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EGFR gene amplification in breast cancer:
correlation with epidermal growth factor
receptor mRNA and protein expression
and HER-2 status and absence of
EGFR-activating mutations
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The human epidermal growth factor receptor (HER) family of receptor tyrosine kinase has been extensively
studied in breast cancer; however, systematic studies of EGFR gene amplification and protein overexpression
in breast carcinoma are lacking. We studied EGFR gene amplification by chromogenic in situ hybridization
(CISH) and protein expression by immunohistochemistry in 175 breast carcinomas, using tissue micro-
arrays. Tumors with >5 EGFR gene copies per nucleus were interpreted as positive for gene amplifi-
cation. Protein overexpression was scored according to standardized criteria originally developed for HER-2.
EGFR mRNA levels, as measured by Affymetrix U133 Gene Chip microarray hybridization, were available in 63
of these tumors. HER-2 gene amplification by fluorescence in situ hybridization (FISH) and protein
overexpression by immunohistochemistry were also studied. EGFR gene amplification (copy number range:
7-18; median: 12) was detected in 11/175 (6%) tumors, and protein overexpression was found in 13/175 (7%)
tumors. Of the 11 tumors, 10 (91%) with gene amplification also showed EGFR protein overexpression (2 + or
3+ by immunohistochemistry). The EGFR mRNA level, based on Affymetrix U133 chip hybridization data,
was increased relative to other breast cancer samples in three of the five tumors showing gene ampilification.
Exons 19 and 21 of EGFR, the sites of hotspot mutations in lung adenocarcinomas, were screened in the 11
EGFR-amplified tumors but no mutations were found. Three of these 11 tumors also showed HER-2 over-
expression and gene amplification. Approximately 6% of breast carcinomas show EGFR amplification with
EGFR protein overexpression and may be candidates for trials of EGFR-targeted antibodies or small inhibitory
molecules.
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The epidermal growth factor receptor (EGFR, HER-1,
c-erbB-1) is one of the four transmembrane growth
factor receptor proteins that share similarities in
structure and function. Together, this group com-
prises the human epidermal growth factor receptor
(HER) (c-erbB) family of receptor tyrosine kinases.
The EGFR gene is located on the short arm of
chromosome 7 and encodes a 170kDa transmem-
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brane protein consisting of an extracellular EGF-
binding domain, a short transmembrane region,
and an intracellular domain with ligand-activated
tyrosine kinase activity." Two ligands can activate
EGFR: epidermal growth factor (EGF) and transform-
ing growth factor-alpha (TGF-o). Ligand binding to
EGFR results in receptor homo- or hetero-dimeriza-
tion (with one of the HER family of receptor tyrosine
kinases) followed by autophosphorylation of the
tyrosine kinase domain.”> Phosphorylated tyrosine
residues serve as binding sites for the recruitment of
signal transducers and activators of intracellular
substrates. The Ras—Raf mitogen-activated protein
kinase pathway and the phosphatidyl inositol 3’
kinase and Akt pathway are the major signaling
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routes for the HER family, including EGFR.*"®
These pathways control several important biologic
processes, including cellular proliferation, angio-
genesis and inhibition of apoptosis.”

The interest in EGFR is further enhanced by the
availability and FDA approval of specific EGFR
tyrosine kinase inhibitors (eg, gefitinib). Many of
these studies have focused on lung cancer, where
approximately 10% of patients have a rapid and
often dramatic clinical response.?° These gefitinib-
responsive lung cancers have been found to contain
somatic mutations in the tyrosine kinase domain of
the EGFR gene.?'° The data regarding the presence
or absence of EGFR gene amplification in other
tumor types, and their response to these EGFR
tyrosine kinase inhibitors are still limited. EGFR
protein overexpression has been reported to occur in
16—-36% of breast cancers; however, systematic
studies evaluating gene amplification, mRNA ex-
pression and protein expression in the same set of
cases are lacking.”*® In order to address this issue,
we studied 175 breast cancers for the presence of
EGFR gene amplification. In addition, we analyzed
EGFR protein expression, HER-2 protein expression
and gene amplification in these tumors. We also
examined EGFR transcript levels in a subset of these
tumors by Affymetrix U133 chip hybridization and
performed a mutational screen of the EGFR-ampli-
fied cases.

Materials and methods
Case Selection and Tissue Microarray Construction

In all, 188 randomly selected invasive breast
carcinomas were included in this study. Tissue
microarrays were created using 0.6 mm tissue cores
as previously described.™*® An H&E-stained sec-
tion was evaluated for the presence of invasive
breast carcinoma and the area to be used for creation
of the tissue microarrays was marked on the slide
and the donor block. Three to four cores from
different areas of the tumor were sampled for each
tumor.

Histologic Examination

Histologic assessment of tumor type and grade were
routinely performed on 4-5 um thick H&E sections
of formalin-fixed paraffin-embedded tumors. The
nuclear grades of invasive ductal and lobular
carcinomas were designated as follows: grade 1,
small, regular uniform cells; grade 2, moderate
increase in size and variability; grade 3, marked
variation in size and shape. The architectural grades
of invasive ductal carcinomas were designated as
follows: grade 1, well developed (>75%) tubule
formation; grade 2, moderate (10-75%) tubule
formation; grade 3, little or no (<10%) tubule
formation.

Modern Pathology (2005) 18, 1027-1033

Immunohistochemistry

Tissue microarray sections (4—5 um thick) were used
for all immunohistochemical analyses. The Ventana
CONFIRM™ antiestrogen receptor (clone 6F11) and
antiprogesterone receptor (clone 16) monoclonal
antibodies were used for immunohistochemical
analyses of estrogen receptor and progesterone
receptor, respectively, performed on the Ventana
automated slide stainers according to the manufac-
turer’s instructions (Ventana Inc., Tucson, AZ, USA).
The estrogen receptor or progesterone receptor
results were manually screened and were inter-
preted as positive when more than 10% of tumor
cells showed positive nuclear staining. HER-2
immunohistochemistry was performed using the
HercepTest™ kit (DAKO Corp, Carpinteria, CA,
USA) and EGFR immunohistochemistry was per-
formed using a monoclonal EGFR antibody (Clone
31G7, Zymed Laboratories Inc., South San Francis-
co, CA, USA) according to the manufacturer’s
instructions; both HER-2 and EGFR results were
interpreted manually as follows: 0, no membrane
staining; 1+, faint, partial membrane staining; 2 +,
weak, complete membrane staining in >10% of
invasive cancer cells; 3+, intense complete mem-
brane staining in >10% of invasive cancer cells.
The highest immunohistochemical score obtained
among different cores of the same tumor was used as
the final immunohistochemical result of that tumor.

Chromogenic In Situ Hybridization

Chromogenic in situ hybridization (CISH) for EGFR
gene was performed according to the manufacturer’s
instructions. Briefly, the tissue microarray sections
were incubated at 55°C overnight. The slides were
deparaffinized in xylene and graded ethanols. Heat
pretreatment was carried out in the pretreatment
buffer (Zymed Laboratories Inc.) at 98-100°C for
15min. The tissue was digested with pepsin for
10min at room temperature. After application of
Zymed SpotLight® digoxigenin labeled EGFR probe
(Zymed Laboratories Inc.), the slides were cover-
slipped and edges sealed with rubber cement. The
slides were heated at 95°C for 5min followed by
overnight incubation at 37°C using a moisturized
chamber. Posthybridization wash was performed the
next day and followed by immunodetection using
the CISH™ polymer detection kit (Zymed Labora-
tories Inc.). The CISH signals were counted in at
least 30 nuclei with a light microscope using a x 40
objective. A tumor was interpreted as positive for
gene amplification when the average number of gene
copies was >5 per nucleus.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) for HER-2
was performed using the PathVysion HER-2 probe



kit (Vysis Inc. Downers Grove, IL, USA) as pre-
viously described.’” The signal enumeration was
performed under x 1000 magnification. The number
of chromosome 17 signals, HER-2 signals, and
number of tumor nuclei scored were recorded for
each core. At least 30 cells were counted per tissue
core. Tumors were interpreted as amplified when
the ratio of HER-2/chromosome17 signals was >2.0.
The average ratio of different cores from the same
tumor was used as the final score for determination
of gene amplification status of that particular tumor.

EGFR mRNA Expression

EGFR mRNA levels were determined in a subset of
cases using Affymetrix human genome U133 Gene-
Chip®™ expression arrays. RNA extraction, RNA
target synthesis, and target labeling were performed
as previously described.'® Gene expression analysis
was carried out using the Affymetrix U133A human
gene array, which has 22 283 features for individual
gene/EST clusters, using instruments and protocols
recommended by the manufacturer. For each gene
on every sample we extracted two response mea-
sures, the Average Difference and Absolute Call, as
determined by the default settings of Affymetrix
Microarray Suite 5.0. Expression values on each
array were multiplicatively scaled to have an
average expression of 500 across the central 96%
of all genes on the array. Calculations of relative
EGFR transcript levels were based on data from
Affymetrix probe set 201984_s_at.

EGFR Mutation Analysis

Selected cases were analyzed for the presence of
hotspot mutations in exon 19 (short in-frame
deletions) and exon 21 (L858R mutation) that
together account for approximately 90% of EGFR
mutations detected in lung cancers.®*'° Exon 19
deletions were studied by length analysis of fluor-
escently labeled polymerase chain reaction (PCR)
products on a capillary electrophoresis device, and
the exon 21 L585R mutation was detected by PCR
followed by Sau96l restriction enzyme digestion,
based on a new Sau96l site created by the L585R
mutation (2819T >G), followed by capillary electro-
phoresis of the Sau96l-digested fluorescently la-
beled PCR products. These sensitive assays can
detect mutations in the presence of up to 90%
non-neoplastic cells and are described in detail
elsewhere.?®

Results

We obtained both CISH and immunohistochemistry
EGFR data on 175 of the 188 breast cancers. Nine
tumors failed both CISH and immunohistochemis-
try, four additional tumors failed immunohisto-
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chemistry alone. The reasons for failure were a
complete loss of tissue cores from the tissue
microarrays, less than 30 tumor cells available for
scoring, and absence of hybridization signals. The
absence of signals probably resulted from under- or
over-digestion since tissue digestion for a particular
tumor cannot be adjusted on a tissue microarray.

EGFR gene copy number ranged from 2 to 18 in
the samples studied. Copy number greater than 5
was considered amplified and identified in 11/175
(6%) tumors (Table 1). The gene copy number in
amplified tumors ranged from 7 to 18 (mean: 12.1;
median: 12) and in nonamplified tumors ranged
from 2 to 5 (mean: 2.4; median: 2) (Figure 1).
Affymetrix U133A data on mRNA levels for EGFR
were available in five of the amplified cases. Three
of these (Table 2) showed increased EGFR mRNA
levels greater than two-fold of the average EGFR
mRNA level in EGFR-nonamplified tumors, and the
remaining two tumors showed no significant in-
crease above the average EGFR mRNA level. The
mRNA data were not available in the other six
EGFR-amplified tumors. No statistically significant
correlation between gene copy number and level of
EGFR transcript was found in this small number of
amplified cases. Of the 164 tumors without EGFR
gene amplification, mRNA data were available in 56
tumors. All but one tumor showed normal mRNA
levels. The discordant case showed a 7.4-fold
increase in mRNA level (data not shown).

By immunohistochemistry, the majority of breast
carcinomas demonstrated 0—1+ immunoreactivity
(162/175, 94%). Eight of the 11 breast carcinomas
with amplified EGFR showed 3+ immunoreactiv-
ity, two tumors demonstrated 2+ and one tumor
was scored as 1+ (Table 1). There was a strong
correlation between 3 + immunoreactivity and gene
amplification (P<0.0001, Fisher’s exact test). Three
of the 164 nonamplified tumors demonstrated EGFR
protein overexpression. Two of these three tumors
were poorly differentiated invasive ductal carcino-
mas and were 2+ by immunohistochemistry, the
third tumor was an invasive pleomorphic lobular
carcinoma and showed immunoreactivity of 3 + for
EGFR without gene amplification.

Table 1 Correlation of EGFR gene amplification and protein
expression

Immunohistochemistry Gene No gene Total
amplification amplification

0 0 151 151
1+ 1 (9%) 10 11
2+ 2 (50%) 2 4
3+ 8 (89%*) 1 9
Total 11 (6%) 164 175

*P<0.0001 (Fisher’s exact test for EGFR immunohistochemistry 0-2+
and 3+ vs amplification status).
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Figure 1 EGFR protein expression by immunohistochemistry and gene amplification by CISH. (a) 0 by immunohistochemistry, (b) 1+ by

immunohistochemistry, (¢) 2+ by immunohistochemistry, (d) 3+ by immunohistochemistry, (e) gene amplification (10-12 gene copies
per nucleus) by CISH, (f) no gene amplification (2-3 gene copies per nucleus) by CISH.

Specific assays for the most frequent EGFR  nohistochemistry without EGFR gene amplification.

mutations in lung adenocarcinomas, exon 19 in-  None of the tumors showed either of these hotspot
frame deletions and the exon 21 L858R point mutations in the EGFR gene (Table 2).

mutation, were used to analyze all EGFR-amplified We evaluated the clinical and pathologic features
tumors, and the one tumor with 34+ EGFR immu-  of EGFR-amplified breast cancers in an effort to

Modern Pathology (2005) 18, 1027-1033



determine clinically relevant associations (Table 3).
In all, 10 of these 11 tumors were poorly differ-
entiated high-grade invasive ductal carcinoma, and
one was a spindle cell metaplastic carcinoma with
focal squamous differentiation. All of them were
negative for estrogen receptor and progesterone
receptor, but three of them were positive for HER-2
(Table 3). EGFR amplification appears to be inver-
sely correlated with estrogen receptor expression.
There was no correlation between EGFR amplifi-
cation and HER-2 amplification. Three of the 11
patients developed distant metastases at 40, 42, and
48 months, respectively, after the initial diagnoses
(Table 3). The first two patients (No. 6 and 7) died of
disease at 84 and 55 months, respectively, and the
third patient No. 9) is alive with lung and bone

Table 2 Detailed data on EGFR protein expression by immuno-
histochemistry, mRNA level, gene copy number by CISH, and
mutation status in tumors with EGFR amplification (n=11)

Case  CISH* Immunohistochemical ~mRNA® Hotspot
no. scores mutations®

1 7 1+ NA NF

2 7 2+ NA NF

3 8 3+ NA NF

4 10 3+ NA NF

5 11 3+ NA NF

6 12 3+ 34 NF

7 15 2+ 5.3 NF

8 15 3+ NA NF

9 15 3+ <2 NF
10 15 3+ <2 NF
11 18 3+ 41 NF

#Data represent EGFR gene copy number per nucleus.

PData represent fold increase above average mRNA level of EGFR-
nonamplified tumors derived from Affymetrix U133A chip hybridiza-
tions. Calculations of relative EGFR transcript levels were based on
data from Affymetrix probe set 201984 _s_at.

“Mutations in EGFR exon 19 (short in-frame deletions) and exon 21
(L858R mutation).

CISH: chromogenic in situ hybridization; NA: not available; NF: not
found.
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metastases at 89 months. One other patient (No. 8)
died of unrelated causes at 34 months. The mean
follow-up of the 11 patients is 73 months. Owing to
the limited number of informative cases, we were
unable to determine whether EGFR amplification
and/or EGFR overexpression is an independent
prognostic indicator.

Discussion

Although the EGFR gene was identified more than
two decades ago,*’ clinical interest in the gene has
recently been heightened by the discovery of EGFR
inhibitors. In 1996, Yang et al*> demonstrated that
treatment with genistein, an inhibitor of tyrosine
kinase activity, inhibited EGF-induced tyrosine
phosphorylation and degradation of EGFR in HepG2
cells, suggesting that tyrosine kinase activity is
required for either the internalization or the degra-
dation of EGF—EGFR receptor complexes. The use of
EGFR kinase inhibitors has recently received FDA
approval for use in cancer therapy.

In this study, we used CISH to detect EGFR gene
amplification in breast carcinomas. Our data re-
vealed that EGFR gene amplification is an infre-
quent event in breast cancer, occurring in only 6%
of tumors. This percentage is in the middle of the
range reported by the few previous studies that
have examined EGFR copy number in breast cancer
(0.8-14%).2324

EGFR overexpression was seen in 6% tumors in
our current study, which correlated well with gene
amplification. Most studies that have reported a
higher percentage of EGFR overexpression have not
evaluated gene amplification."~"® Differences in the
prevalence of EGFR overexpression reported by
different studies may be due to variations in
techniques and type of antibodies used, criteria
for determining overexpression and interobserver
variability. For example, Harris et al'' measured
EGFR in 221 primary breast cancers by ligand

Table 3 Detailed clinical and pathologic data in tumors with EGFR amplification (n=11)

Case  Age Stage Tumor type Architectural Nuclear HER-2  HER-2 ER PR Recurrence Survival
no. (years) grade grade FISH* IHC (months) (months)
1 44 3C Ductal 3 3 3.8 3+ — — None 38 (NED)
2 47 2B Ductal 3 2 10.7 3+ - - None 141 (NED)
3 40 2B Ductal 3 3 NA 0 - - None 74 (NED)
4 41 3C Ductal 3 3 1.0 0 — — None 40 (NED)
5 50 2B Ductal 3 3 NA 0 - - None 91 (NED)
6 58 2A Ductal 3 2 NA 0 - - 40 84 (DOD)
7 52 2B Ductal 3 3 1.5 1+ - — 42 55 (DOD)
8 92 2A  Ductal 3 3 5.4 3+ - - None 34 (DOCQ)
9 61 2B Metaplastic 3 1.0 0 — — 48 89 (AWD)
10 64 2A  Ductal 3 3 NA 0 - - None 92 (NED)
11 54 3A Ductal 3 3 NA 1+ - - None 66 (NED)

#Data represent ratio of HER-2/chromosome 17 copy numbers.

IHC: immunohistochemistry; ER: estrogen receptor; PR: progesterone receptor; FISH: fluorescence in situ hybridization; NA: not available; NED:
no evidence of disease; DOD: dead of disease; AWD: alive with disease; DOC: dead of other causes; —: negative.
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binding with **°I-labelled EGF, and high-affinity
sites were quantitated. Tsutsui et al'® used a primary
EGFR monoclonal antibody (Kyokutou Seiyaku,
Tokyo, Japan) for assessing EGFR expression, and
interpreted overexpression as ‘tumors exhibiting
definite staining of the cancer cells’. In our current
study, tumors with 1+ staining intensity were
interpreted as negative for overexpression. Our
stringent criteria in defining EGFR overexpression
appeared to be the major contributing factor to the
apparent low prevalence of EGFR overexpression
among breast carcinomas in this study.

We found no correlation of EGFR amplification
and HER-2 status. Of the 11 tumors showing EGFR
gene amplification, three tumors (27%) showed
HER-2 overexpression. These three tumors also
showed HER-2 gene amplification. This proportion
of HER-2 positivity approximates the expected
percentage in breast cancers in general. The 11
EGFR-amplified tumors were uniformly estrogen
receptor/progesterone receptor-negative, consistent
with findings by other investigators.*

There are contradictory reports in the literature on
the prognostic significance of EGFR overexpression
and its relationship with known prognostic fac-
tors.?**® In the only study that examined the
survival impact of EGFR gene amplification, no
correlation was found.?® The clinical significance of
EGFR amplification and/or EGFR overexpression
could not be independently evaluated in our current
study due to the small number of informative cases.

Low-level amplification of EGFR in concert with
EGFR mutation is present in some lung adenocarci-
noma cell lines*® and we (M Ladanyi, unpublished
data) and others have also observed that many
clinical lung cancer samples show evidence of copy
number gains of the mutant allele.?® Based on these
considerations, it was of interest to screen the
EGFR-amplified tumors in the present study for
the activating mutations in exon 19 and 21 that are
commonly detected in lung cancers. However, no
mutations were found.

EGFR gene amplification generally results in
increased protein expression in breast carcinomas.
Apparent EGFR protein overexpression without
gene amplification occurred in only 2% of tumors
in this study, and its mechanism needs to be further
investigated. Overall, approximately 6% of breast
carcinomas show moderate- to low-level EGFR
amplification associated with genuine EGFR protein
overexpression. A small minority of breast cancers
could be responsive to EGFR-targeted therapy, and
this carefully selected subset of patients should be
considered for clinical trials evaluating EGFR anti-
bodies or small inhibitory molecules.
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