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Abstract

One of the causes of breast cancer is overexpression of the human epidermal growth factor 

receptor 2 (HER2). Enhanced receptor autophosphorylation and resistance to activation-induced 

down regulation have been suggested as mechanisms for HER2-induced sustained signaling and 

cell transformation. However, the molecular mechanisms underlying these possibilities remain 

incompletely understood. In the current report, we present evidence that show that HER2 

overexpression does not lead to receptor hyper-autophosphorylation, but alters patterns in a 

manner that favors receptor stability and sustained signaling. Specifically, HER2 overexpression 

blocks EGFR tyrosine phosphorylation on Y1045 and Y1068, the known docking sites of c-Cbl 

and Grb2, respectively, while promoting phosphorylation on Y1173, the known docking site of the 

Gab adaptor proteins and phospholipase C gamma (PLCγ). Under these conditions, HER2 itself is 

phosphorylated on Y1221/1222, with no known role, and on Y1248 that corresponds to Y1173 of 

EGFR. Interestingly, suppressed EGFR autophosphorylation on the Grb2 and c-Cbl binding sites 

correlated with receptor stability and sustained signaling, suggesting that HER2 accomplishes 

these tasks by altering autophosphorylation patterns. In conformity with these findings, mutation 

of the Grb2 binding site on EGFR (Y1068F-EGFR) conferred resistance to ligand-induced 

degradation which in turn induced sustained signaling, and increased cell proliferation and 

transformation. These findings suggest that the Grb2 binding site on EGFR is redundant for 

signaling, but critical for receptor regulation. On the other hand, mutation of the putative Grb2 

binding site in HER2 (Y1139) did not affect stability, signaling or transformation, suggesting that 

Y1139 in HER2 may not serve as a Grb2 binding site. In agreement with the role of EGFR in 

HER2 signaling, inhibition of EGFR expression reduced HER2-induced anchorage-independent 
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growth and tumorigenesis. These results imply that complementing HER2-targeted therapies with 

anti-EGFR drugs may be beneficial in HER2-positive breast cancer.
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Introduction

The epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTKs) 

comprises four members that include EGFR1-4. The human counterparts are called HER1-4, 

also referred to as ErbB1-4 (1–3). All members are composed of an extracellular ligand-

binding region, a transmembrane region, and a cytoplasmic region containing a Tyr kinase 

domain (except HER3) and Tyr autophosphorylation sites. Three of the family members, 

except HER2 (4), are activated by ligand binding (EGF, TGFα, heregulin, amphiregulin and 

heparin binding EGF) to the extracellular region, while HER2 is a constitutively active 

protein. Because EGFR1 is commonly known as EGFR and EGFR2 as HER2, we have used 

these abbreviations throughout this manuscript hereinafter.

The x-ray crystallographic structure of the EGFR ectodomain shows that the dimerization 

arm is autoinhibited in the resting state by intramolecular interaction between domains 2 and 

4, but EGF binding induces conformational changes that relieve the dimerization arm, 

leading to homo- or heterodimerization (5–7). On the other hand, no interactions between 

domains 2 and 4 were observed in the HER2 ectodomain (4). As a result, HER2 can readily 

heterodimerize with ligand-activated family members or homodimerize with itself, 

especially under conditions of overexpression, a commonly encountered genetic abnormality 

particularly in breast cancer (8–11). It might be this structural property of HER2 that allows 

it to act as the preferred partner of heterodimerization with the other family members.

In the EGFR family, ligand activation leads to receptor dimerization and 

autophosphorylation of tyrosine residues in the C-terminal region that provide docking sites 

for Src homology 2 (SH2) or phosphotyrosine binding (PTB) domain-containing signaling 

molecules (12). These interactions lead to recruitment of adaptor proteins such as Grb2, 

Gab1/2 and Shc that mediate further interactions, translocation of enzymes to substrate 

micro domains such as PI3K and the Ras nucleotide exchange factor SOS, binding of 

regulatory proteins such as c-Cbl and RasGAP, and in some instances, activation of enzymes 

such as SHP1 and SHP2 (13–16). The formation of multiprotein signaling complexes at the 

level of the receptor accomplishes two major tasks - activation of mitogenic and cell 

survival signaling pathways, and down regulation of receptor activity (17–23).

Ligand binding to a receptor tyrosine kinase (RTK) induces endocytosis, ubiquitinylation 

and degradation, which is considered to be the primary mechanism of regulation. The EGFR 

family is also regulated by this mechanism (24–27), but HER2 seems to be a poorly 

regulated RTK even when it is heterodimerized with the other family members (28, 29). 

Although the ability of HER2 to overcome regulatory mechanisms is well recognized, the 

molecular mechanisms that enable HER2 to accomplish these tasks have remained 
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unexplored. In the current report, we present evidence that show that HER2 overcomes 

regulatory mechanism by altering autophosphorylation patterns both on itself and the 

heterodimerized EGFR in a manner that favors downstream signaling and disfavors ligand-

induced down regulation. By doing so, HER2 exploits the EGFR to enhance its signaling, 

transformation, and tumorigenic potency.

Results

HER2 overexpression does not lead to receptor hyperphosphorylation

HER2 is a constitutively active protein (4), a property that may be key to its oncogenicity. 

We, therefore, evaluated receptor autophosphorylation patterns under conditions of HER2 

overexpression. To address this question, it was necessary to ectopically express HER2 so 

that the impact of HER2 overexpression could be compared in the same cell line. Due to the 

significance of HER2 in breast cancer, we have used the non-tumorigenic MCF-10A breast 

epithelial and the BT20 breast cancer cell lines both of which express a “normal” amount of 

EGFR and a very low amount of endogenous HER2 and HER3 (30). We have also used the 

Skbr-3 breast cancer cell line that overexpress HER2, but has a “normal” level of EGFR to 

see if endogenously expressed EGFR and HER2 function cooperatively in cell 

transformation. For mechanistic studies involving mutant EGFR and HER2, the mouse 

embryo fibroblast (MEF) cells were used.

The pattern of EGF-induced total protein tyrosine phosphorylation in the presence and 

absence of HER2 expression was examined by immunostaining of total cell lysates with 

anti-pY (anti-phosphotyrosine) antibody. To examine the temporal dynamics of tyrosine 

phosphorylation, time-course EGF stimulation was employed. Surprisingly, the most 

significant differences were the initial hyperphosphorylation of the EGFR in the controls 

that rapidly declined after 10 minutes, and the relatively moderate, but sustained receptor 

autophosphorylation in the HER2 cells (Fig. S1A and B). Reprobing for EGFR showed that 

it was stabilized in the HER2 cells and rapidly degraded in the controls (Fig. S1A and B), 

which is consistent with previous reports (28, 29, 31). Further reprobing with anti-HER2 

antibody revealed that HER2 was unaffected by ligand stimulation, confirming our recent 

report (30). These results suggest that receptor hyperphosphorylation occurs in the absence 

of HER2, but declines rapidly due to degradation.

The above findings led us concentrate on impact of HER2 overexpression on receptor 

autophosphorylation. EGFR and heterodimerized HER2 were isolated from cell lysates by 

immunoprecipitation reactions, and their total phosphorylation state was determined by 

immunostaining anti-pY antibody. To exclude differences due to ligand-induced receptor 

down regulation, the first 5 minutes of EGF stimulation was used for these experiments. 

Input total cell lysates used in these experiments had comparable amount of EGFR in all 

lanes, and similarly comparable levels of HER2 in the HER2 cells (Fig. 1A). Consistent with 

the results presented in Fig. S1A and B, EGF stimulation induced an enhanced receptor 

autophosphorylation in the controls, but a relatively modest autophosphorylation in the 

HER2 cells (Fig. 1B). Significant receptor autophosphorylation also occurred in the HER2 

cells in the absence of EGF stimulation, suggesting that HER2 can induce basal signaling 

under conditions of overexpression. Successive reblotting showed that EGFR was efficiently 
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precipitated, and the ectopically expressed HER2 was likewise co-precipitated with EGFR 

mainly in EGF-stimulation dependent manner. Band density measurements from at least 

three independent experiments showed that EGF-induced total receptor autophosphorylation 

was lower by approximately 25% in the HER2 cells (Fig. 1C). This looked paradoxical, but 

it nevertheless provided a clue as to the occurrence of reduced receptor autophosphorylation 

when HER2 is co-expressed with the EGFR.

HER2 alters autophosphorylation patterns in a manner that confers differential interaction

The unexpected differences in total receptor autophosphorylation between the controls and 

the HER2 cells led us investigate the phosphorylation state of individual 

autophosphorylation sites in both EGFR and HER2 in total cell lysates whose input protein 

levels are shown in Fig. 2A. EGF stimulation led to a robust phosphorylation of the EGFR 

on Y1045 and Y1068, the docking sites of c-Cbl and Grb2, respectively, in the controls, but 

phosphorylation on these sites was significantly reduced in the HER2 cells (Fig. 2B). In 

addition, phosphorylation on Y1148, the docking site of the Shc proteins, was lower in the 

HER2 cells, although not as dramatic as the Grb2 and the c-Cbl sites. On the other hand, 

phosphorylation on Y1173, the docking site of Gab1 and PLCγ, was significantly higher in 

the HER2 cells and lower in the controls. We were also able to determine the state of HER2 

autophosphorylation on Y1221/1222, which have no corresponding sites in EGFR, and on 

Y1248 that corresponds to Y1173 of EGFR. HER2 was phosphorylated even in the absence 

of EGF stimulation on these sites, which was further enhanced by EGF stimulation. These 

findings demonstrate that EGFR autophosphorylation is enhanced on the Gab1 (which 

recruits PI3K and SHP2) and PLCγ binding sites, and suppressed on the c-Cbl and the Grb2 

binding sites in the presence of HER2.

The observed differential autophosphorylation pattern could have been due to activation of 

certain phosphotyrosyl phosphatases (PTPs) by HER2. To verify this point, cells were 

treated with the general PTP inhibitor orthovanadate and lysates prepared from them were 

analyzed in the same way as above. Inhibition of PTP activity both in the control and HER2 

cells derive from the MCF-10A and BT20 lines did not lead to changes in 

autophosphorylation patterns (Fig. 2C and data not shown). Therefore, the reduced total 

receptor autophosphorylation in the HER2 cells was due to altered autophosphorylation 

induced by HER2.

Since altered autophosphorylation might lead to differential interaction with downstream 

signaling proteins, immunoprecipitation experiments were conducted to test this possibility. 

Consistent with the autophosphorylation data, the EGF-induced interaction of c-Cbl and 

Grb2 proteins with EGFR was elevated in the controls and lowered in the HER2 cells (Fig. 

2D), while the reverse was true for Gab1, p85 (subunit of PI3K) and SHP2. Despite 

moderate differences in EGFR phosphorylation on Y1148 between the control and the 

HER2 cells, the interaction of the Shc proteins was significantly lower in the HER2 cells. 

This outcome might reflect additive effects - directly due to reduced pY1148 and indirectly 

due to reduced pY1068 (Grb2-mediated); note that Shc proteins can make direct and indirect 

(through Grb2) interactions with activated receptors. Therefore, HER2 promotes altered 

autophosphorylation that leads to differential interaction with signaling and regulatory 
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proteins. Although we have not directly tested HER2 autophosphorylation at the 

corresponding Grb2 (Y1139) and c-Cbl (Y1112) binding sites due to lack of specific 

antibodies, the low level of Grb2 and c-Cbl interaction in the HER2 cells suggests that 

HER2 may not be phosphorylated on these sites.

c-Cbl is unable to interact with the EGFR:HER2 heterodimer, leading to reduced 
ubiquitinylation

A previous study has shown that controlled EGFR:HER2 heterodimers tend to exclude c-

Cbl interaction (32), but the mechanism was not known. The results presented in Figs. 2B 

and C demonstrated that autophosphorylation of the EGFR and possibly HER2 on the c-Cbl 

and the major Grb2 binding sites is very low in the presence of HER2, eliminating the direct 

and indirect interaction of c-Cbl. This may be the mechanism by which HER2 excludes c-

Cbl. Consistent with this notion EGFR coprecipitated with c-Cbl efficiently in the controls, 

and poorly in the HER2 cells (Fig. 3A and B). Furthermore, HER2 was undetectable in c-

Cbl immunoprecipitates, confirming that c-Cbl does not interact with EGFR-HER2 

heterodimers. Reprobing with anti-c-Cbl antibody showed that the amount of c-Cbl was 

comparable in all lanes. These results, together with the findings in Fig. 2B and D, show that 

the mechanism by which HER2 excludes the interaction of c-Cbl is through suppression of 

autophosphorylation on the direct and indirect c-Cbl binding sites.

Based on the results in Fig. 3A and B, it was reasoned that exclusion of c-Cbl interaction by 

HER2 could lead to inhibition of ubiquitinylation. Consistent with this assumption, EGFR in 

the control cells was highly ubiquitinylated, but less so in the HER2 cells despite the 

presence of comparable amount of receptor molecules in all lanes (Fig. 3C and D). 

Therefore, the mechanism by which HER2 protects itself as well as EGFR from ligand-

induced ubiquitinylation and degradation is by regulating the interaction of c-Cbl through 

altering autophosphorylation patterns.

HER2-induced inhibition of Grb2-binding site autophosphorylation does not perturb 
signaling

Inhibition of EGFR autophosphorylation on Y1068 in the HER2 cells was unexpected as 

this site was previously reported to promote Ras activation by acting as the major Grb2-SOS 

complex docking site. We therefore tested the state of EGF-induced downstream signaling 

under our experimental conditions. Because HER2 is known to induce sustained signaling, 

these experiments were conducted in a time course fashion. ERK1/2 and Akt activation was 

sustained in the HER2 cells and short-lived in the controls, suggesting the existence of an 

inverse relationship with elevated phosphorylation of the Grb2 binding site in EGFR (Fig. 

4A and D). In agreement with the dynamics of EGF-induced EGFR degradation (Fig. S1 

and (30)), initial ERK1/2 and Akt activation (first 10 minutes) was comparable in both the 

controls and the HER2 cells, but rapidly declined in the former and sustained in the latter. It 

was also possible to discern a revamping pattern in ERK1/2 and Akt activation in the HER2 

cells after 2 hours, reflecting receptor recycling as reported by us recently (30). As 

compared to the controls, the HER2 cells showed basal ERK1/2 and Akt activation, 

suggesting that HER2 alone can induce a low level of constitutive signaling. Anti-panERK2 

immunostaining showed that the amount of total protein loaded to each lane was 
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comparable. Band density measurements (Fig. 4B, C, E and F) confirmed that ERK1/2 and 

Akt activation in both cells were comparable at the 10 minutes time point, but rapidly 

declined in the controls to approximately 20% of the initial value, and never fell below 50% 

of the initial value in the HER2 cells. Therefore, the low level of Grb2 binding-site 

autophosphorylation in the presence of HER2 does not perturb signaling.

Y108F-EGFR induces sustained signaling compared to the wild-type counterpart

The induction of sustained signaling by HER2 while suppressing Grb2 binding required 

direct testing. Site-directed mutagenesis was used to replace Y1068 in EGFR and Y1139 in 

HER2 with Phe, which were referred to as Y1068F-EGFR and Y1139F-HER2, respectively. 

The vector, the wild-type and the mutant proteins (FLAG-tagged at the c-terminus) were 

expressed by retrovirus transduction in the mouse embryo fibroblast (MEF) cells that have 

very low-to-undetectable level of endogenous EGFR and HER2. Time-course EGF 

stimulation studies were conducted to examine the impact of the Grb2 binding-site mutation 

on the signaling and dynamics of ligand-induced receptor regulation. Expression of both 

WT-EGFR and Y1068F-EGFR led to an enhanced ERK1/2 and Akt activation initially, but 

it was short lived in the WT-EGFR and sustained in the Y1068F-EGFR cells (Fig. 5A). 

Anti-EGFR immunostaining revealed that Y1068F-EGFR was resistant to EGF-induced 

degradation, but the wild type counterpart was not. With regard to HER2, both WT-HER2 

and Y1139F-HER2 were able to induce sustained ERK1/2 and Akt activation, which was 

slightly enhanced by EGF stimulation (Fig. 5B). Reprobing for HER2 showed that both the 

WT-HER2 and the Y1139F-HER2 proteins were unaffected by EGF stimulation. Hence, 

Y1139, the putative Grb2 binding site in HER2, does not seem to play any significant role 

either in mediating signaling or receptor down regulation.

The above results led us determine the state of Grb2, SOS and c-Cbl interaction with the 

wild-type and the mutant EGFR proteins by immunoprecipitation experiments. As expected, 

mutation of the Grb2 binding site significantly reduced the interaction of Grb2 and SOS 

with EGFR (Fig. 5C). The interaction of c-Cbl was very low in the Y1068F-EGFR cells 

regardless of the presence of intact Y1045, suggesting that the Grb2-mediated (indirect) 

interaction plays a major role in recruiting c-Cbl to EGFR. Consistent with loss of c-Cbl 

interaction, Y1068F-EGFR was less ubiquitinylated than the wild type counterpart. 

Reprobing for EGFR showed that comparable amount of both WT-EGFR and Y1068F-

EGFR were present in all lanes. These findings suggest that Grb2 mediates receptor 

ubiquitinylation and degradation by acting as an adaptor to c-Cbl. In support of our 

conclusion, previous reports have also shown that Grb2 mediates receptor degradation by 

recruiting c-Cbl (33, 34). Therefore, HER2-induced suppression of EGFR 

autophosphorylation at the Grb2 binding site protects EGFR from ligand-induced 

degradation, and affords the EGFR with the ability to induce sustained signaling.

EGF-induced Y1068F-EGFR trafficking resembles that of WT-EGFR in presence of HER2

The resistance of Y1068F-EGFR to ligand-induced degradation was very similar to that 

induced by HER2 coexpression (Fig. S1A and B, (30)). To further compare this possibility, 

the dynamics of ligand-induced EGFR trafficking was studied by fluorescence microscopy 

in MEF cells ectopically expressing WT-EGFR or Y1068F-EGFR, and in BT20 and in 
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MCF-10A cells expressing vector alone or HER2. Cells were treated with TRITC-EGF at 

4°C to initiate binding without inducing internalization, hence allowing a synchronized 

endocytosis and processing when cells are transferred back to 37°C after removal of 

unbound EGF (35). Both WT-EGFR and Y1068F-EGFR expressed in MEFs were at the 

plasma membrane when cells were fixed immediately, but incubation at 37°C led to 

internalization within 10 minutes (Fig. 5D). Similarly, EGFR in both the control and the 

HER2 cells derived from the BT20 and the MCF-10A lines was at the plasma membrane at 

the zero time point, but was readily internalized within 10 minutes of incubation at 37°C as 

depicted by speckled cytoplasmic distribution (Fig. 5E and F). Upon further incubation, 

ectopically expressed WT-EGFR in the MEFs, and endogenous EGFR in the control BT20 

and MCF-10A cells was sorted to the perinuclear region and decayed gradually. On the 

other hand, Y1068F-EGFR in the MEFs behaved like WT-EGFR in the HER2 cells; in these 

cells, most of the EGFR signal was sorted to one side of the nucleus with gradual outward 

extension and minimal decline. Therefore, the dynamics of EGF-induced Y1068F-EGFR 

processing resembles HER2 overexpression-induced EGFR recycling.

Y1068F-EGFR is more transforming when compared to the wild-type counterpart

The results presented in Fig. 5 demonstrated that the Y1068F-EGFR is more signaling 

competent than the wild type counterpart, while both the wild type and the mutant HER2 

proteins are equally competent. The biological significance of these observations was further 

tested by evaluating changes in cell morphology, growth and transformation. In the absence 

of EGF stimulation, neither the wild-type nor the mutant EGFR protein induced any 

appreciable change in cell morphology, proliferation or transformation (data not shown). In 

the presence of EGF (2 ng/ml), however, the distinctive properties of the two proteins 

became apparent. MEFs expressing the Y1068F-EGFR acquired an elongated and refractive 

morphology in 2D (Fig. S2A), an increased proliferative potential (Fig. 6A, left) and ability 

to form colonies in soft agar (Fig. 6B). On the other hand, the mere expression of both WT-

HER2 and Y1139F-HER2 proteins induced morphological changes characterized by an 

interspersed and refractive appearance that forms foci-like structures de novo (Fig. S2B). In 

addition, both HER2 proteins were capable of inducing increased cell proliferation (Fig. 6A, 

right), and robust colony formation in soft agar (Fig. 6C). These results suggest that 

Y1068F-EGFR is superior in inducing cell growth and transformation than its wild type 

counterpart, which in turn suggests that inhibition of EGFR phosphorylation on Y1068 by 

HER2 confers signaling and transformation efficiency. Furthermore, these data show that 

mutation of Y1139 in HER2, the putative Grb2-binding autophosphorylation site, does not 

perturb transforming ability, suggesting that Y1139 in HER2 may not play any significant 

role. Overall, the superiority of HER2 in inducing enhanced cell growth and transformation 

suggests that it has additional effects other than altering autophosphorylation patterns.

To further corroborate the role of EGFR in HER2-induced transformation, its expression 

was silenced in the Skbr-3 breast cancer cell line that naturally has amplified HER2 gene 

and normal level of EGFR. Silencing EGFR in these cells reduced the size of HER2-induced 

colony growth in 3D without significantly affecting colony number (Fig. 6D-F). These 

results confirm the ectopic HER2 overexpression data in the BT20 and the MCF-10A cells 

that EGFR contributes significantly to HER2-induced signaling and transformation.
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HER2 exploits the EGFR to enhance its tumorigenic potential

The results so far described demonstrate that HER2 alters autophosphorylation patterns to 

confer resistance to ligand-induced degradation and to ultimately enhance cooperative 

signaling and transformational capacity. Finally, we sought to test whether or not the 

normally-expressed EGFR contributes significantly to HER2-iduced tumorigenesis in vivo.

The BT20 HER2 cells expressing control or anti-EGFR shRNA were injected 

subcutaneously into nude mice, and tumor formation was monitored by visual observation. 

The HER2 cells in which EGFR expression was silenced formed smaller and rounded 

tumors, while those that co-expressed EGFR with HER2 formed larger and irregular ones 

(Fig. 6G). Pictures of isolated tumors further showed differences in tumor size and shape 

(Fig. 6H). Measuring tumor weight confirmed that blocking EGFR expression in the HER2 

cells reduced tumor burden by approximately 3.5 fold (Fig. 6I). Therefore, HER2-induced 

tumorigenesis is dependent on EGFR, suggesting that the normally-expressed EGFR may 

potentiate the oncogenic property of HER2 in HER2-positive breast cancer. In other words, 

HER2 is capable of mustering signaling efficiency from the normally expressed family 

members by promoting their stability through altering autophosphorylation patterns.

Discussion

HER2 is an oncogenic transmembrane tyrosine kinase that induces cell transformation and 

tumorigenesis when it is overexpressed in tissues. Its overexpression, primarily due to gene 

amplification, is one of the major causes of breast cancer. HER2 is a constitutively active 

protein (4) with intrinsically low tyrosine kinase activity (36, 37). This property of HER2 

may be responsible for its ability to escape activation-induced down regulation, one of the 

suggested mechanisms for its oncogenesis. We thus investigated the effect of HER2 

overexpression on receptor autophosphorylation and its impact on protein stability, 

downstream signaling, and cell transformation. Furthermore, we have presented data that 

show that EGFR contributes significantly to HER2-induced tumorigenesis in xenograft mice 

models.

We have shown that HER2 overexpression leads neither to increased overall cellular 

tyrosine phosphorylation nor to receptor hyper-autophosphorylation. To the contrary, 

receptor hyper-autophosphorylation occurs in the absence of HER2 (Fig. 1B and C). These 

data were indicative of the occurrence of reduced receptor autophosphorylation when EGFR 

and HER2 heterodimerize. Analyzing specific autophosphorylation sites demonstrated that 

phosphorylation of the EGFR on Y1045 and Y1068 (the docking sites of c-Cbl and Grb2, 

respectively) was suppressed in the absence of HER2 while the opposite was true for Y1173 

of EGFR and for Y1221/1222 and Y1248 of HER2 (Fig. 2B). Although we have not 

determined phosphorylation of the putative c-Cbl and Grb2 docking sites (Y1112 and 

Y1139, respectively) in HER2 due to lack of specific antibodies, the modest overall 

autophosphorylation suggests that phosphorylation on these sites may not occur.

In agreement with the autophosphorylation data, c-Cbl and Grb2 interact strongly with 

EGFR homodimers, and poorly with EGFR:HER2 heterodimers (Fig. 2D). The poor 

interaction of c-Cbl and Grb2 with HER2-containing complexes provides further evidence 
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that HER2 may not be phosphorylated on Y1112 and Y1139. The low level of c-Cbl 

binding-site autophosphorylation in the presence of HER2 lends mechanistic support to the 

previous observation that EGFR:HER2 complexes tend exclude c-Cbl binding (32). In 

addition to its signaling role, Grb2 is known to mediate the interaction of c-Cbl with 

activated receptor molecules (34). Hence, the low level of Y1068 phosphorylation in the 

presence of HER2 blocks the indirect interaction of c-Cbl (Fig. 2D, and Fig. 3A and B), 

which in turn leads to the low level of receptor ubiquitinylation (Fig. 3C and D). Therefore, 

the mechanism by which HER2 confers receptor stability is through altered 

autophosphorylation. However, our results cannot exclude the existence of other as yet 

unidentified ubiquitin ligases excluded by HER2 that may contribute to receptor resistance 

to ligand-induced degradation.

While blocking autophosphorylation on the c-Cbl and the Grb2 binding sites, HER2 

promotes EGFR phosphorylation on Y1173 and its own phosphorylation on Y1248 and 

Y1221/1222 (Fig. 2B). Phosphorylated Y1173 of EGFR and Y1248 of HER2 are known 

docking sites for the Gab1/Gab2 adaptor proteins (38, 39). Consistent with the 

phosphorylation data, the interaction of Gab1 was elevated in the HER2 cells, and lowered 

in the control cells (Fig. 2D). Upon binding to RTKs and phosphorylation on multiple 

tyrosine residues, Gab1 serves as a docking platform for several signaling proteins, leading 

to formation of multiprotein complexes. Because EGFR and HER2 lack tyrosine residues 

that mediate direct PI3K binding, the interaction of PI3K with the EGFR:HER2 complexes 

is most probably through Gab1. Previous reports suggest that SHP2, the known positive 

effector of EGFR and HER2 signaling, interacts with EGFR and HER2 through Gab1 (40, 

41). Therefore, the increased interaction of SHP2 with EGFR and HER2 complexes may as 

well be through Gab1.

HER2 does not significantly influence the state of EGFR phosphorylation on Y1148, the 

docking site of the Shc adaptor proteins, but relatively less Shc proteins bind to 

EGFR:HER2 heterodimers. The reduced Shc interaction may be related to low Grb2 binding 

in the HER2 cells; note that Shc proteins are known to also make indirect interaction with 

RTKs through Grb2(42, 43). Hence, the low level of EGFR autophosphorylation on Y1068 

in the presence of HER2 reduces the interaction of Grb2 directly and that of c-Cbl and Shc 

proteins indirectly. A previous phosphoproteomic study suggested that Y1222 in HER2 may 

mediate Shc binding (44), but our results demonstrate very low binding of Shc proteins 

regardless of enhanced HER2 phosporylation on Y1221/1222. It is possible that HER2 

molecules behave differently inside (this report) and outside (44) the cell. Nonetheless, the 

presence of HER2 autophosphorylation on these sites suggests that they may contribute to 

the direct and indirect binding of other signaling proteins. It will be interesting to address 

these points in future studies. Overall, our results show that HER2 alters 

autophosphorylation patterns of the EGFR and of itself, favoring Gab1, p85 (PI3K) and 

SHP2, and disfavoring c-Cbl and Grb2 interactions.

The mechanism by which HER2 alters the autophosphorylation pattern within the 

heterodimer is unknown at this stage. Recent structural and modeling studies on receptor 

tyrosine kinases suggest that the kinase domains of dimerized receptor molecules form 

asymmetric dimmer that has a positive allosteric effect on kinase activation (45, 46). This 
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has been demonstrated for EGFR homodimers, FGFR1 homodimers, FGFR2 homodimers, 

and HER2 and HER4 heterodimers. The occurrence of such kinase domain asymmetry in 

the EGFR:HER2 heterodimer has not been demonstrated, but it is thought to be a common 

phenomenon (47). It is possible that subtle structural arrangements in the EGFR:HER2 

heterodimer hinder phosphorylation on the direct and indirect c-Cbl interaction sites, while 

promoting on those sites that mediate downstream signaling. A second possibility is that the 

kinase domain of HER2 may have the ability to discriminate among autophosphorylation 

sites, leading to distinctive autophosphorylation. A third possibility might be that the 

intrinsically low tyrosine kinase activity of HER2 (36, 37) may lead to phosphorylation of 

some, but not all sites on EGFR and HER2 itself, leading to differential autophosphorylation 

patterns. Future structural studies on EGFR:HER2 heterodimers may be needed to delineate 

between these possibilities.

Because HER2 promotes the interaction of the SHP2 tyrosine phosphatase, the known 

positive effector of RTK signaling, including EGFR and HER2, one may also argue that 

HER2 suppresses autophosphorylation on the c-Cbl and Grb2 binding sites indirectly by 

facilitating SHP2-mediated dephosphorylation. However, this possibility is unlikely since 

SHP2 is a highly selective phosphatase, targeting only RasGAP docking sites in EGFR (17) 

and HER2 (48). The involvement of other PTPs also is unlikely since treatment with 

orthovanadate, the general PTP inhibitor, did not lead to differences in the 

autophosphorylation patterns (Fig. 2C). In addition, the occurrence of this event in less than 

2 minutes of EGF stimulation strengthens the notion that HER2 does not act through 

tyrosine phosphatases to modulate autophosphorylation patterns.

One of the most unexpected findings was the induction of sustained signaling by the EGFR 

mutant lacking the Grb2 binding site (Y1068F-EGFR) (Fig. 5A). Analysis of EGF-induced 

receptor regulation has revealed that Y1068F-EGFR is relatively resistant to degradation. 

Immunoprecipitation studies further revealed that EGFR lacking the Grb2 binding site 

interacts poorly with c-Cbl and is least ubiquitinylated (Fig. 5C), explaining the observed 

resistance to ligand-induced degradation. A further layer of evidence came from fluorescent-

tagged EGF stimulation studies which demonstrated that Y1068-EGFR is efficiently 

internalized upon EGF stimulation, but not degraded. Hence, the sustained signaling 

efficiency of the Y1068F-EGFR is related to its resistance to EGF-induced degradation. 

Comparison of ligand-induced Y1068F-EGFR sorting with HER2-induced sorting of 

endogenous EGFR (compare Fig. 5D with E and F) showed a striking similarity, providing 

experimental evidence for the HER2-induced suppression of EGFR autophosphorylation on 

Y1068 conferring resistance to ligand-induced degradation. The increased cell proliferation 

and transformation induced by the Y1068F-EGFR (Fig. 6A and B) provide further support 

for this role of HER2.

The commonly-held notion is that Grb2 mediates Ras activation by acting as an adaptor to 

the nucleotide exchange factor SOS to bind to activated receptor tyrosine kinases at the 

plasma membrane where functional Ras resides. The finding that HER2 efficiently activates 

the Ras-ERK signaling pathway while suppressing Grb2 interaction contrasts with this 

notion. The ability of the Y1068F-EGFR to induce enhanced and sustained ERK1/2 and Akt 

activation, while having significantly reduced Grb2-SOS binding confirms the current 
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findings. The corresponding HER2 mutant (Y1139F-HER2) that lacks Grb2 binding site 

also signals as efficiently as the wild-type counterpart. Therefore, interaction of SOS with 

activated RTKs through Grb2 to activate Ras may be redundant or dispensable. In fact, the 

current data suggest that the major role of Grb2 bound to pY1068-EGFR is to mediate a 

receptor regulatory loop by coordinating the interaction of c-Cbl. A recent study suggested 

that the ERM proteins (ezrin, radixin, moesin) may play critical role in recruiting SOS to 

Ras (49), which may also be functional in HER2 signaling. Future studies are needed to 

further elucidate how HER2 activates the Ras-ERK signaling pathway without utilizing 

Grb2.

Conferring receptor resistance to activation-induced down regulation through modulation of 

receptor autophosphorylation patterns seems to be the mechanism for HER2 in promoting 

sustained signaling and cell transformation. The results presented in the current report (Fig. 

6D–I) reveal that maximal transformation and tumorigenesis by HER2 was dependent on 

EGFR. Loss of EGFR expression abolished HER2-induced anchorage-independent growth 

by the HER2 amplified breast cancer cell line. Furthermore, the enhanced tumor growth 

induced by HER2 overexpression in the BT20 breast cancer cell line was significantly 

suppressed, suggesting that HER2 exploits the normally expressed EGFR to maximize its 

oncogenicity. Based on 3H-thymidine-incorporation experiments (50), it was previously 

suggested that EGFR is not required for HER2-induced cell proliferation which is in contrast 

to our findings. It may be necessary to determine the significance of EGFR in HER2-

induced transformation using transformation and in vivo studies in the future. Nonetheless, 

the implication of our findings is that complementing HER2-targeted therapies with anti-

EGFR drugs may be beneficial in HER2-positive breast cancer as also evidenced by recent 

clinical trials where the dual tyrosine kinase inhibitor lapatinib was demonstrated to provide 

clinically beneficial results when administered in combination with anti-HER2 drugs such as 

herceptin (51).

Materials and Methods

Cells, cell culture and reagents

The cells used in this study, the MCF10A breast epithelial, and the BT20 and the Skbr-3 

breast cancer cell lines, were purchased from ATCC, while the mouse embryo fibroblasts 

(MEFs) were a gift from Dr. Steven Frisch (West Virginia University). The MEFs and the 

BT20 cells were grown in regular Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal calf serum, while the MCF10A were grown in DMEM 

supplemented with the indicated ingredients (10 μg/ml recombinant human insulin, 20 ng/ml 

EGF (PeproTech), 0.5 μg/ml hydrocortisone, 100 ng/ml cholera toxin (Sigma) and 5% horse 

serum), as described previously (52). All cell lines were grown in a 37°C incubator with 5% 

CO2 supply. The anti-EGFR polyclonal antibody (E1157), and the anti-FLAG (F3165) and 

the anti-β-actin (A5441) monoclonal antibodies were purchased from Sigma-Aldrich, while 

the anti-HER2 (610162) monoclonal antibody was from Pharmagen. Antibodies to phospho-

ERK1/2 (9101S), phospho-Akt (9271S), phospho-EGFR (2234, 2237, 4404, 4407) and 

phospho-HER2 (2243, 2244) were from Cell Signaling. The anti-c-CBL antibodies (SC-170 

and SC-1651) and the anti-panERK2 antibody (SC-81457) were bought from Santa Cruz 
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Biotechnology. Secondary antibodies conjugated with horseradish peroxidase were from 

Amersham (NA934V and NA931V), and Molecular Probes (A11079). TRITC-labeled EGF 

was purchased from Molecular Probes.

Subcloning, retroviral transduction and production of stable cell lines

Full-length wild type and mutant HER2 and EGFR proteins were subcloned into the 

REBNA/IRES/GFP retroviral vector as reported previously (53). Recombinant retroviral 

particles expressing the different HER2 and EGFR proteins were produced by transfection 

into appropriate packaging cells using the FuGENE 6 transfection reagent (Roche). The 

MCF-10A, the BT20 and the MEF cell lines stably expressing the vector and the different 

EGFR and HER2 proteins were produced by infection with the respective retroviruses in the 

presence of 1μg/ml polybrene (Sigma). After incubation in growth medium for 

approximately 48 hours, cells were treated with 1 μg/ml blasticidine, the selection antibiotic 

expressed by the viral vector, to remove non-expressing cells. Blasticidine-resistant cell 

populations were used for the various experiments described in this manuscript.

Stable anti-EGFR shRNA expression

The expression of the EGFR in the HER2 cells derived from the BT20 line was 

accomplished as described by us and others (54). Briefly, double-stranded DNA the codes 

for anti-EGFR shRNA was custom-synthesized (Integrated DNA Technologies) and ligated 

into the BamHI and EcoRI sites of pSIREN-RetroQ-TetP (BD Biosciences, Palo Alto, CA). 

The targeting oligonucleotide sequence was 5′-GGAGCTGCCCATGAGAAAT-3′. After 

packaging in appropriate cells, transient supernatants (after 48 hours of incubation) were 

used to infect the BT20-HER2 and the Skbr-3 cells. A non-targeting anti-Luciferase shRNA 

was used as a control. Non-expressing cells were removed by puromycin treatment, and 

resistant populations were used for the in vivo Xenografting studies described in Fig. 7.

Preparation of cell lysates, gel electrophoresis and immunostaining analysis

All cell lysates were prepared in a buffer containing 20 mM Tris-HCl, pH7.2, 150 mM 

NaCl, 50 mM NaF, 1 mM EDTA, 10% glycerol, 1% triton-X-100, 1 mM sodium 

orthovanadate and a protease inhibitor cocktail. Lysates were briefly sonicated to breakdown 

chromosomal DNA that could interfere with protein separation by polyacrylamide gel 

electrophoresis. After clearing by centrifugation at 12,000 rpm for 10 minutes, the lysates 

were analyzed as described in the respective experiments. For separation of proteins, 

samples were mixed with Laemmli sample buffer, denatured by boiling for 10 minutes, and 

then run on an 8% or 10% denaturing polyacrylamide gel. After transfer onto a 

nitrocellulose membrane and blocking with 3% bovine serum albumin, the membranes were 

stained with primary antibodies overnight at 4°C, washed 3 times with TBST (Tris-buffered 

saline containing 0.1% Tween-20) to remove unbound primary antibody, stained with 

secondary antibodies for 1 hour at room temperature, washed 3 times with TBST to remove 

unbound secondary antibody, and finally detected by the chemiluminescence method.
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Immunoprecipitation studies

Cells expressing vector alone or WT-HER2 were grown to about 80% density, serum 

starved overnight, and stimulated with 10 ng/ml EGF for desired time points. Lysates 

prepared from these cells were first cleared by centrifugation at 12,000 rpm, and then 

subjected to immunoprecipitation with respective antibodies at 4°C overnight. Precipitates 

were captured on protein A/G sepharose beads by further incubation for 1 hour. Finally, 

precipitates were washed three times with lysis buffer and then eluted by addition of 

Laemmli sample buffer and boiling for 10 minutes at 100°C. Eluted proteins were separated 

on polyacrylamide gel electrophoresis and processed for immunostaining as described 

above.

Anchorage-independent growth assay

Anchorage-independent growth in soft agar was performed in 6 cm cell culture plates. After 

covering bottom of plates with 0.3% agar in the growth medium, approximately 105 cells 

suspended in 3 ml of growth medium and mixed with melted agar to a final concentration of 

0.3% were immediately poured onto the agar overlay. The agar cultures were transferred to 

a 37 °C and 5% CO2 incubator and maintained for 15 days. The cells were fed with growth 

medium containing 0.3% soft agar twice, and after that, feeding was by replenishing DMEM 

supplemented with 10% fetal bovine serum. Colony formation was monitored by 

visualization under a microscope, and pictures were taken using an Olympus IX71 

microscope equipped with DP30BW digital camera.

TRITC-labeled EGF studies

Cover slips for TRITC-labeled EGF fluorescence studies were prepared as described 

previously (18, 35, 55). Cells grown on cover slips, serum-starved overnight, pre-chilled at 

4°C for 1 hour, treated with 10 ng/ml TRITC-labeled EGF for under chilled conditions, 

washed twice with ice-cold serum-free DMEM, replenished with the same serum-free 

medium and incubated at 37°C for the desired time points. Cover slips were then rinsed with 

room temperature PBS, fixed in 4% paraformaldehyde for 20 minutes, washed 3 times with 

PBS, and mounted on microscopic slides. Pictures were collected using the 40× objectives 

of Olympus IX-71.

In vivo tumorigenesis studies

Female nude mice were purchased from Jackson laboratories. Approximately 106 

MCF-10A-HER2 cells expressing control or anti-EGFR shRNA were mixed 1:1 with 

matrigel (BD Biosciences) and injected subcutaneously into the rump region of each mouse; 

three mice were used in each group. Tumor growth was monitored by visual observation. 

When the control shRNA-HER2 mice developed tumors that were ≥ 1 cm in diameter, all 

mice were sacrificed, pictures collected, tumors retrieved and their weights measured.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Analysis of EGF-induced receptor autophosphorylation. The control and the HER2 cells 

derived from the MCF-10A and the BT20 lines were serum starved overnight and then 

stimulated with EGF (10 ng/ml) for 2 minutes, 5 minutes or left unstimulated. A) Input total 

cell lysate analysis for EGFR and HER2 in the MCF-10A breast epithelial and in the BT20 

breast cancer cell lines. HER2 was expressed in both cells by retrovirus-mediated 

transduction. The expression of EGFR in all lanes and HER2 in the corresponding lanes was 

comparable. B) EGFR was immunoprecipitated from the total cell lysates shown in A, and 

then analyzed for total autophosphorylation by immunostaining with anti-pY antibody. 

Reblotting with anti-EGFR and anti-HER2 antibodies showed that EGFR was successfully 

precipitated, and HER2 was likewise co-precipitated in the expected lanes. C) Band density 

measurement of anti-pY blots of EGFR in the controls, and EGFR and HER2 heterodimers 

in the HER2 cells. The results shown were mean ± S.D. (standard deviation) taken from 

three independent experiments.

Hartman et al. Page 18

Oncogene. Author manuscript; available in PMC 2014 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hartman et al. Page 19

Oncogene. Author manuscript; available in PMC 2014 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hartman et al. Page 20

Oncogene. Author manuscript; available in PMC 2014 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hartman et al. Page 21

Oncogene. Author manuscript; available in PMC 2014 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Analysis of specific autophosphorylation and interaction. The control and the HER2 cells 

were serum starved overnight and then stimulated with EGF (10 ng/ml) for the indicated 

time points. A) Input total cell lysate analysis for EGFR, HER2, Gab1, c-Cbl, p85 (PI3K), 

SHP2, Shc, Grb2 and β-actin (loading control). B) Analysis of individual 

autophosphorylation sites in EGFR and HER2 using phospho-specific antibodies. In this 

study, four EGFR and three HER2 autophosphorylation sites were analyzed. C) Effect of 

PTP inhibition on receptor autophosphorylation patter. Cells were treated with 1 mM 

orthovanadate for 30 minutes prior to EGF stimulation. Lysates prepared from these cells 

were analyzed for EGFR and HER2 autophosphorylation as shown. D) Immunoprecipitation 

and immunostaining analysis of c-Cbl, Grb2, Shc, Gab1, p85 (PI3K) and SHP2 interaction 

with EGFR and EGFR:HER2. Note that the interaction of Grb2 and Shc was higher in the 

control cells and lower in the HER2 cells, and the opposite was true for Gab1, p85 (PI3K) 

and SHP2.
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Figure 3. 
Analysis of EGFR and HER2 coprecipitation with c-Cbl in the MCF-10A (A) and BT20 (B) 

cell lines. The control and the HER2 cells were serum starved overnight and then stimulated 

with EGF (10 ng/ml) for the indicated time points. Lysates prepared from these cells were 

subjected to anti-Cbl immunoprecipitation, and then to immunostaining with the indicated 

antibodies. State of receptor ubiquitinylation (top), HER2 and EGFR coprecipitation (middle 

and bottom, respectively) were analyzed by immunostaining with specific antibodies. Data 

from the MCF-10A is shown in C while from the BT20 in D.
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Figure 4. 
Impact of HER2 expression on signaling. As compared to the controls, expression of HER2 

led to an enhanced and sustained ERK1/2 and Akt activation in both the MCF-10A (A) and 

BT20 (D) lines. Band density analysis of ERK1/2 and Akt activation in the MCF-10A- (B 

and C) and BT20- (E and F) derived lines showed short-lived signaling in the controls and 

sustained signaling with slight decline and revamp in the HER2 cells. Basal pERK1/2 and 

pAkt activation levels (no EGF stimulation) in the controls were used as reference to 

calculate “fold over basal”. The results shown are averages of three independent 

experiments ± S.D. (standard deviation).
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Figure 5. 
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Mutation of the Grb2 binding site in EGFR and HER2 does not perturb signaling. A) Vector, 

WT-EGFR or Y1068F-EGFR were expressed in the mouse embryo fibroblast (MEF) cells 

by retroviral transduction, and their impact on EGF-induced ERK1/2 and Akt activation was 

analyzed by immunostaining with specific antibodies. Anti-EGFR immunostaining showed 

that the expression of both EGFR proteins was comparable. Note also that Y1068F-EGFR is 

resistant to EGF-induced degradation. B) Similarly, the vector and the WT-HER2 and the 

Y1139F-HER2 proteins were expressed in MEFs and analyzed for ERK1/2 and Akt 

activation and HER2 expression. Note that both WT-HER2 and Y1139F-HER2 induce 

constitutive signaling, and their stability was unaffected by EGF stimulation. C) Interaction 

of SOS, Grb2 and c-Cbl with EGFR proteins and state EGFR ubiquitinylation were analyzed 

by immunoprecipitation with anti-FLAG and immunostaining with the indicated antibodies. 

D) Dynamics of EGF-induced WT-EGFR and Y1068F-EGFR processing in MEFs. Also 

shown in E and F are dynamics of EGF-induced EGFR (endogenous) processing in the 

MCF-10A and BT20 lines, respectively. For fluorescence studies, cells were serum-starved 

overnight, chilled at 4°C for 1 hour, treated with 10 ng/ml TRITC-labeled EGF at 4°C for 1 

hour, transferred to 37°C and incubated for the indicated time points. Preparation of 

coverslips and picture collection was as described in the materials and methods.
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Figure 6. 
A) Impact of EGFR (left) and HER2 (right) expression on cell proliferation was determined 

by counting cells in 10 random 4x objective fields and then averaging. The results shown are 

mean ± S.D. (standard deviation) of three independent experiments. B) Expression of 

Y1068F-EGFR, but not WT-EGFR in MEFs induced colony formation in soft agar in the 

presence of 2 ng/ml EGF. C) Expression of both WT-HER2 and Y1139F-HER2 in MEFs 

induced robust colony formation in soft agar. D) Pictures of colonies, one at 10× and another 

at 5× objectives for each group, showing effect of EGFR silencing on colony formation by 

the Skbr-3 HER2-positive breast cells. Scale bar represents 500 μm. E) Bar graph showing 

differences in colony size formed by the control and EGFR-shRNA cells after 10 days of 

incubation in soft agar. F) Bar graph showing colony number as determined by counting 10 

random fields under 4× objective and then averaging; data shown is mean ± S.D. (standard 

deviation) of three independent experiments. G) Pictures of mice bearing xenograft tumors 

initiated by subcutaneous injection of ~106 BT20-HER2 cells expressing control or EGFR-

specific shRNA. Note the differences in size and shape where the shRNA are smaller and 

relatively rounded while the controls are larger and irregular. H) Pictures of isolated tumors 

also show differences in size and shape. I) Bar graph showing differences in tumor weight 
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between the control and the shRNAcells; data shown is average weight of the three tumors 

in each group ± S.D. (standard deviation).
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