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Abstract: Amplification of human Her2 and its aberrant signaling in 20-30% of early breast cancer patients is re-
sponsible for highly aggressive tumors with poor outcome. Grb7 is reported to be co-amplified with Her2. We report
a concurrent high expression of mMRNA (from FFPE tumor samples; mRNA correlation, Pearson r?= 0.806), and high
levels of GRB7 protein (immunoblot) in HER2+ breast cancer cell lines. We demonstrated the signaling mechanism
of HER2 and downstream effectors that contributes to proliferation and migration. Using HER2+ and trastuzumab-
resistant breast cancer cell lines, we identified the interaction between GRB7 and HER2 in the control of HER2+
cell proliferation. Our co-IP data show that GRB7 recruits SHC into the HER2-GRB7 signaling complex. This complex
formation leads to activation of RAS-GTP. We also observed that following integrin engagement, GRB7 is phosphory-
lated at tyrosine in a p-FAK (Y397) dependent manner. This FAK-GRB7 complex leads to downstream activation of
RAC1-GTP (responsible for migration) probably through the recruitment of VAV2. Our CO-IP data demonstrate that
GRBY7 directly binds with VAV2 following fibronectin engagement in HER2+ cells. To address whether GRB7 could
serve as a pathway specific therapeutic target, we used siRNA to suppress GRB7 expression. Knockdown of GRB7
expression in the HER2+ breast cancer cell lines decreases RAS activation, cell proliferation, 2D and 3D colony
formation and also blocked integrin-mediated RAC1 activation along with integrin-directed cell migration. These find-
ings dissected the HER2-mediated signaling cascade into (1) HER2+ cell proliferation (HER2-GRB7-SHC-RAS) and
(2) HER2+ cell migration (alphab betal/alpha4 betal-FAK-GRB7-VAV2-RAC1). Our data clearly demonstrate that
a coupling of GRB7 with HER2 is required for the proliferative and migratory signals in HER2+ breast tumor cells.
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Introduction clinical reports have demonstrated that only
30% of the patients with HER2 overexpressing

Disregulation of HER2 signaling, including breast cancer respond to Herceptin® as a sin-

receptor amplification and/or overexpression is
a significant factor in the progression of breast
cancer. The Her2/Neu proto-oncogene is ampli-
fied in 25%-30% of human primary breast can-
cer and this alteration is associated with dis-
ease behavior [1]. Functional blocking antibody
and receptor tyrosine kinase inhibitors have
proven somewhat effective in this particular
subset of breast cancer. Despite the clinical
benefit of interruption of HER2 function with
humanized HER2 monoclonal antibody such as
trastuzumab, the precise mechanism of HER2
signaling in breast cancer progression is not
well understood. Again, several preclinical and

gle agent. The majority of patients initially
responds positively to this drug and subse-
quently develops resistance within years [2-4].
Therefore, further characterization of the patho-
physiological roles of this pathway and develop-
ment of pathway specific novel therapeutics
should provide new opportunities to provide
better management of breast cancer patients.

Gene expression profile analysis can generate a
considerable amount of information for charac-
terizing the nature of individual cancers; such
information should be applied for elucidation of
potential molecular targets for improving clini-
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cal strategies to treat neoplastic diseases [5,
6]. These molecules are considered to be
strong candidates for development of new ther-
apeutic modalities. Since cytotoxic anti-cancer
drugs often cause severe toxic reactions, it is
obvious that careful selection of novel target
molecules on the basis of well characterized
mechanisms of action should be very helpful in
developing molecular pathway specific and
effective anti-cancer drugs with minimum toxic
events. Toward this end, we developed a DASL-
array based on a custom panel breast cancer
gene profile (512 genes) and evaluated forma-
lin fixed paraffin embedded (FFPE) breast can-
cer samples from 97 patients [7, 8]. From this
study, we have identified a significant subset-
specific molecule that is overexpressed along
with HER2 in a HER2 amplified breast cancer
subset. Among many amplified genes in HER2
amplified breast cancer, here we report, the
identification and characterization of a novel
gene, GRB7, an important cytosolic adapter
protein, to be a key molecule regulating a HER2
receptor signaling pathway in breast cancer.
The objective of this study was to identify the
potential downstream effectors of GRB7 as
well as to understand the functional specificity
of those downstream effectors in the HER2-
GRBY signaling cascade.

Grb7 maps to the HER2 amplicon on chromo-
some 17q and it has been reported by others
that Grb7 is amplified concurrently with Her2/
Neu in most, if not all, HER2+ breast cancers
[9-11]. GRB7 isoforms are members of a super
family of signaling mediators that includes
GRB10, GRB14 and Caenorhabditis elegans
MIG10 [12, 13]. Members of the GRB7 family
were originally cloned by their interaction with
the EGF receptor, using the CORT (cloning of
receptor target) system [14-16]. All mammalian
members of this family share a domain struc-
ture which is represented by N- terminal pro-
line-rich sequences, a homology domain of
MIG10 (GM) which includes a RAS-associating
(RA)-like domain, a pleckstrin homology region
(PH), a C-terminal Src homology 2 (SH2) domain
and a receptor binding domain located between
the PH and SH2 domains termed BPS. The SH2
domain is responsible for GRB7’s adapter func-
tion (interaction of GRB7 with its binding part-
ners). GRB7 is differentially overexpressed in a
variety of tissues, namely breast, oesophageal
and gastric cancers [17]. It has been also
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reported that GRB7 is a physiological factor
during kidney [18] and liver development [19].
The function(s) of GRB7 in HER2+ breast can-
cers is not fully understood.

In this study, we report for the first time that
HER2-GRB7 signaling complex facilitates the
activation of both RAS and RAC1 GTPases in a
cellular context (controlling proliferation and
integrin-directed cell migration) with HER2 pro-
tein overexpression in breast cancer cell lines.
Strikingly, we also observe that knockdown of
GRB?7, either by siRNA or by a GRB7 inhibitor
peptide, is not capable of blocking either RAS
or RAC1 activation in trastumab resistant cells.
Based on GRB7’s interactions with a number of
signaling mediators including upstream recep-
tor kinases (HER2), non-receptor protein tyro-
sine kinase (FAK), cytosolic adapter protein
(SHC), and further downstream small GTPases
(activation of RAS-GTP following interaction
with HER2 or RAC1-GTP following integrin-
engagement), GRB7 may act as a signaling hub
to integrate incoming signals. As well, it may act
as a molecular scaffold to help assemble sig-
naling complexes, ultimately controlling HER2
overexpressing breast cancer progression via
tumor cell proliferation and migration (Figure
11). These findings indicate that expression of
GRB7 in the HER2 overexpressed breast can-
cer subtype may be a surrogate marker of aber-
rant HER2 signaling that could contribute to the
aggressive nature of the tumor.

Materials and methods
Antibodies and reagents

GRB7 inhibitor peptide conjugated with pene-
tratin (G718NATE-penetratin) and control (only
penetratin) were gifts from Dr. Stephanie Pero
(University of Vermont School of Medicine,
Burlington, VT). GRB7 siRNA, control siRNA and
Lipofectamine 2000 were bought from
Invitrogen Life Tech. (Carlsbad, CA). Rabbit poly-
clonal antibody against GRB7 and FAK were
purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA) and used for immunoprecipita-
tion and Western blot analysis. Mouse mono-
clonal antibodies against RAS, RAC1, phospho
FAK (Y397), phosphotyrosine (4G10) and poly-
clonal antibody for SHC were procured from
Upstate Biotechnology/Millipore (Temecula,
CA). HER2 antibody was bought from Cell
Signaling Tech. Inc. (Danvers, MA). HRP-tagged
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anti-rabbit  1gG, anti-mouse 1gG  and
Chemiluminescence Kit were from Amersham
Pharmacia Biotech (Uppsala, Sweden). PAK-1
PBD (for RAC1 assay reagent) and RAF-1RBD
(for RAS assay reagent), agarose for pulldown
of activated RAC1 and RAS were from Upstate
Biotechnology/Millipore (Temecula, CA).
Recombinant human heregulin-f1 and fibro-
nectin were purchased from Peprotech Inc.
(Rocky Hill, NJ) and Becton Dickinson (Bedford,
MA) respectively. All other chemicals were pur-
chased from Sigma (St. Louis, MO) unless oth-
erwise stated.

Cell culture

BT474 and SKBR3 human breast cancer cells
were obtained from the American Type Culture
Collection (ATCC) and BT474/HR, a trastuzum-
ab resistant derivative obtained by serial pas-
sage in the presence of increasing concentra-
tions of trastuzumab (100 pg/ml final
maintenance dose), was kindly provided by Dr.
Mark Pegram (Division of Hematology/
Oncology, Department of Medicine, UCLA
School of Medicine, Los Angeles, CA). HER2
overexpressed BT474 and trastuzumab-resis-
tant BT474HR breast cancer cells were cultured
in DMEM supplemented with 10% fetal bovine
serum, 1% HEPES (Cellgro, Hemdon, VA) with
100 units/ml penicillin and streptomycin
(Cellgro, Hemdon, VA) at 37°C in a humidified
atmosphere containing 5% CO,. Trastuzumab-
resistant cells were maintained with 100 ug/ml
of trastuzumab (Genentech Incorporation, San
Francisco, CA). HER2 overexpressing SKBR3
cells were cultured in McCoys 5A (Cellgro,
Hemdon, VA) supplemented with 10% fetal
bovine serum and 100 units/ml penicillin and
streptomycin.

RNA isolation and DASL assay

Breast cancer subtypes were differentiated
into the HER2, Luminal, and TN (Triple Negative)
subtypes by pathology IHC reports of ER- PR-
HER2 3+, ER+ and/or PR+, and ER- PR- HER2-,
respectively. Formalin-Fixed, Paraffin-
Embedded (FFPE) samples were acquired from
St. Mary’s Hospital, Montreal Quebec, Canada
(Quebec cohort) under Emory IRB protocol #
00006061. Tissue specimens were obtained
in three 5 ym sections and analyzed to contain
more than 50% tumor by a board certified
pathologist. RNA was isolated from FFPE tis-
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sues. Tissues were deparaffinized, extracted
and purified using commercially available RNA
High Pure Kit (Roche, Mannheim, Germany).
RNA extraction was conducted according to
previously published methods and hybridized
to the lllumina standard cancer DASL and the
custom Breast Cancer DASL panels [8, 20].
RNA concentration and A°260/A°280 ratio were
determined using a NanoDrop spectrophotom-
eter. Samples with good quantity (> 0.4 ug) and
quality (Ct<29.5) were subjected to the DASL
assay which is essentially a multiplexed quanti-
tative RT-PCR hybridized to sentri array matri-
ces, an 8X12 plate microarray according to
manufacturer’s protocol (lllumina, San Diego,
CA) [7]. In all, 97 patients were expression pro-
filed, including 81 profiled on both the lllumina
standard cancer and the custom breast cancer
DASL panels. Expression intensities were inter-
preted in BeadStudio. Differential expression
of probes were determined using Significance
Analysis of Microarrays (SAM)2 and p-values
were calculated using 2 sided Student’s t-tests
for unequal variances. Heatmaps were gener-
ated using Bioconductor (http://www.biocon-
ductor.org/) in R (http://www.r-project.org/) for
which probe level data were z-score
normalized.

In vivo knockdown of GRB7 by human specific
GRBY7 siRNA

GRB7 was knocked down in the HER2 overex-
pressing breast cancer cell lines (BT474,
SKBR3) by transient transfection of GRB7 siR-
NA using Lipofectamine 2000 following the ma-
nufacturer’s instructions. siRNA oligonucleoti-
des were as follows: GRB7 siRNA 5’CGAGUCCA-
ACGUGUACGUGTT3’, 5’CACGUACACGUUGGAC-
UCGTT3’, Control siRNA 5’UUCUCCGAACGUGU-
CACGUTT3’, 5’ACGUGACACGUUCGGAGAATT3..

Cell proliferation assay: crystal violet and WST-
1

Interference with in vitro growth rate of BT474
cells by GRB7 siRNA was measured using crys-
tal violet or WST assay kits (Roche Diagnostics,
Indianapolis, IN). 3X10° BT474 cells were plat-
ed in a six-well plate. Twenty-four hours after
plating (O hrs) cells were transfected with con-
trol or GRB7 siRNA (40 nM) using Lipofectamine
2000. At different time points (24 hrs, 48 hrs or
72 hrs) cells were fixed with 4% formalin for 10
minutes, then washed twice with distilled water
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Figure 1. GRB7 is co-overexpressed along with HER2 in the HER2 overexpressed breast cancer subset: A. In an
expression study of 97 breast cancer patients, including 9 of the HER2 subtype, we observed concordance between
mRNA signal intensities and breast cancer subtype defined by pathology IHC reports. Tumor expression profiles of
patients with HER2 breast cancer demonstrated upregulation of ERBB2, GRB7, MED24/THRAP4, etc. B. Probes
differentially regulated in HER2 breast cancers in 81 of 97 patients profiled on both the lllumina standard cancer
and custom breast cancer DASL panels. C. mRNA expression levels of a Montreal cohort of breast cancer patients
indicated amplification of both ERBB2 and GRB7 in the HER2 breast cancer subtype. * and ** indicate p-values
less than 0.01 and 0.001, respectively, of upregulation of ERBB2 or GRB7 as compared to Triple Negative (TN)
or luminal breast cancer subtypes. D. To determine whether GRB7 was co-overexpressed with HER2 in HER2-
overexpressing breast cancer cell lines, we performed immunoblot analysis using GRB7 specific antibody. Upper
and middle panels show the expression levels of HER2 and GRB7 respectively. A b-actin Western blot was used as
a loading control.

and stained with 0.1% freshly prepared crystal [21]. For WST-1-based cell viability assays,
violet for 30 minutes. After washing, the stain 1X10* BT474 cells were seeded in 96 well
was dissolved with 10% acetic acid and subse- plates and 24 hrs later, cells were transfected
quently quantified by absorbance at 570 nM with GRB7 siRNA as described above. The
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WST-1 colorimetric assays were carried out
according to manufacturer’s instructions and
were quantified by absorbance at 490 nM at
24, 48 and 72 hrs following the siRNA
transfections.

3D ON-TOP Colony assay

This assay was carried out to examine the
effect of GRB7 inhibitor peptide on clonogenic
growth of HER2+ breast cancer cells. The assay
was standardized with little modification from
that originally described by Lee et al. [22].

Cell migration assays

Transwell assay: A migration assay was per-
formed toward fibronectin (haptotaxis) using a
transwell with polycarbonate membrane from
Costar (diameter 6.5 mm, pore size 8um;
Costar Corp., Cambridge, MA). The underside of
the membrane to which cells migrate was coat-
ed with 20 pg/ml fibronectin in PBS for 1 h. at
37°C. Surfaces were subsequently blocked
with heat-denatured BSA. Cells were added at
the concentration of 2X105 cells/well (in 100 pl
of media containing 0.1% serum) into the upper
chamber of the well with or without 10 ng/ml of
heregulin and incubated for 4 hours. For nega-
tive controls, the wells were coated on both the
sides with fibronectin with or without heregulin.
The total numbers of cells on the fibronectin-
coated side were quantified as described previ-
ously [23-25]. Cell adhesion assays were also
performed. Briefly, a flat bottom 96-well poly-
styrene plate (BD Biosciences) was coated with
20 pg/ml of fibronectin in PBS for 1 h. at 37°C.
Wells were washed once with PBS, incubated
with 20 mg/ml BSA for 1 h. at 37°C for blocking
non-specific sites, and again washed twice with
PBS. To examine the cell adhesion to the coat-
ed surface, 1X10° cells were added to each
well and incubated at 37°C for 4 hours. At the
end of the incubation, medium and unbound
cells were removed by aspiration, and wells
were washed carefully with PBS. Adherent cells
were fixed with 3.5% formaldehyde and stained
with 0.1% crystal violet. The stain was eluted
with 10% acetic acid, and absorbance was
determined at 600 nm with a microplate reader
[23, 26].

Scratch assay: Cells were cultured on 12 well

plates coated with 20 pg/ml of fibronectin.
Scratches were created in a line across the

177

plates by scraping with a 200 ul standard
pipette tip. The scratched monolayers were
then washed twice with serum free media to
remove all cell debris and incubated with media
containing 0.1% serum and 10 ng/ml of hereg-
ulin. Photomicrographs were taken at O hour
and 24 hours. Quantitative analysis of the
scratch was determined by measuring the
scratch area covered by the migrated cells.
Less covered area means less migrated cells
[271.

Real-time imaging of live cells: Time-lapse
images were acquired with a Perkin Elmer
Ultraview ERS confocal system. Bright-field
images were acquired with a Hamamatsu Orca-
ER camera (10x objective) at 10 minute
intervals.

Immunofiluorescence studies: To test the colo-
calization of HER2 and GRB7 in BT474 cells,
the cells were seeded onto glass coverslips in
10-cm petri dishes and allowed to attach in cul-
ture medium containing 10% FBS as mentioned
earlier [28]. Staining was carried out using anti-
HER2 (1:50) and anti-GRB7 (1:50) antibodies.
Nuclei were counterstained with DAPI. Cells
were imaged using a Zeiss (Thornwood, NY)
LSM 510 Meta confocal microscope with a 63x
(1.4-numerical-aperture) or 100x (1.4-numeri-
cal-aperture) Plan-Apochromat oil objective. All
images were acquired using Zeiss LSM 510
software and processed using Adobe
Photoshop 7.0.

Actin dynamics: BT474 cells were seeded on
fibronectin coated cover slips in 6 well plates.
Cells were treated with 10 uM G718NATE-
penetratin or control for 1 hour and were then
processed for Phalloidin 555 staining. Nuclei
were stained with DAPI. Stained cells were pho-
tomicrographed for actin polymerization using
confocal microscopy. Cells were imaged using a
Zeiss (Thornwood, NY) LSM 510 Meta confocal
microscope with a 63x (1.4-numerical-aper-
ture) or 100x (1.4-numerical-aperture) Plan-
Apochromat oil objective. All images were
acquired using Zeiss LSM 510 software and
processed using Adobe Photoshop 7.0 as
described elsewhere [28].

Biochemical analysis

Immunoprecipitation and western blots:
Immunoprecipitations were designed to pre-
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Figure 2. GRB7 associates with HER2 and SHC in HER2 overexpressing
breast cancer cell lines: A. Tyrosine phosphorylation of HER2, SHC and
their association with GRB7 were examined in HER2 overexprssed BT474,
SKBR3 and BT474HR (trastuzumab-resistant) cell lines. Anti-GRB7 precipi-
tation was performed on 5x10° cells after heregulin (10 ng/ml) stimula-
tion at 37°C for indicated time points. Lane 1, 5 & 9 represent resting
non-stimulated cells (NS), lane 2, 6 & 10 represent cells stimulated with
heregulin for 5 minutes, lane 3, 7 & 11 represent cells stimulated with
heregulin for 15 minutes and lane 4, 8 & 12 represent cells pretreated
with trastuzumab (10 pg/ml) for 30 minutes followed by heregulin stim-
ulation for 15 minutes. The data demonstrate that HER2 is significantly
phosphorylated (on tyrosine) in a kinetic manner after HER2 stimulation,
constitutively maintaining a stable complex with GRB7 and recruiting ty-
rosine phosphorylated SHC (KD 46 and 52) into the HER2-GRB7 complex
on HER2 stimulation. Pretreatment with trastuzumab neither has any ef-
fect on HER2 phosphorylation nor on its association with GRB7 in all three
cell lines. B. Subcellular co-immunolocalization of endogenous GRB7 with
HER2 in the BT474 cells. Fixed BT474 cells were processed for confocal im-
aging as mentioned in the Materials and Methods. Photomicrographs show
the subcellular distribution of GRB7 in red (A), HER2 in green (B), nuclei in
blue (C) and their merged confocal images in yellow (D), respectively. Scale
bar, 50 um. Merged images (inserts) of higher magnification (Scale bar, 10
um) show a clear change in color, indicating the co-localization (arrows) of
these two proteins in the cells.

serve noncovalent protein-pro-
tein interactions. Serum
starved cells (5X10°) in log
phase were stimulated with 10
ng/ml heregulin for appropriate
times indicated in the individual
experiments at 37°C or were
plated on a 20 pg/ml fibronec-
tin-coated plate and incubated
for 30 minutes at 37°C. At the
end of the stimulation time, the
medium was removed and solu-
bilized with 500 pl of Triton X
containing lysis buffer (1%
Triton X 100, 10 mM Tris HCI,
pH 7.6, 5 mM EDTA, 50 mM
NaCl, 50 mM NaF, 0.1% BSA,
1% aprotinin, 0.2 M sodium
orthovanadate, and 0.1 M
phenylarsineoxide). For immu-
noprecipitation of GRB7, clari-
fied lysates were assayed for
total protein (Bio-Rad protein
assay kit) using BSA as stan-
dard. The clear lysates were
immunoprecipitated by rabbit
polyclonal GRB7 antibody (1
ug/sample) after protein equili-
bration. Immunoprecipitates
were bound to pansorbin, col-
lected by centrifugation,
washed in lysis buffer, and
resolved in 4-20% gradient or
10% SDS-PAGE. Individual
bands were visualized by che-
miluminescence reagent ECL.

For Western blots, lysates were
prepared and protein was esti-
mated with a Bio-Rad protein
assay kit using BSA as a stan-
dard. Protein lysates were
resolved by SDS-PAGE. Blots
were probed with specific anti-
bodies and developed with the
ECL method. Beta actin was
assayed for the loading control.

GST-fusion protein pull-down
assay: The GST-fusion proteins,
corresponding to the human
RAS binding domain (RBD resi-
dues 1-149) of RAF1, or the
human PAK1 p21 binding
domain (PBD, residues 67-150)
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Figure 3. Western blot analysis of GRB7 in BT474 cells using RNAi technology: Transfection with siRNA oligonucle-
otides at a concentration of 40 nM by Lipofectamine 2000 reagent targeting GRB7 mRNA or control. Each cell lysate
was prepared at 24, 48, and 72 hrs after transfection. GRB7 expression levels were markedly suppressed at 48
and 72 hrs. Bar diagram shows densitometry scanning analysis (upper panel). A b-actin Western blot was used as

a loading control (lower panel).

were expressed in E. coli. The final protein prod-
ucts were bound to glutathione agarose in lig-
uid suspension, 100 ug of RAF1-RBD in 333 ul
of 50% agarose slurry or 300 pg of PAK1-PBD
in 20 mM PBS, pH7.4, containing 50% glycerol.
The 70-80% confluent cells were kept in serum
starvation for 18 hours before heregulin (10
ng/ml) stimulation or integrin engagement in
the presence of heregulin (fibronectin-coated
plates) for different time periods. Stimulated
cells were lysed with extraction buffer (25 mM
HEPES pH 7.5, 150 mM NaCl, 1% Igepol CA630,
10 MgCI2, 1 mM EDTA, 10% glycerol, 10 ug/ml
leupeptin, 10 ug/ml aprotinin, 1 mM NaF, and 1
mM Na-orthovanadate). Following centrifuga-
tion, 10 ul RAF1 RBD/PAK1 PBD (1 pg/ml) was
added per lysate sample for 45 minutes at 4°C
with gentle rocking. Agarose beads were col-
lected (by pulse centrifugation for 10 seconds
at 14,000 rpm), washed in extraction buffer,
and resuspended in 30 pl Laemmli sample buf-
fer to resolve protein by 15% SDS-PAGE. The

membrane was probed with anti-RAS or anti-
RAC1 monoclonal antibody, respectively [29].

Statistical analysis: Results were analyzed
using a two-tailed Student’s t test to assess
statistical significance. Values of p < 0.05 were
considered statistically significant.

Results

GRB7 mRNA and protein overexpression in
primary breast tumors and breast cancer cell
lines

In an expression study of 97 breast cancer
patients, including 9 of the HER2 subtype, we
observed concordance between mRNA signal
intensities and breast cancer subtype defined
by pathology IHC reports (Figure 1A). Tumor
expression profiles of patients with HER2+
breast cancer demonstrated upregulation of
ERBB2, the mRNA transcript coding for the
HER2 protein, GRB7, MED24/THRAP4, TDGF1,
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Figure 4. Proliferation assay after transfection with GRB7 siRNA: A. The growth of BT474 cells transfected with GRB7
siRNA and control siRNA were assessed by crystal violet (i) and WST-1 assays (ii) at different time points (24, 48
and 72 hrs.). O Hrs, at the time of transfection, *p<0.005, **p<0.001, compared with control siRNA. B(i). Effect
of GRB7 inhibitor peptide (G178NATE-penetratin) on the time course of clonogenic growth of BT474 cells (3D ON-
TOP assay). Cells (treated with 10 or 20 uM concentration of GRB7-inhibitor peptide) were plated on growth factor
reduced matrigel and colony formation was recorded (Olympus IX71, CellSens, DP72; 10X) after 4 days (96 hours)
and 7 days. Data show that GRB7-inhibitor peptide significantly inhibited dose- and time-dependent clonogenic
growth of BT474 cells as compared to the control. B(ii). Similar to 3D-ON TOP clonogenic growth of HER2+(BT474)
tumor cells, 2D-clonogenic growth was blocked following the treatment with inhibitor peptide. Photomicographs
show colony formation of breast tumor cells following treatment using phase contrast microscopy. C. GRB7 siRNA
effected a marked reduction of proliferating cells as demonstrated by decreased expression of PCNA at 48 and 72
hrs. From these data, we suggest that GRB7 is required for HER2 overexpressing breast cancer cell proliferation.
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Figure 5. Effect of GRB7 on the downstream effectors of heregulin stimulation in HER2 overexpressing breast can-
cer cell lines: A. Heregulin-induced activation of RAS. BT474 and trastuzumab-resistant BT474HR cells were treated
with 10 ng/ml of heregulin. At different time points (2 and 5 min), lysates were evaluated using a pull-down assay
for detection of activated GTP-bound RAS (top panel). Immunoblot of total RAS (bottom panel) was carried out on
lysates as loading control. NS, no stimulation. These data demonstrate that RAS activation (GTP-RAS) is significantly
elevated following heregulin stimulation at 5 minutes in both the cell lines (lane 3 and 6) and activation of RAS
is higher in the resistant cell line (lane 3) compared to parental line (lane 6). B. Effect of GRB7 inhibitor peptide
(G178NATE-penetratin) on heregulin-induced RAS activation. HER2-overexpressing, BT474 and trastuzumab-resis-
tant BT474HR cells were pretreated with GRB7 inhibitor peptide (G178NATE-penetratin, lanes 3 & 6) or control
peptide (penetratin alone, lanes 2 & 5) at 10 uM for 1 hr followed by heregulin (10 ng/ml) stimulation for 5 minutes
at 37 °C. Data show that heregulin-induced RAS activation is blocked by GRB7 inhibitor peptide (GG178NATE) only
in parental cells (lane 3) but not in trastuzumab-resistant cell line (lane 6). C. Effect of GRB7 on the activation of
RAS in BT474 cells. GRB7 was knocked down in GRB7 overexpressing BT474 cells using siRNA [C (i). upper panel].
Cells were transfected with GRB7 specific siRNA or control siRNA and incubated for 72 hrs as described in Materials
and Methods. Activation of RAS following heregulin stimulation of GRB7 siRNA transfected (72 hrs) cells was signifi-
cantly less compared to control siRNA transfected cells [compare lane 2 and lane 4, C (ii)]. Immunoblot of total RAS
(bottom panel) was performed on lysates as loading control. NS, no stimulation (lanes 1 & 3), [C (ii)]. Data suggest
that heregulin-induced RAS activation (RAS-GTP) is dependent on GRB7 in HER2-overexpressed breast cancer cells.

MED1/PPARBP, PERLD1, WNT2. Additionally,
we noted downregulation of SMAD4, CDKN1B
(which codes for p27), IGF1R, MXI1, VHL, and
RBBP2 in the HER2 subtype. Analysis of ERBB2
synexpression indicated 17q12-g21 genes
most notably GRB7, THRAP4, and MED1/
PPARBP co-amplified with HER2/ERBB2
(Figure 1B). mRNA expression levels of a
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Montreal cohort of breast cancer patients indi-
cated amplification of both ERBB2 and GRB7 in
the HER2 breast cancer subtype (Figure 1C).
Meta-Analysis of a Stockholm cohort of 159
patients confirmed co-amplification of ERBB2,
GRB7, MED24, and PERLD1 in the HER2+
breast cancer subtype [30]. Similar to Giricz
and group’s observation [31], our data also
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Figure 6. Association of GRB7 and FAK in HER2 overexpressing breast cancer cell lines following integrin engage-
ment: Co-immunoprecipitation of focal adhesion kinase (FAK) and GRB7 following fibronectin (a4p1/ a5B1) stimu-
lation. BT474HR, BT474 and SKBR3 cells were placed on fibronectin-coated plates. Cell lysates were collected at the
times indicated (15 and 30 min.) and immunoprecipitated (IP) by polyclonal anti GRB7 antibody (from Santa Cruz).
The immune complexes were analyzed by Western blotting (WB) with phospho-FAK (Y397), total FAK, phosphoty-
rosine antibody (4G10 from Upstate Biotechnology, for the detection of tyrosine phosphorylated GRB7) and total
GRB7.The phosphorylated GRB7 and FAK, total GRB7, and total FAK are marked on the right. NS, no stimulation
(lanes 1, 4 & 7). From these data we suggest that tyrosine phosphorylation of GRB7 corresponds to FAK’s tyrosine
phosphorylation (Y397, the autophosphorylation site of FAK) in response to integrin activation (lanes 2, 3,5, 6, 8 &
9). These co-immunoprecipitation data provide evidence that GRB7 tyrosine phosphorylation takes place within the
integrin (a4b1/ abbl)/FAK-mediated signaling pathway.

show (in lllumina Standard DASL panel) that the
expression of GRB7 mRNA in triple negative
and luminal subtypes (Figure 1C). Western blot
analysis of breast cancer cell lines confirmed
that GRB7 overexpression was present in
breast cancer cell lines that had HER2/Neu
protein overexpression and were known to
carry Her2/Neu gene amplification. No GRB7
overexpression was observed in breast cancer
cell lines without HER2/Neu protein overex-
pression or Her2/Neu gene amplification
(Figure 1D). Earlier studies showed the co-
amplification/co-overexpression of HER2 and
GRB7in breast cancer cells [9, 32, 33]. Our
MRNA and protein expression studies demon-
strated concordant GRB7 overexpression in
breast cancer tissues/breast cancer cell lines
with  HER2/Neu overexpression, consistent
with results from earlier reports.

GRBY7 associates with HER2 and SHC in HER2
overexpressing breast cancer cell lines

GRB7 proteins are known to act as adapter for

tyrosine kinase receptor-mediated signaling.
Therefore, we examined the interaction of
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GRB7 with HER2 and other cytosolic adapter
following receptor phosphorylation. We also
examined whether trastuzumab has any effect
on this association. To carry out these experi-
ments, GRB7 was immunoprecipitated from
serum starved BT474, BT474HR (trastuzumab-
resistant), and SKBR3 cell lines following
heregulin stimulation in trastuzumab (human-
ized mAb for HER2 and first line therapy for
HER2 overexpressing breast cancer patients)
treated and non-treated conditions.
Immunoprecipitation with anti-GRB7, followed
by probing with phosphotyrosine-specific anti-
bodies, was able to show heregulin stimulated
association of tyrosine phosphorylated-HER2
and tyrosine phosphorylated-SHC with GRB7
(Figure 2A). Data show that basal (NS) tyrosine-
phosphorylated HER2 was higher in the trastu-
zumab-resistant HER2+ cell line (BT474HR)
than in parental HER2+ cell lines (BT474 and
SKBR3). It was also noted that a small percent-
age of HER2 or SHC is tyrosine- phosphorylated
in these unstimulated cells. This co-immuno-
precipitation was not seen with pre-immune
serum (data not shown). No other bands were
found in the anti-phosphotyrosine blot, sug-
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Figure 7. Effect of GRB7 on heregulin induced, integrin-directed migration in HER2 overexpressing breast cancer
cell lines: Transwells with polycarbonate membranes were coated with 20 ug/ml fibronectin for 1 h at 37°C. Cells,
2X10°, were added to the upper chamber of the well containing 10 ng/ml of heregulin. Cells which have migrated to
the lower membrane were photomicrographed as well as quantified by crystal violet staining. Migration was quanti-
fied by counting the migrated cells from 10-12 randomly selected fields. Bars represent mean + SD representative
of 3 -4 independent experiments. A. GRB7 inhibitor peptide (G178NATE-Penetratin) at 25 and 50 uM concentra-
tions significantly inhibited trastuzumab-sensitive (BT474) breast cancer cell migration on fibronectin (p<0.05) but
not trastuzumab-resistant cells (BT474 HR). Representative pictures of migration are presented in the side panels.
B. Combination of GRB7 inhibitor peptide (25 ym) and trastuzumab (Herceptin) (10 ug/ml) demonstrated marked
inhibition of migration over the single agents (either GRB7 inhibitor peptide or trastuzumab alone) in both BT474
(i) and SKBRS3 (ii) cells when compared with control group (heregulin treatment alone or compared double treated
combination with either Herceptin or GIP treated group). Presence of heregulin (10ng/ml) is required for integrin-
directed HER2 overexpressed breast cancer cell migration (see Figure B (i) compare first and second bars in the
diagram). C. The dependence of integrin-directed migration of HER2 overexpressing breast cancer cells on GRB7
was further evaluated using GRB7 specific SiRNA. HER2 overexpressing breast cancer cells were transiently trans-
fected with control siRNA and GRB7 specific siRNA (from Invitrogen) at a concentration of 20 nM by Lipofectamine
2000 reagent. The cells were harvested and analyzed after 72 hrs. Cell lysates were subjected to immunoblotting
with anti GRB7 and b-actin antibodies (see insert). Migration on fibronectin (a4B1/a5B1) of GRB7 siRNA trans-
fected HER2 overexpressing breast cancer cells (BT474 and SKBR3) was significantly less compared to control
(p<0.00007 for BT474 and p<0.0003 for SKBR3). From these data we suggest that crosstalk between receptor
tyrosine kinase, HER2, integrin (a4B1/ a5B1) and cytosolic adapter protein GRB7 is necessary for integrin-directed

HER2 overexpressing cell migration.

gesting that GRB7 was not phosphorylated at
tyrosine following heregulin stimulation and
this association (HER2-GRB7-SHC) was not
dependent on the phosphorylation of GRB7.
Furthermore, unlike tyrosine kinase inhibitors
(lapatinib or ZD1839) [34, 35] trastuzumab has
no effect either on phosphorylation of HER2 or
association of HER2 with GRB7 following hereg-
ulin stimulation. Earlier it has been reported by
other that trastuzumab (Herceptin) has no
effect on the phosphorylation pattern of HER2
[35]. Our co-immunoflorescence data further
confirmed that HER2 and GRB7 are in binding
proximity (Figure 2B). These data suggest that
the co-amplification of these two genes up-reg-
ulates/activates the HER2-signaling pathway.

Suppression of GRB7 protein in BT474 cells by
human GRBY7 specific siRNA

To address if GRB7 is another possible (along
with HER2) therapeutic target for HER2+ breast
cancer, we used small interfering RNA (siRNA)
to suppress GRB7 expression. The siRNA was
transfected with Lipofectamine 2000 (accord-
ing to the manufacturer’s instructions) into
GRB7 overexpressing BT474 or SKBR3 cell
lines. Protein lysates were prepared at 24, 48,
and 72 hrs after transfection and analyzed by
Western blot. Data show that GRB7 expression
was suppressed at 48 and 72 hrs and maxi-
mum suppression was detected at 72 hrs
(Figure 3). Transfection with a non-targeting
control siRNA served as a negative control. No
effect of GRB7 siRNA was found on GRB2 or
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other GRB-family protein levels (data not
shown).

Knockdown of GRB7 expression in BT474 cells
attenuates HER2+ cell proliferation

Both HER2 and GRB7 proteins are overex-
pressed in BT474 cells (Figure 1D). Knockdown
of GRB7 expression was achieved with siRNA
transfection. To access the role of GRB7 in pro-
liferation, we examined the cellular prolifera-
tion and viability by both crystal violet staining
and WST-1 assay following the transfection of
GRB7-siRNA in HER2 overexpressing BT474
cells. Data show that proliferation or viability
was significantly less in GRB7-siRNA transfect-
ed cells compared with control transfected
cellsat 48 and 72 hours (Figure 4A). Consistent
with the proliferation assay, GRB7 inhibitor
peptide (G718NATE-penetratin) significantly
blocked clonogenic growth of HER2+ BT474
cells on matrigel (3D-assay) and 2D-assay
(Figure 4B). Consistent with inhibition of prolif-
eration with GRB7-siRNA, PCNA (proliferating
cell nuclear antigen) protein expression was
also decreased at 48 and 72 hours time points
(Figure 4C) following GRB7-siRNA transfection.

Role of GRB7 on the activation of RAS-GTP

To gain insight into the mechanism whereby
GRBT7 is controlling HER2+ breast cancer cell
proliferation, we considered potential down-
stream effectors of GRB7. Literature suggests
that GRB7 has a RAS-binding domain [36] and
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Figure 8. Effects of the combination of GRB7 inhibitor peptide and trastuzumab on fibronectin-mediated BT474 cell
migration (in vitro scratch assay): HER2 overexpressing breast cancer cells cultured on a 24 well fibronectin coated
plate where subjected to scratch (wound treatment) and then incubated at 37°C, 5% CO, for 24 hrs in presence of
either GRB7 inhibitor peptide (25 uM) or trastuzumab (10 pg/ml) or a combination of both GRB7 inhibitor peptide
(25 uM) plus trastuzumab (10 pg/ml). To analyze BT474 cell migration into the scratch area, 0.1% crystal violet
stained cells were photomicrographed and the scratch area covered by the migrated cells was measured. Less cov-
ered area means less migrated cells. Similar results were obtained in three independent experiments. The scratch

assay demonstrated results similar to the transwell assay.

RAS is one the most important downstream
small GTPases of growth factor receptors which
controls cell proliferation and survival [37, 38].
Considering the wealth of literature indicating
the role of RAS-GTP in growth factor induced
cell proliferation, we have studied the effect of
GRB7 on RAS activation following heregulin
stimulation in BT474 cell lines. Heregulin treat-
ment caused a time-dependent increase in the
RAS activation in BT474 and BT474HR cells
(Figure 5A) and activation was more pro-
nounced in trastuzumab-resistant cell line
(BT474-HR) (Figure 5A, comparing lane 3 ver-
sus lane 6), this may be due to higher activation
of RAS-GTP at basal conditions. This activation
was obliterated in BT474 cells either treated
with  GRB7 inhibitor peptide, G718NATE-
penetratin (Figure 5B) or transfected with
GRB7-siRNA (Figure 5C [ii]). Interestingly GRB7
inhibitor peptide (G718NATE-penetratin) has no
effect in the trastuzumab-resistant cell line
(Figure 5B, comparing lane 5 and 6).
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GRBY7 binds with FAK following integrin en-
gagement

Previous studies have shown that upon cell
adhesion to B1 integrin FAK is autophosphory-
lated and associated with a number of SH2
domain containing molecules, such as SRC,
GRB2 and PI3K [39-42]. It has been also
reported by others that increased expression of
FAK and GRB7 has been found in a number of
cancers, which correlate with the invasive
potential of tumors [43, 44]. Since FAK-induced
GRB7 tyrosine phosphorylation has also been
shown to be important in the regulation of cell
migration [45], we investigated the endogenous
association of FAK with GRB7 and its phos-
phorylation by FAK following adhesion to the
extra cellular matrix protein, fibronectin (a4p1/
ab5B1) in BT474, trastuzumab-resistant BT474
and SKBR3 cells. Analysis of the immune com-
plex (following integrin [x4B1/a5B1] engage-
ment and immunoprecipitation with GRB7 anti-
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body) by Western blotting with anti-phospho
FAK antibody (Y397) showed that FAK was
phosphorylated (Figure 6 upper panel) and
bound with GRB7, leading to GRB7 phosphory-
lation (Figure 6, panel 3 from top). These data
may suggest that tyrosine phosphorylation of
GRB7 following integrin activation is a FAK
dependent phenomenon.

GRBY controls heregulin-induced HER2+
breast cancer cell migration on fibronectin

One of the major threats for breast cancer
death is metastasis, which account for >90% of
breast cancer deaths [46]. Integrin-mediated
cell migration is one of the essential steps for
metastasis. Evidence suggests a role for GRB7
is in cell migration [27, 47]. Here, we examined
the role of GRB7 on heregulin-induced, integrin-
directed migration of HER2+ breast cancer
cells. Treating the cells with heregulin signifi-
cantly increased the migration of HER2+ cells
on fibronectin (Figure 7A). To delineate the
involvement of GRB7 in this process, either
GRB7 inhibitor peptide (GIP, G718NATE-
penetratin) or GRB7-siRNA were tested for
heregulin-stimulated, integrin-directed migra-
tion on fibronectin. Treatment with GRB7 inhibi-
tor peptide (Figure 7A) or GRB7-siRNA transfec-
tion (Figure 7C) significantly blocked haptotaxis
in response to heregulin stimulation as com-
pared to heregulin treated control peptide (pen-
etratin alone) or control-siRNA treated BT474
and SKBR3cells (Figure 7A and 7C).
Furthermore, inhibition of migration was more
pronounced when trastuzumab was used along
with GRB7 inhibitor peptide (Figure 7B).
However, GRB7 inhibitor peptide (G718NATE-
penetratin) has very little effect on heregulin-
induced haptotaxis of trastuzumab-resistant
cells (BT474HR, Figure 7A). In order to deter-
mine whether the change in migration is affect-
ed by the capacity of cells to adhere to the sub-
stratum (fibronectin), we performed adhesion
assays in these cells using similar experimental
conditions as those of migration experiments.
Adhesion was not affected following the treat-
ment of either GRB7 inhibitor peptide
(G718NATE-penetratin) or GRB7-siRNA trans-
fected cells (data not shown). Like the transwell
migration assay, the scratch assay (BT474 cells
cultured on a 24 well fibronectin coated plate
subjected to scratch) also demonstrated that
GRB7 reduces cell migration (Figure 8). Finally,
we carried out scratch assay on a fibronectin-
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coated cover slide in a real time manner follow-
ing treatment with GRB7-inhibitor peptide
(Supplementary data video 1 and video 2). Cell
motility entails the reorganization of the cyto-
skeleton and membrane trafficking for effec-
tive protrusion. Therefore, we next examined
the effect of the GRB7 inhibitor peptide on the
organization of actin filaments on fibronectin
coated cover slips. Confocal microscopy imag-
ing showed that treatment with GRB7 inhibitor
peptide led to alterations in the organization of
filamentous actin in BT474 cells (compare
between Figure 9A and 9B). From these data,
we suggest that GRB7 exerts a positive effect
on co-signaling events transmitted through the
integrin (a4B1/ o5B1)-HER2/HER3 signaling
axis required for migration.

GRBY inhibitor peptide or GRB7-siRNA trans-
fection blocks integrin-induced activation of
RAC1

Rac GTPases, small G-proteins widely implicat-
ed in metastasis, transduce signals from integ-
rins, receptor tyrosine-kinase, and, G-protein-
coupled receptors (GPCRs), and control a
number of essential cellular functions including
motility. Consistent with the known role for Rho
family small GTPases in cell migration, fibronec-
tin engagement caused a time-dependent
increase in RAC1 activation in BT474 and
BT474HR cells in presence of heregulin (10 ng/
ml) (Figure 10A). In absence of heregulin (only
on fobronectin-coated plate) RAC1 activation
was significantly less in HER2+ breast tumor
cells (data not shown). Since RAC1 activation
was pronounced at 30 minutes following fibro-
nectin engagement, the effect of GRB7 inhibi-
tor peptide (G718NATE-penetratin) was evalu-
ated at 30 minutes as compared to the
non-treated cells after fibronectin-attachment.
Figure 10B shows that fibronectin-dependent
RAC1 activation is significantly attenuated in
BT474 cells but not in trastuzumab-resistant
cells (similar to fibronectin-induced migration of
BT474HR cells). Similarly, RAC1 activation was
abrogated in BT474 and SKBR3 cells transfect-
ed with GRB7-siRNA (Figure 10C). From these
data we conclude that treatment of cells with
GRB7 inhibitor peptide or GRB7-siRNA abro-
gates fibronectin-mediated RAC1 activation in
trastuzumab-sensitive HER2+ breast cancer
cells. These results are directly correlated with
the capacity of GRB7 to control heregulin-
induced HER2+ breast cancer cell migration on
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Figure 9. A and B Gallery of Z sections (1micron) of BT474 cells showing change in the organization of filamentous-

actin following the treatment of G178NATE-Penetratin.

fibronectin. Additionally, we tried to understand
how GRB7 activates RAC1-GTPase following
integrin engagement which is required for
HER2+ cell movement. To answer this question,
we did a co-immunoprecipitation experiment
with  GRB7 antibody following fibronectin
engagement in BT474 cells. The results demon-
strate, for the first time, that GRB7 binds to
VAV2 (an exchange factor for RAC1) in a ligand-
dependent manner (Figure 10D).
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Discussion

It is likely that complex interactions exist
between receptor tyrosine kinases, cytosolic
adapter proteins and small GTPases to trans-
mit proliferative and migratory signals following
growth factor stimulation and integrin engage-
ment. Crosstalk between HER2 and integrins
has been reported in various cell types [48,
49]. In this report, our gene expression data
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Figure 10. Effect of GRB7 on the downstream effectors of integrin stimulation in HER2 overexpressed breast can-
cer cell lines: A. Integrin (a4B1/a5B1)-induced activation of RAC1. BT474 overexpressing HER2 and trastuzumab-
resistant BT474HR cells were plated on fibronectin (20 ug/ml)-coated plates. At different time points (15 and 30
minutes), lysates were evaluated using a pull-down assay for detection of activated GTP-bound RAC1 (top panel).
Immunoblot of total RAC-1 (bottom panel) was done on lysates as a loading control. NS, no stimulation. Data dem-
onstrate that RAC1 activation (GTP-RAC1) is significantly higher following integrin engagement at 30 minutes in
both cell lines (lane 3 and 6) and activation of RAC1 is substantially higher in the resistant cell line (lane 6) com-
pared to the sensitive cell line (lane 3). B (i). Effect of GRB7 inhibitor peptide (G178NATE-penetratin) on integrin-
induced RAC1 activation. HER2-overexpressing SKBR3 and BT474 cells were pretreated with GRB7 inhibitor peptide
(G178NATE-penetratin, lanes 3 & 6) or control peptide (penetratin alone, lanes 2 & 5) at 10 uM for 1 hr followed by
plating on fibronectin-coated plates (20 pg/ml) for 30 minutes at 37 °C (ii) A similar experiment was carried out in
trastuzumab-resistant BT474HR cells. Data show that integrin-induced RAC1 activation was blocked by GRB7 inhibi-
tor peptide (G178NATE) in sensitive cells [lanes 3 and 6 in Figure B (i)] but not in the trastuzumab-resistant cell line
[lane 3 in Figure B (ii)]. C. Effect of GRB7 on the activation of RAC1 in BT474 cells. GRB7 was knocked down in GRB7
overexpressing BT474 cells using siRNA [C (i), upper panel]. Cells were transfected with GRB7 specific siRNA or
control siRNA and incubated for 72 hrs as described in Materials and Methods. Activation of RAC1 following integrin
engagement of GRB7 siRNA transfected (72 hrs) cells was substantially less compared to control siRNA transfected
cells (compare lanes 2 and lane 4). Immunoblot of total RAC1 (bottom panel) was done on lysates as a loading
control. NS, no stimulation (lane 1 & 3), [C (ii)]. Data suggest that integrin-induced RAC1 activation (RAC1-GTP) is
dependent on GRB7 in HER2-overexpressed breast cancer cells. D. Co-immunoprecipitation of VAV2 (exchange fac-
tor for RAC1-GTPase activation) and GRB7 following fibronectin (x4p1/a5B1) stimulation.

sets (from FFPE samples) have uncovered immunoprecipitaes with receptor tyrosine
HER2+ breast cancer “pathways” which ulti- kinase, HER2, and non-receptor tyrosine

mately could become targets for new pathway-
specific drugs. We set out to determine if the
co-amplification of GRB7 and HER2 has any
impact on HER2+ breast cancer progression.
Our results demonstrated that: 1) GRB7 co-

188

kinase, FAK, following heregulin stimulation
and integrin engagement respectively, 2) GRB7
controls HER2+ breast cancer cell proliferation,
most likely through downstream activation of
RAS-GTP, and 3) GRB7 also controls heregulin-
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HER3 HER2

Migration

Proliferation/Survival

Figure 11. Schematic representation of the central theme of the study to show the mechanisms of proliferation and
integrin-mediated migration in HER2-overexpressing breast cancer cells: This schematic diagram shows a summary
of our results. Following activation, HER2 receptors can homodimerize/hetrodimerize with members of its family
(HER2, HER1, HERS3, or HER4) to propagate signals via downstream effector molecules. The current study suggests
that a HER2-GRB7-SHC-RAS signaling axis is responsible for proliferation of HER2-overexpressing breast cancer
cells. This study also demonstrates that a ad4b1/a5b1- FAK- GRB7-VAV2- RAC1 signaling axis is responsible for
HER2+ breast cancer cell migration. Both are crucial steps for tumorigenesis.

induced HER2+ cell migration on fibronectin,
probably through downstream activation of
RAC1-GTP. These findings imply that the pres-
ence of GRB7 is necessary for HER2 to drive
breast tumor phenotypes, i.e. proliferation and
integrin-directed migration.

HER2/Neu overexpressing breast cancer is
characterized by poor survival due to a high
proliferative and metastatic rate, and identify-
ing downstream targets of HER2 should facili-
tate novel therapies for this disease. Consistent
with published literature [50, 51], our expres-
sion data, using the Illumina DASL platform,
showed co-amplification of Grb7 along with
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Her2 at chromosome 17q12-21 (mRNA correla-
tion, r?=0.83). Concurrent with mRNA data,
immunoblot analyses revealed high expression
of GRB7 protein in HER2 overexpressing breast
cancer cell lines (Figure 1). Although, the litera-
ture indicates that GRB7 plays a definitive role
in HER2+ breast cancer [12, 52], the exact cel-
lular mechanism of action of GRB7 in the
HER2+ tumor cells has not been systematically
analyzed to date. Interestingly, GRB7 is includ-
ed on Oncotype DX® (Genomic Health,
Redwood City, California), a commercially avail-
able multigene molecular assay which can pro-
vide individualized risk estimates for patients
with breast cancer, based on the expression
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levels of 16 cancer-related genes in reference
to 5 invariant genes [53]. The Oncotype DX®
test is a diagnostic test that helps identify
which women with early-stage, estrogen-recep-
tor-positive and lymph-node-negative breast
cancer are more likely to benefit from adding
chemotherapy to their hormonal treatment.
This test also helps assess the likelihood that
an individual woman’s breast cancer will return.
The only mechanism of resistance to endocrine
therapy for which clinical data exist is overex-
pression of ErbB2/HER2 protooncogene [54,
55]. Here, we hypothesize that HER2 and GRB7
act together (in the same signaling cascade),
and it may be possible to control GRB7’s
function(s) thus controlling HER2-mediated
breast tumor cell phenotypes. Recently Nadler
et al have shown that coexpression of HER2
and GRB7 was associated with worse progno-
sis than high HER2 alone and high GRB7 pro-
tein expression was strongly associated with
decreased survival in the entire cohort (P=
0.0034) [10]. In the same line, Ramsey and
group have also reported that GRB7 protein
overexpression is associated with larger tumor
size/grade, more lymph node involvement, and
inferior breast cancer free survival (57.4% for
GRB7 overexpresser versus 78.2% for GRB7
non-overexpresser tumors) (hazard ration:
1.69) [56]. Laboratory based studies and clini-
cal trials revealed that co-amplification of topoi-
somerase |l alpha with Her2/Neu (in chromo-
some 17q) predicts benefit from adjuvant
anthracyclin-based therapy in HER2+ breast
cancer [57-60].

GRB?7 is not only co-overexpressed with HER2
in breast cancer, but also exists in a tight com-
plex with HER2. In HER2+ (BT474 and SKBR3)
and trastuzumab-resistant (BT474HR) breast
cancer cells, we co-immunoprecipitated a large
amount of tyrosine phosphorylated HER2 with
GRB7 antibody following heregulin stimulation
(Figure 2). Fiddse et al. demonstrated that
GRB7 was co-immunoprecipitated with both
HER3 and HER4 following heregulin-mediated
receptor activation in HER-293 cells stably
transfected with hGBR7/pRcCMV [61]. Here,
we also demonstrate that GRB7 is not co-
immunoprecipitaed with HER2 alone but with
another phosphoprotein following heregulin
stimulation at 46 and 52 KD. We confirmed
that a co-migrating protein is phospho-SHC by
probing with SHC-specific antibody, which sug-
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gests that HER2-GRB7 forms a tertiary complex
with another cytoslic adapter protein, SHC
(Figure 2). It has been also reported by others
that BT474 cells expresses p46 and p52 but
not p66 of isoforms of SHC [62]. It has also
been reported by Stein et al. that an SH2
domain containing protein forms a tight com-
plex with HER2 in breast cancer cells and SHC
is also recruited into this HER2-GRB7 complex
[51]. It is known that GRB2 is the SHC binding
partner in many cells including breast cancer
cells. However, in HER2 overexpressing cells
where GRB7 is co-overexpressed, there is a
possibility that GRB7 is the primary binding
partner for SHC not GRB2. We argue that GRB7
and GRB2 may compete with each other to bind
to SHC, since the cytosolic pool of GRB7 is
much higher than GRB2 (GRB7>GRB2), GRB7
becomes the preferred binding partner for SHC
in HER2+ breast cancer cells. Alternatively,
GRB7 may bind to other tyrosine phosphorylat-
ed sites of SHC but not Y317, a GRB2 binding
site. Our current focus is on the downstream
effector(s) of the HER2-GRB7-SHC complex,
which may be responsible for major biological
function(s) relevant to HER2+ breast tumor pro-
gression. An important functional consequence
of competition between GRB7 and GRB2 for
shared binding sites may be the modulation of
RAS signaling. SH2 domains of adapter pro-
teins (such as GRB7) bind to tyrosine phosphor-
ylated growth factor receptors and are found in
proteins that serve as substrates for tyrosine
kinases, e.g. RAS-GTPase activating protein
and PLCy [63], and GRB7 contains a RAS-
associating (RA) domain [36]. A positive corre-
lation has also been observed between the
expression of GRB7 and KRAS2, a gene encod-
ing a small G-protein of the RAS family in tes-
ticular germ cells [64].

Along the same lines, our data (both siRNA and
GRB?7 inhibitor peptide data) demonstrate that
GRB?7 is necessary for RAS activation following
heregulin stimulation in HER2+ breast cancer
cells (Figure 5) and hence, may control HER2+
breast cancer cell proliferation (Figure 4). In
line with our results, a recent study by Wang et
al. demonstrated that exogenous overexpres-
sion of GRB7 promotes ovarian cancer cell pro-
liferation through extracellular-signal regulated
kinase (ERK) [65]. An earlier study showed
knockdown of GRB7 expression in breast can-
cer cells with naturally occurring Her2/Neu
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amplification led to a decrease in cell prolifera-
tion [52]. GRBY inhibitor peptide (G7-18NATE)
has been reported to inhibit breast cancer cell
proliferation [11], one of the most important
phenotypes for tumor progression.

Several studies have demonstrated that GRB7
was connected to cell motility through its asso-
ciation with focal adhesion kinase, phos-
phoinositides, ephrin receptor and calmodulin
[45, 66-68]. Clinicopathological studies have
revealed that overexpressed GRB7 significantly
associated with metastatic tumor phenotype
[69]. Earlier, Shinji et al. have reported that a
group of GRB7 and FAK positive hepatocelluar
carcinoma patients showed a significantly
poorer prognosis than the negative group [70].
These studies led us to examine the mecha-
nism of GRB7-mediated HER2+ cell migration.
FAK has been implicated in playing an impor-
tant role in cellular signaling by integrins, sev-
eral cytosolic signaling proteins, and with cyto-
skeletal proteins. It has been reported by
others that GRB7 physically interacts with FAK
in an integrin-engagement manner [27, 47, 71].
However, the functional significance of the FAK-
GRB?7 interaction in HER2+ breast cancer is not
fully understood at present. Our co-immunopre-
cipitation data clearly demonstrated an inter-
action between FAK and GRB7 in HER2+ cells
following fibronectin engagement (Figure 6). It
has been reported that phosphorylation of
GRB7 could not take place in the absence of
FAK following integrin stimulation [72]. This
suggests that GRB7 is potentially a direct sub-
strate of FAK. In in vitro experiments, the GRB7
inhibitor peptide blocked binding to FAK and
phosphorylation of endogenous GRB7 protein
in human pancreatic cancer cells [71]. This FAK
dependent phosphorylation of GRB7 (Figure 6)
is regulated by integrin (x4p1/ a5B1) signaling
that leads to the activation of an unknown func-
tional downstream effector for cell migration.
Our in vitro data showed that GRB7 regulates
integin-mediated HER2+ cell migration (Figures
7 and 8). FAK-GRB7 complex formation and its
correlation with increased cell invasion were
also reported in esophageal carcinoma [73].
Several reports suggest that activation of RAC-
GTP is necessary for integrin-mediated cell
migration [29, 74, 75]. Accumulating evidence
suggests that the RAC’s immediate down-
stream effector PAK1 is implicated in breast
tumor progression. Indeed, more than 50% of
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breast tumors show overexpression and/or
hyperactivation of PAK1 [76]. Our in vitro siRNA
and GRB7 peptide inhibitor (G7-18NATE) data
indicate that GRB7 may control HER2+ breast
cancer cell migration through the activation of
small GTPase, RAC1 (Figure 10). Our data also
suggest that GRB7 physically associates with
Guanine nucleotide Exchange Factor (GEF),
VAV2, which is required for the activation state
of RAC (GTP bound form of RAC) (Figure 10D). It
is known that the FAK-GRB7 complex is inde-
pendent of the FAK-SRC complex that targets
p130CAS-CRK-DOCK-RAC signaling [77], but it
has also been reported that PI3 Kinase activa-
tion could cooperate with the FAK-GRB7 com-
plex in the stimulation of cell migration [67]. PI3
Kinase is a possible upstream regulator of the
RAC signaling pathway [78, 79]. PREL1 another
homologue of GRB7 was found to bind to the
actin cytoskeleton via ENA/VSPP, an important
player for actin polymerization [80]. Our initial
combination study  (trastuzumab plus
G7-18NATE) suggests that co-targeting HER2
and GRBY provides an additive effect on reduc-
ing migration beyond targeting HER2 or GRB7
alone, at least in the context of BT474 cells
(Figures 7 and 8). Our initial finding, along with
Pero’s reported data (GRB7 peptide inhibitor in
combination with trastuzumab enhances the
inhibitory effect on SKBR3 cell proliferation)
[11], suggest that co-targeting of both GRB7
and HER2 would likely provide additional bene-
fit over HER2- targeted therapy alone for
patients with a tumor carrying 17912
amplification.

In conclusion, our study shows that coexpres-
sion of GRB7 with HER2 impacts both prolifera-
tive and invasive potential of HER2+ breast
cancer cells by direct binding with HER2 and
FAK, respectively. These data strongly suggest
that careful biomarker analysis for each patient
is the key for the right treatment for the right
patient. Our work supports examining GRB7
protein overexpression for HER2+ breast can-
cer patients risk stratification. The clinical utili-
ty of this or other biomarker(s) in predicting
response to therapy or therapies remains of
interest, and definitely warrants additional
investigations. These studies predict that co-
targeting HER2 in addition to GRB7 will be
effective in breast tumors that rely on HER2 sig-
naling pathways for survival (Figure 11).
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Supplementary data

Real-time Video Microscopy: A scratch-would healing assay was performed on the confluent layer of cells (grown on
fibronectin-coated glass-cover slip culture- dishes; Mattek, Ashland, MA). Time-lapse images are acquired with a Per-
kin Elmer Ultraview ERS (Norwalk, CT) disk-spinning confocal system, mounted on a Zeiss Axiovert 200M inverted
microscope equipped with a 37 °C stage warmer, incubator, and humidified CO2 perfusion system. Bright-field im-
ages are acquired with a Hamamatsu Orca-ER camera with a Plan-Neoflour 10x objective (NA 0.75; 1x1 binning)
at 10 minutes intervals for each image set. BT474 cells were treated with GIP (25 pM) and their movement was
compared with the cells treated with the vehicle.
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