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Abstract
Background—EGFR dysregulation occurs in both smoking-related and non-smoking-related
NSCLC. In non-smoking-related NSCLC, dysregulation results primarily from mutation of EGFR
while in smoking-related NSCLC the molecular mechanisms are incompletely understood.
Activation of EGFR is associated with auto-phosphorylation of the receptor (p-EGFR) and has
been shown in vitro to result in upregulation of cyclo-oxygenase 2 (COX-2). We sought to
determine the relationship between activated EGFR (p-EGFR) and COX-2 in vivo and whether
these are associated with clinical outcome in smoking-related NSCLC.

Methods—The expression of p-EGFR, EGFR, and COX-2 was studied by
immunohistochemistry in 77 surgically-resected stage I/II non-small cell lung cancers (NSCLCs)
from smokers. EGFR mutational status was determined by sequencing exons 18–21. Correlation
of expression with clinical outcome and other biomarkers, including Ki-67 and microvessel
density (MVD), was also examined.

Results—One tumor sample had EGFR mutation (L858R). EGFR overexpression, defined as
membranous staining in more than 10% of cancer cells, was found in 37 patients (48.1%).
Cytoplasmic staining of p-EGFR in at least 5% of cancer cells was found in 22 of 77 (28.6%) of
tumor samples. Forty-five patients (58.4%) showed COX-2 overexpression (cytoplasmic granular
staining in more than 10% of cancer cells). Expression of p-EGFR was significantly associated
with COX-2 overexpression (p = 0.047), and showed a modest relationship with EGFR
overexpression and high Ki-67 (p = 0.087, and 0.092, respectively). COX-2 overexpression also
had a significant association with high Ki-67 expression (p = 0.011). No other significant
associations were found with Ki-67 or MVD. Expression of p-EGFR was significantly related
with a short disease free survival (p = 0.045) but not overall survival. However, neither EGFR nor
COX-2 overexpression was associated with prognosis (p > 0.05).
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Conclusions—In smoking-related NSCLC, activation of EGFR as reflected by receptor
autophosphorylation is significantly associated with COX-2 overexpression and high proliferative
activity in lung cancer cells. p-EGFR may better predict increased malignant potential and worse
prognosis of early stage NSCLC than EGFR overexpression alone. Therapeutic strategies
targeting both EGFR and COX-2 may be needed in smoking-related NSCLC.
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INTRODUCTION
Lung cancer remains the leading cause of cancer-related death in both sexes1 and non-small
cell lung cancer (NSCLC) accounts for more than 85% of all lung cancers.2 Approximately
25% of patients with NSCLC present with early-stage disease (stage I and II)3 for whom
surgical resection with appropriate lymph node staging has been the mainstay of treatment.
The clinical outcome of patients with NSCLC treated with surgery is variable and the
disease is also thought to have heterogeneous etiology. Although, smoking is strongly
associated with lung cancer development, approximately 15% of patients who develop lung
cancer have never smoked. Recently, the distinction between smoking-related NSCLC and
non-smoking-related NSCLC became more distinct with the observation of frequent
response to EGFR-TKI agents in non-smokers with advanced NSCLC4 and the subsequent
identification of EGFR mutations5,6–primarily among never smokers.7 The importance of
the differential mechanisms of EGFR dysregulation in the smoking and non-smoking-related
NSCLC was highlighted by the marked difference in efficacy of erlotinib in these two
subgroups.8

EGFR is a member of the ErbB receptor tyrosine kinase family and a 170-kDa single-pass
transmembrane tyrosine kinase9. Specific ligands, such as epidermal growth factor (EGF)
and transforming growth factor-α (TGF-α), bind to EGFR resulting in receptor dimerization
and activation of tyrosine kinase, with receptor auto-phosphorylation and downstream signal
transduction.10–12 Signaling through EGFR has been reported to induce proliferation,
invasion, and angiogenesis of tumor cells.13,14 EGFR is frequently overexpressed in both
cell lines and tissues of NSCLC15–17 and overexpression has been reported to be associated
with higher incidence of lymph node metastasis, advanced stage, poor differentiation, and a
worse prognosis.18–21 However, several reports, including a meta-analysis failed to confirm
a correlation between overexpression of EGFR and patient outcome.17,22 In addition, no
correlation was found between EGFR expression and tumor response to gefitinib, an EGFR
tyrosine kinase inhibitor, in patients with NSCLC.23 Therefore, the clinical significance of
EGFR expression in NSCLC is still controversial.

As EGFR activation after ligand binding is important for downstream signal transduction,
the activated form of EGFR may have more significance in predicting tumor aggressiveness
and a worse prognosis in NSCLC. Recently, in a series of 36 patients, expression of
phosphorylated EGFR (p-EGFR) was found to be associated with poor prognosis.24

Although this was the first study to evaluate the clinical significance of an activated form of
EGFR, the study population was relatively small and approximately half of patients had
advanced stage disease.

Cyclooxygenase-2 (COX-2) overexpression has also been described in human malignancies,
including colon, head and neck, and NSCLC,25–28 in which COX-2 expression is correlated
with poor prognostic outcome.27 Although the exact molecular mechanisms underlying the
activity of COX-2 remain unclear, interaction between EGFR and COX-2 pathway has been
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suggested. For example, EGFR activation stimulates COX-2 production in colon cancer
cells resulting in increased mitotic activity.29 Furthermore, EGFR ligand-induced biological
effects can be blocked by a selective COX-2 inhibitor.30 Thus, there appears to be a
relationship between activated EGFR (p-EGFR) and COX-2 activity in cultured tumor cells.
In H&N cancer, smokers have higher levels of COX-2 in the oral mucosa, which is thought
to result from signaling through EGFR.31 However, a study of 172 patients with NSCLC
failed to find an association between EGFR expression and COX-2 expression.32

To better understand the role EGFR signaling plays in smoking-related NSCLC and it’s
relationship to in vivo expression of COX-2, we evaluated the expression of EGFR, p-EGFR
and COX-2 expression in early-stage resected NSCLC from a group of smokers, and
investigated their correlation with other biomarkers, including Ki-67 proliferation index and
microvessel density (MVD).

MATERIALS AND METHODS
Study Population

Seventy-seven patients who were current or former smokers (>100 cigarettes in their
lifetime) with previously untreated NSCLCs from the Durham Veterans Affairs Hospital
were included in this study. The characteristics of patients were as Table 1. Morphological
classification of the carcinomas was assigned according to the WHO criteria; 39 patients had
squamous cell carcinomas, and 38 had non-squamous cell carcinomas (Table 1). All patients
were staged at the time of surgery following the guidelines of the American Joint Committee
on Cancer Staging33 and all patients had mediastinal lymph node evaluation at the time of
surgery by mediastinoscopy and/or mediastinal lymph node sampling as currently
recommended for early stage NSCLC.34 Fifty-nine patients had stage I tumors and 18
patients had stage II tumors. All patients had surgical resection of the primary tumor. Six
patients received adjuvant or neoadjuvant therapy; two patients received adjuvant
chemotherapy (T2N0 and T2N1) on clinical trials, one patient received neoadjuvant
combined chemotherapy/radiation (T2N1) on a clinical trial, and three patients received
post-operative radiation therapy for positive margins (one T1N0 and two T1N1). The
median follow-up of surviving patients at the time of analysis was 35 months (range, 4–84
months). Follow-up data were obtained from medical records. Survival times were measured
from the date of surgery to the time of death or time of last follow-up observation.

Immunohistochemistry
From formalin-fixed, paraffin-embedded tissues, 5 μm sections were cut and placed onto
positively charged glass slides. Tissue sections were deparaffinized and rehydrated. Antigen
retrieval was performed by enzyme digestion for 5 min at 37 °C for EGFR. For p-EGFR and
COX-2, sections were microwaved in 0.01 M citrate buffer (pH 6.0) twice for 5 minutes
each at 600 W. After antigen retrieval, endogenous peroxidase activity was quenched with
3% hydrogen peroxide for 10 min. After incubation with blocking solution for 10 min,
sections were incubated with primary antibodies at the dilutions and conditions as in table 2.
Sections were incubated with labeled HRP for 5 min and color was developed by 5 min
incubation in diaminobezidine (DAB) solution. Slides were counterstained with
hematoxylin. The detailed information of primary antibodies used in this study was as Table
2. Monoclonal antibody to phosphorylated EGFR recognizes residues of tyrosine 1068 of
human EGFR, thus, only EGFRs phophorylated at tyrosine 1068 could be detected with this
antibody. Blocking solution, labeled HRP and DAB chromogen were from Detection Kit,
K4007 (Dako, Copenhagen, Denmark). Two investigators (S. J. K. and Z. N. R.) evaluated
all slides independently and differences between the two observers were resolved by
consensus. For EGFR staining, only membranous staining was considered as positive and
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the percentage of positive tumor cells were measured after three areas of maximum EGFR
expression were selected for each case. A cut-off value of 10% positive cells was defined as
overexpression of EGFR to avoid inclusion of scattered positivity of same intensity found in
normal bronchial tissue as previously described.35 For COX-2, cytoplasmic granular
staining was considered positive to avoid non-specific staining. Percentage of positive tumor
cells was assessed as above mentioned method for EGFR and a same cut-off value was used
for COX-2 overexpression as previously described.36 Positive expression of p-EGFR was
defined as when more than 5% of cells had cytoplasmic staining as previously described.37

Previous Immunohistochemistry
The expression of Ki-67, and microvessel density (MVD) have been analyzed in this series
as previously described (Table 2).38 This immunohistochemistry results were compared with
the staining of EGFR, p-EGFR, and COX-2.

EGFR Mutational Analysis
Two to three paraffin-embedded, formalin-fixed tissue sections of 8 μm thickness were
scraped from slides, placed in 1.5 ml vials, dewax by washing twice in 1 mL xylene (30 min
each), centrifuged for 10 min, followed by two ethanol washes (100% and 75%; 15 min
each). After air drying, the tissue pellets were digested overnight at 50°C with 250 μl of
proteinase K (200 μg/ml) in 50 mM Tris, 1 mM EDTD, and 0.5% Tween 20. Finally, the
lysate was boiled for 10 min to inactivate the proteinase K and the 5 uL supernatant used as
template for PCR.

Exons 18, 19, 20 and 21, which contain all EGFR mutations identified in lung cancer, were
amplified by nested PCR. The primers used in this study were adopted from.6 PCR was
performed in a total volume of 25 μL, containing 0.5 unit Platinum Taq (Invitrogen, catalog
number 10966-026), 0.2mM dNTP, 1.5mM MgCl2, 20 mM Tris-HCl (pH 8.4), 50 mM KCl
and 0.2 μM each primer. The reaction began at 94C (2 min), followed by 35 cycles of 94C
(30 sec), 55C (30 sec) and 72C (1 min), and ended with a single final step at 72C (7 min).
The first PCR product (1 μL) was further amplified with second primer pair in the same
conditions. PCR products were then purified by QIAquick PCR purification kit (Qiagen,
catalog number 28104), and subjected to dye-terminator sequencing (ABI 3730) using the
second forward PCR primer. Samples harboring mutations were resequenced on the
opposite strand and confirmed in an independent PCR reaction.

Statistical Analysis
The Fisher’s exact test was applied to assess the association between categorical variables.
Disease free survival and overall survival were calculated using the Kaplan-Meier method
and compared by the log-rank test. The Cox proportional hazards regression model was used
for multivariate analyses. All the statistical analyses were performed using a statistical
software package (SPSS, Version 10.0, Inc., Chicago, IL). Statistical significance was
defined as p values less than 0.05. All p values were two-sided.

RESULTS
EGFR Mutational Analysis

We screened all 77 tumor samples for EGFR mutation using sequence analysis. One tumor
sample (2281) had a heterozygous T to G change at nucleotide 2573 of the coding sequence
corresponding to the commonly reported L858R mutation. No sequence variants were
detected in the remaining 76 tumor samples, confirming that the predominant tumor type
included in this study is smoking-related.
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EGFR, COX-2, and p-EGFR immunohistochemistry
Among tumor samples from 77 patients, 37 (48.1%) showed EGFR expression in more than
10% of cancer cells, which was predominantly membraneous staining (Fig. 1). COX-2
overexpression, defined as granular cytoplasmic staining in > 5% of cells, occurred in 45 of
77 (58.4%) of tumors (Fig. 1). Presence of activated EGFR, defined as 5% of cells positive
for p-EGFR, was observed in 22 (28.6 %) patients (Fig. 1). EGFR overexpression was
significantly associated with squamous cell carcinoma (p < 0.05); 28 of 39 (71.8 %)
squamous cell carcinomas had overexpression of EGFR compared to only 9 of 38 (23.6%)
of non-squamous cell carcinomas. However, there was no significant correlation of COX-2
overexpression or p-EGFR expression with histology.

Other pathological parameters, including tumor size, nodal involvement, and pathologic
stage failed to show any significant association with overexpression of EGFR or COX-2 or
positive p-EGFR expression (data not shown).

Associations of EGFR, COX-2, and p-EGFR with Ki-67 and MVD
Expression of p-EGFR was significantly associated with COX-2 overexpression (p = 0.047),
and showed a modest relationship with EGFR overexpression (p = 0.087). However, no
association was found between EGFR and COX-2 overexpression. COX-2 overexpression
had a clear association with high Ki-67 expression (p = 0.011) (Table 3). Expression of p-
EGFR had a marginal significance with high Ki-67 index (p = 0.092). MVD showed no
association with p-EGFR, EGFR, and COX-2 overexpression (Table 3).

Survival analysis
Thirty-three of 77 patients died during the follow-up period. The cause of death was primary
tumor recurrence (n = 19) and other causes (n = 14) including infection, thus, the cancer-
related death rate was 24.7% (19/77). To examine the importance of each marker to survival,
univariate analysis was performed. When patients were divided into two groups based on the
status of EGFR, COX-2, and p-EGFR, positive expression of p-EGFR showed statistically
significant differences in disease free survival as illustrated by Kaplan-Meier curves (Figure
2). However, overexpression of EGFR and COX-2 was not associated with worse disease
free survival (Figure 2). In univariate analysis of overall survival, positive expression of p-
EGFR failed to show a significant relationship with shorter overall survival. There was no
significant association of EGFR and COX-2 overexpression with overall survival, although
COX-2 overexpression showed a marginal significance (p = 0.081).

In multivariate analysis including all three markers and other risk factors; age, pathologic
tumor-node-metastasis stage, race and histology, only pathologic stage was found to be an
independent prognostic indicator for poor overall survival. Positive expression of p-EGFR
and overexpression of COX-2 and EGFR failed to show independent prognostic
significance.

DISCUSSION
EGFR is composed of an extracellular ligand-binding domain, transmembrane segment, and
an intracellular tyrosine kinase domain.39 Intracellular tyrosine kinase domain is activated
by homo- or heterodimerization after ligand binding.40,41 Subsequently, intracellular
proteins involved in signaling pathways are phosphorylated and activated, resulting in
modulation of gene transcription.41 Dysregulated activation of EGFR has been reported in
various malignant disorders including lung, breast, colorectal, and, head and neck leading to
malignant transformation and tumor growth through the inhibition of apoptosis, cellular
proliferation, promotion of angiogenesis, and metastasis.42,43 Dysregulated activation of
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EGFR results from overexpression of EGFR,44 ligand-independent activation by mutation of
EGFR,44,45 and production of ligand leading to autocrine activation.46 However, lack of
correlation between EGFR overexpression and patient outcome has been reported by several
in prior studies.17,22 This might support EGFR overexpression itself does not reflect role of
EGFR promoting tumor aggressiveness.

Three major signaling pathways mediating the downstream effects of EGFR activation at the
cellular level include: (1) Ras-Raf-MAP kinase pathway, (2) Pphosphatidylinositol 3-kinase
(PI-3 K)/Akt pathway, (3) Janus tyrosine kinase (Jak)/signal transducers and activators of
transcription (STAT) pathway.47–49 Ligand-induced receptor activation results in the auto-
phosphorylation of its own tyrosine residues creating binding sites for signal transduction
molecules. Several auto-phosphorylation sites have been identified in the human EGFR and
these sites are clustered in the C-terminal tail of the receptor.50 Tyrosine 1068 (Tyr 1068) is
one of the major auto-phosphorylation sites and auto-phosphorylation of Tyr 1068 allows
direct binding of Grb2, an adaptor protein.13,51 This binding results in activation of the Ras-
Raf-MAP kinase through Grb2/Sos-1 signaling pathway.52

In this study, we have used monoclonal antibody to phosphorylated EGFR recognizing Tyr
1068 of human EGFR and demonstrated a significant relationship with disease free survival.
Even though EGFR overexpression showed a marginal relation with p-EGFR expression (p
= 0.087), EGFR overexpression failed to show a significant relation with disease free
survival (p = 0.181). This suggests p-EGFR expression rather than EGFR overexpression
may reflect functional significance of EGFR activation. Furthermore, p-EGFR expression
was correlated with COX-2 overexpression (p = 0.047). Our results are consistent with the
prior report of a lack of association of EGFR and COX-2 expression.32 EGFR activation
have been reported to result in COX-2 expression in vitro53 and a transcription factor, NF-
kB has been regarded as a mediator of this pathway.54 This is supported by the presence of
NF-kB binding motif in the promoter region of COX-2 gene. Thus, auto-phosphorylation of
EGFR activates the downstream signal transduction leading to increased COX-2 expression.

Tumor cell proliferation, a characteristic of tumor aggressiveness, is also associated with
EGFR activation.13 Thus, auto-phosphorylation of EGFR promotes tumor cell proliferation
through Ras-Raf-MAP kinase pathway. In this study, high Ki-67 index was significantly
related with COX-2 overexpression (p = 0.011). Expression of p-EGFR also showed a
modest relation with high Ki-67 (p = 0.092). This supports that EGFR may play a role
augmenting activity of proliferation in tumor cells via downstream signal transduction or
induction of COX-2 expression. Microvessel density (MVD) was not significantly related
with p-EGFR expression and COX-2 overexpression (p > 0.05) in this study. EGFR and
COX-2 have been demonstrated to play a role in tumor-associated angiogenesis, inducing
the synthesis of angiogenic factors such as VEGF.55,56 However, other studies of EGFR and
COX-2 expression also failed to find a correlation with MVD in NSCLC.28,57,58 The wide
range of techniques in use to detect EGFR and COX-2 as well as differences in interpreting
immunohistochemistry results might explain heterogeneity of reports. It is also possible that
MVD may not reflect true tumor-associated new vessel formation. Thus, further study
should be warranted using a marker to detect newly developed blood vessels such as
endoglin (CD105).59

Although p-EGFR expression was significantly associated with worse disease free survival
in univariate analysis, it failed to show independent prognostic significance in multivariate
analysis. Several pitfalls of immunohistochemistry might lead to the bias underestimating
true prognostic significance of p-EGFR expression such as subjective judgment of positive
expression and the lack of standardized cut-off points for positive expression. A true
association between p-EGFR expression and overall survival might have been confounded
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by the relatively large fraction of the patients in this study who died of causes other than
lung cancer. Thus, standardization of techniques to determine p-EGFR expression and
further study with a larger study population is warranted to further assess the prognostic
significance of p-EGFR in smoking-related NSCLC.

While lung cancer has long been recognized as a collection of heterozygous diseases with
diverse clinical and molecular characteristics, recent advances have allowed us to study a
more homogeneous population by selecting all smokers and confirming a low incidence of
the EGFR mutation, which is strongly associated with non-smoking tumors. Thus our results
may not be comparable to studies that have included more heterogeneous patients, especially
in regions of the world with higher rates of EGFR mutation.

In conclusion, p-EGFR expression may better predict worse disease free survival than EGFR
overexpression itself, and this might be associated with COX-2 overexpression and high
tumor cell proliferation. This suggests the role of p-EGFR expression as a prognostic
indicator in early stage smoking-related NSCLC. Thus, evaluation of p-EGFR expression
could contribute to define a subset of patients with higher risk of relapse after surgery and
help to establish a postoperative treatment strategy such as targeted treatment against EGFR.
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Figure 1.
Representative Photomicrographs of Immunohistochemistry.

Kim et al. Page 11

Med Oncol. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of p-EGFR Expression and EGFR and COX-2 Over-expression on Disease-Free
Survival in Early Stage Smoking-Related Non-Small Cell Lung Cancer. The method of
Kaplan-Meier was used and groups were compared with the log-rank test. A. p-EGFR
expression in > 5% of tumor cells (positive) versus < 5% (negative). B. EGFR
overexpression in > 10% of tumor cells (positive) versus < 10% (negative). C. COX-2
overexpression in > 5% of tumor cells (positive) versus < 5% (negative).
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Table 1

Characteristics of Patients

Characteristics No. (%)

Age
Median 69

Range 51 – 86

Gender
Male 77 (100.0)

Female 0 (0.0)

Histology

Squamous 39 (50.6)

Adeno 27 (35.1)

Large cell 6 (7.8)

Untyped 5 (6.5)

Pathologic stage
I 59 (76.6)

II 18 (23.4)

T stage

1 34 (44.2)

2 40 (51.9)

3 3 (3.9)

N stage
0 67 (87.0)

1 10 (13.0)

Surgery

Lobectomy 56 (72.7)

Pneumonectomy 6 (7.8)

Wedge resection 15 (19.5)

Survival
Alive 44 (57.1)

Dead 33 (42.9)

Recurrence
Non-recurrence 55 (71.4)

Recurrence 22 (28.6)
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