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Mutations of the epidermal growth factor
receptor gene in NSCLC patients

BING HAN'", XIANG ZHOU?", RONG-XIN ZHANG>", WANG-FU ZANG?,
ZHONG-YUAN CHEN?, HUAI-DONG SONG”*, HUAN-YING WAN’ and CUI-XIA ZHENG!

lDepau“[rnent of Respiration, Shanghai Ninth People's Hospital, Shanghai Jiaotong University School of Medicine;

2Department of Thoracic Surgery, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai;

3 Department of Oncosurgery, Bengbu Medical College, Bengbu; “Center of Molecular Medicine,

Shanghai Institute of Endocrinology, State Key Laboratory of Medical Genomics; 5Department of Respiration,

Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, PR. China

Received March 10, 2011; Accepted July 4, 2011

DOI: 10.3892/01.2011.366

Abstract. Mutations of the epidermal growth factor receptor
(EGFR) in patients with non-small cell lung cancer (NSCLC)
were identified by re-sequencing all exons of this gene to
evaluate the frequencies of EGFR gene mutation and iden-
tify rare or novel EGFR mutations. A total of 55 NSCLC
samples from 55 patients were included in the study. Genomic
DNA was extracted and exons 1-28 of the EGFR gene were
sequenced to identify mutations. The cDNA of the EGFR gene
with P848L and T790M double mutants was constructed by
introducing point mutations into the wild-type EGFR vector
using a site-directed mutagenesis kit. Among the 55 patients
with NSCLC, 8 patients carried mutations of the EGFR
gene. Notably, of the mutation-harboring patients with a
pathological type of adenocarcinoma, 6 were non-smokers.
The in vitro study demonstrated that the P848L mutant had a
similar response to that of the wild-type EGFR after gefitinib
treatment, and the P848L and T790M double mutant exhibited
high resistance to gefitinib. These EGFR mutations prefer-
entially occurred in lung adenocarcinoma patients, most of
whom were non-smokers. In the in vitro study, P§48L mutant
EGFR had a similar response as the wild-type EGFR to
gefitinib treatment, suggesting that lung cancer patients with
a rare mutation of EGFR, such as the P848L mutation, do not
respond to gefitinib treatment.

Correspondence to: Dr Cui-Xia Zheng, Department of Respiration,
Shanghai Ninth People's Hospital, Shanghai Jiao Tong University
School of Medicine, 639 Zhizaoju Rd., Shanghai, P.R. China
E-mail: zcx9566@163.com

“Contributed equally

Key words: non-small cell lung cancer, epidermal growth factor
receptor, mutation, functional study

Introduction

Lung cancer is the leading cause of cancer deaths world-
wide (1). Despite the improvements in diagnosis and treatment,
the prognosis of patients with advanced-stage non-small cell
lung cancer (NSCLC) remains a challenge, with a 5-year
survival of less than 15%. Thus, novel treatment strategies are
urgently required.

Studies investigating the mechanism of oncogenesis
showed that NSCLC is a disease with multigenetic abnor-
malities. Among these abnormalities, the epidermal growth
factor receptor (EGFR) mutation has received considerable
attention for its marked response to small molecule tyrosine
kinase inhibitor (TKI) treatment. EGFR, together with HER?2/
neu (erbB2), HER3 (erbB3) and HER4 (erbB4), belongs to the
erbB family of receptor tyrosine kinase proteins. It contains
an extracellular ligand-binding domain, a transmembrane
lipophilic domain and an intracellular tyrosine kinase domain,
and is critical for cell proliferation, differentiation, motility
and metastasis.

Somatic mutations in the EGFR kinase domain have
mainly been identified in a subset of NSCLC patients. The
subset included females, never smokers, patients with adeno-
carcinoma histology and patients of an East Asian origin (2,3).
The presence of these mutations in NSCLC correlates with the
sensitivity to TKI treatment, including gefitinib and erlotinib.
A number of distinct mutations have been identified, most of
which cluster around the tyrosine kinase domain. The in-frame
deletion in exon 19 (del-19) accounts for 45% of the muta-
tions, while the point mutation L858R in exon 21 accounts for
40-45% of the EGFR mutations in lung cancer (4-6). Patients
with these mutations have a marked response to EGFR TKIs.
Thus, these mutations are usually termed classical muta-
tions (7). Due to the optimal response in this subtype of
NSCLC patients, EGFR mutation screening for the selection
of TKI therapy has been recommended in the clinical care
of NSCLC patients. In addition to classical mutations, other
rare EGFR mutations in exons 18-21 have also been reported,
and patients with these non-classical mutations have variable
responses to EGFR TKIs (8,9). Among these rare mutations
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is the EGFR-P848L mutation, which was first reported by
Sequist et al (10) in a patient of Western origin. However, such
studies do not refer to the function of this mutant.

Therefore, in the present study, all of the EGFR exons
were sequenced to evaluate the frequencies of EGFR gene
mutations and to identify the rare or novel mutations of
EGFR in 55 Chinese NSCLC patients. When a patient with a
EGFR-P848L mutation was identified, the biological proper-
ties of the tumor were further investigated.

Materials and methods

Tumor samples. Tumor samples were obtained from patients
suffering from NSCLC at the First Affiliated Hospital of
Bengbu Medical College (Bengbu, China) and Ruijin Hospital
(Shanghai, China). Clinical data for the NSCLC patients were
available, including gender, age at diagnosis, tumor histology
type, clinical staging, smoking status and response to treat-
ment. All 55 patients provided written informed consent, and
the study was approved by the institutional review board.

Genomic DNA extraction and direct sequencing. Genomic
DNA from frozen tumor specimens was extracted using the
phenol-chloroform method. Polymerase chain reaction (PCR)
was used to amplify the exon 1-28 fragments of EGFR. The
PCR products were purified by shrimp alkaline phosphatase/
exonuclease I and then directly sequenced on ABI PRISM
3700 (Applied Biosystems, Carlsbad, CA, USA). Mutations
were confirmed by at least two independent PCR amplifica-
tions and repeated sequencing reactions.

Site-directed mutagenesis of the epidermal growth factor
receptor. PCDNA3.1-EGFR-WT and EGFR with a muta-
tion of L858R or delE746-A750 were kindly provided by
Dr William Pao of the Memorial Sloan-Kettering Cancer
Center (New York, NY, USA). The P848L mutant EGFR
construct was generated by introducing a point mutation
into the wild-type EGFR vector using a site-directed muta-
genesis kit (QuikChange XL, Stratagene). The primers were
F: GTACTGGTGAAAACACTGCAGCATGTCAAGATC,
R: GATCTTGACATGCTGCAGTGTTTTCACCAGTAC.
The T790M mutation was then introduced into pCDNA3.1-
EGFR-P848L using the same technique. The primers were
F: ACCGTGCAGCTCATCATGCAGCTCATGCCCTTC,
R: GAAGGGCATGAGCTGCATGATGAGCTGCACGGT.
The mutated nucleotides are underlined.

Cell culture and Western blotting. 293T cells were cultured
in DMEM supplemented with 10% FBS, 100 pg penicillin/
streptomycin and 2 mM glutamine. According to the manu-
facturer's instructions, wild-type EGFR and EGFR with
different mutations were transiently transfected into cells
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Cells were then serum-starved for 16 h prior to treatment with
various concentrations of gefitinib (Tocris, UK). Following
incubation (3 h) with the inhibitors, cells were stimulated
with EGF at 100 ng/ml for 30 min. Cells were then collected
and the protein was extracted with RIPA lysis buffer and
PMSF. Protein was electrophoresed in 10% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

HAN et al: MUTATIONS OF THE EGFR GENE IN NSCLC PATIENTS

Table I. Clincal data of NSCLC patients.

Histotype Gender (M/F) Smoking (E/N) Total
SCC 22/3 19/6 25
ACC 19/5 13/11 24
Other types 5/1 4/2 6

Gender M/F, male/female; Smoking E/N, ever-smoking/non-smoking;
SCC, squamous-cell carcinoma; ACC, adenocarcinoma.

gels, and then transferred to the nitrocellulose membrane.
Anti-phospho-EGFR (pY1068) (Cell Signaling Technology,
Danvers, MA, USA) was used for the detection of autophos-
phorylation of EGFR, anti-EGFR (Cell Signaling Technology)
for total EGFR expression and anti-f-actin (abcom) as a
loading control. A Western blotting luminal reagent (Thermo,
Newington, NH, USA) was used to detect the signals. Results
were repeated at least twice.

Computer modeling of EGFR. In order to better under-
stand how this mutation affects the binding of EGFR with
gefitinib, we constructed a three-dimensional computer
model with RasMol software (version 2.6; http://www.
umass.edu/microbio/rasmol/). Using the crystal structure
of the wild-type EGFR (PDB code 2JITB) as a template,
321 residues (E697-L1017) of EGFR-P848L were modeled by
homology using SWISS-MODEL (http://swiss model.expasy.
org/) (11) at a resolution of 3.10 A.

Results

Clinical characteristics and EGFR mutations of lung adeno-
carcinoma patients. In total, 55 tumor tissues were collected
from patients with NSCLC. Of these, 25 were squamous,
24 were adenocarcinomas and 6 were large cell lung cancers
(Table I). The exons of the EGFR gene were sequenced in
the 55 NSCLC patients using the ABI PRISM 3700 DNA
sequencer. Eight (14.5%) patients harboring EGFR mutations
were detected, including substitutions in exon 21 (5 patients
with L858R and 1 patient with P848L) and deletions in exon 19
(1 patient with del E746-A750 and one patient with del L747-
P753 INS S) (Fig. 1, Table II). Notably, all 8 patients (5 males
and 3 females) with EGFR mutations had adenocarcinoma
histopathology (Table II), among whom 6 were non-smokers
and 2 were ever-smokers. Although only 9 female patients were
enrolled in this series, 6 had adenocarcinoma and the EGFR
mutation rate in female patients with lung adenocarcinoma
was 50% (3/6). It was noted that no mutation in the EGFR
gene was detected in patients with lung squamous carcinoma.

Response to tyrosine kinase inhibitor. The data revealed
that most patients received platinum-based doublet chemo-
therapy. After failing this chemotherapy, 2 patients received
gefitinib at a dosage of 250 mg orally once a day. The median
survival following gefitinib therapy was 10.0 months. patient
no. 6 is a never smoking, 54-year-old female lung adenocar-
cinoma patient with a L858R mutation in the EGFR gene and
was in the T2N2MO stage when she was diagnosed. She was
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Figure 1. Sequencing of the different mutations of EGFR. (A and B) Two mutations in exon 19 of EGFR, leading to del L747-P753 INS S and DEL E746-A750
in EGFR, were identified. (C and D) Two missense mutations in exon 21 (L858R and P848L) were identified in the EGFR gene. Mutations are indicated

by arrows.

Table II. Summary of the patients harboring EGFR mutations.

Patient Gender Age Histology Mutation type Smoking Stage
1 Female 33 AD L858R Never TIN3MO
2 Male 60 AD L858R Never T2N1MO
3 Male 64 AD P848L Never T2NOMO
4 Male 49 AD L858R Never T2N2MO
5 Male 68 AD Del747-753INSS 20 pack years T3N2MO
6 Female 54 AD L858R Never T2N2MO
7 Male 61 AD Del E746-A750 15 pack years TAN2M1
left humerus metatasis
8 Female 54 AD L858R Never TAN2M1

bone metastasis

AD, adenocarcinoma.

treated with vinorelbine (36 mg on day 1 and day 8) plus cispl-
atin (110 mg on day 1) for 4 cycles during the initial treatment.
When distant metastasis in the tempus sinistrum meningeal
was detected, radiotherapy was applied. Gefitinib was then
administered at a dosage of 250 mg per day, and 4 months
later the patient achieved a complete response. Gefitinib treat-
ment continued and there was a complete response status for
20 months without tempus sinistrum meningeal metatasis
progression. Another patient without an EGFR mutation who
received gefitinib had coronale metastasis upon diagnosis.
The conventional strategy of chemotherapy for 2 cycles did
not provide relief, and follow-up evidence revealed the disease
had progressed. Gefitinib was administered for 3 months, and
the patient had no relapse.

Sensitivity of the wild-type and the PS48L mutant EGFR to
TKI. To compare the sensitivity of EGFR-P848L mutation to
TKIs with the most common classical mutations, the EGFR
with L858R and delE746-A750 mutation were transfected into

293T cells. In addition, the EGFR with P848L mutation or
P848L and T790M double mutations were also transfected into
cells to assess the change of sensitivity to TKI after T790M
mutation. The EGFR-P848L mutant had a similar sensitivity
to TKIs, as did the wild-type one. When the TKI concentra-
tion increased to 0.02 uM, the autophosphorylation of all three
mutants was inhibited completely. Introducing T790M to
P848L mutated EGFR markedly decreased the sensitivity to
TKIs (Fig. 2).

Computer modeling. To further determine the change after the
P848L mutation of EGFR, we constructed a three-dimensional
computer model using the crystal structure of wild-type EGFR
as the template. Fig. 3A and B reveal the crystal structure of
wild-type and P848L EGFR, respectively. Although the struc-
ture of the ATP-binding pocket in the EGFR protein does not
have any marked alteration, the structure of the region M987
to P992 in the EGFR gene was changed after the EGFR-P848L
mutation.
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Gefitinib inhibition

WT

L858R Del E746-A750

A CON 0.002 0.02 0.2 2pM  CON 0.002 0.02 0.2 2pdM CON 0.002 0.02 0.2 2pM

Anti-p-EGFR
(Y1068)

Anti-EGFR

Anti-g-actin

P848L&T790M

B CON 0.002 0.02 0.2 2pM CON 0.002 0.02 0.2 2pM

Anti-p-EGFR
(Y1068)

Anti-EGFR

Anti-B-actin

Figure 2. Sensitivity of wild-type and mutant EGFR to gefitinib. (A) 293 cells were transfected with wild-type and mutant EGFR (L858R, del 746-750), then
increasing concentration of gefitinib was added. Total and phosphorylated EGFR were detected. (B) Phosphorylated EGFR of P848L with or without T790M

mutation.

Figure 3. Molecular modeling of wild-type and P848L mutant EGFR. (A) In
the wild-type EGFR, E697 to L1017 was shown in cartoon and P848 was
shown in spacefill. (B) Compared to the wild-type EGFR, the structure of
M987 to P992 was changed after the P848L mutation.

Discussion

A better mechanistic understanding of NSCLC would aid in the
effort to find an optimal treatment for the disease. The onco-
genesis of NSCLC involves numerous factors, including a large
number of genetic abnormalities. Therapies targeted to these
genetic abnormalities, which are different from the classical
cytotoxic chemotherapy, have emerged in recent years. Culture
studies have provided clear evidence that EGFR over-expression
and/or mutation commonly occur in NSCLC, but only certain
types of EGFR mutations have thus far been revealed to have
therapeutic significance. Mutants of EGFR often show greater
autophosphorylation activity, which increases the sensitivity to
treatment with TKIs. The clinical observations in this study
confirmed the same result as reported in the literature; patients
harboring mutant EGFR show a marked response to TKI. This
suggests that accurate mutation information is crucial, and
only those NSCLC patients harboring an active EGFR muta-
tion respond to the existing TKI treatment.

In the present study, all of the exons of the EGFR in
55 lung cancer patients were sequenced. In this cohort of
NSCLC patients, a similar pattern of EGFR mutation was found
as that reported previously. The EGFR mutations occurred in
cases of adenocarcinoma, and more frequently in non-smokers,

with a total gross mutation rate of 14.5%. A rare mutation in
exon 21, P848L, was first identified in a patient of Chinese
origin. A further functional study was carried out to observe
the sensitivity of this rare mutant to gefitinib. The result
showed gefitinib to have a modest inhibition of the P848L
mutant EGFR, similar to that of the wild-type one. This result
demonstrated that not all patients with mutations of EGFR are
associated with sensitivity to gefitinib treatment. However, this
does not indicate that the P848L mutant is resistant to all small
molecule TKIs.

Sequist et al (10) first reported P848L and other rare point
mutations in exons 18, 20 and 21 of EGFR, and in that study
none of the patients with these rare point mutations responded
to EGFR TKI agents. In the present study, the patient with
the EGFR-P848L mutation did not adopt TKI treatment;
subsequently, assessment of the clinical response to TKI was
not possible. The in vitro result showed that the EGFR-P848L
mutant had a similar sensitivity to gefitinib as that of the
wild-type one, i.e., lower than that of the classical mutations.

With the aid of advances in computer technology to help
achieve a better understanding of the alteration of this mutant,
we were able to directly explore the spatial conformation using
a homology model of EGFR-P848L. Marked change was not
detected in the ATP-binding pocket in the EGFR-P848L
mutant. However, we found that the structure of the region
M987 to P992 was changed after the EGFR-P848L mutation.
Combined with the in vitro analysis, it indicated that this muta-
tion did not affect the binding of small molecule TKI with
EGFR. Furthermore, we could also not exclude the possibility
that mutations located around the ATP-binding pocket of the
tyrosine kinase domain indirectly affect the binding affinity of
mutant EGFR and gefitinib.

Although the patients with the EGFR mutation showed
sensitivity to TKI at the initial stage of treatment, the majority
of these patients became resistant to TKI. Two reasons could
elucidate the acquired resistance in the patients treated with
TKI: one reason is that a secondary mutation in the EGFR gene,
T790M, occurred during the patient's TKI treatment. Another
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reason is that the patient treated with TKI appeared to have
amplification of the MET protooncogene (12,13). However,
T790M is the primary secondary mutation responsible for
acquired resistance in NSCLC patients treated with TKI (14).
In the present study, the EGFR gene with a double mutation,
P848L and T790M, revealed a similar feature in that T790M
serves a gate-residue function, even though it is a non-sensitive
mutation. Therefore, it is essential to monitor in ‘real-time’
the resistant T790M mutation of the EGFR gene in the lung
cancer cells of NSCLC patients. Maheswaran et al (15)
have established a method to capture circulating tumor cells
from the blood of NSCLC patients by using a microfluidic
device containing microposts coated with antibodies against
epithelial cells, leading to the probable real-time detection of
the resistant mutation T790M of the EGFR gene in the lung
cancer cells of NSCLC patients.

In conclusion, we studied the EGFR mutation of 55 Chinese
NSCLC patients and further determined the biological proper-
ties of a rare mutation. The results revealed that the mutational
hotspot was located in exons 19 and 21, which coordinates
with patients of Western origin. Future functional studies are
required, particularly for the rare EGFR mutations. Finally,
individualized treatment of patients with different mutations
is also required in our clinical work.
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