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Background: Epidermal growth factor receptor (EGFR) has been hypothesised to modulate the effectiveness of anti-HER2
therapy. We used a standardised, quantitative immunofluorescence assay and a novel EGFR antibody to evaluate
the correlation between EGFR expression and clinical outcome in the North Central Cancer Treatment Group (NCCTG)
N9831 trial.

Methods: Tissue microarrays were constructed that allowed analysis of 1365 patients randomly assigned to receive chemotherapy
alone (Arm A), sequential trastuzumab after chemotherapy (Arm B) and chemotherapy with concurrent trastuzumab (Arm C).
Measurement of EGFR was performed using the EGFR antibody, D38B1, on the fluorescence-based AQUA platform. The result
was validated using an independent retrospective metastatic breast cancer cohort (n¼ 130).

Results: Epidermal growth factor receptor assessed as a continuous (logarithmic transformed) variable shows an association with
disease-free survival in Arm C (P¼ 0.009) but not in Arm A or B. High EGFR expression was associated with worse outcome (Hazard
ratio (HR)¼ 2.15; 95% CI 1.28–3.60, P¼ 0.004). Validation in a Greek metastatic breast cancer cohort showed an HR associated with
high EGFR expression of 1.92 (P¼ 0.0073).

Conclusions: High expression of EGFR appears to be associated with decreased benefit from adjuvant concurrent trastuzumab.
Since other treatment options exist for HER2-driven tumours, further validation of these data may select patients for alternative or
additive therapy.
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Trastuzumab is a humanised monoclonal antibody against the
extracellular domain of human epidermal growth factor receptor-2
(HER2) and has shown therapeutic benefit in the 15–20% of breast
cancer patients who overexpress HER2 with impressive improve-
ments in clinical benefit and survival when added to chemotherapy
in the metastatic setting (Vogel et al, 2002; Baselga et al, 2010;
Perez and Spano, 2012). When added to chemotherapy in the
adjuvant setting, disease-free survival (DFS) at 4 years has been
demonstrated at 85.7%, compared with 73.7% in the control arm
(Perez et al, 2011a, b; Romond et al, 2012). Despite significant
improvement in clinical outcome of patients with HER2-positive
disease, not all patients benefit from trastuzumab. In the metastatic
setting,B50% of patients do not achieve450% tumour shrinkage,
representing de novo drug resistance even when combined with
chemotherapy (Zito et al, 2012). As the number of therapeutic
options increase for those with HER2 overexpressing breast cancer,
patients would benefit from new biomarkers to increase specificity
of companion diagnostic tests to better predict benefit for specific
anti-HER2 therapies.

Human epidermal growth factor receptor 1 (EGFR) is a key
member of the HER signalling pathway that may be associated
with trastuzumab resistance. Cell line models have revealed that
overexpression and activation of EGFR induces trastuzumab
resistance in HER2-positive cell lines (Kumar, 2007; Dua et al,
2010). However, data supporting EGFR assessment as a biomarker
of trastuzumab resistance in breast cancer patients remain
inconclusive. Perhaps the most critical variable preventing
common usage of EGFR as a biomarker is non-reproducibility of
its assessment. Many antibodies have been generated for EGFR
assessment, but most require a protease treatment in the process of
antigen retrieval for immunohistochemistry (IHC). The lack of
reproducibility associated with this issue and poor agreement
between different commercially available EGFR antibodies
(Anagnostou et al, 2010) have resulted in confusing literature on
assessment of the impact of EGFR testing and lack of its adoption
as a companion diagnostic test. Recently, a new monoclonal
antibody for EGFR, D38B1, has been developed against the
cytoplasmic domain of the molecule and does not require protease
treatment for antigen retrieval. Using this antibody, our group has
standardised a sensitive, specific, and reproducible fluorescence-
based, quantitative EGFR assay (Dimou et al, 2011). In this study,
we used this assay to evaluate the association between EGFR
expression and trastuzumab response in the North Central Cancer
Treatment Group (NCCTG) N9831 trial. We then validated the
result in a retrospectively collected trastuzumab-treated metastatic
breast cancer cohort from Greece.

The NCCTG (now Alliance) N9831 trial assessed the efficacy
and safety of adding 52 weeks of trastuzumab to the standard
anthracycline/taxane-based chemotherapy arm (Perez et al, 2011a).
It enrolled 3505 patients, randomly assigned to chemotherapy plus
trastuzumab regimes and a control chemotherapy treatment
regimen. The trial was among four large clinical trials that led to
FDA and global approval of the usage of trastuzumab in the
adjuvant setting. In the study reported herein, a tissue microarray
(TMA) containing 1444 samples in three-fold redundancy
representing 1365 patients (1231 evaluable and 134 failed) from
this trial was assessed for EGFR expression using the recently
described standardised EGFR assay. Our goal was to determine
whether EGFR expression was associated with benefit from
trastuzumab in the adjuvant setting.

MATERIALS AND METHODS

Cohort description. The NCCTG N9831 trial is a three-arm
prospective phase III randomised trial evaluating adjuvant therapy

for patients with HER2-positive resected early stage breast cancer
(Perez et al, 2011b, 2012). Eligible patients were randomly
assigned into three arms. Arm A is a control arm, in which
patients received AC followed by weekly paclitaxel; Arm B is a
sequential arm, in which patients received AC followed by weekly
paclitaxel followed by trastuzumab; and Arm C is a concurrent
arm, in which patients received AC followed by weekly paclitaxel
plus trastuzumab followed by trastuzumab alone. Patients were
enrolled as a collaborative effort between NCCTG and other NCI-
sponsored cancer cooperative groups (ECOG, SWOG, and
CALGB).

N9831 enrolled 3505 women, of whom 2823 provided consent
and were deemed eligible upon central review. For this study,
there were 1231 women in the TMA for evaluation (403 from
Arm A, 452 from Arm B, and 376 from Arm C; Supplementary
Figure 1) and 1592 women not present in the TMA: 1458 due to
inadequate tissue (513 Arm A, 478 Arm B, and 467 Arm C) and
134 due to tissue loss in the TMA (46 Arm A, 53 Arm B, and
35 Arm C). Of the 1231 women with measurements, 274 women
had one measurement, 434 had two measurements, 470 women
had three measurements, and 53 women had measurements from
more than one block. Average scores were used to represent each
patient.

A retrospectively collected cohort of metastatic breast
cancer patients treated with various chemotherapy regimens with
trastuzumab was obtained collaboratively from the Hellenic
Cooperative Oncology Group (HeCOG), Athens, Greece.
The TMAs contained 149 patients with up to four-fold redundancy.
Of the 149 patients, 130 patients received trastuzumab in first-line
treatment and were included in the analysis. Of these 130 patients,
four had four measurements, 4 had three measurements, 65 had
two measurements, and 35 had one measurement. Average scores
were used to represent each patient. All measurements were
made on tissue from the primary tumour. The detailed cohort
descriptions are shown in Supplementary Tables 1 and 2. More
detailed description of this cohort is given in a publication by Razis
et al (2011).

Quantitative immunofluorescence-based assessment of EGFR.
Tissue microarray slides were prepared at Mayo Clinic and shipped
to Yale (DR’s laboratory) for analysis. After deparaffinisation,
antigen retrieval was performed using a PT module (LabVision
Corp., Fremont, CA, USA) with EDTA buffer (pH 8, 97 1C;
20min). Slides were then incubated in 2.5% hydrogen peroxide
(30min; room temperature) to block endogenous peroxidase
activity. The following steps were performed in an autostainer
(LabVision Corp.). Non-specific antigens were blocked via
incubation in 0.3% bovine serum albumin in Tris-buffered saline
solution and Tween-20 (30min; room temperature). Slides were
then incubated overnight with a cocktail of a primary EGFR
antibody clone D38B1 (1 : 200; Cell Signaling Technology, Danvers,
MA, USA) and a mouse monoclonal cytokeratin antibody (Dako
Corp., Carpinteria, CA, USA). Next, a cocktail of Alexa 546-
conjugated goat anti-mouse secondary antibody (Molecular
Probes, Inc., Eugene, OR, USA) diluted 1 : 100 in rabbit EnVision
reagent (Dako Corp.) was applied to the slides (1 h; room
temperature). Cyanine 5-tyramide was used to develop the
fluorescent signal (1 : 50, room temperature, 10min Perkin-Elmer,
Inc., Waltham, MA, USA). Finally, Prolong Gold (Molecular
Probes, Inc.) containing DAPI was used to detect nuclei. An index
array was stained aside each cohort array to enable standardisation
of the assay, along with negative (no primary) and positive
controls.

The AQUA method of quantitative immunofluorescence (QIF)
was used to quantitatively measure EGFR expression as previously
described in lung cancer (Zito et al, 2012) and other reviews (Camp
et al, 2002; Gustavson et al, 2009). The AQUA scores of EGFR in
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the tumour mask were calculated as the sum of the target EGFR
intensity in the tumour mask divided by the area of the tumour
mask. The AQUA scores were normalised for exposure time, bit
depth and lamp hours for optimal standardisation and
reproducibility.

To calculate the absolute EGFR level in the cell, two steps of
normalisation were applied. The AQUA score of EGFR measured
in the N9831 cohort was first normalised to a standardised index
array, which consists of a series of lung cancer cases and cell lines
and was previously used to define EGFR concentrations in a lung
cancer study (Dimou et al, 2011). The normalised AQUA score
was translated into concentration units of EGFR (nanograms of
EGFR per microgram of total protein), using the standard curve
derived from the previous study (Dimou et al, 2011).

Statistical analysis. Statistical calculations were performed using
SAS version 9.3 (SAS, Cary, NC, USA) and R version 2.14.2 (The R
Foundation for Statistical Computing). The data for these analyses
were locked on 13 July 2011. The end point in the adjuvant N9831
cohort analysis was DFS, defined as time from random assignment
to documentation of any evidence of recurrence of breast cancer;
contralateral breast cancer; second primary cancer; or death
resulting from any cause. Patients were censored at time of last
follow-up if they had not had an event of interest. Differences
between groups were compared using a chi-square test (for
categorical variables) or a two-sample t-test (for continuous
variables). Univariable and multivariable Cox proportional hazard
models were used to determine associations between EGFR values
and DFS. The EGFR distribution was extremely skewed
(Supplementary Figure 2) and so the (natural) logarithm of the
EGFR value (lnEGFR) was used in the analysis. Given the skewed
nature of the EGFR values, it was felt that EGFR would likely have
a threshold effect. The optimal cutoff point of continuous EGFR
into low and high values was determined using recursive
partitioning (rpart in R) for Arm C patients in the NCCTG
N9831 cohort. Arm C alone was used to define the optimal cutoff

value because it was the arm that exhibited from the most benefit
of chemotherapy and trastuzumab treatment and we were
interested in the association of EGFR with trastuzumab benefit.
The outcome value for the rpart analysis was DFS and EGFR level
was the only explanatory variable. Since rpart does not require
variables be normally distributed, the original EGFR values (i.e.,
not log transformed) were used. The selected threshold was EGFR
level¼ 13 ngmg� 1. The same cutoff point was applied to Arms A
and B and survival differences between high and low EGFR groups
were estimated using Kaplan–Meier (KM) estimates and compared
with a log-rank test. Stratification factors for the N9831 trial (age at
trial registration, extent of surgery, hormone receptor status,
tumour size, and number of positive nodes) were all used in the
multivariable Cox model. The Greek cohort of women with
metastatic breast cancer was used as a validation cohort with an
end point of progression-free survival, which was defined as the
time from initiation of trastuzumab as a first-line treatment to first
report of patient disease progression or death. All statistical tests
were two-sided and significance level was P¼ 0.05.

RESULTS

The median follow-up time of the 1231 patients evaluable for
EGFR was 7.0 years. A comparison of the 1231 women with an
EGFR measurement to the 2274 without an EGFR measurement
revealed some statistically significant differences between the
groups (Supplementary Table 1). On average, women with EGFR
analysis were more likely to have axillary node dissection (92% vs
89%), more lymph-node involvement (88% vs 86% with one or
more node involved), and larger tumours (64% vs 59% with
tumours42.0 cm), and less likely to be oestrogen receptor positive
compared to women without EGFR analysis (49% vs 54%). Many
of these differences reflect the fact that women with more disease
were more likely to have greater amounts of tissue available for
TMA production and correlative studies.
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Figure 1. (A–C) DFS comparison of EGFR high group vs EGFR not high in the N9831 cohort, stratified by treatment arm. (A) Arm A patients:
Kaplan–Meier curves for low EGFR patients and high EGFR patients. (B) Arm B patients: Kaplan–Meier curves for low EGFR patients and high
EGFR patients. (C) Arm C patients: Kaplan–Meier curves for low EGFR patients and high EGFR patients.
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Association of lnEGFR and DFS in the NCCTG N9831
cohort. The logarithm transformed EGFR values were univariably
associated with DFS in Arm C (P-value¼ 0.009) but not in Arm A
(P-value¼ 0.31) or Arm B (P-value¼ 0.93). When the arms were
pooled lnEGFR was not associated with DFS in the univariable
model (P-value¼ 0.072) and was not associated with DFS in the
multivariable model that adjusted for the trial stratification
variables (P-value¼ 0.31).

High expression of EGFR is associated with worse survival
outcome in the NCCTG N9831 cohort. The cutpoint for EGFR
determined by rpart was 13 ng mg� 1. Women with an EGFR
AQUA score of above 13 ng mg� 1 were classified as the EGFR high
group; there were 201 out of 1231 women in this group (16.3%): 64
(15.9%) in Arm A, 68 (15.0%) in Arm B, and 69 (18.4%) in Arm C.
Although women with high EGFR in Arms A and B had slightly
lower DFS compared to women with low EGFR, the differences
were not statistically significant (Figure 1A and B). In Arm C,
women with high EGFR had a significantly lower DFS compared to
women with low EGFR (Figure 1C). The percent of women with
high EGFR who were disease free at 5 years is 73.2% compared
with 88.8% of women with low EGFR (P-value¼ 0.003). Survival
curves were also constructed to compare arms of the trial within
the low (Figure 2A) and high (Figure 2B) EGFR groups. Patients
with low EGFR show stratification by treatment arm similar to that
observed in the original trial. Patients with high EGFR showed no
benefit in the trastuzumab arms compared with the control arm.

The association between EGFR status (high vs low) and DFS
was evaluated with univariable and multivariable models
(Table 1) for each of the three treatment arms. The association
was statistically significant for Arm C in both univariable and
multivariable models, but not for Arms A and B in either model.
Multivariable analysis of all collected clinical variables within
Arm C shows that EGFR was an independent predictive variable
(Table 2). Notably, EGFR was associated with DFS when
adjusting for oestrogen and progesterone receptor status. A test
for interaction between EGFR status and the treatment arms
(Arm A vs Arm C) did not achieve statistical significance in both
the univariable model (P-value¼ 0.15) and the multivariable
model (P-value¼ 0.15), which could be due to the limited power
to detect an interaction.

Validation in the Greek cohort. Although the univariable
analysis revealed a continuous relationship between lnEGFR and
DFS in Arm C, the data were dichotomised on the original scale
due to the extremely skewed nature of the EGFR values and the
thought it was likely to have a threshold effect; this also would
classify patients for future studies as positive or negative. The
N9831 data were used to define the value of 13 ng mg� 1 as the
cutpoint on the original EGFR scale. To validate the cutpoint and
determine whether EGFR was truly predictive vs prognostic, the
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Figure 2. (A, B) Survival curves for each trial arm in N9831 patients
with low (A) or high (B) EGFR levels.

Table 1. Cox proportional hazard models evaluating the association
between EGFR group and DFS

Univariable model Multivariable model

HR (95% CI) P-value HR (95% CI) P-value
Arm A 1.29 (0.82–2.04) 0.26 1.18 (0.74–1.89) 0.49

Arm B 0.95 (0.55–1.63) 0.84 0.91 (0.52–1.61) 0.75

Arm C 2.15 (1.28–3.60) 0.004 1.83 (1.05–3.17) 0.03

Abbreviations: CI¼ confidence interval; DFS¼disease-free survival; EGFR¼epidermal
growth factor receptor; HR¼Hazard ratio.

Table 2. Multivariable Cox proportional hazard model (DFS): adjuvant
N9831 Arm C only

Variable
Hazard
ratio

95% confidence
interval Chi-Sq P

Age group

p50 vs o50 1.57 0.952–2.580 3.122 0.077

Grade

III vs I and II 1.77 0.950–3.283 3.233 0.072

ER

Positive vs negative 0.76 0.439–1.327 0.917 0.338

Nodal status

Negative vs positive 0.72 0.334–1.554 0.699 0.403

EGFR

High vs low 1.83 1.048–3.176 4.523 0.033

Abbreviations: CI¼ confidence interval; DFS¼disease-free survival; EGFR¼epidermal
growth factor receptor; ER¼oestrogen receptor.
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ideal data set would be one where some HER2-positive women
were treated with chemotherapy alone and others were treated with
chemotherapy plus trastuzumab. Unfortunately, we did not have
access to such a cohort of women. Instead a metastatic cohort was
available from a small multi-institutional trial in Greece. The
cohort contained 130 patients treated with first-line trastuzumab.
Continuous assessment of EGFR using the Cox proportional
hazard model, with PFS as the end point, was statistically
significant (P¼ 0.0366). When EGFR was dichotomised at
13 ngmg� 1 and assessed by KM analysis, the median difference
in PFS was 6.1 months (log-rank P¼ 0.0063) (Figure 3). The
univariable binary HR is 1.92 (95% CI: 1.192–3.092, P¼ 0.0073).
The association between EGFR and PFS remained significant when
age, grade, distant metastasis, ER, and HER2 status were controlled
(Table 3).

DISCUSSION

Although EGFR expression has been associated with trastuzumab
resistance in cell line models (Kumar, 2007; Dua et al, 2010),
previous biomarker studies of EGFR had not validated this
observation in human tumours (Gori et al, 2009). In part, this
could be due to challenges associated with measurement of EGFR
by traditional IHC. Initially, the EGFR assay was established as a
companion diagnostic assay with early trials of cetuximab in colon
cancer (Goldstein and Armin, 2001). However, the assay was not
standardised and often 75% or more were judged as positive
(Goldstein and Armin, 2001; Heinemann et al, 2009). A study of
EGFR in breast cancer showed a much lower rate (o10%) of
EGFR overexpression in breast cancer (Bhargava et al, 2005).
Ultimately, studies showed that EGFR status by IHC made no
difference in outcome of colon cancer patients (Lenz et al, 2006)
and CAP surveys of laboratories were unable to reach consensus,
so the assay was largely discarded. The root of the problem was
most likely the challenge of standardisation of the EGFR assay.
Assessment of EGFR using antibodies from varied vendors or
using varied assay conditions can produce widely variable results
(Anagnostou et al, 2010). A portion of that variability was likely
due to the requirement for protease-based antigen retrieval for
many antibodies. This step is highly variable and difficult to
standardise. A second issue may be that different laboratories used
antibodies targeting different regions of the protein. Here, we used
a newly commercialised EGFR antibody (D38B1) that does not
require protease-based antigen retrieval and has been previously
standardised to exact protein concentrations (Dimou et al, 2011).

Patients with high EGFR did not appear to benefit from
concurrent trastuzumab or sequential trastuzumab whereas those
with low EGFR values experienced benefits similar to those
observed in the parent trial. One explanation for this observation
could be that only tumours that are strongly driven by HER2 are
affected by trastuzumab and when higher levels of heterodimer are
present due to high EGFR, the effect of trastuzumab is attenuated.
In a lung cancer model system, chemotherapy was associated with
activation of the EGFR pathway as shown by phosphorylation of
EGFR (Van Schaeybroeck et al, 2006). It may be that both the
increased level of the receptor and its activation by chemotherapy
combine to evade effects of trastuzumab.

The QIF method used here is a continuous method, but
treatment decisions are binary. Thus to be useful as a companion
diagnostic test and due to the skewed nature of the EGFR
distribution, EGFR was dichotomised to better direct therapy.
Since there is no known biological cutpoint indicating the level at
which EGFR exerts its effect, we used rpart to discover the most
meaningful cutpoint for use in future studies. We were unable to
access a perfectly matched adjuvant cohort, but were able to test a

retrospective metastatic cohort which validated the discovered
cutpoint. To further validate this cutpoint and EGFR as a
predictive vs prognostic biomarker, we are pursuing efforts to
obtain tissue from other adjuvant trastuzumab trials.

Additional potential limitations exist for this study. Perhaps
most significant is that this work was performed entirely on TMAs.
While the data were largely derived from the average of two or
three spots, the assay has not yet been evaluated on whole slide
specimens, as would occur in a true clinical setting. A second
weakness is the retrospective nature of the work. Although the
examination of the effect of EGFR was built into the prospective
study design of NCCTG N9831, the examination was to be
correlative and at the time of the trial design, the quantitative
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Figure 3. Patients with high level of EGFR (blue line) as defined by the
cutpoint from the N9831 cohort show less benefit from trastuzumab
treatment in the Greek metastatic breast cancer cohort. The red
line shows the 83 patients above the cutpoint and the blue line shows
those below. A full color version of this figure is available at the
British Journal of Cancer journal online.

Table 3. Multivariable Cox proportional hazard model in the metastatic
Greek cohort

Multivariable Cox proportional hazard model
(time to progression)

Variable
Risk
ratio

95% confidence
interval Chi-Sq P

Age group

p50 vs o50 0.797 0.492–1.338 0.769 0.3805

Grade

III vs I and II 1.022 0.644–1.639 0.008 0.9274

ER

Positive vs negative 0.701 0.399–1.235 1.518 0.2179

HER2

Positive vs negative 0.609 0.357–1.048 3.216 0.0729

EGFR

High vs low 1.790 1.033–3.036 4.301 0.0381

Abbreviations: EGFR¼ epidermal growth factor receptor; ER¼oestrogen receptor; HER2¼
human epidermal growth factor receptor-2.
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approach used here was not anticipated. Nonetheless, this type of
prospectively designed retrospective analysis is still considered as
an acceptable means of obtaining level 2 evidence for the value of a
biomarker (Simon et al, 2009). Finally, the fact that the validation
set is a metastatic cohort, rather than adjuvant, and the fact that
there were a high number of discordant (local vs central HER2
score) cases all weaken the conclusions. Given these weaknesses,
our correlative/translational data should be interpreted as hypothesis
generating.

In spite of the above limitations, we feel the observation is still
compelling because of the mechanistic relationship between
EGFR and HER2 and because of the availability of the dual
inhibitor lapatinib (Xia et al, 2002; Scaltriti et al, 2009). While the
ALTTO trial is still underway (http://clinicaltrials.gov/ct2/show/
NCT00490139), the Neo-ALTTO trial showed benefit in both the
trastuzumab and lapatinib arms, with maximal benefit seen in the
combination arm. Our study suggests that EGFR expression should
be measured on the patients in that trial, and we plan to do so. We
hypothesise that the subset of patients with high EGFR expression
may show better response in the lapatinib or combination arms
compared with the arm of those treated with trastuzumab alone.
Though future studies are needed before moving this assay to the
clinic, this work provides provocative preliminary data suggesting
that EGFR measurement may provide a method for personalising
treatment in breast cancer, beyond the single assay for HER2.
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