
Abstract. Overexpression of ErbB2 has been frequently found
in mammary carcinoma. We have previously shown that the
aberrant activation of H-Ras induces human breast cell invasion
and migration. The present study was aimed at investigating
the effect of ErbB2 overexpression on H-Ras-induced breast
cell invasion and to elucidate the underlying mechanisms.
Herein, we show that overexpression of ErbB2 promotes
invasive and migratory abilities of H-Ras-activated MCF10A
human breast epithelial cells through upregulation of matrix
metalloproteinase (MMP)-13 and urokinase-type plasminogen
activator (uPA). We also demonstrate that the p38 MAPK is
an important signaling molecule in the ErbB2-induced
upregulation of MMP-13 and uPA and invasion/migration of
H-Ras MCF10A cells overexpressing ErbB2. The present
study elucidating the molecular mechanism underlying
ErbB2-induced promotion of H-Ras MCF10A cell invasion
may provide invaluable information for understanding breast
cancer progression and establishing therapeutic inter-
ventions for breast cancer.

Introduction

The metastatic spread of the disease is the major cause of
death from breast cancer. Since genetic alterations can contri-
bute to the progression and metastasis of breast cancer, studies
on the molecular mechanisms involved in breast cancer
invasion are important for the identification of genes that
augment the metastatic or invasive potential of breast cancer
cells. ErbB2 (also known as HER-2/neu) is the oncogenic
receptor tyrosine kinase which has extensive sequence
homology to epidermal growth factor receptor (1,2). ErbB2

signaling can promote malignant transformation, in part, by
Ras activation (3,4). Extracellular stimuli that act on ErbB2
cause transient activation of Ras which in turn activates multiple
downstream effectors that stimulate cytoplasmic signaling
cascades that regulate a variety of malignant processes
including cell proliferation, invasion and migration (5-7).
Amplification or overexpression of ErbB2 has been found in
20-30% of human breast cancers (8). Mounting evidence
indicates that overexpression of ErbB2 plays an important
role in human breast cancer metastasis (9-13).

Invasive and metastatic processes of malignant tumor
require the expression and activation of matrix metallo-
proteinases (MMPs) which induce the progression of tumor
cells including degradation of the extracellular matrix and
basement membrane (14). Human MMP gene family contains
more than 20 members (15,16). Expressions of MMP-2 and
MMP-9 have been shown to be associated with the progression
of metastasis (17,18). MMP-13 is expressed in breast carci-
nomas and head and neck squamous cell carcinomas and its
expression correlates with invasion of these carcinomas
(19,20). Urokinase-type plasminogen activator (uPA) repre-
sents a second extracellular proteolytic system which is
known to play a critical role in tumor invasion and metastasis
(21,22). Co-expression of MMPs and uPA was observed
during tumor invasion and metastasis (23-25). ErbB2
activation induces the transcriptional activation of uPA and
MMPs (26,27) and regulates expression and activity of these
proteases in breast cancer cell lines and breast cancer patients
(9,28-31). We have previously shown that ErbB2 induces
invasive and migratory phenotypes for which MMP-9 is
responsible in MCF10A human breast epithelial cells (32).

Mutations of the ras gene are among the most frequent
genetic alterations in human tumors (33). Although ras
mutations are rarely seen in breast cancers, aberrant Ras
activation may promote breast cancer development (34,35).
The single point mutation at amino acid residue 12 (Gly to
Asp) of H-Ras is often found in mammary carcinoma (36).
Using MCF10A cell system in which H-Ras is constitutively
activated, we showed that H-Ras activation induced invasive
and migratory phenotypes (37). We also showed that up-
regulation of MMP-2 was crucial to the H-Ras-induced
phenotypic changes (38,39).

In order to determine the effect of ErbB2 overexpression
on H-Ras-induced breast cell invasion and the underlying
mechanisms, we investigated the invasiveness of H-Ras
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MCF10A cells overexpressing ErbB2 and the involvement
of various proteases. Herein we report that ErbB2 enhances
invasion and migration of H-Ras MCF10A cells through
MMP-13 and uPA. We further show that p38 MAPK signaling
pathway plays a critical role in the ErbB2-enhanced invasive-
ness and upregulation of MMP-13 and uPA in H-Ras-activated
human breast cells.

Materials and methods

Cell lines. Development and characterization of H-Ras
MCF10A cells have been described previously (37). The
H-Ras MCF10A cell line overexpressing ErbB2 (ErbB2-H-
Ras MCF10A cell line), which was kindly provided by Dr
K.W. Kang (Chosun University, Gwang-Ju, Korea), was
established using an MSCV-GFP retrovirus system as
previously described (40). Cells were cultured in DMEM/
F12 medium supplemented with 5% horse serum, 0.5 μg/ml
hydrocortisone, 10 μg/ml insulin, 20 ng/ml epidermal growth
factor, 0.1 μg/ml cholera enterotoxin, 100 U/ml penicillin-
streptomycin, 2 mM L-glutamine and 0.5 μg/ml ampho-
tericin B.

In vitro invasion assay. In vitro invasion assay was performed
using a 24-well transwell unit with polycarbonate filters
(Corning Costar, Cambridge, MA) as previously described
(38). Cells were placed in the upper part of the transwell
plate, incubated for 18 h, fixed with methanol and stained
with hematoxylin for 10 min followed briefly by eosin. The
invasive phenotypes were determined by counting the cells
that migrated to the lower side of the filter with microscopy
at x400. Thirteen fields were counted for each filter and each
sample was assayed in triplicate.

In vitro migration assay using transwell. In vitro migration
assay was performed using a 24-well transwell unit with
polycarbonate filters as previously described (38). Experi-
mental procedures are the same as the in vitro invasion assay
described above except that the filter was not coated with
Matrigel for the migration assay.

Western blot analysis. Western blot analysis was performed
as previously described (38). Briefly, equal amounts of protein
extracts in SDS-lysis buffer were subjected to 12% SDS-
PAGE analysis and electrophoretically transferred to nitro-
cellulose membrane. Anti-MMP-2, anti-MMP-13 and anti-
uPA antibodies were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Anti-MMP-9 antibody was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Anti-MEK, anti-phosphorylated MEK, anti-ERK,
anti-phosphorylated ERK, anti-p38, anti-phosphorylated
p38, anti-Akt, anti-phosphorylated Akt, and anti-phos-
phorylated Raf1 antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). Anti-Rac1
and anti-phosphotyrosine antibodies were purchased from
Upstate Biotechnology, Inc. (Lake Placid, NY, USA).
Enhanced chemiluminescence (ECL, Amersham-Pharmacia,
Buckinghamshire, UK) system was used for detection.
Relative band intensities were determined by quantitation of
each band with an Image Analyzer (Vilber Lourmet, France).

Knockdown of MMP-13 and uPA by small-interfering (si)
RNA. An siRNA targeting MMP-13 (5'-AUUUCUCGGAG
CCUCUCAGUCAUGG-3') and an siRNA targeting uPA
(5'-UAAUUCUUCUGGAGGAGAGGAGGGC-3') were
purchased from Invitrogen (Carlsbad, CA, USA). Cells in the
exponential phase of growth were plated in six-well plates
at 2x105 cells/well, grown for 24 h then transfected with
100 pmol siRNA for 6 h using Lipofectamine 2000 reagent
and OPTI-MEMI reduced serum medium (Invitrogen). Control
cells were transfected with Stealth™ RNAi negative control
duplex (Invitrogen).

Rac1 activity assay. The levels of Rac1-GTP were measured
by affinity precipitation using PAK-1 PBD Rac assay
reagent (Upstate Biotech. Inc., Lake Placid, NY) following
manufacturer's instruction as previously described (41,50).
Proteins were separated by 12% SDS-PAGE, transferred to
nitrocellulose membrane, and blotted with anti-Rac1 antibody.

Raf-1 activity assay. The Raf-1 activity was measured as
previously described (50). Briefly, cell lysates were preincu-
bated with protein A-sepharose suspension (Roche, Basel,
Switzerland). The supernatant was incubated with anti-Raf-1
antibody. Protein A-sepharose suspension was added and
incubation was extended overnight on ice with shaking. The
antibody-antigen complex was washed twice in lysis buffer
and twice in high salt buffer and then the SDS-PAGE loading
buffer was added. Immunoblot analysis was performed to
assess the activity of immunoprecipitated Raf-1 with anti-
phosphorylated Raf-1 antibody.

Reverse transcription (RT)-PCR. RNA was reverse
transcribed with RT-Superscript III reverse transcriptase
(Invitrogen). MMP-1, MMP-2, MMP-3, MMP-7, MMP-8
MMP-9, MMP-13 and uPA were synthesized by RT-PCR
using the following primers: MMP-1: sense 5'-GGAGGG
GATGCTCATTTTGATG-3' antisense 5'-TAGGGAAGC
CAAAGGAGCTGT-3', MMP-2: sense 5'-AATGCCATC
CCCGATAACC-3' antisense 5'-AAACTTCACGCTCTTCA
GAC-3', MMP-3: sense 5'-CCTGCTTTGTCCTTTGATGC-3'
antisense 5'-GAGTCAATCCCTGGAAAGTC-3', MMP-7:
sense 5'-ATGTTAAACTCCCGCGTCATA-3' antisense 5'-C
AGCATACAGGAAGTTAATCC-3', MMP-8: sense 5'-TGG
ACCCAATGGAATCCTTGC-3' antisense 5'-ATAGCC
ACTCAGAGCCCAGTA-3', MMP-9: sense 5'-TCTTCC
AGTACCGAGAGAAAG-3' antisense 5'-AGGATGTCA
TAGGTCACGTAG-3', MMP-13: sense 5'-TTGTTGCTG
CGCATGAGTTCG-3' antisense 5'-GGGTGCTCATAT
GCAGCATCA-3', uPA: sense 5'-CACGCAAGGGGAGAT
GAA-3' antisense 5'-ACAGCATTTTGGTGGTGACTT-3'.
Thermocycler conditions were as previously described (42).

Results

ErbB2 overexpression enhances invasive and migratory
abilities of H-Ras MCF10A cells. To investigate the effect of
ErbB2 on the invasion and migration of H-Ras-activated
MCF10A cells, ErbB2 gene was introduced into H-Ras
MCF10A cells by transfection, resulting a stable cell line
ErbB2-H-Ras MCF10A. The intrinsic level of ErbB2
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expression was low in H-Ras MCF10A cells. Over-
expression of ErbB2 in ErbB2-H-Ras MCF10A cells was
confirmed by Western blot analysis (Fig. 1A). Overexpression
of ErbB2 caused significant increases in invasiveness and
migration of H-Ras MCF10A cells, demonstrating that
ErbB2 enhanced invasive and migratory abilities of H-Ras
MCF10A cells (Fig. 1B).

ErbB2 upregulates MMP-13 and uPA. Our previous report
has shown that ErbB2 induces upregulation of MMP-9 in the
parental MCF10A cells (32). The present study investigated the
effect of ErbB2 on the expression of various proteases in H-Ras
MCF10A cells by RT-PCR analysis. As shown in Fig. 2A,
the expression of mRNAs of MMP-1, MMP-2, MMP-3,
MMP-7, MMP-8, MMP-9, MMP-13 and uPA was observed
in H-Ras MCF10A and ErbB2-H-Ras MCF10A cells. The
mRNAs of MMP-1, MMP-3, MMP-7 and MMP-8 were
detected neither in H-Ras MCF10A cells nor in the ErbB2-H-
Ras MCF10A cells (data not shown). The levels of MMP-2
and MMP-9 were strong in H-Ras MCF10A cells as previously
reported (37) while the levels of MMP-13 and uPA were
weak in these cells. The mRNA levels of MMP-13 and uPA
were markedly increased by ErbB2 overexpression. The
mRNA level of MMP-2 was not altered and the MMP-9
mRNA level was decreased in ErbB2-H-Ras MCF10A cells.
The data from RT-PCR were confirmed by Western blot
analysis (Fig. 2B), clearly demonstrating that among the
proteases tested, MMP-13 and uPA were upregulated by
ErbB2 overexpression in H-Ras MCF10A cells. We then
asked whether ErbB2 upregulated MMP-13 and uPA in the
parental MCF10A cells. As shown in Fig. 2C, the mRNA
levels of MMP-13 and uPA were increased by ErbB2 in
MCF10A cells. These results suggest that MMP-13 and uPA
may be involved in the ErbB2-enhanced invasive and migratory
phenotypes in human breast epithelial cells.

MMP-13 and uPA are critical to the ErbB2-enhanced invasion
and migration. In order to determine the functional
significance of MMP-13 and uPA in the invasion and
migration of ErbB2-H-Ras MCF10A cells, we selectively
knocked down the expression of MMP-13 or uPA using an
siRNA approach. Inhibition of MMP-13 or uPA by siRNA
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Figure 1. ErbB2 induces invasion and migration of H-Ras MCF10A cells.
(A) Cell lysates were collected and the expression of ErbB2 was detected by
Western blot analysis. ß-actin was used as a loading control. (B) Cells were
subjected to the in vitro invasion assay and transwell migration assay. The
number of invaded or migrated cells per field was counted (x400) in 13
arbitrary visual fields. The results represent means ± SE of triplicates.
*,**Statistically different from control at p<0.05 and p<0.01, respectively, by
the two-tailed Student's t-test.

Figure 2. ErbB2 upregulates MMP-13 and uPA. (A) RT-PCR analysis was
performed to detect mRNA levels of various MMPs and uPA in H-Ras
MCF10A cells. (B) Conditioned media were collected and analyzed for the
expression of MMP-2 and MMP-9, MMP-13 and uPA by Western blot
analysis. (C) RT-PCR analysis was performed to detect mRNA levels of
MMP-13 and uPA in the parental MCF10A cells.

Figure 3. MMP-13 and uPA are essential to the invasion and migration of
ErbB2-H-Ras MCF10A cells. (A) Knockdown of MMP-13 or uPA by siRNA
was confirmed by Western blot analysis. Control cells were treated with
Stealth RNAi negative control duplexes. (B) Cells transfected with siRNA
for MMP-13 and uPA were subjected to in vitro invasion assay (left panel)
or transwell migration assay (right panel). The number of invaded or migrated
cells per field was counted (x400) in 13 arbitrary visual fields. The results
represent means ± SE of triplicates. *Statistically different from control at
p<0.01.
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molecules targeting these genes was proven by Western blot
analysis (Fig. 3A). Following MMP-13 knock-down,

invasiveness of ErbB2-H-Ras MCF10A cells was
significantly inhibited by 41% as determined by in vitro
invasion assay (Fig. 3B, left). A similar extent of inhibition in
invasion (45%) was observed when uPA expression was
knocked-down. Similarly, ErbB2-H-Ras MCF10A cell
motility was inhibited by knock-down of MMP-13 and uPA
by 43.7 and 36.9%, respectively (Fig. 3B, right). The results
demonstrate that MMP-13 and uPA play critical roles in
ErbB2-enhanced cell invasion and migration in H-Ras
MCF10A cells.

ErbB2-induced MMP-13 and uPA upregulation is mediated
by p38 MAPK. In order to investigate the specific roles of
signaling pathways in the upregulation of MMP-13 and uPA
by ErbB2, we detected the activation of signaling molecules
in ErbB2-H-Ras MCF10A cells. As shown in Fig. 4, the
phosphorylation of p38 MAPK was increased by ErbB2,
while the levels of active Raf1, phosphorylated MEK,
ERK-1/2, Rac1, Akt were not affected. These results indicate
that the p38 MAPK signaling pathway may be involved in
the enhancing effect of ErbB2 on H-Ras MCF10A cell
invasion and migration.

We then examined the functional role of p38 MAPK
signaling in MMP-13 and uPA expressions and invasive/
migratory phenotypes of ErbB2-H-Ras MCF10A cells.
Treatment with 50 μM of SB203580, a pharmacological
inhibitor of p38 MAPK, significantly inhibited the expression
levels of MMP-13 and uPA (Fig. 5A), indicating that the
activation of p38 MAPK is critical to the upregulation MMP-13
and uPA by ErbB2. Moreover, invasion and migration of
ErbB2-MCF10A cells were significantly inhibited by
treatment with 50 μM of SB203580 by 37.3 and 45.7%,
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Figure 4. ErbB2 activates p38 MAPK in H-Ras MCF10A cells. The levels of activated MEK, ERK, p38 MAPK and Akt in H-Ras MCF10A and ErbB2-H-Ras
MCF10A cells were determined by Western blot analysis. The immunoblots shown are representative of three blots from independent experiments. For Raf-1
activity, immunoprecipitated (IP) with anti-Raf-1 antibody and probed with phosphorylated Raf-1 antibody. For Rac1 activity, cell lysates were incubated
with GST-PBD fusion protein, and the bound active Rac1-GTP molecules were analyzed by immunoblotting using anti-Rac1 antibody. Relative band
intensities from three independent blots were determined by using an image analyzer. *Statistically different from control at p<0.01.

Figure 5. p38 MAPK plays an important role in ErbB2-induced MMP-13
and uPA upregulation, invasion and migration. (A) ErbB2-H-Ras MCF10A
cells were treated with 50 μM of SB203580 for 48 h. Conditioned media
were collected and the levels of secreted MMP-13 and uPA were determined
by Western blot analysis. The immunoblots shown are representative of three
blots from independent experiments. Relative band intensities from three
independent blots were determined by using an image analyzer. *Statistically
different from control at p<0.01. (B) ErbB2-H-Ras MCF10A cells pretreated
with 50 μM SB203580 for 30 min were subjected to in vitro invasion assay
(left panel) and migration assay (right panel) in the presence of the compound.
The number of invaded cells per field was counted (x400) in 13 fields. The
results presented are means ± SE of triplicates. *Statistically different from
control at p<0.01.
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respectively (Fig. 5B). These results demonstrate that p38
MAPK signaling pathway plays a critical role in the ErbB2-
mediated upregulation of MMP-13 and uPA as well as in the
ErbB2-promoted invasive and migratory abilities of H-Ras
MCF10A cells.

Discussion

Breast cancer is one of the most frequent malignancies in
women and the major cause of death from breast cancer is
the metastatic spread of the disease from the primary tumor
to distant sites in the body. Since about 20-30% of human
breast cancers show amplification or overexpression of ErbB2
(43) and overexpression of ErbB2 plays an important role in
human breast cancer metastasis, this study aimed to investi-
gate the effect of ErbB2 overexpression on H-Ras-induced
breast cell invasion and to elucidate the underlying
mechanisms. Recent studies demonstrate that there is a close
association between ErbB2 and Ras activation (7,44). ErbB2
overexpression is correlated with the increased Ras-GTP
formation in breast tumor tissues and cell lines (4,45). On the
other hand, constitutively activated K-Ras and amplification
of C-ErbB2 seem to occur independently in the process of
colon tumor progression (46). Here, we show that invasive
and migratory abilities of H-Ras MCF10A cells were signifi-
cantly increased by ErbB2 overexpression, indicating the
enhancing effect of ErbB2 on H-Ras-induced malignant
phenotypic changes.

A linkage between ErbB2 activation and tumor progression
was shown to be mediated by MMP family members. ErbB2
increases invasive capacities of malignant cancer cell lines
by stimulating the expressions of uPA (47), uPAR (48),
MMP-1 (26), MMP-2 (47), MMP-7 (47), MMP-9 (47) and
MMP-13 (49). The present study demonstrates that ErbB2
overexpression increases the expressions of MMP-13 and
uPA in H-Ras MCF10A cells (Fig. 2). Using siRNA knock-
down approach, we revealed MMP-13 and uPA as important
players in the ErbB2-induced invasion and migration of H-Ras
MCF10A cells. In consistent with our results, overexpression
of uPA in ErbB2-positive breast cancer tissues has been
shown to determine the aggressive and metastatic clinical
behaviors (31).

Activation of H-Ras induces expressions of MMP-2 and
MMP-9 in MCF10A cells as shown in Fig. 2 and in our
previous report (37). ErbB2 overexpression induces the
expression of MMP-9 but not that of MMP-2 in these cells
(32). Our results show that the H-Ras-induced MMP-2
expression was not affected by ErbB2 overexpression.
Interestingly, the expression of MMP-9 in H-Ras-activated
cells was significantly decreased by overexpression of ErbB2
(Fig. 2). These data indicate that the single activation of ErbB2
or H-Ras enhances MMP-9 expression while the co-expression
of ErbB2 and H-Ras inhibits MMP-9 expression. The results
suggest that crosstalk between ErbB2 and H-Ras signaling
may suppress the expression of MMP-9.

Among signaling molecules tested, ErbB2 activates p38
MAPK in H-Ras MCF10A cells (Fig. 4). Functional signifi-
cance of p38 MAPK signaling in invasive and migratory
phenotypes was demonstrated in ErbB2-H-Ras MCF10A
cells (Fig. 5). Given that p38 MAPK has been shown to be

essential for the H-Ras-induced invasive phenotype of
MCF10A cells (38,50), the results obtained in this study and
our previous studies indicate a key role for p38 MAPK
signaling pathway in breast cell invasion.

It has been shown that the induction of MMP-13
expression in human skin fibroblasts is mediated by p38
MAPK (51). The p38 MAPK pathway plays a crucial role in
expression of MMP-13 and invasive phenotype of transformed
squamous epithelial cells (52). The p38 MAPK pathway is
required for the secretion of uPA from ovarian cancer cells
(53). Activation of p38 MAPK by H-Ras induces MMP-2
upregualtion (38,39). This study demonstrates that the
additional activation of p38 MAPK by ErbB2 resulted in
upregulation of MMP-13 and uPA while the level of MMP-2
expression was not altered. These results suggest that p38
MAPK activation by H-Ras alone is not sufficient for the
upregulation of MMP-13 and uPA which may require a
stronger activity of p38 MAPK signaling by the combined
action of ErbB2 and H-Ras. A possibility still remains that
ErbB2 can also contribute to the activation of signaling
pathway(s) other than the p38 MAPK which may lead to the
upregulation of MMP-13 and uPA. Further studies need to be
performed to elucidate the detailed mechanisms underlying
the ErbB2-induced upregulation of MMP-13 and uPA in
H-Ras-activated breast cell system.

Taken together, the present study demonstrates that
ErbB2 promotes invasive and migratory abilities of H-Ras-
activated human breast epithelial cells through MMP-13 and
uPA. We also show that the p38 MAPK is an essential
signaling molecule in the induction of MMP-13 and uPA and
invasion of H-Ras MCF10A cells overexpressing ErbB2.
Given that the overexpression of ErbB2 and the activating
mutation of H-Ras have been often found in mammary carci-
noma, the present study elucidating the molecular mechanism
underlying ErbB2-induced promotion of H-Ras MCF10A
cell invasion may provide invaluable information for under-
standing breast cancer progression and establishing
therapeutic interventions for breast cancer.
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