, and standardization over total PLC

 

�

 

 revealed
that the levels of PLC

 

�

 

 [pY783] follow the same pattern ob-
served by immunoprecipitation (Fig. 2 B). In both experi-
ments, there was temporal concurrence between PLC

 

�

 

 acti-
vation and the early barbed end transient.
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PLC inhibition selectively suppresses the generation of 
free barbed ends during the early transient

 

To determine the role of PLC in the EGF-induced genera-
tion of free barbed ends, we inhibited PLC activity with

U73122 and measured the relative number of barbed ends
after EGF addition using the barbed end assay (Fig. 3).
U73343, the inactive isoform of the drug, and DMSO, the
vehicle for both compounds, were applied as control treat-
ments. Cells were treated for 10 min with U73122, U73343,
or DMSO before EGF addition. Cells treated with U73122
showed a selective decrease in the barbed end edge staining
during the early transient, as compared with DMSO (not
depicted) and U73343 (Fig. 3 B). However, inhibition of
PLC did not affect the barbed end staining during the late
transient where the generation of free barbed ends still
peaked at 3 min after EGF addition. These results showed
that PLC inhibition selectively inhibits the generation of
new barbed ends during the early barbed end transient but
not the late transient. From this result, we concluded that
the activation of PLC in response to EGF stimulation is a
major regulator of the early transient. However, the inhibi-
tion of PLC did not have an obvious effect on the levels of total
F-actin in resting cells, as were measured by rhodamine-phal-
loidin staining (Fig. 3 C). This result indicates that PLC
inhibition is specifically suppressing actin polymerization
during the early transient, and not through an indirect ef-
fect by inhibition of actin depolymerization.

 

PI3K inhibition selectively suppresses the generation of 
free barbed ends during the late transient

 

To reveal the involvement of PI3K in the EGF-induced
generation of free barbed ends, we used wortmannin at a
final concentration of 100 nM to specifically inhibit PI3K.
Cells were treated for 15 min with wortmannin or with
equal volume of DMSO or were left untreated (only switched
to BSA-free medium; unpublished data). After the differ-
ent treatments, the cells were analyzed using the barbed
end assay, and the relative levels of barbed ends were quan-

Figure 1. The Barbed end assay, in MTLn3 cells, shows that EGF 
stimulation results in early and late barbed end transients at the 
leading edge. (A) Representative images of EGF-stimulated cells (0, 
60, and 180 s) with the barbed end staining at the leading edge. Bar, 
10 �m. (B) The relative number of barbed ends (arbitrary units of fluo-
rescence intensity) from 1.1 �m outside the cells (the membrane is at 
0 �m) to 1.1 �m inside the cell periphery. (C) The relative number of 
barbed ends in the zone between 0 and 0.22 �m inside the cell edge 
(B, shaded area) versus time after addition of EGF. Error bars are SEM 
of �60 cells, pooled from at least three independent experiments.

Figure 2. PLC� activity peaks at 60 s after EGF stimulation in 
MTLn3 cells. (A) The plot of p(Y)-PLC� levels, standardized over to-
tal IgG levels (from the same blot), versus time after EGF addition. 
Error bars are SEM of averages of three independent experiments. 
(B) Representative Western blot of PLC� [pY783]. (C) Effect of the 
PLC inhibitor (U73122) as compared with control (the inactive iso-
form, U73343).
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titated. Fig. 4 A shows that wortmannin treatment de-
creased the barbed end level in the nucleation zone at 3
min but not 1 min. Quantitation of the fluorescence inten-
sity at the cell edge showed (Fig. 4 B) that wortmannin
suppressed the level of barbed ends by almost sixfold (ren-
dering it close to control levels) at 3 min. These results are

consistent with previous work, in which function-blocking
antibodies, raised against the P110

 

�

 

 subunit of PI3K,
when microinjected into these carcinoma cells, inhibited
the generation of free barbed ends at 3 min after EGF
stimulation (Hill et al., 2000). However, as shown in the
current study for the first time, the number of barbed ends
was not affected during the early transient as compared
with controls. From these experiments, we concluded that
PI3K activity is exclusively involved in the late barbed end
transient.

 

PLC inhibition suppresses EGF-induced actin 
polymerization at the leading edge and delays 
lamellipodium extension in live cells

 

To further study the contribution of PLC to the EGF-induced
actin polymerization and cell motility, we used a fluores-
cence time-lapse microscopy technique for visualizing
changes in F-actin content in living cells (Lorenz et al.,
2004a,b). MTLn3 cells stably expressing GFP-

 

�

 

-actin were

Figure 3. PLC inhibition selectively suppresses the generation of 
free barbed ends during the early transient and not during the late 
transient without affecting the total levels of F-actin. (A) Representa-
tive images of the barbed end assay of cells treated with the inactive 
isoform (control) or the PLC inhibitor at 0, 60, and 180 s after stimu-
lation. Bar, 10 �m. (B) Plot of the relative number of barbed ends at 
0–0.22 �m inside the cell versus time after stimulation in control 
(open circles) and PLC-inhibited (closed circles) MTLn3 cells. (C) To-
tal F-actin levels in control and PLC-inhibited cells as measured by 
rhodamine-phalloidin staining. Error bars in both graphs are SEM of 
�60 cells, pooled from at least three independent experiments.

Figure 4. PI3K inhibition selectively suppresses the generation of 
free barbed ends during the late transient. (A) Representative images 
of the barbed end assay of control cells (DMSO) and of PI3K-inhib-
ited cells (wortmannin) at 0, 60, and 180 s after stimulation. Bar, 10 
�m. (B) Plot of the relative number of barbed ends (arbitrary units of 
fluorescence intensity) at 0–0.22 �m inside the cell edge in control 
(closed bar) and in PI3K-inhibited (open bar) cells. Error bars are SEM 
of �50 cells, pooled from at least three independent experiments.
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used in these experiments. This microscopy technique al-
lowed us to quantitate both changes in F-actin levels at the
leading edge and lamellipod extension in response to EGF
by time-lapse, of which Fig. 5 A shows representative still
pictures. This assay was used to measure the changes in
F-actin levels at the leading edge (Fig. 5 B), but not free
barbed ends. Inhibition of PLC activity abolished the early
EGF-induced increase of F-actin (Fig. 5 B; and Fig. 5 D, i).
However, F-actin levels started increasing by 200 s after
EGF addition, indicating that later actin polymerization

was not affected. On the contrary, inhibition of PI3K sup-
pressed the late increase in F-actin and did not affect early
F-actin levels (Fig. 5 D, ii). Similarly, analysis of lamellipo-
dium extension revealed that inhibition of PLC halted
membrane protrusion until the F-actin levels increased at
250 s after stimulation, at which lamellipod extension oc-
curred (Fig. 5 C; and Fig. 5 E, i), and that PI3K inhibition
suppressed protrusion significantly in addition to suppress-
ing the late increase in F-actin levels (Fig. 5 D, ii; and Fig. 5
E, ii). These results revealed that PLC inhibition only de-

Figure 5. PLC inhibition suppresses EGF-induced actin polymerization at the leading edge and delays lamellipodium extension. Live-cell 
fluorescent microscopy of PLC-inhibited GFP-actin MTLn3 cells shows a delay in the onset of actin polymerization and membrane protrusion 
in response to EGF. (A) Still images (at 0, 90, and 360 s after stimulation) of two representative cells treated with the inactive (control) or the 
active isoform of the PLC inhibitor. Bar, 10 �m. (B) The average fold increase (over 0 s) in GFP fluorescence intensity, corresponding to 
F-actin, at the cell edge in control (closed circles) and in PLC-inhibited cells (open circles). (C) The average fold increase (over 0 s) in mem-
brane protrusion (Area) of the same cells (time is in seconds after stimulation). The fold change (over 0 s) in F-actin at the cell edge (D) and in 
cell area (E) at 2 and 5 min in cells treated with U73343 (i, white bars), U73122 (i, gray bars), DMSO control (ii, white bars), and wortmannin 
(ii, gray bars) is shown. The error bars are SEM values of the averages of 15 cells, in each group, pooled from three independent experiments.
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lays the EGF-induced lamellipodium extension, whereas
full lamellipod extension requires PI3K activity.

 

Dephosphorylation is not the major activating 
mechanism of cofilin in carcinoma cells

 

The phosphorylation status of cofilin is an important regula-
tory switch for cofilin activity in some cell types. For exam-
ple, in resting polymorphonuclear leukocytes, the majority
of cofilin is in the phosphorylated state, whereas chemoat-
tractant stimulation causes a large dephosphorylation and
activation of cofilin (Zhan et al., 2003).

However, previous work has shown that resting carcinoma
cells contain lower levels of phospho-cofilin (Zebda et al.,
2000). Therefore, we determined the effect of EGF stimula-
tion on phospho-cofilin levels in carcinoma cells and found
that the level of phospho-cofilin increases after EGF stimula-
tion (Fig. 6, A and B). This finding suggests that cofilin ac-
tivity is unlikely to be regulated by dephosphorylation in
MTLn3 cells, which is consistent with the hypothesis that
PLC hydrolysis of PIP2 in response to EGF, independent of
cofilin dephosphorylation, could be the major pathway for
cofilin activation.

 

Suppression of cofilin activity selectively inhibits the 
early barbed end transient

 

Previous work from our group has shown that the actin-
severing activity of cofilin is important for the generation
of free barbed ends at the leading edge in response to EGF
(Chan et al., 2000; Ichetovkin et al., 2000). In vitro stud-
ies demonstrated that PIP2 regulates cofilin activity by
binding cofilin and inhibiting cofilin from binding to
F-actin (Yonezawa et al., 1990). Therefore, we suspected
that PLC activity might be responsible for the EGF-
induced cofilin activation through PIP2 hydrolysis. This
model predicts that the suppression of cofilin expression
would have an effect on the actin polymerization transients
similar to that observed when PLC is inhibited. We used
cofilin-specific small interfering RNA (siRNA) to knock
down cofilin expression in MTLn3 cells. Western blot
analysis was performed on cell lysates from different time
points after transfection with the double-stranded siRNA
(from 0 to 96 h) to monitor the cofilin levels in those cells
(Fig. 6 C). Quantitation of the cofilin immunoblot bands
revealed that the cofilin expression in the siRNA-trans-
fected cultures is suppressed almost 95% 36 h after trans-
fection, but then returns to baseline by 96 h (Fig. 6 D).

The cofilin siRNA specifically targets the cofilin mes-
sage, for the sequence of the oligonucleotides used is exclu-
sively present in the cofilin mRNA and not in that of ADF.
However, the anti-cofilin antibody used in the Western
blot analysis is a polyclonal antibody against the full-length
cofilin protein. Due to the presence of conserved domains
between cofilin and ADF, this antibody recognizes epitopes
in the ADF protein as well, which runs on gels at approxi-
mately the same molecular weight as cofilin. If there were
compensation by an increase in ADF expression level in
the cofilin knockdown cells, this increase would have been
detected in the Western blot (Fig. 6 C). Therefore, the
Western blot analysis presented in Fig. 6 (C and D) indi-
cates that the cofilin silencing decreases the antibody reac-
tive band for cofilin by at least 95%, suggesting that ADF
is a minor isoform and is not expressed at higher levels in
siRNA-treated cells.

We used the barbed end assay to examine the effect of co-
filin siRNA on the EGF-induced generation of free barbed
ends. Cells were transfected with cofilin siRNA, or similarly
treated with oligofectamine (control), and then the assay was
performed at 36 h after transfection. The knock down of co-
filin selectively suppressed the early barbed end transient but
did not affect the late transient (Fig. 7, A and B).

The same experiment was repeated using cofilin function-
blocking antibodies. The antibody was injected at saturating
concentrations, previously established to totally suppress the
activity of cofilin in MTLn3 cells (DesMarais et al., 2004;
Lorenz et al., 2004a), and mouse IgG was injected in parallel
samples as control. The cofilin function-blocking antibody
injection selectively suppressed the generation of free barbed
ends during the early transient but not the late transient
(Fig. 7, C and D).

These results indicate that cofilin activity is involved in
the early actin polymerization transient (but not the late)
and supports the model that PLC regulates the early barbed
end transient through its regulation of cofilin activity.

Figure 6. EGF stimulation does not induce cofilin dephosphoryla-
tion in MTLn3 cells. (A) Representative Western blot for p-cofilin in 
MTLn3 cells at 0, 30, 60, and 180 s after stimulation. (B) Plot of 
p-cofilin band intensities standardized over the corresponding actin 
bands (time is in seconds after stimulation). (C) Cofilin siRNA sup-
presses the levels of cofilin expression in MTLn3 cells. Representa-
tive Western blot of cofilin after cofilin RNAi transfection or after 
control treatment with oligofectamine (time is in hours after trans-
fection). White lines indicate that intervening lanes have been 
spliced out. (D) Quantitation of anti-cofilin Western blotting analy-
sis of lysates at different time points after transfection. Error bars are 
SEM of averages of at least three independent experiments.
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PLC inhibition suppresses the EGF-induced cofilin 
severing activity in MTLn3 cells

 

To test the hypothesis that PLC regulates actin polymeriza-
tion by regulating cofilin activity, we measured cofilin activ-
ity in MTLn3 cell lysates prepared from cells after EGF
stimulation with or without inhibition of PLC. We used a
modified version of a light microscope severing assay (Chan
et al., 2000; Ichetovkin et al., 2000). We previously demon-
strated, using this assay, that the severing activity of cofilin
increases in MTLn3 cells at 1 min after EGF stimulation
(Chan et al., 2000). Using this assay, EGF stimulation was
observed to induce an increase in cofilin activity at 1 min,
which then dropped to nonstimulated levels at 3 min (Fig.
8). This increase was completely inhibited by cofilin func-
tion-blocking antibodies (unpublished data), indicating that
severing is due to cofilin activity.

Inhibition of PLC activity with U73122 suppressed the
cofilin activity observed at 1 min after EGF stimulation. The
basal cofilin activity levels, observed at 0 and 3 min, did not
change (Fig. 8 A). Treatment with the inactive isoform of
the drug U73343 had no effect on cofilin activity (Fig. 8 A),
which remained similar to DMSO control levels at all time
points. Moreover, inhibition of PI3K activity did not have
an effect on the cofilin activity profile (Fig. 8 B). These re-

sults confirm that PLC activity is necessary for inducing co-
filin severing activity during the early barbed end transient,
whereas PI3K is not, and indicates that the PLC-dependent
free barbed end generation observed during the early tran-
sient is dependent on cofilin activity.

 

PLC activity determines the orientation of cell 
movement during chemotaxis

 

To determine the involvement of the PLC-dependent early
polymerization transient in chemotaxis, in carcinoma cells,
we used a micropipette chemotaxis assay. An EGF-filled pi-
pette was placed in the proximity of quiescent cells, and
membrane protrusion was monitored in time-lapse. Control
cells, either untreated (not depicted) or treated with the in-
active isoform of the PLC inhibitor (Fig. 9 A), showed an
immediate and oriented protrusion toward the pipette (Fig.
9 B). The protrusion toward the pipette was defined as the
“front protrusion,” which started almost directly after the in-
troduction of the pipette and continued progressing after the
pipette was removed (90 s later) until it reached a plateau in
5 min (Fig. 9 B). The kinetics and extent of the front pro-
trusion is similar to those observed in the global EGF up-
shift experiments (Fig. 5). In contrast, the back and the side
of the control cells (the sides not facing the pipette), did not

Figure 7. Suppression of cofilin expression, or blocking cofilin function, selectively inhibits the early (but not the late) barbed end transient. 
(A) Representative images of the barbed end assay (performed at 36 h after transfection) of control (oligofectamine) and of cofilin siRNA-
transfected cells at 0, 60, and 180 s after stimulation. (C) Representative images of the barbed end assay of IgG and of cofilin function-block-
ing antibody-injected cells at 0, 60, and 180 s after stimulation (arrow indicates the limits of the cell edge as traced in phase contrast). Bars, 
10 �m. (B and D) Relative number of barbed ends (closed bars represent control cells and open bars cofilin knockdown cells in B and cofilin 
Ab-injected cells in D) at 0–0.22 �m inside the cell edge versus time after stimulation. Error bars are SEM of �50 cells, pooled from at least 
three independent experiments.
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show any protrusion (Fig. 9 B), and retraction was observed

 

�

 

10 min after stimulation (not depicted), corresponding to
polarization and onward movement of the cell toward the
original position of the pipette.

PLC inhibition with U73122 affected the orientation and
localization of the protrusion. The front, side, and back re-
gions of the PLC-inhibited cells protruded to the same extent
as each other, with delayed kinetics similar to the effect ob-
served in Fig. 5 (Fig. 9, A and B). However, inhibition of PLC
activity did not decrease the final extent of membrane protru-
sion (total area increase), where the area of PLC-inhibited cells
increased 1.23 

 

�

 

 0.04-fold and the area of control cells in-
creased 1.24 

 

�

 

 0.06-fold at 6 min after stimulation with the
pipette. From this result, we conclude that PLC activity is re-
quired for protrusion formation toward a source of EGF.

 

Discussion

 

The motility cycle in chemotactic cells requires an initiating
signal in the form of a chemoattractant. The chemoattractant
results in actin polymerization at the future leading edge of
the cell. Filament elongation due to polymerization pushes
the membrane outward to form a protrusion completing the

first step of the motility cycle (Lauffenburger and Horwitz,
1996; Bailly et al., 2001). The first protrusion determines the
direction of subsequent cell locomotion. Therefore, where
actin polymerization occurs first determines cell direction.

Chemotactic cells exhibit early and late transients of free
barbed ends in response to a single chemoattractant stimu-
lus. The early barbed end transient may contribute to the
initial asymmetry during chemotaxis. In this work, we have
investigated this early transient.

We found that the early transient of barbed ends is cotem-
poral with peaks of PLC and cofilin activities, and that both
PLC and cofilin activities are required for the early but not
the late transient of barbed ends. Furthermore, we found
that the activity of cofilin during the early transient requires

Figure 8. PLC inhibition (but not PI3K inhibition) selectively 
suppresses cofilin activity at 1 min after stimulation. (A) Cofilin 
activity in DMSO- (black bars), U73343- (gray bars), and U73122 
(white bars)-treated cells at 0, 60, and 180 s after stimulation. (B) 
Cofilin activity in DMSO- (black bars) and wortmannin (white bars)-
treated cells at 0, 60, and 180 s after stimulation. Cofilin activity 
was standardized over total protein content. Errors bars are SEM of 
the averages of three independent experiments.

Figure 9. PLC activity is required for directional protrusion in 
response to an EGF source. (A) The response of a control (U73343) 
cell (top) and of a PLC-inhibited (U73122) cell (bottom) to an EGF 
microneedle (the white triangle represents the position of the tip of 
the needle, and the white arrowhead indicates the direction of pro-
trusion). (B) The quantitation of membrane protrusion at: (a) the 
front of cells (corresponding to the protrusion along the front axis 
formed between the cell centroid and the tip of the pipette), closed 
diamonds represent control and open diamonds PLC-inhibited cells; 
(b) the side of cells (corresponding to the axis that forms a 90� angle 
with the front axis), closed triangles represent control and open tri-
angles PLC-inhibited cells; (c) the back of cells (corresponding to 
the axis that forms a 180� angle with the front axis), closed circles 
represent control and open circles PLC-inhibited cells. Error bars are 
SEM values of the averages of 15 cells, in each group, pooled from 
at least three independent experiments.
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PLC activity, suggesting that PLC is regulating the early
barbed end transient through cofilin. These results also sug-
gest that the early cofilin-dependent transient might be re-
sponsible for the connection between PLC activity and EGF-
stimulated cell motility (Chou et al., 2003).

Inhibition of PI3K activity suppresses the late but not the
early transient of free barbed ends. This finding implies that
the early and the late actin polymerization transients are dif-
ferentially regulated by two signaling pathways, a PLC-
dependent one and a PI3K-dependent one, respectively.

Despite PLC inhibition, lamellipodium extension still oc-
curs, but is delayed until actin polymerization increases, con-
comitantly with the late transient of barbed ends. Moreover,
inhibition of PLC abolishes the directional sensing and pro-
trusion observed in response to an EGF gradient. Although
the size of the EGF-induced protrusion is not affected, its lo-
cation and the subsequent orientation of the cell locomotion
toward the EGF source fails to occur in PLC-inhibited cells.

These results suggest that PLC-dependent activation of
cofilin could determine the initial asymmetric polymeriza-
tion of actin (the early transient) to cause protrusion toward
the source of EGF. This is consistent with the ability of lo-
calized activation of cofilin to determine the location of pro-
trusion and cell direction in uncaging experiments (Ghosh
et al., 2004).

The late transient of barbed ends and its coupled lamelli-
pod extension are abolished when PI3K is inhibited with ei-
ther a function-blocking antibody as shown previously (Hill
et al., 2000) or with wortmannin as in our study. This sug-
gests that, during locomotion, the late PI3K-dependent
transient of free barbed ends is more implicated in lamelli-
podium extension than the early cofilin-dependent one.

 

The participation of PLC in EGF-induced 
actin polymerization

 

Cofilin can be phosphorylated on Ser 3 by LIM-kinase, and
this inhibits its actin-binding activity. LIM-kinase has been
shown to phosphorylate cofilin, and this was correlated with
increased stability of F-actin in cells at equilibrium (Arber et
al., 1998) and loss of barbed ends and protrusion activity in
response to EGF (Chan et al., 2000; Zebda et al., 2000).

In some resting cells, cofilin is mostly phosphorylated
(Moriyama et al., 1996). Stimulation of motility by a variety
of agents induces dephosphorylation and activation of cofi-
lin (Kanamori et al., 1995; Okada et al., 1996). In neutro-
phils, cofilin dephosphorylation was shown to be dependent
on PLC activity (Zhan et al., 2003). However, in insulin-
stimulated fibroblasts dephosphorylation of cofilin, which
was also shown to be the major mechanism of cofilin activa-
tion, is PI3K dependent (Nishita et al., 2003). This finding
shows that the mechanism and the time of cofilin dephos-
phorylation are not conserved among cell types.

In carcinoma cells, at least half of cofilin is in the dephos-
phorylated state, yet cofilin is inactive (Chan et al., 2000;
Zebda et al., 2000). Furthermore, cofilin is phosphorylated
upon EGF stimulation, indicating a more complex regulatory
mechanism than simply dephosphorylation of cofilin. Hence,
the PLC-induced dephosphorylation of cofilin, observed in
neutrophils (Zhan et al., 2003), is unlikely to be the main reg-
ulatory pathway to cofilin activation in carcinoma cells. Be-

cause the actin-binding activity of cofilin is regulated in vitro
by PIP2 binding (Yonezawa et al., 1991), in addition to LIM-
kinase–dependent phosphorylation, the dephosphorylated co-
filin may be kept inactive by binding to PIP2 in resting cells.

This hypothesis is supported by several observations: (a)
EGF stimulation induces PLC activity in MTLn3 cells, lead-
ing to the hydrolysis of PIP2 and this is correlated with a de-
crease in the colocalization of PIP2 and cofilin by immuno-
fluorescence at the plasma membrane upon EGF stimulation
(unpublished data). (b) Previous studies have shown that arti-
ficially increasing PIP2 levels leads to an increase in steady-
state actin filaments (Sakisaka et al., 1997; Shibasaki et al.,
1997; Rozelle et al., 2000; Yamamoto et al., 2001). This phe-
notype is consistent with that observed for cofilin inactiva-
tion (Zebda et al., 2000), supporting a model where cofilin’s
depolymerizing activity is inhibited by PIP2. (c) Activated
(p-Tyr) PLC

 

�

 

1 can hydrolyse PIP2 that is bound to profilin
leading to its release and activation (Goldschmidt-Clermont
et al., 1991). A similar mechanism may be at work to release
cofilin from PIP2 upon EGF stimulation of carcinoma cells.

Other actin-binding proteins are also regulated by PIP2.
Capping protein may be dissociated from the membrane
when PIP2 levels drop after PLC activation. Capping pro-
tein binds and caps the free barbed ends of actin filaments,
hence reducing the number of nucleation sites. The recon-
stitution of PIP2 levels at the membrane could lead to the
uncapping of the filament ends (Cooper and Schafer, 2000).
Thus, the increase in PLC activity may counteract the gener-
ation of free barbed ends by capping protein and may limit
the extent of new filament growth after stimulation (Eddy et
al., 1996). NWASP can be stimulated by PIP2 to interact
with the Arp2/3 complex, and PIP2 contributes to the re-
cruitment of the NWASP to the membrane (Takenawa and
Miki, 2001). However, Grb2 and Nck were also shown to
activate NWASP and contribute to the membrane recruit-
ment (Takenawa and Miki, 2001). Therefore, a drop in
PIP2 levels could still occur concomitantly with an increase
in NWASP activity and membrane recruitment, which is
consistent with NWASP activation and membrane recruit-
ment during the PLC activation transient in MTLn3 cells
(Lorenz et al., 2004b; Sukumvanich et al., 2004).

 

Interaction between the PLC and the PI3K pathways in 
generating barbed ends

 

PI3K has been postulated to regulate actin polymerization
through the activation of the Arp2/3 complex. PI3K acti-
vates WASP family proteins via the activation of small GTP-
ases, and WASP proteins are known to be the main activa-
tors of the Arp2/3 complex (Higgs and Pollard, 2001;
Takenawa and Miki, 2001). Analysis of the effects of the
function-blocking antibody against p34 that inhibits Arp2/3
complex function demonstrates that Arp2/3 activity is re-
quired for the production of barbed ends in MTLn3 cells
(DesMarais et al., 2004).

In carcinoma cells, cofilin severing activity and Arp2/3-
branching activity cooperate in lamellipod extension (Des-
Marais et al., 2004). This synergy between the two effectors
is explained in vitro by the preference of the Arp2/3 complex
for newly polymerized filaments generated by cofilin sever-
ing (Ichetovkin et al., 2002). This synergy has been pro-
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posed as the mechanism by which pushing force, leading to
membrane protrusion, is generated at specific sites on the
cell surface (DesMarais et al., 2004). This model predicts
that the local activation of cofilin will define the site of pro-
trusion and subsequent cell direction, which has been ob-
served using caged cofilin (Ghosh et al., 2004). This model
also predicts that inhibition of cofilin activity will delay the
generation of both the barbed ends and protrusive force, and
this was observed in our work.

In conclusion, we have defined two distinctly regulated ac-
tin polymerization transients essential for the initiation and
progression of carcinoma cell chemotaxis. The first transient
is PLC and cofilin-dependent and it demarcates the position
of the future leading edge on the cell membrane, hence setting
the initial asymmetry in response to a gradient of EGF. The
second transient is PI3K and Arp2/3 complex dependent and
it generates most of the protrusive force leading to lamellipod
extension and prefers to act at sites where cofilin is active. To-
gether, these activities initiate the cell motility cycle, after
EGF stimulation, and are required for chemotaxis to EGF.

 

Materials and methods

 

Cell culture

 

MTLn3 cells (rat mammary adenocarcinoma cell line) were maintained,
starved, and stimulated as described previously (DesMarais et al., 2004).
For light microscopy experiments, cells were plated on glass bottom dishes
(MatTek Corporation), which had been treated with 1 M HCl for 10 min,
followed by one wash with 75% ethanol, and then one wash with PBS. Be-
fore each experiment, cells were starved in L15 medium (GIBCO BRL) sup-
plemented with 0.35% BSA (starvation medium) for 3 to 4 h. For stimula-
tion, MTLn3 cells were treated at 37

 

�

 

C with a bath application of 5 nM
EGF (Invitrogen) for various times, except for the pipette assay where EGF
was introduced in a pipette (see The micropipette assay).

 

Antibodies and inhibitors

 

The Cy5-conjugated antibiotin was obtained from Jackson ImmunoRe-
search Laboratories; the anti-PLC

 

�

 

1 was obtained from Upstate Biotech-
nology; U73122 and U73343 were obtained from BIOMOL Research Lab-
oratories, Inc.; and wortmannin was obtained from Sigma-Aldrich. U73122
and U73343 were used at 5 

 

�

 

M in starvation medium. Wortmannin was
used at 100 nM in BSA-free starvation medium.

 

Light microscopy and quantitation

 

All pictures (except for the pipette assay—see The micropipette assay) were
taken using a 60 

 

�

 

 NA 1.4 infinity-corrected optics on a microscope (model
IX170; Olympus) supplemented with a computer-driven cooled CCD cam-
era and operated by IPLab Spectrum software (VayTek). Digital images were
linearly converted in NIH image and analyzed using macro analysis. In
brief, the software averages the fluorescence intensity in 29 annuli, ranging
from 1.1 

 

�

 

m outside the cell periphery and extending to the same distance
inside the cell (consecutive annuli are 0.22 

 

�

 

m apart from each other).

 

Cofilin siRNA

 

The cofilin siRNA duplexes were designed against the following 

 

cofilin

 

gene sequence: 5

 

� 

 

AAGGTGTTCAATGACATGAAA 3

 

�

 

. MTLn3 cells were
transfected with the cofilin siRNA duplex in the presence of oligofectamine
(Invitrogen). The transfection was terminated after 4 h by using 2

 

�

 

 serum
containing media. Control experiments for the use of this siRNA duplex
were the rescuing of the inhibition of barbed ends caused by this siRNA by
uncaging cofilin (Ghosh et al., 2004) and the use of function-blocking anti-
bodies against cofilin, which reproduced the same phenotype (Fig. 7).

 

Barbed end assay and microinjection

 

To measure the number of free barbed ends in response to EGF and to stain
for F-actin with rhodamine-phalloidin, we used a previously described as-
say (Chan et al., 1998), which we denote as the barbed end assay. Quantita-
tion of fluorescence intensity (see Light microscopy and quantitation) versus
distance from the cell periphery was used to determine the number of free
barbed ends in the leading edge (Fig. 1 B). The average intensities, which

correspond to the zone between 0 and 0.22 

 

�

 

m inside the cell (shaded area
in Fig. 1 B), plotted separately versus time reveal that the generation of free
barbed ends in response to EGF stimulation follows two transients with the
two peaks corresponding to 1 and 3 min after addition of EGF (Fig. 1 C). Mi-
croinjection of the cofilin function-blocking antibody was performed as de-
scribed previously (DesMarais et al., 2004).

 

Live-cell imaging

 

GFP-actin expressing MTLn3 cells were used as described previously
(Lorenz et al., 2004a). In brief, time-lapse series of the cells after EGF stim-
ulation were taken using a 60

 

�

 

 NA 1.4 infinity-corrected optics on a mi-
croscope and analyzed in NIH image using macro analysis (see Light mi-
croscopy and quantitation). Chemotactic cells exhibit early and late
transients of free barbed ends in response to a single chemoattractant stim-
ulus, as observed in the barbed end assay (Fig. 1). However, the increase
in F-actin at the leading edge follows different kinetics (examined using the
GFP-actin live-cell imaging), corresponding to the sum of polymerization
and depolymerization of actin at the leading edge (Fig. 5). Therefore, the
barbed end assay and the GFP-actin imaging assay measure two different
parameters, the availability of actin nucleation sites and the accumulation
of total F-actin at the leading edge, respectively.

 

Immunoblotting
After EGF stimulation for various time points, cells were promptly rinsed
with cold PBS supplemented with 0.018 mg/ml NaVO4 and lysed with
warm 2� sample buffer. The samples were subjected to SDS-PAGE fol-
lowed by Western blotting.

Cofilin severing activity assay
The relative cofilin severing activity in MTLn3 cell lysates was quantitated
using a modified version of the previously established light microscopy
severing assay (Ichetovkin et al., 2000). Rhodamine- and biotin-actin fila-
ments (on beads) were incubated with cell lysates for 10 min at RT. Total
fluorescence was quantitated in ImageJ, and relative cofilin activity was
measured as the decrease in fluorescence after adding the lysates: relative
cofilin activity 	 [(fluorescence intensity after adding lysis buffer alone) 

(fluorescence intensity after adding cell lysates)] / (fluorescence intensity
after adding lysis buffer alone). All the relative cofilin activity measure-
ments were standardized over the total protein content.

The micropipette assay
A Femtojet Micromanipulator 5171 (Eppendorf-Brinkman Instruments) and
a pump, (model Femtojet; Eppendorf) were used to control the position of
the micropipette and the pressure required for the chemoattractant flow.
U73122 was used to inhibit PLC, and U73343 was used as a control. To in-
duce the formation of protrusion, a micropipette was filled with 25 nM EGF
and was placed �5 �m from the edge of a quiescent cell, and a pressure of
16 hPa was exerted to induce flow. Time-lapse series were taken using 20�
NA 1.4 infinity-corrected optics on a microscope and analyzed in ImageJ.
Protrusion is measured along three lines emanating from the cell centroid:
(1) the front protrusion is measured along the axis formed by the centroid
and the tip of the pipette; (2) the side protrusion is measured along the per-
pendicular to the latter; and (3) the back protrusion is measured along the
axis forming 180� with the front axis. All measurements are standardized
over the corresponding distance between the centroid and the cell periph-
ery along the corresponding axis before the introduction of the pipette.
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