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(Background: LIMK]1 regulates actin dynamics by inactivating cofilin.
Results: LIMK1 knockdown accelerated actin polymerization and retrograde flow, but the effect on retrograde flow was more

Conclusion: LIMK1 has a dual role in regulating lamellipodium extension by decelerating actin retrograde flow and polymer-
ization. LIMK1 contributes to lamellipodium extension by decelerating actin retrograde flow.
Significance: The dual role of LIMK1 in lamellipodium extension was clarified.
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Lamellipodium extension is crucial for cell migration and
spreading. The rate of lamellipodium extension is determined
by the balance between the rate of actin polymerization and the
rate of actin retrograde flow. LIM kinase 1 (LIMK1) regulates
actin dynamics by phosphorylating and inactivating cofilin, an
actin-depolymerizing protein. We examined the role of LIMK1
in lamellipodium extension by measuring the rates of actin
polymerization, actin retrograde flow, and lamellipodium
extension using time-lapse imaging of fluorescence recovery
after photobleaching. In the non-extending lamellipodia of
active Rac-expressing N1E-115 cells, LIMK1 expression decel-
erated and LIMK1 knockdown accelerated actin retrograde
flow. In the extending lamellipodia of neuregulin-stimulated
MCEF-7 cells, LIMK1 knockdown accelerated both the rate of
actin polymerization and the rate of actin retrograde flow, but
the accelerating effect on retrograde flow was greater than the
effect on polymerization, thus resulting in a decreased rate of
lamellipodium extension. These results indicate that LIMK1 has
a dual role in regulating lamellipodium extension by decelerat-
ing actin retrograde flow and polymerization, and in MCF-7
cells endogenous LIMKI1 contributes to lamellipodium exten-
sion by decelerating actin retrograde flow more effectively than
decelerating actin polymerization.
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Actin filament dynamics play a fundamental role in cell
migration, spreading, and morphogenesis. During migration
and spreading, cells extend F-actin-dense membrane protru-
sions, called lamellipodia, at the leading edge. Structurally,
lamellipodia consist of polarized and dendritically branched
networks of actin filaments, with fast-growing “barbed” ends
oriented toward the plasma membrane and slow-growing
“pointed” ends oriented toward the rear (1-4). Numerous bio-
chemical and microscopic studies have revealed the central role
of actin filament dynamics and their regulators, such as the
Arp2/3 complex and cofilin, in lamellipodium extension, and
the dendritic nucleation and treadmill model has been broadly
accepted as the mechanism of lamellipodium extension (4-7).
According to this model, polymerization of actin monomers
onto the barbed ends of branched actin networks at the tip of
lamellipodia near the plasma membrane generates a force that
protrudes the membrane forward, whereas severance and de-
polymerization of actin filaments near the pointed ends in the
rear of lamellipodia release and supply actin monomers for the
next round of polymerization at the tip (4).

Whereas polymerization of actin monomers at the tip of
lamellipodia is essential for lamellipodium protrusion, it also
causes an actin retrograde flow, a centripetal movement of
actin subunits toward the rear of lamellipodia, if the plasma
membrane resists to move forward and/or actin filaments are
not firmly anchored to cell-substratum adhesion sites or are
disrupted in the rear of lamellipodia (8 —10). Thus, the rate of
lamellipodium extension is not solely determined by the rate of
actin polymerization at the front but also by the rate of actin
retrograde flow toward the rear. If actin retrograde flow is com-
pletely blocked, the force of actin polymerization is fully con-
verted to lamellipodium protrusion. Conversely, if the rate of
actin retrograde flow is comparable with the rate of actin
polymerization, cells no longer extend lamellipodia. In many
cells the force of actin polymerization is converted into both
lamellipodium extension and actin retrograde flow in various
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ratios, depending on cell types and conditions. Previous studies
showed that the rate of actin retrograde flow in lamellipodia is
independent of myosin II-mediated contractile force, whereas
the flow in lamella (located inward from the lamellipodia) is
dependent on it (11-13). It is thought that the speed of actin
retrograde flow is controlled by the rate of actin polymeriza-
tion, the stiffness of cortical membranes, the stability of actin
filaments, and the rigidity with which actin filaments are
anchored to the substratum. However, the cellular mechanisms
regulating the rate of actin retrograde flow during lamellipo-
dium extension are not well understood (13-16).

Cofilin is a key regulator of actin filament dynamics. Cofilin
preferentially binds to the ADP-bound actin in filaments and
stimulates actin filament disassembly near the pointed ends by
promoting severance and depolymerization of “old” actin fila-
ments (6, 17-20). Cofilin is inactivated by phosphorylation at
Ser-3 by LIM kinases (LIMKs)* (21, 22) and reactivated by
dephosphorylation by the Slingshot (SSH) family of phospha-
tases (23, 24). LIMKI1 is activated downstream of the Rho-
ROCK and Rac-PAK signaling pathways (25—27). In agreement
with the role of cofilin in actin filament disassembly, previous
studies showed that cofilin knockdown or LIMKI1 overexpres-
sion in cultured cells caused aberrant accumulation of F-actin
and suppressed lamellipodium extension, indicating that
LIMK1 negatively regulates lamellipodium extension by inhib-
iting cofilin activity (21, 22). In contrast, other studies showed
that LIMK1 was activated after stimulation that leads to lamel-
lipodium extension and that the knockdown of LIMK1 sup-
pressed stimulus-induced lamellipodium extension (28, 29).
These results suggest that appropriate control of LIMK1 activ-
ity is required for lamellipodium extension and cell migration.

Because cofilin promotes actin filament severance and de-
polymerization at the rear of the lamellipodium, cofilin activa-
tion possibly suppresses lamellipodium extension by enhancing
actin retrograde flow via disrupting actin filaments and thereby
weakening their engagement to the substratum (13, 14). On the
other hand, cofilin activation may promote lamellipodium
extension by enhancing actin polymerization at the front of the
lamellipodium via supplying actin monomers (30 —32). In this
study we investigated the role of LIMKI1 and cofilin in the
control of actin filament dynamics during lamellipodium
extension. To understand the mechanisms that regulate
extension, we measured simultaneously the rates of actin
polymerization, actin retrograde flow, and lamellipodium
extension by fluorescence recovery after photobleaching
(FRAP) time-lapse imaging of yellow fluorescence protein
(YFP)-labeled actin. Our results suggest that LIMK1 plays a role
in promoting lamellipodium extension by decreasing the rate of
actin retrograde flow more effectively than decreasing the rate
of actin polymerization.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant neuregulin (NRG)
protein was purchased from R&D Systems (Minneapolis, MN).

“The abbreviations used are: LIMK1, LIM-kinase 1; CFP, cyan fluorescence
protein; FRAP, fluorescence recovery after photobleaching; NRG, neuregu-
lin; SSH, Slingshot.
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Rabbit polyclonal antibodies against cofilin and LIMK1 were
prepared as described previously (33, 34). Mouse monoclonal
antibody against B-actin (AC-15) was purchased from Sigma.

Plasmid  Construction—Expression plasmids for YFP
(pEGFP-C1), cyan fluorescence protein (CFP) (pECFP-C1), and
DsRed (DsRed-C1) were purchased from Clontech (Cam-
bridge, UK). Expression plasmids for YFP-actin, HA-RacV12,
LIMK1-CFP, SSH1-CFP, wild-type (WT), or S3A mutated cofi-
lin-CFP and cofilin (S3A)-DsRed were constructed as described
previously (31, 35, 36). Short-hairpin RNA (shRNA) plasmids
were constructed in pSUPER vector as described previously
(35, 36). The target sequences for shRNA constructs are as fol-
lows: mouse cofilin (#1,5'-GGAGGACCTGGTGTTCATC-3’;
#2,5'-GGACAAGAAGAACATCATC-3'), mouse LIMK1 (#1,
5'-GAAGGACTACTGGGCCCGC-3'; #2, 5'-GCTGGAACA-
ATGGCTAGAA-3’), human cofilin (#1, 5'-GGAGGATCTG-
GTGTTTATC-3'; #2, 5'-GGACAAGAAGAACATCATC-3'),
human LIMK1 (#1, 5'-GAAGGACTACTGGGCCCGC-3'; #2,
5'-GAATGTGGTGGTGGCTGAC-3'), and control shRNA
(5'-TCTTCCCCCAAGAAAGATA-3’, which does not exist in
the mouse and human genomes).

Cell Culture and Transfection—Cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 5%, 15%
(N1E-115 cells), or 10% (MCE-7 cells) fetal calf serum. Cells
were transfected with plasmids using Lipofectamine 2000
(Invitrogen). Cells were subjected to FRAP analysis after being
cultured for 24 h (for overexpression experiments) or 48 h (for
knockdown experiments) after transfection. MCE-7 cells were
stimulated with 50 ng/ml NRG.

FRAP Time-lapse Imaging Analysis—Time-lapse fluores-
cence imaging experiments were performed using a laser-scan-
ning confocal microscope (LSM 510; Carl Zeiss, Jena, Ger-
many) equipped with a PL Apo 63X oil-immersion objective
lens (NA 1.4). For FRAP time-lapse imaging, cells expressing
YFP-actin were plated on a 35-mm glass-bottom dish and
maintained in Dulbecco’s modified Eagle’s medium containing
10 mm Hepes (pH 7.4) and 10% fetal calf serum at 37 °C with a
heat insulation chamber. Before photobleaching, a fluores-
cence image of the cell in a rectangular region (512 X 300 pixels
for N1E-115 cells or 512 X 400 pixels for MCF-7 cells) was
acquired by irradiation with 0.5 ~ 1% of power of a 514-nm
argon-ion laser. Photobleaching was performed in a rectangu-
lar region (45 X 225 pixels, 101 um?) of partially overlapping
lamellipodium by 50 times (3.1 s) irradiation with the full power
of a 30-milliwatt argon-ion laser at 458, 488, and 514 nm.
Immediately after photobleaching, fluorescence images of the
above cell areas were acquired every second for 28—-38 s by
weak irradiation with a 514-nm argon-ion laser.

Measurements of the Rates of Actin Retrograde Flow, Lamel-
lipodium Extension, and Actin Polymerization—The rates of
actin retrograde flow and lamellipodium extension were mea-
sured by kymograph analysis. Kymograph analysis was con-
ducted with a customized macro in Image] (rsb.info.nih.gov).
The kymograph image was constructed using stacked images of
3 X 100 pixel (0.3 X 10 wm) areas that were taken by FRAP
time-lapse analysis. The rate of actin retrograde flow was mea-
sured as the rate at which the boundary between the bright and
dark areas of the recovering YFP-actin fluorescence signal
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FIGURE 1. Time-lapse fluorescence images of lamellipodia in N1E-115
cells. A, fluorescence images of YFP-actin in an N1E-115 cell cultured in low
serum (5%) are shown. B, fluorescence images of YFP-actin in a RacV12-ex-
pressing N1E-115 cell are shown. The right image is a magnified view of the
boxed region in the left panel. Lp, lamellipodium; Lm, lamella; TB, transverse
bundles. In A and B, fluorescence images of YFP-actin were acquired every
30 s for 15 min (see supplemental Movie S1). Scale bars, 10 pwm.

migrated inward from the initial cell margin. The rate of lamel-
lipodium extension was measured as the rate at which the tip of
the lamellipodium migrated outward from the initial cell
periphery. The rate of actin polymerization was measured as
the rate at which the recovering YFP-actin fluorescence signal
widened, which corresponds to the sum of the rates of actin
retrograde flow and lamellipodium extension (Fig. 4). The
width of lamellipodium in N1E-115 cells was measured as the
average width of the 10-um region centered at the widest point
of the lamellipodium of the cell.

Statistical Analysis—Statistical data are expressed as the
means * S.D. Unpaired ¢ test for differences between two
groups was applied to assess significance (p < 0.05).

RESULTS

FRAP Time-lapse Analysis of the Rate of Actin Retrograde
Flow in Stationary Lamellipodia in RacV12-expressing NI1E-
115 Cells—N1E-115 mouse neuroblastoma cells displayed a
round cell morphology when cultured in the presence of
10-15% serum; however, in low serum (5%) they spread and
extended lamellipodia in random directions at the cell periph-
ery. The lamellipodia were subsequently ruffled up to the apical
surface of the cell (Fig. 14, supplemental Movie S1A4). In con-
trast, when active Rac (RacV12) was expressed, the cells spread
and extended relatively stable lamellipodia in both low and high
serum concentration (5-15%) (Fig. 1B, supplemental Movie
S1B), as reported previously (37). In RacV12-expressing cells,
the width of lamellipodia was usually constant, although parts
were occasionally ruffled up and relocated to the apical surface
(supplemental Movie S 1B). The membrane protrusions of
spreading or migrating cells are generally divided into two dis-
tinct F-actin network zones, the lamellipodium (the front zone
exhibiting a faster, myosin II-independent actin retrograde
flow) and the lamella (the rear zone exhibiting a slower, myosin
II-dependent actin retrograde flow) (11). In RacV12-expressing
N1E-115 cells, the lamellae were visible as narrow bands and
colocalized with transverse F-actin bundles at the rear of the
lamellipodia (see a magnified view in Fig. 1B).
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In this study we first analyzed the rate of actin retrograde
flow in stationary lamellipodia in RacV12-expressing N1E-115
cells by FRAP time-lapse analysis of YFP-actin. After cotrans-
fection of the cells with YFP-actin and RacV12, YFP-actin fluo-
rescence in a rectangular region of lamellipodium was photo-
bleached, and signal recovery was monitored every second for
30 s (Fig. 24, supplemental Movie S24). Kymograph analysis
showed that the tip of the lamellipodium did not substantially
extend forward and that the position of the lamella (the rear end
of lamellipodium) did not move during the time-lapse observa-
tions. YFP-actin fluorescence was recovered gradually from the
tip of the lamellipodium and moved inward at a near constant
rate through actin retrograde flow (Fig. 2A, Control). The rate
of actin retrograde flow was measured as the rate at which the
boundary between the bright and dark areas of the recovering
YFP-actin signal migrated inward from the initial margin (Fig.
2A). In lamellipodia of control RacV12-expressing cells, the
average rate of actin retrograde flow was 5.1 um/min (Fig. 2B).

Expression of LIMKI Decelerates the Rate of Actin Retrograde
Flow in Stationary Lamellipodia—To examine the role of
LIMKI in lamellipodia actin filament dynamics, we analyzed
the effect of LIMK1 expression on the rate of actin retrograde
flow in stationary lamellipodia in RacV12-expressing N1E-115
cells. The cells were cotransfected with RacV12, YFP-actin, and
CFP-tagged LIMK1 (LIMK1-CEP). In cells expressing high lev-
els of LIMK]1, F-actin accumulated aberrantly, and no lamelli-
podium was formed (data not shown). However, in cells
expressing moderate levels of LIMK1, a relatively wider lamel-
lipodium was formed (Fig. 24, LIMK1I). FRAP analysis of the
latter cells showed that the rate of actin retrograde flow was
markedly decreased in LIMK1-expressing cells (2.4 wm/min)
compared with control cells (Fig. 2, A and B; supplemental
Movie S2B). Cotransfection of LIMK1 with a non-phosphory-
lating, constitutively active cofilin (S3A) mutant, in which Ser-3
was replaced by alanine, partially restored the rate of actin ret-
rograde flow, compared with transfection of LIMK1 alone (Fig.
2, A and B; supplemental Movie S2C). Furthermore, cotransfec-
tion of cofilin-phosphatase SSH1, which neutralizes LIMK1
activity by dephosphorylating cofilin, almost completely
blocked the decelerating effect of LIMKI on actin retrograde
flow (Fig. 2, A and B; supplemental Movie S2D). These results
suggest that LIMK1 decelerates actin retrograde flow by phos-
phorylation and inactivation of cofilin. We also analyzed the
effect of expression of cofilin (WT or S3A) on the rate of actin
retrograde flow. In contrast to the effect of LIMK1, the rate of
actin retrograde flow in cells expressing cofilin (WT) or cofilin
(S3A) increased significantly (6.2 and 6.0 wm/min, respectively)
compared with that in control cells (Fig. 2, A and B; supplemen-
tal Movie S2, E and F). Thus, LIMK1 decelerates and cofilin
accelerates actin retrograde flow in the stationary lamellipodia
of RacV12-expressing N1E-115 cells.

Knockdown of LIMK1 Accelerates the Rate of Actin Retro-
grade Flow in Stationary Lamellipodia—To examine whether
endogenous LIMKI1 and cofilin are involved in the control of
actin retrograde flow in lamellipodia, we analyzed the effect of
knocking down LIMK]1 or cofilin on the rate of actin retrograde
flow in stationary lamellipodia in RacV12-expressing N1E-115
cells. Immunoblot analysis showed that transfection of shRNA
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FIGURE 2. Effect of expression of LIMK1 or cofilin on the rate of actin retrograde flow and on the width of lamellipodia in RacV12-expressing N1E-115
cells. A, FRAP time-lapse imaging of YFP-actin in RacV12-expressing N1E-115 cells is shown. Cells were cotransfected with CFP (Control), LIMK1-CFP, LIMK1-CFP
+ cofilin (S3A)-DsRed, LIMK1-CFP + SSH1-CFP, cofilin-CFP, or cofilin (S3A)-CFP. After photobleaching of a 4.5 X 22.5-um rectangular region (dotted box),
fluorescence images were acquired every 1 s for 38 s using a laser-scanning confocal microscopy (see supplemental Movie S2). Scale bar, 5 pm. Panels on the far
right show the kymographs of the white lined region (perpendicular to the cell margin) depicted in the far left panels. The positions of the initial cell margin and
lamella are indicated by black and white triangles, respectively. B, shown is the rate of actin retrograde flow in lamellipodia, measured by kymograph analysis.
C, shown is quantification of the width of lamellipodia. Data in B and C are the means = S.D. of 142 (control), 81 (LIMK1), 41 (LIMK1 + cofilin (S3A)), 36 (LIMK1
+ SSH1), 26 (cofilin), and 41 cells (cofilin (S3A)) from at least three independent experiments. ¥, p < 0.01; **, p < 0.0001.
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mental Fig. S1). These results indicate that endogenous cofilin
accelerates the rate of actin retrograde flow in stationary lamel-

plasmids targeting mouse LIMK1 or cofilin decreased the
expression of each endogenous protein in N1E-115 cells (Fig.

3A). FRAP time-lapse analyses showed that LIMK1 knockdown
significantly increased, and cofilin knockdown decreased the
rate of actin retrograde flow (6.6 and 4.7 um/min, respectively)
compared with control shRNA (5.5 um/min) (Fig. 3, B and C;
supplemental Movie S3). Similar results were obtained by using
another set of shRNAs targeting LIMK1 and cofilin (supple-
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lipodia and that endogenous LIMK1 functions as a brake to
slow down the flow by inhibiting cofilin activity.

LIMKI1 Increases the Width of Lamellipodia in RacV12-ex-
pressing N1E-115 Cells—We also examined the effect of LIMK1
or cofilin expression on the width of lamellipodia in RacV12-
expressing N1E-115 cells (Fig. 2C). The average width of lamel-
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FIGURE 3. Effect of knockdown of LIMK1 or cofilin on the rate of actin retrograde flow and the width of lamellipodia in RacV12-expressing N1E-115
cells. A, suppression of LIMK1 or cofilin expression by shRNA plasmids is shown. N1E-115 cells were transfected with control, LIMK1, or cofilin shRNAs. After 48 h
of culture, cell lysates were analyzed by immunoblotting with antibodies specific for LIMK1, cofilin, and B-actin. B, shown is a FRAP time-lapse analysis of the
effect of LIMK1 or cofilin knockdown on the rate of actin retrograde flow in RacV12-expressing N1E-115 cells. FRAP time-lapse imaging of YFP-actin and
kymograph analysis were carried out as in Fig. 2A (see supplemental Movie S3). Scale bar, 5 um. C, shown is quantification of the rate of actin retrograde flow.
D, shown is quantification of the width of lamellipodia. Data are the means = S.D. of 143 (Control shRNA), 118 (LIMK1 shRNA#1), and 92 cells (Cofilin shRNA#1)

from at least three independent experiments. *, p < 0.05.

lipodia in LIMK1-expressing cells (6.3 wm) was significantly
greater than that in control cells (4.8 wm). Coexpression of
LIMK1 with cofilin (S3A) or SSH1 reverted lamellipodium
width to the level of control cells (Fig. 2C), indicating that the
widening effect of LIMK1 was due to cofilin phosphorylation.
Expression of cofilin (S3A) slightly decreased the width of
lamellipodia (Fig. 2C). Next we analyzed the effect of knock-
down of LIMKI or cofilin on the width of lamellipodia in
RacV12-expressing N1E-115 cells. Knockdown of LIMK1
decreased and knockdown of cofilin increased the width of
lamellipodia (4.5 and 6.6 wm, respectively) compared with
control shRNA (5.2 um) (Fig. 3D). Similar results were
obtained using a distinct set of shRNAs (supplemental Fig.
S1D). These results indicate that endogenous LIMK1 and cofi-
lin are involved in the increase and the decrease in the width of
lamellipodia, respectively. Thus, the width of lamellipodia was
almost inversely correlated with the rate of actin retrograde
flow. The cells with low cofilin activity (via LIMK1 expression
or cofilin knockdown) had a slower actin retrograde flow and
wider lamellipodia, whereas the cells with higher cofilin activity
(via LIMK1 knockdown or cofilin expression) had a faster actin
retrograde flow and narrower lamellipodia.
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FRAP Time-lapse Measurements of the Rates of Lamellipo-
dium Extension, Actin Retrograde Flow, and Actin Polymeriza-
tion during Stimulus-induced Lamellipodium Extension—Next
we examined the roles of LIMKI and cofilin in stimulus-in-
duced lamellipodium extension. NRG is an epidermal growth
factor-like growth factor that triggers lamellipodium extension
in MCF-7 human breast carcinoma cells (38). In NRG-stimu-
lated migrating MCF-7 cells, lamellipodium extension at the
front was accompanied by the tail retraction at the rear (sup-
plemental Movie S4). We analyzed the rate of actin retrograde
flow and the rate of actin polymerization together with the rate
of lamellipodium extension in NRG-stimulated MCEF-7 cells.
Cells transfected with YFP-actin were treated with NRG and
subjected to FRAP time-lapse analysis. Fig. 44 and supplemen-
tal Movie S5 show representative FRAP time-lapse imaging of
YFP-actin during lamellipodium extension. Unlike RacV12-ex-
pressing N1E-115 cells, the lamellipodia of NRG-stimulated
MCE-7 cells extended forward and gradually increased in width
(0-30 s in Fig. 44 and supplemental Movie S5) before becom-
ing stationary with no further detectable widening (30-38 s in
Fig. 44, supplemental Movie S5). Similar results were obtained
in other MCF-7 cells (supplemental Fig. S2). Time-lapse imag-
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FIGURE 4. FRAP time-lapse measurements of the rates of lamellipodium extension, actin retrograde flow, and actin polymerization in NRG-stimulated
MCF-7 cells. A, FRAP analysis of YFP-actin in the lamellipodium of a NRG-stimulated MCF-7 cell is shown. MCF-7 cells transfected with YFP-actin were cultured
for 18 h, serum-starved for 5 h, and then stimulated with 50 ng/ml NRG. After photobleaching of a 4.5 X 22.5-um rectangular region (white box), fluorescence
images were acquired every 1 s for 38 s (see supplemental Movie S5). The dashed line indicates the position of the initial cell margin. Scale bar, 10 um. B, shown
is a kymograph analysis for determining the rates of lamellipodium extension, actin retrograde flow, and actin polymerization. The kymograph was obtained
by compiling the fluorescence images of a white-lined region (perpendicular to the cell margin) in A. The rates of lamellipodium extension, actin retrograde flow,
and actin polymerization were measured as described under “Experimental Procedures.”

ing for a longer time course showed that after pausing, lamelli-
podia extended again after having formed new adhesive struc-
tures (supplemental Fig. S3A and Movie S6) or ruffled up to the
apical surface (supplemental Fig. S3B and Movie S7). The per-
iodic extension and pausing of lamellipodia were observed at
intervals of about 10-60 s. Kymograph analysis more clearly
showed that lamellipodium extension proceeded in two phases,
with an initial fast-extending phase and a subsequent stationary
phase (Fig. 4B; supplemental Fig. S2). Based on kymograph
images, we measured the rates of lamellipodium extension,
actin retrograde flow, and actin polymerization, as described
under “Experimental Procedures” (Fig. 4B).

Acceleration of Actin Retrograde Flow Is the Main Regulator
of the Extension-to-stationary Phase Transition of Lamellipodia—
The rate of lamellipodium extension is determined as the dif-
ference between the rate of actin polymerization and the rate of
actin retrograde flow (Fig. 4B). The kymograph images in Fig.
4B and supplemental Fig. S2 indicated that the rate of actin
retrograde flow during the stationary phase was faster than that
during the extension phase. To distinguish the contribution of
actin retrograde flow from that of actin polymerization to the
overall rate of lamellipodium extension, we performed FRAP
time-lapse analyses of YFP-actin in NRG-stimulated MCF-7
cells and simultaneously measured the rate of lamellipodium
extension, the rate of actin retrograde flow, and the rate of actin
polymerization (Fig. 54, supplemental Movie S8). FRAP analy-
sis was conducted in randomly selected cells possessing either
extending or non-extending lamellipodia within 1-15 min after
NRG stimulation. Based on the histogram of extension rates, we
categorized lamellipodia into two groups, extending lamellipo-
dia with extension rates greater than 3 wm/min and stationary
lamellipodia (including slow- and non-extending lamellipodia)
with extension rates lower than 3 um/min (Fig. 5B).

Kymograph analyses of control CFP-expressing MCF-7 cells
showed that the average rates of actin polymerization, actin
retrograde flow, and lamellipodium extension in the extending
phase were 9.6, 3.4, and 6.2 wm/min, respectively, whereas
those in stationary phase were 8.2, 7.6, and 0.66 um/min,
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respectively (Fig. 5C, Control). These data indicate that 35%
(3.4/9.6) of the actin monomers newly polymerized at the tip of
fast-extending lamellipodia are transported inward by retro-
grade flow and the remaining 65% (6.2/9.6) is used for lamelli-
podium extension, whereas 93% (7.6/8.2) of the actin mono-
mers polymerized in stationary lamellipodia are transported
inward by retrograde flow (Fig. 5D). In principle, the transition
from extending to stationary phase can be caused by either
deceleration of actin polymerization or acceleration of actin
retrograde flow or both. Although the rate of actin polymeriza-
tion was decreased only by 15% (9.6 to 8.2 wm/min), the rate of
actin retrograde flow was increased by 124% (3.4 to 7.6
wm/min) after the transition from extending phase to station-
ary phase (Fig. 5C). These results indicate that the increase in
the rate of actin retrograde flow is the main driver of the exten-
sion-to-stationary phase transition of lamellipodia in NRG-
stimulated MCE-7 cells, although deceleration of the rate of
actin polymerization slightly contributes to it.

Effects of Cofilin (S3A) or LIMKI Expression on the Rates of
Actin Polymerization, Actin Retrograde Flow, and Lamellipo-
dium Extension during Stimulus-induced Lamellipodium
Extension—To examine the role of cofilin and LIMK1 in actin
filament dynamics during lamellipodium extension, we ana-
lyzed the effects of overexpressing constitutively active cofilin
(S3A) mutant or LIMK1 on the rates of actin polymerization,
actin retrograde flow, and lamellipodium extension in NRG-
stimulated MCF-7 cells (Fig. 54, supplemental Movie S8). The
lamellipodia of cofilin (S3A)-expressing cells were classified
into extending and stationary phases, depending on the rate
of lamellipodium extension (Fig. 5B). Kymograph analyses
showed that the average rates of actin polymerization, actin
retrograde flow, and lamellipodium extension in the extending
phase were 11.0, 5.4, and 5.6 um/min, respectively, and those in
stationary phase 9.9, 9.2, and 0.69 wm/min, respectively (Fig.
5C). Compared with control cells, expression of cofilin (S3A)
significantly increased both the rate of actin polymerization
and the rate of actin retrograde flow in both the extending and
the stationary phase and slightly decreased the rate of lamelli-
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FIGURE 5. Effect of cofilin (S3A) or LIMK1 expression on the rates of actin polymerization, actin retrograde flow, and lamellipodium extension in
NRG-stimulated MCF-7 cells. A, FRAP time-lapse analysis is shown. MCF-7 cells were cotransfected with YFP-actin and cofilin (S3A)-CFP or LIMK1-CFP. After
serum starvation, cells were treated with NRG and subjected to FRAP analysis, as in Fig. 4A. After photobleaching, fluorescence images were acquired every 1s
for 28 s (see supplemental Movie S8). Kymograph analysis was conducted as in Fig. 4B. The positions of the initial cell margin and lamella are indicated by black
and white triangles, respectively. Scale bar, 10 um. B, shown are histograms of cell numbers for lamellipodium extension rates. Lamellipodia with extension rates
lower than 3 um/min were classified as stationary phase, and lamellipodia with extension rates greater than 3 um/min were classified as extension phase.
C, shown is a quantitative analysis of the rates of actin polymerization, retrograde flow, and lamellipodium extension. Lamellipodia were classified into
extension and stationary phases, as in B. Data are the means = S.D. of 45 (control) and 53 cells (cofilin (S3A)) for extending lamellipodia and 39 (control), 24
(cofilin (S3A)), and 46 cells (LIMK1) for stationary lamellipodia. *, p < 0.005. D, ratios of conversion of actin polymerization into actin retrograde flow and
lamellipodium extension are shown. Data are calculated from C. *, p < 0.05.
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podium extension in the extending phase (Fig. 5C). To assess
the efficiency of conversion of actin polymerization into lamel-
lipodium extension, we compared the ratio of the rate of lamel-
lipodium extension to the rate of actin polymerization. Inter-
estingly, in control cells, 65 and 35% of the actin monomers
newly polymerized were converted into lamellipodium exten-
sion and actin retrograde flow, respectively, whereas in cofilin
(S3A)-expressing cells 51 and 49% of the polymerized actin
monomers were converted into extension and retrograde flow
(Fig. 5D). These results suggest that expression of cofilin (S3A)
accelerates the rate of actin turnover by increasing both actin
polymerization and actin retrograde flow and decreases the
efficiency of lamellipodium extension by increasing the ratio of
conversion of actin polymerization into actin retrograde flow.
As in N1E-115 cells, overexpression of LIMK1 frequently
induced aberrant F-actin accumulation and punctate actin
clumps in MCEF-7 cells. The cells strongly expressing LIMK1
did not extend lamellipodia, but the cells moderately expressing
LIMK1 extended lamellipodia upon NRG stimulation. MCF-7
cells cotransfected with YFP-actin and LIMKI1-CFP were
treated with NRG, and the cells displaying lamellipodia were
subjected to FRAP analysis (Fig. 54, supplemental Movie S8).
As shown in the histogram in Fig. 5B, greater than 90% of the
cells exhibited extension rate lower than 3 wm/min. Therefore,
we analyzed only the stationary (non-extending and slow-ex-
tending) lamellipodia in LIMK1-expressing cells. The average
rates of actin polymerization, actin retrograde flow, and lamel-
lipodium extension were 1.6, 0.57, and 0.98 wm/min, respec-
tively (Fig. 5C). Compared with control cells, expression of
LIMK1 drastically decelerated the rates of actin polymeriza-
tion, actin retrograde flow, and lamellipodium extension.
Effects of LIMK1I or Cofilin Knockdown on the Rates of Actin
Polymerization, Actin Retrograde Flow, and Lamellipodium
Extension during Stimulus-induced Lamellipodium Extension—
To examine whether endogenous LIMK1 and cofilin are
involved in actin filament dynamics during stimulus-induced
lamellipodium extension, we analyzed the effects of LIMK1 or
cofilin knockdown on the rates of actin polymerization, actin
retrograde flow, and lamellipodium extension in NRG-stimu-
lated MCEF-7 cells. MCF-7 cells were cotransfected with plas-
mids for YFP-actin and plasmids for LIMK1 or cofilin shRNA
or control shRNA, treated with NRG, and subjected to FRAP
time-lapse analysis (Fig. 64, supplemental Movie S9). Transfec-
tion of shRNAs targeting human LIMK1 and cofilin reduced
the expression level of each endogenous protein in MCF-7 cells
(supplemental Fig. S4). As described in Fig. 5B, lamellipodia
were categorized into extending and stationary phases accord-
ing to the rate of lamellipodium extension (Fig. 6B). Kymograph
analyses showed that in LIMK1 knockdown cells the respective
average rates of actin polymerization, actin retrograde flow, and
lamellipodium extension were 10.9, 5.3, and 5.6 wm/min in the
extending phase and 9.8, 8.8, and 1.0 wm/min in the stationary
phase, whereas in cells transfected with control shRNA rates
were 9.9, 3.6, and 6.3 wm/min in the extending phase and 9.0,
8.5, and 0.46 uwm/min in the stationary phase (Fig. 6C). Com-
pared with control shRNA cells, knockdown of LIMK1
increased both the rate of actin polymerization and the rate of
actin retrograde flow in both extending and stationary lamelli-
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podia and decreased the rate of lamellipodium extension in the
extending phase (Fig. 6C). As in cofilin (S3A)-expressing cells,
in cells transfected with LIMK1 shRNA, 52% of the actin mono-
mers polymerized in extending lamellipodia were converted
into lamellipodium extension, and the remaining 48% were
transported inward by retrograde flow (Fig. 6D). In contrast, in
control shRNA cells, 64 and 36% of the actin monomers poly-
merized were used for extension and retrograde flow, respec-
tively (Fig. 6D). Similar results were obtained by using another
shRNA targeting LIMK1 (supplemental Fig. S5). Thus, similar
to cofilin (S3A) expression, knockdown of LIMK1 increased
both the rate of actin polymerization and the rate of actin ret-
rograde flow and reduced the efficiency of lamellipodium
extension by increasing the conversion of actin polymerization
into actin retrograde flow. These results suggest that endoge-
nous LIMKI has a dual role in regulating lamellipodium exten-
sion by decreasing both the rate of actin polymerization and the
rate of actin retrograde flow and that in MCF-7 cells LIMK1
contributes to efficient extension by decreasing the ratio of
conversion of actin polymerization into actin retrograde flow
and thereby increasing the ratio of conversion of actin poly-
merization into lamellipodium extension.

In cofilin knockdown cells, the average rates of actin poly-
merization, actin retrograde flow, and lamellipodium extension
were 6.5, 2.0, and 4.4 um/min in the extending phase and 5.4,
4.2, and 1.1 pm/min in the stationary phase (Fig. 6C). Com-
pared with control shRNA cells, knockdown of cofilin signifi-
cantly decreased the rates of actin polymerization and retro-
grade flow in both extending and stationary lamellipodia and
decreased the rate of lamellipodium extension in the extending
phase (Fig. 6C). In cofilin knockdown cells, 70% of the actin
monomers polymerized in extending lamellipodia were used
for lamellipodium extension and the remaining 30% were
transported inward by retrograde flow (Fig. 6D). Similar results
were obtained by using another shRNA targeting cofilin (sup-
plemental Fig. S5). These results suggest that cofilin knock-
down increases the efficiency of lamellipodium extension by
decreasing the conversion of actin polymerization into actin
retrograde flow. However, a marked decrease in the rate of actin
polymerization, probably due to the decrease in G-actin pool
size, resulted in a decrease in the rate of lamellipodium
extension.

DISCUSSION

The rate of lamellipodium extension is determined by the
balance between the rate of actin polymerization and the rate of
actin retrograde flow. In this study we investigated the roles of
LIMK1 and cofilin in the control of lamellipodium extension by
analyzing the effects of their expression or knockdown on these
rates in stationary and extending lamellipodia by FRAP time-
lapse analysis.

In stationary lamellipodia of RacV12-expressing N1E-115
cells, actin retrograde flow was decelerated by LIMK1 expres-
sion or cofilin knockdown and was accelerated by cofilin
expression or LIMK1 knockdown. These results indicate that
endogenous LIMK1 and cofilin play critical roles in decelerat-
ing and accelerating actin retrograde flow, respectively. The
decelerating effect of LIMK1 was restored upon coexpression
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FIGURE 6. Effect of LIMK1 or cofilin knockdown on the rates of actin polymerization, retrograde flow, and lamellipodium extension in NRG-stimulated
MCF-7 cells. A, a FRAP time-lapse analysis is shown. MCF-7 cells were cotransfected with YFP-actin and control shRNA, LIMK1 shRNA#1, or cofilin shRNA#1. Cells
were cultured for 48 h, treated with NRG, and subjected to FRAP analysis, as in Fig. 5A. See also supplemental Movie S9. Scale bar, 10 wm. B, histograms of cell
numbers for lamellipodium extension rates are shown. Lamellipodia were classified into stationary and extension phases, as in Fig. 5B. C, shown is a quanti-
tative analysis of the rates of actin polymerization, retrograde flow, and lamellipodium extension. Lamellipodia were classified into extension and stationary
phases, as in B. Data are the means = S.D. of 21 (control shRNA), 38 (LIMK1 shRNA#1), and 30 cells (cofilin shRNA#1) for extending lamellipodia, and 29 (Control
shRNA), 48 (LIMK1 shRNA#1), and 32 cells (Cofilin shRNA#1) for stationary lamellipodia. D, ratios of conversion of actin polymerization into actin retrograde flow
and lamellipodium extension are shown. Data are calculated from C. *, p < 0.05; **, p < 0.001.
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of cofilin (S3A) or SSH1, indicating that LIMK1 decelerates
retrograde flow via phosphorylation and inactivation of cofilin.
Fig. 7A shows a model for the roles of LIMK1 and cofilin in actin
filament dynamics in stationary lamellipodia where actin
monomers polymerized at the tip of lamellipodia are almost
completely transported inward by retrograde flow. Up-regula-
tion of cofilin activity by cofilin expression or LIMK1 knock-
down accelerates actin retrograde flow probably by stimulating
cofilin-mediated actin filament destruction at the rear of
lamellipodia. Simultaneously, up-regulation of cofilin activity
increases the level of the G-actin pool size in the cytoplasm,
which results in acceleration of the rate of actin polymerization
at the tip of lamellipodia (30-32, 39). Thus, cofilin accelerates
both the rate of actin polymerization and the rate of actin ret-
rograde flow and increases actin turnover rate in stationary
lamellipodia. Inversely, down-regulation of cofilin activity by
LIMK1 expression or cofilin knockdown decelerates actin turn-
over rate by decreasing the rate of actin retrograde flow, prob-
ably through suppression of actin filament destruction at the
rear of lamellipodia and by decreasing the rate of actin poly-
merization at the tip of lamellipodia through a decrease in the
G-actin pool size. LIMK1 expression reduced actin turnover
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rate more drastically than cofilin knockdown. This is proba-
bly because actin-depolymerizing factor (ADF), a protein
functionally redundant to cofilin (40, 41), is functional in
cofilin knockdown cells, whereas both cofilin and (ADF) are
inactivated by phosphorylation in LIMK1-overexpressing
cells (42).

Previous studies showed that cofilin inactivation or depletion
increased the ratio of F-actin to G-actin (30 —32) and increased
the width of lamellipodia (13, 14). In agreement with these
results, cells with low cofilin activity exhibited wider lamellipo-
dia, whereas cells with high cofilin activity displayed narrower
lamellipodia (Fig. 7A). Because we measured the width of lamel-
lipodia in cells that had been cultured for 24 —48 h after trans-
fection, F- and G-actin were probably in a dynamic equilibrium
at a ratio dependent on cofilin activity in these cells. Thus, the
level of cofilin activity controls lamellipodium width by deter-
mining the point of equilibrium between F- and G-actin. When
LIMK]1 was expressed in excess, cells produced aberrant accu-
mulation of F-actin and did not extend lamellipodia. This phe-
nomenon is probably due to the extreme inhibition of the actin-
disassembling activity of cofilin/ADF, which is required for
actin filament remodeling.
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MCE-7 cells extend lamellipodia in response to NRG stimu-
lation. Kymograph analyses revealed that lamellipodia periodi-
cally changed their state from extending to stationary phases,
the phenomenon being similar to that previously reported for
other cell types (14). During the extending phase of control
cells, the rate of actin polymerization was ~3-fold higher than
the rate of retrograde flow, indicating that about two-thirds of
the actin monomers polymerized into the tip of lamellipodia
were used for lamellipodium extension, and the remaining one-
third moved inward by retrograde flow (Fig. 7B). In contrast,
during stationary phase, the rate of actin polymerization was
almost similar to that of retrograde flow, and most of the actin
monomers polymerized moved inward by retrograde flow and
were not used for extension. During the transition from extend-
ing to stationary phase, the rate of actin retrograde flow
increased more than 2-fold, but the rate of polymerization
decreased only slightly (Fig. 7B). These results suggest that the
marked increase in the rate of retrograde flow, but not the
decrease in the rate of polymerization, was the main driver of
the transition from extending to stationary phase; however, the
mechanism of retrograde flow acceleration remains unclear.
Because cofilin plays a critical role in the acceleration of retro-
grade flow, the local activation of cofilin at the rear of lamelli-
podia may be involved in the transition. Because SSH1 is local-
ized at the rear of lamellipodia (29), SSH1 is conceivably
involved in retrograde flow acceleration by locally activating
cofilin. It is also possible that anchoring of actin filaments to the
substratum at the rear of lamellipodia may be weakened by
unknown mechanisms during the transition.

We analyzed the roles of LIMK1 and cofilin in NRG-in-
duced lamellipodium extension. Compared with control
cells, LIMK1-depleting or cofilin (S3A)-expressing cells had
increased rates of actin polymerization and actin retrograde
flow, but the accelerating effect on retrograde flow was greater
than the effect on polymerization, thus resulting in a decreased
rate of lamellipodium extension during the extension phase. As
shown in Figs. 5D and 6D, cofilin (S3A) expression or LIMK1
knockdown significantly increased the ratio of conversion of
actin polymerization into actin retrograde flow and decreased
its conversion into lamellipodium extension. This result indi-
cates that endogenous LIMK1 has a suppressive effect on actin
filament turnover by decreasing both the rates of actin poly-
merization and retrograde flow and contributes to the promo-
tion of lamellipodium extension by decelerating actin retro-
grade more effectively than decelerating actin polymerization.
In contrast to LIMK1 knockdown, cofilin knockdown de-
creased both the rates of actin polymerization and actin retro-
grade flow and increased the efficiency of lamellipodium
extension by decreasing the ratio of conversion of actin polym-
erization into actin retrograde flow, indicating that endogenous
cofilin stimulates actin filament turnover and reduces the effi-
ciency of conversion of the polymerization force into extension
by excessive acceleration of retrograde flow. Similar to LIMK1
expression, cofilin knockdown significantly decreased the rate
of lamellipodium extension, which is probably due to the
marked reduction in the rate of actin polymerization, resulting
from the decrease in G-actin pool size in cofilin knockdown
cells (31).
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Cofilin plays an essential role in actin filament turnover by
stimulating actin filament disassembly (17-19). A number of
studies provided evidence that cofilin is required for lamellipo-
dium extension and cell migration (6, 30 —32). Because LIMK1
phosphorylates and inactivates cofilin, LIMK1 has been
thought to play a negative role in lamellipodium extension. In
fact, overexpression of LIMK1 induced aberrant accumulation
of actin filaments and suppressed the formation of well orga-
nized lamellipodia (21, 22). However, knockdown of LIMK1
also suppressed chemokine-induced lamellipodium formation
in Jurkat cells and nerve growth factor-induced neurite exten-
sion in cultured neurons (29, 43). Furthermore, LIMKI1 is acti-
vated after cell stimulation with growth factors or chemokines
that induce lamellipodium extension (38, 44). In this study, we
provided clear evidence that LIMK1 is critically involved in the
regulation of actin dynamics during lamellipodium extension
by decelerating both the rate of actin retrograde flow and the
rate of actin polymerization and that LIMKI1 plays a facilitative
role in lamellipodium extension by promoting the efficient con-
version of the force of actin polymerization into extension by
decelerating the rate of actin retrograde flow via cofilin inacti-
vation. Further studies on the spatial and temporal control of
LIMKI and cofilin activities will provide insights to better
understand the mechanisms of lamellipodium formation and
extension during cell migration and morphogenesis.
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