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Abstract

Understanding the molecular etiology and heterogeneity of
disease has a direct effect on cancer therapeutics. To
identify novel molecular changes associated with breast
cancer progression, we conducted phosphoproteomics of
the MCF10AT model comprising isogenic, ErbB2- and
ErbB3-positive, xenograft-derived cell lines that mimic
different stages of breast cancer. Using in vitro animal
model and clinical breast samples, our study revealed a
marked reduction of epidermal growth factor receptor
(EGFR) expression with breast cancer progression. Such
diminution of EGFR expression was associated with
increased resistance to Gefitinib/Iressa in vitro. Fluores-
cence in situ hybridization showed that loss of EGFR gene
copy number was one of the key mechanisms behind the
low/null expression of EGFR in clinical breast tumors.
Statistical analysis on the immunohistochemistry data of
EGFR expression from 93 matched normal and breast
tumor samples showed that (a) diminished EGFR expres-
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sion could be detected as early as in the preneoplastic
lesion (ductal carcinoma in situ) and this culminated in
invasive carcinomas; (b) EGFR expression levels could
distinguish between normal tissue versus carcinoma
in situ and invasive carcinoma with high statistical
significance (P < 0.001, n = 81). However, no
significant correlation of EGFR expression with disease-
free survival and overall survival was observed. This is the
first time EGFR expression has been tracked meaningfully
and developmentally from the normal condition through
disease progression using in vitro, xenograft, and
matched normal and tumor samples. Thus, our study
provides a new insight into the role of EGFR in breast
cancer development. Although no value of EGFR expres-
sion in prognosis was found, our findings are likely to have
implications in the design of clinical trials targeting the
EGFR family of proteins in breast cancer. [Mol Cancer Ther
2007:6(11):2828 -42]

Introduction

There are ~ 518 putative protein kinase genes identified in
the human genome (1). About 100 of these are tyrosine
kinases and the rest are serine/threonine kinases (2). Many
kinases have been implicated in various human malignan-
cies (3) and they represent attractive biomarkers and drug
targets (4). It is a widely accepted notion that over-
expression of tyrosine kinases such as ErbB2 and Src
contributes to breast oncogenesis (5). However, the
function of epidermal growth factor receptor (EGFR) in
breast cancer is not as clear. Although the overexpression of
EGEFR has been linked to a more aggressive breast tumor
phenotype and poorer prognosis (6, 7), some have reported
otherwise (8, 9). There is a need for a greater understanding
of the role of EGFR during breast cancer development.
Trials involving target-directed therapeutics have been
ineffective because of the poor understanding of the
molecular etiology of disease and the epidemiology of
drug targets. One excellent example is that of Gefitinib and
non-small cell lung cancer. After years of disappointing
clinical trial results, we now know that response to
Gefitinib correlates well with EGFR mutation, which occurs
at high frequency in people who are of Asian origin,
women, nonsmokers, and those diagnosed with adenocar-
cinomas (10). Analogous to the early experience with
Gefitinib and non-small cell lung cancer, most clinical
trials involving the use of EGFR inhibitors and breast
cancer were not promising and the reasons are poorly
understood (11). Hence, studying the etiologic molecular
changes associated with breast cancer progression is of
strategic significance in managing this disease.
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Although clinical samples are valuable resources for
understanding breast tumor biology, it is not an ideal
minefield for biomarker discovery because normal breast
tissues frequently have high contents of fat and low
numbers of epithelial cells which impede global protein
analysis used in comparative studies of tumor samples. To
resolve these issues, we adopted the xenograft-derived
MCF10AT model comprising isogenic derivatives of the
MCF10A mammary epithelial cell line that represents
different stages of breast cancer progression (12, 13). The
MCF10AT cells were derived from MCFI0A normal
mammary epithelial cells transfected with T24 constitu-
tively active RAS mutant. Although RAS mutations are rare
in breast cancer, it is commonly activated in breast cancer
by overexpressed growth factor receptors, which signal
through RAS (14). Hence, this model is likely to reflect a
subset of human breast cancers and their progression.
Indeed, the MCF10AT model has several salient features of
proliferative breast disease in humans including (a) the
histologic spectrum of lesions (e.g., hyperplasia and
carcinoma in situ); (b) the presentation of a mixture of
these lesions in a single host, i.e., disease heterogeneity; (c)
the production of invasive malignancy with some frequen-
cy, and (d) the progression of disease over a time range that
is compatible with those observed during the highly
sporadic nature of cancer development in humans. Conse-
quently, it has been characterized by various groups in the
areas of cytogenetics, apoptosis, transforming growth
factor-p signaling, and protein expression (15-21). Where-
as expression studies via cDNA microarray and proteomics
have been useful in many instances, phosphoproteomics
permits the focus on signaling proteins regulated by
phosphorylation/dephosphorylation events. For this rea-
son, we have previously developed methodologies that
allow us to globally profile the tyrosine phosphorylation
status of proteins in different biological conditions (22-24).
Applying these tools to the MCF10AT model, we identified
the progressive loss of EGFR expression during breast
cancer development in this study. Validation of EGFR
expression in clinical samples, investigation of the mech-
anism underlying the loss of EGFR in breast cancer, and the
clinical significance of these data will be discussed.

Materials and Methods

Reagents

Gefitinib (IRESSA/ZD1839) was a kind gift from Astra-
Zeneca. Peroxidase-conjugated phosphotyrosine antibodies
(PY20-HRPO), anti-EGFR (COOH terminus), anti-ErbB2,
anti-RAS, anti-ERK1, and anti—phosphoinositide-3-kinase
(PI3K) p110a antibodies (for immunoblotting) were pur-
chased from Transduction Laboratories. Anti-PI3K p110a
antibody (for immunoprecipitation) was purchased from
Upstate Biotechnology, Inc. Anti-AKT (5G3, for immuno-
precipitation), anti-AKT (for immunoblotting), anti—phos-
pho-AKT (Ser*”), anti—phospho-p44/42 mitogen-activated
protein kinase (MAPK; Thr*"?/Tyr***), anti-phospho-
mTOR (Ser”**®; 49F9), anti-S6 ribosomal protein (54D2),
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anti—phospho-S6 ribosomal protein (Ser®®/2%%)  and anti-
phospho-S6 ribosomal protein (Ser**?/24) were purchased
from Cell Signaling Technology. Anti-mTOR antibodies
were from Zymed. Anti-p70S6 kinase antibody (BL 704)
antibody was from Bethyl Laboratories, Inc. Anti—phos-
pho-p70 S6 kinase (pT421/pS424) rabbit monoclonal
antibody was from Epitomics, Inc. Anti-EGFR (NH,
terminus) and anti-ER antibodies for immunohistochemis-
try, modified antigen retrieval kit (citrate buffer; pH 6),
polymer-HRP -conjugated anti-mouse IgG secondary anti-
bodies, and diaminobenzidine were from Dakocytomation.

Cell Culture, Protein Sample Preparation, and Analysis

Xenograft-derived breast cancer cell lines (MCF10Al,
MCF10AT1KCL2, MCF10CA1lh, and MCF10CA1laCl.1)
were obtained from Dr. Fred Miller at the Barbara Ann
Karmanos Cancer Institute, Detroit, MI. Cells were
cultured as previously described elsewhere (20). Cells
were incubated at 37°C in a humidified atmosphere
containing 5% CO, and were routinely serum-starved for
16 h before stimulation with 50 ng/mL of epidermal
growth factor (EGF) for the indicated periods of time. For
protein extraction, cells grown in 150-mm tissue culture
dishes were rinsed with ice-cold PBS before lysis in 1 mL of
nondenaturing buffer [50 mmol/L Tris-HCI (pH 7.5), 0.5%
Triton X-100, 0.5% Igepal, 150 mmol/L NaCl, 1 mmol/L
EDTA, 50 mmol/L NaF, 1 mmol/L NazVO, plus protease
inhibitors]. Protein lysates were clarified by centrifugation
at 4°C using an Eppendorf microcentrifuge at 14,000 rpm
for 10 min. Estimation of protein concentration was done
using a bicinchoninic acid assay kit (Pierce Biotechnology).
Immunoblotting and immunoprecipitation were done as
per previous reports (23, 25).

Phosphoproteomics

Serum-starved cells were treated with 1 mmol/L of
pervanadate for 15 min and lysed. 4G10-based immuno-
affinity purification was similarly done as previously
reported except that the enriched phosphoproteins were
eluted with a buffer that was PBS-based rather than Tris-
based (23). Sixty milligrams of total protein from each cell
line was used for purification, and the enriched phospho-
protein contents of four samples were determined. These
phosphoproteins were then denatured and the cysteines
blocked as described in the isobaric tagging for relative and
absolute quantification (iTRAQ) protocol (Applied Biosys-
tems). Each sample was then digested with trypsin
provided in the reagent kit at 37°C overnight (16 h) and
labeled with the iTRAQ tags as follows: Al (114 tag), 1k
(115 tag), 1h (116 tag) and 1a (117 tag). To ensure complete
labeling and avoid possible quantification errors resulting
from different numbers of isotopes in the reagents, each
sample was treated with two vials of the same labeling
reagent. The labeled samples were then pooled and
cleaned-up by the cation exchange cartridge provided in
the reagent kit. The sample was desalted, lyophilized, and
analyzed using electrospray ionization-liquid chromatog-
raphy tandem mass spectrometry.

Online electrospray ionization-liquid chromatography
tandem mass spectrometry was done using a QSTAR-XL

Mol Cancer Ther 2007;6 (11). November 2007

20z IMdy €2 uo 1s8nb Aq jpd°8z82/9¥8Y281/8282/1 L/9/3pd-8joeow/Bios|euinofioee;/:dny woly pepeojumoq



2830 Progressive Loss of EGFR in Breast Cancer

hybrid quadrupole-time of flight tandem mass spectrom-
eter (Applied Biosystems) coupled to an LC-Packings
(Dionex) liquid chromatography system comprising of a
FAMOS autoinjector unit, a SWITCHOS 10-port valve unit,
and an ULTIMATE"™"® nano-flow pumping unit. The
sample was injected into a reversed-phase C-18 peptide—
trapping cartridge (300 pm X 5 mm; LC-Packings) in a flow
of 0.1% formic acid for 5 min at 25 pL/min. Following the
wash step, the flow from the ULTIMATE""Y® was diverted
back through the trapping cartridge at 100 nL/min using
the SWITCHOS. Peptides were eluted from the cartridge by
application of a gradient from 0% to 90% of acetonitrile in
0.1% formic acid over 40 min at 100 nL/min, and separated
by passing through a column which was packed in-house
and comprised of a 75 pm x 10 cm packed volume of 5 pm
C-18 reversed phase packing (Column Engineering).
Peptides eluting from the column were sprayed directly
into the orifice of the mass spectrometer, which was run in
information-dependent acquisition mode selecting all 2* to
4" charged ions with signal intensity greater than eight
counts per second over the mass range of 300 to 2,000 amu.
For collision-induced dissociation, nitrogen gas was used at
a setting of 4 and the collision energy set to automatic,
allowing increased energy with increasing ion mass. Each
fraction aliquot that was run was searched against the
human subset of the IPI protein database (EBI) using the
MASCOT (Matrix Science) search engine. From the search
results, a mass exclusion list was generated for each
fraction based on the peptide masses of all matching
peptides or up to a maximum of 2,000 masses. These
masses were then excluded from tandem mass spectrom-
etry fragmentation when the remaining aliquot of each
fraction was rerun. For protein identification and quanti-
fication, the complete set of data files (*.wiff) was analyzed
together using ProteinPilot software 1.0 revision number
33087 (Applied Biosystems) and searched against the
human subset of the UniProt protein database (v6.7,
71070 sequences; EBI) using the Paragon algorithm. The
search was restricted to tryptic peptides. Cysteine meth-
anethiolation, NH,-terminal iTRAQ labeling, iTRAQ-labeled
lysine, serine, threonine and tyrosine phosphorylation,
and methionine oxidation were selected as variable
modifications. One missing cleavage was allowed. Precur-
sor error tolerance was set to 200 ppm and tandem
mass spectrometry fragment error tolerance to 0.5 Da.
Unused (conf) cutoff was set to 1.3 to achieve 95%
confidence.

Xenografts, Clinical Samples, and Immunohisto-
chemistry

The protocol for the in vivo study was reviewed and
approved by the Institutional Animal Care and Use
Committee of the National University of Singapore in
compliance with international guidelines on the care and
use of animals for scientific purposes. Al (107, 1k (5 x 10°),
1h (10%), and 1a (3 x 10°) cells in a PBS and Matrigel (BD
Biosciences) mixture (1:1) were injected s.c. into severe
combined immunodeficiency mice at three different sites
(front and back flanks) and observed weekly. Matched

malignant and adjacent normal breast tissues were
requested from the tissue repositories of the National
Cancer Centre of Singapore and National University
Hospital following approval from the institutional review
boards of the National Cancer Centre of Singapore,
National University Hospital, and the National University
of Singapore. Histopathology reports were also obtained
along with the samples.

Frozen tissues from xenografts were freshly prepared for
immunohistochemistry by fixing them in 10% neutral
buffered formalin (Sigma) for 16 h at 4°C, subject to
ThermoShandon tissue processor and embedded in paraf-
fin. Sections were warmed in a 60°C oven and dewaxed in
three changes of xylene and passaged through graded
alcohols. For EGFR, pAKT, and pERK, antigen retrieval
was done using the Target Retrieval Solution (Dakocyto-
mation) at 95°C for 40 min. For ErbB2 and ErbB3, antigenic
retrieval was done via pressure cooking at 121°C for 5 min
in Tris-EDTA buffer (pH 9.0). After quenching of endog-
enous peroxidase activity with 3% H,O, for 10 min and
blocking with bovine serum albumin for 30 min, sections
were incubated at room temperature for 1 h with antibodies
against EGFR at 1:50 dilution, ErbB2 at 1:5,000 dilution,
ErbB3 at 1:100, ER at 1:50, phospho-AKT or phospho-ERK
at 1:200 dilution. Detection was achieved with the
Envision+/HRP system (Dakocytomation) or UltraVision
HRP Polymer and DAB Plus Chromogen system (Lab
Vision Corp.). For clinical samples in which the numbers
were big and to achieve consistency, immunohistochemis-
try was done using the Dako Autostainer (Dakocytoma-
tion) with the conditions programmed as above. All slides
were counterstained with Gill’s hematoxylin for 1 min,
dehydrated and mounted for light microscopic evaluation.
Interpretation of H&E sections and analysis/scoring of
immunohistochemistry data were all done by the same
certified pathologist to maintain consistency.

Drug Assays

Cells (1.5 x 10% in 100 pL of complete medium were
seeded in triplicate into 96-well flat-bottomed microtiter
plates and allowed to equilibrate overnight at 37°C, 5%
CO, before treatment with drugs. The final concentrations
of drugs used were 0.5, 2, 8, and 32 umol/L for Gefitinib.
The drug was added to cells at 100 pL per well such that
each well contained 0.02% of DMSO. The medium for the
control cells also had a final DMSO concentration of 0.02%
for comparison. Plates were incubated for 1, 24, 48, and
72 h at 37°C, 5% CO,, prior to the addition of 20 pL of a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide reagent. The mixture was incubated at 37°C for 1 h,
after which the absorbance was measured at 490 nm with
reference to 655 nm.

Fluorescence In situ Hybridization

Fluorescence in situ hybridization (FISH) analysis of the
EGFR gene was done following a standardized protocol.
In brief, sections from tissues were mounted on Super-
frost glass slides (Matsunami Glass Ind., Ltd., Japan),
deparaffinized in xylene, and subsequently rehydrated.
Pretreatment of slides was done according to the
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manufacturer’s instructions. A directly labeled mixture of
LSI EGFR (Spectrum Orange) and CEP7 (Spectrum
Green) probes (Vysis, Abbott) was used to evaluate the
copy number of EGFR and CEP7, which is centromere on
chromosome 7 for reference. For hybridization, the LSI
EGFR/CEP 7 Dual-Color Probe was introduced onto the
slide and protected by a Menzel microscope coverslip
(22 x 22 mm), which was sealed with rubber cement. For
denaturation, slides were heated to 85°C for 2 min and
incubated overnight at 37°C in a humidified dark
chamber. Afterwards, the rubber cement and the cover-
slip were removed. Finally, a drop of prolong antifade
reagent (Invitrogen, Molecular Probes) was added onto
a new coverslip and the slides were counterstained with
4,6-diamidino-2-phenylindole. Evaluation of signals was
carried out using a motorized microscope (Olympus
BX61) equipped with Spectral Imaging System (Applied
Spectral Imaging) which contained FITC, TRITC and 4,6-
diamidino-2-phenylindole filter set.

Results

iTRAQ-Based Phosphoproteomics Revealed Dimin-
ishing Tyrosine-Phosphorylated EGFR during Breast
Cancer Progression

The cell lines in the MCF10AT model used in this study
included MCF10A1, which is modeled after the normal
epithelium; MCF10AT1K.cl2, MCF10CA1lh, and
MCF10CAla.cll, which is modeled after premalignant
epithelium, low grade, and high grade lesions, respectively
(20). They are abbreviated as Al, 1k, 1h, and 1la in this
study. To prepare cells for phosphoproteomics analysis,
cells were treated with pervanadate, a potent tyrosine
phosphatase inhibitor, to enhance the presentation of
tyrosine-phosphorylated proteins. The phosphoproteins
were then affinity-captured using 4G10 antibodies, labeled
with iTRAQ reagents (26) and analyzed using electrospray
ionization-liquid chromatography tandem mass spectrom-
etry to determine the relative phosphoprotein levels in the
MCF10AT cells. The cells Al, 1k, 1h, and 1a were labeled
with iTRAQ reagents 114, 115, 116, and 117, respectively.
The ratios 115:114, 116:114, and 117:114 indicate the relative
abundance of a potentially tyrosine-phosphorylated pro-
tein in 1k, 1h, and 1a with respect to Al. Our data showed
that close to 50 proteins were differentially tyrosine
phosphorylated. One of these was EGFR. As seen in
Fig. 1A, the ratios of tyrosine-phosphorylated EGFR levels
between 1k, 1h, and 1a referenced to A1l were progressively
diminishing, suggesting loss of tyrosine-phosphorylated
EGFR during disease progression. The data were of high
statistical significance (P < 0.05). The tandem mass spectra
of the three iTRAQ-labeled EGFR peptides detected and
relatively quantified by electrospray ionization-mass spec-
trometry are shown in Fig. 1B. The EGFR protein was
chosen for further studies for two reasons: (a) it is
uncommon for receptor tyrosine kinases, which are
oncogenes involved in many human cancers, to be lost in
cancer cells, progressive loss of EGFR expression in breast
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cancer is therefore interesting; (b) the observation might
have implications in the design of clinical trials involving
EGER inhibitors for breast cancer treatment. As the rest of
the phosphoproteomics data also contained other novel
findings of substantial nature, it is only appropriate to
present them in a separate report.

Loss of EGFR Is An Early Event and Is Associated
with Resistance to Gefitinib in Breast Cancer

In the experimental design described above involving the
treatment of cells with pervanadate, differential phosphor-
ylation of EGFR could be due to differential expression of
EGER or it could be due to differential tyrosine kinase or
phosphatase activities that might arise from genetic
aberrations. To determine which event is true, PV-
stimulated MCF10AT cells were harvested and lysates
immunoprecipitated with anti-EGFR antibodies. Two sets
of immunoprecipitation were conducted. One set of
immunoprecipitates was probed with antiphosphotyrosine
antibodies to reveal the phosphorylation level of EGFR
whereas another set was probed with anti-EGFR to show its
expression level. As can be seen, the relative phosphory-
lation levels of EGFR protein across the MCF10AT cells
were consistent with those revealed by the phosphopro-
teomics data (Fig. 2A, top). The data also showed a
progressive loss of full-length EGFR, as indicated by its
molecular weight, beginning with the early stage cancer
cells (1h) with the later stage cancer cells (1a) expressing the
least full-length EGFR (Fig. 2A, bottom). This showed that
the differential phosphorylation of EGFR detected by the
phosphoproteomics approach was due to the differential
expression levels of EGFR. To determine whether the loss
of EGFR expression was due to transcriptional or chromo-
somal aberrations, we conducted FISH analysis of EGFR on
the cells. Out of 20 metaphases counted for each cell line,
50% of 1a cells had no signal whereas another 50% had only
one signal/copy (Fig. 2B). 1k had normal EGFR gene copy
number. This implied that the observed loss of EGFR was
most likely a result of chromosomal anomaly. Although
ATlk has normal gene copy normal (Fig. 2B), it is
noteworthy that at steady state, the expression of EGFR
protein in Al was lower than 1k and 1h, whereas actin
expression was the same across these cell lines (Fig. 2A).
This could be due to the presence of aberrations such as
deregulated modulation of EGFR in the cancer cell lines but
this will not be investigated further because it is not our
focus.

As EGEFR is a target of Gefitinib and was observed to be
lost in breast cancer, one would expect the response of late
stage cancer cells to Gefitinib to be poorer than early stage
cancer cells. To test this postulation, the various MCF10AT
cell lines were treated with Gefitinib over a range of doses
(0.5, 2, 8, and 32 pmol/L). Cell viability counts were
determined daily using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assays over 3 days. Response
herein is defined as >50% killing after 3 days of drug
treatment. At AstraZeneca’s recommended physiologic
dose of ~0.5 umol/L, the progression from 1k to la was
marked by increasing resistance to Gefitinib, whereas the
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Al cells were most sensitive to Gefitinib (Fig. 2C). Although
more killing was observed with higher doses, it might be
due to random cytotoxicity rather than specific inhibition of
EGEFR by Gefitinib (data not shown). In the case of non-

small cell lung cancer, EGFR mutation has been shown to
confer sensitivity to Gefitinib. In the model used here, no
EGFR mutation was observed in the entire kinase domain
(exons 18-21; data not shown). In conclusion, loss of EGFR
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Figure 1. Phosphoproteomics of MCF10AT cells. Cells were stimulated with 1 mmol/L of pervanadate for 15 min and lysed. Lysates were subjected to

affinity purification, labeled with iTRAQ reagents, and analyzed by liquid chromatography tandem mass spectrometry as detailed in Materials and Methods.
A1, 1k, 1h, and 1a cells were labeled with 114, 115, 116, and 117 tags, respectively. A, the relative level of phosphorylated EGFR in 1k (115:114), 1h
(116:114), and 1a (117:114) with respect to A1 cells as determined by electrospray ionization tandem mass spectrometry. All values are of high statistical
significance. B, tandem mass spectra from three iTRAQ-labeled peptides of EGFR detected and relatively quantified using electrospray ionization tandem

mass spectrometry.
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B DMSO|
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Figure 2. A, relative tyrosine phosphorylation and expression of EGFR in MCF10AT cells. A1, 1k, 1h, and 1a cells were grown in complete medium.
When they reached 90% confluence, they were starved overnight and stimulated with pervanadate at 1 mmol/L for 15 min. They were then harvested and
lysates were immunoprecipitated with anti-EGFR antibodies. One set of immunoprecipitates was probed with antiphosphotyrosine antibodies (top)
whereas another was probed with anti-EGFR antibodies (middle). The whole cell lysates were also immunoblotted with antiactin to show normalization of
protein amounts (bottom). B, FISH analysis of EGFR in 1k (/eft) and 1a cells (middle and right). 1k cells have two copies of EGFR (arrows). About 50% of
1a cells have one copy (middle) whereas the rest have no EGFR (right). C, response of MCF10AT cells to Gefitinib. After overnight culture, cells were
treated with Gefitinib at various doses (0.5, 2, 8, and 32 umol/L) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays done daily over
3 d. Only the data for cells treated for 3 d with the manufacturer’s recommended dose of 0.5 pmol/L are shown. Control cells that were grown in medium
containing the same content of DMSO (0.02%; blue columns) as the treated cells but not treated with the respective drugs (red columns). Red dotted

line, 50% cell viability.

occurring early during breast cancer progression was
associated with resistance to Gefitinib although other
molecular aberrations could also be responsible.

Constitutive Activation of PI3K and MAPK Pathways
were Concomitant with Loss of EGFR Expression
during Breast Cancer Progression

During the course of the study, there was no noticeable
slowing down of cell growth and proliferation of 1h and 1a
cancer cells despite the observed loss of EGFR compared
with 1k cells. There are other derivative cell lines in the
MCF10AT model that have different characteristics from
those used in this study. Although the growth response of
some of these cell lines with respect to EGF has been
characterized (12), comparative studies of the signal
transduction and cellular response to EGF across the four
cell lines used in this study has never been reported. To
study the influence of the loss of EGFR expression on EGF
response, cells were either not treated or stimulated with 50
ng/mL of EGF for 3 days. Viability counts were measured
daily using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assays. Among the cancer cells, 1k was
dependent on EGF for growth as reflected by the low
proliferation rate in unstimulated cells compared with
EGF-stimulated cells. In contrast, both 1h and 1a cells
gained EGF-independent proliferation. Although 1h cells
remained responsive to EGF, la cells had lost their

responsiveness to EGF (Fig. 3A). Note that MCF10A normal
mammary epithelial cells are well known to require other
factors such as insulin, hydrocortisone, and cholera toxin in
addition to EGF for growth. Next, we examined the
proliferation rate of these cells in vivo by s.c. implanting
them into the flanks of severe combined immunodeficiency
mice and measuring the tumor volume at regular intervals.
We observed that the time to tumor initiation and the rate
of tumor growth were fastest for 1a (~3 weeks), followed
by 1h and 1k (~2 months). Al cells were not tumorigenic
(Supplementary Fig. S1).® Taken together, the data suggest
that, at least in this model system, EGFR expression is not
critical for cell growth and proliferation in advanced cancer
cells.

The finding that 1a cells had lost most of their EGFR but
acquired EGF-independent growth suggested a gain of
growth advantage through other mechanisms. Because
MAPK and PI3K are major mitogenic pathways, we
investigated whether these pathways could play a role in
the MCF10AT system. Cells were either untreated or treated
with 50 ng/mL of EGF over a time course. The lysates were
first probed with antiphosphotyrosine antibodies to reveal

8 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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Figure 3. A, in vitro proliferation assays of MCF10AT cells in response to EGF. Serum-starved cells were either untreated or stimulated with EGF at
50 ng/mL and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (Promega) done over 3 d. B, activation status of signaling pathways in
MCF10AT cells in the absence or presence of EGF. Cells were either untreated or treated with EGF at 50 ng/mL for the indicated times and cell lysates were
prepared. Neat lysates or immunoprecipitates were resolved by one-dimensional SDS-PAGE and immunoblotted with antiphosphotyrosine antibodies (top),
protein-specific antibodies (AKT, mTOR, S6, S6K, PIK3CA, PTEN, and ERK) or phosphorylated protein — specific antibodies (p-AKT, p-mTOR, pERK, pS6,

and pS6K).

the global tyrosine phosphorylation response of these
cells. Consistent with the loss of EGFR expression
observed in earlier section, the EGF-induced autophos-
phorylation of EGFR (indicated by an arrow) displayed a
decreasing trend from 1k to la (Fig. 3B, top). Next, using a
combination of immunoprecipitation and immunoblotting
with protein-specific or phosphorylation site—specific
antibodies, various signaling proteins in the PI3K/AKT

and MAPK pathways were interrogated. These data are
collectively presented in the rest of Fig. 3B. Constitutive
phosphorylation of AKT (panel 2) and ribosomal S6
protein (panels 6 and 7) were strongest in la cells but
were already present in lh cells, albeit more weakly.
Interestingly, the basal phosphorylation of mTOR, a
downstream target of PI3K, was not apparently different
in the various cell lines (panel 4). Rather, there seemed to
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Figure 3 Continued. C, immunohistochemistry of
EGFR (top), pAKT (middle), and pERK (bottom) on
xenografted tumors from 1k, 1h, and 1a cells.

be a temporal delay in mTOR phosphorylation during
disease progression in the following order: (fastest) Al >
1k > 1h > la (slowest). PIK3CA mutation has recently
been found in breast cancer (27). To investigate whether
this was responsible for the constitutive activation of AKT
pathway in the system used, we obtained pure cell clones
and expanded them before sequencing exons 9 and 20,
where hotspots mutation are known to occur in PI3KCA.
The results revealed a heterozygous mutation at exon 20,
A3140G (H1047R), known to confer activation to PIK3CA,
the catalytic subunit of PI3K (28) only in 1h and 1la cells
(Supplementary Fig. 52).8 No other PIK3CA mutation at
exons 9 and 20 were detected. Although activating
PIK3CA mutation was present in 1h and 1la cells,
constitutive activation of AKT/S6 pathway was stronger
in la compared with 1h cells. Hence, we also investigated
whether genetic aberrations of PTEN, a negative regulator
of PI3K, could also be involved. Our results revealed that
exons 5 to 8 of PTEN where hotspot mutations occur (29)
were normal (data not shown). The expression levels of
PTEN in these cells were also similar suggesting that it
was not responsible for the differential basal activation of
AKT/S6 in 1la and 1h. Although we have no concrete
evidence, the heterogeneity of the population within
individual cell lines may account for the differential levels
of basal AKT/S6 activation. In other words, the 1a cell
line may have a higher percentage of “aberrant” cells
compared with 1h. Evidence for the presence of hetero-
geneity is provided by the observation seen in Fig. 2B in
which 50% of the cell population had no EGFR gene,
whereas 50% of them possessed one copy of EGFR allele.

Molecular Cancer Therapeutics 2835

Immunoblotting of phosphorylated ERK in these cells
showed that constitutive ERK activation, as reflected by
the presence of phosphorylated ERK in the nonstimulated
state, was observed in 1a cells but not in other cells (panel
2 from the bottom). It is not clear at which point of the
Ras/MAPK cascade could have contributed to this. To
verify the key in vitro data in this section, we conducted
the immunohistochemistry of EGFR, pAKT, and pERK on
xenografted tumors. The results showed that the data
from in vitro and animal model were in concordance
(Fig. 3C). Altogether, the acquisition of ligand indepen-
dent growth capability of 1h and la cells could be
explained at least in part by constitutive activation of
the PI3K/AKT and RAS/MAPK pathway although other
aberrations are also likely (21).

Loss of EGFR as Reflected by MCF10AT Model Is
Validated in Clinical Human Breast Cancers

A major limitation of using in vitro and even animal
models is that frequently these systems lack the physiologic
context present in the human body. To investigate whether
the loss of EGFR expression observed in early cancer cells
in vitro and in animal studies truly reflect the clinical
settings, a total of 93 pairs of frozen, matched normal and
breast tumor tissues of Asian origin were examined for
EGEFR expression via immunohistochemistry. The matched
samples could be grouped into two categories. The first
group (n = 59 pairs) consisted of matched normal tissues
and tumors, which contained only a single type of lesion
[infiltrative ductal carcinoma (IDC)]. A representative is
shown in Fig. 4A (top). Here both the myoepithelial and
ductal epithelial cells in the normal ducts were stained
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positive for EGFR whereas the invasive epithelial compo-
nents were devoid of EGFR. The second group (n = 34
pairs) consisted of matched normal tissues and tumors,
which contained multiple lesions including hyperplasia,
ductal carcinoma in situ (DCIS), and/or IDC. A represen-
tative is shown in Fig. 4A (bottom). Consistent with the
above results, the normal tissue stained strongly for EGFR
in both the myoepithelial and ductal epithelial cells. In the
tumor section, the hyperplastic ductal cells displayed
weaker than normal EGFR signal, which was completely
lost in the DCIS and malignant ducts invading the stroma
in the same section. A complete list of immunohistochem-
istry results with the bioclinical data are provided in
Supplementary Table S1.2 It should be highlighted that all
immunohistochemistry assays were done using automated
stainer to ensure consistency and reduce variability in
staining procedures for accurate analysis. In summary,
when matched normal and invasive carcinomas were
compared, 92.8% (52 of 56) of the cases expressed more
EGEFR in the normal compared with tumor; 3.6% (2 of 56)
showed the reverse trend; 1.8% (1 of 56) showed equal
expression and 1.8% (1 of 56) showed negative expression
in both samples (Table 1, top). Thirty-seven cases could not
be determined due to lack of ductal cells in samples. When
the expression of EGFR was compared among invasive
carcinomas (IDC) alone, only 14.8% (13 of 88; five cases
were not included for analysis because they lacked invasive
cells) expressed detectable levels of EGFR (Table 1, botton).
This is a vast difference from normal breast where EGFR
expression was detected in 95.2% (60 of 63) of the cases.
Without normal samples for comparison, analysis of tumor
samples alone, as is routinely done by many groups around
the world, would have led to the erroneous interpretation
that 18.4% of tumor cases analyzed “overexpressed’”” EGFR.
All the above analyses were also done for ErbB2 (Table 1).
ErbB2 is overexpressed in 64.2% (34 of 53) of the cases
when matched normal and tumor samples were analyzed.
In invasive carcinomas alone, ErbB2 expression could be
detected (a score of +/— and above) in 77% (67 of 87) of the
cases. If we define a score of 2+ or more as overexpression,
then ErbB2 was overexpressed in 24% (21 of 87) of all cases.
This is consistent with the 20% to 25% reported (30).
From the above data, the majority of the breast tumors
either have no detectable or lesser EGFR expression
compared with normal breast tissues. Hence, we pro-
ceeded to determine the statistical significance of the
correlation between EGFR expression and tissue pheno-
types—normal (N) and tumor (T); here we loosely define T
as any lesion that was not normal, i.e., hyperplasia,
carcinoma in situ, and infiltrative carcinoma because loss
of EGFR could be detected in these lesions, albeit with
different frequencies. To do this, immunohistochemistry-
based EGFR expression data in Supplementary Table S1°
was first scored 3+ =3,2+=2,1+=1,+/— =0; -ve = —1).
Average values were taken for intermediate scores, e.g.,
2+/1+ = 1.5. For grading with percentages, e.g., 2+ (10%),
the score was given by the multiplication of the grade and
percentage (2 x 0.1 = 0.2). Differences in EGFR expression

between N and T samples were then calculated and paired-
sample ¢ tests were conducted. In some tumor cases that
contained a spectrum of lesions, only EGFR expression
value from the IDC component was used to represent
tumor samples. In addition, some normal tissue sections
have no epithelial components (fats only), whereas some
tumor sections may contain normal epithelial cells. As a
rule of thumb, EGFR expression values for normal samples
were taken from the epithelial components in the normal
sections, and where it was not possible, the value was then
taken from the normal epithelial cells within tumor
sections. From the analyses, we concluded that the EGFR
expression in normal tissue was significantly different from
that of tumor tissue (P < 0.0001; Table 2). The same was
done to ErbB2 for comparison and although significant at
P = 0.008, this is less significant than EGFR. To represent
these statistical analyses visually, box plots for the
distribution of EGFR and ErbB2 expressions in normal
versus tumor samples were created and shown in Fig. 4B.
It shows that lower EGFR and higher ErbB2 expressions
were associated with breast tumor compared with normal
tissues.

Loss of EGFR Occurred Early in a Major Subset of
Asian Breast Cancers and Is Due to Loss of Gene Copy
Number

The availability of a spectrum of lesions (hyperplasia to
DCIS to invasive carcinomas) in 34 matched samples
allowed us to investigate the relationship between EGFR
expression and disease progression. As described above,
EGER expression was scored for each of the four categories
of samples, i.e., normal (N), hyperplasia (HP), DCIS, and
invasive carcinomas (IDC). In contrast to the analyses
above, the readings for ““normal” were taken from the
normal epithelial components found within tumor samples
for a closer reflection of progressive changes. Where no
normal component was found in tumor samples, then the
readings from matched sections taken from contralateral
normal breasts would be used. In DCIS cases in which
readings were available for myo- and ductal-epithelial
cells, average values were taken. The relationships between
EGEFR expression and the various phenotypes were then
examined using the ANOVA test, followed by the Tukey’s
HSD test as a post hoc to perform pair-wise comparisons to
find out how EGFR distinguishes among the four groups.
Polyserial correlation coefficients were also calculated for
the correlation between differences in EGFR expression and
disease progression. Significant results were obtained for
both analyses. The ANOVA test followed by Tukey’s HSD
test revealed that normal and hyperplastic lesions could be
clustered as one group, whereas DCIS and IDC could be
clustered as another group (P < 0.001; Fig. 5A, top). In
addition, we obtained a correlation coefficient of —0.371
using a polyserial correlation analysis (P = 0.024; Table 2).
Together with the box plot analysis (Fig. 5A, bottom), these
data revealed statistically significant progressive loss of
EGFR expression during breast cancer development, and
that early and late lesions could be discriminated by EGFR
expression levels.
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Figure 4. A, immunohistochemistry of EGFR in clinical breast samples. Top, EGFR expression in matched normal and tumor breast samples from patient
255. The tumor from this patient showed only a single type of lesion: invasive carcinoma. Arrows, positive EGFR stain in normal duct (/eft); invasive tumor
cells showing the absence of EGFR signals (right). Bottom, EGFR expression in matched normal and tumor breast samples from patient 813. The tumor of
this patient contained a spectrum of lesions. Arrow 1, duct with mild epithelial hyperplasia; arrow 2, normal duct; both showed positive staining; arrow 3,
weak positive EGFR stain in ducts with epithelial hyperplasia; arrow 4, negative EGFR stains in epithelial cells from DCIS; and arrow 5, malignant duct
invading the stroma. B, box plots of the distribution of EGFR (/eft) and ErbB2 (right) expressions in normal versus tumor samples. *, extreme values (cases
with values more than three box lengths from either the upper or lower edge of the box).

There was no strong significant correlation between  is not really a very good fit as another statistical
ErbB2 expression with disease progression. The P value  calculation done in conjunction with the polyserial
for ANOVA analysis is 0.328 and although polyserial correlation indicated that the underlying assumption of
correlation gave a significant P value of 0.031, the model  bivariate normality is not well fulfilled. Thus, the test is

Table 1. Summary of EGFR expression in clinical breast samples and clinical-pathology data
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Type of lesion EGFR expression ErbB2 expression
Trend Frequency (%) Trend Frequency (%)
Normal and IDC only N > IDC 52/56; 92.8% N > IDC 16/53; 30.2%
N < IDC 2/56; 3.6% N < IDC 34/53; 64.2%
N = IDC (positive) 1/56; 1.8% N = IDC (positive) 2/53; 3.8%
N = IDC (negative) 1/56; 1.8% N = IDC (negative) 1/53; 1.9%
Type of lesion Positive EGFR expression Positive ErbB2 expression
Frequency (%) Frequency (%)
Normal 60/63; 95.2% 40/57; 70.2%
Hyperplasia 7/12; 58.3% 8/11; 72.7%
DCIS 11/28; 39.3% 14/22; 63.6%
IDC 13/88; 14.8% 67/87;77.0%

NOTE: Positive expression is defined as an immunohistochemistry score of +/— and above, so long as it has a stronger signal than negative expression.
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Table 2. Statistical analyses of the relationships between different factors using experimental and clinical data from normal and tumor

samples
Factors p Methods Coefficient Sample size
EGFR expression versus types of <0.001 Paired f test — 64 pairs
lesion (normal and tumor)
ErbB2 expression versus types of 0.008 Paired t test — 61 pairs
lesion (normal and tumor)
EGEFR expression versus <0.001 ANOVA — 81 pairs Group N, 20; HP, 4;
disease progression DCIS, 14; IDC, 22
<0.001 Polyserial correlation 0.371

NOTE: Only significant data (P < 0.05) are shown. For a full list of analyses, please see Supplementary Table S2.%

less powerful (Supplementary Table S2).* We have also
conducted a considerable number of other correlational
analyses between the differences in EGFR expression
(between normal and tumor) with other clinical variables
such as disease-free survival, overall survival, nodal
status, tumor diameter, and ER status. A bigger difference
in EGFR expression between normal and tumor samples
seems to correlate better with nodal status (i.e., metastasis)
compared with a smaller difference. This was very close
to 95% confidence and may have an implication for
predicting metastasis pending larger cohort studies (P =
0.065; Supplementary Table SZ).8

Finally, we conducted FISH analysis on the clinical
samples to investigate whether the underlying cause for
the decrease in EGFR expression in breast tumors could be
due to allelic loss. Immunohistochemical analyses have
been done extensively on all available cases and confirmed
the decrease of EGFR expression at the protein level. As
FISH analysis was employed only as a means to explore
the possibility of allelic loss as a contributing factor for the
latter, only a total of five matched normal and tumor
samples were used. The samples chosen contained a
spectrum of lesions including DCIS and IDC. For each of
these lesions (normal, DCIS, and IDC), between 100 and
200 nuclei were scored for signals from both CEP7 and
EGFR DNA probes. In other words, more than 500 nuclei
were counted per group. Only signals from nonoverlap-
ping nuclei were included in the analysis. Two signals of
the same size in close proximity, not connected by a link,
were counted as two signals. A diffuse signal was regarded
as one signal if it was contiguous and within an acceptable
boundary. Two small signals connected by a visible link
were counted as one signal. Due to molecular heterogene-
ity of samples and other standard technical challenges
posed to the analysis (e.g., overlapping nuclei, interference
from fatty tissues in normal breast, etc.), the number of
EGFR and CEP7 gene copy numbers were determined for
each of the five normal, DCIS, and IDC lesions and were
expressed as an average ratio of EGFR/CEP7. Standard
deviation was then calculated (Supplementary Table S3)°®
and values plotted (Fig. 5B). Cells from matched normal
samples had a ratio of close to 1 reflecting normal gene

copy numbers. Note that this value is not exactly 1.0 and
could be due to technical reasons and/or the presence of a
mild degree of genetic aberration even in the normal tissue.
On the other hand, DCIS and IDC samples had ratios of
~ 0.6, implying loss of EGFR allele. This is consistent with
the immunohistochemistry data that loss of EGFR could be
detected as early as the preneoplastic lesion (DCIS).
However, the loss of EGFR signals from immunohisto-
chemistry data was more drastic than that revealed by
FISH and this could be explained by the possibility that
positive signals from FISH do not necessarily reflect a full-
length allele, whereas due to the antibodies selected for
immunohistochemistry, only full-length EGFR proteins
were detected. As representatives, the FISH images of the
nuclei of cells from IDC samples from various patients
analyzed are shown in Fig. 5C. The figure shows that the
molecular heterogeneity of EGFR copy number (and even
chromosome 7) in breast tumor cells. Some revealed loss of
one or both copies of EGFR whereas others displayed
multiple signals of EGFR and CEP7. A higher resolution
molecular analysis of EGFR alleles would be needed to
further comprehend the complexity associated with this
“oncogene”’.

Discussion

Our study shows that progression from low-grade cancer
to high-grade cancer is marked by down-regulation of
EGEFR expression. This observation was first made in the
MCF10AT model and was subsequently validated in
human clinical samples supporting the notion that the
in vitro MCF10AT model is able to mirror molecular
events in the clinical setting. Although the diminution of
EGFR expression in advanced cancer is not clear, gaining
independence from growth factor might provide survival
advantage for solid tumors. In addition, excessively
strong EGFR signaling might be antagonistic on cancer
cell survival in some cases (31). An interesting parallel is
seen in the case of Runx3, a tumor suppressor gene. Its
expression has been reported to be down-regulated in
gastric cancer but overexpressed in basal cell carcinoma
(32). These data point to an increasingly observed
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phenomenon of proteins having both tumor suppressor
and oncogene roles, the nature of which may be
dependent on the stoichiometry of the proteins or other
variables in the biological condition studied. On the other
hand, ERBB2 and ERBB3 expression, as assayed by
immunoblotting and immunohistochemistry, were main-
tained in the cancer cell lines used in this study
(Supplementary Fig. S3)° suggesting the critical role of
these receptors throughout the entire progression of the
disease.

Analysis of clinical samples revealed that ~93% of the
matched cases expressed more EGFR in normal compared
with tumor samples, indicating loss of EGFR during breast
cancer progression. FISH analysis done on clinical samples
revealed that on average, both DCIS and IDC lesions have
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~26% to 28% less EGFR gene copy numbers compared
with normal cells. This is novel because until now, there
has been no evidence of EGFR alterations at the chromo-
somal level in breast cancer (11), although it is noteworthy
that loss of EGFR copy number has been detected in
colorectal cancer (33). Our data questioned the validity of
the numerous claims of EGFR overexpression in breast
cancer. Besides, amplification of EGFR gene, if any, is
infrequent in breast cancer (34). Our observation of the loss
of EGFR in breast tumor agrees with previous work that
reported lower EGFR expression in tumors compared with
benign lesions (35-38). However, these authors did not
use matched normal samples for comparison, and the
study design was flawed by the diverse genetic back-
grounds of the samples used which could have blunted
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Figure 5. A, EGFR expression and disease progression. Top, P values obtained from Tukey’s HSD test (as post hoc for ANOVA) for pairwise comparison
of the groups. A value of <0.05 indicates that there was a significant difference in the mean value of the differences in EGFR expression between the two
groups, i.e., difference in EGFR expression could discriminate between the two groups. The reverse is true. Bottom, box-plot for difference in EGFR
expression for the four groups (N, HP, DCIS, and IDC). The box length is equivalent to the interquartile range whereas the ‘*whiskers’’ are the minimum and
maximum values (excluding outlier and extremes). *, extreme values (cases with values more than three box lengths from either the upper or lower edge of
the box). O, outliers (cases with values between one and a half and three box lengths from the upper or lower edge of the box). B, FISH analysis of EGFR in
five sets of matched clinical breast samples. The number of green (CEP7) and red (EGFR) signals were obtained from nonoverlapping nuclei from normal,
DCIS and IDC lesions from five matched normal and tumor samples. The average ratio of EGFR/CEP7 gene copy number was then obtained, SD was
calculated (Supplementary Table $3),% and values plotted on bar charts. C, FISH images of cancer cells from IDC samples of various patients analyzed
showing molecular heterogeneity associated with EGFR and CEP7 gene copy number.
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their analyses. In contrast, our study not only employed
matched samples, we also included a developmental
dimension to EGFR expression during disease progression
using tumor samples that contained a spectrum of lesions,
i.e., hyperplasia, DCIS, and invasive ductal carcinomas.
This allowed us to track EGFR expression changes more
meaningfully during progression. In this study, we
presented novel evidence of the progressive loss of EGFR
expression in breast cancer and that diminution of EGFR
expression could be detected early in preneoplastic lesions
such as DCIS with high statistical confidence. This is fully
supported by data from analyses of in vitro, xenograft, and
clinical samples. EGFR expression status did not show any
prognostic value in our current study and is consistent
with another report (39).

When the status of EGFR expression was analyzed in
IDC-only samples, we observed positive expression in
~15% of the cases. This is consistent with some studies
that reported around the low 20% in the 2000s (40, 41) and
is in contrast to others that reported a higher frequency of
between 40% and 50% in the early 1990s (6, 42). Similarly,
whereas there have been a couple of reports that
supported the inverse relationship of ER and EGFR
expression status, no statistically significant relationship
between these two proteins was observed in our study
(8, 39). Modern techniques, study design, and epidemio-
logic differences might account for the apparent discrep-
ancies. Technically, the choice of antibodies is critical in
immunohistochemistry (43). Before we conducted full-
scale analysis, we screened various antigen retrieval
methods and four kinds of EGFR antibodies from
different sources (Abcam, Cell Signaling Technology,
Becton Dickinson, and Dakocytomation)—two against
the intracellular region (Cell Signaling Technology and
Becton Dickinson) and two against the extracellular region
of EGFR (Abcam and Dakocytomation) on a limited set of
samples. The objective was to select an antibody that
could detect EGFR at the plasma membrane, where most
EGEFR reside. This is to ensure that only the full-length
and functional EGFR was examined. In summary, we
found that only the DAKO antibodies directed against the
extracellular region of EGFR used in conjunction with its
antigen retrieval kit (modified citrate buffer; pH 6.1)
satisfied this criterion. The DAKO antibodies have also
been shown to detect full-length EGFR in Western blots
(Supplementary Fig. S4).® The other sources of antibodies
either gave a cytosolic presentation or extremely weak
overall signal. Another technical consideration is the
choice of sample processing method. Here, we used only
freshly prepared paraffin-embedded blocks from frozen
tissues requested from tissue repositories. Using the
conditions that we optimized as described above, we
found that immunohistochemistry of EGFR with most of
archival paraffin-embedded blocks from local pathology
labs did not give detectable EGFR signals in both normal
and tumor samples. We found this to be unusual, and led
us to the notion that the antigenic sites could have been
“destroyed” during prolonged storage (44). In contrast,

sections of freshly embedded normal tissues frequently
gave unambiguous EGFR signals. In the case of study
design, patient selection is likely to influence the out-
come(s) of the study drastically. For example, the work by
Tsutuis et al. used samples from patients with recurrent
breast cancer, whereas no such prior selection was applied
before analyses. The influence of epidemiologic differ-
ences, which explains the increasing importance of
individualized medicine on any study, is supported by
many pharmacogenomic reports, including the fact that
EGFR mutation in non-small cell lung cancer has been
observed in much higher frequency in Asian population
than in Western continents (45).

In the clinical setting, not all cases of DCIS progress to
carcinoma and whether all patients with DCIS should
receive radiotherapy (or chemotherapy) after breast-con-
serving surgery remains a topic of active debate (46).
Despite the relatively small data set, our study generated a
testable hypothesis in which loss of EGFR expression could
aid in determining the risk of DCIS developing into
invasive carcinoma and could therefore help select patients
for adjuvant therapy. Loss of EGFR expression and
maintenance of ErbB2 and ErbB3 expression were observed
in the MCF10AT model system. Although we do not have
immunohistochemical data for ErbB3 for the clinical
samples, our in vitro data implied that it is probably
present throughout disease progression. Interestingly, like
the EGFR reported here, expression of ErbB4 is uncommon
in breast cancer and ErbB4 expression may be suppressed
in carcinoma (47, 48). Taken together, there may be a
radical shift towards the reliance of cancer cells on ErbB2/
ErbB3 signaling during progression. These observations
might explain the poor outcomes of clinical trials of
Gefitinib on breast cancer for at least some advanced
populations of breast cancer and the relatively better
outcomes achieved with anti-ErbB2 therapy such as
Herceptin. A more successful use of Gefitinib for breast
cancer treatment may be restricted to early cancer, where
EGER is present, in combination with chemotherapy and
will probably benefit from patient selection via EGFR
expression screening. Perhaps, more importantly, drugs
targeting both ErbB2 and ErbB3, despite the latter having
no intrinsic kinase activity, might be potentially useful for
early and/or late stage breast cancer. For example, the use
of Pertuzumab/Omnitarg, which blocks ErbB2 dimeriza-
tion with other EGFR members might benefit by targeting
patients who are ErbB3-positive and have low /high ErbB2
protein rather than by selecting patients based on ErbB2
expression alone. Obviously, the presence of other molec-
ular aberrations like those reported in this study, e.g.,
PIK3CA mutation is likely to present further challenges to
therapeutic strategies.

As we advance into an era of individualized medicine,
the design of clinical trials will similarly need to consider
the molecular heterogeneity of disease. We hope that this
study would provide at least some basis for the design of
clinical trials involving tyrosine kinase inhibitors against
the EGFR family members.
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