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HGF/c-Met signalling via lamellipodia and filopodia formation
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Abstract. The activation of receptor tyrosine kinases (RTKs)
results in cellular effects including cell proliferation, survival,
migration and invasion; RTKs also play an important role
in tumourigenesis. It has been reported that EGFR signal-
ling controls the migration of oral squamous cell carcinoma
(OSCC) SAS and HSC3 cells but not of HSC4 cells, although
the proliferation of HSC4 cells is regulated by EGF/EGFR.
In the present study, we investigated the roles of EGFR and
the c-Met signalling pathway in cell migration via filopodia
and lamellipodia formation, which may be prerequisites for
migration. To explore the role of c-Met in cell migration,
we inhibited c-Met RTK activity using the c-Met inhibitor
SU11274 and activated c-Met using hepatocyte growth factor
(HGF) in three OSCC cell lines HSC4, SAS and Ca9-22 and
investigated migration potency using a wound healing assay.
We showed that inhibition of c-Met significantly suppressed,
and activation of c-Met significantly promoted, the migra-
tion of OSCC cells. Additionally, the migration of SAS and
Ca9-22 cells was inhibited by the EGFR inhibitors AG1478
and cetuximab and promoted by EGF treatment. Moreover,
migration potency was correlated with lamellipodia forma-
tion. Furthermore, western blot analyses demonstrated that
SU11274 decreased and HGF increased lamellipodin protein
levels as well as phosphorylated c-Met levels. Collectively,
we demonstrated that c-Met signalling induced lamellipodia
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formation by upregulating lamellipodin, thereby promoting
the migration of OSCC cells.

Introduction

Squamous cell carcinoma (SCC) accounts for most oral
cancers (1). Despite improvements in diagnosis and treatment,
oral SCC (OSCC) is still associated with a poor prognosis and
high mortality rate (2,3). One property of OSCC is that it is
propagated by progressive local invasion (4,5) and lymphatic
metastasis, correlating with the clinical stage (6). Thus, a better
understanding of the mechanisms of invasion is important for
improving the treatments for OSCC. Aspects of tumour inva-
sion include cell migration, tumour-stroma interactions at the
invasive front and the influence of external stimuli, including
growth factors (7-11).

Receptor tyrosine kinases (RTKs) mediate many funda-
mental effects in cells, including regulating migration (12).
An example of RTK-activating growth factor is the epidermal
growth factor (EGF) family, members of which act on the
EGF receptor (EGFR) (13). Overexpression of EGFR has been
detected in ~90% of head and neck squamous cell carcinomas
and correlates with the clinical stage (14) and EGFR is a
factor influencing poor prognosis (15). The EGFR inhibitors,
including the monoclonal antibody cetuximab and small-
molecule inhibitors (e.g., gefitinib, erlotinib and afatinib),
have been used in the clinic to block signalling downstream
of EGFR via ligand binding and ATP-binding sites of EGFR,
respectively (16,17).

Previously, we showed that EGFR inhibitors suppressed
cell migration in OSCC SAS cells but not HSC4 cells (18,19).
Another RTK involved in the regulation of motility is c-Met,
activated by hepatocyte growth factor (HGF, also known
as scatter factor) (20,21). c-Met is expressed in various cell
types including epithelial and vascular endothelial cells, and
its ligand HGF is released from stromal and some tumour
cells (22,23).

In migrating cells, filopodia and lamellipodia forma-
tion, by remodelling of the actin cytoskeleton, is observed
at the leading edge of the moving side (24). Activation of
the Rho family members Racl and Cdc42 via the PI3K/Akt
or MEK/ERK pathway promotes the formation of lamelli-
podia and filopodia in prostate and breast cancers (25-27).
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c-Met/PI3K/Akt signalling plays a role in HGF-mediated
lamellipodia formation and motility in lung endothelial
cells (28). Furthermore, lamellipodin, a protein necessary for
the formation of lamellipodia, has been reported to be impor-
tant in cell migration via interactions with the Ena/VASP
or Scar/WAVE complex (29,30). Although Wnt signalling
promotes formation of pseudopodia by the stimulating Cdc42
and RhoA in OSCC (31), other protein levels and signalling
pathways necessary for the formation of pseudopodia in
OSCC have yet to be determined.

In the present study, we examined the importance of EGFR
and the c-Met signalling pathway in cell migration via filo-
podia and lamellipodia formation using OSCC cell lines.

Materials and methods

Cell culture and reagents. Three OSCC cell lines, HSC4, SAS
and Ca9-22, were purchased from the RIKEN BioResource
Center (Ibaraki, Japan). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM), supplemented with
10% (v/v) fetal bovine serum (FBS) at 37°C in a humidified
atmosphere of 5% CO,. DMEM and FBS were purchased
from Gibco (Life Technologies, Tokyo, Japan). The antibodies
used included anti-c-Met (Cell Signaling Technology, Tokyo,
Japan), anti-phospho-c-Met (Tyr1234/1235, Cell Signaling
Technology), anti-lamellipodin (Cell Signaling Technology),
anti-cortactin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-a-tubulin (Sigma-Aldrich, Tokyo, Japan).
Acti-stain™ 488 was purchased from Cytoskeleton, Inc.
(Denver, CO, USA). Cetuximab (Erbitux®) was purchased
from Merck Serono, Co., Ltd. (Tokyo, Japan). SU11274 was
from Sigma-Aldrich and AG1478 from Calbiochem (Merk
Millipore, Tokyo Japan).

Scratch wound healing assay. Cell migration was determined
using a scratch wound healing assay, as described elsewhere
(18,19) with slight modifications. Briefly, semi-confluent cells
in 12-well plates were treated with 10 yg/ml mitomycin C for
4 hto block proliferation. The cells were subsequently wounded
using a sterile 200-u1 pipette tip to generate a cell-free gap,
~0.3 mm in width. Cells were then washed with phosphate-
buffered saline (PBS) and photographed to record the wound
width at 0 h. One group of cells was cultured in DMEM with
10% FBS as a control, while the other groups were treated
with various concentrations of cetuximab, AG1478, SU11274,
EGF or HGF. After incubation, photographs were taken to
evaluate migration.

Determination of lamellipodia. Cultured cells were fixed in
3.5% (w/v) paraformaldehyde, permeabilized in 0.2% (v/v)
Triton X-100 and blocked in 2% (w/v) bovine serum albumin
(BSA). The cells were incubated with anti-cortactin antibody
at 4°C overnight, followed by Alexa Fluor 594-conjugated IgG
(Thermo Fisher Scientific, Yokohama, Japan) as the secondary
antibody and Acti-stain 488 phalloidin (Cytoskeleton) for
actin-fiber staining. After incubation, SlowFade gold antifade
reagent with 4',6-diamidino-2-phenylindole (Invitrogen/
Life Technologies) was added to the cells. The specimens
were observed by fluorescence microscopy (Olympus 1X73;
Olympus, Tokyo, Japan). We determined lamellipodia forma-
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tion by evaluating fluorescent actin fibers and cortactin
co-localization at the cell periphery.

Western blotting. Cells were washed with PBS and then lysed
in RIPA buffer consisting of 150 mM NacCl, 10 mM Tris-HCI,
pH 8.0, 1% (v/v) Nonidet P-40, 0.5% (w/v) deoxycholic acid,
0.1% (w/v) SDS and 5 mM EDTA with 1X Halt™ Protease
Inhibitor Cocktail (Thermo Fisher Scientific) and 1X Halt™
Protein Phosphatase inhibitor (Thermo Fisher Scientific). The
protein concentrations of the lysates were determined using a
BCA™ protein assay kit (Thermo Fisher Scientific) and equal
amounts of protein were subjected to SDS-polyacrylamide
gel electrophoresis. Separated proteins were transferred
electrophoretically to Clear Trans PVDF membranes (Wako,
Tokyo, Japan). Non-specific binding was blocked by incuba-
tion with 5% (w/v) BSA in TBS/Tween-20 (TBS-T) for 1 h
at room temperature. Membranes were probed with anti-
bodies in TBS-T overnight at 4°C and then incubated with
HRP-conjugated secondary antibodies. Antibody-antigen
complexes were detected using ECL Plus Western blotting
detection reagent (GE Healthcare, Little Chalfont, England).

Statistical analyses. Statistical analyses were performed using
the one-way analysis of variance (ANOVA). Statistical signifi-
cance ('P<0.05, "P<0.01 and "“P<0.001) was evaluated using
unpaired Student's t-test to assess the differences between the
treated and the control samples.

Results

The migration potency of HSC4 cells is induced by serum
stimulation and HGF/c-Met signalling. Previously, we showed
that the EGFR pathway promoted migration of the OSCC cell
line SAS but not the OSCC cell line HSC4. The migration
potency of HSC4 cells was induced by stimulation of an
unknown factor in serum other than EGF (19).

To assess whether the migration of other OSCC cells is
regulated by the EGFR pathway, we investigated the influence
of EGF and EGFR inhibitors on the migration of the gingival
cancer cell line Ca9-22. The migration activity of Ca9-22 cells,
as well as SAS cells, was decreased significantly by cetuximab
treatment at 20 ug/ml (Fig. 1A) and AG1478 treatment at 5 yM
(Fig. 1B) but was enhanced significantly by EGF addition at
100 ng/ml (Fig. 1C). Additionally, migration of HSC4 cells
was unaffected by the addition of EGFR inhibitors or EGF
(Fig. 1). However, the addition of serum induced the migration
of HSC4 cells significantly, as it did with SAS and Ca9-22
cells (Fig. 2A). These results indicate that cell migration was
induced by (a) serum component(s) other than EGF among the
OSCC cell lines examined.

Next, we investigated the effects of c-Met on cell migra-
tion potency using a scratch wound healing assay in OSCC
cell lines, because c-Met is an RTK involved in cell migration
along with EGFR (20,32). When cells were treated with the
c-Met inhibitor SU11274 at 10 uM, the migratory potency of
all cell lines was reduced significantly (Fig. 2B). Moreover, the
migratory activity of all cell lines was enhanced significantly
by addition of the c-Met ligand HGF at 20 ng/ml (Fig. 2C).
These results suggest that the migration of HSC4 cells is regu-
lated by HGF/c-Met signalling but not EGF/EGFR signalling.
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Figure 1. EGF/EGFR signalling induces the migration potency of SAS and
Ca9-22 cells, but not HSC4 cells. Wound-healing assay in HSC4, SAS and
Ca9-22 cells treated with (A) cetuximab, (B) AG1478 or (C) EGF. The widths
of the cell scratches were measured after 0 and 12 h of culture using ImageJ
software. The migration percentage was calculated as the mean width of
the cell scratch. The effects of cetuximab, AG1478 and EGF treatment on
cell migration were investigated by comparing the scratch widths between
treated and untreated cells; the width in the untreated was set at 100%. Bars
represent the means + SEMs. One-way ANOVA was used. "P<0.05; “P<0.01;
“P<0.001.

Furthermore, both EGF/EGFR and HGF/c-Met signalling play
arole in the migration of SAS and Ca9-22 cells.

Filopodia and lamellipodia formation is induced by EGFR
signalling in OSCC SAS cells but not HSC4 cells. Cell
migration is controlled by dynamic remodelling of the actin
cytoskeleton. In this process, the formation of pseudopodia,
including filopodia and lamellipodia, consisting of actin fibres
at the leading edge of the cells plays a pivotal role (33). To
understand the relationship between the formation of filo-
podia and lamellipodia and EGFR signalling in OSCC cells,
we examined the effects of EGFR inhibitor AG1478 and
EGF treatment on filopodia and lamellipodia formation in
migrating cells facing the scratch wound. Filopodia appeared
in the untreated control and AG1478-treated HSC4 and SAS
cells by 0.5 h. Cells with filopodia increased in both cell
lines for over 1 h. After 12 h, some filopodia formation was
observed in almost all control and AG1478-treated HSC4
cells (Fig. 3A). However, although numbers of the cells with
filopodia increased after 12 h in SAS control cells, the propor-
tion of cells with filopodia was ~50% after 12 h of AG1478
treatment compared with the control (Fig. 3A).
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Figure 2. Migration potency of HSC4 cells is induced by FBS or HGF/c-Met
signalling. Wound-healing assay in HSC4, SAS and Ca9-22 treated with
(A) FBS, (B) SU11274 and (C) HGF. The widths of the cell scratches were
measured after O and 12 h of culture using ImageJ software. The migration
percentage was calculated as the mean width of the cell scratch. The effects
of FBS, SU11274 and HGF treatment on cell migration were investigated by
comparing the scratch width between treated and untreated cells; the width
in the untreated was set at 100%. (A and C) Bars represent the means + SDs.
Student's t-test was used. ““P<0.001. (B) Bars represent the means + SEMs.
One-way ANOVA was used. "P<0.05; *“P<0.001.

We next examined the effects of EGF on filopodia forma-
tion. In HSC4 and SAS cells, filopodia had formed in ~15-20%
by 0.5 h and in majority by 12 h regardless of EGF treatment
(Fig. 3B). These results showed that EGFR signalling was
necessary for filopodia formation in SAS cells but not in
HSCH4 cells and that addition of EGF had no apparent effect on
filopodia formation.

Approximately 40% of untreated HSC4 and 80% of
untreated SAS cells formed lamellipodia by 12 h. The ratio
of lamellipodia formed in SAS cells treated with AG1478 was
significantly lower than that in control SAS cells after 6 h.
However, lamellipodia formation was not affected in AG1478
treated HSC4 cells at 12 h (Fig. 3C). EGF increased the
number of SAS cells with lamellipodia, compared with the
control and had not apparent effect on HSC4 cells (Fig. 3D).
These results suggest that the EGFR pathway is involved in
filopodia and lamellipodia formation in SAS cells but not in
HSC4 cells.

Filopodia and lamellipodia formation is induced by
HGF/c-Met signalling in HSC4 cells and SAS cells. We evalu-
ated the effects of HGF/c-Met on filopodia and lamellipodia



YASUI et al: LAMELLIPODIN INDUCES CANCER CELL MIGRATION 3677

A AG1478/filopodia B EGF/filopodia
gé‘ 1207 HSC4 1201 SAS oy 1007 Hsc4 EGF 1009 sAsS
= ] AG147 i < (pgimi)
& 100 (BM) 100 o 807 0 80
2 g0 80- 8
g_ 8' 60'+ 50 B0
= 601 607 = —t—100
£ = 407 40
T 40 401 g
2 201 201 Y 2 204 207
@ ]
© o 0 O o4 0+

0 05 1 12 0 05 1 12 0 05 1 12 0 05 1 12

Culture periods (h) Culture periods (h) Culture periods (h)  Culture periods (h)
C AG1478/lamellipodia D EGF/lamellipodia
HSC4 EGF
2 501 Hsca 1007 sas 3 607 (be/mh 100 1
- AG1478 < - 0 SAS * k%
g 401 (uol\"ﬂ 80 3 501—m— 50 80
9 404
= 30{ —@— 5 60- £ —4—10 604  **/fx
£ 304
S 201 40- o - 40+
- < 204
£ * ok £
= 104 204 E 104 20 1
o @
T 0 0+ T 0 0-
o 0 6 12 0 ] 12 O 0 6 12 0 6 12
Culture periods (h)  Culture periods (h) Culture periods (h) Culture periods (h)

Figure 3. Lamellipodia formation is induced by EGF/EGFR signalling in OSCC SAS cells. (A) AG1478 inhibited filopodia formation in SAS cells but not
in HSC4 cells. (B) EGF did not affect filopodia formation in HSC4 or SAS cells. (C) AG1478 inhibited lamellipodia formation in SAS cells but not in HSC4
cells. (D) EGF induced lamellipodia formation in SAS cells but not in HSC4 cells. Cells were grown in 96-well plates overnight: confluent cells were scratched
and then treated with various reagents. The percentages of cells forming filopodia and lamellipodia were determined in the field of view using phase contrast
microscopy. Graphs show means + SEMs. One-way ANOVA was used. “P<0.01; ““P<0.001.
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Figure 4. Filopodia and lamellipodia formation are induced by HGF/c-Met signalling in HSC4 and SAS cells. SU11274 inhibited filopodia (A) and lamellipodia
(C) formation in HSC4 and SAS cells. HGF promoted (B) filopodia and (D) lamellipodia formation in HSC4 and SAS cells. Cells were grown in 96-well plates
overnight; confluent cells were scratched and treated with various reagents. The percentages of cells forming filopodia and lamellipodia were determined in
the field of view using phase contrast microscopy. Graphs show means + SEMs. One-way ANOVA was used. "P<0.05; “"P<0.01; ““P<0.001.

formation in controlling migration potency in HSC4 and SAS  with SU11274 did not differ from that in the untreated cells
cells. Filopodia formation in HSC4 and SAS cells treated  after 0.5 and 1 h of culture. However, filopodia formation was
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Figure 5. Lamellipodin is regulated by HGF/c-Met signalling but not by EGF/EGFR signalling, although c-Met phosphorylation is regulated by EGF/EGFR
signalling in HSC4 cells. Cells were treated with SU11274, HGF, AG1478 and EGF. Western blotting was performed to determine the phosphorylation levels
of c-Met (using anti-c-Met and anti-phospho-c-Met antibodies) and protein level of lamellipodin (using anti-lamelliodin antibody). o-tubulin was used as a

loading control.

reduced significantly compared with untreated cells after 12 h
of SU11274 treatment (Fig. 4A).

Because filopodia formation in HSC4 and SAS cells was
decreased by inhibition of c-Met signalling, we next examined
the effects of HGF, the ligand of c-Met. Filopodia-forming
HSC4 and SAS cells were increased after 1 h of HGF treatment
compared with the serum-free medium (Fig. 4B). Additionally,
the ratios of HSC4 and SAS cells with lamellipodia was
reduced significantly by SU11274 treatment for 6-12 h
compared with untreatment cells (Fig. 4C). Furthermore, the
percentages of lamellipodia-forming HSC4 and SAS cells
after HGF treatment did no differ from those of untreated cells
after 6 h but were increased after 12 h (Fig. 4D). These results
suggest that HGF/c-Met signalling is important for the forma-
tion of filopodia and lamellipodia in HSC4 and SAS cells, and
that EGFR signalling plays an important role in filopodia and
lamellipodia formation in SAS cells.

Lamellipodin is regulated by HGF/c-Met signalling but not
by EGF/EGFR signalling, although c-Met phosphorylation
is regulated by EGFR signalling in HSC4 cells. To further
elucidate the role of HGF/c-Met and EGF/EGFR signalling
involved in the formation of lamellipodia in the OSCC cell
lines examined, we focused on the lamellipodin protein,
which is related to the formation of lamellipodia at the leading
edge, together with Ena/VASP proteins (34). We found that
when the phosphorylation level of c-Met was decreased by
SU11274 treatment, the lamellipodin level was also decreased
in both HSC4 and SAS cells. Lamellipodin levels and c-Met
phosphorylation were both upregulated by HGF stimulation in
both HSC4 and SAS cells. Furthermore, inhibition of EGFR
signalling by AG1478 decreased c-Met phosphorylation and
lamellipodin levels in SAS cells. However, although the phos-
phorylation level of c-Met was reduced by AG1478, the level
of lamellipodin was not changed in HSC4 cells. Additionally,
the levels of c-Met phosphorylation and lamellipodin protein
were increased by EGF stimulation in SAS cells. In contrast,
although c-Met phosphorylation was increased by EGF stimu-
lation, lamellipodin was unaffected in HSC4 cells.

These results suggest that EGFR signalling increases the
level of lamellipodin protein via a process involving of c-Met,
and that this promotes the formation of lamellipodia in SAS
cells. EGFR signalling could lead to phosphorylation of the
c-Met, but it does not affect the level of lamellipodin in HSC4
cells (Fig. 5).

Discussion

It has been reported that EGFR and c-Met are involved in
cell migration (20,35-38). In the present study, we showed
that migration of the OSCC cell lines SAS and Ca9-22 was
regulated by both the EGFR and c-Met signalling pathways.
In contrast, migration of OSCC HSC4 cells involves c-Met
activation but not the EGFR pathway. Indeed, HSC4 cell
migration was resistant to EGFR inhibitor and sensitive to
a c-Met inhibitor. The mechanisms of EGFR inhibitor resis-
tance have been classified into two categories: developing of
a secondary mutation in EGFR and bypassing or activation
of an alternative pathway (39). We demonstrated previously
that the proliferation of HSC4 cells is sensitive to an EGFR
inhibitor (18). Treatment with the EGFR inhibitor AG1478
decreased phosphorylation levels of EGFR, AKT and ERK,
as reported previously. These findings indicated that the
EGFR pathway plays a distinct role from that of the c-Met
pathway in HSC4 cells. c-Met played an important role in the
migration of all OSCC cell lines examined, suggesting that
c-Met may be an appropriate therapeutic target for invasion
and metastasis.

In the present study, we showed that the HGF/c-Met pathway
plays animportant role in the formation of lamellipodia and filo-
podia, as well as in the migration of OSCC cells. These results
are consistent with previous reports that HGF/c-Met signalling
promoted cell migration through lamellipodia and filopodia
formation in lung endothelial cells (28) and in some normal
cells (30). Thus, it is possible that lamellipodia and filopodia
formation is regulated by c-Met signalling, thereby promoting
the migration of OSCC cells. ERK and PI3K/Akt serve as
downstream effectors of c-Met signalling (28). However, the
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molecules downstream of c-Met/ERK and c-Met/PI3K/Akt
signalling that directly regulate filopodia and lamellipodia
formation remain unknown. In this context, we showed that
c-Met signalling was involved in the regulation of lamelli-
podin protein levels. Promotion of cell migration potency via
the c-Met pathway is possibly regulated by increasing the level
of lamellipodin, because upregulation of lamellipodin protein
markedly promoted cell migration (30).

In this study, filopodia formation in SAS was inhibited
by an EGFR inhibitor, but was not promoted by EGF. These
data suggest that filopodia formation is regulated by ligand-
independent EGFR signalling or by EGFR ligands other than
EGF. Ligand-independent activation of EGFR, including
Src-mediated integrins (40,41) and G-protein coupled recep-
tors (42) has been reported. However, there is no evidence yet
that ligand-independent EGFR signalling promotes filopodia
formation. In contrast, heparin-binding EGF-like growth
factor (HB-EGF), an EGFR ligand, regulates invadopodia (43)
and invasion (44) via EGFR activation in some cancers. Thus,
the HB-EGF/EGFR pathway is likely involved in regulating
filopodia formation in SAS cells.

We found that the phosphorylation levels of c-Met were
increased by EGF and decreased by AG1478 in HSC4 and
SAS cells. These results suggest that EGFR activation by EGF
results in transactivation of c-Met. A possible mechanism for
this transactivation is that EGF/EGFR signalling upregulates
HGEF production, thereby releasing HGF, which stimulates
c-Met phosphorylation. Ligand-activated c-Met via EGFR
activation would be expected to promote cell migration.
EGF/EGFR signalling affected migration in SAS cells but not
HSC4 cells. Thus, the EGF/EGFR/HGF/c-Met axis may play
a role in the migration of SAS cells. Another possibility is that
lateral signalling from EGFR to c-Met occurs through a certain
mediator, for example, c-Src (45). Such lateral signalling from
the EGFR/c-Src/c-Met axis may promote lamellipodia forma-
tion and cell migration through lamellipodin upregulation in
HSC4 and SAS cells, although further investigation of this is
needed.

In conclusion, we showed that the HGF/c-Met and
EGF/EGFR pathways increased the level of lamellipodin
protein, thereby inducing cell migration via lamellipodia
formation in OSCC cells. Further investigations of downstream
effectors in c-Met signalling will be useful for identifying
potential new therapeutic targets for OSCC patients.
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