
Abstract. In this study, we demonstrate that phorbol 12-
myristate 13-acetate (PMA)-activated protein kinase C (PKC)
induced migration in A172 glioblastoma cells via Src. PMA
treatment induced tyrosine phosphorylation of Crk-associated
substrate (Cas) and formation of a complex with Crk, followed
by Rac1 activation, a downstream effector of Cas/Crk complex.
These effects were blocked by a tyrosine kinase inhibitor
(PP2) or Src small interfering RNA (siRNA), indicating that
Src was involved in the PMA-induced activation of Cas/
Crk/Rac1 signaling pathway. An immunohistochemical study
showed that after PMA treatment, Cas, Crk and Rac1 trans-
located into lamellipodia. Tyrosine phosphorylated Cas was
also detected at the periphery of the cells, where focal
complexes were prominent. These results indicated that
signaling of Cas, Crk and Rac1 might be involved in PMA-
induced cytoskeletal reorganization. Translocation of Rac1 to
the cell membrane is known to be dependent on phosphory-
lation of tyrosine-221 residue of Crk. We demonstrated that
PMA induced phosphorylation of Crk, and this phosphorylation
was blocked by PP2 or Src siRNA. These results indicated that
Src might regulate the subcellular localization of Rac1 through
phosphorylation of Crk. We propose that PMA-induced
migration was dependent on activation of PKC/Src/Cas/
Crk/Rac1 signaling pathway via modulating cytoskeletal
reorganization during glioblastoma cell migration.

Introduction

Glioblastoma has high cell proliferative ability and a propensity
to infiltrate into surrounding brain. These characteristics
prohibit complete surgical resection of the tumor (1). A better
understanding of the processes controlling glioblastoma
migration is therefore required to improve the efficacy of
treatment of this disease.

Several factors and kinases have been reported to be
involved in promoting glioblastoma cell migration (2).
Among them, overexpressed or hyperactive protein kinase C
(PKC) is the most distinctive characteristics of this malignant
brain tumor (3,4). PKC is a serine/threonine kinase that
stimulates several protein tyrosine kinases. It is responsible for
mediating several signal transduction pathways which result
in cell migration, adhesion, and proliferation (2). In this study,
we showed the involvement of Src in phorbol 12-myristate
13-acetate (PMA)-activated PKC-induced lamellipodia
formation and subsequent migration of glioblastoma cells.

Src, a non-receptor tyrosine kinase with a molecular
weight of 60 kDa, is involved in cell proliferation, adhesion,
spreading and motility through tyrosine phosphorylation of
focal adhesion substrates such as focal adhesion kinase
(FAK) and Crk-associated substrate (Cas) (5,6).

Cas is known to be an adapter protein, and was isolated
from cells transformed with the v-Crk or v-Src gene (7). Cas
contains an N-terminal Src homology 3 (SH3) domain that
binds to FAK and a C-terminal Src-binding domain (SBD)
that includes a binding site for the SH3 domain of Src family
kinases. Lying between the SH3 domain and the SBD is a
substrate domain characterized by 15 Tyr-X-X-Pro (YxxP)
motifs. The phosphorylated YxxP motifs serve as docking
sites for SH2-mediated binding to adapter proteins of the Crk
family (8). Cas/Crk coupling is implicated as a critical step in
promoting relevant downstream signaling events, including
activation of the small GTPase Rac1 (8,9). Rac, a member of
the Rho family of small GTPases, controls the signal trans-
duction pathway linking membrane receptors to the assembly
and disassembly of the actin cytoskeleton and associated
integrin adhesion complexes (9-11).

Although there are several studies showing that PKC
induces cell migration, the mechanism of PKC-induced cell
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migration has not been completely clarified. In this study, we
investigated the mechanism of PMA-activated PKC-induced
migration of glioblastoma cells focusing on the Src pathway.
We demonstrated that PMA-induced migration of glioblastoma
cells was dependent on Src. The PMA-induced migration of
glioblastoma cells was shown to be a consequence of Src-
dependent Cas/Crk complex formation, Rac1 activation, and
translocation of Rac1 to the cell periphery followed by
formation of lamellipodia and focal complexes.

Materials and methods

Reagents and antibodies. PMA and bisindolylmaleimide I
(BIS) were purchased from Sigma-Aldrich Corporation
(St. Louis, MO). 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyrimidine (PP2) was purchased from
Calbiochem (San Diego, CA). The primary antibodies used
were rabbit anti-phospho-Crk (Tyr-221) polyclonal antibody
(Cell Signaling Technology, Beverly, MA); mouse anti-Cas
monoclonal antibody (BD Biosciences, Franklin Lakes, NJ);
mouse anti-Crk monoclonal antibody (BD Biosciences);
rabbit anti-phospho-Cas (Tyr-165) polyclonal antibody (Cell
Signaling Technology); mouse anti-Src monoclonal antibody
(Santa Cruz, Santa Cruz, CA); mouse anti-phosphotyrosine
(PY20) monoclonal antibody (Upstate Biotechnology,
Temecula, CA); mouse anti-Rac1 antibody (Upstate
Biotechnology); mouse anti-vinculin monoclonal antibody
(Sigma-Aldrich Coporation); and rabbit anti-phospho-Src
(Tyr-418) polyclonal antibody (Biosource International,
Camarillo, CA).

Cell lines. A172 cells were obtained from American Type
Culture Collection (Manassas, VA). The cells were maintained
in Dulbecco's modified Eagle's medium (DMEM) (Bio
Whittaker, Rockland, ME) supplemented with 10% fetal
bovine serum (FBS; Atlanta Biologicals, Norcross, GA),
100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM
glutamine (Gibco BRL, Grand Island, NY) in a humidified
atmosphere containing 5% CO2 and 95% air at 37˚C.

Activation of PKC and inhibition of kinase activity. To activate
PKC, 100 nM PMA was used for all experiments. PMA was
added to the culture medium and the cells were incubated for
various time intervals. To analyze the roles of various protein
kinase activities, specific inhibitors were used, and the
migration of cells and expression of proteins were analyzed.
BIS and PP2 were used for inhibition of PKC and Src
activity, respectively. BIS or PP2 at the concentration of 5 or
10 μM, respectively, was added to the culture medium 30 min
prior to the addition of PMA.

Migration assay. The cells were seeded in 12-well culture
dishes (BD Sciences) and cultured until they became
subconfluent. The cells were then incubated with serum-free
culture medium for 24 h, and were scraped with a 200-μl
micro-pipet tip and washed with PBS. The cells were incubated
with serum-free culture medium for an additional 16 h with
100 nM PMA or vehicle. When specific inhibitors were used,
an appropriate concentration of each inhibitor was added to
the culture medium 30 min before PMA treatment. After 16 h

of incubation, the cells were photographed, and the migrated
area was measured using NIH image software.

Transfection of siRNA into glioblastoma cells. Small interfering
RNA (siRNA) for Src was purchased from Upstate Bio-
technology. For control experiments, control siRNA-A (Santa
Cruz) was used. Reagents for transfection (Lipofectamine
2000 and Opti-MEM I reduced serum medium) were obtained
from Invitrogen (Invitrogen, Carlsbad, CA). Transfection of
siRNA into the glioblastoma cells was done according to the
manufacturer's instructions. After 48 h of incubation of the
cells with 100 nM of siRNA, the cells were cultured for an
additional 24 h with serum-free medium, and then subjected
to further experiments.

Western blot analysis. Total cells were harvested from each
culture condition at the appropriate time, and protein was
extracted using a lysis buffer containing 1% Triton X-100,
150 mM NaCl, 5 mM EDTA, 50 mM sodium fluoride, 1 mM
sodium orthovanadate, 5 μg/ml phenylmethylsulfonyl fluoride,
2 μg/ml aprotinin, 5 μg/ml leupeptin, and 2 μg/ml pepstatin.
The samples were centrifuged at 14000 rpm for 30 min at
4˚C. The extracts were stored at -80˚C until use. Protein
concentration was determined using the BCA assay (Pierce,
Rockford, IL).

For Western blot analysis, equal amounts of protein were
electrophoresed on SDS-PAGE gels, transferred to nitro-
cellulose membranes (Trans-Blot transfer medium 0.45 μm,
Bio-Rad, Hercules, CA) and stained with Ponceau S (Sigma-
Aldrich Corporation). After confirmation of protein transfer,
proteins were detected with specific antibodies. All primary
antibodies were used at 1:1000 dilution. Actin protein was
detected as a control with mouse anti-human ß-actin mono-
clonal antibody used at 1:10000 (Chemicon, Temecula, CA).
Sheep anti-mouse IgG or donkey anti-rabbit IgG horseradish
peroxidase-linked secondary antibodies (Amersham,
Piscateway, NJ) at 1:4000 dilution were used. Protein detection
was performed using SuperSignal West Femto maximum
sensitivity substrate (Pierce) and signals were visualized
using Hyperfilm ECL (Amersham).

Immunoprecipitation. Immunoprecipitation was performed as
described previously (12). Precleared protein G-Sepharose
(Pharmacia Biotech, Uppsala, Sweden) was preincubated with
antibodies for immunoprecipitation. Then cell lysates (750 μg)
were incubated with protein G-Sepharose at 4˚C with constant
rotation. The beads were washed seven times with lysis buffer,
and then boiled at 95˚C for 5 min. The sample buffer
containing immunoprecipitated protein was electrophoresed
on an SDS-PAGE gel and the protein was transferred to a
nitrocellulose membrane by electroblotting. After confirmation
of protein transfer, specific proteins were detected with specific
antibodies used at 1:1000 dilution.

Fluorescence immunohistochemistry. Cells were plated in
8-well culture dishes (BD Sciences) and incubated overnight.
After attachment, the cells were incubated with serum-free
culture medium for 24 h. Then 100 nM PMA was added to
the serum-free culture medium and the cells were incubated
for 60 min. When specific inhibitors were used, an appropriate
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concentration of each inhibitor was added to the culture
medium 30 min before PMA stimulation. After incubation,
the cells were fixed with 3.7% paraformaldehyde, and
permeabilized with 0.2% Triton X-100. After blocking with
2% BSA, the cells were incubated with specific primary
antibodies at a dilution of 1:100. Then the cells were incubated
with fluorescence-conjugated secondary antibodies at 1:200
dilution, and mounted. The primary antibody labeled with
Alexa fluor 488 phalloidin (Invitrogen) was used for detection
of F-actin (labeled green) under a fluorescence microscope.
The secondary antibodies used were 594 Alexa fluor-labeled
goat anti-mouse antibody (Invitrogen) or 488 Alexa fluor-
labeled goat anti-rabbit antibody (Invitrogen). The secondary
antibodies were labeled red or green under a fluorescence
microscope, respectively.

Assay of Rac1 activation. The Rac-GTP pull down assay
was performed by using a Rac1 activation assay kit (Upstate
Biotechnology) according to the manufacturer's instructions.
In brief, the cell lysates were incubated with PAK-1 PBD
agarose to bind Rac1-GTP. The proteins bound to PAK-1 PBD
were separated by SDS-PAGE, transferred to a nitrocellulose
membrane and probed with Rac1 antibody.

Statistical analysis. All experiments were performed at least
3 times. The data were expressed as the mean ± standard error
of the mean (SEM). Probability (P) was calculated using a
Student's t-test. P-values <0.05 were considered significant.

Results

PMA-induced migration of glioblastoma cells was blocked by
Src inhibition. To evaluate the relationship between PMA-
induced migration of glioblastoma cells and Src activity, Src
activation was assessed by using a specific antibody for Tyr-
418 of Src, which can detect an activated form of Src (13,14).

As indicated in Fig. 1A, PMA treatment rapidly induced
activation of Src within 5 min in A172 glioblastoma cells.
The elevation of activated Src persisted until 30 min. This
activation was inhibited by pretreatment of the cells with a
Src tyrosine kinase inhibitor (PP2) or PKC-inhibitor (BIS)
(Fig. 1B, lanes 3 and 4). These results indicated that PMA-
induced Src activation was dependent on PKC activation.

Next to analyze the role of Src activation in PMA-induced
migration of glioblastoma cells, we assessed cell migration
using a wound healing assay with PP2 treatment of PMA-
treated glioblastoma cells. As shown in Fig. 2A, PP2 inhibited
the PMA-induced migration of glioblastoma cells to 26%
compared to the control level (upper panel). However, the
possible inhibitory effects of PP2 on tyrosine kinases other
than Src tyrosine kinase cannot be excluded. To achieve more
specific inhibition, we analyzed the migration of Src siRNA-
transfected cells. Transfection of Src siRNA was confirmed
to decrease the basal expression of Src protein to 12% of the
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Figure 1. Effect of PMA on expression and activation of Src in glioblastoma
cells. (A) A172 glioblastoma cells were treated with PMA for the indicated
times. (B) For inhibition experiments, BIS or PP2 was added to serum-
starved cells 30 min prior to PMA stimulation. Then the cells were
stimulated with PMA or vehicle for 15 min. Expression and activation of
Src were examined by Western blot analysis. Src activation was evaluated
with an anti-phospho-Src (Tyr-418) antibody. The amount of total Src or
ß-actin was determined by reprobing the membrane after stripping.

Figure 2. Effect of Src on PMA-induced migration. (A) Cells pretreated with
inhibitors or vehicle were incubated without serum for 24 h and wounded
with a micro-pipet tip. PP2 was added 30 min prior to PMA treatment
(upper panel). Cells transfected with control or Src siRNA were incubated
without serum for 24 h and wounded (lower panel). Then the cells were
stimulated with PMA. After 16 h, migration was evaluated. Results from
three independent experiments are presented. Migration was expressed as
the percentage of unstimulated cells at 16 h. *p<0.05, compared to the
control. (B) Cells transfected with control or Src siRNA were stimulated
with PMA or vehicle for 15 min. Expression of Src was examined by
Western blot analysis.
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control by Western blot analysis (Fig. 2B). Src siRNA also
inhibited the PMA-induced migration of glioblastoma cells to
32% of the control level (Fig. 2A, lower panel). These results
indicated that Src was required for PMA-induced migration
of glioblastoma cells.

PMA-induced tyrosine phosphorylation of Cas was mediated
by Src. It has been reported that integrin-mediated tyrosine
phosphorylation of Cas is largely dependent on the presence of
c-Src (15). To test whether Cas is tyrosine phosophorylated
by PMA via Src activation, we examined the tyrosine phos-
phorylation of Cas by Western blot analysis using anti-phospho
Cas (Tyr-165) antibody which specifically recognizes phos-
phorylated YxxP tyrosines in the Cas substrate domain. As
shown in Fig. 3A, Cas began to be tyrosine phosophorylated
5 min after PMA stimulation and the phosphorylation persisted
for at least 120 min. The phosphorylation of Cas was abolished

by BIS (data not shown), indicating that PMA-induced
tyrosine phosphorylation of Cas was a consequence of PKC
activation.

Then, to observe the tyrosine phosphorylation of Cas in
more detail, immunoprecipitation was done as described in
Materials and methods. As shown in Fig. 3B, Cas protein was
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Figure 3. Effect of PMA on tyrosine phosphorylation of Cas in glioblastoma
cells. (A) The cells were treated with PMA for the indicated times.
Expression and tyrosine phosphorylation of Cas were examined by Western
blot analysis. Tyrosine phosphorylation of Cas was evaluated with an anti-
phospho-Cas (Tyr-165) antibody (upper). The amount of total Cas was
determined by reprobing the membrane after stripping (lower). (B) For
immunoprecipitation experiments, PP2 was added to serum-starved cells
30 min prior to PMA stimulation. Then the cells were stimulated with PMA
or vehicle for 60 min. The protein extracted was immunoprecipitated for
Cas and then immunoblotted for phosphotyrosine (PY20) (upper) or Cas
(lower). (C) The cells transfected with control or Src siRNA were stimulated
with PMA or vehicle for 60 min. Expression and tyrosine phosphorylation
of Cas were examined by Western blot analysis. (D) PP2 was added to
serum-starved cells 30 min prior to PMA stimulation. Then the cells were
stimulated with PMA or vehicle for 60 min. The extracted protein was
immunoprecipitated for Src and then immunoblotted for Cas (upper) or Src
(lower).

Figure 4. Effect of PMA on association of Cas with Crk in glioblastoma
cells. For immunoprecipitation experiments, BIS or PP2 was added to
serum-starved cells 30 min prior to PMA stimulation. Then the cells were
stimulated with PMA or vehicle for 60 min. The extracted protein was
immunoprecipitated for Cas and then immunoblotted for Crk. 

Figure 5. Effect of PMA on activation of Rac1 in glioblastoma cells. (A)
Cells were treated with PMA for the indicated times. (B) For inhibition
experiments, PP2 was added to serum-starved cells 30 min prior to PMA
stimulation. Then the cells were stimulated with PMA or vehicle for 5 min.
Activated Rac1 was isolated in pull-down assays as described in Materials
and methods. Bound GTP-Rac1 was detected by Western blot analysis and
indicated as GTP-Rac1 (upper). Whole cell lysates were also probed for
total Rac1 (lower). (C) Cells transfected with control or Src siRNA were
incubated without serum for 24 h. Then the cells were stimulated with PMA
or vehicle for 5 min.
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tyrosine phosphorylated 30 min after PMA treatment (lane 2),
and this phosphorylation was inhibited by PP2 (lane 3).

Furthermore, to confirm the specific effect of Src on the
tyrosine phosphorylation of Cas, the cells transfected with
Src siRNA were subjected to Western blot analysis. As shown
in Fig. 3C (lane 4), tyrosine phosphorylation of Cas was
blocked by Src siRNA.

Next we examined the effects of PMA on the molecular
association between Src and Cas. Lysates were immuno-
precipitated with anti-Src antibody and immunoblotted for
Cas and Src to examine the association of Src and Cas. As
shown in Fig. 3D, PMA treatment induced formation of Src/
Cas complexes (lane 2) and this phenomenon was inhibited
by PP2 (lane 3). These results suggested that Src was involved
in the PMA-induced tyrosine phosphorylation of Cas.

PMA-induced formation of Cas/Crk complex and subsequent
activation of Rac1 was mediated via Src. Tyrosine phos-
phorylation of Cas in its substrate-binding YxxP domain results
in the generation of multiple binding sites for SH2-containing
adapter protein Crk (8,9,16). Cas/Crk complex signaling
reactions eventually result in the activation of Rac1 (9,17,18).
On the basis of these findings from previous studies, we next
investigated whether PMA stimulation could promote Cas/
Crk complex formation, and if so, whether this Cas/Crk
complex formation depends on Src. As shown Fig. 4, immuno-
precipitation of Cas from both control (lane 1) and PMA-
treated (lane 2) cells revealed that PMA increased the
association between Cas and Crk, and this phenomenon was

abolished by PP2 (lane 3) or BIS (lane 4). These data indicated
that Src activation was involved in PMA-induced Cas/Crk
complex formation. Our results were consistent with previous
studies that Src was implicated in the PKC-dependent-
tyrosine phosphorylation of Cas, and following Cas/Crk
complex in neuroblastoma cells (19).

To identify the signaling pathway located downstream of
Cas/Crk, we next explored whether PMA could activate Rac1,
which is known to be one of the downstream effector of Cas/
Crk complex. To detect Rac1 activation, a PAK PBD GST
pull-down assay was performed to detect GTP-bound Rac1.
As shown in Fig. 5A, Rac1 was activated 5 min after PMA
stimulation. Then, to analyze whether Rac1 activation was
dependent on Src, the Rac1 activation status was analyzed in
the cells treated with PP2 or Src siRNA before PMA treatment.
Fig. 5B shows that PMA induced Rac1 activation and this
activation was diminished by PP2. Furthermore, in the cells
transfected with Src siRNA, PMA-induced Rac1 activation
was blocked (Fig. 5C). These data indicated that Src was
involved in PMA-induced Rac1 activation in glioblastoma
cells.

PMA-induced formation of lamellipodia and focal complexes
in the glioblastoma cells was dependent on Src. Previously,
we found that PMA-activated PKC induced lamellipodia
formation at the leading edge followed by focal complex
formation under the lamellipodia in glioblastoma cells
(unpublished data). In addition, activation of Rac1 signaling is
known to regulate the lamellipodia and focal complex
formation (9,10,20).
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Figure 6. Effect of Src on PMA-induced formation of lamellipodia and focal
complexes in glioblastoma cells. Cells were transfected with control (A and B)
or Src siRNA (C and D). After 24 h of serum-starvation, the transfected
cells were treated with vehicle (A and C) or PMA (B and D) for 60 min.
After fixation, the cells were double-labeled for F-actin and vinculin. F-actin
and vinculin were labeled green and red, respectively. Yellow fluorescence
shows the region of colocalization of F-actin and vinculin. Arrows indicate
the focal complexes. 

Figure 7. Effect of Src on PMA-induced F-actin formation and Cas
localization in glioblastoma cells. Cells were transfected with control (A and
B) or Src siRNA (C and D). After 24 h of serum-starvation, the transfected
cells were treated with vehicle (A and C) or PMA (B and D) for 60 min.
After fixation, the cells were double-labeled for F-actin and Cas. F-actin and
Cas were labeled green and red, respectively. Yellow fluorescence shows
the region of colocalization of F-actin and Cas.
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To examine the involvement of Src/Rac1 signaling in
PMA-induced formation of lamellipodia and focal complexes,
immunohistochemical analysis was performed. To visualize
focal adhesions, the cells were stained with vinculin, and were
also stained with phalloidin to detect F-actin. In control cells,
vinculin staining revealed large focal adhesions at the ends of
thick actin cables, which indicated the establishment of stable,
cytoskeleton-associated adhesions (Fig. 6A). After PMA
treatment, lamellipodia were observed in the cell periphery and
vinculin staining revealed that dot-shaped focal complexes
were formed under the protrusive lamellipodia in the cells
(Fig. 6B).

Then to analyze the involvement of Src in PMA-induced
cytoskeletal changes, cells with PP2 pretreatment (data not
shown) or Src siRNA transfection (Fig. 6C and D) were
analyzed by immunohistochemistry. In both preparations of
cells, PMA-induced lamellipodia formation was largely
abolished, and vinculin staining showed that large focal
adhesions were present in the cytoplasm of PMA-treated
cells, as in control cells (Fig. 6D).

PMA-induced translocation of Cas and Crk to cell periphery
was dependent on Src. To confirm that Cas and Crk are
involved in PMA-induced cell migration, we performed
fluorescence immunohistochemistry to analyze the subcellular
localization of Cas and Crk. In the control cells, diffusely
distributed Cas and Crk were observed in the cytoplasm

(Figs. 7A and 8A). In contrast, Cas and Crk were detected in
the lamellipodia upon PMA stimulation (Figs. 7B and 8B).
The translocation of Cas or Crk was blocked by BIS (data not
shown), indicating that the translocation was dependent on
PKC. 

Next, we analyzed the role of Src in PMA-induced
translocation of Cas and Crk using PP2 or Src siRNA. PMA-
induced translocation of Cas and Crk to the lamellipodia was
blocked by PP2 (data not shown) or Src siRNA (Figs. 7D
and 8D).

Furthermore, to analyze the subcellular localization of
tyrosine-phosphorylated Cas, the cells were double-stained
with anti-phospho-Cas (Tyr-165) antibody and vinculin to
visualize focal complexes. As shown in Fig. 9A, tyrosine
phosphorylated Cas was rarely stained in the large focal
adhesions in quiescent cells. However, after PMA treatment,
tyrosine-phosphorylated Cas was reorganized into focal
adhesions in the cytoplasm and also dot-shaped focal
complexes at the cell periphery (Fig. 9B). This phenomenon
was attenuated by BIS (data not shown) or Src siRNA
(Fig. 9D). These results showed that Src was involved in
PMA-induced cytoskeletal reorganization through Cas and Crk.

PMA-induced translocation of Rac1 to the cell membrane was
dependent on Src. Previous studies have shown that in addition
to GTP loading of Rac1, appropriate subcellular localization
of Rac1 is necessary for proper activation of the downstream
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Figure 9. Effect of Src on PMA-induced focal complex formation and
phosphorylation of Cas in glioblastoma cells. Cells were transfected with
control (A and B) or Src siRNA (C and D). After 24 h of serum-starvation,
the transfected cells were treated with vehicle (A and C) or PMA (B and D)
for 60 min. After fixation, the cells were double-labeled for vinculin and
phosphorylated-Cas (Tyr-165). Vinculin and phosphorylated-Cas (Tyr-165)
were labeled red and green, respectively. Yellow fluorescence shows the
region of colocalization of vinculin and phosphorylated Cas (Tyr-165).

Figure 8. Effect of Src on PMA-induced F-actin formation and Crk
localization in glioblastoma cells. Cells were transfected with control (A and
B) or Src siRNA (C and D). After 24 h of serum-starvation, the transfected
cells were treated with vehicle (A and C) or PMA (B and D) for 60 min.
After fixation, the cells were double-labeled for F-actin and Crk. F-actin and
Crk were labeled green and red, respectively. Yellow fluorescence shows
the region of colocalization of F-actin and Crk.
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pathway (21-23). It was reported that Rac1 translocation was
regulated by the phosphorylation of the Tyr-221 residue of Crk
(21). Therefore, we examined the PMA-induced phosphory-
lation of Crk in glioblastoma cells using a specific antibody
that detects Crk only when Tyr-221 is phosphorylated. As
shown in Fig. 10A and B, PMA stimulation induced phos-
phorylation of Crk (Tyr-221) and this phosphorylation was
blocked by BIS. To analyze the involvement of Src in the
phosphorylation of Crk (Tyr-221), the phosphorylation of
Crk (Tyr-221) was examined in the cells treated with PP2
(Fig. 10B, lane 3) or Src siRNA (Fig. 10C, lane 4). PP2 or
Src siRNA also blocked the PMA-induced phosphorylation
of Crk (Tyr-221).

Then, we analyzed the PMA-induced changes of the
subcellular localization of Rac1 by immunohistochemistry.
As shown in Fig. 11A, Rac1 was diffusely distributed in the
cytoplasm in the control cells. After PMA treatment, Rac1
was observed to translocate into the lamellipodia (Fig. 11B).
The translocation of Rac1 was abolished by BIS (data not
shown). To analyze the role of Src in Rac1 translocation in
the cells, the localization of Rac1 was analyzed in the cells
treated with PP2 (data not shown) or transfected with Src

siRNA (Fig. 11C and D). As expected, Src siRNA abolished
the PMA-induced translocation of Rac1 to the cell periphery.
These findings indicated that Src might be involved in the
PMA-induced translocation of Rac1 to the cell membrane via
phosphorylation of Crk (Tyr-221).

Discussion

Src plays critical roles in a variety of cellular signal trans-
duction pathways, and regulates diverse processes such as
cell division, motility, adhesion, angiogenesis, and survival
(24). 12-O-tetradecanoylphorbol-acetate (TPA), a PKC
stimulator has been described to result in an increase of Src
kinase activity in vivo (13,25,26). Previous observations
showed that Src mediates growth factor-induced tyrosine
phosphorylation of Cas (19,27,28).

In this study, we examined the role of Src in PMA-induced
migration of glioblastoma cells. We proposed that PMA-
activated PKC-induced migration was mediated via the Cas/
Crk/Rac1 pathway in a manner dependent on Src in glio-
blastoma cells.

PMA stimulation induced rapid tyrosine phosphorylation
of Cas via Src (Fig. 3). Once tyrosine is phosphorylated, Cas
exerts its downstream signaling primarily through association
with Crk. A previous study showed that TPA-induced phos-
phorylation of Cas by Src promotes establishment of Cas/Crk
complexes dependent on the activity of novel PKCs (19).
These data are consistent with our results that PMA-induced
Cas/Crk complex formation was dependent on Src (Fig. 4).
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Figure 10. Effect of Src on expression and Tyr-221 phosphorylation of Crk
in glioblastoma cells. (A) Cells were treated with PMA for the indicated
times. (B) For inhibition experiments, PP2 or BIS was added to serum-
starved cells 30 min prior to PMA stimulation. Then the cells were
stimulated with PMA or vehicle for 60 min. (C) Cells transfected with
control or Src siRNA were incubated without serum for 24 h. Then the cells
were stimulated with PMA or vehicle for 60 min. Expression and tyrosine
phosphorylation of Crk were examined by Western blot analysis.
Phosphorylation of Crk (Tyr-221) was evaluated with an anti-phospho-Crk
(Tyr-221) antibody. The amount of total Crk was determined by reprobing
the membrane after stripping.

Figure 11. Effect of Src on F-actin formation and Rac1 expression in
glioblastoma cells. Cells were transfected with control (A and B) or Src
siRNA (C and D). After serum-starvation, the transfected cells were treated
with vehicle (A and C) or PMA (B and D) for 60 min. After fixation, the
cells were double-labeled for F-actin and Rac1. F-actin and Rac1 were
labeled green and red, respectively. Yellow fluorescence shows the region
of colocalization of F-actin and Rac1.
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To gain further insight into the events following the
activation of Src in migrating cells, we performed immuno-
histochemistry. Cas and Crk were accumulated in the lamel-
lipodia (Figs. 7B and 8B), and tyrosine-phosphorylated Cas
was localized at the focal complexes in the PMA-treated cells
(Fig. 9B). These results suggested that signaling of Cas
and Crk might be involved in PMA-dependent cytoskeletal
reorganization. Furthermore, Src inhibition abolished these
phenomena (Figs. 7D, 8D and 9D), indicating that Src might
modulate cytoskeletal changes through affecting not only the
tyrosine phosphorylation of Cas but also the subcellular
localization of Cas and its binding partner, Crk.

A Cas/Crk complex is known to mediate lamellipodia
formation and cell migration in a Rac1-dependent manner
(9,17). Recent studies demonstrated that PMA increased
GTP-loading of Rac1 (29,30). We showed that PMA induced
Rac1 activation and Src might regulate PMA-induced
activation of Rac1 in glioblastoma cells (Fig. 5B and C).

Activation of the Rac1 signaling pathway is required for
both GTP-loading of Rac1 and membrane translocation of
Rac1 (21). We confirmed that Rac1 was found in lamellipodia
in PMA-induced migratory cells (Fig. 11B). It was reported
that the Y221 site in Crk regulates adhesion-dependent
membrane localization of both Crk and Rac1, presumably via
tyrosine phosphorylation (21,23). Growth factors such as
epidermal growth factor (22), nerve growth factor (30), and
insulin-like growth factor-1 (31) induce tyrosine phosphory-
lation of Crk. The mechanism of regulation of phosphorylation
of Crk (Tyr-221) is not completely understood, although it
has been shown that Crk was phosphorylated in v-Src-
transformed 3Y1 (22) or NIH3T3 cells (32). We demonstrated
that Crk (Tyr-221) was phosphorylated by PMA treatment,
and this phosphorylation was blocked by Src inhibition
(Fig. 10B and C). Furthermore, PMA-induced translocation
of Rac1 to the cell membrane was also blocked by Src siRNA
(Fig. 11D). As mentioned above, our findings indicated that
Src might play a role in PMA-induced translocation of Rac1 to
the cell membrane through phosphorylation of Crk (Tyr-221).

Regarding the phosphorylation of Crk (Tyr-221), there
are two contradictory theories. It was reported that
prevention of the phosphorylation of Crk (Tyr-221) inhibited
translocation of Rac1 to the cell periphery and resulted in
decreased migration (21,23). In contrast, it was reported that
prevention of the phosphorylation of Crk (Tyr-221) increased
Cas/Crk complex formation and migration (9,17,18). In our
study, Cas/Crk complex formation was detected after PMA
treatment (Fig. 4), and phosphorylation of Crk (Tyr-221)
was also increased by PMA (Fig. 10A). Our results showed
that phosphorylation of Crk at (Tyr-221) was detected upon
PMA stimulation, coincident with Rac1 translocation to the
cell membrane. As previously reported (33), one possible
explanation is that phosphorylation of Crk (Tyr-221) might
initially induce active transmission signaling of Crk and
subsequently induce the dissociation of the Cas/Crk complex
by downregulation signals.

We have to note that in addition to the well-characterized
interaction between PMA, and classical and novel protein
kinase C isoforms, PMA promotes binding to other receptors
lacking kinase activity, including chimaerins. Chimaerins
accelerate in vitro the hydrolysis of GTP of Rac and

downregulate Rac function. Although the Rac-GAP activity
of chimaerins in vitro has been well documented, the cellular
effects of these phorbol ester receptors as a regulator of Rac-
mediated functions in cells remains to be almost unexplored
(34). Further analysis is needed to clarify whether down-
regulation of Rac1-GTP levels by Src inhibition was
implicated in an effect of chimaerins.

The important question remaining is whether Rac1 is
actually involved in the PMA-induced migration of the
glioblastoma cells, because it was reported that TPA failed to
activate Rac1 in rat vascular smooth muscle cells (35). We
confirmed that PMA-induced migration was inhibited by
Rac1 siRNA in A172 glioblastoma cells (unpublished data).
These disparate observations suggested that there might be
both Rac1 activation-dependent and -independent mechanisms
of cell migration in different cell types.

We previously found that PMA mediated lamellipodia
formation and cell migration in A172 glioblastoma cells via
the PKC/p38MAPK/Hsp27 pathway (36). In the present
study, we showed that PMA-induced lamellipodia formation
and migration were dependent on the PKC/Src pathway. In
several studies, Src was shown to be a positive regulator of
p38MAPK (37,38). In addition, Rac1 was also reported to
activate p38MAPK (39,40). Considering our findings
together with the previous studies, there is a possibility that
Src or Rac1 activation induced by PMA could cross-talk with
the PKC/p38MAPK/Hsp27 pathway.

In summary, we identified a novel molecular mechanism
by which Src is involved in PMA-induced human glioblastoma
cell migration through activation of the Cas/Crk/Rac1
signaling pathway. Our studies provide a basis for further
characterization of the molecular cascades involved in PMA-
activated PKC-stimulated glioblastoma migration, which may
yield insights useful for the development of new diagnostic
and therapeutic applications for this invasive tumor.
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