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Abstract: Pancreatic cancer is the fourth leading cause of cancer related death. The
difficulty in detecting pancreatic cancer at an early stage, aggressiveness and the lack of
effective therapy all contribute to the high mortality. Epidermal growth factor receptor
(EGFR) is a transmembrane glycoprotein, which is expressed in normal human tissues. It is
a member of the tyrosine kinase family of growth factors receptors and is encoded by
proto-oncogenes. Several studies have demonstrated that EGFR is over-expressed in
pancreatic cancer. Over-expression correlates with more advanced disease, poor survival
and the presence of metastases. Therefore, inhibition of the EGFR signaling pathway is an
attractive therapeutic target. Although several combinations of EGFR inhibitors with
chemotherapy demonstrate inhibition of tumor-induced angiogenesis, tumor cell apoptosis
and regression in xenograft models, these benefits remain to be confirmed. Multimodality
treatment incorporating EGFR-inhibition is emerging as a novel strategy in the treatment
of pancreatic cancer.
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1. Introduction
Carcinoma of the pancreas is an aggressive disease with a poor prognosis and an overall five-year
survival rate of less than 3%, making it the fourth leading cause of cancer related mortality in the
Western world [1]. Surgical therapy is presently the only therapeutic modality associated with
long-term survival in pancreatic adenocarcinoma. However, only about 20% of patients with
pancreatic adenocarcinoma have resectable cancers, 40% have locally advanced tumors with a further
40% having co-morbidity precluding surgery or metastatic disease [2].
The dismal prognosis and the lack of effective therapeutic regimens for pancreatic cancer are
related to several factors; in particular, pancreas cancer exhibits an aggressive biological phenotype
characterized by early invasion of surrounding structures and rapid metastatic spread and is relatively
resistant to radiation therapy and/or chemotherapy [3]. To improve the prognosis for patients with
pancreatic cancer, the diagnosis should be made at an early and potentially curable stage and more
biological markers for the early detection of pancreatic cancer are needed [4].
In the last two decades, many laboratories have focused effort on characterizing the molecular
alterations that are present in pancreatic cancer. Much attention has been paid to the role of growth
factors and growth factor receptors in pancreatic cancer. They have been implicated in carcinogenesis
by affecting a variety of functions including cell proliferation, cell invasion and metastasis,
angiogenesis, immune responsiveness and extracellular matrix formation. A number of growth factors
and their receptors have been shown to play an important role in pancreatic cancer, including the
epidermal growth factor (EGF) family. This family of ligands and receptors plays an important role in
the pathogenesis of pancreatic ductal carcinoma and contributes to its aggressiveness [5].
The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase of the ERB-B family
that is abnormally activated in many epithelial tumors, including non-small cell lung cancer (NSCLC).
These trans-membrane proteins are activated following binding with peptide growth factors of the
EGF-family of proteins. Several mechanisms lead to the receptor’s aberrant activation observed in
cancer, including receptor over-expression, mutation of ligand-receptor dimerization and ligandindependent activation [6].
Given the emerging importance of EGFR expression in pancreatic cancer, this report provides an
overview of current knowledge in this area with emphasis on the molecular biology of EGFR. In
addition, it covers the mechanisms that lead to inappropriate activation of EGFR including: activating
mutations/polymorphisms, receptor overexpression, and/or loss of their negative regulatory pathways.
2. Methods
A computerized search of the Medline, Embase and PubMed databases from 1970 to October 2010
was undertaken. The search terms used were “pancreas” or “pancreatic” in combination with “cancer”
and “EGFR”. The search yielded 277 hits.
The PubMed search was revised to produce a population of 89 reports. The abstracts of these
reports were then retrieved and studied. Studies were retained if there were reports of incidence of
EGFR mutation, expression, survival rates and response to treatment Abstracts from scientific
meetings have been analyzed and evidence has been included in the text.
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3. Results and Discussion
3.1. Molecular Biology of EGFR
EGFR is a 170 kd glycoprotein, which is commonly expressed in normal and malignant tissues and
is involved in cellular communication. The four receptors of the EGF family are composed of an
extracellular domain, a hydrophobic transmembrane region and a tyrosine kinase-containing
cytoplasmic region. The classical EGFR receptor is also known as HER-1 (human epidermal growth
factor receptor 1) or ERBB-1 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 1) [6]. The
other members of EGF family are ERBB2 (also termed HER2 or HER2/neu), ERBB3 (also termed
HER3), and ERBB4 (also termed HER4), they all share the same molecular structure [7,8].
EGFR, when situated in the transmembrane position, has an extracellular domain, which provides a
ligand-binding site for EGF and transforming growth factor-alpha (TGF-α). The intracellular domain
of EGFR is activated upon ligand binding triggering the EGF-mediated tyrosine kinase signal
transduction pathway (Figure 1) [9].
EGF and TGF-α are believed to be the most important ligands for EGFR. Ligand binding with
EGFR results in receptor homo- or heterodimerization at the cell surface followed by internalization of
the dimerized receptor. After dimerization, phosphorylation of the intracytoplasmic EGFR tyrosine
kinase domain occurs. Phosphorylated tyrosine kinase residues serve as binding sites for the
recruitment of signaling molecules, such as RAS (Rat Sarcoma Viral Oncogene). These signaling
molecules have the ability to phosphorylate other “downstream” molecules [10,11]. The activation of
downstream pathways promotes cellular proliferation, angiogenesis, development of metastases and
reduces apoptosis [9].
Ligand binding to epidermal growth factor receptors (EGFRs) and their subsequent dimerization
induces receptor auto-phosphorylation. Several tyrosine-based motifs recruit a number of signal
transducers to the phosphorylated form of EGFR (such as the adaptor proteins growth-factor-receptor
bound-2 (GRB2) and Src-homology-2-containing (Shc), which are responsible for the recruitment of
Ras and activation of the mitogen activated protein kinase (MAPK) cascades. Another direct substrate
of ERBB1 is the signal transducer and activator of transcription-5 (STAT5) [12].
The C terminus of ERBB1 contains a recognition site for the ubiquitin ligase Cbl, whereas no site is
found that can directly recruit the lipid kinase phosphatidylinositol 3-kinase (PI3K). Consistent with
the specificity of its docking sites, EGFR cannot directly activate the PI3K–AKT/protein kinase B
(PKB) pathway, but it couples to the RAS–MAPK pathway, as well as to the RAS–PI3K–AKT/PKB
pathway. EGFR signaling is negatively regulated through ubiquitylation by Cbl [12]. The ERK
cascade is regulated by intrinsic positive and negative feedback (for example, ERK negatively feeds
back to RAF) and extrinsic crosstalk regulation from other kinase cascades [13].
In pancreatic cancer, EGFR is overexpressed or mutant forms are able to manipulate downstream
signaling. One way to manipulate the EGFR network entails setting the level of activity just below the
threshold required for the mobilization of control machineries. For example, mutant forms of EGFR
frequently detected in lung cancer are characterized by a basal, ligand-independent function, which is
sufficient to weakly activate downstream signals but insufficient to recruit CBL to trigger receptor
degradation [13,14].
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Figure 1. Signal Transduction Pathways controlled by the activation of epidermal growth
factor receptors (EGFR). Three steps can be defined in the activation of EGFR-dependent
intracellular signaling. First, the binding of a receptor specific ligand occurs in the
extracellular portion of the EGFR or one of the EGFR-related receptors (ERBB2, ERBB3
or ERBB4). Second the formation of a functionally active EGFR-EGFR dimer or an
EGFR-ERBB2, EGFR-ERBB3 or EGFR-ERBB4 dimer, causes the ATP-dependent
phosphorylation of specific tyrosine residues in the EGFR intracellular domain. Third, this
phosphorylation triggers a complex program of intracellular signals to the cytoplasm and
then to the nucleus. The two major intracellular pathways activated by EGFR are the
RAS-RAF-MEK-MAPK pathway, which controls gene transcription, cell-cycle
progression from G1 to S phase, and cell proliferation, and the P13K-Akt pathway, which
activates a cascade of anti-apoptotic and pro-survival signals. Legend: Akt: protein kinase
B, HB-EGF: heparin binding epidermal growth factor, bFGF: basic fibroblast growth
factor, MAPK: mitogen-activated protein kinase P, PI3K: phosphatidylinositol 3,4,5-kinase,
TGF-α: transforming growth factor receptor alpha, VEGF: vascular endothelial growth
factor, SOS: factor son of sevenless (Adapted from Ciardiello et al. [15]).
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MAPK pathway strongly induces the transcription and secretion of multiple ERBB ligands. This
mode of autocrine positive feedback characterizes a large fraction of human tumors of epithelial origin.
For example, expression of TGF-α in colorectal tumors is associated with increased risk of developing
liver metastases [13,16].
Both transcription-mediated and transcription-independent mechanisms underlie negative-feedback
regulation, and both are weakened in tumors. Other negative regulators of EGFR signaling are usually
lost in tumors [13].
3.2. EGFR Mutations
The EGFR gene has been mapped to the short arm of chromosome 7 (7p). Increased expression of
EGFR in human pancreatic cancer can be associated with either structural or numerical alterations of
chromosome 7 [17,18]. EGFR is encoded by the c-ERBB-1 proto-oncogene. In normal pancreas, cERBB-1 is expressed only in the islets of Langerhans. Nevertheless, the ERBB-1 gene is over
expressed in human pancreatic cell lines in up to 85% of ductal adenocarcinomas, due to an increase in
gene transcription [19].
A characteristic of pancreatic cancer is that patients accumulate numerous genetic alterations by the
time of clinical presentation. KRAS mutations and EGFR gene amplification probably occur early,
then p16 inactivation, while the inactivation of the TP53 and SMAD4 genes appear as late changes in
pancreatic carcinogenesis [4].
Somatic mutations in EGFR define a subset of non-small cell lung cancers, approximately 10% of
cases, which are usually adenocarcinomas and bronchoalveolar carcinomas. The mutations are
clustered around exons 18–21, which encode the ATP-binding pocket of the receptor, and
approximately 80% consist either of a single missense mutation or nested in-frame deletions, which
effect auto-homodimerization [20]. A recent study demonstrated that EGFR in-frame deletions were
present in 4% (2 of 55) of patients with pancreatic cancer [20]. Highly responsive NSCLC contains
somatic mutations of EGFR, including small deletions or point mutations (Figure 2). These mutations
seem to result in the repositioning of crucial residues that surround the ATP-binding cleft of the EGFR
tyrosine kinase domain, thereby stabilizing the interactions of the inhibitor with the kinase domain [14].
In NSLC patients EGFR mutations were not related to age or clinical stage, but there was a strong
positive correlation between female gender, non-smoking status, adenocarcinoma subtype, and a high
degree of differentiation to mutation presence. Across all reports, independently of ethnic origin,
EGFR mutations appear almost exclusively in adenocarcinomas [21,22].
Amplification of the EGFR gene and activating mutations of the EGFR tyrosine kinase domain has
been recently demonstrated to occur in carcinoma patients (NSCLC, esophageal). Interestingly, both
these genetic alterations of EGFR correlated with a high probability of response to anti-EGFR
agents [14,23,24].
Tzeng and collaborators analyzed EGFR mutations in pancreatic cancer cell lines and specimens
from patients with pancreatic cancer who underwent resection, in 81% of the cases silent mutations
were identified. This study concluded that the use of EGFR mutation status for prediction of prognosis
and response to anti-EGFR therapy seems to be less useful in pancreatic cancer compared to
NSCLC [25].
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Figure 2. Modular structure of EGFR gene and mutations. The structure of the EGFR gene
is shown on the left, and the locations and types of the mutations in the tyrosine kinase
(TK) domain are shown on the right. All mutations were located within exons 18–21,
which encode the N lobe and part of the C lobe of EGFR (red area of the gene on the left,
which is presented in magnified form on the right). Three major types of mutations (shown
in bold) formed 94% of the 134 mutations detected and consisted of deletions in exon 19
(labeled Δ1–Δ11), duplications and/or insertions in exon 20 (eight types labeled D1–D8),
and a single-point mutation, L858R (labeled M1). The remaining 6% of mutations
consisted of missense mutations in the P-loop in exon 18 (six types labeled M2–M7), exon
20 (a single type labeled M8), or exon 21 (a single type labeled M9). (Adapted from
Shigematsu et al. [26]).

3.3. EGFR Polymorphisms
EGFR expression is regulated by one promoter region and two enhancer regions. The promoter
region contains a GC-rich sequence without the characteristic TATA and CAAT boxes. The
transcription starts at multiple sites within the promoter region. One enhancer element is located in
direct proximity to the promoter and two others show a cooperative function: a downstream enhancer,
located in intron 1 close to a polymorphic CA dinucleotide repeat, which only functions in the
presence of an upstream element [27].
3.3.1. EGFR intron 1 CA repeats (CA simple sequence repeat 1 – CA SSR I)
It has been demonstrated that the first intron has an important regulatory function and a highly
polymorphic sequence in intron 1. A sequence repeat with 14–21 CA-repeats was first demonstrated
close to the downstream enhancer by Chi and colleagues [28]. This sequence affects the efficiency of
gene transcription [21].
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Considering the most frequent allele containing 16 CA dinucleotide pairs as the “normal” level of
EGFR transcription, modulation by an increasing number of CA pairs, up to 21, represses transcription
in vitro by a factor of five and a decreasing number of CA pairs , down to 9, enhances transcription up
to five-fold [29,30].
The in vitro effect translates in vivo to protein expression level. Allele-dependent modulation of
EGFR transcription level can be observed in breast [31,32], lung [27], head and neck [33], colorectal [34],
osteosarcoma and pancreas [35].
In pancreatic cancer, Tzeng and colleagues analyzed 30 microdissected pancreatic surgical
specimens, matched peripheral blood samples and nine pancreatic cancer cell lines treated with
erlotinib. This study concluded that shorter EGFR intron 1 CA repeat length is associated with worse
pancreatic cancer clinical prognosis and in vitro response to erlotinib. EGFR intron 1 length can be
reliably measured in peripheral blood and may translate into a quantitative predictive marker of both
pancreatic cancer aggressiveness and erlotinib sensitivity [35].
In contrast, Frolov and colleagues analyzed 135 samples (50 resection samples and 85 diagnostic
endoscopic ultrasound-guided fine-needle aspiration) of pancreatic adenocarcinomas. This study
demonstrated that the length of the EGFR intron 1 CA repeats does not correlate with levels of EGFR
expression and cannot be used as marker of clinical prognosis in pancreatic cancer patients [36].
After molecular studies in lung, breast and colorectal cancer, the assessment of the CA SSR I
number of CA dinucleotide repeats and other EGFR polymorphisms as predictors of response to
therapy and clinical outcome is very attractive and should be further studied in pancreatic cancer.
3.3.2. Single Nucleotide Polymorphism (SNP)
SNPs are the most common sources of human genetic variation, and they may contribute to an
individuals’ susceptibility to cancer. Several polymorphisms have been included in databases [37].
EGFR exon 13 R521K variant has been described in other EGFR expressing tumors, such as gliomas,
lung and colorectal cancer [38-40].
Studies have shown that the R497K polymorphism of the epidermal growth factor receptor (EGFR)
has attenuated functions in ligand binding, tyrosine kinase activation, and growth stimulation. Wang
and colleagues analyzed the effect of this polymorphism on clinicopathologic features in colorectal
carcinoma patients. Their data suggest that the R497K polymorphism of the EGFR, by reducing its
activation and a consequential down-regulation of its target genes, could be a key determinant for
reduced tumor recurrence of advanced colorectal carcinoma patients receiving curative surgery and a
longer survival of patients with advanced and metastatic colorectal carcinoma [38].
Similarly, Sasaki and colleagues analyzed EGFR mutations and/or R497K polymorphisms in
NSCLC cases. In this study, EGFR mutation status was not correlated with R497K genotype of lung
cancers. In node-negative patients, R497K genotype was not correlated with disease outcome. In nodepositive patients, however, R497K was significantly associated with better overall survival. This
association was attributable to neo-adjuvant or adjuvant chemotherapy. They have concluded that
R497K polymorphism might be associated with favorable prognosis of advanced lung cancers and
correlated with chemosensitivity [41].
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Recent data have shown that it correlates with a decrease in EGFR phosphorylation, decreased
invasion, lower nodal involvement, reduced subsequent metastasis and longer disease-free overall
survival in colorectal cancer patients [38].
3.3. EGFR Overexpression
Recently, studies have shown EGFR overexpression in pancreatic cancer to range from 30 to 95%
in various studies [42,43]. Although its expression has been correlated with local advanced and
metastatic stage of disease [44], its effect on survival is controversial [42,45]. Based upon these reports
and preclinical studies, novel agents directed against EGFR or its associated pathways are in development.
Multiple therapeutic strategies designed to manipulate EGFR have been developed, including specific
antibodies (IMC-225, Cetuximab, ABX-EGFR), flavonoid antioxidants (quercetin, luteolin), and low
molecular weight EGFR-specific tyrosine kinase inhibitors (gefitinib and erlotinib) [46,47]. As trials
utilizing these agents move forward, it becomes important to understand the role of EGFR expression
in the pathophysiology and outcome in pancreatic cancer. Although, there is clear evidence of EGFR
overexpression in pancreatic cancer, there is a lack of data on the prognostic significance of EGFR
expression with reports often being contradictory [42-45,48-50].
3.4. EGFR and KRAS Mutations
Similar to NSCLC, pancreatic ductal adenocarcinomas exhibit a high incidence of activating KRAS
mutations. The RAS protein is involved in tyrosine-kinase signal transduction pathway steps including
EGFR signaling. Almost all sporadic human pancreatic carcinomata harbor a point mutation of the
KRAS oncogene [51].
Studies have demonstrated that EGFR mutations and KRAS mutations were mutually exclusive in
NSCLC [52,53]. Marchetti and colleagues speculated that the mutually exclusive presence of EGFR
and KRAS mutations may respond to an evolutionary paradigm where EGFR activation is redundant if
a mutation in KRAS is already present [52].
Immervoll and colleagues studied KRAS in relation to mutations in EGFR in pancreatic cancer.
K-RAS mutations were detected in 67% of pancreatic tumors (29 out of 43 samples). No alterations in
EGFR exons 18–21 were detected in KRAS-positive or KRAS-negative cases [54].
The impact of EGFR mutations, EGFR gene amplifications and KRAS mutations was studied by
Lee and colleagues. Sixty six pancreatic cancer patients were included in the analysis. EGFR mutation
was harbored in 1.5% of the patients. Increased EGFR copy numbers were detected in 41% of the
patients. The EGFR amplifications did not significantly influence survival in pancreatic adenocarcinoma
patients. KRAS mutations were identified in 49% of the cases and adversely influenced survival of
pancreatic cancer patients [55].
There has been great interest in the identification of molecular markers that can predict response
and survival benefit from drugs that target the epidermal growth factor receptor (EGFR). In patients
with NSCLC, EGFR tyrosine kinase domain-activating mutations and EGFR gene copy number also
have been reported as predictive of response and/or a survival benefit from EGFR TKI therapy [53].
More recently, mutation of the KRAS has emerged as a strong marker for lack of efficacy of antibody
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therapy directed against EGFR in patients with colorectal cancer, in whom the benefit appears to be
limited exclusively to patients with wild-type KRAS [56].
To clarify the roles of KRAS and EGFR as predictive biomarkers in patients with advanced
pancreatic cancer who received erlotinib, Da Cunha Santos and colleagues analyzed archival tumor
samples for EGFR copy number and KRAS mutation status in a subset of treated and control patients
who were enrolled on the double-blind, placebo-controlled study. This study concluded that in patients
with advanced pancreatic cancer those who have high EGFR copy number may have shorter survival.
However, the results suggest that EGFR copy number and KRAS mutation status were not identified
as markers predictive of a survival benefit from the combination of erlotinib with gemcitabine for the
first-line treatment of [57]. In contrast, Boeck et al have demonstrated that wild type KRAS was
associated with an improved overall survival in patients with advanced pancreatic cancer [58]. The role
of KRAS mutation as a predictor of resistance to EGFR TKI therapy in patients with pancreatic cancer
requires more evaluation.
4. Conclusions
To date, several studies have explored alterations in the EGFR pathway in pancreatic cancer that are
predictive factors for EGFR inhibition, such as EGFR mutations or amplifications and these reports
have failed to document a meaningful prevalence of such alterations. These findings highlight the need
to explore alternative explanations for aberrant EGFR pathway activation in pancreatic cancer.
Mutation in the KRAS gene is unlikely to be a resistant mechanism in this disease, as opposed to lung
or colorectal cancer.
Overall, EGFR is emerging as a candidate for further evaluation in pancreatic cancer. Its overexpression and the identification of activating mutations in a percentage of tumors provide a rationale
for trials of anti-EGFR treatments. In turn, EGFR expression appears to play a potentially important
role in modulation of tumor sensitivity to either chemotherapy or radiotherapy. Initial encouraging
results of these studies need to be extended with molecular and phenotypic classification of those
patients most likely to benefit.
References
1.
2.

3.

Jemal, A.; Siegel, R.; Xu, J.; Ward, E. Cancer statistics. CA Cancer J. Clin. 2010, 60, 277-300.
Neoptolemos, J.P.; Stocken, D.D.; Friess, H.; Bassi, C.; Dunn, J.A.; Hickey, H.; Beger, H.;
Fernandez-Cruz, L.; Dervenis, C.; Lacaine, F.; Falconi, M.; Pederzoli, P.; Pap, A.; Spooner, D.;
Kerr, D.J.; Buchler, M.W. A randomized trial of chemoradiotherapy and chemotherapy after
resection of pancreatic cancer. N. Engl. J. Med.2004, 350, 1200-1210.
Neoptolemos, J.P.; Stocken, D.D.; Dunn, J.A.; Almond, J.; Beger, H.G.; Pederzoli, P.; Bassi, C.;
Dervenis, C.; Fernandez-Cruz, L.; Lacaine, F.; Buckels, J.; Deakin, M.; Adab, F.A.; Sutton, R.;
Imrie, C.; Ihse, I.; Tihanyi, T.; Olah, A.; Pedrazzoli, S.; Spooner, D.; Kerr, D.J.; Friess, H.;
Buchler, M.W. Influence of resection margins on survival for patients with pancreatic cancer
treated by adjuvant chemoradiation and/or chemotherapy in the espac-1 randomized controlled
trial. Ann. Surg. 2001, 234, 758-768.

Cancers 2011, 3
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

1522

Inoue, S.; Tezel, E.; Nakao, A. Molecular diagnosis of pancreatic cancer. Hepatogastroenterology
2001, 48, 933-938.
Friess, H.; Kleeff, J.; Korc, M.; Buchler, M.W. Molecular aspects of pancreatic cancer and future
perspectives. Dig. Surg. 1999, 16, 281-290.
Mendelsohn, J.; Baselga, J. Epidermal growth factor receptor targeting in cancer. Semin. Oncol.
2006, 33, 369-385.
Mendelsohn, J.; Baselga, J. The egf receptor family as targets for cancer therapy. Oncogene 2000,
19, 6550-6565.
Olayioye, M.A.; Neve, R.M.; Lane, H.A.; Hynes, N.E. The erbb signaling network: Receptor
heterodimerization in development and cancer. EMBO J. 2000, 19, 3159-3167.
Iyer, R.; Thames, H.D.; Tealer, J.R.; Mason, K.A.; Evans, S.C. Effect of reduced egfr function on
the radiosensitivity and proliferative capacity of mouse jejunal crypt clonogens. Radiother. Oncol.
2004, 72, 283-289.
Boonstra, J.; Rijken, P.; Humbel, B.; Cremers, F.; Verkleij, A.; van Bergen en Henegouwen, P.
The epidermal growth factor. Cell Biol. Int. 1995, 19, 413-430.
Mendelsohn, J.; Baselga, J. Status of epidermal growth factor receptor antagonists in the biology
and treatment of cancer. J. Clin. Oncol. 2003, 21, 2787-2799.
Citri, A.; Yarden, Y. Egf-erbb signalling: Towards the systems level. Nat. Rev. Mol. Cell Biol.
2006, 7, 505-516.
Avraham, R.; Yarden, Y. Feedback regulation of egfr signalling: Decision making by early and
delayed loops. Nat. Rev. Mol. Cell Biol. 2011, 12, 104-117.
Lynch, T.J.; Bell, D.W.; Sordella, R.; Gurubhagavatula, S.; Okimoto, R.A.; Brannigan, B.W.;
Harris, P.L.; Haserlat, S.M.; Supko, J.G.; Haluska, F.G.; Louis, D.N.; Christiani, D.C.; Settleman,
J.; Haber, D.A. Activating mutations in the epidermal growth factor receptor underlying
responsiveness of non-small-cell lung cancer to gefitinib. N. Engl. J. Med. 2004, 350, 2129-2139.
Ciardiello, F.; Tortora, G. Egfr antagonists in cancer treatment. N. Engl. J. Med. 2008, 358,
1160-1174.
Barozzi, C.; Ravaioli, M.; D'Errico, A.; Grazi, G.L.; Poggioli, G.; Cavrini, G.; Mazziotti, A.;
Grigioni, W.F. Relevance of biologic markers in colorectal carcinoma: A comparative study of a
broad panel. Cancer 2002, 94, 647-657.
Korc, M.; Meltzer, P.; Trent, J. Enhanced expression of epidermal growth factor receptor
correlates with alterations of chromosome 7 in human pancreatic cancer. Proc. Natl. Acad. Sci.
USA 1986, 83, 5141-5144.
Shimizu, N.; Kondo, H.; Gamou, M.A.; Behzadian, A.; Shimizu, Y. Genetic analysis of hyper
production of epidermal growth factor receptors in human epidermoid carcinoma a431 cells.
Somatic Cell Mol. Genet. 1984, 10, 45-53.
Barton, C.M.; Hall, P.A.; Hughes, C.M.; Gullick, W.J.; Lemoine, N.R. Transforming growth
factor alpha and epidermal growth factor in human pancreatic cancer. J. Pathol. 1991, 163,
111-116.
Kwak, E.L.; Jankowski, J.; Thayer, S.P.; Lauwers, G.Y.; Brannigan, B.W.; Harris, P.L.; Okimoto,
R.A.; Haserlat, S.M.; Driscoll, D.R.; Ferry, D.; Muir, B.; Settleman, J.; Fuchs, C.S.; Kulke, M.H.;
Ryan, D.P.; Clark, J.W.; Sgroi, D.C.; Haber, D.A.; Bell, D.W. Epidermal growth factor receptor

Cancers 2011, 3

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

1523

kinase domain mutations in esophageal and pancreatic adenocarcinomas. Clin. Cancer Res. 2006,
12, 4283-4287.
Jimeno, A.; Hidalgo, M. Pharmacogenomics of epidermal growth factor receptor (egfr) tyrosine
kinase inhibitors. Biochim. Biophys. Acta 2006, 1766, 217-229.
Watanabe, T.; Hirono, T.; Koike, T.; Tsuchida, M.; Togashi, K.; Nakayama, K.; Yazawa, M.;
Koyashiki, T.; Kanazawa, H. Registration of resected lung cancer in niigata prefecture. Jpn. J.
Thorac. Cardiovasc. Surg. 2004, 52, 225-230.
Normanno, N.; De Luca, A.; Bianco, C.; Strizzi, L.; Mancino, M.; Maiello, M.R.; Carotenuto, A.;
De Feo, G.; Caponigro, F.; Salomon, D.S. Epidermal growth factor receptor (egfr) signaling in
cancer. Gene 2006, 366, 2-16.
Paez, J.G.; Janne, P.A.; Lee, J.C.; Tracy, S.; Greulich, H.; Gabriel, S.; Herman, P.; Kaye, F.J.;
Lindeman, N.; Boggon, T.J.; Naoki, K.; Sasaki, H.; Fujii, Y.; Eck, M.J.; Sellers, W.R.; Johnson,
B.E.; Meyerson, M. Egfr mutations in lung cancer: Correlation with clinical response to gefitinib
therapy. Science 2004, 304, 1497-1500.
Tzeng, C.W.; Frolov, A.; Frolova, N.; Jhala, N.C.; Howard, J.H.; Buchsbaum, D.J.; Vickers, S.M.;
Heslin, M.J.; Arnoletti, J.P. Epidermal growth factor receptor (egfr) is highly conserved in
pancreatic cancer. Surgery 2007, 141, 464-469.
Shigematsu, H.; Lin, L.; Takahashi, T.; Nomura, M.; Suzuki, M.; Wistuba, II; Fong, K.M.; Lee,
H.; Toyooka, S.; Shimizu, N.; Fujisawa, T.; Feng, Z.; Roth, J.A.; Herz, J.; Minna, J.D.; Gazdar,
A.F. Clinical and biological features associated with epidermal growth factor receptor gene
mutations in lung cancers. J. Natl. Cancer Inst. 2005, 97, 339-346.
Sueoka-Aragane, N.; Imai, K.; Komiya, K.; Sato, A.; Tomimasu, R.; Hisatomi, T.; Sakuragi, T.;
Mitsuoka, M.; Hayashi, S.; Nakachi, K.; Sueoka, E. Exon 19 of egfr mutation in relation to the carepeat polymorphism in intron 1. Cancer Sci. 2008, 99, 1180-1187.
Chi, D.D.; Hing, A.V.; Helms, C.; Steinbrueck, T.; Mishra, S.K.; Donis-Keller, H. Two
chromosome 7 dinucleotide repeat polymorphisms at gene loci epidermal growth factor receptor
(egfr) and pro alpha 2 (i) collagen (col1a2). Hum. Mol. Genet. 1992, 1, 135.
Brandt, B.; Meyer-Staeckling, S.; Schmidt, H.; Agelopoulos, K.; Buerger, H. Mechanisms of egfr
gene transcription modulation: Relationship to cancer risk and therapy response. Clin. Cancer
Res. 2006, 12, 7252-7260.
Liu, W.; Innocenti, F.; Chen, P.; Das, S.; Cook, E.H., Jr.; Ratain, M.J. Interethnic difference in the
allelic distribution of human epidermal growth factor receptor intron 1 polymorphism. Clin.
Cancer Res. 2003, 9, 1009-1012.
Gebhardt, F.; Burger, H.; Brandt, B. Modulation of egfr gene transcription by secondary
structures, a polymorphic repetitive sequence and mutations--a link between genetics and
epigenetics. Histol. Histopathol. 2000, 15, 929-936.
Buerger, H.; Gebhardt, F.; Schmidt, H.; Beckmann, A.; Hutmacher, K.; Simon, R.; Lelle, R.;
Boecker, W.; Brandt, B. Length and loss of heterozygosity of an intron 1 polymorphic sequence
of egfr is related to cytogenetic alterations and epithelial growth factor receptor expression.
Cancer Res. 2000, 60, 854-857.

Cancers 2011, 3

1524

33. Etienne-Grimaldi, M.C.; Pereira, S.; Magne, N.; Formento, J.L.; Francoual, M.; Fontana, X.;
Demard, F.; Dassonville, O.; Poissonnet, G.; Santini, J.; Bensadoun, R.J.; Szepetowski, P.;
Milano, G. Analysis of the dinucleotide repeat polymorphism in the epidermal growth factor
receptor (egfr) gene in head and neck cancer patients. Ann. Oncol. 2005, 16, 934-941.
34. Buisine, M.P.; Wacrenier, A.; Mariette, C.; Leteurtre, E.; Escande, F.; Aissi, S.; Ketele, A.;
Leclercq, A.; Porchet, N.; Lesuffleur, T. Frequent mutations of the ca simple sequence repeat in
intron 1 of egfr in mismatch repair-deficient colorectal cancers. World J. Gastroenterol. 2008, 14,
1053-1059.
35. Tzeng, C.W.; Frolov, A.; Frolova, N.; Jhala, N.C.; Howard, J.H.; Vickers, S.M.; Buchsbaum, D.J.;
Heslin, M.J.; Arnoletti, J.P. Pancreatic cancer epidermal growth factor receptor (egfr) intron 1
polymorphism influences postoperative patient survival and in vitro erlotinib response. Ann. Surg.
Oncol. 2007, 14, 2150-2158.
36. Frolov, A.; Liles, J.S.; Kossenkov, A.V.; Tzeng, C.W.; Jhala, N.; Kulesza, P.; Varadarajulu, S.;
Eloubeidi, M.; Heslin, M.J.; Arnoletti, J.P. Epidermal growth factor receptor (egfr) intron 1
polymorphism and clinical outcome in pancreatic adenocarcinoma. Am. J. Surg. 2010, 200,
398-405.
37. National Centre for Biotechnology Information (NCBI). Single nucleotide polymorphism
database. Available online: Http://www.ncbi.nlm.nih.gov/projects/snp/ (assessed on 22 March 2011).
38. Wang, W.S.; Chen, P.M.; Chiou, T.J.; Liu, J.H.; Lin, J.K.; Lin, T.C.; Wang, H.S.; Su, Y.
Epidermal growth factor receptor r497k polymorphism is a favorable prognostic factor for
patients with colorectal carcinoma. Clin. Cancer Res. 2007, 13, 3597-3604.
39. Lassman, A.B.; Rossi, M.R.; Raizer, J.J.; Abrey, L.E.; Lieberman, F.S.; Grefe, C.N.; Lamborn,
K.; Pao, W.; Shih, A.H.; Kuhn, J.G.; Wilson, R.; Nowak, N.J.; Cowell, J.K.; DeAngelis, L.M.;
Wen, P.; Gilbert, M.R.; Chang, S.; Yung, W.A.; Prados, M.; Holland, E.C. Molecular study of
malignant gliomas treated with epidermal growth factor receptor inhibitors: Tissue analysis from
north american brain tumor consortium trials 01-03 and 00-01. Clin. Cancer Res. 2005, 11,
7841-7850.
40. Zhang, W.; Stoehlmacher, J.; Park, D.J.; Yang, D.; Borchard, E.; Gil, J.; Tsao-Wei, D.D.; Yun, J.;
Gordon, M.; Press, O.A.; Rhodes, K.; Groshen, S.; Lenz, H.J. Gene polymorphisms of epidermal
growth factor receptor and its downstream effector, interleukin-8, predict oxaliplatin efficacy in
patients with advanced colorectal cancer. Clin. Colorectal Cancer 2005, 5, 124-131.
41. Sasaki, H.; Okuda, K.; Shimizu, S.; Takada, M.; Kawahara, M.; Kitahara, N.; Okumura, M.;
Matsumura, A.; Iuchi, K.; Kawaguchi, T.; Kubo, A.; Kawano, O.; Yukiue, H.; Yano, M.; Fujii, Y.
Egfr r497k polymorphism is a favorable prognostic factor for advanced lung cancer. J. Cancer
Res. Clin. Oncol. 2009, 135, 313-318.
42. Uegaki, K.; Nio, Y.; Inoue, Y.; Minari, Y.; Sato, Y.; Song, M.M.; Dong, M.; Tamura, K.
Clinicopathological significance of epidermal growth factor and its receptor in human pancreatic
cancer. Anticancer Res. 1997, 17, 3841-3847.
43. Bloomston, M.; Bhardwaj, A.; Ellison, E.C.; Frankel, W.L. Epidermal growth factor receptor
expression in pancreatic carcinoma using tissue microarray technique. Dig. Surg. 2006, 23, 74-79.

Cancers 2011, 3

1525

44. Tobita, K.; Kijima, H.; Dowaki, S.; Kashiwagi, H.; Ohtani, Y.; Oida, Y.; Yamazaki, H.;
Nakamura, M.; Ueyama, Y.; Tanaka, M.; Inokuchi, S.; Makuuchi, H. Epidermal growth factor
receptor expression in human pancreatic cancer: Significance for liver metastasis. Int. J. Mol.
Med. 2003, 11, 305-309.
45. Yamanaka, Y.; Friess, H.; Kobrin, M.S.; Buchler, M.; Beger, H.G.; Korc, M. Coexpression of
epidermal growth factor receptor and ligands in human pancreatic cancer is associated with
enhanced tumor aggressiveness. Anticancer Res. 1993, 13, 565-569.
46. Arnold, D.; Peinert, S.; Voigt, W.; Schmoll, H.J. Epidermal growth factor receptor tyrosine kinase
inhibitors: Present and future role in gastrointestinal cancer treatment: A review. Oncologist 2006,
11, 602-611.
47. Zhang, Y.; Banerjee, S.; Wang, Z.W.; Marciniak, D.J.; Majumdar, A.P.; Sarkar, F.H. Epidermal
growth factor receptor-related protein inhibits cell growth and induces apoptosis of bxpc3
pancreatic cancer cells. Cancer Res. 2005, 65, 3877-3882.
48. Dong, M.; Nio, Y.; Guo, K.J.; Tamura, K.; Tian, Y.L.; Dong, Y.T. Epidermal growth factor and
its receptor as prognostic indicators in chinese patients with pancreatic cancer. Anticancer Res.
1998, 18, 4613-4619.
49. Srivastava, A.; Alexander, J.; Lomakin, I.; Dayal, Y. Immunohistochemical expression of
transforming growth factor alpha and epidermal growth factor receptor in pancreatic endocrine
tumors. Hum. Pathol. 2001, 32, 1184-1189.
50. Ueda, S.; Ogata, S.; Tsuda, H.; Kawarabayashi, N.; Kimura, M.; Sugiura, Y.; Tamai, S.;
Matsubara, O.; Hatsuse, K.; Mochizuki, H. The correlation between cytoplasmic overexpression
of epidermal growth factor receptor and tumor aggressiveness: Poor prognosis in patients with
pancreatic ductal adenocarcinoma. Pancreas 2004, 29, e1-e8.
51. Watanabe, M.; Nobuta, A.; Tanaka, J.; Asaka, M. An effect of k-ras gene mutation on epidermal
growth factor receptor signal transduction in panc-1 pancreatic carcinoma cells. Int. J. Cancer
1996, 67, 264-268.
52. Marchetti, A.; Martella, C.; Felicioni, L.; Barassi, F.; Salvatore, S.; Chella, A.; Camplese, P.P.;
Iarussi, T.; Mucilli, F.; Mezzetti, A.; Cuccurullo, F.; Sacco, R.; Buttitta, F. Egfr mutations in nonsmall-cell lung cancer: Analysis of a large series of cases and development of a rapid and
sensitive method for diagnostic screening with potential implications on pharmacologic treatment.
J. Clin. Oncol. 2005, 23, 857-865.
53. Tsao, M.S.; Sakurada, A.; Cutz, J.C.; Zhu, C.Q.; Kamel-Reid, S.; Squire, J.; Lorimer, I.; Zhang,
T.; Liu, N.; Daneshmand, M.; Marrano, P.; da Cunha Santos, G.; Lagarde, A.; Richardson, F.;
Seymour, L.; Whitehead, M.; Ding, K.; Pater, J.; Shepherd, F.A. Erlotinib in lung cancer molecular and clinical predictors of outcome. N. Engl. J. Med. 2005, 353, 133-144.
54. Immervoll, H.; Hoem, D.; Kugarajh, K.; Steine, S.J.; Molven, A. Molecular analysis of the EGFRras-raf pathway in pancreatic ductal adenocarcinomas: Lack of mutations in the BRAF and EGFR
genes. Virchows Arch. 2006, 448, 788-796.
55. Lee, J.; Jang, K.T.; Ki, C.S.; Lim, T.; Park, Y.S.; Lim, H.Y.; Choi, D.W.; Kang, W.K.; Park, K.;
Park, J.O. Impact of epidermal growth factor receptor (EGFR) kinase mutations, EGFR gene
amplifications, and kras mutations on survival of pancreatic adenocarcinoma. Cancer 2007, 109,
1561-1569.

Cancers 2011, 3

1526

56. Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O'Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes,
R.J.; Chalchal, H.; Shapiro, J.D.; Robitaille, S.; Price, T.J.; Shepherd, L.; Au, H.J.; Langer, C.;
Moore, M.J.; Zalcberg, J.R. K-ras mutations and benefit from cetuximab in advanced colorectal
cancer. N. Engl. J. Med. 2008, 359, 1757-1765.
57. da Cunha Santos, G.; Dhani, N.; Tu, D.; Chin, K.; Ludkovski, O.; Kamel-Reid, S.; Squire, J.;
Parulekar, W.; Moore, M.J.; Tsao, M.S. Molecular predictors of outcome in a phase 3 study of
gemcitabine and erlotinib therapy in patients with advanced pancreatic cancer: National cancer
institute of canada clinical trials group study pa.3. Cancer 2010, 116, 5599-5607.
58. Boeck, S.H.; Vehling-Kaiser, U.; Waldschmidt, D.; Kettner, E.; Marten, A.; Winklemann, C.;
Klein, S.; Kojouharoff, G.; Jung, A.; Heinemann, V. Gemcitabine Plus Erlotinib (GE) Followed
by Capecitabine (C) Versus Capecitabine Plus Erlotinib (CE) Followed by Gemcitabine (G) in
Advanced Pancreatic Cancer (APC): A Randomized, Cross-Over Phase III Trial of the
Arbeitsgemeinschaft Internistische Onkologie (AIO); In ASCO Annual Meeting Proceedings,
Chicago, IL, USA, 4–8 June 2010; J. Clin. Oncol. Chicago 2010, p. LBA4011.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

