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Co-amplification and co-overexpression of ErbB2 and Grb7
are frequently found in various cancers, including breast cancer.
Biochemical and functional correlations of the two molecules
have identified Grb7 to be a pivotal mediator downstream of
ErbB2-mediated oncogenesis. However, it remains largely
unknown how Grb7 is involve in the ErbB2-mediated tumori-
genesis. In this study, we show that Grb7-mediated cell prolifer-
ation and growth are essential for the tumorigenesis that occurs
in ErbB2-Grb7-overexpressing breast cancer cells. Intrinsically,
EGF-inducedde novoGrb7 tyrosine phosphorylation/activation
recruits and activates Ras-GTPases and subsequently promotes
the phosphorylation of ERK1/2, thereby stimulating tumor
growth. Furthermore, we also found the anti-tumor effect could
be synergized by co-treatment withHerceptin plusGrb7 knock-
down in Sk-Br3 breast cancer cells. Our findings illustrate an
underlying mechanism by which Grb7 promotes tumorigenesis
through the formation of a novel EGFR-Grb7-Ras signaling
complex, therebyhighlighting the potential strategy of targeting
Grb7 as an anti-breast cancer therapy.

Growth factor receptor-bound protein-7 (Grb7)2 is the pro-
totype of an emerging adaptor protein family that includes
Grb10 and Grb14 and contains an N-terminal proline-rich
region followed by a putative RA (Ras-associating) domain, a
central PH (pleckstrin homology) domain, a BPS (Between the
PH and SH2 domains), motif and a C-terminal SH2 domain (1,
2). Most of these domains are known to interact with a varie-
gated spectrum of receptors and/or regulators, through which
Grb7 is capable of activating versatile signal transduction path-
ways to modulate various cellular functions (1, 2). For instance,
the SH2 domain of Grb7 is capable of binding to the phospho-
tyrosine sites of receptor tyrosine kinases such as ErbB family
receptors, PDGF receptor, Tek/Tie2, c-Kit, and EphB1, as well
as cytoplasmic proteins such as SHPTP2, Shc, and FAK (focal
adhesion kinase) (2). The PHdomain is the calmodulin- or phos-

phoinositide-binding domain that is responsible for plasmamem-
brane localization and is also accessible for phosphorylation by
FAK (3, 4). Structural prediction and biochemical validation both
support the direct interaction of the RA domain with Ras-GT-
Pases, similar to the canonical ubiquitin-like folded Ras-binding
domain of c-Raf and RalGDS (5). Using yeast two-hybrid screen-
ing, Tankyrase 2, an ankyrin repeat-containing poly(ADP-ribose)
polymerase,was identified to interactwith theN-terminalproline-
rich region of Grb14 (6). However, the downstream signaling tar-
gets of the identified interactions and their corresponding func-
tional consequences remain largely unknown.
Originally identified as an activated EGF receptor-binding

partner, Grb7 has often been found to be co-amplified with
ErbB2 in several cancers because both genes are located in the
chromosome 17q12 (7). In fact, Grb7 is concurrently overex-
pressed with ErbB2 in about 30% of human breast cancers, and
in these cases, the patients present a poor recurrence survival
rate. Therefore, Grb7 is warranted to be used as an adverse
prognosticmarker for breast cancer (7). In accordancewith this
finding, Grb7 has been shown to promote tumor cell prolifera-
tion, survival, motility, and even angiogenesis, and the role of
Grb7 in cell migration has been well documented (1, 2). For
instance, the overexpression of Grb7 results in invasive and/or
metastatic consequences in various cancers and tumor cells
(7–9). The interaction of Grb7 with autophosphorylated FAK
at Tyr-397 could also promote integrin-mediated cell migra-
tion in NIH 3T3 and CHO cells, whereas the overexpression of
its SH2 domain, a dominant negative mutation of Grb7, has
been shown to inhibit cell migration (10, 11). The recruitment
and phosphorylation of Grb7 by EphB1 receptors were shown
to enhance cell migration in an ephrin-dependentmanner (12).
In contrast, Grb7 knockdown by RNAi resulted in the inhibi-
tion of breast cancer motility (13). G7–18NATE, a selective
Grb7-SH2 domain affinity cyclic peptide, was demonstrated to
efficiently block the cell migration of tumor cells (14, 15). Nev-
ertheless, it remains to be elucidated how the genetic and/or
epigenetic variations in Grb7 link to various aspects of patho-
physiological relevance, such as tumorigenesis, through the
Grb7-mediated cellular functions.
In this study, we aimed to elucidate the role of Grb7 in the

ErbB2 oncogenic tumorigenesis of breast cancer. Additionally,
to understand the underlying mechanism(s) by which Grb7
promotes tumorigenesis of breast cancer, we evaluated the
tumorigenic capability of Ras-ERK signaling in response to
EGF-induced Grb7 phosphorylation/activation in Sk-Br3 cells.
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Meanwhile, the effect of targeting Grb7-mediated EGF-depen-
dent tumorigenesis was examined.

MATERIALS AND METHODS

Reagents—Protein A-Sepharose 4B, fibronectin, 5�-bromo-
2-deoxyuridine (BrdU), andmonoclonal�-BrdUantibodywere
purchased from Sigma-Aldrich. Herceptin (Trastuzumab) was
obtained from Roche Applied Science (Genentech Inc.). Lipo-
fectamine 2000TM and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Invitrogen. The �-phosphoty-
rosine monoclonal antibody PY99, �-HA, the polyclonal
�-Grb7, �-HA, �-GFP, �-Ras, �-EGFR, �-ErbB2, and �-actin
antibodies were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA). The polyclonal
�-ERK1/2, �-pERK (pT202/pY204),
�-p38 MAPK, �-phospho-p38
MAPK (Thr-180/Tyr-182), �-SAPK/
JNK, �-phospho-SAPK/JNK (Thr-
183/Tyr-185), �-AKT, �-pS473-
AKT, �-STAT3, and �-pY705-
STAT3 antibodies were purchased
from Cell Signaling (Danvers, MA).
The PD98059 was from Calbiochem
(Darmstadt, Germany), and the EGF
was fromMillipore (Billerica, MA).
Cell Culture—Sk-Br3 human

breast cancer cells were maintained
in DMEM supplemented with 10%
fetal bovine serum (FBS). NIH 3T3
cells were cultured in DMEM con-
taining 10% calf serum. Cell trans-
fection was carried out by Lipo-
fectamine 2000TM according to the
manufacturer’s instructions. Grb7
knockdown cells were generated by
lentiviral infection of shGrb7-12,
shGrb7-13, or their combination as
described previously (16). Cells
infected with shLuc (lentiviruses
expressing a small hairpin fragment
of luciferase gene) was used as a
control for all of the gene knock-
down experiments in this study.
BrdU Incorporation Assay—After

serum starvation for 24 h in DMEM
with 0.5% FBS, cells were incubated
for 24 h in DMEM containing 10%
FBS and 100 �M BrdU. To monitor
the BrdU incorporation rate, cells
were subjected to immunofluores-
cent staining as described previ-
ously (17). Cells were then counted
in multiple fields and scored for
BrdU-positive staining in each inde-
pendent experiment.
Tumor Growth in SCID Mice—

For the in vivo tumorigenesis
assay, a suspension of 5 � 106 Sk-

Br3 cells with or without Grb7 knockdown, through infec-
tion with lentiviruses encoding either Grb7 shRNA
(shGrb7-12 and shGrb7-13) or luciferase shRNA (shLuc),
was injected subcutaneously into the right flanks of 8-week-
old NOD.CB17-PrkdcscidSCID mice. Tumor volumes and
numbers were measured on the 21st day after injection; they
were excised, photographed, and weighed.
Soft Agar Assay—Anchorage-independent growth was ex-

amined using soft agar assays as described previously (16). We
supplemented the cells twice aweekwithDMEMcontaining 10
ng/ml EGF, and for some experiments, PD98059 (20 �M) or
lentivirus harboring shLuc, shGrb7 (shGrb7-12 and shGrb7-
13), or RasG12V was added 2 days before the assays. After the

FIGURE 1. Grb7 is essential for Sk-Br3 breast cancer cell growth in vitro and in vivo. A, Grb7 expression and
phosphorylation were markedly decreased by infection with two different lentivirus-bearing shGrb7 knock-
downs, shGrb7-12 and shGrb7-13. WCL, whole cell lysates. B, Sk-Br3 cells with (shGrb7-12 or shGrb7-13) or
without (shLuc or shGrb7�Grb7) knockdown of Grb7 were subjected to a measurement of cell proliferation by
BrdU incorporation in the presence of 10 ng/ml EGF after serum starvation for 24 h in DMEM with 0.5% FBS.
C, approximately 5 � 104 Sk-Br3 cells with or without Grb7 knockdown (shGrb7-12 or shGrb7-13 or combina-
tion) or re-expressing wild type Grb7 in Grb7 knockdown cells (combination of shGrb7-12 and shGrb7-13) were
subjected to a soft agar assay in the presence of EGF (10 ng/ml) to examine the capability for anchorage-
independent growth of these tumor cells. D, Sk-Br3 cells with (combination of shGrb7-12 and shGrb7-13) or
without (shLuc) Grb7 knockdown were implanted into 8-week-old SCID mice. Tumor volumes and numbers
were measured at the 21st day after injection. Data are represented as the mean � S.E. of at least three
independent experiments, or nine mice for each. N.S., nonsignificance.
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2nd week of treatment, colony numbers were scored using a
phase-contrast microscope at 20� magnification. Images were
captured using Image-Pro Plus software under a light micro-
scope (model IX71, Olympus, Japan) equipped with a charge-
coupled device camera (DP70, Olympus, Japan).
GST-(Raf)-RBD Pulldown Assay—The Ras-binding domain

of Raf- or Grb7-tagged glutathione S-transferase (GST) fusion
protein (GST-Raf-RBD or GST-RBD; GST-RA-WT/GST-RA-
R134L, respectively) was precoupled with glutathione-Sepha-
rose 4B according to the manufacturer’s instructions and then
incubated with Sk-Br3 cell lysates for 90 min at 4 °C to detect
GTP-bound Ras-GTPases as described previously (18). The
amount of bound, activated Ras-GTP in the pulldowns and
total Ras in lysates was visualized by immunoblotting with Ras
antibodies.
Co-immunoprecipitation and Western Blot Analysis—Pro-

teins were extracted as described and subjected to co-immuno-
precipitation and/or Western blotting (4), and proteins were
detected using chemiluminescence.
Anti-tumor Assays by Herceptin—Stable pool Sk-Br3 cells

infected by shLuc or shGrb7 (combination of shGrb7-12 and
shGrb7-13) (105 cells/well) were seeded into 24-multiwell
dishes (Corning) and treated with 2.5 �g/ml Herceptin (Tras-
tuzumab, Genentech) every 24 h; untreated cells served as con-
trols. At 1, 2, and 3 days after Herceptin treatment, the live cells
were measured by hemocytometer. The representative cell
images of each treatment were photographed by a light micro-
scope (Model IX71, Olympus, Japan) equipped with a charge-
coupled device camera (DP71, Olympus, Japan).

RESULTS

Grb7 Is Involved in the Tumorigenesis of Breast Cancer—
Concurrentwith the high level of ErbB2,Grb7 expression in the
Sk-Br3 breast cancer cells was also elevated, which is consistent
with the commonly found co-amplification of both genes in a
variety of cancers, including breast cancer (19). To assess how

Grb7, in the context of ErbB2 overexpression, participates in
the tumorigenesis of breast cancer, we employed the Sk-Br3
breast cancer cell line for further investigations. A lentivirus-
basedGrb7 shRNA approach forGrb7 gene knockdown, which
we had previously established (16), also resulted in an effective
knockdown efficacy for Grb7 protein but did not affect the
amounts of EGFR and ErbB2 in Sk-Br3 cells (Fig. 1A). It is note-
worthy that Grb7 tyrosine phosphorylation was obviously
occurring in Sk-Br3 cells, implying that ErbB-mediated onco-
genesis through Grb7 may occur in the cells.
BrdU incorporation assays were conducted to determine

whetherGrb7 is able to control cell proliferation in Sk-Br3 cells.
When compared with cells infected by control viruses, Sk-Br3
cells with Grb7 knockdown by shGrb7 lentiviral infection
exhibited a significant decrease inBrdU incorporation (Fig. 1B).
A reversal in the reduction of cell proliferation resulting from
theGrb7 knockdownwas observed after ectopic reintroduction

FIGURE 2. EGF-induced Grb7-mediated downstream signaling. A and
B, cell lysates from the shLuc- or shGrb7-infected (shGrb7-12 or shGrb7-13)
Sk-Br3 cells were subjected to Western blotting with various antibodies, as
indicated, to examine the potential downstream signaling targets of EGF-
induced Grb7 activation. WCL, whole cell lysates; p indicates phosphorylation.

FIGURE 3. Grb7-mediated Ras activation is essential for ERK phosphory-
lation. A, cell lysates from the shLuc- or shGrb7-infected (shGrb7-12 or
shGrb7-13) Sk-Br3 cells were subjected to GST-Raf-RBD pulldown assays
and/or Western blotting with various antibodies, as indicated. There is unde-
tectable endogenous Grb7 in NIH3T3 cells that was used as a control. p indi-
cates phosphorylation. B, cell lysates from NIH3T3 cells transfected with
either pKH3-Grb7 or vector alone and then subjected to a GST-Raf-RBD pull-
down followed by Western analysis. For all experiments, cells were serum-
starved for 24 h and stimulated by 10 ng/ml EGF for 15 min prior to collection
of the cell lysates. IP, immunoprecipitation; WCL, whole cell lysate. p indicates
phosphorylation.
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of wild type Grb7 (Fig. 1B). These results suggest the role of
Grb7 in the regulation of tumor growth.
To directly investigate the impact of Grb7 on the tumorige-

nicity of breast cancer, Sk-Br3 cells with and without Grb7
overexpressionwere subjected to soft agar assays. Bymeasuring
the number of tumor foci under each condition, we observed a
marked decrease in the number of foci in shGrb7-infected cells
when compared with that of control shLuc-infected cells (Fig.
1C). Indeed, re-expression of wild type Grb7 in the knockdown
cells reversed the attenuation, highlighting the involvement of
Grb7 in the tumorigenesis of breast cancer. In accordance with
the in vitro result, Grb7 knockdown resulted in a significant
decrease in the tumor growth of SCID mice when compared
with that of the shLuc-infected Sk-Br3 cells in xenografts (Fig.
1D). Taken together, our data provide comprehensive evidence
for the participation of Grb7 in breast cancer tumorigenesis.
Downstream Targets of EGF-induced Grb7 Signaling—To

uncover the mechanisms by which Grb7 participates in the
tumorigenesis of breast cancer, we examined several down-
stream signaling targets that are crucial for tumorigenesis,
including STAT3, AKT, and MAPKs (i.e. ERK1/2, JNK, and
p38). In comparison with the changes in the activity of these
signal proteins between cells with and without Grb7 knock-
down, we found that phospho-STAT3, phospho-AKT, and
phospho-ERK1/2, but not phospho-JNK or phospho-p38, were
related to the presence of Grb7 upon EGF stimulation (Fig. 2,A
and B). These data are consistent with the putative regulatory

roles of these signal mediators in
tumor invasion, survival, and prolif-
eration, all of which are important
for tumorigenesis and progression
(20). Hence, these data also indicate
that Grb7 is a pivotal signal media-
tor, controlling a variety of signal
transduction pathways in the regu-
lation of tumor development and/or
progression. In light of the Ras
activation of MAPKs, including
ERK1/2, being essential for tumori-
genesis, we promptly tested the reg-
ulatory role of Grb7 in the Ras-ERK
signaling cascade. Our results dis-
played a concomitant decrease of
active Ras and phospho-ERK1/2 in
the cells without Grb7 overexpres-
sion when compared with cells
retaining Grb7 overexpression (Fig.
3A). In contrast, in a Grb7 reconsti-
tution experiment in NIH3T3 cells
(which have no endogenous Grb7
expression), we found a positive
relationship between Grb7 tyrosine
phosphorylation and the Ras-ERK
signaling cascade in response to
EGF stimulation (Fig. 3B). These
data indicate an intimate signaling
link for breast cancer development
via an EGF-Grb7-Ras-ERK axis.

EGF-induced Grb7 Phosphorylation Enables Recruiting and
Activating Ras-ERK Signaling—To reveal mechanistic insights
for Grb7 underlying the activation of Ras during the tumor-
igenesis of breast cancer, various Grb7 mutants were subjected
to an examination of their ability to trigger Ras activity. These
mutants include two tyrosine phosphorylation-deficient mu-
tants, Y188F and Y338F; R458L, with a defect in the phospho-
tyrosine binding capacity of its SH2 domain; F511R, with a
dimerization defect; and Y188E, a phospho-tyrosine mimic. As
shown in Fig. 4A, to promote Ras activity and subsequently
ERK1/2 phosphorylation, the tyrosine phosphorylation, at least
on Tyr-188 and/or Tyr-338, of Grb7 is necessary. Consistent
with the hypothesis that the important role forGrb7 activation/
phosphorylation is mediated by receptor phospho-tyrosine
motif recruitment and/or dimerization through its SH2domain
(21), our data show a failure to promote Ras activity by R458L
and F511Rmutants of Grb7. Additionally, the activation of Ras
by Grb7 was demonstrated to be EGF-dependent (Fig. 4B) but
FAK-independent (Fig. 4C) in Sk-Br3 cells. Furthermore, in line
with the direct interactions between Grb7 and activated Ras-
GTPases that have been described previously (22), a point
mutation at Arg-134 to Lys (i.e. R134L) within the RA domain
of Grb7 was incapable of promoting Ras activity (Fig. 5A),
implicating an important role for the RA domain of Grb7 par-
ticipating in the Ras activation. Noticeably, this R134L mutant
remains tyrosine phosphorylation in response to EGF stimu-
lation, indicating an additional requirement for Grb7 pro-

FIGURE 4. EGF-induced Grb7 dimerization and phosphorylation are required for Ras-ERK activation.
A, Sk-Br3 cells were transfected with either wild type Grb7 or mutants, as indicated, to determine the effect on
Ras activation using a GST-Raf-RBD pulldown assay and the phosphorylation of ERK1/2 in the presence of 10
ng/ml EGF. WCL, whole cell lysates; p indicates phosphorylation. B, NIH3T3 cells were transfected with wild type
Grb7, Y338F, or vector alone in the presence or absence of EGF stimulation and were then subjected to a
GST-Raf-RBD pulldown assay. C, NIH3T3 cells were transfected with wild type Grb7, the F511R mutant, or vector
alone or in combination with FAK or without FAK and were then subjected to a GST-Raf-RBD pulldown assay.
WCL, whole cell lysate.
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moting Ras activation (Fig. 5A, bottom panels). Similar to
Grb10 and Grb14 (21), we found that the RA domain of Grb7
enables Grb7 directly interacting with Ras by the in vitro
GST pulldown assay but that the R134L mutation of RA
domain lost the capability to bind with Ras (Fig. 5B). Further-
more, the activity of Ras and subsequent ERK1/2 activation
were diminished in association with the overexpression of the
RA domain of Grb7 in a dose-dependent manner (Fig. 5C),
further supporting the Ras-associating role of Grb7 through
this featured domain. These results provide a physical and sig-
naling interaction between Grb7 and Ras. Based on the above
results, a novel complex comprised of EGFR, pY338 Grb7, and
active Ras was observed in response to EGF stimulation in Sk-
Br3 cells (Fig. 5D), which also requires tyrosine phosphoryla-
tion and dimerization of Grb7. Taken together, our results

highlight a profound role inmediat-
ing EGF-dependent signaling in Sk-
Br3 breast cancer cells.
EGFR-Grb7-Ras-ERK Signaling Is

Essential for the Tumorigenesis of
Sk-Br3 Breast Cancer Cells—Next,
we sought the involvement of the
EGFR-Grb7-Ras-ERK signaling axis
in the tumorigenesis of breast can-
cer. Sk-Br3 cells with or without
Grb7 expression were subjected to
soft agar assays stimulated by EGF
(Fig. 6). In agreement with this sig-
naling scenario, we found that foci
formation of the Sk-Br3 cells was
impaired upon Grb7 knockdown
regardless of the presence or ab-
sence of PD98059, an ERK1/2 sig-
naling inhibitor. In contrast, over-
expression of a constitutively active
Ras (RasG12V) resulted in an in-
crease of tumor foci formation;
however, it did not do so if PD98059
was present. These data indicate
that Grb7 plays an important role
in the regulation of tumorigenesis
for breast cancer through the for-
mation of novel EGFR-Grb7-Ras
complexes and the activation of
the Ras-ERK signaling axis in
response to the EGF-mediated
tyrosine kinase-activated cascade.
Lastly, we examined the anti-can-

cer effect by co-treatment with
Grb7 knockdown and Herceptin,
an inhibitory antibody targeting
ErbB2, in Sk-Br3 breast cancer cells.
The cell number of Sk-Br3 cells was
very significantly diminished in
combined treatment with Hercep-
tin and Grb7 knockdown when
compared with that of Grb7 knock-
down alone or Herceptin treatment

only (Fig. 7, A and B). In agreement with this, several signaling
events crucial for tumorigenesis were suppressed by the com-
bined treatment, including tyrosine phosphorylation of ErbB2,
pY338Grb7, and pY397FAK, Ras activation, and tyrosine phos-
phorylation of phospho-ERK1/2 and phospho-AKT (Fig. 7C).
In fact, some of these examined signal molecules could be
formed as a complex critical for the tumorigenesis of Sk-Br3
breast cancer cells as revealed above. Hence, these data shed
new light for Grb7 as a therapeutic target in ErbB2-overex-
pressing breast cancer.

DISCUSSION

A number of past observations have highlighted that Grb7,
residing in the genomic neighborhood ofErbB2, is co-amplified
and co-expressed with ErbB2 and that these expression pat-

FIGURE 5. Ras activation through direct interaction with the RA domain of Grb7 is crucial for EGF-induced
ERK phosphorylation in Sk-Br3 breast cancer cells. A, Sk-Br3 cells were transfected with either wild type
Grb7 or mutants, as indicated, to determine the effect on Ras activation using a GST-Raf-RBD pulldown assay
and the phosphorylation of Grb7 and its mutants in the presence of 10 ng/ml EGF. WCL, whole cell lysates; p
indicates phosphorylation. B, cell lysates from 293 cells with or without overexpressing the constitutively active
form RasV12G were incubated with recombinant GST fusion protein containing the wild type RA domain of Grb7
or harboring an R134L point mutation. The GST pulldown assay was performed to determine the binding
capability for the Grb7 RA domain and its R134L mutant with the constitutively active form RasV12G. C, Sk-Br3
cells overexpressed different amounts of the RA domain of Grb7, and the effects on Ras activity and ERK phosphor-
ylation were determined by a GST-RBD pulldown assay and Western blot analyses, respectively. D, EGF-stimulated
cell lysates from Sk-Br3 cells transfected with either wild type Grb7 or F511R were subjected to a GST pulldown
followed by Western blot analyses to determine the association among EGFR, Grb7, and activated Ras.
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terns correlate with themalignant relevance of human cancers,
including breast cancer (7, 19). An RNAi-based strategy for the
functional dissection of DNA amplicons has provided evidence
that co-amplifiedGrb7 can indeed contribute to tumor pheno-
types and malignancy (13). Consistent with these findings, our
results show further support for the participation of Grb7 in

breast cancer development as seen by our observation that
Grb7 knockdown impacted the in vitro and in vivo tumorige-
nicity of Sk-Br3 breast cancer cells. In support of its role in
tumorigenesis,Grb7 knockdown resulted in the impairment of
tumor cell proliferation and anchorage-independent growth, in
an EGF-dependent manner, providing further underlying
mechanisms for Grb7 in the ErbB2-positive breast cancers.
Intriguingly, we noticed that de novo Grb7 dimerization, tyro-
sine phosphorylation, and direct Ras association through its RA
domain are required for EGF-dependent Ras activation and
subsequent ERK phosphorylation, indicating that the Grb7-me-
diated signaling, although downstream of EGF signaling, is more
intimately relevant to breast tumor formation and/or develop-
ment. In addition to being an adverse prognostic factor in many
cancers (23), we and others have shown that Grb7 participates in
cell motility through its association with FAK, D3-phosphoinosi-
tides, EphB1, and calmodulin aswell as in angiogenesis, inferring a
role for Grb7 in tumor progression as well (16). It would be inter-
esting to further investigate whether Grb7 controls these cellular
functions in various contexts of breast cancer.
The first insight indicating that Grb7 presents an RA domain

came from sequence analysis (24), which promptly suggested
the intriguing possibility of a direct interaction between Grb7
members and Ras-GTPases. Subsequent biochemical valida-

tions showed that the RA domain of
Grb7 was capable of binding to acti-
vated Ras, including N-Ras, K-Ras,
andH-Ras, but was weakly bound to
Rap1 and Rap2 (22). Furthermore, a
recent study has shown that the
membrane localization of Grb14,
through its PH domain-phosphoin-
ositide interaction, aswell as the sta-
bilized interplay between its RA and
PH domains, is required for its
interaction with GTP-bound N-Ras
and subsequently to modulate ERK
phosphorylation in response to
insulin stimulation (21). Irrespec-
tive of the opposite biological effects
attributed to different family mem-
ber proteins, Grb7 has been sub-
stantially linked to the promotion
of ERK phosphorylation in several
studies, including ours (16, 25).
Conceivably, this link could result
from the activation of Ras activity
mediated byGrb7, but a direct dem-
onstration of this phenomenon has
not yet been performed. In an
attempt to define the signaling and
functional relationship between
Grb7 and Ras, using an in vitro pull-
down assay, we showed that the RA
domain of Grb7 enables Grb7 phys-
ically interacting with Ras in breast
cancer cells. A single amino acid
mutation within the RA domain of

FIGURE 6. EGF-induced Grb7-mediated Ras-ERK activation is essential for
tumorigenesis in breast cancer. Sk-Br3 cells with or without Grb7 knock-
down (combination of shGrb7-12 and shGrb7-13) or expressing the constitu-
tively active form RasV12G were subjected to soft agar assays in the presence
of EGF (10 ng/ml) in combination with PD98059 or without PD98059 to exam-
ine the effect on the anchorage-independent growth of tumor cells. Data are
represented as the mean � S.E. of at least three independent experiments.

FIGURE 7. Synergized anti-tumor effect by co-treatment with Herceptin and Grb7 knockdown. A, cell num-
bers of Sk-Br3 breast cancer cells treated with shLuc, Herceptin, shGrb7 (shGrb7-12 and shGrb7-13), and shGrb7 plus
Herceptin were measured at the 1st, 2nd, and 3rd day after the treatments. B, representative images of Sk-Br3 cells
treated with shLuc, Herceptin, shGrb7, and combination were photographed and shown. C, cell lysates from the
various treatments, shLuc, Herceptin, and Herceptin plus shGrb7 in Sk-Br3 breast cancer cells were subjected to
Western blotting with various antibodies, as indicated. WCL, whole cell lysates; p indicates phosphorylation.
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Grb7, R134L, lost the capability to bind with Ras, which is con-
sistent with a recent report showing that the other Grb7 mem-
ber proteins, Grb10 and Grb14, possess the same feature in a
structural basis study (21). Therefore, as expected, our data
showed that the overexpression of the Grb7 harboring the
R134Lmutation and theGrb7 knockdown in Sk-Br3 cells led to
a remarkable reduction of GTP-bound Ras, accompanied by
the decreased phosphorylation of ERK1/2. However, in con-
trast to wild type Grb7 or phospho-tyrosine mimic mutant
(Y188E), the overexpression of Grb7 mutants conferring defi-
ciency in tyrosine phosphorylation (Y188F and Y338F), dimer-
ization (F511R), or receptor binding (R458L) failed to lead to
increases in Ras activity and ERK1/2 phosphorylation. Collec-
tively, our data indicate a direct signaling event through the
Grb7-Ras-ERK axis in the regulation of various cellular func-
tions that are attributed to tumorigenesis and/or malignancy
development. In agreement with the above, we also provide
evidence for the existence of the EGFR-Grb7-Ras complex in
facilitating the activation of MAPK signaling in the context of
EGF tyrosine kinase-activated cascades.
Serving as an adaptor protein, Grb7 enables the transmission

of upstream signals into a diverse array of downstream signal
transduction pathways corresponding to the variegated spec-
trum of the receptors/regulators (1, 2, 26). In Fig. 2, we have
demonstrated that the phosphorylations of STAT3, AKT, and
ERK1/2, but not JNKor p38, are altered in theGrb7 knockdown
breast cells when comparedwith those of control cells, suggest-
ing that these signalingmolecules could act as downstream sig-
naling targets in an EGF-Grb7 signaling axis. Indeed, the func-
tional relevant processes modulated by these signaling targets
are in concert with Grb7-mediated cellular functions, such as
cell proliferation and survival. This relevance has been consis-
tently demonstrated in several reports. For example, in breast
cancer cells overexpressing both ErbB2 and Grb7, it has been
reported that Grb7 is capable of modulating AKT phosphory-
lation at both Thr-308 and Ser-473 to facilitate tumor growth
(25), correlating with the well characterized cell survival role of
AKT. As mentioned above, ERK1/2 activation is likely directed
through the recruitment of activated Ras by the RA domain of
Grb7 in an EGF-induced fashion. Recently, the role of STAT3
has been reported to direct breast cancer cells toward an unex-
pected function: tumor invasion (27). Altogether, our findings
shed novel insights on the role of Grb7 in a diverse array of
oncogenesis-related pathways, such as the regulation of tumor
formation and further progression in SkBr-3 cells, thereby
highlighting the potential strategy of targeting Grb7 as an anti-
breast cancer therapy.
In conclusion, in this study, by employing a breast cancer cell

line, Sk-Br3, which co-amplifies and overexpresses ErbB2 and
Grb7, and an established lentivirus-basedGrb7 knockdown, we
were able to analyze the tumorigenicity in Sk-Br3 cells with or
without Grb7 overexpression. The in vitro and in vivo data sug-
gested that Grb7 is required for the tumorigenicity of Sk-Br3
cells. Additionally, we found that Ras activation was marked by
its interaction with Grb7 through its RA domain in an EGF-
induced tyrosine phosphorylationmanner, which concurrently
resulted in an increase in ERK1/2 phosphorylation and subse-
quently promoted tumorigenesis in vivo. A combined treat-

ment with anti-ErbB2 monoclonal antibody and Grb7 knock-
down exhibited a synergistic effect on inhibition of Sk-Br3 cell
growth, which provides a promising therapeutic approach on
ErbB2-overexpressing breast cancer. Our results delineate the
novel EGFR-Grb7-Ras-ERK axis in the tumorigenesis of Sk-Br3
cells and therefore implicate a potential therapeutic strategy
through the targeting ofGrb7 in the Grb7-positive subgroup of
breast cancers.
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