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Vascular endothelial growth factor-A (VEGF-A) induces

actin reorganization and migration of endothelial cells

through a p38 mitogen-activated protein kinase (MAPK)

pathway. LIM-kinase 1 (LIMK1) induces actin remodeling

by phosphorylating and inactivating cofilin, an actin-

depolymerizing factor. In this study, we demonstrate that

activation of LIMK1 by MAPKAPK-2 (MK2; a downstream

kinase of p38 MAPK) represents a novel signaling path-

way in VEGF-A-induced cell migration. VEGF-A induced

LIMK1 activation and cofilin phosphorylation, and this

was inhibited by the p38 MAPK inhibitor SB203580.

Although p38 phosphorylated LIMK1 at Ser-310, it failed

to activate LIMK1 directly; however, MK2 activated LIMK1

by phosphorylation at Ser-323. Expression of a Ser-323-

non-phosphorylatable mutant of LIMK1 suppressed VEGF-

A-induced stress fiber formation and cell migration;

however, expression of a Ser-323-phosphorylation-mimic

mutant enhanced these processes. Knockdown of MK2

by siRNA suppressed VEGF-A-induced LIMK1 activation,

stress fiber formation, and cell migration. Expression of

kinase-dead LIMK1 suppressed VEGF-A-induced tubule

formation. These findings suggest that MK2-mediated

LIMK1 phosphorylation/activation plays an essential role

in VEGF-A-induced actin reorganization, migration, and

tubule formation of endothelial cells.
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Introduction

Angiogenesis is a process whereby new blood vessels are

generated from pre-existing ones. It is essential for a number

of physiological and pathological processes, including

embryonic development, tissue regeneration, wound healing,

diabetic retinopathy, and tumor growth and metastasis

(Risau, 1997). Vascular endothelial growth factor-A (VEGF-

A, hereafter simply referred to as VEGF) is a potent stimulator

of angiogenesis, and promotes migration, proliferation,

and tubule formation of endothelial cells (Ferrara, 2004).

Although VEGF-induced endothelial cell migration is an

essential step for angiogenesis, the underlying signaling

mechanisms are not well understood (Rousseau et al, 2000).

VEGF exerts its angiogenic effects through the receptor

tyrosine kinases, VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1),

which are expressed on the surface of endothelial cells

(Zachary and Gliki, 2001). Activation of VEGFR-2 by VEGF

leads to stimulation of various intracellular signaling cas-

cades, including activation of the extracellular signal-regu-

lated kinase (Erk) and p38 mitogen-activated protein kinase

(MAPK) pathways (Zachary and Gliki, 2001). As the p38

MAPK inhibitor SB203580 inhibits VEGF-induced stress

fiber formation and cell migration, the p38 MAPK pathway

is believed to play a crucial role in endothelial cell migration

by regulating actin cytoskeletal organization (Rousseau et al,

1997). p38 MAPK is activated by the upstream MAPK

kinases, MKK3/MKK6 (Ono and Han, 2000). Activation of

p38 MAPK by VEGF leads to the activation of MAPK-activated

protein kinase-2 (MK2), which in turn stimulates phosphory-

lation of heat-shock protein 27 (Hsp27) (Guay et al, 1997;

Rousseau et al, 1997; Landry and Huot, 1999). Hsp27 be-

haves as an actin filament cap-binding protein and, in its

non-phosphorylated form, inhibits actin polymerization.

MK2-catalyzed phosphorylation of Hsp27 allows its release

from capped actin filaments, thereby stimulating actin poly-

merization (Landry and Huot, 1999). Thus, p38/MK2-

mediated phosphorylation of Hsp27 is believed to be in-

volved in VEGF-induced actin filament assembly and stress

fiber formation, both of which are involved in endothelial cell

migration (Rousseau et al, 2000). However, other signaling

mechanisms for VEGF-induced and p38/MK2-mediated actin

reorganization and cell migration remain to be elucidated.

Cofilin plays an essential role in actin reorganization and

cell migration by depolymerizing and severing actin filaments

(Bamburg and Wiggan, 2002). The activity of cofilin is

reversibly regulated by phosphorylation and dephosphoryla-

tion of Ser-3, with the phosphorylated form being inactive.

LIM-kinase (LIMK) and TES-kinase are responsible for phos-

phorylation of this site, and thereby inactivate cofilin (Arber

et al, 1998; Yang et al, 1998; Toshima et al, 2001). Cofilin

phosphatases (termed Slingshot and chronophin) reactivate

cofilin by dephosphorylating Ser-3 (Niwa et al, 2002; Nagata-

Ohashi et al, 2004; Gohla et al, 2005). LIMK1 is activated

through phosphorylation of Thr-508, in the kinase domain of

LIMK1, by downstream kinases of the Rho family small

GTPases, such as ROCK and PAK (Edwards et al, 1999;

Maekawa et al, 1999; Ohashi et al, 2000). Thus, by phosphor-

ylating cofilin, LIMK1 appears to play a critical role in

stimulus-induced actin reorganization. LIMK1 is activated
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in response to various extracellular signals that stimulate cell

migration, and stimulus-induced LIMK1 activation is required

for chemokine-induced cell migration or LPA-induced tumor

cell invasion (Nishita et al, 2002, 2005; Yoshioka et al, 2003).

In contrast, overexpression of LIMK1 suppresses cell motility

and polarized cell migration (Dawe et al, 2003; Endo et al,

2003). Thus, it seems likely that proper regulation of LIMK1

activity and cofilin phosphorylation is required for cell

migration.

In this study, we examined the role of LIMK1 in VEGF-

induced actin reorganization, migration, and tubule forma-

tion of vascular endothelial cells. We report here that LIMK1

is activated in VEGF-stimulated endothelial cells, by a novel

signaling pathway, composed of p38 MAPK–MK2–LIMK1,

and that MK2 activates LIMK1 by phosphorylating Ser-323

in the extracatalytic domain of LIMK1. We also provide

evidence that MK2-mediated LIMK1 phosphorylation/activa-

tion is critical for VEGF-induced stress fiber formation, cell

migration, and tubule formation.

Results

VEGF induces LIMK1 activation and cofilin

phosphorylation

To examine whether LIMK1 is involved in VEGF-induced

actin reorganization, we first analyzed changes in the kinase

activity of LIMK1 and the level of Ser-3-phosphorylated

cofilin (P-cofilin) in VEGF-stimulated human umbilical vein

endothelial cells (HUVECs) and MSS31 endothelial cells.

MSS31 cells have the properties of endothelial cells; they

express PECAM-1, VE-cadherin, and VEGFR-1 and -2

(Supplementary Figure 1). We used 10 ng/ml VEGF for sti-

mulation in this study. An in vitro kinase assay, using cofilin

as a substrate, demonstrated that the kinase activity of LIMK1

increased 1.6- to 1.7-fold by 15 min after VEGF treatment, and

then decreased by 30 min (Figure 1A). The 1.3-fold increase

in LIMK1 activity was retained up to 6 h (Supplementary

Figure 2). The level of P-cofilin (measured by immunoblots

with anti-P-cofilin antibody) increased about two-fold by

15 min after VEGF treatment, and then decreased by 30 min

(Figure 1B). Similar results were obtained by two-dimen-

sional gel immunoblot analysis of P-cofilin levels, using an

anti-cofilin antibody. P-cofilin represented 16% of cofilin

in unstimulated cells. After VEGF stimulation, the relative

abundance of P-cofilin reached a maximum (46%) by

15 min, and decreased to 24% by 30 min (Figure 1C). These

results suggest that VEGF stimulates both LIMK1 activity and

cofilin phosphorylation in a time-dependent manner, and

that through cofilin phosphorylation, LIMK1 is involved in

VEGF-induced actin reorganization.

Kinase-negative LIMK1(D460A) suppresses

VEGF-induced stress fiber formation

We next examined whether LIMK1 is involved in VEGF-

induced stress fiber formation. MSS31 cells were transfected

with cyan fluorescence protein (CFP)-tagged wild-type LIMK1

(LIMK1(WT)-CFP) or the kinase-dead form LIMK1(D460A)-

CFP, in which the catalytic Asp-460 is replaced by alanine.

Cells were either untreated or stimulated with VEGF, and

stained with rhodamine-phalloidin to visualize F-actin

(Figure 2A). In the control MSS31 cells (transfected with

vector alone), thick and transcytoplasmic actin stress fibers

were induced in response to VEGF treatment. Expression of

LIMK1(WT)-CFP caused a marked increase in the induction

of thick stress fibers, even in the absence of VEGF. Following

VEGF treatment, induction of thicker stress fibers increased

further, in comparison to the surrounding LIMK1-non-

expressing cells, indicating that LIMK1 has the potential to

stimulate stress fiber formation. In contrast, expression of

LIMK1(D460A)-CFP significantly suppressed VEGF-induced

stress fiber formation. Figure 2B shows the data of quantita-

tive analysis of the ratio of the cells with thick stress fibers.

These results suggest that LIMK1 plays a critical role in

VEGF-induced stress fiber formation in endothelial cells.

p38 MAPK mediates VEGF-induced LIMK1 activation,

cofilin phosphorylation, and stress fiber formation

Because p38 MAPK has been shown to mediate VEGF-

induced actin reorganization (Rousseau et al, 1997), we

examined the effects of SB203580, a specific inhibitor for

p38 MAPK, on VEGF-induced LIMK1 activation and cofilin

phosphorylation in MSS31 cells. Almost complete inhibition

of both VEGF-induced LIMK1 activation and cofilin phos-

phorylation was achieved by pretreatment with 1 mM

SB203580 (Figure 3A and B). This indicates that LIMK1

activation and cofilin phosphorylation are stimulated down-

stream of p38 MAPK. We also examined the effects of

SB203580 on VEGF-induced stress fiber formation

(Figure 3C). Pretreatment with SB203580, but not with

vehicle alone, suppressed VEGF-induced stress fiber forma-

tion in the control MSS31 cells expressing CFP. In contrast,

stress fibers induced by LIMK1(WT)-CFP expression were not

affected by SB203580 treatment, either before or after VEGF

stimulation, in comparison to the surrounding LIMK1-non-

expessing cells. This result is a further indication that LIMK1

exerts its actions downstream of p38. Thus, p38 MAPK

appears to mediate VEGF-induced LIMK1 activation, cofilin

phosphorylation, and stress fiber formation.

To further examine the involvement of p38 MAPK in VEGF-

induced LIMK1 activation, we tested the effects of expression

of a constitutively active or a dominant-negative form of

MKK6 in MSS31 cells. MKK6 is an MAPK kinase that phos-

phorylates and activates p38 MAPK. The constitutively active

MKK6(DE) and dominant-negative MKK6(AA) mutants were

constructed by replacing the two phosphorylation sites in

MKK6 (Ser-207 and Thr-211) by Asp and Glu residues (DE), or

two Ala residues (AA), respectively (Hanafusa et al, 1999).

Coexpression of active MKK6(DE) significantly increased

the kinase activity of LIMK1, in both unstimulated and

VEGF-stimulated cells (Figure 3D). In contrast, coexpression

of MKK6(AA) blocked VEGF-induced LIMK1 activation

(Figure 3D). Immunoblot analysis with an anti-phospho-p38

(P-p38) antibody showed that p38 activity was enhanced

by MKK6(DE) expression and/or VEGF treatment, but was

suppressed by MKK6(AA) expression (Figure 3D). Expression

of MKK6(DE) enhanced actin filament assembly in unstimu-

lated cells, whereas expression of MKK6(AA) suppressed

VEGF-induced stress fiber formation (Figure 3E). Taken to-

gether with the results of SB203580 treatment, these observa-

tions strongly suggest that an MKK6–p38 pathway mediates

VEGF-induced LIMK1 activation, cofilin phosphorylation,

and stress fiber formation.

MAPKAPK-2-mediated activation of LIM-kinase
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Phosphorylation of Thr-508 is not required for

VEGF-induced and p38-mediated LIMK1 activation

LIMK1 is activated by phosphorylation of Thr-508 by ROCK

or PAK kinases. To examine whether Thr-508 phosphoryla-

tion is involved in VEGF-induced LIMK1 activation, we

analyzed the VEGF-induced changes in the kinase activity

of LIMK1(WT) and LIMK1(T508V), in which Thr-508 was

replaced by a non-phosphorylatable valine. The basal kinase

activity of LIMK1(T508V) is lower than that of LIMK1(WT) in

unstimulated cells; however, VEGF stimulation resulted in

an approximately 1.5-fold increase in the activity of both

LIMK1(WT) and LIMK1(T508V) (Figure 4A). When either

LIMK1(WT) or LIMK1(T508V) was coexpressed in 293T cells

with active MKK6(DE) and p38, there was an approximately

two-fold increase in activity (Figure 4B). These results sug-

gest that both LIMK1(WT) and LIMK1(T508V) are activated

by VEGF or active MKK6 to a similar extent, and that

phosphorylation of Thr-508 is not required for VEGF-induced

and p38-mediated LIMK1 activation. Coexpression with

MKK6(DE) resulted in gel mobility shifts of LIMK1(WT)

and LIMK1(T508V) (Figure 4B). These mobility shifts are

the result of LIMK1 phosphorylation, as they were abolished

Figure 1 VEGF induces LIMK1 activation and cofilin phosphorylation. (A) LIMK1 activation. HUVEC and MSS31 cells were stimulated with
VEGF. At the indicated time, cells were lysed and LIMK1 was immunoprecipitated (IP) with anti-LIMK1, and subjected to an in vitro kinase
assay. Reaction mixtures were analyzed by autoradiography (32P-cofilin), Amido black staining (cofilin), and immunoblotting (IB) with anti-
LIMK1 antibody. The bottom panel indicates the relative kinase activities of LIMK1, as measured by 32P incorporation into cofilin. Data are
means7s.d. of five independent experiments. (B) Cofilin phosphorylation. HUVEC and MSS31 cells were stimulated with VEGF. Cell lysates
were analyzed by immunoblotting with anti-P-cofilin and anti-cofilin antibodies. The bottom panel indicates the relative P-cofilin levels as
means7s.d. of five independent experiments. (C) Two-dimensional gel analyses of P-cofilin levels. MSS31 cells were stimulated with VEGF,
and cell lysates were analyzed by two-dimensional gel electrophoresis, followed by immunoblotting with anti-cofilin antibody. The right panel
indicates the mean abundance of P-cofilin (means7s.d. of triplicate experiments), as the percentage of total cofilin.
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by treatment with alkaline phosphatase (Figure 4C).

Accordingly, LIMK1 is probably activated downstream of p38

MAPK, by phosphorylation of a site(s) other than Thr-508.

p38 MAPK phosphorylates, but fails to activate, LIMK1

To determine if LIMK1 is directly phosphorylated by p38,

Myc-tagged LIMK1(T508V) and kinase-dead LIMK1(D460A)

were incubated in vitro with [g-32P]ATP in the absence

or presence of recombinant active p38 (GST-p38)

(Figure 5A). In the absence of p38, 32P was incorporated

into LIMK1(T508V), but not LIMK1(D460A), indicating that

LIMK1(T508V) underwent autophosphorylation. In the pre-

sence of active p38, 32P incorporation into LIMK1(D460A)

and LIMK1(T508V) was increased, which suggests that p38

phosphorylates LIMK1 at a residue(s) other than Thr-508.

However, there was no change in the kinase activity

of LIMK1(WT) or LIMK1(T508V), after incubation with

active p38 (Figure 5B). Thus, p38 has the potential to phos-

phorylate LIMK1, but is unable to activate LIMK1 by itself.

A database search predicted that Ser-310 of LIMK1 was the

most probable site for p38-catalyzed phosphorylation. In an

in vitro kinase assay, active p38 enhanced phosphorylation of

LIMK1(T508V), but not of LIMK1(S310A/T508V), in which

Ser-310 and Thr-508 were replaced by alanine and valine,

respectively (Figure 5C). These results indicate that Ser-310 of

LIMK1 is the primary site of phosphorylation by p38.

MK2 activates LIMK1 by phosphorylation of Ser-323

MK2 was reported to mediate p38-induced stress fiber

formation (Rousseau et al, 2000). As p38 did not directly

activate LIMK1, we then asked whether MK2 is involved

in p38-mediated LIMK1 phosphorylation and activation.

When LIMK1(WT) and LIMK1(T508V) were incubated with

[g-32P]ATP and recombinant active MK2 (GST-MK2-Myc), 32P

incorporation into LIMK1(WT) and LIMK1(T508V) was in-

creased approximately two-fold (Figure 6A). The kinase

activities of LIMK1(WT) and LIMK1(T508V) also increased

to the same degree, after incubation with active MK2

(Figure 6A). These findings suggest that MK2 phosphorylates

and activates LIMK1, and that phosphorylation of Thr-508 is

not related to this reaction.

MK2 phosphorylates several proteins, including HSP-27,

at the serine residue in the consensus sequence motif, -Hyd-x-

Arg-x-x-Ser-, where Hyd is a bulky hydrophobic residue

(Stokoe et al, 1993). Human LIMK1 contains the correspond-

ing sequence LGRSES323 in the region between a PDZ domain

and a kinase domain, and the MK2 consensus motif is

conserved between LIMK1 proteins from various species

(Figure 6B). To determine if MK2 phosphorylates Ser-323 of

LIMK1, and whether or not this phosphorylation is related

to LIMK1 activation, we constructed the mutant LIMK1

(S323A/T508V), in which Ser-323 and Thr-508 are replaced

by alanine and valine, respectively. We also constructed the

mutant LIMK1(S310A/S323A/T508V). After incubation with

active MK2, we compared the phosphorylation level and

kinase activity of these mutants to those of LIMK1(T508V).

In cell-free assays, active MK2 phosphorylated LIMK1

(T508V), but did not phosphorylate either (S323A/T508V)

or (S310A/S323A/T508V) mutant (Figure 6C). Incubation

with active MK2 together with active p38 resulted in a

more highly phosphorylated LIMK1(T508V), a slightly phos-

phorylated LIMK1(S323A/T508V), and no increased phos-

phorylation of LIMK1(S310A/S323A/T508V) (Figure 6C).

Similarly, active MK2 phosphorylated LIMK1(WT), but not

LIMK1(S310A/S323A) (Supplementary Figure 4A). These

results suggest that p38 and MK2 specifically phosphorylate

LIMK1 at Ser-310 and Ser-323, respectively. Incubation with

active MK2 increased the kinase activity of LIMK1(T508V),

but did not alter the activity of either LIMK1(S323A/T508V)

Figure 2 Kinase-negative LIMK1(D460A) suppresses VEGF-in-
duced stress fiber formation. (A) MSS31 cells were transfected
with control vector (mock) or plasmid encoding LIMK1(WT)-CFP
or LIMK1(D460A)-CFP. They were unstimulated or stimulated with
VEGF for 15 min and then stained with rhodamine-phalloidin.
Arrowheads indicate CFP fluorescence-positive cells (see Supple-
mentary Figure 3A). Bar, 50 mm. (B) Quantitative analysis of data
shown in (A). The percentages of the cells with thick stress fibers in
the total CFP-positive cells are shown as means7s.d. of triplicate
experiments.
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or LIMK1(S310A/S323A/T508V) (Figure 6C). Incubation

with active MK2 and active p38 did not further increase the

kinase activities of these mutants (Figure 6C). In a similar

manner, active MK2 activated LIMK1(WT), but not

LIMK1(S310A/S323A) (Supplementary Figure 4A). These

findings suggest that in cell-free assays, MK2 stimulates the

Figure 3 p38 MAPK mediates VEGF-induced LIMK1 activation, cofilin phosphorylation, and stress fiber formation. (A, B) SB203580 inhibits
VEGF-induced LIMK1 activation and cofilin phosphorylation. MSS31 cells were pretreated with SB203580 (0, 1, and 5mM) for 30 min and then
stimulated with VEGF for 15 min. The levels of LIMK1 activity and P-cofilin were determined, as in Figure 1. Relative kinase activities of LIMK1
(A) and relative P-cofilin levels (B) are shown as means7s.d. of triplicate experiments. *Po0.001. (C) SB203580 inhibits stress fiber formation.
MSS31 cells transfected with CFP or LIMK1(WT)-CFP were pretreated with 5mM SB203580 or vehicle (DMSO) for 30 min and then stimulated
with VEGF for 15 min. Cells were stained with rhodamine-phalloidin. Arrowheads indicate CFP-positive cells (see Supplementary Figure 3B).
Bar, 50 mm. The bottom panel shows the data of quantitative analysis of triplicate experiments. (D) MKK6(DE) stimulates LIMK1 activity.
MSS31 cells cotransfected with Myc-LIMK1, Flag-p38, and either HA-MKK6(DE) or HA-MKK6(AA) were treated with VEGF for 15 min, and
Myc-LIMK1 was precipitated and subjected to an in vitro kinase assay. Kinase activities were quantified by autoradiography, and relative levels
are indicated under the top panel. Expression of Myc-LIMK1 and HA-MKK6 mutants and activation of p38 (P-p38) were analyzed by
immunoblotting, as indicated. (E) MKK6(AA) suppresses VEGF-induced stress fiber formation. MSS31 cells, transfected with HA-MKK6(DE) or
HA-MKK6(AA), were stimulated with VEGF for 15 min and stained with rhodamine-phalloidin. Arrowheads indicate cells expressing
MKK6(DE) or MKK6(AA), as measured by anti-HA staining (Supplementary Figure 3C). Bar, 50mm. The bottom panel shows the data of
quantitative analysis of triplicate experiments.
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kinase activity of LIMK1 by phosphorylation of Ser-323.

Although p38 phosphorylates LIMK1 at Ser-310, it fails to

activate LIMK1.

To examine whether Ser-323 phosphorylation is involved

in MKK6/p38-mediated LIMK1 activation in cultured cells,

LIMK1 mutants were coexpressed with MKK6(DE) and p38

in 293T cells, and their kinase activities were measured

Figure 4 Phosphorylation of Thr-508 is not required for VEGF-
induced LIMK1 activation. (A) LIMK1(T508V) is activated by
VEGF. MSS31 cells transfected with Myc-LIMK1(WT) or Myc-
LIMK1(T508V) were stimulated with VEGF for 15 min. Relative
kinase activities of these proteins were analyzed as in Figure 3D
and are indicated under the top panel. (B) LIMK1(T508V) is
activated by MKK6(DE). 293T cells were cotransfected with HA-
MKK6(DE), Flag-p38, and either Myc-LIMK1(WT) or Myc-
LIMK1(T508V). Myc-LIMK1 proteins were immunoprecipitated
and subjected to an in vitro kinase reaction. Expression of Myc-
LIMK1 and HA-MKK6(DE) and activation of p38 were analyzed by
immunoblotting, as indicated. (C) Effects of alkaline phosphatase
treatment on a gel mobility shift of LIMK1. Myc-LIMK1(WT) or
Myc-LIMK1(T508V) cotransfected with HA-MKK6(DE) and Flag-p38
in 293T cells was precipitated with anti-Myc antibody, incubated
with calf intestinal alkaline phosphatase (CIP), and then analyzed
by immunoblotting with anti-Myc antibody.

Figure 5 p38 MAPK phosphorylates, but does not activate, LIMK1.
(A) p38 phosphorylates LIMK1. Myc-LIMK1(D460A) and Myc-
LIMK1(T508V) expressed in 293T cells were precipitated with
anti-Myc antibody and incubated with [g-32P]ATP and active GST-
p38. Reaction mixtures were separated by SDS–PAGE and analyzed
by autoradiography. Relative values of 32P incorporation into Myc-
LIMK1 mutants are indicated under the top panel. (B) LIMK1 is not
activated by p38. Myc-LIMK1(WT) and Myc-LIMK1(T508V) ex-
pressed in 293T cells were immunoprecipitated, incubated with
active GST-p38, and then subjected to an in vitro kinase assay.
Relative kinase activities of LIMK1 are indicated under the top
panel. (C) p38 phosphorylates Ser-310 of LIMK1. Myc-
LIMK1(T508V) and Myc-LIMK1(S310A/T508V) expressed in 293T
cells were precipitated with anti-Myc antibody and incubated with
[g-32P]ATP and active GST-p38. Reaction mixtures were separated
by SDS–PAGE and analyzed by autoradiography. Relative values of
32P incorporation into Myc-LIMK1 mutants are indicated.

Figure 6 MK2 activates LIMK1 by phosphorylation of Ser-323. (A) MK2 phosphorylates and activates LIMK1. Myc-LIMK1(WT) and Myc-
LIMK1(T508V) expressed in 293T cells were precipitated with anti-Myc antibody and incubated with [g-32P]ATP and active GST-MK2-Myc.
Reaction mixtures were separated by SDS–PAGE and analyzed by autoradiography. Relative values of 32P incorporation into Myc-LIMK1 are
indicated in the bottom left panel. After incubation with active MK2, Myc-LIMK1 immunoprecipitates were subjected to an in vitro kinase
assay. Relative kinase activities are indicated in the bottom right panel. Data are means7s.d. of three independent experiments. (B) Alignment
of sequences of putative MK2 phosphorylation sites in LIMK1 and HSP27, and the consensus sequence for MK2 substrates. An asterisk
indicates the phosphorylation site. (C) MK2 activates LIMK1 by Ser-323 phosphorylation. Myc-LIMK1 mutants were expressed in 293T cells,
immunoprecipitated, and incubated with [g-32P]ATP and active GST-MK2-Myc, with or without active GST-p38. Both 32P incorporation into
Myc-LIMK1 and LIMK1 activity were analyzed as in (A). Relative values of 32P incorporation and relative kinase activities are indicated in the
bottom panels. (D) Activation of LIMK1 by Ser-323 phosphorylation in cultured cells. Myc-LIMK1 mutants were coexpressed with HA-
MKK6(DE) plus Flag-p38 in 293Tcells, immunoprecipitated, and subjected to an in vitro kinase assay. Relative kinase activities are indicated in
the bottom panel as means7s.d. of five independent experiments. (E) Kinase activities of LIMK1 mutants. MSS31 cells transfected with Myc-
LIMK1 mutants were stimulated with VEGF for 15 min. Myc-LIMK1 mutants were immunoprecipitated and subjected to an in vitro kinase
assay. Relative kinase activities are shown in the bottom panel as means7s.d. of five experiments.
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(Figure 6D). By coexpression with active MKK6(DE) and p38,

the kinase activity of LIMK1(T508V) increased 1.7-fold,

but the activities of S323A/T508V and S310A/S323A/T508V

mutants did not alter. Similarly, coexpression with active

MKK6(DE) and p38 increased the kinase activity of

LIMK1(WT), but not the activity of LIMK1(S310A/S323A)

(Supplementary Figure 4B). Thus, these results suggest that

phosphorylation of Ser-323 is essential for p38-mediated

LIMK1 activation in cultured cells.

We also analyzed kinase activities of non-phosphorylata-

ble LIMK1(S310A/S323A/T508V) and phosphorylation-

mimic LIMK1(S310E/S323E/T508V) in MSS31 cells, before

and after VEGF stimulation (Figure 6E). The activity

of LIMK1(T508V) increased B1.8-fold, after stimulation

MAPKAPK-2-mediated activation of LIM-kinase
M Kobayashi et al
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with VEGF. In unstimulated cells, the kinase activity of

LIMK1(S310A/S323A/T508V) was similar to that of

LIMK1(T508V); however, unlike LIMK1(T508V), it was not

activated by VEGF treatment. In unstimulated cells,

LIMK1(S310E/S323E/T508V) showed an B2-fold increase

in kinase activity, compared with LIMK1(T508V). After sti-

mulation with VEGF, the kinase activity of LIMK1(S310E/

S323E/T508V) did not increase further. In a similar experi-

ment, VEGF stimulated the activity of LIMK1(WT), but not

LIMK1(S310A/S323A) (Supplementary Figure 4C). These

results support the suggestion that VEGF induces LIMK1 acti-

vation by phosphorylation of Ser-310 and Ser-323 residues.

Phosphorylation of Ser-323 of LIMK1 is required for

VEGF-induced cell migration and stress fiber formation

It was reported that a p38–MK2 pathway plays a crucial role

in the VEGF-induced endothelial cell migration and stress

fiber formation (Rousseau et al, 2000). The finding that VEGF

induced LIMK1 activation through the MK2-mediated phos-

phorylation of Ser-323 prompted us to investigate whether

phosphorylation of Ser-323 is required for VEGF-induced cell

migration. We examined the effects of expression of various

LIMK1 mutants on VEGF-induced endothelial cell migration.

MSS31 cells were cotransfected with LIMK1 mutants and YFP

and subjected to a migration assay, using Transwell cham-

bers. The number of YFP-positive cells that migrated across

the membrane was determined 18 h after the addition of

VEGF (Figure 7A). For control MSS31 cells expressing YFP

alone, VEGF increased the number of migrating cells about

two-fold. Expression of LIMK1(WT) increased the number of

migrating cells in both unstimulated and VEGF-stimulated

conditions. In contrast, expression of LIMK1(D460A) sup-

pressed VEGF-induced migration. These results indicate that

LIMK1 activity is crucial for VEGF-induced cell migration.

Additionally, expression of LIMK1(T508V) increased cell

migration in both unstimulated and VEGF-stimulated condi-

tions, although the levels of enhancement were lower than

those for the LIMK1(WT)-expressing cells. In contrast, for

cells expressing S323A/T508V, S310A/S323A/T508V, or

S310A/S323A mutant, VEGF-induced cell migration was

suppressed. Expression of LIMK1(S310E/S323E/T508V) mar-

kedly increased the number of migrating cells in the absence

of VEGF, but no further increase was observed with stimula-

tion with VEGF. Taken together, these results suggest that

LIMK1 activation, through MK2-catalyzed phosphorylation of

Ser-323, plays an essential role in VEGF-induced endothelial

cell migration. Immunoblot analysis demonstrated that there

were similar levels of expression of the different Myc-LIMK1

mutants (about five- to seven-fold greater than the amount of

endogenous LIMK1) in these experiments (Figure 7B).

We also examined the effects of expression of LIMK1

mutants on VEGF-induced stress fiber formation (Figure 7C).

Expression of LIMK1(T508V) had no apparent effect on the

actin cytoskeleton, when compared with the surrounding

non-expressing cells. In contrast, expression of LIMK1(S310A/

S323A/T508V) caused a significant suppression of VEGF-

induced stress fiber formation, and expression of

LIMK1(S310E/S323E/T508V) enhanced stress fiber formation

in unstimulated cells. These findings suggest that phosphor-

ylation of Ser-310/Ser-323 in LIMK1 is crucial to VEGF-

induced stress fiber formation.

Knockdown of MK2 suppresses VEGF-induced LIMK1

activation, stress fiber formation, and cell migration

We analyzed the effect of knockdown of MK2 expression on

VEGF- or MKK6(DE)-induced LIMK1 activation. MSS31 cells

were transfected with either an siRNA plasmid targeting

MK2, or the mutated siRNA plasmid. Immunoblot analysis

Figure 7 Effects of expression of LIMK1 mutants on VEGF-induced
cell migration and stress fiber formation. (A) Effects on cell migra-
tion. Migration of MSS31 cells expressing YFP alone (control) or
YFP plus Myc-LIMK1 mutant was analyzed by Transwell assays.
Relative numbers of migrating cells are shown as means7s.d. of
four experiments. (B) Expression levels of LIMK1 mutants. MSS31
cells were transfected as above, and cell lysates were immunopre-
cipitated and immunoblotted with anti-LIMK1 antibody. (C) Effects
on stress fiber formation. MSS31 cells transfected with Myc-LIMK1
mutants were stimulated with or without VEGF for 15 min. The cells
were costained with rhodamine-phalloidin and anti-Myc antibody.
Arrowheads indicate the cells expressing Myc-LIMK1 mutant (see
Supplementary Figure 3D). Bar, 50mm. The right panel shows the
data of quantitative analysis of triplicate experiments.
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revealed that transfection with the MK2 siRNA plasmid

efficiently suppressed the expression of endogenous MK2

protein, but transfection with the mutated siRNA plasmid

did not alter expression (Figure 8A). In cells transfected with

siRNA vector plasmid or mutated siRNA plasmid, LIMK1

activity increased after VEGF treatment or expression of

MKK6(DE) (Figure 8B). In contrast, VEGF- or MKK6(DE)-

induced LIMK1 activation was abolished in cells transfected

with the MK2 siRNA plasmid (Figure 8B). This suggests that

MK2 plays an essential role in VEGF- and MKK6(DE)-induced

LIMK1 activation. Similar results were obtained using two

other MK2 siRNA plasmids that have distinct MK2 target

sequences (data not shown).

We also examined the effect of MK2 siRNA on VEGF-

induced stress fiber formation and migration of MSS31

cells. Transfection with MK2 siRNA plasmid suppressed

VEGF-induced stress fiber formation significantly; however,

the mutated MK2 siRNA had no apparent effect, when

compared with the surrounding siRNA-non-transfected cells

(Figure 8C). Additionally, VEGF-induced MSS31 cell migra-

tion was inhibited by transfection with MK2 siRNA, but not

with the mutated MK2 siRNA (Figure 8D). These results

suggest that MK2 is required for VEGF-induced stress fiber

formation and migration of endothelial cells.

Mechanisms of VEGF-induced MK2 activation

To examine whether MK2 is activated by VEGF treatment, the

level of MK2 activity was analyzed by immunoblotting

with the antibody specific to Thr-334-phosphorylated MK2

(P-MK2). After VEGF stimulation, the level of P-MK2 increased

Figure 8 Knockdown of MK2 suppresses VEGF-induced LIMK1 activation, stress fiber formation, and cell migration. (A) Knockdown of MK2
expression. MSS31 cells were transfected with the siRNA vector (mock), MK2 siRNA plasmid, or mutated MK2 siRNA plasmid. Expression of
endogenous MK2 and LIMK1 was analyzed by immunoprecipitation and immunoblotting. (B) Suppression of LIMK1 activation. MSS31 cells
transfected with siRNA plasmids were stimulated with VEGF for 15 min or cotransfected with HA-MKK6(DE). Endogenous LIMK1 was
precipitated and subjected to an in vitro kinase assay. Relative kinase activities are shown in the bottom panel as means7s.d. of five
experiments. (C) Suppression of stress fiber formation. MSS31 cells were cotransfected with YFP and siRNA plasmids (with a molar ratio of
1:9), stimulated with VEGF for 15 min, and stained with rhodamine-phalloidin. Arrowheads indicate YFP-positive cells (see Supplementary
Figure 3E). Bar, 50 mm. The bottom panel shows the data of quantitative analysis of triplicate experiments. (D) Suppression of cell migration.
MSS31 cells transfected with YFP and siRNA plasmids were subjected to cell migration assay in the absence or presence of VEGF. Data are
shown as means7s.d. of four experiments.
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about two-fold by 15 min, then decreased gradually, and the

1.4-fold increased activity was retained up to 6 h (Supple-

mentary Figure 2). Time course of the change in the level of

P-MK2 was almost parallel to that of the kinase activity of

LIMK1 (Supplementary Figure 2), which further supports the

correlation between MK2 and LIMK1 activation.

We next asked which type of VEGFRs is involved in VEGF-

induced MK2 and LIMK1 activation. Pretreatment of MSS31

cells with the neutralizing antibody against VEGFR2 almost

completely inhibited VEGF-induced MK2 phosphorylation

and LIMK1 activation, whereas the anti-VEGFR1 neutralizing

antibody partially suppressed these processes (Supplemen-

tary Figure 5). This indicates that VEGFR2 is essential for

VEGF-induced MK2 and LIMK1 activation, whereas VEGFR1

is only partially involved in the activation of MK2–LIMK1

signaling pathway.

ROCK and PAK are known to activate LIMK1 by Thr-508

phosphorylation. We analyzed the effects of suppression of

ROCK and PAK activity on VEGF-induced MK2 and LIMK1

activation, by expression of a dominant-negative form of

ROCK (ROCK(KD-IA)) or an autoinhibitory domain of

PAK3 (PAK(AI)). Both ROCK(KD-IA) and PAK(AI) inhibited

VEGF-induced MK2 phosphorylation and LIMK1 activation

(Supplementary Figure 6). Taken together with the findings

that Thr-508 phosphorylation is not required for VEGF-

induced LIMK1 activation (Figure 4A), these results suggest

that ROCK and PAK are involved in LIMK1 activation through

MK2 activation.

LIMK1 activation is required for VEGF-induced tubule

formation

VEGF stimulates the tubule formation of endothelial cells in

Matrigel. To examine the role of LIMK1 in VEGF-induced

tubule formation, MSS31 cells were infected with adeno-

viruses expressing YFP or YFP-tagged LIMK1(WT) or

LIMK1(D460A) and subjected to the in vitro tubule formation

assay in Matrigel (Figure 9A). The total tube length was

measured by tracing the tube-like structures. For control

cells expressing YFP, VEGF increased the total tube length

about two-fold. Expression of LIMK1(WT) increased the total

tube length in both unstimulated and VEGF-stimulated cells.

In contrast, expression of kinase-dead LIMK1(D460A) sup-

pressed VEGF-induced tubule formation. These results

suggest that LIMK1 activity is required for VEGF-induced

tubule formation. Additionally, for MSS31 cells expressing

LIMK1(T508V), VEGF increased the total tube length about

two-fold, but expression of LIMK1(S310A/S323A/T508V)

suppressed VEGF-induced tubule formation. Thus, the p38/

MK2-mediated Ser-310/Ser-323 phosphorylation of LIMK1

appears to be critical for the in vitro tubule formation of

endothelial cells.

Hyperosmotic shock induces LIMK1 activation through

p38 MAPK

Hyperosmotic shock activates the p38 MAPK signaling path-

way and induces actin reorganization (Ono and Han, 2000).

To examine whether the osmotic shock induces LIMK1

activation through p38, we analyzed the changes in the

kinase activity of LIMK1 and p38 in MSS31 cells after treat-

ment with 0.3 M NaCl. Both the kinase activity of LIMK1

and the level of phospho-p38 increased at 5 and 15 min

and then decreased 30 min after hyperosmotic treatment

(Supplementary Figure 7A). Pretreatment of the cells with

SB203580 abolished osmotic shock-induced LIMK1 activation

and p38 phosphorylation (Supplementary Figure 7B), indi-

cating that p38 mediates osmotic stress-induced LIMK1 acti-

vation. When expressed in MSS31 cells, LIMK1(T508V) was

activated by hyperosmotic shock, but LIMK1(S323A/T508V)

was not (Supplementary Figure 7C). These results suggest

that MK2-mediated Ser-323 phosphorylation of LIMK1 is

critical for osmotic stress-induced LIMK1 activation, and

that there is a common signaling mechanism of p38/MK2-

mediated LIMK1 activation in VEGF stimulation and hyper-

osmotic stress.

Discussion

In this study, we have identified a novel signaling pathway

that is crucial for VEGF-induced stress fiber formation and

migration of endothelial cells (Figure 10). We have demon-

strated VEGF-induced LIMK1 activation and cofilin phosphor-

ylation. In endothelial cells, expression of a kinase-inactive

LIMK1 suppressed VEGF-induced stress fiber formation, cell

migration, and tubule formation, implicating LIMK1 in these

processes. Inhibition of p38 activation by SB203580 or ex-

pression of a dominant-negative mutant MKK6(AA) blocked

VEGF-induced LIMK1 activation and stress fiber formation,

and the expression of active MKK6(DE) augmented LIMK1

activity and stress fiber formation, indicating that the MKK6–

p38 pathway mediates VEGF-induced LIMK1 activation and

stress fiber formation. Although previous studies showed that

ROCK and PAK activate LIMK1 by phosphorylating Thr-508 in

the kinase domain of LIMK1 (Edwards et al, 1999; Ohashi

et al, 2000), a non-phosphorylatable T508V mutant of LIMK1,

similar to wild-type LIMK1, was activated by both VEGF

treatment and active MKK6 expression. This indicates that

VEGF-induced and MKK6/p38-mediated LIMK1 activation

occurs independently of Thr-508 phosphorylation. In cell-

free assays, p38 phosphorylated LIMK1 at Ser-310, but failed

to activate LIMK1. In contrast, MK2, a major downstream

kinase of p38, directly activated LIMK1 by phosphorylating

Ser-323 in the consensus sequence motif for MK2 substrates.

In cultured cells, an LIMK1 S323A mutant was not activated

by VEGF treatment or active MKK6(DE) expression, indica-

ting that MK2-catalyzed phosphorylation of Ser-323 is critical

for VEGF-induced and p38-mediated LIMK1 activation. As

p38 did not increase MK2-catalyzed LIMK1 activation further

(Figure 6C), p38-catalyzed phosphorylation of Ser-310 does

not appear to be involved in LIMK1 activation, to any great

extent. As expression of either the S323A or the S310A/S323A

mutant of LIMK1 inhibited VEGF-induced stress fiber forma-

tion, cell migration, and tubule formation, MK2-mediated

phosphorylation of Ser-323 is essential for these processes.

Finally, we showed that siRNA knockdown of MK2 inhibited

VEGF-induced LIMK1 activation, stress fiber formation, and

cell migration. This further supports the notion that MK2

is crucial to LIMK1 activation, actin remodeling, and cell

migration, in response to VEGF. Thus, we propose a novel

signaling cascade, comprising p38–MK2–LIMK1–cofilin, that

plays an essential role in VEGF-induced actin reorganization,

cell migration, and tube formation (Figure 10). Further stu-

dies are required to understand the role of this pathway in
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Figure 9 Effects of expression of LIMK1 mutants on VEGF-induced tubule formation. (A) Bright-field micrographs showing the tubule
formation of MSS31 cells expressing YFP, YFP-LIMK1(WT), or YFP-LIMK1(D460A) in Matrigel, in the presence or absence of VEGF. Bar, 1 mm.
The tube-like structures were traced, as shown at the bottom of each micrograph, and the total tube length was quantified using the image
software. The results are shown in the bottom panel, as means7s.d. of four experiments. (B) Phase contrast micrographs showing the tubule
formation of MSS31 cells expressing LIMK1(T508V) or LIMK1(S310A/S323A/T508V) in Matrigel. Bar, 0.5 mm. The quantitative data of the total
tube length are shown as means7s.d. of four experiments.
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in vivo angiogenesis. We also provide evidence that hyper-

osmotic shock stimulates LIMK1 activation through the p38/

MK2 signaling pathway. This suggests that p38 activation, in

response to other stimuli such as cytokines, chemokines, and

oxygen radical stresses (Ono and Han, 2000), may also

induce actin reorganization through p38/MK2-mediated

LIMK1 activation.

Previous studies have shown that a p38/MK2 signaling

pathway is involved in VEGF-induced actin reorganization

and cell migration through phosphorylation of Hsp27

(Rousseau et al, 2000). Phosphorylation of Hsp27 by MK2

probably suppresses its actin filament capping activity, there-

by generating free barbed ends for actin polymerization.

Thus, MK2 can stimulate actin filament assembly by two

pathways: decapping the plus end of actin filaments through

Hsp27 phosphorylation; and inhibiting actin-disassembling

activity of cofilin through LIMK1 activation and cofilin phos-

phorylation. LIMK1 is activated by various extracellular cues

that stimulate cell migration (Nishita et al, 2002). Inhibition

of LIMK1 activity suppressed chemokine-induced T-cell mi-

gration, suggesting a critical role for LIMK1 in cell migration

(Nishita et al, 2005). However, overexpression of LIMK1 is

known to suppress cell migration and neurite extension

(Dawe et al, 2003; Endo et al, 2003). Therefore, it is likely

that the precise and balanced regulation of cofilin phosphor-

ylation is required for cell migration.

LIMK1 structure comprises two LIM domains and a PDZ

domain at the N-terminus and a kinase domain at the

C-terminus (Okano et al, 1995). Here, we have demonstrated

that LIMK1 is activated by MK2-catalyzed phosphorylation of

Ser-323, which locates in the region connecting the PDZ

domain and the kinase domain. In a previous study, we

demonstrated that deletion of the N-terminal LIM and PDZ

domains increased the kinase activity of LIMK1, and that

excess N-terminal LIM fragments suppressed the kinase

activity of the C-terminal kinase domain. This suggested

that the N-terminal region had an autoinhibitory role in the

regulation of the kinase activity of LIMK1 (Nagata et al,

1999). MK2-catalyzed phosphorylation of Ser-323 may in-

crease the kinase activity of LIMK1 by inducing a conforma-

tional change, thus releasing the autoinhibitory effect of the

N-terminal region.

Rho family small GTPases, including Rho, Rac, and Cdc42,

play key roles in actin cytoskeletal reorganization and cell

migration. VEGF stimulates Rho, Rac, and Cdc42 activation

in endothelial cells, and they are implicated in VEGF-induced

cell migration and tubule formation (Soga et al, 2001; Zeng

et al, 2002; Lamalice et al, 2004). Whereas LIMK1 is known to

be activated by ROCK and PAK by phosphorylation of Thr-

508, our present study indicates that LIMK1 is activated

through a p38–MK2 pathway, independent of Thr-508 phos-

phorylation, in endothelial cells. On the other hand, we

showed that both ROCK(KD-IA) and PAK(AI) suppressed

VEGF-induced MK2 activation and LIMK1 activation. Thus,

ROCK and PAK seem to be involved in LIMK1 activation

through MK2 activation, but not through direct phosphoryla-

tion of Thr-508, in endothelial cells. ROCK- and PAK-cata-

lyzed phosphorylation of LIMK1 may be protected by

spatially separating these proteins in these cells. As p38

MAPK was reported to be activated downstream of ROCK

and PAK in other cell types (Zhang et al, 1995; Ashida et al,

2001), ROCK/PAK activation probably contributes to the

VEGF-induced LIMK1 activation through the activation of

the p38–MK2 pathway. In contrast to our results, using the

antibody to phospho-Thr-508 LIMK1, Gong et al (2004)

reported that VEGF induced Thr-508 phosphorylation of

LIMK1 in a manner dependent on ROCK activity. However,

they did not show the changes in the kinase activity of

LIMK1, or the ratio of the Thr-508-phosphorylated form,

relative to the total abundance of LIMK1. In this study, we

provided evidence that VEGF increases the kinase activity

of a LIMK1(T508V) mutant, to an extent similar to that of

wild-type LIMK1 and that Thr-508 phosphorylation is not

required for VEGF-induced LIMK1 activation, stress fiber

formation, and cell migration. Our results strongly suggest

that VEGF-induced LIMK1 activation is caused primarily

by a p38–MK2 pathway, via phosphorylation of Ser-323,

although this does not completely exclude the possibi-

lity that ROCK-catalyzed LIMK1 phosphorylation partially

contributes to the process.

Our results indicate that LIMK1 is activated by multiple

signaling pathways. Further study will be required to deter-

mine how the cells differently use these pathways and

whether or not these pathways work separately or synergis-

tically in the complex spatiotemporal regulation of actin

cytoskeletons.

Figure 10 A proposed signaling pathway for VEGF-induced LIMK1
activation and cofilin phosphorylation. VEGF induces activation of
MK2 via the MKK6 and p38 MAPK signaling cascade. MK2 activates
LIMK1 by phosphorylation of Ser-323, which in turn stimulates
phosphorylation of cofilin. Together with MK2-mediated Hsp27
phosphorylation, cofilin phosphorylation stimulates stress fiber
formation, cell migration, and tube formation.
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Materials and methods

Reagents and antibodies
VEGF-A (VEGF165) and SB203580 were purchased from PeproTech
(London) and Calbiochem, respectively. Antibodies to P-cofilin,
cofilin, and LIMK1 were prepared as described previously (Okano
et al, 1995; Toshima et al, 2001). Antibodies against Myc (9E10;
Roche), HA (3F10; Roche), FLAG (M2; Sigma), and Thr-180/
Tyr-182-phosphorylated p38 MAPK (P-p38) (Cell Signaling) were
purchased commercially.

Plasmids
Plasmids encoding Myc-LIMK1 and its D460A mutant were
constructed as described previously (Ohashi et al, 2000). Plasmids
for the point mutants of Myc-LIMK1 were constructed by using
a site-directed mutagenesis kit (Stratagene). Plasmids for HA-
MKK6(DE) and HA-MKK6(AA) were provided by E Nishida (Kyoto
University). A plasmid for FLAG-p38a was constructed by subclon-
ing p38a cDNA into the pCMV5-FLAG vector. A plasmid encoding
Myc-MK2 was provided by J Han (Scripps Research Institute). The
pSUPER vector for siRNA was provided by R Agami (Netherlands
Cancer Institute). The MK2 siRNA plasmid that targets the mouse
MK2 mRNA sequence (50-GACGCATCCAACCCTCTGC-30) and the
plasmid for the mutated MK2 siRNA (50-GACGAATCCAACCCGC
TGC-30) were constructed as described previously (Brummelkamp
et al, 2002).

Cells, transfection, and siRNA
HUVECs were obtained from the Riken Cell Bank (Tsukuba, Japan)
and cultured as described (Rousseau et al, 1997). MSS31 cells, a
mouse spleen endothelial cell line (Yanai et al, 1991), were provided
by N Yanai (Miyagi Gakuin University), and the cells were grown in
a-MEM with 10% FCS. 293T cells (Cell Resource Center, Tohoku
University) were cultured in DMEM containing 10% FCS. Cells were
transfected with plasmids using FuGENE6 Transfection Reagent
(Roche). Transfection efficiency of MSS31 cells was 50–60%,
judging from CFP fluorescence.

In vitro kinase assay
HUVEC and MSS31 cells were serum-starved for 4 h and stimulated
with 10 ng/ml VEGF. Cells were lysed and LIMK1 was immunopre-
cipitated with anti-LIMK1 or anti-Myc antibody and then subjected
to an in vitro kinase reaction, using His6-cofilin as a substrate, as
described previously (Ohashi et al, 2000). p38- or MK2-catalyzed
LIMK1 phosphorylation was analyzed as follows: Myc-LIMK1
mutants were expressed in 293T cells, immunoprecipitated with
anti-Myc antibody, and incubated in 20ml lysis/kinase buffer
containing 50mM ATP and 185 kBq [g-32P]ATP (110 TBq/mmol;
Amersham Pharmacia Biotech) with 100 ng recombinant active
GST-p38 (Upstate) or active GST-MK2-Myc (Upstate) at 301C for
20 min. The reaction mixture was separated by SDS–PAGE and
analyzed by autoradiography to measure 32P-labeled LIMK1.

Cell staining
MSS31 cells were cultured on a 32-mm glass-bottom dish coated
with 0.1 mg/ml type I-C collagen. After 24 h of culture (48 h for cells

transfected with siRNA plasmids) in serum-containing a-MEM, cells
were serum-starved for 4 h and then stimulated with 10 ng/ml VEGF
for 15 min. Cells were fixed and stained with anti-HA or anti-Myc,
as described (Nagata et al, 1999). To visualize F-actin, cells were
stained with rhodamine-phalloidin (Molecular Probes). Fluorescent
images were obtained using a confocal microscope (model LSM510,
Carl Zeiss).

Cell migration assay
MSS31 cells were cotransfected with the plasmid for YFP and the
plasmid for Myc-LIMK1 mutants or the siRNA plasmid (with a
molar ratio of 1:9), and cultured for 18 h (48 h for cells transfected
with siRNA plasmids). Cells were trypsinized, and 5�104 cell
aliquots were loaded onto the upper well of a gelatin-coated
Transwell chemotaxis chamber (8 mm pore size; Corning). The
lower well was filled with a-MEM, with or without 10 ng/ml VEGF.
After incubation for 18 h at 371C, the membrane was fixed in 4%
formaldehyde. After the non-migrating cells on the top of the
membrane were removed by wiping and rinsing, the number of
YFP-positive migrating cells on the lower face of the membrane was
counted. Relative numbers of migrating cells were calculated, with
the mean number of migrating cells (5201) for the control cells
expressing YFP alone taken as 1.0.

Tubule formation assay
MSS31 cells were infected with adenoviruses expressing YFP,
YFP-LIMK1(WT), or YFP-LIMK1(D460A), which were constructed
using pAxCAwt vectors (Takara Biomedicals). At a multiplicity
of infection of 100, almost all cells were positive for YFP. For
expression of Myc-LIMK1(T508V) or Myc-LIMK1(S310A/S323A/
T508V), MSS31 cells were transfected with pPURO (Clontech) and
plasmids encoding these proteins, and selected with 1mg/ml
puromycin. After 24 h of incubation, cells were trypsinized and
1�104 cells were plated on Matrigel in a 7 mm well. After 4 h of
incubation with or without 10 ng/ml VEGF, cells were fixed in 4%
formaldehyde. The tube-like structures were traced in all viewing
field in each well and the total tube length was integrated using
IPLab image analysis software (Scanalytics). All tests were
performed in duplicate and repeated four times.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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