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Breast cancers that overexpress the receptor tyrosine kinase
ErbB2/HER2/Neu result in poor patient outcome because of
extensive metastatic progression. Herein, we delineate a molec-
ular mechanism that may govern this malignant phenotype.
ErbB2 induction of migration requires activation of the small
GTPases Rac1 and Cdc42. The ability of ErbB2 to activate these
small GTPases necessitated expression of p120 catenin, which is
itself up-regulated by signaling through ErbB2 and the tyrosine
kinase Src. Silencing p120 in ErbB2-dependent breast cancer
cell lines dramatically inhibited migration and invasion as well
as activation of Rac1 and Cdc42. In contrast, overexpression of
constitutively active mutants of these GTPases reversed the
effects of p120 silencing. Lastly, ectopic expression of p120 pro-
moted migration and invasion and potentiated metastatic pro-
gression of a weaklymetastatic, ErbB2-dependent breast cancer
cell line. These results suggest that p120 acts as an obligate
intermediate between ErbB2 and Rac1/Cdc42 to modulate the
metastatic potential of breast cancer cells.

HER2/Neu/ErbB2 (epidermal growth factor receptor 2) is a
member of the epidermal growth factor receptor (EGFR)2 fam-
ily that is amplified and overexpressed in 20–30% of breast
cancers. HER2/ErbB2-positive breast cancer yields a poor
patient prognosis because of a high incidence ofmetastases and
intrinsic resistance to endocrine and conventional chemother-
apy (1). ErbB2 is the preferred heterodimerization partner for
EGFR, ErbB3, and ErbB4 (2). The large range of downstream
signaling targets induced by ErbB2-containing heterodimers
permits this receptor and its partners to modulate a wide array

of cellular processes. Of these, the nonreceptor tyrosine kinase
Src, PI3K, and MAPK pathways are the most studied in medi-
ating ErbB2 responsiveness, which includes increased prolifer-
ation, survival, motility, and invasion (3).
ErbB2-induced cell migration and invasion, and hence met-

astatic potential, requires activation of Src and its downstream
signaling pathways (4). Src also positively provides feedback
and stabilizes competent ErbB2/ErbB3 heterocomplexes to
enhance PI3K/Akt signaling (5). ErbB2 overexpression in
MDA-MB-435 cells enhances formation of metastases by
increasing Src synthesis and decreasing its degradation by cal-
pain (6). Similarly, signaling from ErbB2 to Akt is necessary to
promote metastatic potential because attenuation of the Akt
pathway by pharmacological inhibitors or RNAi decreases the
formation of metastases by the ErbB2-dependent 21T breast
cancer cell line (7). Together, Src and PI3K function down-
stream of ErbB2 to activate the RhoGEF Vav2, leading to
increased activity of Rac1 and a pro-migratory phenotype (8).
Although Vav2 is a key mediator of ErbB2-induced migration
and invasion, it is likely that additional Src substrates also con-
tribute to this process.
p120 catenin (p120) is a Src substrate that has been shown to

be a potent activator of Rac1, Cdc42, and RhoA in addition to
being a critical component of the adherens junction (9). Its
purported primary function at the cell membrane is the regu-
lation of cadherin stability (9, 10). p120 is thought to block
migration and invasion by stabilizing E-cadherin, thus resulting
in the inhibition of metastatic progression (11, 12). Supporting
this notion is the reported loss of p120 in a subset of breast
cancers (13, 14). However, p120 also resides in the cytoplasm,
and its actions in this compartment regulate cellular behavior
as well (15). Cytoplasmic p120 activates Rac1 and Cdc42 by
directly interacting with Vav2 and p190RhoGAP, which coor-
dinate actin rearrangement to modulate cell migration (3). In
contrast to its indirect activation of Rac1 and Cdc42, p120 can
directly bind to, and repress, the activity of RhoA (16, 17). In
primary human esophageal squamous cells, EGFR overexpres-
sion results in a dramatic increase in cell aggregation and
migration, and this is accompanied by movement of p120 from
the cytoplasm to the cell membrane (18). Alterations in the
subcellular localization of p120 have also been detected early in
breast cancer progression with cytoplasmic p120 correlating
with a loss of E-cadherin and �-catenin in atypical lobular
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hyperplasia and carcinomas (19). Although these studies sug-
gest that changes in p120 expression or subcellular localization
may occur in breast cancer, an analysis of these changes in
relationship to molecularly defined breast cancer subtypes (i.e.
luminal, HER2/ErbB2-positive, and triple-negative) has not
been reported.
HER2/ErbB2-positive breast cancers have a distinct gene

expression signature compared with their non-ErbB2-ampli-
fied counterparts, suggesting that the composition of this sig-
nature may be useful for identifying important mediators of
ErbB2-induced tumorigenesis and metastatic progression (20,
21). We previously described an expression profile of a well
established transgenicmouse (MMTV-c-Neu)model of ErbB2-
positive breast cancer (22). This study revealed that p120
mRNA is induced in mammary tumors from these mice com-
pared with normal control glands. Herein, we report the novel
finding that p120 is essential for ErbB2-induced migration and
invasion because of its ability to activate Rac1/Cdc42. In addi-
tion, p120 enhances the formation of experimental metastases
of a weakly metastatic breast cancer cell line. These data indi-
cate that p120 is a novel intermediate in the ErbB2 signaling
cascade that potentiates metastatic progression of breast can-
cer cells.

EXPERIMENTAL PROCEDURES

Cell and Primary Explant Culture—Wild type FVB/Nmouse
mammary epithelium andMMTV-c-Neu tumor cells were iso-
lated and cultured using procedures adapted from those of Liu
et al. (12). EN cell lines from MMTV-c-Neu tumors were gen-
erated by explant culture and were maintained in Iscove’s
modified Dulbecco’s medium, 1% FBS, 10 ng/ml EGF, 5 �g/ml
insulin, 1 �g/ml hydrocortisone supplemented with penicillin/
streptomycin, gentamicin, and Fungizone. MCF-10A, BT-474,
and SKBR3 cells were purchased and maintained according to
ATCC instructions. Phoenix, 293FT, andMCF-7 cells were cul-
tured in DMEM with 10% FBS supplemented with penicillin/
streptomycin. The cells were selected in media containing 500
�g/ml of G418, 500 �g/ml of hygromycin B, or 5 �g/ml
puromycin.
Antibodies—Antibodies against Rac1, Cdc42, E-cadherin,

pY228 p120 catenin, and total p120 catenin were purchased
from BD Transduction Laboratories. Polyclonal antibodies
against HER2/ErbB2, Src, Akt, pAkt, p42/44, pY877 ErbB2, and
ZO-1 were purchased from Cell Signaling. FITC and TRITC-
conjugated goat anti-mouse and goat anti-rabbit secondary
antibodies were purchased from Jackson ImmunoResearch
Laboratory. Antibodies to �-actin and �-tubulin were pur-
chased from Sigma. The monoclonal antibody for pY1248
ErbB2 was purchased from Calbiochem.
XenograftModel ofMetastasis—The luciferase gene from the

Luciferase T7 control plasmid (Promega) was subcloned into
LZBOB-hygro and used to generate a stable population of
BT-474 cells. The cells were subsequently infected with control
LZBOB-pac and LZBOB-Neo or with mp120 isoforms 1 and 3
(cloned from EN064 cells) to generate 474Luc/vec (control) or
two mixed populations of cells that expressed both p120 iso-
forms: 474Luc/p120–1 and 474Luc/p120–2. Female NCR
nu/nu mice were implanted with a 60-day release 1.5 mg/17�-

estradiol pellet 2 days prior to inoculation with 3� 105 cells via
intracardiac injection into the left ventricle under 2% isoflu-
rane. Luciferin was administered at 150 mg/ml via intraperito-
neal injection (150mg/kg). Themice were immediately imaged
at the specified times on the Xenogen IVIS system (Xenogen
Corporation, Hopkinton, MA).
Human Tissue Specimens and Immunohistochemistry—All

of the paraffin-embedded tissues were collected from the Uni-
versity Hospital Department of Pathology Archives based on
reported receptor (ER, PR, and HER2) status. No patient infor-
mationwas obtained. The samples were sectioned and de-iden-
tified. Following immunohistochemistry, all of the samples
were blindly scored by two independent pathologists. Approval
was obtained prior to initiating these studies from the Case
Center Institutional Review Board. Immunohistochemistry for
total p120 was performed utilizing the Dako Envision Plus
Mouse HRP kit, as previously described (22), with minor mod-
ifications. Antigen retrievalwas achieved by incubating slides in
a decloaking chamber (BiocareMedical) for 15min at 125 °C in
10mM citrate buffer (pH 6.0). Sections were blocked with Dako
peroxidase blocking reagent along with 15 �l/ml normal goat
serum and then incubated with primary antibody diluted 1:50
(overnight, 4 °C). Following incubation with secondary anti-
body, bound antibody was detected by DAB reaction. The sec-
tions were counterstained with Gill’s hematoxylin 3 (Poly-
sciences, Inc., Washington, PA), dehydrated, cleared, and
mounted in Permount.
Transwell Motility and Invasion Assays and Wound Healing

Assays—Transwell� motility assays were performed as previ-
ously described (23) with minor modifications. The chemoat-
tractant used in these experiments was complete media unless
specified. Invasion assays were performedwith 8-�mMatrigel-
coated Transwell� filters purchased from BD Bioscience. For
woundhealing experiments, confluentmonolayers of cellswere
scratched with a 200-�l pipette tip. Wound closure was moni-
tored over a 24-h period. Cell migration into the wound was
monitored in multiple wells with Image-PROMDA version 6.0
(MediaCybernetics) and a Leica DMI 6000B microscope.
Western Blots, Pulldown Assays, and Immunofluorescence—

Western, immunofluorescence, and pulldown assays were con-
ducted in accordance with the protocols previously described
(23). In brief, subconfluent cells were washed in sterile PBS and
lysed in radioimmune precipitation assay buffer and cleared by
centrifugation. Protein concentrations were determined by
Bio-Rad protein assays. The lysates were processed for SDS-
PAGE and membrane-probed with the aforementioned anti-
bodies. In Rac1 and Cdc42 pulldown assays, fusion protein was
prepared and coated onto beads. Tissue culture cells were
rinsed twice with cold Tris-buffered saline (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl) and scraped in lysis buffer (50 mM Tris-
HCl, pH 7.5, 200 mMNaCl, 10 mMMgCl2, 1 mM DTT, 1% (v/v)
Nonidet P-40, 5% (v/v) glycerol, 1 mg/ml leupeptin, 1 mg/ml
aprotinin, 1 mM PMSF). The mixture was incubated on ice for
several min, clarified by centrifugation, and used immediately.
10% of the cell lysate was used for the total protein control,
whereas the remainder was incubated with beads coated with
theGST-CRIB orGST-CBD fusion proteins for 45min to 1 h at
4 °C. The beads were centrifuged, washed three times in lysis
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buffer, and resuspended in 2� Laemmli sample buffer for SDS-
PAGE. To assess p120, E-cadherin, and ZO-1 localization in
culture cells, the cells were cultured on glass coverslips,
mounted, and fixed with SlowFade Gold (Invitrogen). Confocal
images were captured on a Zeiss LSM 510 META microscope
with a 1.4 NA 100� oil DIC objective.
Transfections and Virus Production—The Phoenix viral

packaging cell line or 293FT cells were cultured, and viruses
were generated with the aforementioned vectors as previously
described (23) with minor modifications. Phoenix and 293FT
cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. 293FT cells were
simultaneously transfectedwith theViraPower Lentiviral pack-
aging kit (Invitrogen). Transfected 293FT cells were cultured
for 48 h at 37 °C before virus-containing medium was har-
vested. Phoenix cells were selected with puromycin to produce
a stable homogenous population of virus-producing cells.
Virus-containing medium was removed, filtered through a
0.45-�m filter, and supplemented with polybrene (4 mg/ml,
Sigma). Target cells were plated overnight at low density to
ensure isolated cells and then incubated in the virus-containing
media at 32 °C overnight. Infected cells were cultured until
�80% confluency and then selected in either 400 �g/ml G418
or 4 �g/ml puromycin.
Statistics—All of the experiments were repeated a minimum

of three times. The data are expressed as the means � S.D.
Statistical analyses were performed using a one-way analysis of
variance, followed by unpaired Student’s t test. A minimum p
value of �0.05 was considered statistically significant.
Supplemental Materials—Addition explanations for pull-

down assays, immunofluorescence and for the constructs and
reagents are given in the supplemental materials.

RESULTS

ErbB2 Induces Expression of p120 in Mammary Epithelial
Cells—We previously characterized an ErbB2/Neu/HER2-in-
duced mammary tumor transcriptome using a transgenic
mouse model of breast cancer (MMTV-c-Neu) by comparing
expression signatures of tumors to age-matched wild type
(WT) mammary glands (22, 24). Further evaluation of these
data revealed that p120 mRNA is increased �3-fold in tumors
comparedwithwild type glands (Fig. 1A).Western blot analysis
confirmed that p120 protein expression (isoforms 1 and 3) was
also elevated in tumors compared with wild type glands (Fig.
1B). Given the cellular complexity of the virgin mammary fat
pad, with epithelium being a minor cellular component, these
Western results may not be indicative of p120 expression
within the mammary epithelium. Therefore, we examined
whether p120 protein expression is altered within tumor cells
compared with normal mammary epithelium by isolating and
culturing epithelial cells from both wild type glands and
MMTV-c-Neu tumors, followed by immunocytochemistry for
p120. This confirmed that p120 expression is elevated in tumor
compared with normal mammary epithelial cells. In addition,
the localization of p120 was distinct for the two cell types. In
normal mammary epithelial cells p120, E-cadherin, and ZO-1
(zonula occludens-1) are associated with regions of cell-cell
contact in a contiguous manner (Fig. 1C). Conversely, p120

expression in the tumor cells was dispersed across cell-cell con-
tacts, cytoplasm, and the nucleus. This analysis also revealed
that contiguous circumferential staining of ZO-1 was substan-
tially reduced; suggesting disrupted intercellular contacts and
increased motility. To determine whether increased p120 ex-
pression in MMTV-c-Neu tumors may be due to ErbB2 over-
expression or a consequence of tumorigenesis, we ectopically
expressed rat c-Neu/ErbB2 in the nontransformed human
mammary epithelial MCF-10A cell line (10ANeuN). Overex-
pression of ErbB2 increased expression of p120 isoforms 1 and
3 (Fig. 1D), with the predominant induction being observed in
the pro-migratory isoform 1 (25). Numerous studies have
shown that p120 mediates its effects on cellular behavior
according to physical location. Hence, these studies suggest
that the up-regulation and relocalization of p120 that occurs in
response to ErbB2 may modulate cellular pathways other than
stabilizing the adherens junction.
ErbB2-associatedMigration and InvasionRequires Sustained

Expression of p120—ErbB2 and p120 have independently been
shown to regulate cellmigration. To determinewhether p120 is
necessary for ErbB2-induced cell migration and invasion, we
attenuated p120 expression in several human mammary epi-
thelial cell lines that exhibit elevated expression of ErbB2 aswell
as cell lines that we established from MMTV-c-Neu mouse
mammary tumors (EN064, EN518, and EN523). The EN cells
continue to express ErbB2 and p120 (supplemental Fig. S1) and
remain dependent on ErbB family signaling because treatment
with the EGFR/ErbB2 selective inhibitor, PD168393, induces
extensive cell death (data not shown). Species-specific p120
shRNA directed to either mouse or human mRNA sequences
(10) was used to reduce p120 expression (Fig. 2A). In either
case, the control and parental cells exhibited indistinguishable
p120 levels. We therefore only compare knockdown cells
with their nonsilencing counterpart. Consistent with previous
reports, stable p120 silencing in EN064 (mouse), 10A/
10ANeuN (human), and BT-474 (human) mammary epithelial
cells led to a decrease in E-cadherin and �-catenin levels (10,
25) (supplemental Fig. S2A anddata not shown).We refer to the
nonsilencing shRNA sequence as “ns” and the silencing
sequence as “p120kd.” Immunofluorescence imaging of 10A/
10ANeuN cells revealed that p120 silencing (p120kd) resulted
in nearly complete ablation of p120 at cell-cell borders, whereas
cells expressing the nonsilencing control retained p120 at cell
junctions (Fig. 2B). These results also revealed that �-catenin
was shifted to the cytoplasmic pool and absent from intercellu-
lar borders. More importantly, we observed a �58% suppres-
sion of wound healing in 10ANeuN cells with stable silencing of
p120 expression (Fig. 2C). Similar results were obtained in
EN064 and BT-474 cells, with p120 silencing resulting in a
decrease in serum-inducedmigration inTranswell� assays (Fig.
2D). In vitro invasion assays further revealed a requirement for
p120 in Neu/ErbB2-induced invasion with an 80% reduction in
10ANeuN invasion upon p120 silencing compared with a
nonsilencing control (Fig. 2E). These findings were further cor-
roborated in EN064 and EN518 cells where transient p120
silencing led to a decrease in migration and invasion (supple-
mental Fig. S2,B andC), indicating that the inhibition observed
with p120 knockdown was not cell line-specific or caused by
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stable suppression of p120. Together these data indicate that
sustained p120 expression is required for ErbB2-induced
migration and invasion of mammary epithelial cells. These
results contrast with the purported anti-migratory role of p120
in breast cancer and reveal an essential action of p120 in the
context of ErbB2-dependent breast cancer cell migration (19,
26, 27).
p120 Is Required for ErbB2-induced Activation of Rac1 and

Cdc42—ErbB2 overexpression and/or heregulin stimulation
have been shown to activate the small GTPase Rac1, which is a
critical modulator of migration (28, 29). Likewise, p120 is an
established regulator of Rac1, as well as Cdc42 and RhoA (17).
To ascertain the impact of p120 in ErbB2-induced GTPase
activity, we compared MCF-10A and 10ANeuN cells in the
presence of normal or reduced levels of p120. Although RhoA
was not detectable in 10A or 10ANeuN cells (data not shown),
overexpression of NeuN resulted in a �2-fold increase in Rac1

and Cdc42 activity when compared with the parental cells (Fig.
3A). Silencing p120 in ErbB2-overexpressing 10ANeuN cells
causeda�50%reduction inRac1andCdc42activity. Phosphor-
ylation of p21-activated kinase (PAK1), a downstream effector
of Rac1 and Cdc42 that facilitates actin cytoskeletal rearrange-
ment and cellular locomotion (30), ErbB2 expression resulted
in a 35 � 0.5% increase in phospho-PAK1 (normalized to total
PAK1), an indication of PAK1 activation. This response was
mitigated by p120 knockdown, reducing the phospho-PAK
level by 62� 2.3%. (Fig. 3B), further supporting the importance
of this catenin in mediating ErbB2 activation of both GTPases.
To determinewhether Rac1 andCdc42were the primarymedi-
ators of ErbB2/p120-regulated migration, constitutively active
forms of Rac1 (CA-Rac1) or Cdc42 (CA-Cdc42) were ectopi-
cally expressed in 10ANeuN cells in the presence or absence of
p120 silencing. Either CA-Rac1 or CA-Cdc42 was sufficient to
rescue the loss of motility observed with p120 silencing (Fig.
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3C). These data suggest that p120 is necessary for ErbB2 acti-
vation of Rac1/Cdc42 and subsequent acquisition of maximal
migratory potential.
Overexpression of p120 in MCF-10A Cells Mimics the Ability

of ErbB2 to Induce Migration but Not Invasion—Our studies
indicate that sustained expression of p120 is necessary for
ErbB2-induced migration and invasion. A key question that
arises is whether p120 overexpression alone is sufficient to
induce migration/invasion of mammary epithelial cells in the
absence of ErbB2 overexpression. We therefore retrovirally
transduced both murine p120 isoforms 1 and 3 into MCF-10A
cells (10Ap120) (Fig. 4). This increased both the cytosolic and

nuclear pools of p120 compared
with the vector control (data not
shown). Protein analysis showed
that p120 overexpression did not
induce expression or phosphoryla-
tion of ErbB2 in these cells. How-
ever, E-cadherin expression was
slightly increased as expected given
the ability of p120 to stabilize this
protein (10) (Fig. 4A). Overexpres-
sion of p120 leads to an increase in
Rac1 and Cdc42 activity that was
indistinguishable from that ob-
served with ErbB2 overexpression
(Fig. 4B). Although no obvious
changes in morphology were ob-
served with p120 overexpression
(data not shown), 10Ap120 cells
exhibited a 50% increase in migra-
tion compared with MCF-10A cells
that was indistinguishable from the
increase in migration observed with
ErbB2 overexpression (Fig. 4C). A
hallmark of metastatic progression
is the destruction of surrounding
extracellular matrix proteins and
cellular invasion into the local envi-
ronment. To evaluate the invasive
potential conveyed by p120 over-
expression, 10Ap120 cells were
serum-starved, and chemotactic
invasionwas assessed. Unlike ErbB2
overexpression, expression of p120
was unable to increase invasion of
MCF-10A cells (Fig. 4D). To further
examine the basis for the differences
between p120 and ErbB2 on mam-
mary epithelial cell invasion, we
assessed MMP production using
gelatin-based zymography (Fig. 4E).
Overexpression of ErbB2 in MCF-
10A cells increasedMMP-2 activity,
whereas p120 overexpression alone
was unable to induce the activity of
MMP-2 and suppressed activity of
MMP-9 compared with the vector

control cells. Together, these data indicate that although p120
overexpression canmimic themigratory phenotype induced by
ErbB2, it cannot completely recapitulate the signaling of this
receptor to induce invasion.
p120 Overexpression Potentiates Metastasis of theWeaklyMet-

astatic, ErbB2-dependent BT-474 Breast Cancer Cell Line—The
ability of p120 to induce migration of ErbB2-expressing cells
suggested that it may promote metastatic progression of
ErbB2/HER2-positive breast cancers. To assess whether p120
overexpression promotes metastatic progression, we utilized
the ErbB2-dependent BT-474 cell line, which has a low tumor-
igenic rate in xenograft models with weak lymph node metas-

FIGURE 2. ErbB2-associated migration and invasion requires sustained expression of p120. A, species-
specific oligodeoxynucleotides were used to generate lentiviral shRNA vectors (10). Stable p120 knockdown
populations were generated from EN064, MCF-10A, 10ANeuN, and BT-474 cell lines. The mshRNA targets the
mouse p120 mRNA, whereas hshRNA targets the human p120 mRNA. These sequences differ by three nucle-
otides. B, 10A or 10ANeuN cells that express either a nonsilencing shRNA (ns) or a p120-specific shRNA (p120kd)
were cultured on coverslips and processed for indirect immunofluorescence. The cells were stained with
antibodies against p120 and �-catenin and counterstained with DAPI. C, migration of ErbB2-overexpressing
mammary epithelial cells requires sustained p120 expression. Wound healing was assessed in 10ANeuN cells
expressing a nonsilencing p120 shRNA (ns) or a p120 species-specific shRNA (p120kd) over 14 h. D, ErbB2-de-
pendent cells require p120 expression for migratory activity. EN064 and BT474 cell migration was analyzed
with or without p120 suppression over a 12-h period of chemotactic migration in modified Boyden chambers
toward 10% FBS. E, the ability of p120 to regulate cell invasion was examined with 10ANeuN ns and 10ANeuN
kd cells in MartigelTM-coated invasion chambers. The values represent the means � S.D. **, p � 0.001; *, p �
0.05 compared with the same cell line not treated with inhibitor or transduced with the ns vector (n � mini-
mum of three replicates for each experiment).
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tasis when placed in the neck of nude mice (31). Currently, no
ErbB2 model of breast cancer has been reported to metastasize
after orthotopic transplantation into the mammary fat pad. To
circumvent the weak metastatic rate of these HER2-dependent
cells, we examined the metastatic process from the point of
extravasation into distal tissue sites using a cardiac injection
paradigm. BT-474 cells were transduced with a luciferase
expression vector to produce cells (474L) that could be nonin-
vasively imaged in xenografted mice following intraperitoneal
injection with luciferin. Luciferase expressing cells were then
retrovirally transduced to express murine p120 isoforms 1 and
3 or an empty vector. Increased p120 expressionwas confirmed
(Fig. 5A and data not shown), and two stable populations of
cells (474Lp120–1 and 474Lp120–2) displayed a �2.5–5-fold
increase in chemotactic migration compared with the vector
control (Fig. 5B and data not shown). On average, p120 expres-
sion was increased 2 � 0.5-fold in 474Lp120–2 cells. We also
observed increased E-cadherin, ErbB2, and pY1248 in the
474Lp120–2 cells (60 � 20-, 70 � 10-, and 2.0 � 1.5-fold,
respectively) in 474Lp120–2 cells compared with 474L cells.
We then assessed the metastatic potential of p120 by utilizing
474Lp120–2 cells in an experimental metastasis model. Imme-

diately following intracardiac in-
jection, both the vector control
(474Lvec) and p120 expressing
(474Lp120–2) cells were clearly dis-
persed throughout the vascular net-
work, with a high concentration of
cells accumulating in the lungs (Fig.
5C, top and bottom left panels).
Within 15 days luciferase-express-
ing tumors could be detected in the
lungs and brains in four of the five
mice that received p120-overex-
pressing cells. In contrast, only one
mouse that received vector control
cells formed a bioluminescent
focus. This occurred around the
heart and was likely the result of an
inaccurate injection and pooling of
cells in the mediastinum (data not
shown). The differential formation
of tumors between 474Lp120–2
and vector control cells was sus-
tained at 45 days after tumor cell
injection (Fig. 5, C andD). Only one
vector control mouse developed a
detectable tumor aftermore than 45
days following tumor cell injection
(data not shown). These data indi-
cate that increased expression of
p120 can promote metastases of
ErbB2-dependent tumors.
Src Activation Is Required for

ErbB2 Induction of p120 Expres-
sion—Having established that p120
was up-regulated by ErbB2 and
required for ErbB2-induced migra-

tion and invasion, we sought to determine the mechanism by
which ErbB2 stimulates p120 expression. A panel of inhibitors
that target EGFR (Iressa), EGFR/ErbB2 (PD168393), Erk1/2
(PD98059), or Src (PP2) was used to determine which may
inhibit migration of EN518 cells. Inhibition of EGFR and ErbB2
(Iressa or PD168393 treatment) caused a 40–60% reduction in
cell migration, whereas Erk1/2 inhibition (PD98059) had no
effect (Fig. 6A). Themost efficacious inhibitor of migration was
PP2, blocking EN518 migration by 90%. These data suggested
that Src activation is critical for ErbB2-drivenmotility. We fur-
ther corroborated this finding by treating 10ANeuN cells with
PP2 in a chemotaticmigration assay. Src inhibition resulted in a
75% reduction in migration of these cells as well (Fig. 6B), and
this result was nearly identical to that obtained with p120
silencing in these cells (Fig. 2C). p120was first identified as a Src
substrate; thus we anticipated that Src activity may also be
required for ErbB2 induction of p120 expression (9). To test
this possibility, the impact of Src suppression on p120 expres-
sion was assessed in cells undergoing transient amplification of
ErbB2 activity. This was accomplished using SkBr3 cells that
express endogenous ErbB2 that can be further activated by the
ligand,heregulin-�1.Asexpected,heregulin inducedphosphor-

FIGURE 3. p120 is required for ErbB2-induced activation of Rac1 and Cdc42. A, ErbB2 activation of Rac1 or
Cdc42 requires p120 expression. Rac1 and Cdc42 activation levels were compared between parental MCF-10A,
10ANeuN, and 10ANeuN kd cells. The values represent the means � S.D. *, p � 0.001 (n � 3). B, silencing p120
results in reduced phosphorylation of PAK1, an established target of Rac1 and Cdc42. C, add-back cell lines
were generated by retroviral transduction with expression vectors for CA-Rac1 or CA-Cdc42 into 10ANeuN kd
cells. The cells were serum-starved and subjected to chemotactic migration assays toward serum over a 16-h
period. The values represent the means � S.D. *, p � 0.001 (n � 3).
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ylation of Akt and MAPK, two downstream targets of ErbB2
signaling, within 30 min (supplemental Fig. S3A). Heregulin
also stimulated p120 levels within 5min of treatment (�3-fold),
and induction was maintained for at least 2 h (�2-fold at 2 h).
After confirming the efficacy of the above inhibitors for pre-
venting the activity of their respective targets (supple-
mental Fig. S3B), we evaluated their impact on heregulin-in-
duced p120 expression (Fig. 6C). Mimicking the results of the
migration assays with EN518 cells, inhibition of EGFR and
ErbB2 prevented the increase in p120 expression, whereas inhi-
bition of Erk1/2 had no effect. More importantly, inhibition of
Src activity with PP2 prevented the stimulation of p120 expres-
sion that occurswith heregulin treatment aswell as reduced the
basal expression of p120 within a 2-h time course. Src regula-
tion of p120 expression was further confirmed by transiently
transfecting a siRNA pool against Src into SkBr3 (Fig. 6D). This
resulted in a 42 � 14% decrease in Src protein accompanied by
a 55� 7% reduction in p120 levels. Transfection of the 10A and
10ANeuN cells (Fig. 6E) with the siSrc also abated Src expres-
sion by 38� 13 and 52� 9%, respectively, and this resulted in a

decrease in p120 expression by 42�
14 and 39 � 10%, respectively. Inhi-
bition of Src resulted in a reduction
in p120 expression in all three cell
lines, indicating that sustained ex-
pression of Src is necessary for p120
expression.
p120 Is Expressed in Most, if Not

All, Primary Breast Cancers and
Metastases Regardless of Receptor
Status—Given the role of p120
in ErbB2/HER2-induced migration
and invasion, we asked whether
p120 expression is differentially
expressed in primary breast tumors
and whether its expression corre-
lates with disease subtype. Breast
cancers can be categorized accord-
ing to their receptor expression
pattern into four primary groups:
1) estrogen and progesterone re-
ceptor-positive and ErbB2/Her2-
negative (ER�/PR�/HER2�); 2)
estrogen and progesterone receptor-
positive and ErbB2/HER2-positive
(ER�/PR�/HER2�); 3) estrogenand
progesterone receptor-negative and
ErbB2/HER2-positive (ER�/PR�/
HER2�); and4) triplenegative (ER�/
PR�/HER2�) (1, 32). We immuno-
histochemically stained 71 human
breast cancer samples (62 primary
tumors and 9 metastases) for total
p120 protein and examined these
samples for expression levels and
localization. Unexpectedly, all of
the tumors examined had readily
detectable p120 expression, and the

level and pattern of expression was indistinguishable in tumors
of distinct receptor status (representative samples shown in Fig.
7A). Hence, p120 expression is consistently maintained in the
vast majority of breast cancers. In accordance with previous
reports (19, 33, 34), ductal carcinomas expressed p120 primar-
ily at the cell membrane, whereas in lobular carcinomas, p120
was localized to the cytoplasm (Fig. 7B). However, this pattern
was also independent of receptor status. Of note, all of the
breast cancer metastases also expressed p120. Again, the sub-
cellular pattern of staining corresponded to tumor pathology,
with lobular tumors having cytoplasmic staining and ductal
tumors accumulating p120 predominantly at the cell mem-
brane (Fig. 7B). The pattern of staining for p120 that was asso-
ciated with ductal versus lobular tumors is consistent with the
loss of E-cadherin that occurs in lobular carcinomas (33,
35–37). E-cadherin loss can also occur with tumor progression
(27, 38–43); thus we additionally screened nine matched pairs
of primary tumors and their associatedmetastases to determine
whether p120 expression may be altered during the process of
metastasis (Fig. 7C). All distal metastases maintained p120

FIGURE 4. Overexpression of p120 in MCF-10A cells mimics the ability of ErbB2 to induce migration but
not invasion. A, cDNA clones for p120 isoforms 1 and 3 were generated from EN064 cell mRNA. Ectopic
expression was achieved by retroviral transduction of both p120 isoforms into MCF-10A cells. Protein expres-
sion was compared with 10ANeuN and parental MCF-10A cells. pY1248 is a phosphorylated form of ErbB2,
indicating active signaling from this receptor. B, cells were serum-starved overnight and subjected to Rac1/
Cdc42 pulldown assays. MCF-10A cells expressing p120 (10Ap120) exhibited indistinguishable levels of acti-
vated Rac1 and Cdc42 compared with ErbB2 overexpression in MCF-10A (10ANeuN) cells. C and D, MCF-10A
cells overexpressing ErbB2 (10ANeuN) or p120 (10Ap120) were serum-starved overnight, and chemotactic
migration (C) and invasion (D) were assessed over a 14-h period. The values represent the means � S.D. *, p �
0.001 (n � 3). E, 10A, 10ANeuN, and 10Ap120 cells were maintained in serum-free medium for 48 h, and
conditioned medium was collected. The activity of MMP2/9 in conditioned medium was analyzed by gelatin
zymography (n � 2).
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expression that was comparable
with the primary lesion. In contrast
to previous suggestions that p120
may be lost during metastatic pro-
gression (12, 13), these results indi-
cate that for breast cancer, sus-
tained p120 occurs in most, if not
all, primary tumors and is sustained
in subsequentmetastases. This con-
sistent pattern of expressionmay be
due to the common activation of Src
inmany breast cancer types, includ-
ing those that overexpress ErbB2.
Furthermore, the sustained expres-
sion in over 80 different tumor
samples suggests that p120may play
a pleiotropic and essential role in
breast cancer.

DISCUSSION

Activation of the pro-migratory
factor Rac1 and its downstream
effector PAK1 is induced by ErbB2
signaling (44), and this ultimately
leads to an increase in migration.
We show that ErbB2 also increases
Cdc42 activity. However, the mech-
anism(s) by which ErbB2 activates
these small GTPases is not fully
understood. Mediators between
ErbB2 and these GTPases likely
contribute to ErbB2-induced me-
tastases; thus their elucidation may
reveal effective targets to halt dis-
ease progression. The role of p120
has predominantly been associated
with the maintenance of cadherin
stability, and it has only been pro-
posed to function in a pro-meta-
static capacity in cadherin-null
environments or in conjunction
withmesenchymal cadherins. Here-
in,we report the first demonstration
that ErbB2-induced migration and
invasion requires sustained p120 ex-
pression. The requirement of p120
to mediate ErbB2-induced migration
and invasion is enigmatic to its role as
a cadherin stabilizing factor because
E-cadherin is an established inhibitor
of metastatic progression. In general,
the loss of both E-cadherin and p120
has been reported in cancer progres-
sion. However, our analyses revealed
that chronic ErbB2 overexpression in
MMTV-c-Neu mice results in mam-
mary tumorswith elevatedp120 cate-
nin and E-cadherin expression (Fig. 1

FIGURE 5. Ectopic expression of p120 accelerates experimental metastasis. A, 474L/vec and 474L/p120 –2
cells were maintained in complete medium, and whole cell lysates were prepared in radioimmune precipita-
tion assay buffer. Protein expression was compared by Western blot. B, evaluation of p120 overexpression on
ErbB2-dependent cell migration in Transwell� assays. Migration in response to 10% serum for 16 h was exam-
ined for cells containing the empty vector (474L/vec) or 474L/p120 –1 and 474L/p120 –2 mixed population cell
lines that overexpress isoforms 1 and 3 of p120,. *, p � 0.001 (n � 3). C, representative photographs of an
8-week-old female NCR nu/nu mice following intracardiac injections with 474L/vec or 474L/p120 –2 cells and
noninvasively imaged utilizing luciferase-mediated bioluminescence. The images were captured at 0, 15, and
45 days after tumor cell injection. D, extent of metastases was assessed for individual animals in the experi-
mental metastasis model. The bioluminescence intensity above a negative tissue threshold was calculated,
and any mice that had intensities higher than this threshold were considered positive for metastases (n � 7).

FIGURE 6. Src activation is required for ErbB2 induction of p120 expression. A, EN518- and ErbB2-express-
ing mouse mammary tumor cells require Src activation for migratory activity. EN518 cell migration was ana-
lyzed with or without the following inhibitors: Iressa (Ir; 1 �M), PD168393 (PD16; 1 �M), PD98059 (PD98, 20 �M),
and PP2 (10 �M) over an 8-h period of chemotactic migration in modified Boyden chambers toward 10% FBS.
Con, control. B, blockade of ErbB2, EGFR, and Src prevents induction of p120 expression. Heregulin (5
�g/ml) induction of p120 expression in SKBR3 cells can be attenuated by pretreatment with various
inhibitors. SKBR3 cells were stimulated with heregulin (5 �g/ml) over a 2-h time course, and lysates were
probed for alterations in p120 expression. Total and phosphorylated forms of each target of the inhibited
proteins were assessed to confirm inhibitor efficacy (supplemental Fig. 3B). C and D, SkBr3, 10A, and
10ANeuN cells were transiently transfected with a Dharmacon siRNA SMART pool against human Src. 48 h
post-transfection the cells were harvested and assessed for p120 expression. (n � minimum of three
replicates for each experiment).
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and data not shown). Similar to the mouse tumors, concurrent
expression of ErbB2 and E-cadherin has been reported for breast
cancer, with ErbB2 expression positively correlating with E-cad-
herin levels (45). These results contradict the commonly held
premise that E-cadherin is generally lost in aggressive cancers,
suggesting that sustained E-cadherin is a characteristic of ErbB2-
induced tumorigenesis, possibly contributing to collective migra-
tion of these tumor cells.
The increased expression of p120 in response to ErbB2 over-

expression/activation led us to hypothesize that p120may be an
important intermediary given the ability of p120 to modulate
the activity of Rac1, Cdc42, and RhoA (17, 26). Supporting this
postulate, we found that p120 silencing resulted in a significant
reduction of Rac1 andCdc42 activity in 10ANeuNcells thatwas
accompanied by an attenuation of cellular migration. Con-
versely, the ablation of p120 in parental MCF-10A cells accel-
erated cell motility in wound healing and Transwell� experi-
ments (data not shown), indicating that the effects of p120
silencing are specific to ErbB2 in this cell line. Forced expres-
sion of constitutively active forms of Rac1 and Cdc42 com-
pletely reversed the phenotype observedwith p120 knockdown,
indicating that the primary role of p120 in mediating ErbB2-
inducedmigrationwas activation of theseGTPases.Of note, we
also found that p120 overexpression was sufficient to increase
migration ofMCF-10A cells in the absence of ErbB2, indicating
that the control of p120 expression is important for determin-
ing the basal migratory rate of mammary epithelial cells. These
data coupled with the ability of p120 knockdown to induce
migration in parental MCF-10A cells suggest that a balance of
p120 is critical in maintaining a normal phenotypic state. This
may explain why elevated levels of p120 in certain models pro-
mote cell motility by increasing Rac1 and Cdc42 activity,
whereas attenuating levels of p120 in other models initiates a
similar phenotype (27, 46). In contrast tomigration, p120 over-

expression was incapable of inducing invasion of MCF-10A
cells in the absence of ErbB2 overexpression. These data indi-
cate that p120 mediates a subset of ErbB2 signaling, but not
all of its properties. Indeed, although ErbB2 overexpression
induces activity of MMP-2, p120 overexpression is unable to
recapitulate this function.
Using BT-474 breast cancer cells, which are ErbB2-depen-

dent but have low metastatic potential, we found that p120
overexpression increases the formation of distal metastases in
an in vivo experimental metastasis model. These data indicate
that p120 promotes extravasation in the context of ErbB2-pos-
itive breast cancers. Our data also suggest that p120 promotes
migration and invasion but does not dismiss a possible pro-
survival function. Indeed, we found that p120 silencing in
BT-474 cells increases the rate of apoptosis (data not shown),
suggesting a role in ErbB2-induced survival as well. Whether
p120 may mediate metastases of breast cancer cells that lack
constitutive ErbB2 activation is not yet known but quite
possible.
We also examined the potential for p120 to control metasta-

ses of diverse breast cancer subtypes by evaluating the expres-
sion pattern of p120 in various human breast tumors and
metastases. Previous immunohistological analyses of colorec-
tal, bladder, gastric, prostate, lung, and pancreatic cancers sug-
gested that p120 expression is decreased or lost in 20–94% can-
cers (41, 42, 47–49). In two separate studies p120 expression
has been reported to be completely lost in 10% of breast cancer
samples, whereas abnormal or decreased expression was
observed in �50–73% of tumors (14, 40). These authors also
reported that complete ablation of p120 was associated with
progesterone receptor loss and rare. Sarrió et al. (19) also
showed that p120 is commonly reduced (57%) in ductal carci-
nomas. All of these studies correlate p120 loss with increased
breast cancer cell invasiveness, and this is likely due to the loss
of E-cadherin in these tumors. In contrast, p120was found to be
amarker of lobular tumors, with 88%of tumors exhibiting cyto-
plasmic localization but not diminished expression (50, 51).
To date no study has addressed p120 expression in the con-

text of HER2 status. Our data indicate that p120 mRNA and
protein is increased in MMTV-c-Neu mouse tumors. We then
sought to discern whether p120 expression was increased in
HER2/Neu-positive tumors as compared with other tumors
of differing receptor status (ER�/PR�/HER2�, ER�/PR�/
HER�, ER�/PR�/HER2�, and ER�/PR�/HER�). To our
surprise, p120 expression remained consistent in all 71 tumor
samples, even in those that were triple negative, which are char-
acteristically highly metastatic (52). These results contrast with
the previous reports described above. This could be due to three
possibilities.The formerstudiesutilizeda tissuemicroarray,which
althoughhigh throughput, is limited by the amount of each tumor
that canbe surveyed. Inaddition, differences inantigen retrieval or
patientpopulationsmayhavecontributed to thedifferent findings.
From our results, we deduce that p120 reduction is an extremely
rare event, suggesting an integral role in tumorigenesis andmeta-
static progression. Our studies do not, however, exclude the pos-
sibility that transient attenuationmay occur.
A sustained loss of p120 expression also did not occur with

metastatic progression of breast cancer as seen in our matched

FIGURE 7. Expression of p120 is maintained in most, if not all, primary
human breast cancers and distal metastasis regardless of receptor sta-
tus. A, representative paraffin-embedded samples of 60 primary human
breast cancers were selected based on receptor composition and were
immunohistochemically stained for p120 catenin. Expression of p120 was
retained in all samples and differed only by intracellular location. B, the dis-
tinct patterns of subcellular localization of p120 in lobular and ductal primary
tumors were preserved in unpaired samples of distal metastases. C, p120
expression is maintained in distal metastases. Representative samples of
nine matched pairs of primary breast cancers and their corresponding
metastases were stained for p120 catenin and evaluated for expression
levels and subcellular localization. Two representative pairs are shown.
Bars, 20 �m.
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primary/metastasis paired samples. Most importantly, the
retention of p120 in all tumors and metastases suggests that
p120may play a critical role in themaintenance of these diverse
pathologies. Although we observed induction of p120 expres-
sion in response to ErbB2 overexpression and activation in
numerous in vitro and in vivomodels, selective up-regulation of
p120 was not observed in HER2-positive human breast tumors
compared with other tumor subtypes. This may be due to the
inherent technical limitation of immunohistochemistry, which
is restricted to qualitative assessments. Alternatively, numer-
ous mechanisms may exist for increasing p120 expression in
breast cancer, with ErbB2 only being one of these. Lastly, p120
is a multi-faceted intracellular signaling protein with an exten-
sive role in cell behavior, and it is not necessary to change its
expression to have an impact on activity. Under normal condi-
tions p120 stabilizes cadherin-mediated cell-cell adhesion,
releases Kaiso-mediated transcriptional suppression, and
maintains the Rac1/Cdc42/RhoA balance. Furthermore, we
found that Src up-regulates the expression of p120 and that
p120 is critical for mediating Src actions in breast cancer cells.
The pleiotrophic activation of Src in breast cancer by a wide
array of oncogenic signals, such as EGFR, HER2, VEGF, Met,
IGF, and ER (53–55) among others could each result in activa-
tion of p120. Hence, tumors with very different transforming
events could all be dependent upon p120 if Src is a critical factor

in their transformation. If so, it would not be surprising that the
majority of tumors maintain p120 expression.
When expressed at low levels, ErbB2 regulates the proper

development and growth of normal mammary epithelial cells
(56, 57). However, genetic events triggering ErbB2 amplifica-
tion serve as a catalyst for uncontrolled activation of down-
stream signals. It is this process that activates signaling path-
ways that accelerate cellular locomotion and invasion
culminating in distal metastasis. Several studies have illumi-
nated various signaling cascades that accentuate ErbB2 migra-
tion/invasion (58). Our studies now place p120 as an essential
mediator of ErbB2-induced migration, invasion, and experi-
mentalmetastasis that acts by inducingRac1 andCdc42 activity
(see model in Fig. 8). Most cancer therapies have been devel-
oped by focusing on primary tumors without detailed analyses
of the mechanisms underlying metastatic progression. Our
studies have revealed that Src plays critical roles in establishing
p120 levels in ErbB2 metastatic properties of tumor cells.
Hence, targeting proteins such as p120 and Src may provide an
avenue for the prevention of metastatic progression in ErbB2-
induced tumors and potentially other breast cancer subtypes as
well.
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