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Abstract

WNT3a stimulates proliferation of NIH3T3 cells via activation of the extracellular signal-regulated kinase (ERK) pathway. The RAF-
1→MEK→ERK cascade was immediately increased by WNT3a treatment, however, the upstream event triggering ERK pathway activation by
WNT3a is not clear. WNT3a activated RAS and WNT3a-induced ERK activation was blocked by dominant-negative RAS, indicating that
WNT3a might act upstream of RAS. WNT3a-induced ERK pathway activations were blocked by AG1478, the epidermal growth factor receptor
(EGFR) inhibitor, and EGFR siRNA. The WNT3a-induced ERK pathway activation was not observed in fibroblasts retaining defective EGFR, but
the WNT3a effect was restored by EGFR reconstitution. These results indicate involvement of EGFR in the WNT3a-induced ERK pathway
activation. WNT3a-induced motility and cytoskeletal rearrangement as well as proliferation of NIH3T3 cells were blocked by AG1478 and EGFR
siRNA or abolished in EGFR knock-out fibroblasts, indicating involvement of EGFR in those cellular processes. WNT3a-induced ERK pathway
activation was not affected by Dickkoff-1 (DKK-1), although WNT3a-induced activations of the WNT/β-catenin pathway and proliferation were
reduced by DKK-1. EGFR is involved in WNT3a-induced proliferation via both routes dependent on and independent of the WNT/β-catenin
pathway. These results indicate that WNT3a stimulates proliferation and motility of NIH3T3 fibroblasts via EGFR-mediated ERK pathway
activation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

WNTs are secreted lipid-modified glycoproteins that are
involved in the differentiation, proliferation, polarity, moti-
lity, and death of cells [1–4]. In the absence of WNT, β-
catenin forms a multi-protein complex with adenomatous
polyposis coli (APC), Axin, and glycogen synthase kinase
3β (GSK3-β), leading to the proteasomal degradation of β-
catenin [5–8]. When WNTs bind to Frizzled receptor [9,10]
and LRP 5/6 [11], Disheveled (DSH) is activated and
leading to dissociation of the destruction complex followed
by cytoplasmic accumulation of β-catenin. The β-catenin
translocates into the nucleus and forms a heterodimer with
the TCF/LEF transcription factor for activation of target
⁎ Corresponding author. Tel.: +82 2 2123 2887; fax: +82 2 362 7265.
E-mail address: kychoi@yonsei.ac.kr (K.-Y. Choi).

0898-6568/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.cellsig.2007.02.003

Please cite this article as: S.-E. Kim, K.-Y. Choi, EGF receptor is involved in WN
activation, Cellular Signalling (2007), doi:10.1016/j.cellsig.2007.02.003
genes, such as c-myc and cyclin D1 involving transformation
[12,13]. The ERK pathway is known to be a major
transforming signaling pathway [14–16] activated by
stimulation of the receptor tyrosine kinases (RTK) such as
epidermal growth factor receptor (EGFR) [17,18]. EGFR is
involved in ERK pathway activation by growth factors such
as EGF, and RAS is an important mediator of the activation
of the ERK pathway.

Recently, we identified the activation of the RAF-
1→MEK→ERK cascade by WNT3a, one of the WNTs, in
NIH3T3 mouse fibroblasts, and related it to cellular prolifera-
tion [19]. However, the upstream event involving ERK pathway
activation by WNT3a was not identified. Recent studies also
indicated the possibility of the involvement of RTK in WNT-
induced activation of the ERK pathway without characterization
of the related physiologies [20–22]. WNTs affect the motility of
various types of cells [23–26], and the ERK pathway is known
to affect EGF-induced cell motility [27,28]. However, no
T3a-mediated proliferation and motility of NIH3T3 cells via ERK pathway
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evidence is also available for any role of EGFR and ERK
pathways in the WNT3a-induced cell motility.

In this study, we investigated the possibility of involve-
ment of EGFR in WNT3a-induced ERK pathway activation,
proliferation, and cell motility. The role of EGFR in WNT3a-
induced ERK pathway activation and proliferation was tested
by measuring the effects of an EGFR specific inhibitor and
EGFR small-interference RNA (siRNA) as well as by using
cell lines retaining defective EGFR. We also investigated the
involvement of RAS in ERK pathway activation by using
dominant-negative forms of RAS (dn-Ras). The roles of
WNT/β-catenin pathway in WNT3a-induced ERK pathway
activation and proliferation were investigated by measuring
the effects of Dickkoff-1 (DKK-1), the negative regulator of
the WNT signaling function, in interaction with LRP 5/6
[29,30]. The role of EGFR in WNT3a-induced cell
migration, invasion, and cytoskeletal rearrangement was
also investigated by using the EGFR inhibitor and EGFR
siRNA. WNT3a stimulates proliferation and migration of
fibroblasts via EGFR-mediated ERK pathway activation. The
WNT3a-induced ERK activation was not affected by DKK-1
although activations of the WNT/β-catenin pathway and
proliferation were reduced by DKK-1. These results indicate
that WNT3a-induced immediate ERK activation occurs
regardless of WNT/β-catenin signaling. However, prolifera-
tion by WNT3a involving EGFR is attributed to both WNT/
β-catenin involving Tcf/β-catenin mediated transcription and
immediate signaling activation of ERK pathway. The
proliferation by WNT3a is highly complex, and could
occur by complex signaling cross-talk involving EGFR as
indicated by down-regulation of β-catenin level by EGFR−/−
fibroblasts and EGFR siRNA. Overall, we identified the role
of EGFR in WNT3a-induced ERK pathway activation
involving proliferation, motility and cytoskeletal rearrange-
ment. WNT/β-catenin and the ERK pathway interact at
various levels in the regulation of cellular physiologies related
to cell growth.

2. Materials and methods

2.1. Reagents

Dulbecco's Modified Eagles Medium (DMEM), RPMI1640, fetal bovine
serum (FBS), penicillin–streptomycin, and Lipofectamine plus reagent were
purchased from Life Technologies (Grand Island, NY). The antibodies for
ERK, phospho-ERK (p-ERK) and β-catenin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). phospho-MEK (p-MEK) and horseradish
peroxidase (HRP)-conjugated secondary anti-mouse IgG antibodies were
acquired from Cell Signaling Biotechnology (Beverly, MA). HRP-conjugated
goat anti-rabbit IgG antibody was obtained from Bio-Rad laboratories
(Herculus, CA). The phospho-RAF-1/Ser-338 (p-RAF-1) and Pan-RAS
antibodies were purchased from Upstate Biotechnology (Lake Placid, NY).
The α-tubulin and H-RAS antibodies were obtained from Oncogene Research
Products (San Diego, CA). Recombinant mouse WNT3a and recombinant
mouse DKK-1 were purchased from R&D Systems Product (Minneapolis,
MN). An enhanced chemiluminescence (ECL) system was acquired from
Amersham Pharmacia (Uppsala, Sweden). A Silencer™ siRNA construction
kit was acquired from Ambion (Austin, TX). AG1478 was purchased from
Calbiochem (La Jolla, CA), and a protein assay solution was obtained from
Bio-Rad Laboratories. 4′, 6′-diamidine-2′-phenylindole dihydrochloride
Please cite this article as: S.-E. Kim, K.-Y. Choi, EGF receptor is involved in WN
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(DAPI) was bought from Boehringer Mannheim (Mannhein, Germany),
Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 488 phalloidin were
purchased from Molecular Probe (Eugene, OR), and anti-BrdU monoclonal
antibody was acquired from DAKO (Carpinteria, CA). All of the other
chemicals were purchased from Sigma (St. Louis, MO). pcDNA3.1-H-RAS
N17 [31] was obtained from David Stokoe of ONYX Pharmaceuticals
(Richmond, CA).

2.2. Cell culture, transfection and reporter analysis

NIH3T3 cells were maintained in DMEM supplemented with 10% FBS
and 1 mM penicillin–streptomycin, and EGFR−/− fibroblast, WA-2, and WA-
2-FR fibroblasts cells [32] were cultured in RPMI supplemented with 10%
FBS and 1 mM penicillin–streptomycin. The NIH3T3 cells were plated onto
6-well plates at 40% confluence. Cell transfections were performed using
Lipofectamine plus transfection reagent according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA). Forty eight h after transfection, cells
were treated with 0.5 μg/ml of DKK-1 for 30 min before treating with 150
ng/ml of recombinant WNT3a for an additional 8 h. The cells were then
rinsed in ice-cold phosphate buffered saline (PBS) twice and re-suspended in
reporter lysis buffer (Promega, Madison, WI) for a Luciferase assay.
Luciferase activities were normalized using β-galactosidase levels as an
internal control. Transfection efficiencies were normalized by transfection of
50 ng of pCMV β-gal reporter (Clontech, Mountain view, CA).

2.3. Western blot analysis

NIH3T3 cells grown in DMEM with 10% FBS were treated with 150
ng/ml of WNT3a or 20 ng/ml of EGF, and then harvested at different times
for Western blot analysis [33]. Where required, 200 nM, 20, 40, 60 μM of
AG1478 or 0.5 μg/ml of DKK-1 were applied 30 min before treating with
150 ng/ml of recombinant WNT3a or 20 ng/ml of EGF. For transient
transfection analysis, the NIH3T3 cells were transfected with pcDNA3.0 or
pcDNA3.1-H-RAS N17. The cells were harvested for Western blot analysis
48 h after transfection. Where required, 150 ng/ml of recombinant WNT3a
was applied 30 min before harvesting. For preparation of proteins, attached
cells were rinsed twice in ice-cold PBS, harvested, then lysed directly in
Laemmli sodium dodecyl sulfate (SDS) sample buffer. Samples were then
boiled and subjected to 8–12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blot analysis using anti-p-ERK, -ERK,
-p-MEK, -MEK, -p-RAF-1 (Ser-338), -H-RAS-, -EGFR, -β-catenin, or -α-
tubulin primary antibody, followed by incubation with an appropriate HRP-
conjugated secondary antibody. Protein bands were visualized using an
ECL.

2.4. Measurement of RAS activation

The capacity of RAS-GTP to bind to the RAS-binding domain of RAF-1
(RBD) was used to analyze the activation status of RAS [34]. Cells were lysed in
a culture dish with RAS extraction buffer (20 mM Tris–HCl pH 7.5, 2 mM
EDTA, 100 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 5 mM NaF, 10%
glycerol, 0.5% 2-mercaptoethanol) plus protease inhibitors. Cleared lysate was
subjected to a RAS-GTP assay as the manufacturer's instructions (Upstate
Biotechnology). The amount of RAS in the bound fraction was determined by
Western blot analysis with the anti-Pan-RAS antibody.

2.5. siRNA preparation and treatment

Mouse EGFR (Gene bank accession number NM_207655) mRNA target
sequences was designed using a siRNA template design tool (Ambion). The
EGFR mRNA target sequences were 5′-AATGGACTTACAGAGCCATCC-3′
(531–551) and 5′-AAAGAAGACGCCTTCTTGCAG-3′ (3181–3201). Each
siRNA was synthesized using a Silencer™ siRNA construction kit (Ambion).
The control siRNA was provided from Ambion (Cat#4605). The resulting
siRNAs were transfected into NIH3T3 cells at a concentration of 1.68 μg per 3.5
cm dish [35]. The transfected cells were grown for 48 h at 37 °C in a 5% CO2

incubator, then harvested for Western blot analysis.
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Fig. 1. Effects of WNT3a on activation of RAS-ERK pathway. (A) NIH3T3 cells
were grown to 50% confluence in DMEM with 10% FBS, and transfected with
either 0.5 μg of pcDNA3.0 or pcDNA3.1-H-RAS N17. Forty-eight hours after
transfection, 150 ng/ml of recombinant WNT3a was applied for 30 min before
harvesting. Whole-cell lysates were subjected to Western blotting using the anti-
β-catenin-, -p-RAF-1-, -p-MEK-, -p-ERK-, -H-RAS- or -α-tubulin-primary
antibody. (B) NIH3T3 cells were grown to 70% confluence and either not treated
or treated with 150 ng/ml of recombinant WNT3a or 20 ng/ml of EGF for 30
min. An RAS pull-down analysis was performed to detect GTP-loaded active
RAS [34] as described in Materials and methods. Western blot analyses were
performed on the whole-cell lysates to detect p-ERK and α-tubulin. The GTP
loaded Pan-RAS protein (RAS-GTP) was also detected by Western blot analysis
by using the anti-Pan-RAS antibody.

Fig. 2. Effects of AG1478, EGFR siRNA or EGFR defects on WNT3a-induced
activation of ERK pathway. (A) NIH3T3 cells were grown to 70% confluence
and either not treated or treated with 150 ng/ml of recombinant WNT3a for 30
min. Upper panel: where required, the cells were pre-treated with 0, 20, 40 or 60
μM of AG1478 at 30 min before treatment of WNT3a. Lower panel: NIH3T3
cells were grown in DMEM containing 2% FBS for 24 h, and pre-treated with
200 nM of AG1478 at 30 min before treatment of WNT3a or EGF. Western blot
analyses were performed using the anti-p-ERK-, p-MEK-, p-RAF-1-, -β-
catenin- or -α-tubulin-antibody. (B) NIH3T3 cells were either non-transfected or
transfected with EGFR siRNA for 48 h. The cells were then treated with 150 ng/
ml of recombinant WNT3a for 30 min before harvesting. Western blot analyses
were performed to detect EGFR, β-catenin, p-RAF-1, p-MEK, p-ERK or ERK.
(C) Wa-2, Wa-2-FR, and EGFR−/− knock-out fibroblasts (Materials and
methods) were grown to 70% confluence and treated with 150 ng/ml of
recombinant WNT3a or 20 ng/ml of EGF for 30 min. The cells were harvested,
and Western blot analyses were performed to detect EGFR, p-ERK, β-catenin or
α-tubulin. (D) EGFR−/− knock-out fibroblasts were grown to 70% confluence
and treated with different concentrations of recombinant WNT3a (0, 50, 100,
and 150 ng/ml) for 30 min. The cells were harvested, and Western blot analyses
were performed to detect p-RAF-1, p-MEK, p-ERK, or α-tubulin.
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2.6. BrdU incorporation and cytoskeleton staining

Cells were plated onto coverslips as a 40% confluent, then treated with
100 ng/ml of recombinant WNT3a in DMEM supplemented with 1% FBS.
Where required, 20 μM of AG1478 or 0.25 μg/ml of DKK-1 protein were
added 30 min before WNT3a treatment. For siRNA treatment, the cells were
transfected either with or without 1.68 μg of siRNA in a 3.5 cm dish.
Twenty-four h after transfection, the cells were treated with 100 ng/ml of
recombinant WNT3a in DMEM supplemented with 2% FBS for 24 h before
immunocytochemical analysis. For bromodeoxyuridine (BrdU) incorporation
measurements, cells were grown for 5 h in DMEM containing 20 μM BrdU
before immunocytochemical analysis. The cells were washed twice in PBS,
fixed in a methanol/formaldehyde (99:1) mixture, and permeabilized with
PBS containing 0.2% Triton X-100. The cells were then fixed in 3.7%
formaldehyde for 10 min before being incubated for 30 min in 2 N HCl.
After being blocked with PBS containing 1% BSA, the cells were incubated
with anti-BrdU monoclonal antibody at a dilution of 1:20 for 2 h, then
washed with PBS. Alexa Fluor 488 goat anti-mouse IgG secondary antibody,
at a dilution of 1:200, was added, and then the cells were incubated for 1 h.
In order to stain the nuclei, DAPI was applied at a final concentration of 1
μM in PBS for 10 min, and then the cells were washed in distilled water. For
cytoskeleton staining, the cells were fixed with 3.7% formaldehyde for 10
min, then permeabilized and blocked, and then incubated with Alexa Fluor
488 phalloidin (1:50) for 30 min. For staining nuclei, DAPI was applied for
10 min, then the cells were mounted. Samples were mounted for photography
on a Radiance 2100 Laser Scanning System (Bio-Rad, UK). Each analysis
was performed at least three times.

2.7. Cell migration assays

For wound-healing assays, cells were grown in DMEM with 10% FBS.
After the cells were grown to 70% confluence in the dishes (Corning Inc.,
NY) that had been pre-coated with fibronectin (10 μg/ml, Sigma), they were
scratched with a 1 ml pipette tip. Where required, 20 μM of AG1478 was
added for 30 min before WNT3a (100 ng/ml) treatment for 24 h. A trans-well
assay was performed with a 12 μm pore size millicell cell culture plate insert
(Millipore, Bedford, MA) and a 24 well plate (Corning Inc.). For siRNA
treatment, the cells were transfected with or without 1.68 μg of siRNA in a
3.5 cm dish. After 24 h, the cells were trypsinized, re-suspended with serum-
Please cite this article as: S.-E. Kim, K.-Y. Choi, EGF receptor is involved in WN
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free DMEM, and plated onto the upper chamber (2×104). The same volume
of serum-free DMEM with or without WNT3a was loaded onto the lower
chamber, and incubated for 24 h at 37 °C in a 5% CO2 incubator. Then, the
upper chamber and media were removed, and the attached cells in the lower
chamber were stained with 0.5% crystal violet. The cells were viewed under
200× magnifications using a Nikon Eclipse TE2006-U fluorescence
microscope (Model; LHS-H 100P-1).
T3a-mediated proliferation and motility of NIH3T3 cells via ERK pathway
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3. Results

3.1. WNT3a immediately activates the RAS-RAF-1–MEK–ERK
kinase module

The RAF-1, MEK and ERK kinases were concomitantly
activated by 30 min treatment of WNT3a in NIH3T3 cells
(Fig. 1A) [19]. The total β-catenin level, however, was not
significantly affected by 30 min treatment of WNT3a (Figs.
1A and 2A) [19]. However, β-catenin was translocated at the
membrane of the NIH3T3 cells by 30 min treatment of
WNT3a [19]. To identify involvement of the upstream
component RAS in the WNT3a-induced activation of the
ERK pathway, we measured the effect of dominant-negative
RAS (dn-RAS) in the WNT3a-induced ERK activation. The
ERK activity increased by WNT3a was also reduced by
transfection of dn-RAS (Fig. 1A). Involvement of RAS in
WNT3a-induced ERK activation was further confirmed by the
increase of the level of GTP-RAS in the WNT3a-treated
NIH3T3 cells (Fig. 1B).

3.2. WNT3a activates the ERK pathway through EGFR

Immediate activation of the ERK pathway by WNT3a
occurred independently of β-catenin [19], and WNT3a acted on
the ERK pathway independently of Fzd [20]. These results
indicate the involvement of upstream components of the ERK
pathway, such as EGFR, in WNT3a-induced ERK pathway
activation. To identify the involvement of EGFR in WNT3a-
induced ERK pathway activation, NIH3T3 cells were pre-
treated dose-dependently with AG1478, the EGFR inhibitor,
and the effect on WNT3a in the ERK pathway activation was
measured. The WNT3a-induced activations of RAF-1, MEK,
and ERK kinases were inhibited by AG1478 in dose-dependent
manner (Fig. 2A; upper panel). The basal activities of the RAF-
1, MEK, and ERK kinases were also inhibited by AG1478 in a
dose-dependent manner (Fig. 2A; upper panel). The basal
activities and EGF-/WNT3a-induced activations of the ERK
pathway components were also inhibited by a lower concentra-
tion of AG1478 (200 nM) (Fig. 2A; lower panel).

To further confirm the role of EGFR in WNT3a-induced
ERK pathway activation, we measured the effects of EGFR
siRNA on WNT3a-induced ERK pathway activation. The
WNT3a-induced RAF-1, MEK, and ERK kinase activations
were inhibited by EGFR siRNA (Fig. 2B). The basal ERK
pathway activations were also inhibited by EGFR siRNA (Fig.
2B). Interestingly, the level of total β-catenin was also reduced
by EGFR siRNA (Fig. 2B). The role of EGFR in WNT3a-
Fig. 3. Effects of AG1478, EGFR siRNA or EGFR knock-out on WNT3a-induced pr
DMEM and either non-treated or treated with 100 ng/ml of recombinant WNT3a or 20
AG1478 for 30 min before treatment of WNT3a. (B) NIH3T3 cells were grown on c
EGFR siRNA per 3.5 cm dish for 48 h. Where required, 100 ng/ml of recombinant W
cells were grown as described above. Where required, 100 ng/ml of recombinant WNT
with 20 μMBrdU for 5 h prior to immunocytochemical analysis. The cell nuclei were
scored as BrdU positive cells. Upper or left panel: results of a quantitative measurem
times and 100 cells were counted in each case. The error bars represent the stand
quantitative result are provided.
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induced activation of the ERK pathway was further confirmed
in fibroblasts that either lack expression of EGFR (EGFR−/−)
or express an autophosphorylation-defective EGFR mutant,
Wave-2 (Wa-2) [32]. ERK activity was weakly increased by
EGF treatment but not increased by WNT3a in the Wa-2
fibroblast (Fig. 2C). WNT3a-induced ERK activation was
restored in Wa-2 cells reconstituted with the wild-type EGFR,
Wa-2-EGFR (Fig. 2C). However, the level of ERK activation by
WNT3a was less significant than that by EGF (Fig. 2C). The
level of total β-catenin was also higher in Wa-2-EGFR
fibroblasts than in Wa-2 fibroblasts (Fig. 2C). The total β-
catenin level was lowest in EGFR−/− fibroblasts (Fig. 2C). The
ERK activations by WNT3a and EGF were totally abolished in
the EGFR−/− fibroblasts (Fig. 2C). Interestingly, the level of β-
catenin was increased by EGF stimulation inWa-2 and EGFR−/−
fibroblasts, and the levels are similar to that of Wa-2-FR (Fig.
2C). The ERK activities did not increase, even after treatment
with WNT3a at concentration as high as 150 ng/ml in EGFR−/−
fibroblasts (Fig. 2D).

3.3. EGFR is involved in WNT3a-induced proliferation of cells

To identify the involvement of EGFR in WNT3a-induced
cell proliferation, we measured the effect of AG1478 on the cell
proliferation by WNT3a. The percentage of BrdU incorporating
cells was increased approximately 4-fold (from 12% to 48%) by
WNT3a, 3-fold (from 12% to 33%) by EGF (Fig. 3A; lower
panels show representative data). The percentage of BrdU
incorporating cells was reduced from 11.6% to 7% by AG1478
at the basal status. The WNT3a-induced cell proliferation was
more significantly reduced (from 48% to 18%) by AG1478, and
likewise, the percentage of BrdU positive cells was reduced
(from 33% to 8.9%) by AG1478 in EGF-treated cells (Fig. 3A;
lower panels show representative data).

The role of EGFR in WNT3a-induced proliferation was
further confirmed by measurement of the effect of EGFR
siRNA (Fig. 3B). The percentage of BrdU positive cells was
increased by WNT3a (20% to 50%), whereas WNT3a-induced
cell proliferation was significantly reduced (50% to 25%) by
treatment of EGFR siRNA (Fig. 3B; lower panels show
representative data). To further confirm the role of EGFR in
WNT3a-induced cell proliferation, we used EGFR−/− fibro-
blast cells and NIH3T3 cells as a control for a BrdU
incorporation assay. In the NIH3T3 cells, the percentage of
BrdU positive cells was increased byWNT3a (36% to 63%) and
EGF (36% to 59%) (Fig. 3C; right panels show representative
data). The EGFR−/− fibroblast cells, however, did not affect
proliferation by treatment of either WNT3a or EGF (Fig. 3C).
oliferation of NIH3T3 fibroblast. (A) NIH3T3 cells were grown on coverslips in
ng/ml of EGF for 24 h. Where required, the cells were pre-treated with 20 μMof
over slides in DMEM and either non-transfected or transfected with 1.68 μg of
NT3a was applied for 24 h before fixing. (C) NIH3T3 and EGFR−/− fibroblasts
3a or 20 ng/ml of EGF was applied for 24 h before fixing. The cells were labeled
stained with DAPI. The cells containing BrdU incorporated into the nucleus were
ent of percentage of BrdU positive cells. Analyses were performed at least three
ard deviations of three independent analyses. The representative data for each
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3.4. EGFR is involved in WNT3a-induced cell motility

Cell motility and invasion are important cellular processes in
the proliferation and transformation of cells [36,37]. WNTs are
Fig. 4. Effects of AG1478 or EGFR siRNA onWNT3a-induced cell motility. (A) NIH
a pipette. The cells were non-treated or treated with 100 ng/ml of recombinant WNT3a
for 30 min before treatment of WNT3a or EGF. The graph represents the quantitative
performed at least three times, and the error bars indicate the standard deviations of
right panels. (B) NIH3T3 cells were grown in DMEM on fibronectin-coated dishes, a
dish for 24 h. Before being scratched with a pipette, the cells were non-treated or tre
graph represents the quantitative results for the number of cells migrating to the def
indicate the standard deviations of three independent analyses. Representative data
DMEM, and either non-transfected or transfected with 1.68 μg of EGFR siRNA per 3.
and serum-free DMEMwith 100 ng/ml of recombinant WNT3a was applied in the lo
the lower chamber were stained with 0.5% crystal violet for counting purpose. Th
deviations of three independent analyses.
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involved in the motility and invasion of cells involved in
cytoskeletal rearrangement [23,24,26]. EGFR is also known as
a regulator of cell motility and invasion related to cytoskeletal
rearrangement [27,38]. However, the interrelationship between
3T3 cells were grown in DMEM on fibronectin-coated dishes and scratched with
or 20 ng/ml of EGF for 24 h. Where required, 20 μMof AG1478 was pre-treated
results for the number of cells migrating to the defined unit area. Analyses were
three independent analyses. Representative data for the results are shown in the
nd either non-transfected or transfected with 1.68 μg of EGFR siRNA per 3.5 cm
ated with 100 ng/ml of recombinant WNT3a or 20 ng/ml of EGF for 24 h. The
ined unit area. Analyses were performed at least three times and the error bars
for the results are shown in the right panels. (C) NIH3T3 cells were grown in
5 cm dish for 24 h. The cells were trypsinized and plated onto the upper chamber,
wer chamber. The migrated cells that were transferred from the upper chamber to
e experiments were performed at least three times. The error bars are standard

T3a-mediated proliferation and motility of NIH3T3 cells via ERK pathway
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Fig. 5. Effects of AG1478 on WNT3a-induced cytoskeletal rearrangement. (A) NIH3T3 cells were grown in DMEM on coverslips. The cells were treated with 100 ng/
ml of recombinant WNT3a or (B) 20 ng/ml of EGF for 30 min. Where required, 20 μM of AG1478 was applied for 30 min before treatment of WNT3a or EGF. The
cells were fixed and stained with Alexa Fluor 488 phalloidin for observation with the Radiance 2100 Laser Scanning System (Bio-Rad). The cell nuclei were stained
with DAPI.
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WNTs and EGFR in the regulation of cell motility and
cytoskeletal rearrangement is not characterized. To identify
the role of EGFR in WNT3a-induced cell motility, we
performed an in vitro wound-healing assay using AG1478
and EGFR siRNA. The number of migrated cells was increased
by 24 h after WNT3a treatment (Fig. 4A and B; qualitative data
are shown in right panels). The WNT3a-induced cell migration
was reduced to almost basal levels by AG1478 and EGFR
siRNA (Fig. 4A and B). The EGF-induced cell migration,
although the level of increase was relatively low, was also
reduced by AG1478 and EGFR siRNA (Fig. 4A and B). To
further confirm the role of EGFR in WNT3a-induced cell
Fig. 6. Effects of Dickkoff-1 onWNT3a-induced ERK pathway activation and prolife
treated or treated with 150 ng/ml of recombinant WNT3a for 30 min before harvesting
DKK-1 for 30 min before treatment of WNT3a. Western blot analyses were performe
transfected with either 0.5 μg of pTOPFLASH or pFOPFLASH [43]. Forty-eight hour
8 h before harvesting for a luciferase assay. Where required, 0.5 μg/ml of recombina
standard deviations of three independent experiments are shown. (C) NIH3T3 cells we
of recombinant WNT3a for 24 h. Where required, cells were pre-treated with 0.25 μg/
20 μMBrdU for 5 h prior to immunocytochemical analysis. The cell nuclei were stain
System. The cells incorporated BrdU in their nucleus were scored as BrdU positive c
standard deviations of three independent analyses. Representative data for the results
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migration, we performed a trans-well invasion assay. The
invasive cell numbers were increased by 24 h WNT3a treatment
(Fig. 4C), and the WNT3a-induced cell invasion was also
reduced by EGFR siRNA (Fig. 4C).

The cytoskeletal rearrangement is directly related to the
movement and invasion of cells [39,40]. To confirm the role of
EGFR in WNT3a-induced cytoskeletal rearrangement, we
measured the pattern of phalloidin staining. WNT3a induced
the cytoskeletal rearrangement and the formation of the stress
fiber and the lamellipodia, an essential structure in cell
movement and invasion within 30 min [41,42] (Fig. 5A).
WNT3a-induced cytoskeletal rearrangement and stress fiber
ration of NIH3T3 cells. (A) NIH3T3 cells were grown in DMEM, and either non-
. Where required, cells were pre-treated with 0, 0.25 or 0.5 μg/ml of recombinant
d as described in Fig. 2. (B) NIH3T3 cells were grown to 50% confluence, then
s after transfection, cells were treated with 150 ng/ml of recombinant WNT3a for
nt DKK-1 was applied 30 min before WNT3a treatment. The mean values and
re grown in DMEMon coverslips and either non-treated or treated with 100 ng/ml
ml of DKK-1 for 30 min before treatment of WNT3a. The cells were labeled with
ed with DAPI. The images were obtained with the Radiance 2100 Laser Scanning
ells. Analyses were performed at least three times, and the error bars indicate the
are shown in the right panels.

T3a-mediated proliferation and motility of NIH3T3 cells via ERK pathway
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and lamellipodia formation were reduced by co-treatment of
AG1478 (Fig. 5A). EGF-induced cytoskeletal rearrangement
and lamellipodia formation were also blocked by co-treatment
of AG1478 (Fig. 5B).

3.5. WNT3a-induced immediate ERK activation occurs in-
dependently of WNT/β-catenin pathway

To identify the involvement of WNT/β-catenin in WNT3a-
induced ERK pathway activation, we measured the effects of
DKK-1, the inhibitor of the Fzd co-receptor, LRP5/6, in
WNT3a-induced ERK activation. The WNT3a-induced activa-
tions of RAF-1, MEK, and ERK kinases were not inhibited by
pre-treatment of DKK-1 (Fig. 6A). The total β-catenin level
was, however, reduced in a dose-dependent manner, indicating
the normal functionality of DKK-1 in the inhibition of WNT3a-
induced activation of the WNT/β-catenin pathway. The basal
levels of RAF-1, MEK, and ERK kinase activities were up-
regulated by DKK-1 in a dose-dependent manner (Fig. 6A) by
an unknown mechanism. The transcriptional reporter activity of
the WNT/β-catenin pathway measured according to the ratio of
the luciferase activity from pTOPFLASH and pFOPFLASH
[43] was also increased, approximately 9-fold, by WNT3a
treatment (Fig. 6B). The WNT3a-induced activation of
pTOPFLASH/pFOPFLASH reporter activity was also down-
regulated with β-catenin reduction by DKK-1 [30,44] (Fig. 6B).
To identify the role of WNT/β-catenin pathway in WNT3a-
induced cell proliferation, we measured the effects of DKK-1 on
WNT3a-induced BrdU incorporation. The WNT3a-induced
BrdU incorporation was down-regulated by DKK-1 protein
(53% vs 35%) (Fig. 6C; right panels show representative
qualitative data).

4. Discussion

The WNT signaling pathways are involved in the regulation
of differentiation, organogenesis, adipogenesis, proliferation,
and motility [6,45–47]. The WNT pathways are activated by
various WNT proteins, including WNT1, WNT2, WNT2b,
WNT3a, WNT5b, WNT7b, and WNT8a, and others [48,49],
several of which induce cell growth and transformation
[46,50,51]. WNT signals transduce through at least three
distinct intracellular pathways; the WNT/β-catenin signaling
pathway (often called the canonical WNT pathway), the WNT/
Ca2+ pathway, and the WNT/polarity pathway (reviewed in
[49,52,53]). The WNT/β-catenin pathway is activated by
WNT1, WNT3, WNT3a, WNT7a, and WNT8, and is involved
in cellular proliferation, transformation, and motility [49,54].
WNT3a activates cell motility through cytoskeleton rearrange-
ment in myeloma plasma cells [26], and ovary cells [23]. The
WNT3a induced motility of cells attributed by activation of
RhoA [23], but involvement of the ERK pathway in that process
is not known. WNT3a activates the proliferation of chick
somites [54], human mesenchymal stem cells [55] and multiple
myeloma cells [56]. It stimulates the proliferation of mouse
fibroblasts, at least partly via activation of the ERK pathway
[19]. However, the route for activation of the ERK pathway,
Please cite this article as: S.-E. Kim, K.-Y. Choi, EGF receptor is involved in WN
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especially at upstream level, was only poorly characterized.
Treatment of WNT3a immediately increased the activities of the
RAF-1, MEK and ERK kinases, and the effects of WNT3a were
reduced by transfection of dn-RAS. The involvement of RAS in
the WNT3a-induced ERK pathway activation was further
evidenced by the increase of the level of GTP-bound RAS
(GTP-RAS) by WNT3a treatment. The WNT3a-induced
activation of the ERK pathway was abolished by the EGFR
inhibitor, AG1478, indicates the role of EGFR in WNT3a-
induced ERK pathway activation, and that was supported by
genetic approaches using EGFR siRNA (Fig. 2B). The role of
EGFR in the WNT3a-induced ERK pathway activation was
further confirmed by measuring the effect of WNT3a in both
fibroblasts retaining knocked-out and functionally defective
EGFR (Fig. 2C and D), which did not show the effects of
WNT3a in the ERK activation. The role of EGFR in WNT3a-
induced ERK pathway activation, however, might be partial,
which indicates the possibility of the involvement of other
receptor(s) such as platelet derived growth factor receptor and
Frizzled receptor etc. To identify the involvement of the WNT/
β-catenin pathway in the immediate ERK activation by
WNT3a, we investigated the effect of DKK-1 on the ERK
activation by WNT3a. The ERK pathway activation by WNT3a
was not affected, although the total β-catenin level andWNT/β-
catenin reporter activity were reduced byDKK-1 (Fig. 6A and B).
These results indicate that the classical WNT/β-catenin path-
way is not involved in immediate ERK activation by WNT3a.
The ERK pathway components were dose-dependently
increased by DKK-1 in cells non-treated with WNT3a (Fig.
6A). Currently, the mechanism of basal ERK pathway
activation by DKK-1 is not understood. Those results, however,
indicate that DKK-1 activates the ERK pathway independently
of WNT3a. Except the immediate activation, ERK activation
can also occur in a prolonged manner by WNT3a treatment, and
is related to Tcf-4/β-catenin-mediated transcriptional activation
[19]. Long term ERK pathway activation via β-catenin/Tcf
mediated transcription can occur via induction of EGFR, one of
the transcriptional target genes of the β-catenin/Tcf trans-
activator [57].

The ERK pathway is involved in WNT3a-induced cell
proliferation and growth [19]. WNT3a-induced growth stimula-
tion was significantly reduced by AG1478, indicating the
involvement of EGFR in WNT3a-induced proliferation. The
role of EGFR in WNT3a-induced cell proliferation was further
confirmed by experiments using EGFR siRNA and defective
EGFR cell lines. WNT3a-induced cellular proliferation was also
decreased by DKK-1 treatment which reduced the total β-
catenin level without inhibiting the RAF-1, MEK and ERK
activities (Fig. 6C). These results indicate that the reduction of
WNT3a-induced proliferation by DKK-1 might occur indepen-
dently of immediate activation of the ERK pathway compo-
nents. The extent of the reduction of WNT3a-induced
proliferation by DKK-1 (52% to 35%) was lower than that by
ERFR inhibitor (48% to 18%) or EGFR siRNA (50% to 25%)
(compare Figs. 3A, B, and 6C). The low fold reduction of
WNT3a-induced proliferation by DKK-1 might be due to the
fact that DKK-1 may inhibit WNT3a-induced proliferation only
T3a-mediated proliferation and motility of NIH3T3 cells via ERK pathway
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via the WNT/β-catenin pathway involving Tcf-4/β-catenin-
mediated post gene transcription [19]. The extent of inhibition
of the WNT3a-induced proliferation by the AG1478 or EGFR
siRNA was higher than that by DKK-1, and that might reflect
the fact that both of the WNT3a-induced proliferating signals
mediated by EGFR, via the WNT/β-catenin pathway and
immediate signaling activation of ERK pathway, are blocked by
the EGFR inhibitors. The WNT3a-induced proliferation can
also be acquired by activation of the WNT/β-catenin pathway
via EGFR as shown by decrease of β-catenin in Wa-2 and
EGFR−/− fibroblasts and EGFR siRNA treated cells (Fig. 2B
and C). Therefore, reduction of WNT3a-induced proliferation
by EGFR inhibitors can also be attributed by inhibition of the
WNT/β-catenin pathway via EGFR. Overall, proliferation by
WNT3a is attributed to both the WNT/β-catenin and ERK
pathways. In addition, the WNT/β-catenin or ERK pathway
transmit proliferation signals by tight cross-talk at various levels
including Tcf/β-catenin mediated transcriptions and immediate
EGFR signaling which involves activation of both the WNT/β-
catenin and ERK pathways.

WNT3a is involved in cell motility and cytoskeletal rearrange-
ment, and RhoA and DSH are known mediators of this process
[23,26]. WNT3a-induced migration and invasion of cells were
inhibited by AG1478 and EGFR siRNA (Fig. 4A and B), in-
dicating that EGFR is also involved in WNT3a-induced cell
motility. The role of EGFR in WNT3a-induced motility was
further confirmed by the inhibition of the cytoskeletal rearrange-
ment including lamellipodia formation, by AG1478. These
results further indicate that EGFR is involved in WNT3a-
induced cytoskeletal regulation leading to cell movement and
invasion.

In this study, we identified the role of EGFR in the WNT3a-
induced immediate activation of the ERK pathway involving
motility and proliferation of fibroblasts. The WNT3a induced
proliferation via EGFR is attributed to both the WNT/β-catenin
and ERK pathways involving complex cross-talk.
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