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Abstract

Purpose: We have investigated mechanisms of acquired resistance to the HER2 antibody trastuzumab in BT-474 human breast cancer cells.
Experimental Design: BT-474 xenografts established in athymic nude mice were eliminated by
trastuzumab. Continuous cell lines (HR for Herceptin resistant) were generated from tumors that
recurred in the presence of continuous antibody therapy.
Results:The isolated cells behaved resistant to trastuzumab in culture as well as when reinjected
into nude mice. They retained HER2 gene amplification and trastuzumab binding and were exquisitely sensitive to peripheral blood mononuclear cells ex vivo in the presence of the antibody. The
HR cells exhibited higher levels of phosphorylated epidermal growth factor receptor (EGFR) and
EGFR/HER2 heterodimers. Phosphorylation of HER2 in HR cells was inhibited by the EGFR tyrosine kinase inhibitors erlotinib and gefitinib. Gefitinib also inhibited the basal association of p85
with phosphorylated HER3 in HR cells. Both inhibitors as well as the dual EGFR/HER2 inhibitor,
lapatinib, induced apoptosis of the HR cells in culture. Growth of established HR5 xenografts was
inhibited by erlotinib in vivo. In addition, the HR cells overexpressed EGFR, transforming growth
factor a, heparin-binding EGF, and heregulin RNAs compared with the parental trastuzumabsensitive cells.
Conclusions: These results are consistent with the inability of trastuzumab to block the heterodimerization of HER2 and suggest that amplification of ligand-induced activation of ErbB receptors is a plausible mechanism of acquired resistance to trastuzumab that should be investigated
in primary mammary cancers.

HER2/neu (ErbB2) is a member of the ErbB family of
transmembrane receptor tyrosine kinases, which also includes
the epidermal growth factor (EGF) receptor (EGFR; ErbB1),
HER3 (ErbB3), and HER4 (ErbB4). Binding of ligands to the
extracellular domain of EGFR, HER3, and HER4 induces the
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formation of kinase-active homodimers and heterodimers to
which activated HER2 is recruited as a preferred partner (1).
Although HER2 does not bind any of the ErbB ligands directly,
its catalytic activity can potently amplify signaling by ErbBcontaining heterodimers via increasing ligand binding affinity
and/or receptor recycling and stability (2 – 5).
Amplification of the HER2/neu (ERBB2) gene occurs in
f25% of invasive breast cancers and is associated with poor
patient outcome (6). Trastuzumab (Herceptin), a humanized
monoclonal IgG1 that binds to the ectodomain of HER2,
induces clinical responses in HER2-overexpressing breast
cancers and prolongs patient survival when combined with
chemotherapy (7 – 13). The clinical efficacy of trastuzumab
seems limited to breast cancers that overexpress HER2 as
measured by intense membrane staining in the majority of
tumor cells with HER2 antibodies (3+ by immunohistochemistry) or excess copies of the HER2 gene determined by
fluorescence in situ hybridization. Therefore, HER2 overexpression by immunohistochemistry and/or fluorescence in situ
hybridization is the biomarker predictive of good odds of
response to treatment with the antibody. However, many
patients with HER2 gene-amplified metastatic breast cancers do
not respond or eventually escape trastuzumab, suggesting both
de novo and acquired mechanisms of therapeutic resistance.

4909

Clin Cancer Res 2007;13(16) August 15, 2007

Downloaded from clincancerres.aacrjournals.org on November 28, 2021. © 2007 American Association for
Cancer Research.

Cancer Therapy: Preclinical

Several studies have already reported or speculated on
potential mechanisms of resistance to trastuzumab. For
example, overexpression of the insulin-like growth factor-I
receptor or increased levels of insulin-like growth factor-I
receptor/HER2 heterodimers (14, 15), which potently activate
phosphatidylinositol 3-kinase (PI3K) and its downstream
effector Akt, abrogate trastuzumab action when transfected
into antibody-sensitive human breast cancer cells. Amplification of the PI3K pathway as a result of loss or low levels of the
phosphatase PTEN in primary tumors is also associated with
lower odds of response to trastuzumab (16). Exogenous ligands
of the EGFR and HER3/4 coreceptors have been shown to
rescue from the antiproliferative effect of the antibody (17, 18).
This is consistent with structural and cellular data using ErbB
receptor ectodomains and different HER2 monoclonal antibodies, which show that trastuzumab is unable to block ligandinduced EGFR/HER2 and HER2/HER3 heterodimers (19, 20).
Finally, Anido et al. (21) reported the presence of HER2
COOH-terminal fragments that result from alternative translation initiation from methionines near the transmembrane
domain of the full-length receptor molecule. These fragments
are kinase active but lack the trastuzumab binding epitope and,
therefore, can potentially allow the cancer cell to escape
antibody action. Despite these important leads, there is/are
no biomarker(s) than can reliably predict lack of benefit from
trastuzumab, which in turn can be used for subsequent clinical
trial development and/or individual therapeutic decisions.
In this report, we describe the generation of trastuzumabresistant BT-474 cells in vivo. The resistant cells retained HER2
gene amplification and trastuzumab binding. They exhibited
higher levels of phosphorylated EGFR (P-EGFR) and EGFR/
HER2 heterodimers as well as overexpression of EGFR, transforming growth factor a (TGFa), heparin-binding EGF, and
heregulin RNAs compared with the parental trastuzumabsensitive cells, suggesting enhanced EGFR-mediated activation
of HER2. Small-molecule inhibitors of EGFR and HER2 were
effective against the antibody-resistant cells, suggesting that (a)
they were still dependent on the ErbB receptor network and (b)
amplification of ligand-induced activation of ErbB receptors is a
potential mechanism of acquired resistance to trastuzumab.

Materials and Methods
Cell lines, kinase inhibitors, and antibodies. BT-474 cells were
obtained from the American Type Culture Collection and maintained
in improved minimal essential medium (IMEM, Life Technologies,
Inc.) supplemented with 10% FCS at 37jC in a humidified, 5% CO2
incubator. Gefitinib was provided by Alan Wakeling (AstraZeneca
Pharmaceuticals, Alderley Park, United Kingdom); erlotinib was from
Genentech, Inc.; lapatinib was provided by Tona Gilmer (GlaxoSmithKline, Collegeville, PA); and trastuzumab was purchased from the
Vanderbilt University Hospital Pharmacy. Human recombinant TGFa
was from R&D Systems.
HER2 gene copy/protein levels and antibody binding. HER2 gene
copy number was determined by fluorescence in situ hybridization
using HER2 Spectrum Orange and CEP17 Spectrum Green probes
(Vysis) as described (22). Enumeration of HER2 and CEP17 signals was
done on 25 consecutive cells. Images of representative cells were
captured at 630 with a single-bandpass filter for the detection of
Spectrum Orange, Spectrum Aqua, or 4¶,6-diamidino-2-phenylindole
using IP Labs imaging software package (Scanalytics, Inc.). To
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determine HER2 surface levels, we followed the procedure described
by Moulder et al. (18). Cells in Eppendorf tubes (5  105 per tube)
were washed three times with staining buffer (5% heat-inactivated FCS
in PBS) and then treated with either 200 Ag/mL Cy3-conjugated
trastuzumab or Cy3-conjugated normal mouse IgG (Santa Cruz
Biotechnology). Both samples were incubated for 45 min on ice and
washed three times with staining buffer. Flow cytometry of Cy3-labeled
cells was done using a FACSCalibur flow cytometer (Becton Dickinson).
To determine trastuzumab binding affinity, cells were grown to
confluence, then washed twice with cold serum-free medium, and
subsequently incubated with 1 ng/mL 125I-trastuzumab (specific
activity, 200,000 cpm/Ag) with or without increasing concentrations
of unlabeled trastuzumab in triplicate wells for 3 h at 4jC while
rocking. After three washes on ice with cold PBS, cells were solubilized
with 0.5 N NaOH and cell-associated cpm was measured in a Beckman
gamma counter. For standardization purposes, we obtained cell counts
from unlabeled wells that were handled similarly to wells containing
cells labeled with 125I-trastuzumab. Percentage binding = [cpm sample /
cpm control (no unlabeled antibody)]  100; a best curve fit was
generated with GraphPad Prism 4 software and the EC50 was calculated
using a one site competition equation: Y = bottom + (top - bottom) /
1 + 10(X - logEC50), where X is log (concentration) and Y is binding.
Anchorage-independent and three-dimensional growth assays and
terminal deoxynucleotidyl transferase – mediated dUTP nick end
labeling. Colony-forming assays in 0.8% agarose were done as
described previously (23) in the presence or absence of inhibitors.
Cells (3  104 per dish) in 35-mm dishes were incubated in 5% CO2 at
37jC for 7 to 10 days. Tumor cell colonies measuring z50 Am were
counted using the Omnicon tumor colony analyzer (BioLogics, Inc.).
For three-dimensional growth assays, cells were seeded in six-well plates
(2  106 per well) in growth factor-reduced Matrigel (BD Biosciences)
diluted 1:3 with IMEM. Inhibitors were added to the medium at the
time of cell seeding and replaced every 3 days. Colonies were
photographed using an Olympus DP10 camera mounted in an inverted
microscope. After 10 to 14 days, cells were trypsinized and counted in a
Zeiss Coulter Counter (Beckman Coulter). To measure apoptosis,
adherent cells were treated with inhibitors in serum-free medium; after
48 h, both floating and adherent cells were pooled and subjected to
terminal deoxynucleotidyl transferase – mediated dUTP nick end
labeling analysis using the APO-bromodeoxyuridine kit (Phoenix Flow
Systems) as described (REF) following the manufacturer’s protocol.
Establishment of resistant xenografts/cells and mouse studies. Fiveweek-old female BALB/c athymic nude mice (Harlan Sprague-Dawley)
were implanted with 0.72 mg, 60-day release, 17h-estradiol pellets
(Innovative Research). The next day, f2  107 BT-474 cells suspended in
(300 AL) growth factor-reduced Matrigel were injected s.c. in the right
flank via a 22-gauge, 1.5-inch needle. Once tumors reached a volume
z200 mm3, mice were treated with 20 mg/kg trastuzumab diluted in
sterile PBS by i.p. injection twice a week. Tumor diameters were serially
measured with calipers and tumor volumes were calculated by the
formula: volume = width2  length / 2. Tumors that responded
completely and then recurred in the presence of maintained therapy
with trastuzumab were harvested, minced, and digested with 0.25%
trypsin in IMEM containing antibiotics and DNase for 30 min at room
temperature. Cell suspensions were filtered through several layers of
sterile gauze, washed twice with serum-containing IMEM, and seeded
onto tissue culture flasks in IMEM/10% FCS. For therapeutic studies,
antibody-sensitive and antibody-resistant cell lines were injected following the same protocol. Once tumors reached a volume z250 mm3, mice
were randomly allocated to treatment with PBS, trastuzumab 20 mg/kg
i.p. twice a week, or erlotinib 200 mg/kg daily administered via orogastric
gavage.
Immunoblot analysis and immunoprecipitation. After washes with icecold PBS, cells were scraped into EBC lysis buffer [50 mmol/L Tris-HCl
(pH 7.5), 120 mmol/L NaCl, 0.5% NP40, 100 mmol/L NaF, 200 Amol/L
Na3VO4, 10 Ag/mL each aprotinin, leupeptin, phenylmethylsulfonyl
fluoride, and pepstatin] and incubated for 20 min at 4jC while rocking.
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Fig. 1. Selection of trastuzumab-resistant xenografts and cells.
A, athymic nude mice were injected with f2  107 BT-474 cells
as indicated in Materials and Methods. Mice with established
tumors (200 mm3) received trastuzumab 20 mg/kg i.p twice a
week. Tumors (four of six) were eliminated and some recurred
within the indicated days of treatment (X axis) while on
continuous therapy with trastuzumab. The recurrent tumors were
harvested and minced under sterile conditions. Tumor cell
suspensions were prepared and later maintained in IMEM/10%
FCS as indicated in Materials and Methods. B, HER2 gene copy
number was determined by fluorescence in situ hybridization
(bottom) as indicated in Materials and Methods. Top, phase
microscopy showing epithelial features of cells. Numbers in each
panel indicate the ratio of HER2/CEP17 probe signals. C, HER2
protein levels as measured by immunoblot analysis of whole-cell
lysates from the indicated lines using a HER2 polyclonal
antibody. Each lane contains 30 Ag of total protein.

Lysates were cleared by centrifugation (10 min at 12,000 rpm, 4jC)
and protein concentrations were determined using the bicinchoninic
acid assay reagent (Pierce). SDS-PAGE, transfer to nitrocellulose, and
immunoblot analysis were done as described previously (24). Horseradish peroxidase – linked IgG (Amersham Pharmacia) was used as
secondary antibody. Primary antibodies also used for immunoprecipitation included the following: HER2/neu and total EGFR Ab-12 (Neomarkers); phosphorylated tyrosine (P-Tyr) and p85 (Upstate
Biotechnology); Y1068 P-EGFR, Y1248 phosphorylated HER2, Y1289
phosphorylated HER3, mitogen-activated protein kinase (MAPK),
Akt, and S473 phosphorylated Akt (P-Akt; Cell Signaling); phosphorylated MAPK (P-MAPK; Promega Corp.); and HER3 and HER4 (Santa
Cruz Biotechnology). Immunoprecipitations were done as described
previously (24) using 0.5 1 mg protein from whole-cell lysates.
Real-time quantitative PCR (Taqman) analysis. RNA was isolated
using the Qiagen RNeasy Mini kit. Gene expression was quantified by realtime quantitative PCR or Taqman using 100 ng of total RNA per reaction as
described previously (25). The sequences of the primer/probe sets used for
this analysis are as follows: EGFR 5¶-GCCTTGAGTCATCTATTCAAGCAC-3¶
(F), 5¶-TGCTACTGTCATTCGCACCTG-3¶ (R), and 5¶-FAM-AGCTCTGGCCACAACAGGGCATTTT-TAMRA-p-3¶ (P); HER2/neu 5¶-TCTGGACGTGCCAGTGTGAA-3¶ (F), 5¶-TGCTCCCTGAGGACACATCA-3¶ (R), and 5¶-FAMCAGAAGGCCAAGTCCGCAGAAGCC-TAMRA-p-3¶ (P); HER3
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5¶-TTCTCTACTCTACCATTGCCCAAC-3¶ (F), 5¶-CACCACTATCTCAGCATCTCGGTC-3¶ (R), and 5¶-FAM-ACACCAACTCCAGCCACGCTCTGCTAMRA-p-3¶ (P); HER4 5¶-GAGATAACCAGCATTGAGCACAAC-3¶ (F),
5 ¶- A G A G G C A G G T A A C G A A A C T G A T T A - 3 ¶ ( R ) , a n d 5 ¶- F A M
CCTCTCCTTCCTGCGGTCTGTTCGA-TAMRA-p-3¶ (P); EGF 5¶-AGCTAACCCATTATGGCAACA-3¶ (F), 5¶-AGTTTTCACTGAGTCAGCTCCAT-3¶
(R), and 5-FAM-AGGGCCCTGGACCCACCAC-TAMRA-p-3¶ (P); TGFa 5¶GGACAGCACTGCCAGAGA-3¶ (F), 5¶-CAGGTGATTACAGGCCAAGTAG-3¶
(R), and 5¶-FAM-CCTGGGTGTGCCACAGACCTTC-TAMRA-p-3¶ (P); HRG
5¶-TGGCTGACAGCAGGACTAAC-3¶ (F), 5¶-CTGGCCTGGATTTCTTC-3¶
(R), and 5¶-FAM-CAGCAGGCCGCTTCTCGACAC-TAMRA-p-3¶ (P);
a m ph ire g ul in 5¶- A T A T C A C A T T G G A G T C A C T G C C C A - 3 ¶ (F) ,
5¶-GGGTCCATTGTCTTATGATCCAC-3¶ (R), and 5¶-FAM-AGCCATAAATGATGAGTCGGTCCTCTTTCC-TAMRA-p-3¶ (P); heparin-binding EGF,
5¶-GAAAGACTTCCATCTAGTCACAAAGA-3¶ (F), 5¶-GGGAGGCCCAATCCTAGA-3¶ (R), and 5-FAM-TCCTTCGTCCCCAGTTGCCG-TAMRA-p-3¶
( P ) ; b e t a c e l l u l i n 5 ¶- T G C C C C A A G C A A T A C A A G C - 3 ¶ ( F ) ,
5¶-CGTCTGCTCGGCCACC-3¶ (R), 5¶-FAM-AAGCGGCATCTCCCTTTGATGCAGTAA-TAMRA-p-3¶ (P); and epiregulin 5¶-TGCATGCAATTTAAAGTAACTTATTTGACTA-3¶ (F), 5¶-ATCTTAAGGTACACAATTATCAAAGCTGA3¶ (R), and 5¶-FAM-TCGGATTACTGAATTGTATCAATTTGTTTGTGTTCATAMRA-p-3¶ (P), where F and R are the forward and reverse primers,
respectively, and P is the Taqman probe (FAM as reporter and TAMRA as
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quencher). Human cDNA FLJ22101 fis (Genbank accession no. AK025754)
was used as a housekeeping gene for normalization of EGFR family receptor
and ligand gene expression. Primer/probe sets for FLJ22101 are as follows:
5¶-TTCCCTGTGGCACTTGACATT-3¶ (F), 5¶-CTTTTGCCTCTGGCAGTACTCA-3¶ (R), and 5¶-FAM-TG TCTTAAA GTTTTTGA AGTA CATCTTCTGGCCCC-TAMRA-p-3¶ (P). Taqman One-Step Universal
Master Mix (Applied Biosystems) was used for all reactions. Taqman
reaction was done in a standard 96-well plate format with ABI 7500 realtime quantitative PCR system. For data analysis, raw dC t was first
normalized to a housekeeping gene for each sample to get dC t. The
normalized dC t was then calibrated to BT-474 control to get ddC t. In the
final step of data analysis, the ddC t was converted to fold change (2-DDCt)
relative to control.
Northern hybridization. Total RNA from BT-474, HR5, and HR6
cells was prepared using the RNeasy Mini kit. Twenty micrograms of
total RNA per lane were loaded and separated by electrophoresis on
1.2% formaldehyde-agarose gel and transferred to nylon membranes
(Hybond N+, Amersham) in 20  SSC (150 mmol/L NaCl, 15 mmol/L
sodium citrate). Prehybridization (2 h) and hybridization (overnight)
were carried out in a roller bottle at 50jC in ExpressHyb hybridization
solution (BD Biosciences). The hybridized membrane was washed in
2 SSC, 0.1% SDS twice at room temperature, and 0.1 SSC, 0.1% SDS
twice at 60jC. Hybridization signals were detected by autoradiography.
TGFa immunoassay. Subconfluent, exponentially growing cells
(106 cells/60 mm-dish) were incubated in 1 mL of serum-free medium
supplemented with 20 Ag/mL of the EGFR monoclonal antibody
cetuximab (provided by Dan Hicklin, Imclone Systems, Inc., New York,

New York) to block EGFR ligand internalization. After 24 h,
the medium conditioned by cells was collected and centrifuged at
12,000 rpm for 10 min at 4jC to remove cell debris. TGFa protein in
cell conditioned medium was quantitated by sandwich enzyme
immunoassay using the TGFa Quantikine kit (R&D Systems). In brief,
standards and cell media are added to a 96-well microplate plate coated
with a TGFa antibody and incubated for 2 h at room temperature
followed by four washes with 0.05% Tween 20 in PBS. A horseradish
peroxidase – linked antibody was next added to the wells for additional
2 h. Following another set of washes, a substrate solution containing
tetramethylbenzidine was added to the wells with color developing in
proportion to the amount of TGFa bound in the initial step. The
colorimetric reaction was stopped by acidification with 2 N sulfuric acid
and absorbance was measured at 459 and 570 nm. TGFa activity
equivalents were calculated from the standard curve and expressed as
pg/mL/106 cells/24 h.
Peripheral blood cell – induced cytotoxicity. BT-474, HR (for Herceptin resistant), and MDA-468 (HER2 negative) cells were labeled in 24well plates with 200 ACi/mL Na51
2 CrO4 (Amersham Corp.) for 60 min
at 37jC; unbound radioactivity was removed after two washes. Singledonor peripheral blood mononuclear cells (PBMC) were isolated from
healthy volunteers by Ficoll-Hypaque discontinuous gradient centrifugation and washed twice. Effector PBMCs and 51Cr-labeled (target)
cancer cells were coincubated in ratios of 1:1, 3:1, 10:1, and 30:1 in
quadruplicate wells in a humidified CO2 incubator for 4 h at 37jC.
Wells containing target cells alone served as controls for spontaneous
release (SR) of 51Cr (cell lysis). Labeled cells were counted by

Fig. 2. Trastuzumab-resistant BT-474 cells bind trastuzumab and are sensitive to PBMCs ex vivo. A, cell surface levels of HER2 were determined by flow cytometry using
Cy3-conjugated trastuzumab. Controls (shaded areas) represent cells labeled with Cy3-conjugated normal mouse IgG. Histograms were generated using a FACSCalibur flow
cytometer. B, confluent monolayers of the indicated cells in 24-well plates were labeled with 125I-trastuzumab for 4 h at 4jC while rocking in the absence or presence of
unlabeled trastuzumab (0.001-10 nmol/L). At 4 h, cells were washed with cold PBS three times on ice and harvested with 0.5 N NaOH. Cell-associated cpms were measured
in a Beckman gamma counter. Controls indicate cell-associated cpm in the absence of any unlabeled antibody. Points, mean % binding relative to control (no competitor)
calculated from three wells. C, PBMC-mediated cytotoxicity. BT-474 and HR (target) cells were labeled with 51Cr and then coincubated in different ratios with human PBMCs
for 4 h at 37jC. Percentage cytotoxicity as a function of isotope release from target cells was calculated as indicated in Materials and Methods. Points, average of four
wells; bars, SD (<5%).
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Fig. 3. Trastuzumab does not inhibit postreceptor signals in resistant cells. A,
cells were seeded in six-well plates in growth factor-reduced Matrigel.The following
day, trastuzumab (20 Ag/mL) was added and replenished every 72 h. Colonies
(z50 Am) were photographed and counted manually 10 d later. B, cells plated as in
(A) and harvested 24 h after the initial addition of trastuzumab.Whole-cell lysates
were prepared, separated by SDS-PAGE, and subjected to immunoblot analysis
with the indicated antibodies.

g scintillography to determine total release (TR) of radioactivity. After
centrifugation at 750  g for 10 min at room temperature, the
supernatant (SN) was removed for determination of radioactivity.
Percentage cytotoxicity was calculated from the formula: 100  (cpm in
SN - SR) / TR - SR.

Results
Trastuzumab-resistant cells retain HER2 overexpression and
antibody binding. BT-474 xenografts were established in athymic
nude mice and then treated with trastuzumab. Four of six tumors
were completely eliminated within 30 days of treatment but some
recurred during continuous antibody therapy. Cell lines were
established from recurrent (HR) tumors. Two of these (HR5 and
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HR6) were propagated to study mechanisms of acquired resistance
(Fig. 1A). The isolated resistant cells maintained an epithelial
morphology similar to that of the parental cells and without any
evidence of mouse cell contamination (Fig. 1B, top). We examined
HER2 gene amplification by fluorescence in situ hybridization
using a method that determines oncogene copy number corrected
to the number of copies of chromosome 17. BT-474 and all HR
sublines exhibited f6-fold HER2 gene amplification (Fig. 1B,
bottom). HER2 protein levels by immunoblot analysis of wholecell lysates were also similar among sensitive and resistant cells
(Fig. 1C).
We next determined if the resistant cells expressed HER2 at the
cell surface and were able to bind trastuzumab. Cells were
incubated with Cy3-trastuzumab and fluorescence intensity
compared with Cy3-labeled nonspecific IgG (control) using
flow cytometry. Similar shifts in fluorescence intensity were
observed for the trastuzumab-resistant cells compared with
BT-474 cells. A single monotypic HR cell population was
identified by flow cytometry, indicating an absence of contaminating mouse cells. (Fig. 2A). To estimate binding affinity, cells
were labeled with 125I-trastuzumab in the absence or presence
of increasing concentrations of unlabeled antibody under
conditions that avoid receptor endocytosis. Total binding was
similar in BT-474, HR5, and HR6 cells, 10 nmol/L (15 Ag/mL) of
antibody, eliminating labeled trastuzumab binding completely.
Lower concentrations of unlabeled trastuzumab (f1 nmol/L)
outcompeted 50% (EC50) of 125I-antibody binding in HR5 and
HR6 cells compared with BT-474 cells (f3 nmol/L; Fig. 2B),
suggesting that trastuzumab binding affinity was not impaired in
the resistant cells.
Antibody-dependent cell-mediated cytotoxicity (ADCC) has
been proposed as a dominant component of trastuzumab action.
ADCC requires high-affinity binding of the antibody to HER2 in
oncogene-overexpressing cells and the recruitment of FcgRIIIexpressing immune effector cells, which in turn mediate cell
lysis of the tumor target cells (26). Thus, to examine the
consequences of antibody binding as they apply to ADCC and a
differential sensitivity of the resistant cells to immune cells, we
coincubated 51Cr-labeled BT-474 and HR cells with human
PBMCs. All three cell lines exhibited identical percentage
cytotoxicity when incubated with increasing numbers of effector
cells (Fig. 2C), suggesting that the HR cells were not intrinsically
resistant to ADCC. No cytotoxicity was observed when using
PBMCs and 51Cr-labeled HER2-negative MDA-468 human breast
cancer cells in the presence of trastuzumab (data not shown).
HR cells retain resistant phenotype in culture. We determined
whether the resistant cells generated in mice retained their
phenotype in vitro. Cells were plated in Matrigel and followed
in the absence or presence of a receptor-saturating concentration of trastuzumab (13 nmol/L). Colony formation of BT-474
cells was markedly reduced (>90%), whereas growth of HR cells
was unaffected by treatment with trastuzumab (Fig. 3A). In cell
lines, xenografts, and primary breast tumors, trastuzumab
has been shown to inhibit activity of postreceptor signal
transducers (18, 22, 27, 28) and it has been proposed that
these biochemical responses are required for the antitumor
action of the antibody against HER2-overexpressing cells. In
addition, loss or low levels of PTEN have been associated with
trastuzumab resistance (16). Therefore, we examined PTEN
content and the effect of trastuzumab on basal activation of
MAPK and Akt as measured by antibodies specific to P-MAPK
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Fig. 4. Trastuzumab-resistant cells express higher levels of EGFR, P-EGFR, and EGFR/HER2 complexes. A, subconfluent exponentially growing monolayers were
serum-starved overnight and harvested. Cell lysates (500 Ag) were precipitated with EGFR, HER2, HER3, or HER4 antibodies. Antibody pulldowns were washed and
then subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. B, BT-474 and HR5 cell monolayers were incubated in serum-free medium in the
presence or absence of the indicated inhibitors. After 16 h, cells were harvested and whole-cell lysates were subjected to immunoblot analysis with the indicated antibodies.
C, cells were treated with 1 Amol/L gefitinib for 6 h and then lysed. Cell lysates (500 Ag/lane) were precipitated with a p85 antibody as described (59) and immune complexes
were subjected to SDS-PAGE followed by immunoblot analysis with P-Tyr, HER3, and p85 antibodies. The 200-kDa P-Tyr band comigrated with HER3 and was not
recognized by EGFR or HER2 antibodies. Molecular weights in kDa are indicated to the left of the P-Tyr immunoblot.

and S473 P-Akt, respectively. PTEN levels were similar in
BT-474 and HR cells. After an overnight incubation and
consistent with the effects on three-dimensional growth in
Matrigel, trastuzumab treatment inhibited P-MAPK and P-Akt
in parental but not in either of the HR sublines (Fig. 3B).
Interestingly, a P-Tyr immunoblot of HER2 pulldowns revealed
slightly higher phosphorylation of HER2 in the HR cells. In all
three cell sublines, this was increased by treatment with the
antibody (Fig. 3B).
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Trastuzumab-resistant cells overexpress HER2-associated
EGFR and remain sensitive to EGFR and HER2 kinase
inhibitors. Trastuzumab binds to an epitope in HER2 that is
not involved in HER2 heterodimerization with other ErbB
receptors (19, 20). Thus, to determine if lateral cross-talk to
HER2 was increased in the HR sublines, we examined the levels
of phosphorylated EGFR, HER3, and HER4 and their association with HER2 in the resistant cells. ErbB receptors were
precipitated with specific antibodies followed by immunoblot
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analysis aimed at detecting total and activated receptors as well
as their association with HER2. Activated EGFR, HER3, and
HER4 were detectable in P-Tyr immunoblots of receptor
pulldowns from antibody-sensitive and antibody-resistant cells.
EGFR and P-EGFR levels were markedly higher in the HR lines
but the levels of HER3 and HER4 remained similar to those in
BT-474 cells (Fig. 4A).
To determine if EGFR activation is causally connected to
HER2 phosphorylation, we treated cells with the EGFR tyrosine
kinase inhibitors (TKI) gefitinib and erlotinib using concentrations that are specific to the receptor kinase and that have
been achieved at steady-state levels in the plasma of patients
treated with these small molecules (29, 30). Treatment with
gefitinib and erlotinib inhibited tyrosine phosphorylation of
HER2, P-Akt, and P-MAPK in both BT-474 and HR5 cells
(Fig. 4B). In both lines, the combination of trastuzumab with
1 Amol/L erlotinib or gefitinib induced a more complete
inhibition than P-Akt compared with the EGFR TKI alone
(Fig. 4B, lanes 6 or 7 or each panel). Similar results were
observed in HR6 cells (data not shown). Further, in both cell
types, treatment with gefitinib uncoupled p85, the regulatory
subunit of PI3K, from a 200-kDa P-Tyr band that was

recognized by HER3 antibodies (Fig. 4C). These results imply
that in the resistant cells, both HER2 and HER3 are transactivated by the EGFR.
We next examined the cytotoxic effect of EGFR inhibition in
colony-forming assays and by measuring DNA double-strand
breaks in the presence of terminal deoxynucleotidyl transferase
and flow cytometry. Treatment with 1 Amol/L gefitinib and
erlotinib inhibited anchorage-independent growth of both HR5
and HR6 cells (Fig. 5A). Consistent with these results, evidence
of apoptosis was detected in 10% to 15% of cells after a
48-h treatment with the EGFR TKIs but not with trastuzumab
(Fig. 5B). We next translated these results to an in vivo model by
reinjecting HR5 cells into athymic nude mice. All mice formed
tumors measuring z500 mm3 within 3 to 4 weeks. Treatment
of established HR5 xenografts with trastuzumab did not affect
growth whatsoever, whereas administration of erlotinib for
36 days prevented tumor growth. These data suggest that the
antibody-resistant tumors are still dependent on the ErbB
signaling network and, second, that the resistance to trastuzumab is a stable phenotype in the HR5 cells.
Finally, we tested the effect of lapatinib against HR5 and HR6
cells. This is a reversible dual kinase inhibitor of the EGFR and

Fig. 5. Trastuzumab-resistant cells are sensitive to EGFR TKIs in vitro and in vivo. A, cells were plated in soft agarose in triplicate 35-mm dishes as indicated in Materials
and Methods in the absence or presence of 1 Amol/L erlotinib or gefitinib. Ten days later, colonies were counted manually and photographed. Treatment with the EGFR
inhibitors resulted in complete inhibition of colony growth. B, cells were seeded in six-well plates in IMEM/10% FCS. The following day, they were changed to serum-free
medium F 1 Amol/L erlotinib or gefitinib or 20 Ag/mL trastuzumab. Forty-eight hours later, adherent and floating cells were collected and subjected toTUNEL assay using the
APO-bromodeoxyuridine kit. FITC-positive cells were detected by flow cytometry as indicated in Materials and Methods. Columns, mean of three wells; bars, SD. C, female
athymic nude mice that had been supplemented with estradiol pellets s.c. were injected with HR5 cells into the s.c. space as indicated in Materials and Methods. Once tumors
reached a volume z500 mm3, eight mice per group were randomized to no therapy, trastuzumab 20 mg/kg i.p. twice a week, or erlotinib 200 mg/kg daily via orogastric
gavage. Tumor diameters were measured serially with calipers and tumor volumes were calculated as indicated in Materials and Methods. Points, mean tumor volume of eight
mice per group; bars, SD.
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HER2 with potent activity against HER2-overexpressing cancer
cells (31, 32). Treatment with lapatinib markedly inhibited
three-dimensional growth in Matrigel of BT-474 and the HR
sublines (Fig. 6A). Consistent with its cellular activity, lapatinib
also inhibited basal Y1248 phosphorylated HER2 and Y1289
phosphorylated HER3 in all three cell lines. Y1068 P-EGFR was
detected in HR5 and HR6 but not in BT-474 cells and this sitespecific phosphorylation was also eliminated by the addition of
lapatinib (Fig. 6B).
Trastuzumab-resistant BT-474 cells overexpress ErbB ligands. To
investigate further a possible mechanism to explain the
increased activation of EGFRs and EGFR/HER2 complexes, we
measured ErbB ligands and receptors by real-time quantitative
PCR. Similar to the protein data shown in Fig. 4A, EGFR RNA
was markedly up-regulated in both HR sublines compared

with parental cells. RNA levels of EGF, TGFa, heparin-binding
EGF, and heregulin were also up-regulated in both HR cells.
The levels of HER3, betacellulin, and epiregulin were unchanged, whereas amphiregulin RNA was lower in the resistant
sublines (Fig. 7A). Northern hybridization also confirmed the
up-regulation of TGFa mRNA in HR5 and HR6 cells (Fig. 7B).
Secreted TGFa as measured by immunoassay of cell conditioned medium revealed a close to 2-fold increased level of
TGFa protein (Fig. 7C). These results suggest that exogenous
TGFa would counteract the antitumor effect of the HER2
antibody against BT-474 cells. Therefore, we plated BT-474 cells
in soft agarose and added trastuzumab F TGFa. As predicted,
the addition of TGFa to trastuzumab-treated BT-474 cells
completed prevented the growth-inhibitory effect of the
antibody (Fig. 7D). Similar results were obtained with heregulin (10 ng/mL) – treated BT-474 cells (data not shown).

Discussion

Fig. 6. Trastuzumab-resistant cells remain HER2 dependent. A, BT-474. HR6,
and HR5 cells were seeded in six-well dishes in Matrigel as in Fig. 3A. The following
day, trastuzumab (20 Ag/mL) or lapatinib (0.5 Amol/L) was added and replenished
every 72 h. Colonies were photographed and counted manually 10 d later.
B, subconfluent exponentially growing cells were switched from IMEM/10% FCS to
serum-free medium and treated or not with 1 Amol/L lapatinib. After an overnight
incubation, cells were harvested and lysates were prepared as indicated in Materials
and Methods followed by SDS-PAGE and immunoblot analyses with the indicated
antibodies. P-HER2, phosphorylated HER2; P-HER3, phosphorylated HER3.
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Mechanisms involving tumor cells directly as well as host
cells have been proposed to explain the inhibitory action of
trastuzumab against cancers with high expression of the HER2
oncogene. The antitumor effect of the antibody is almost
completely abrogated in mice lacking the receptor FcgRIII (26),
strongly implying that ADCC is the main mechanism of action
of the IgG1 in vivo. The hybridoma (mouse) counterpart of
trastuzumab, 4D5, partially removes HER2 from the plasma
membrane, potentially preventing its interaction with ErbB
coreceptors (33). Two recent articles, however, indicate that
trastuzumab does not down-regulate and/or increase the
endocytosis of HER2 but, instead, the antibody recycles to the
cell surface with the internalized receptor (28, 34). Concurring
with these two studies, we did not observe any change in
surface HER2 in the resistant cells reported herein by examining
levels of HER2 in streptavidin pulldowns from cell surface –
biotinylated HR cells (Supplementary Fig. S1).
Other studies have reported an inhibitory effect of trastuzumab on postreceptor signal transduction. Nagata et al.
(16) reported antibody-induced recruitment of PTEN to the
cell membrane concordant with inhibition of its phosphatase activity by repressing Src-mediated inhibition of PTEN.
Trastuzumab treatment inhibits phosphorylation of HER3
and disrupts the basal association of HER3 with HER2 and
with p85a resulting in inhibition of PI3K and Akt activities
(22). The antisignaling effect of trastuzumab against PMAPK and P-Akt has also been observed in xenografts and
breast primary tumors (18, 27). Suggesting that the
inhibition of postreceptor signal transduction is required
for trastuzumab action, up-regulation of PI3K and Akt by
RNA interference of PTEN and/or overexpression of mutant
active Akt confer resistance to trastuzumab (16, 22). Finally,
trastuzumab binding blocks the metalloproteinase-mediated
cleavage at the juxtamembrane region of HER2 (35), which
is associated with the generation of a catalytically active 95kDa NH2 terminal fragment of HER2 and shedding of the
ectodomain of receptor (36). It remains to be determined
whether loss of any of these cellular mechanisms is causally
associated with resistance to trastuzumab in patients with
breast cancer.
Because of the reported effects of trastuzumab on tumor host
cells, specifically the recruitment of immune effector cells via its
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Fig. 7. Trastuzumab-resistant cells overexpress EGFR and ErbB ligands. A, total RNA was subjected to quantitative PCR as described in Materials and Methods. Data were
normalized to BT-474 control cells. B, equal amounts of total RNA harvested from the indicated cells were subjected to Northern hybridization using a 32P-labeled probe for
TGFa. The 28S and 18S rRNA bands were used as loading control for the Northern blot. C, secretion of TGFa protein was quantitated in cell conditioned medium using an
enzyme immunoassay as indicated in Materials and Methods. Data are normalized to pg/mL/106 cells/24 h. D, exogenousTGFa negates trastuzumab action against antibodysensitive cells. Parental BT-474 cells were plated in triplicate in a colony-forming assay in the presence of trastuzumab (20 Ag/mL) with or without TGFa (10 ng/mL) as
indicated in Materials and Methods. Colonies measuring z50 Am in diameter were counted 10 d later and photographed using an Olympus DP10 camera.

Fc domain (26) and the inhibition of tumor cell-stimulated
endothelial cells (37), we decided to generate antibodyresistant cells in athymic nude mice. Although deficient in
T cells, these mice have natural killer cells and macrophages/
monocytes, capable of generating ADCC (38). Most established
BT-474 xenografts regressed completely on treatment with
trastuzumab and some tumors recurred promptly. The (HR)
cells isolated from the resistant xenografts retained HER2 gene
amplification and trastuzumab binding and were exquisitely
sensitive to PBMCs ex vivo in the presence of the antibody,
suggesting that they were not intrinsically resistant to ADCC.
Their resistant phenotype was retained in culture as well as
when reinjected in nude mice. However, they overexpressed
EGFR, TGFa, heparin-binding EGF, and heregulin RNAs
compared with the parental trastuzumab-sensitive cells. We
speculate that the increased EGFR RNA levels are the result of
ligand-mediated induction; this autoinduction has been shown
in other epithelial cells (39, 40).
In support of EGFR-mediated transactivation of HER2, the
HR cells exhibited higher levels of P-EGFR and EGFR/HER2
heterodimers. Second, phosphorylation of HER2 was inhibited
by EGFR-specific concentrations of the EGFR TKIs erlotinib and
gefitinib. Third, both inhibitors induced significant apoptosis
of the HR cells in culture and growth of established HR5
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xenografts was inhibited by erlotinib in vivo. These results are
consistent with the inability of trastuzumab to block the
heterodimerization of HER2 with ErbB coreceptors (41).
Moreover, in parental and resistant cells, gefitinib disrupted
the constitutive association of p85 with HER3 and inhibited PAkt, further suggesting that activation of PI3K/Akt in the
resistant cells remains dependent on the ErbB signaling
network via tyrosine phosphorylation of HER3. Notably, we
observed antibody-induced phosphorylation of HER2 in both
parental and HR cells simultaneous with reduction in P-MAPK
and P-Akt (Figs. 3B and 4B). These ligand-like effects have been
reported previously with other HER2 (bivalent) monoclonal
antibodies but they do not necessarily result in mitogenesis nor
negate their antitumor effect (42 – 45). The significance of this
result will require further investigation.
The role of EGFR/HER2 cross-talk in transformation and
tumor progression is supported by multiple examples in mouse
models and primary human tumors. For example, coexpression
of the EGFR ligand TGFa and Neu in the mammary gland of
transgenic mice markedly accelerates tumor onset and progression compared with mice expressing Neu or TGFa transgenes
alone. In this model, TGFa  Neu bitransgenic mice exhibited
increased tyrosine phosphorylation of both EGFR and Neu (46)
and tumor latency was markedly delayed by administration of
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the EGFR TKI AG-1478 (47). In an analysis of 807 invasive
breast cancers, 306 HER2-positive tumors also expressed EGFR
by immunohistochemistry. Ninety-seven percent of cancers
with phosphorylated HER2 at Y1248 exhibited detectable EGFR
and the combination of Y1248 phosphorylated HER2 together
with cooverexpression of HER2 and EGFR was associated with
the shortest patient survival (48). HER2 is overexpressed in a
cohort of non – small cell lung cancers and increased HER2
gene copy number has been associated with therapeutic
response to EGFR TKIs (49, 50).
There is also evidence that amplification of EGFR/HER2
cross-talk, as acquired by the trastuzumab-resistant HR cells, can
prevent the antitumor action of the antibody. For example,
exogenous EGF, TGFa, betacellulin, and heregulin have been
shown to rescue from or attenuate the antiproliferative effect of
HER2 antibodies (17, 18, 51). Transfection of a TGFa vector
into SKBR-3 cells impairs trastuzumab-induced down-regulation of HER2 (52). MKN7 gastric cancer cells overexpress
activated EGFR and are insensitive to 4D5 (53). In these cells,
submicromolar concentrations of gefitinib inhibit P-EGFR and
restore sensitivity to trastuzumab.7 To our knowledge, this is the

7

C.L. Arteaga, unpublished data.

first report in which amplification of EGFR/HER2 cross-talk is
associated with acquired resistance to trastuzumab. We surmise
that in these complexes, HER2 is still an amplifier of EGFR
signals. Thus, as supported by the experiment with lapatinib
shown in Fig. 6, we speculate that direct inhibitors of the HER2
kinase will still be effective in this setting. This is consistent
with recent reports in which patients with HER-overexpressing
tumors that had progressed on trastuzumab responded to the
EGFR/HER2 inhibitors lapatinib and HKI-272 (54 – 56).
Taken together, the results presented herein with in vivo
selected BT-474 cells suggest that amplification of ligandinduced activation of ErbB receptors is a plausible mechanism
of acquired resistance to trastuzumab. This underscores the
need to profile levels of ErbB ligands and receptors and,
eventually, ErbB receptor heterodimers in HER2-overexpressing
tumors treated with trastuzumab not only before therapy but
also particularly when acquired resistance occurs. These data
also suggest that the combined inhibition of EGFR and HER2
can be synergistic against HER2-overexpressing breast cancers
and/or dampen the emergence of acquired resistance. Along
those lines, synergy of trastuzumab with the EGFR/HER2 TKI
lapatinib (57) and with pertuzumab (58), a HER2 antibody
that blocks heterodimerization of HER2 with other ErbB
receptors, has been reported in preclinical models and is
currently being investigated clinically.
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