were resolved by using 10% Bis-Tris Criterion XT Precast
gels (Bio-Rad Laboratories, Hercules, CA, USA), transferred to
PVDF membranes or stained with CBB. For 2-DE, IEF was carried
out using the PROTEAN IEF cell (Bio-Rad Laboratories)
according to the manufacturer’s instructions. Extracted proteins
were reconstituted in a rehydration buffer (7M urea, 2 M
thiourea, 4% CHAPS, 2 mM tributyl phosphine (TBP), 0.0002%
bromophenol blue (BPB), 0.2% bio-lyte ampholyte 3-10) and
applied to ReadyStrip IPG strips (11 cm, pH 3-10). IEF was run

for 45 000 Vh, and 2-DE was carried out using 10% Bis-Tris

Criterion XT Precast gels. The gels were then stained with the
Silver Stain MS Kit (Wako Pure Chemical Industries, Osaka,
Japan) or used for protein transfer to PVDF membranes.

Waestern blotting. After blocking with 5% skim milk, the PYDF
membranes were incubated with serumn at a 1:100 dilution or
rabbit anti-enolase antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at a 1:1500 dilution. The membranes were then
incubated with sheep anti-human IgG or donkey anti-rabbit
IgG (Amersham Biosciences UK, Buckinghamshire, UK).
Membranes incubated with sheep anti-human IgG only were
used as negative controls. Finally, the signals were visualized
with an enhanced chemiluminescence reaction system (Perkin
Elmer Life Sciences, Boston, MA, USA).

Identification of protein bands or spots. Protein bands on gels
stained with CBB or protein spots on gels stained with silver,
which corresponded to positive bands or spots on western blot
membranes, were excised from the gel and digested with trypsin
(Promega, Madison, WI, USA) according to published proce-
dures.\'"™ For protein bands, the LC-MS/MS analysis was carried
out using an LCQ ion trap mass spectrometer (ThermoElectron,
San Jose, CA, USA) coupled on-line with Magic 2002 capillary
high-performance liquid chromatography (Michrom BioResources,
Aubumn, CA, USA). For protein spots, all PMF spectra were
obtained by using an ultraflex TOF/TOF MALDI-TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany). MS/MS or
PMF data were then searched with Mascot software (Matrix
Science, London, UK) against the NCBInr or swiss-prot data-
bases. Protein database searching was carried out with following
parameters for PMF: Homo sapiens, maximum of one missed,
cleavage by trypsin, monoisotopic mass value, charge state of 1+,
allowing a mass tolerance of 100 p.p.m., and carbamidomethyl
modification of cysteine.

Preparation of recombinant protein. To prepare recombinant
proteins, the human full-length o-enolase complementary DNA
(1—434 a.a.) was amplified by PCR from the Hep3B cell line
¢DNA library using the primers: sense 5-GTGGCTAGAAGT-
TCACCATG-¥, antisense 5-TTACTTGGCCAAGGGGTTTC-
3’. To map the autoepitope on a-enolase, three cDNA fragments
that encode C-terminal deletion mutant proteins (c-Enel,
a-Eno2, o-Eno3) were similarly amplified. The nucleotide
sequences of the primers for PCR were: o-Enol (1-334 aa.)
sense 5-TGTCTATTCTCAAGATCCATGCC-3’, antisense 5’-
TTACTCGTTCACGGCCTTGGC-3"; «-Eno2 (1-234 aal),
sense 5-TGTCTATTCTCAAGATCCATGCC-3', antisense 5'-
TTAAGCTTTCCCAATAGCAGTC-3’; and o-Eno3 (1-134 a.a.)
sense 5'-TGTCTATTCTCAAGATCCATGCC-3', antisense 5'-
TTAGATGTGGCGGTACAGGGG-3’. These cDNA fragments
were then subcloned into the pET-28a(+) vector (Novagen,
Madison, WI, USA), resulting in expression of a-enolase or
its fragments with a 6 x His tag. Recombinant proteins were
produced in Escherischia coli BL21:CodonPlus (DE3)-RIL
cells (Stratagene, La Jolla, CA, USA) and purified by affinity
chromatography using Ni-NTA resin (QIAGEN, Tokyo, Japan).
Recombinant human full-length or C-terminal deletion mutant
o-enolase, rabbit B-enolase (Sigma, St Louis, MO, USA) and
human v-enolase (Calbiochem) were subjected to sodium
dodecylsulfate~polyacrylamide gel electrophoresis, using a 4-—
20% precast gel, then stained with CBB or transferred to PYDF
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‘membrane and probed with anti-enolase antibody, anti-6 x His

monoclonal antibody or sera as described above.

Flow cytometry, Human lung adenocarcinoma cell line A549
was maintained in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin and
100 pg/mL streptomycin. Cells (10% were incubated with
rabbit anti-enolase antibody at a 1:100 dilution and labeled with
fluorescein isothiocyanate-conjugated goat anti-rabbit immuno-
globulin (BD Biosciences, San Jose, CA, USA). Normal rabbit
IgG was used as a control. Stained cells were analyzed using a
FACS Canto cytometer (Becton-Dickinson, Mountain View,
CA, USA) and the results were analyzed using FlowJo software
(Tree Star, Stanford, CA, USA).

ELISA. To assess the potential of these autoantibodies as a
diagnostic marker, their frequencies in the sera were determined
by means of ELISA using recombinant human full-length a-
enolase protein. The ELISA was carried out as published
elsewhere, with modifications."” Briefly, each well of a Micro-
titer plate (MaxiSorp; Nunc A/S, Roskilde, Denmark) was
coated with 1 g of recombinant human full-length a-enolase.
After blocking with 1% bovine serum albumin, all wells were
incubated with human serum at a 1:500 dilution at room
temperature for 1 h. To reduce the background level originating
from the non-specific reactivity of sera with bacterial proteins,
the sera were diluted and incubated with 100 pg/mL E. coli
BL21-CodonPlus (DE3)-RIL cell lysate for 2h at room
temperature before incubation with coated recombinant human
o-enolase. The antigen—antibody complexes were detected with
1:5000-diluted HRP-conjugate sheep anti-human IgG with
TMB (Dako, Carpinteria, CA, USA) as the substrate. OD was
read at 450 nm. The antibody titer was expressed by using
arbitrary binding units calculated according to the formula:

binding units Of Sample = (ODS““‘P‘J[Mea‘n ODheallhy cunirol ;cera
+ 3 SDhuallhy comirol xgm]) X loo

Based on this formula, 100 binding units was used as the cut-off
point.

tHC staining. After deparaffinization, tissue sections were treated
with 100% cold methanol containing freshly prepared 0.3%
hydrogen peroxide for 30 min, blocked in 10% normal goat
serum for 20 min and incubated with rabbit anti-enolase anti-
body (Santa Cruz Biotechnology) at a 1:250 dilution overnight.
Incubation of parallel sections omitting the first antibody was
done to generate negative controls. Staining of sections was
completed with a biotin-conjugated secondary antibody, HRP-
conjugated streptavidin and diaminobenzidine.

Statistical analysis. Significant differences between groups were
assessed with the y2-test and Fisher's exact test. P < 0.05 was
considered significant.

Results

Detection of autoantigens associated with NSCLC by 1-DE western
blotting and LC-MS/MS. In order to screen for autoantibodies against
cancer cells in patients with NSCLC, proteins extracted from a
given patient’s tumor tissue were subjected to 1-DE, transferred
to membranes, and incubated with sera from the same patient or
from healthy control subjects. Membranes incubated with only
the secondary antibody were used as negative controls. An
approximately 47-kDa band was recognized only by a subset of
NSCLC patient sera, whereas no such reaction was observed
with healthy control sera or negative controls (Fig. l1a). To
identify this 47-kDa protein, the corresponding band on the gel
stained with CBB was digested and analyzed using LC-MS/MS.
The eight proteins, including a-enolase and elongation factor
1-a 1, which were identified by database searching through
Mascot software, are listed in Table 1. Many of these proteins

Cancer Sci | August2007 | vol.98 | no.8 | 1235
© 2007 Japanese Cancer Association



.

Fig. 1. (a) Screening by means of one-
dimensional electrophoresis (1-DE) western blotting
analysis for autoantigen associated with non-
small cell lung cancer (NSCLC). Lane 1: ~47-kDa
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positive band (arrow), which was recognized by
anti-enolase antibodies. Lanes 2, 3: 47-kDa
positive band, which was recognized by NSCLC
sera. Lane 4: no 47-kDa positive band was
observed in a negative NSCLC case. Lane 5: na
positive reaction was observed with healthy
control sera. Lane 6: no positive reaction was
observed in negative controls. (b) Detection by
means of two-dimensional electrophoresis (2-DE)
western blotting analysis of autoantigen associated
with NSCLC. teft panel: Representative 2-DE western
blotting analysis. Right panel: corresponding 2-
DE silver-stained image. Protein spots recognized
. only by NSCLC sera are marked with arrows and
H numbers. (c) Peptide mass fingerprinting spectra
E of positive spot 5. For spot 5, 14 peptide masses

were matched with human a-enolase by execut-
l ing an NCBInr database search, yielding 52%
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protein sequence coverage. The matched mass
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peaks are marked with arrow heads.

Table 1. Mascot search results of the liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) data

Swiss Prot

Protein name Molecular ol Score* Peptide Protein
Accession number weight (Da) matched coverage (%)
Elongation factor 1-o 1 P68104 50 451 9.10 123 4 7
Cytokeratin 17 Q04695 48 230 497 271 13 25
a-Enolase P06733 47 037 6.99 96 3 5
Elongation factor Tu P49411 49 852 7.26 56 1 3
o-1-acid glycoprotein 1 precursor P02763 23728 493 160 4 18
Vimentin P08670 53 545 5.06 115 5 9
Albumin precursor P02768 71317 5.92 106 4 6
Actin-like protein 3 P61158 47797 5.61 46 2 7

*Scores > 39 indicate identity or extensive homalogy (P < 0.05). To identify the 47-kDa protein recognized only by non-small cell lung cancer
patient sera, the corresponding band stained with Coomassie brilliant blue was digested and analyzed by LC-MS/MS. The eight proteins identified

are listed.

are of similar molecular weight and one of them may be the
autoantigen associated with NSCLC. We used western blotting
with rabbit anti-enolase antibodies to confirm that the expres-
sion of a-enolase occurred at the.same position as that of the
47-kDa positive band (Fig. 1a). '

Autoantibodies against a-enolase present in NSCLC patient sera.

To characterize autoantibodies in NSCLC sera, proteins

1236

extracted from a given patient’s tumor tissue were separated by
2-DE, transferred to membranes, and incubated with sera from
the same patient or from healthy control subjects. Compared
with the sera of healthy control subjects, 2-DE westem blotting
with NSCLC patient sera showed five positive protein spots
(Fig. 1b, left panel), including one spot (spot 5) that also had a
molecular weight of approximately 47 kDa and a pl value of

doi: 10:1111/.1349-7006.2007.00509.x
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Table 2.

Mascot search results of matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) data

Spot no. Protein name Sequence coverage (%) Molecular weight (Da) pl
1 Chain D, myeloperoxidase 22 53 806 9.43
2 Tumor rejection antigen-1 (gp96) 17 92 696 4.76
3 Not identified

4 « glucosidase 1l o subunit 15 86 236 5.71
5 a-enolase 52 47 037 6.99

To identify the immunoreactive spots in two-dimensional electrophoresis western blotting analysis recognized by non-small cell lung cancer
patient sera, corresponding silver-stained spots were digested and analyzed by MALDI-TOF/mass spectrometry. ‘Spot no.’ corresponds to spots

marked in Fig. 1b.

CBB NSCL

Fig. 2. (a) Western blotting analysis of recombinant human full-length
a-enolase protein. Recombinant human full-length a-enolase protein
was probed with rabbit anti-enolase antibodies (lane 1), with sera from
non-small cell lung cancer (NSCLC) patients (lane 2-5), and with sera
from healthy control subjects (lane 6-7). (b) Western blotting analysis
of a, B and y-enolase. a, p and y-enolase protein were stained with
Coomassie brilliant blue (left panel) or probed with sera from NSCLC
patients (middle panel) and from healthy control subjects (right panel).

approximately 7.0. The corresponding spots on the silver-stained
gel (Fig. 1b, right panel) were identified by MALDI-TOF/MS
and database search. The identified proteins are summarized in
Table 2. Spot 5 was recognized as o.-enolase, as in the previous
LC-MS/MS analysis. Its PMF spectrum is shown in Fig. lc and
the database search produced 14 peptide masses that coincided
with human «-enolase, thus yielding 52% protein sequence
coverage. .

Next, western blotting with full-length recombinant human a-
eénolase protein was used to confirm and analyze the immuno-
genicity of o-enolase. Correct expression of the recombinant

protein was verified by westemn blotting using rabbit anti-enolase .

antibodies (Fig. 2a). The recombinant proteins were then probed
with sera from NSCLC patients or healthy control subjects, and
positive bands were detected only in sera from the former, not
from the latter (Fig. 2a). In addition, westemn blotting was used
to determine the reactivity of NSCLC patient sera to enolase
isoforms, which contain o, B and y-enolase. The sera that were
positive for autoantibodies against a-enolase reacted with neither
B-enolase nor y-enolase (Fig. 2b), whereas healthy control sera
did not react with any of the enolase isoforms. This indicates the
specificity of autoantibodies against o-enolase in NSCLC patient
sera, and the overall results suggest that a subset of NSCLC
patient sera contains autoantibodies against ci-enolase.
Frequencies of autoantibodies against o-enolase in the sera
were determined by means of ELISA using recombinant human
full-length. ¢-enolase protein. We tested 94 sera from patients
. with NSCLC, 15 from patients with SCLC, 18 from patients
with gastrointestinal cancer (10 patients with gastric cancer,
8 patients with colon cancer), nine from patients with MAC
infection of lung and 60 from healthy control subjects. When
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Fig. 3. (a) Prevalence of autoantibodies against a-enolase determined .
by enzyme-linked immunosorbent assay (ELISA). The y-axis denotes
binding units. The solid horizontal line represents the positive cut-off
limit. The prevalence of autoantibodies against a-enolase was 27.7% in
patients with non-small cell lung cancer (NSCLC) (26 of 94), 1.7% in
healthy control subjects (1 of 60), and not detectable in small cell lung
cancer gastrointestinal cancer (10 patients with gastric cancer, 8
patients with colon cancer) and Mycobacterium avium complex
infection of lung. (b) Positive detection rate of autoantibodies against
a-enolase, cytokeratin 19 fragment (CYFRA21-1) and carcinoembryonic
antigen (CEA) in NSCLC patients. Detection of CYFRA 21-1 and CEA
in combination increased the positive detection rate to 58.7%.
Furthermore, combined detection of autoantibodies against a-enolase,
CEA and CYFRA 21-1 achieved a positive detection rate of up to 69.3%.

‘Mean ODhca.llhy control sera +3 SDhmhhy conirol sr-m’ was used as the
cut-off point, the prevalence of autoantibodies against a-enolase
was 27.7% in patients with NSCLC (26 of 94), 1.7% in healthy
control subjects (1 of 60), and not detectable in SCLC, gastroin-
testinal cancer or MAC infection of lung (Fig. 3a). These results
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Fig. 4. Immunohistochemical and flow cytometric
analysis of a-enolase. (3) Normal lung tissue (x100).
(b) Lung adenocarcinoma (x100). (¢} a-Enolase
staining showing a mixture of cytoplasmic, and
membranous immunoreactivity (x400). (d) AS49
cells were stained with anti-enolase antibody,
labeled with fluorescein-isothiocyanate<onjugated

showed that titers of autoantibodies against a-enolase are
increased in a subset of NSCLC patients. Next, we examined the
correlation between the prevalence of autoantibodies against
o-enolase and clinicopathological features in NSCLC patients.
Positive reactivity was detected in 21 of the 73 sera from aden-
ocarcinoma patients (28.8%) and in five of the 21 sera from
SCC patients (23.8%). There was no significant correlation
between the occurrence of autoantibodies against «-enolase and
pathological types (P = 0.654). In addition, there was a tendency
for autoantibodies against ot-enolase to be more prevalent in
patients with advanced NSCLC cases (stage [II/IV, 33.3%, 21 of
63) than in stage I/Il cases (16.1%, 5 of 31), although the results
of the statistical analysis suggest that the prevalence has no
significant correlation with disease stage (P = 0.08). We also
investigated the relationship between autoantibodies against o-
enolase and other tumor markers (CEA, CYFRA 21-1) that have
been applied to clinical practice in NSCLC patients. In a total of
94 NSCLC patients, clinical data of both CEA and CYFRA 21-
1 were available for 75 patients. In these patients, 25.3% (19/75)
were positive for autoantibodies against o-enolase, 42.7% (32/
75) were positive for CEA, and 30.7% (23/75) were positive for
CYFRA 21-1. The occurrence of autoantibodies against ct-enolase
didn’t show a significant correlation with CEA (P = 0.63) or
with CYFRA 21-1(P = 0.92). Detection of CYFRA 21-1 and CEA
in combination increased the positive detection rate to 58.7%
(44/75). Furthermore, positive detection rate was enhanced up
to 69.3% (52/75) when combined detection of autoantibodies
against a-enolase, CEA and CYFRA 21-1 was used (Fig. 3b).

IHC and flow cytometric analysis of a-enolase. We used IHC
staining to compare ot-enolase expression in non-malignant and
malignant lung tissues from 20 NSCLC patients, including 10
patients with autoantibodies against ct-enolase and 10 patients
without autoantibodies against ot-enolase. The staining results
showed that expression of a-enolase was increased in malignant
lung tissue of NSCLC patients (Fig. 4a—c). Additionally, IHC
staining showed not only cytoplasmic but also membranous
immunoreactivity in cancer cells (Fig.4c). Flow cytometric
analysis of human lung adenocarcinoma cell line A549 also
confirmed the expression of o-enolase at the surface of lung
cancer cells (Fig. 4d).
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goat antirabbit immunoglobulin, and analyzed
on a FACS Canto (open histogram). Shaded
histogram indicates staining with control 1gG.

Epitopes located at the N-terminal region (1-134 a.a.) of a-enolase
that are recognized by autoantibodies. To locate the serological
epitopes of a-enolase, full-length and C-terminal deletion
mutant proteins (ot-Enol, a-Eno2, a-Eno3) were prepared. The
full-length a-enolase (1-434 a.a.), a-Enol (1-334 a.a.), o-Eno2
(1-234 a.a.) and «-Eno3 (1-134 a.a.) recombinant proteins were
clearly shown by an anti-6 x His antibody or stained with CBB,
which verified their expression (Fig. 5). A commercially available
rabbit anti-enolase antibody reacted only with the full-length
a-enolase, a-Enol and o-Eno2 recombinant proteins (Fig. 5).
However, sera from NSCLC patients who showed the presence
of autoantibodies against a-enolase reacted with the a-Enol, a-
Eno2, and a-Eno3 recombinant proteins (Fig. 5), indicating that
in NSCLC patients at least the N-terminal region of a-enolase
contains epitopes.

Discussion

[n the present study we used a proteomics-based screen test to
identify proteins such as o-enolase and gp96 that may elicit a
humoral immune response in NSCLC patients. We then con-
firmed that some NSCLC patients’ sera contained autoantibodies
against o-enolase by means of western blotting using recom-
binant protein. Furthermore, the results obtained with ELISA
demonstrated that when ‘Mean ODy_ i, comnit sers + 3 SPreutiny conint sera
was used as the cut-off point, the humoral immune response
directed against a-enolase occurred in 27.7% of NSCLC patients.
but in only 1.7% of healthy control subjects. a-enolase is an
isoenzyme of enolase, a key protein that catalyzes the conversion
of 2-phosphoglycerate to phosphoenolpyruvate, which is the
second of the two high-energy intermediates that generate ATP
in glycolysis.®® Three isoforms of enolase have been identified
and are known as «, B and y-enolase. a-enolase is present in
most tissues and is predominant in early embryonic tissue, B-
enolase is expressed in muscle tissue, and y-enolase, also known
as NSE, is found only in neuronal tissues.

Autoantibody responses to tumors are generally thought to
be elicited in three ways. These are overexpression of specific
proteins, especially on the cell surface, gene mutation or post-
translational modification of proteins. which shows new epitopes

doi: 10.1111/.1349-7006.2007.00509.x
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Fig. 5. Upper panel: preparation of recombinant
human full-length a-enolase protein: a-Eno (1-
434 a.3.), C-terminal deletion mutant o-enolase
proteins: o-Eno1 (1-334 a.a.), a-Eno2 (1-234 a.a.)
and a-Eno3 (1-134 a.a.). Lower panel: recombinant
proteins were stained with Coomassie brilliant blue
or probed with anti-6 x His antibody, anti-enolase
antibody or non-small cell lung cancer sera.

as immunogens, and other types of protein processing in tumor
tissue.®” In the present study we used normal recombinant
proteins to confirm the immunogenicity of o-enolase in NSCLC
patients. In addition, although a past study reported that expres-
sion of a-enolase was downregulated in NSCLC tissues,?? THC
staining used in our study showed that a-enolase expression is
commonly increased in malignant lung tissue from NSCLC
patients compared to the expression in non-malignant lung
tissue, which is consistent with other previous reports.®=2"
Interestingly, IHC staining also showed not only cytoplasmic
but also membranous immunoreactivity. Moreover, flow cyto-
metric analysis demonstrated expression of o-enolase on the
surface of lung cancer cells. We think that enhanced expression
of o-enolase on. cancer-cell surface might be one reason for
autoantigenicity, and might be required for induction of auto-
antibody responses. However, a-enolase expression-alone is
insufficient for autoantibody production as increased expression
was also found in these patients without autoantibodies against
o-enolase. Further study is necessary to investigate the detailed
mechanisms involved in this autoantibody response.

It is widely accepted that the propensity for glycolysis is
enhanced in cancer cells because of increased cell proliferation.
In fact, o-enolase, a key enzyme in the glycolysis pathway,
was found to be overexpressed in 18 cancers.?®® Furthermore,
although the mechanism of its surface expression and orientation
on the membrane are not yet clearly understood, it is known that
the C-terminal a.a. of a-enolase, lysine, is exposed at the cell
surface and is involved in binding to plasminogen, which is then
activated and converted to plasmin.?® Once plasmin is stabilized
at the cell surface, it in turn induces fibrinolysis.®® In response
to the upregulation of a-enolase expression, progression of the
fibrinolytic system is markedly accelerated, and the resultant
increase in local fibrinolysis may contribute to cancer cell invasion
and metastasis. This is consistent with our finding that there was
a tendency for autoantibodies against «G-enolase to be more
prevalent in patients with advanced NSCLC (stage III/IV) than
in stage I/II cases. .

Tumor markers for NSCLC are potentially useful for both
diagnostic and therapeutic practice. To date, a variety of NSCLC
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Abstract

The identification of somatic mutations in the tyrosine kinase
domain of the epidermal growth factor receptor (EGFR) in
patients with non-small cell lung cancer (NSCLC) and the
association of such mutations with the clinical response to
EGFR tyrosine kinase inhibitors (TKI), such as gefitinib and
erlotinib, have had a substantial effect on the treatment of this
disease. EGFR gene amplification has also been associated
with an increased therapeutic response to EGFR-TKIs. The
effects of these two types of EGFR alteration on EGFR function
have remained unclear, however. We have now examined 16
NSCLC cell lines, including eight newly established lines from
Japanese NSCLC patients, for the presence of EGFR mutations
and amplification. Four of the six cell lines that harbor EGFR
mutations were found to be positive for EGFR amplification,
whereas none of the 10 cell lines negative for EGFR mutation
manifested EGFR amplification, suggesting that these two
types of EGFR alteration are closely associated. Endogenous
EGFRs expressed in NSCLC cell lines positive for both EGFR
mutation and amplification were found to be constitutively
activated as a result of ligand-independent dimerization.
Furthermore, the patterns of both EGFR amplification and
EGFR autophosphorylation were shown to differ between cell
lines harboring the two most common types of EGFR mutation
(exon 19 deletion and L858R point mutation in exon 21). These
results reveal distinct biochemical properties of endogenous
mutant forms of EGFR expressed in NSCLC cell lines and may
have implications for treatment of this condition. [Cancer Res
2007;67(5):2046-53]

Introduction

The epidermal growth factor receptor (EGFR) is a 170-kDa
transmembrane glycoprotein with an extracellular ligand binding
domain, a transmembrane region, and a cytoplasmic tyrosine
kinase domain and is encoded by a gene (EGFR) located at human
chromosomal region 7p12 (1-3). The binding of ligand to EGFR
induces receptor dimerization and consequent conformational
changes that result in activation of the intrinsic tyrosine kinase,
receptor autophosphorylation, and activation of a signaling
cascade (4, 5). Aberrant signaling by EGFR plays an important
role in cancer development and progression (3).
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EGFR is frequently overexpressed in non-small cell lung cancer
(NSCLC) and has been implicated in the pathogenesis of this
disease (6, 7). Given the biological importance of EGFR signaling
in- cancer, several agents have been synthesized that inhibit the
receptor tyrosine kinase activity. Two such inhibitors of the
tyrosine kinase activity of EGFR (EGFR-TKI), gefitinib and
erlotinib, both of which compete with ATP for binding to the
tyrosine kinase pocket of the receptor, have been extensively
studied in patients with NSCLC (8, 9). We and others have shown
that a clinical response to these agents is more common in
women than in men, in Japanese than in individuals from Europe
or the United States, in patients with adenocarcinoma than in
those with other histologic subtypes of cancer, and in patients
who have never smoked than in those with a history of smoking
(10-14). Mutations in the tyrosine kinase domain of EGFR have
also been detected in a subset of lung cancer patients and shown
to predict sensitivity to EGFR-TKIs (15-17). Indeed, the clinical
characteristics of patients with known EGFR mutations are
similar to those of other individuals most likely to respond to
treatment with EGFR-TKIs (18~22). These mutations arise in the
first four exons (exons 18-21) correspondling to the tyrosine kinase
domain of EGFR, and they affect key amino acids surrounding
the ATP-binding cleft (23, 24). In-frame deletions that eliminate
four highly conserved amino acids (LREA) encoded by exon 19 are
the most common type of EGFR mutation, with missense point
mutations in exon 21 that result in a specific amino acid
substitution at position 858 (L858R) being the second most
common. In addition to EGFR mutations, other molecular
changes may play a role in determining sensitivity to EGFR-TKIs
(22, 25-28). NSCLC patients with an increased EGFR copy number,
as revealed by fluorescence in situ hybridization (FISH), have
thus been found to show an increased response rate to and
prolonged survival after gefitinib therapy (22, 25-27).

Given that EGFR is mutated or amplified (or both) in NSCLC,
it is important to determine the biological effects of such EGFR
alterations on EGFR function (15, 29-32). Transient transfection
of various cell types with vectors encoding wild-type or mutant
versions of EGFR showed that the activation of mutant receptors
by EGF is more pronounced and sustained than is that of the wild-
type receptor (15, 30). However, detailed biochemical analysis of
NSCLC cell lines with endogenous EGFR mutations has been
limited. We have now identified EGFR mutations in three NSCLC
cell lines newly established from Japanese patients. Furthermore,
we have characterized a panel of 16 NSCLC cell lines for EGFR
mutations and amplification and evaluated the relation between
the presence of these two types of EGFR alteration and sensitivity
to gefitinib. The effects of EGFR alterations on activation status
of EGFR and on downstream signaling were also evaluated.
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Finally, in EGFR mutant cell lines showing constitutive EGFR
activation, we assessed how the mutations activate the tyrosine
kinase domain of the receptor.

Materials and Methods

Cell lines. The human NSCLC cell lines NCI-H226 (H226), NCI-H292
(H292), NCI-H460 (H460), NCI-H1299 (H1299), NCI-H1650 (H1650), and
NCI-H1975 (H1975) were obtained from the American Type Culture
Collection (Manassas, VA). PC-9 and A549 cells were obtained as described
previously (33). Ma-1 cells were kindly provided by E. Shimizu (Tottori
University, Yonago, Japan). We established seven cell lines (KT-2, KT-4,
Ma-25, Ma-31, Ma-34, Ma-45, and Ma-53) from tissue or pleural effusion of
Japanese patients with advanced NSCLC. These cell lines were cultured
under a humidified atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma,
St. Louis, MO) supplemented with 10% fetal bovine serum. Informed
consent for establishment of cell lines and tumor DNA sequencing was
obtained in accordance with the ethical guidelines for human genome/
genetic analysis in Japan.

Growth inhibition assay. Gefitinib was kindly provided by AstraZeneca
(Macclesfield, United Kingdom) as a pure substance and was diluted in
DMSO to obtain a stock solution of 20 mmol/L. For growth inhibition
assays, cells (0.5 X 10°* to 45 x 10*) were plated in 96-well flat-bottomed
plates and cultured for 24 h before the addition of various concentrations of
gefitinib and incubation for an additional 72 h. TetraColor One (5 mmol/L
tetrazolium monosodium salt and 0.2 mmol/L 1-methoxy-5-methyl
phenazinium methylsulfate; Seikagaku, Tokyo, Japan) was then added to
each well, and the cells were incubated for 3 h at 37°C before measurement
of absorbance at 490 nm with a Muitiskan Spectrum instrument (Thermo
Labsystems, Boston, MA). Absorbance values were expressed as a
percentage of that for untreated cells, and the concentration of gefitinib
resulting in 50% growth inhibition (IC5) was calculated.

Genetic analysis of EGFR. Genomic DNA was extracted from cell lines
with the use of a QlAamp DNA Mini kit (Qiagen, Tokyo, Japan), and exons
18 to 21 of EGFR were amplified by the PCR and sequenced directly. PCR
was done in a reaction mixture (25 uL) containing 50 ng of genomic DNA
and TaKaRa Taq polymerase (TaKaRa BIO, Tokyo, Japan) and with an initial
incubation for 3 min at 94°C followed by 30 cycles of 20 s at 94°C, 30 s
at 58°C, and 20 s at 72°C and by a final incubation for 7 min at 72°C. The
PCR products were purified with a Microcon YM-100 filtration device
(Millipore, Billerica, MA) before sequencing with the use of an ABI BigDye
Terminator v. 3.1 Cycle Sequencing kit (Applied Biosystems, Foster City,
CA). Sequencing reaction mixtures were subjected to electrophoresis with
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an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Primers for
mutation analysis (sense and antisense, respectively) were as follows:
exon 18, 5-CAAATGAGCTGGCAAGTGCCGTGTC-3' and 5-GAGTTTCC-
CAAACACTCAGTGAAA-C-3; exon 19, 5-GCAATATCAGCCTTAGGT-
GCGGCTC-3and 5-CATAGAAAGTGAACATTTAGGATGTG-3"; exon 20,
5-CCATGAGTACGTATTTTGAAACTC-3' and 5-CATATCCCCATGG-
CAAACTCTTGC-3; and exon 21, 5-CTAACGTTCGCCAGCCATAAGTCC-3’
and 5-GCTGCGAGCTCACCCAGAATGTCTGG-3.

FISH. EGFR copy number per cell was determined by FISH with the use
of the LSI EGFR Spectrum Orange and CEP7 Spectrum Green probes (Vysis;
Abbott, Des Plaines, IL). Cells were centrifuged onto glass slides with a
Shandon cytocentrifuge (Thermo Electron, Pittsburgh, PA) and fixed by
consecutive incubations with ice-cold 70% ethanol for 10 min, 85% ethanol for
5 min, and 100% ethanol for 5 min. Slides were stored at —20°C until analysis.
Cells were subsequently subjected to digestion with pepsin for 10 min at
37°C, washed with water, dehydrated with a graded series of ethanol
solutions, denatured with 70% formamide in 2x SSC for 5 min at 72°C, and
dehydrated again with a graded series of ethanol solutions before incuba-
tion with a hybridization mixture consisting of 50% formamide, 2x $SC, Cot-1
DNA, and labeled DNA. The slides were washed for 5 min at 73°C with
3% SSC, for 5 min at 37°C with 4% SSC containing 0.1% Triton X-100, and

" for 5 min at room temperature with 2x SSC before counterstaining with

antifade solution containing 4',6-diamidino-2-phenylindole. Hybridization
signals were scored in 40 nuclei with the use of a X100 immersion objective.
Nuclei with a disrupted boundary were excluded from the analysis. Gene
amplification was defined by an EGFR/chromosome 7 copy number ratio
of >2 or by the presence of clusters of 215 copies of EGFR per cell in =10%
of cells, as described previously (25, 27).

Immuneblot analysis. Cell lysates were fractionated by SDS-PAGE on a
7.5% gel, and the separated proteins were transferred to a nitrocellulose mem-
brane. After blocking of nonspecific sites with 5% skim milk, the membrane
was incubated ovemight at room temperature with primary antibodies.
Antibodies to phosphorylated EGFR (pY845, pY1068, or pY1173), extracellular
signal-regulated kinase (ERK), phosphorylated AKT, AKT, Src homology
and collagen (Shc), and phosphorylated She were obtained from Cell Signaling
Technology (Beverly, MA); antibodies to EGFR were from Zymed (South San
Francisco, CA); antibodies to phosphorylatedERK were from Santa Cruz
Biotechnology (Santa Cruz, CA); and antibodies to B-actin (loading control)
were from Sigma. Immune complexes were detected by incubation of the
membrane for 1 h at room temperature with horseradish peroxidase-
conjugated goat antibodies to mouse or rabbit immunoglobulin (Amersham
Biosciences, Little Chalfont, United Kingdom) and by subsequent expostre
to enhanced chemiluminescence reagents (Perkin-Elmer, Boston, MA).

“Cell lines Gefitinib ICsq (umol/L) EGFR mutation EGFR amplification Histology

PC-9 0.07 del(E746-A750) + Adenocarcinoma

KT-2 0.57 L858R + Adenocarcinoma

KT-4 1.26 L858R + Large cell carcinoma

Ma-1 2.34 del(E746-A750) + Adenocarcinoma

H1650 6.66 del (E746-A750) - : Adenocarcinoma

A549 8.70 Wild type - Adenocarcinoma

H1975 9.32 L858R+T790M - Adenocarcinoma

H292 9.44 Wild type - Mucoepidermoid carcinoma

H226 9.53 Wild type - Squamous cell carcinoma

Ma-25 10.17 Wild type - Large cell carcinoma

H460 10.38 Wild type - Large cell carcinoma

Ma-45 1047 Wild type - Adenocarcinoma

Ma-53 10.47 Wild type - Adenocarcinoma

Ma-34 . 11.17 Wwild type - Adenocarcinoma

H1299 11.28 Wild type - Large cell carcinoma

Ma-31 12.46 Wild type - Adenocarcinoma
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Figure 1. Detection of EGFR mutations in
NSCLC cell lines. The portions of the
sequencing electrophoretograms
A corresponding to the mutations are
- A LRI LA KA - ~ - shown for Ma-1 (&) and KT-2 (B) cells.
TATCAAGGAATTAAGAGAAGCAACAT TTGGGCTIGGCCAA A,heterozygous(inzframedelet(ior)\?r?:xon
aacatctccgaaagccaaca G 19 is revealed by the presence of double
peaks. Tracings in both sense and
. antisense directions are shown to highlight
. the two breakpoints of the deletion.
del E746-A750 (antisense) L858R (antisense) Wild-type (uppercase) and mutant

(lowercase) nucleotide sequences.
B, heterozygous point mutation (T — G)
at nucleotide position 2819 in exon 21.

ATAGTTCCTTAATTCTCTTCGTTGT
attttaagggcagegatagtt

A

AACCCGACCGGTT

s

Treatment of cells with neutralizing antibodies. Cells were exposed
to neutralizing antibodies (each at 12 pg/mL) for 3 h before EGF
stimulation. The antibodies included those to EGF and to transforming
growth factor-a (TGF-«), both from R&D Systems (Minneapolis, MN) as
well as antibodies to EGFR (Upstate Biotechnology, Lake Placid, NY). Cell
lysates were then prepared and subjected to immunoblot analysis with

antibodies to phosphorylated EGFR (pY1068) and to EGFR as described
above. '

Chemical cross-linking assay, Chemical cross-linking was done as
described previously (34, 35). Cells were washed twice with ice-cold PBS and
then incubated for 20 min at 4°C with 1 mmol/L bis(sulfosuccinimidyt)-
suberate (Pierce, Rockford, IL) in PBS. The cross-linking reaction was termi-
nated by the addition of glycine to a final concentration of 250 mmol/L
and incubation for an additional 5 min at 4°C. The cells were washed with
PBS, and cell lysates were resolved by SDS-PAGE on a 4% gel and subjected
to immunoblot analysis with anti-EGFR (Santa Cruz Biotechnology).

PC-9 Ma-1

KT-2 KT-4

H1975 H1650

Figure 2. FISH analysis of EGFR
amplification in NSCLC cell lines. The
analysis was done with probes specific
tor EGFR (red signals) and for the
centromere of chromosome 7 (green
signals) in the indicated cell lines.
PC-9 and Ma-1 cells manifest an EGFR/
chromosome copy number ratio of >2,
whereas KT-2 and KT-4 cells manifest
EGFR clusters. H1975 and H1650 cells
are negative for EGFR amplification.
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Results

Effect of gefitinib on the growth of NSCLC cell lines. We first
examined the effect of the EGFR-TKI gefitinib on the growth of 16
NSCLC cell lines, eight of which (KT-2, KT-4, Ma-1, Ma-25, Ma-31,
Ma-34, Ma-45, and Ma-53) were established from Japanese NSCLC
patients for the present study. The IC; values for gefitinib
chemosensitivity ranged from 0.07 to 1246 pumol/L (a 178-fold
difference; Table 1).

Four cell lines (PC-9, KT-2, KT-4, and Ma-1) were relatively
sensitive to gefitinib with ICs; values between 0.07 and 2.34 pmol/L,
whereas the remaining 12 lines were considered resistant to
gefitinib (ICsp > 6 pmol/L). No relation was apparent between
sensitivity to gefitinib and histologic subtype of NSCLC for this
panel of cell lines (Table 1).

EGFR mutation and amplification in NSCLC cell lines. We
screened the 16 NSCLC cell lines for the presence of EGFR
mutations in exons 18 to 21, which encode the catalytic domain of
the receptor. As previously described (36-39), PC-9, H1650, and
H1975 cell lines were found to harbor EGFR mutations [del(E746-
A750) in PC-9 and H1650 and both L858R and T790M in H1975].
Furthermore, we detected EGFR mutations in three of the newly
established cell lines (Ma-1, KT-2, and KT-4). Ma-1 cells, which were
isolated from a female ex smoker with adenocarcinoma (>30 years
of age), were found to harbor a small deletion within exon 19
[del(E746-A750); Fig. 14; Table 1]. Both KT-2 cells [derived from a
male ex smoker with adenocarcinoma (>30 years of age}] and KT4
cells (derived from a male nonsmoker with large cell carcinoma)
harbor a point mutation (L858R) in exon 21 (Fig. 1B; Table 1). Four
of these six NSCLC cell lines with EGFR mutations (PC-9, Ma-1,
KT-2, and KT-4) are sensitive to gefitinib (Table 1), consistent with
clinical observations (15-17, 20, 22).

We next examined the 16 NSCLC cell lines for the presence of
EGFR amplification by FISH analysis with a probe specific for

EGFR and a control probe for the centromere of chromosome 7.
Four (PC-9, Ma-1, KT-2, and KT-4) of the 16 cell lines, all of which
harbor EGFR mutations, were found to be positive for EGFR
amplification (Fig. 2; Table 1). PC-9 and Ma-1 cell lines, both of
which harbor the same exon 19 deletion, showed an EGFR/
chromosome copy number ratio of >2, whereas KT-2 and KT-4,
both of which harbor the L858R mutation in exon 21, showed a
clustered unbalanced gain of EGFR copy number (Fig. 2). The four
cell lines that manifested both EGFR mutation and amplification
were sensitive to gefitinib (Table 1). The EGFR mutant cell lines
H1650 and H1975 showed no evidence of EGFR amplification
(Fig. 2), and both of these lines were relatively resistant to gefitinib
(Table 1). None of the cell lines negative for EGFR mutations
manifested EGFR amplification (Table 1), suggesting that EGFR
mutation is closely associated with EGFR amplification (P < 0.05,
%2 test).

EGFR expression in NSCLC cell lines. We examined the basal
abundance of EGFR in EGFR wild-type and mutant NSCLC cell
lines by immunoblot analysis. The amount of EGFR in the cell
lines PC-9, Ma-1, KT-2, and KT-4, all of which manifest EGFR
amplification and EGFR mutation, was increased compared with
that in EGFR wild-type cell lines (A549 and H1299) or EGFR mutant
cell lines negative for EGFR amplification (H1975 and H1650;
Fig. 3). These results, thus, reveal a close relation between increased
EGFR expression and EGFR amplification in this panel of NSCLC
cell lines, consistent with the results of previous analyses of NSCLC
tissue specimens (6, 7).

EGFR phosphorylation in NSCLC cell lines. We examined
tyrosine phosphorylation of endogenous EGFRs in NSCLC cell lines
by immunoblot analysis with phosphorylation site-specific anti-
bodies. In cells (A549) that express only wild-type EGFR,
phosphorylation of the receptor at Y845, Y1068, or Y1173 was
undetectable in the absence of EGF but was markedly induced on

L858R
+
Wild type Ex19 del L858R T790M Ex19del
Mutation - - + + + + +
Amplification - - + + + + - -
A549 HI1299 PC-9 Ma-1 KT-2 KT-4 HI1975 HI1650

Figure 3. EGFR expression in NSCLC cell EGFR e N e Sl o gemind
lines. Lysates (40 pg of protein) of NSCLC - A TSR #1557 S L
cell lines positive or negative for EGFR o
mutation or amplification, as indicated, B-Actin
were subjected to immunoblot analysis with -
antibodies to EGFR and to p-actin (top).
The abundance of EGFR relative to that of
p-actin was determined by densitometry
(bottomn). Representative of three 400
independent experiments.
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exposure of the cells to this growth factor (Fig. 4). Similar results
were obtained with H1650 cells, which are positive for the deletion
in exon 19 of EGFR but negative for EGFR amplification. In
contrast, PC-9 and Ma-1 cells, which are positive for both the exon
19 deletion and EGFR amplification, manifested an increased
basal level of EGFR phosphorylation at Y1068, indicative of
constitutive activation of the EGFR tyrosine kinase. Exposure of
PC-9 or Ma-1 cells to EGF induced EGFR phosphorylation at Y845
and Y1173, showing that the mutant receptors remain sensitive
to ligand stimulation. Furthermore, the cell lines (H1975, KT-2,
and KT-4) with the L858R point mutation manifested an increased
basal level of EGFR phosphorylation at Y845, Y1068, and Y1173,
and the extent of phosphorylation at these residues was increased
only slightly by treatment of the cells with EGF, indicative of
constitutive activation of the EGFR tyrosine kinase. These results
thus showed that endogenous EGFR mutations result in
constitutive receptor activation, and that the patterns of tyrosine
phosphorylation of EGFR differ between the two most common
types of EGFR mutant.

Phosphorylation of signaling molecules downstream of
EGFR in NSCLC cell lines. Given that constitutive activation of
EGFR was detected in NSCLC cell lines with endogenous EGFR
mutations, we examined whether signaling molecules that act
downstream of the receptor are also constitutively activated in
these cell lines. We first examined the basal levels of phosphor-
ylation of AKT and ERK, both of which mediate the oncogenic
effects of EGFR. Immunoblot analysis with antibodies to phos-
phorylated forms of AKT or ERK revealed that these molecules are

indeed constitutively activated in the EGFR mutant lines (PC-9,
Ma-1, H1975, KT-2, and KT-4) that manifest constitutive activation
of EGFR, although the extent of phosphorylation varied (Fig. 4).
The increased levels of AKT and ERK phosphorylation in these
mutant cell lines are consistent with the increased level of EGFR
phosphorylation on Y1068, which serves as the docking site for
phosphatidylinositol 3-kinase and growth factor receptor binding
protein 2, molecules that mediate the activation of AKT and the
Ras-ERK pathway, respectively (2, 40). We next examined whether
the differences in the pattern of constitutive tyrosine phosphor-
ylation of EGFR apparent between NSCLC cell lines harboring
the exon 19 deletion and those with the L858R mutation in exon 21
are associated with distinct alterations in downstream signaling
pathways. Given that Y1173, a major docking site of EGFR for the
adapter protein Shc (2, 40, 41), is constitutively phosphorylated
in cells with the L858R mutation but not in those with the exon 19
deletion, we compared Shc phosphorylation between cell lines

" with these two types of EGFR mutation. Ligand-independent

tyrosine phosphorylation of the 52- and 46-kDa isoforms of Shc was
apparent in cell lines with either type of EGFR mutation (Fig. 5).
However, cell lines (KT-2 and KT-4) that harbor the L858R
mutation exhibited a markedly greater basal level of phosphory-
lation of the 66-kDa isoform of Shc than did those (PC-9 and Ma-1)
that harbor the exon 19 deletion or those (A549) that harbor only
wild-type EGFR. These data suggest that the constitutively active
mutant forms of EGFR induce selective activation of downstream
effectors as a result of differential patterns of receptor autophos-
phorylation.
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Ligand-independent dimerization and activation of EGFR
mutants. Evidence suggests that EGFR ligands, including EGF and
TGF-a, secreted by tumor cells' themselves might be responsible
for activation of mutant receptors in an autocrine loop (29, 42).
To investigate whether EGFR is constitutively activated as a result
of such an autocrine mechanism in EGFR mutant NSCLC cell lines,
we treated the cells with a combination of three neutralizing
antibodies (anti-EGF, anti-TGF-a, and anti-EGFR) for 3 h and then
examined the effect of EGF on EGFR phosphorylation. The ligand-
dependent activation of EGFR in A549 cells (which express only
wild-type EGFR) was blocked by such antibody treatment (Fig. 64).
In contrast, treatment of the EGFR mutant cell lines PC-9 or KT-4
with the neutralizing antibodies failed to inhibit the constitutive
phosphorylation of EGFR on Y1068. These observations suggest
that the constitutive phosphorylation of the mutant receptors is
not attributable to autocrine stimulation, although we are not able
to exclude a possible role for other EGFR ligands.

Ligand-induced EGFR dimerization is responsible for activation
of the receptor tyrosine kinase (4, 5). To determine whether mutant
receptors are constitutively dimerized, we treated EGFR wild-type
or mutant cell lines with a cross-linking agent before immunoblot
analysis with antibodies to EGFR. Whereas ligand-induced dime-
rization of wild-type EGFR was observed in A549 cells, receptor
dimerization in PC-9 and KT-4 cells, which express mutant
receptors, was apparent in the absence of ligand and was not
increased substantially by exposure of the cells to EGF
(Fig. 6B). These data indicate that ligand-independent receptor
dimerization is responsible for the constitutive activation of the
mutant forms of EGFR.

Discussion

The discovery of somatic mutations in the tyrosine kinase
domain of EGFR and of their association with a high response rate
to EGFR-TKIs has had a substantial effect on the treatment of
advanced NSCLC (15-17, 20, 22). Asian patients with NSCLC seem
to have a higher prevalence of these mutations, ranging from 20%
to 40% (18, 20, 21, 43-45). We have now identified EGFR mutations

in three of eight newly established cell lines from Japanese patients
with advanced NSCLC. Characterization of these eight new cell
lines and eight previously established NSCLC lines revealed that,
consistent with previous observations (29, 31, 36), those cell lines
that harbor EGFR mutations are more likely to be sensitive to
gefitinib than are those without such mutations. Not all EGFR
mutant cell lines (e.g, H1650 and H1975) are sensitive to this
EGFR-TKI, however, suggesting the existence of additional deter-
minants of gefitinib sensitivity. In addition to the L858R mutation
in exon 21 of EGFR, H1975 cells contain the T790M mutation in
exon 20, which has been shown to confer resistance to EGFR-TKIs
(38, 39). H1650 cells, which do not harbor mutations in EGFR other
than the exon 19 deletion, manifest loss of the tumor suppressor
phosphatase and tensin homologue deleted on chromosome 10
(37), which may result in resistance to EGFR-TKls. EGFR ampli-
fication in NSCLC cells has also been shown to correlate with a
better response to gefitinib (22, 25-27). Given that little is known
of the relation between EGFR mutation and amplification in
NSCLC, we examined the 16 NSCLC cell lines used in this study for
EGFR amplification by FISH. Four of the six cell lines with EGFR
mutations were found to be positive for gene amplification,
whereas none of the 10 mutation-negative cell lines manifested
EGFR amplification. This finding thus suggests that EGFR mutation
and amplification are linked. Cappuzzo et al. showed that 6 of 9
(67%) NSCLC patients with EGFR amplification also had EGFR
mutations (25). Furthermore, Takano et al. sequenced EGFR and
determined the EGFR copy number by real-time PCR analysis for
the tumors of 66 NSCLC patients (22); all of the patients with a high
EGFR copy number (26.0 per cell) also had EGFR mutations.
Moreover, PCR analysis revealed selective amplification of the
mutant EGFR alleles in the patients with a high EGFR copy
number. Our sequencing electrophoretograms for the EGFR
mutant cell lines positive for EGFR amplification also revealed
that the mutant signals were dominant, and the wild-type sequence
was barely detectable (Fig. 1), indicative of selective amplification
of the mutant alleles. We used the recently proposed definition of
EGFR amplification as determined by FISH (25, 27) and found that
the pattern of gene amplification seemed to be dependent on the

Wild type Ex19 del L858R
Mutation - + + + +
Amplification - + + + +
A549 PC-9 Ma-1 KT-2 KT-4
Figure 5. Phosphorylation of Shc in EGF
NSCLC cell lines. Serum-deprived cells - + - + - + - + - +

were incubated for 15 min in the absence
" or presence of EGF (100 ng/mL), after
which cell lysates (40 pg of protein) were
subjected to immunoblot analysis with

66 kDa

antibodies to phosphorylated She (pShc) pShe
or total Shc. Representative of three 52 kDa
independent experiments. 46 kDa
66 kDa
h
Sh¢ 52 kDa
46 kDa
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Amplification - +
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Figure 6. Mechanism of constitutive
activation of EGFR in NSCLC cell lines.
A, effect of neutralizing antibodies

(Neut Ab) on EGFR phosphorylation.
Serum-deprived NSCLC cells (A549, PC-9,
or KT-4) were incubated for 3 h with a
combination of neutralizing antibodies to
EGF, TGF-a, and EGFR and then for

15 min in the additional absence or
presence of EGF (100 ng/mL). Cell lysates
were then prepared and subjected to
immunoblot analysis with antibodies to the
Y1068-phosphorylated form of EGFR or

AS549 PC-9

to total EGFR. B, EGFR dimerization.
Serum-deprived cells were incubated for

EGF -

250kDa —

150 kDa —»

15 min in the absence or presence of
EGF (100 ng/mL), exposed to a chemical
cross-linker, lysed, and subjected to
immunoblot analysis with antibodies to
EGFR. Representative ot three
independent experiments.

type of EGFR mutation; gene clusters were observed in cells with
the L858R mutation in exon 21, whereas an EGFR/chromosome
copy number ratio of >2 was detected in those with the small
deletion [del(E746-A750)] in exon 19. Together, these data support
the notion that EGFR mutation and amplification may be co-
selected for during the growth of NSCLC cells. The four cell
lines (PC-9, Ma-1, KT-2, and KT-4) positive for both EGFR
mutation and amplification were sensitive to gefitinib, suggesting
that EGFR amplification may increase sensitivity to gefitinib in
EGFR mutant cells.

Previous biochemical studies of cells transiently transfected with
vectors for wild-type or mutant forms of EGFR suggested that
EGFR mutations increase EGF-dependent receptor activation
(15, 30). Infection of NIH 3T3 cells with a retrovirus encoding
EGFR mutants showed that the mutant receptors are constitutively
activated and able to induce cell transformation in the absence
of exogenous EGF (32). We examined the activation status of
endogenous EGFRs in the six NSCLC cell lines that harbor EGFR
mutations. The H1650, PC-9, and Ma-1 cell lines, all of which
harbor the same exon 19 deletion, showed different patterns of
EGFR autophosphorylation in the COOH-terminal region of the
protein. EGFR autophosphorylation was ligand dependent in
H1650 cells, which are negative for EGFR amplification, whereas
Y1068 (but not Y845 and Y1173) was constitutively phosphorylated
in PC-9 and Ma-1 cells, both of which manifest EGFR amplification.
These results suggest that both EGFR mutation and amplification
may be required for constitutive activation of EGFR in NSCLC cells
that harbor the exon 19 deletion. In contrast, NSCLC cell lines
(H1975, KT-2, and KT-4) that harbor the L858R mutation exhibited
constitutive phosphorylation of EGFR at Y845, Y1068, and Y1173,
regardless of the absence or presence of EGFR amplification, It is
thought that EGFR mutations result in repositioning of critical

residues surrounding the ATP-binding cleft of the tyrosine kinase
domain of the receptor and thereby stabilize the interactions with
ATP and EGF-TKIs, leading to increased tyrosine kinase activity
and EGFR-TKI sensitivity (15, 23, 24). The differential activation
of EGFR mutants observed in the present study may result from
distinct conformational changes within the catalytic pocket caused
by the different types of EGFR mutation. NSCLC patients with
exon 19 deletions were recently shown to manifest longer overall
survival than did those with the exon 21 point mutation after
treatment with EGFR-TKIs, supporting the notion that the two
major types of mutant receptors have different biological
properties (46, 47). .

Ligand-induced receptor dimerization underlies the activation
of receptor tyrosine kinases (4, 5). Chemical cross-linking revealed
that EGF binding to EGFR induced receptor dimerization in
A549 cells, which express only the wild-type form of the receptor.
In contrast, endogenous EGFRs in NSCLC cells harboring either
the exon 19 deletion or the point mutation in exon 21 of
EGFR were found to dimerize in the absence of ligand, suggesting
that the constitutive activation of the mutant receptors is attri-
butable to ligand-independent dimerization. EGFR dimerization
was shown to be induced by interaction of quinazolines with
the ATP-binding site of the receptor in the absence of ligand
binding, suggesting that a change in conformation around the
ATP-binding pocket of EGFR is sufficient for receptor dimeriza-
tion (35). Conformational changes induced by EGFR mutations
may therefore also trigger EGFR dimerization in EGFR mutant
cells.

In conclusion, we have found that EGFR mutation is closely
associated with EGFR amplification in NSCLC cell lines. Endoge-
nous EGFRs expressed in NSCLC cells positive for both EGFR
mutation and amplification are constitutively activated as a result
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of ligand-independent dimerization. Cells with the two most
common types of EGFR mutation also manifest different patterns
of EGFR autophosphorylation. Prospective studies are required to
determine the potential for exploitation of these EGFR alterations

in the treatment of advanced NSCLC.
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Abstract

Deregulation of survivin expression is implicated in tumorigenesis. To examine the regulation of survivin expression in
response to DNA damage, we exposed A549 human lung cancer cells to ultraviolet C (UVC) radiation, which induces
DNA single-strand breakage. UVC irradiation induced G~M arrest that was accompanied by accumulation of p53
and subsequent down-regulation of survivin. Depletion of p53 by RNA interference prevented the UVC-induced down-
regulation of survivin. Furthermore, depletion of survivin resulted in G,—M arrest, suggesting that down-regulation of sur-

vivin by p53 contributes to the p53-dependent G,-M checkpoint triggered by DNA damage. ‘

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Survivin, a member of the inhibitor of apoptosis
(IAP) family of proteins, is thought to play an
important role in regulation of both apoptosis and
cell division [1,2]. It is present in only small amounts
in terminally differentiated normal cells but is over-
expressed in almost all types of human malignancy
[3-8]. Such overexpression of survivin is associated
with poor prognosis in affected individuals, an
increased rate of tumor recurrence, and resistance
to certain anticancer agents and radiation [9,10].

" Corresponding author. Tel.: +81 72 366 0221; fax: +81 72 360
5000.

E-mail address.: okamoto@dotd.med kindai.ac jp (I. Okamoto).

The expression of survivin is regulated in a
cell cycle-dependent manner. The promoter of
the survivin gene possesses features typical of
genes that are expressed at G,-M phase of the
cell cycle. Indeed, survivin is most abundant in
cells at G,-M and associates with the mitotic
spindle of dividing cells [2]. Survivin interacts
with Aurora B and inner centromere protein
(INCENP), and the complex of Aurora
B-INCENP-survivin monitors the integrity of
the mitotic spindle [11]. It has been suggested
that survivin controls the elimination by apopto-
sis of cells with an improperly formed mitotic
spindle [3,12]. Overexpression of survivin in can-
cer may overcome cell cycle checkpoints and
thereby facilitate aberrant progression of

0304-3835/$ - see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
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transformed cells through mitosis. Although
deregulation of survivin expression is an impor-
tant event in tumorigenesis, the molecular mech-
anisms of survivin regulation are not fully
understood.

The tumor suppressor p53 blocks progression of
cells through the cell cycle or induces apoptosis
[13,14). Following its induction in response to
DNA damage, p53 up-regulates the expression of
various genes that contribute to cell cycle arrest,
DNA repair, or apoptosis. It also negatively regu-
lates the expression of a separate set of genes
[15-18]. The functional loss of wild-type p53 has
been shown to be associated with up-regulation
of survivin expression in human cancers [19-21].
We have previously shown that the amounts of
survivin mRNA and protein in cell lines positive
for wild-type p53 decreased markedly after induc-
tion of p53 by adriamycin, which causes DNA
double-strand breakage [22]. However, no such
down-regulation of survivin was apparent in cell
lines with mutated or null p53 alleles. These obser-
vations have suggested that p53 negatively regu-
lates the expression of survivin in response to
DNA damage.

In the present study, we show that exposure of
p53-positive A549 human lung cancer cells to
ultraviolet C (UVC) radiation, which induces
DNA single-strand breakage, resulted in down-
regulation of survivin expression after the induc-
tion of p53. Depletion of p53 by RNA interfer-
ence (RNAi) prevented this down-regulation of
survivin in cells exposed to UVC. Furthermore,
RNAi-mediated depletion of survivin resulted in
growth arrest in G,-M phase of the cell cycle.
These findings suggest that negative regulation of
survivin by p53 contributes to the p53-dependent
G,-M checkpoint.

2. Materials and methods
2.1. Cell culture and irradiation

AS549 cells were provided by Tohoku University
(Miyagi, Japan). The cells were cultured under a humid-
ified atmosphere of 5% CO, at 37°C in RPMI 1640
medium (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum. Each batch of cells was dis-
carded after 20 generations, and new batches were
obtained from frozen stocks. Cells were exposed to
UVC (30J/m® with a Hoefer UVC 500 Ultraviolet
Crosslinker (Amersham Pharmacia Biotech, Piscataway,
NJ).

2.2. Immunoblot analysis

Cells were harvested by exposure to trypsin~EDTA,
washed with phosphate-buffered saline (PBS), and lysed
in a solution containing 30 mM HEPES, 1% Triton X-
100, 10% glycerol, 5 mM MgCl,, 25mM NaF, 1 mM
EDTA, and 10mM NaCl. Equal amounts of lysate
protein were fractionated by SDS-polyacrylamide gel elec-
trophoresis at 100 V for 80 min at room temperature. The
separated proteins were transferred to a nitrocellulose
membrane, which was then probed for 2 h at room temper-
ature with various primary antibodies, including affinity-
purified rabbit polyclonal anti-survivin (R&D Systems,
Minneapolis, MN), mouse monoclonal anti-p53 (Santa
Cruz Biotechnology, Santa Cruz, CA), and affinity-purified
rabbit polyclonal anti-B-actin (Sigma-Aldrich, St. Louis,
MO). Immune complexes were detected with horseradish
peroxidase-conjugated goat antibodies to rabbit immuno-
globulin G (Amersham Biosciences, Little Chalfont, UK)
or sheep antibodies to mouse immunoglobulin G (Santa
Cruz Biotechnology) and with a chemiluminescence detec-
tion system (Perkin-Elmer, Boston, MA).

2.3. Flow cytometry

Cells were harvested, washed with PBS, fixed with 70%
methanol, washed again with PBS, and stained with propi-
dium iodide (0.05 mg/ml) in a solution containing 0.1%
Triton X-100, 0.1 mM EDTA, and RNase A (0.05 mg/
ml). The stained cells (~1 x 10°) were than analyzed for
DNA content with a flow cyton'leter (FACScaliber;
Becton-Dickinson).

2.4. RNAi

Small interfering RNA (siRNA) duplexes specific for
survivin or p53 mRNAs were synthesized by Dharmacon
Research (Lafayette, CO) with the use of 2'-ACE protec-
tion chemistry. The survivin siRNA corresponded to nucle-
otides 206-224 of the coding region (GenBank Accession
No. NMO001168), whereas the p53 siRNA corresponded
to nucleotides 775-793 of the coding region. BLAST
searches of the human genome database were performed
to ensure that the siRNA sequences would not target other
gene transcripts. Cells in the exponential phase of growth
were plated at a density of 3 x 10* cells per well in 12-well
culture plates, cultured for 24 h, and then transfected with
siRNA (300 nM) with the use of Oligofectamine in OPTI-
MEM (Invitrogen, Carlsbad, CA). Control cells were treat-
ed with a scrambled siRNA duplex (Dharmacon).

2.5. Statistical analysis

Data are presented as means = SD and were analyzed
by Student’s two-tailed ¢ test (Stat View; SAS Institute,
Cary, NC). A p value of <0.05 was considered statistically
significant.
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3. Results

3.1. UVC radiation inhibits A549 cell proliferation and
induces G—M arrest

To evaluate the effect of UVC on A549 cell prolifera-
tion, we counted the number of viable cells at various
times after irradiation. UVC treatment resulted in a 70%
reduction in the number of viable cells compared with
that for untreated cells at 48 h and a 60% reduction at
72 h (Fig. 1A). Flow cytometric analysis of cell cycle dis-
tribution revealed that this inhibition of cell proliferation
by UVC was accompanied by an approximately twofold
increase in the proportion of cells in G,~-M at 24h
(25.8% versus 13.4%), at 48 h (17.1% versus 7.9%) and
at 72 h (12.3% versus 6.1%) compared with untreated cells
(Fig. 1B), whereas irradiation had no marked effect on the
sub-G, (apoptotic) population. These data indicated that
treatment of A549 cells with UVC results in growth arrest
at the G,—M phase of the cell cycle.

3.2. UVC exposure induces p53 up-regulation followed
by survivin down-regulation

Given that p53 mediates cell cycle arrest at the G-M
transition in response to DNA damage and that we
recently showed that down-regulation of survivin expres-
sion follows the accumulation of p53 in cells subjected
to DNA double-strand breakage [22], we next examined
whether survivin and p53 are functionally linked in
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A549 cells treated with UVC, which induces DNA sin-
gle-strand breakage. Immunoblot analysis revealed that
the abundance of p53 was increased 6 h after UVC expo-
sure, reached a peak at 24 h, and then gradually returned
to basal levels by 72 h (Fig. 2). In contrast, the amount of
survivin began to decline at 48 h and its down-regulation
was more pronounced at 72 h.

To determine whether p53 negatively regulates survivin
expression, we examined the effect of UVC radiation on
the abundance of survivin in cells depleted of p53 by
RNA.. In cells transfected with a control (scrambled) siR-
NA or in nontransfected cells, the abundance of p53 was
increased at 18 h after UVC exposure and the amount of

p53

Survivin
Actin Gl G Gl b %0 S
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Fig. 2. Effects of UVC on the abundance of p53 and survivin in
A549 cells. Total cellular protein extracted at the indicated times
after exposure of cells to UVC (30J/m?) was subjected to
immunoblot analysis with antibodies to p53, to survivin, or to B-
actin (loading control). Data are representative of three indepen-

dent experiments.
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Fig. 1. Effects of UVC on the proliferation and cell cycle distribution of A549 cells. (A) Cell proliferation was evaluated by counting the
number of viable cells by trypan blue staining at the indicated times after UVC irradiation (30 J/m?%). Data are means = SD of values from
three independent experiments. *p < 0.05 versus the corresponding value for cells not exposed to UVC. (B) Cell cycle distribution was
analyzed by propidium iodide staining and flow cytometry at 24, 48 h and 72 h after UVC exposure. The percentages of cells at various
stages of the cell cycle are indicated, and the data are representative of three independent experiments.
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Fig. 3. Effect of UVC on the abundance of survivin in A549 cells depleted of p53 by RNAI. Cells were transfected (or not) with an siRNA
specific for p53 mRNA or with a control (scrambled) siRNA, exposed to UVC (30 J/mz), and subjected to immunoblot analysis with
antibodies to p53, to survivin, or to P-actin at the indicated times after irradiation. Data are representative of three independent

experiments.

survivin was decreased at 72 h (Fig. 3). In contrast, in cells
transfected with an siRNA specific for p53 mRNA, UVC
failed to increase p53 expression and had no effect on the
level of survivin. These results thus indicated that induc-
tion of p53 by exposure of cells to UVC is necessary for
down-regulation of survivin.

3.3. Ablation of survivin inhibits cell proliferation
and induces G—M arrest

We next examined the effects of UVC irradiation in
cells depleted of survivin by RNAi. The abundance of
survivin was greatly reduced in cells transfected with an
siRNA specific for survivin mRNA compared with that
in nontransfected cells or cells transfected with a control
(scrambled) siRNA (Fig. 4A). Cell proliferation (as
evaluated from viable cell number) was also inhibited by
60% or 70% in cells subjected to transfection with the
survivin siRNA for 48 or 72 h, respectively, compared
with that apparent in nontransfected cells (Fig. 4B). The
viable cell count was not affected by transfection with
the control siRNA. Flow cytometry revealed that
transfection of A549 cells with the survivin siRNA
resulted in a marked increase in the proportion of cells
in Go-M at 48 and 72 h compared with that apparent
for nontransfected cells or cells transfected with the
control siRNA (Fig. 4C and D). There was no difference
in the proportion of sub-G, cells among the three treat-
ment groups.

4. Discussion

Several genes whose products play a role in con-
trol of the Go~M transition of the cell cycle, including
stathmin, Map4, cyclin B1, Cdc2, and Cdc25c, have
been shown to be negatively regulated by p53
[15-18]. Repression of the expression of these genes
in response to DNA damage requires wild-type p53
and contributes to a DNA damage-induced G>-M

checkpoint [23,24]. Survivin, a member of the IAP
family of proteins, is maximally expressed at
G,—M and physically associates with microtubules
of the mitotic spindle [2]. Previous studies have sug-
gested that the expression of survivin is also subject
to negative regulation by p53 [25-27], but the mech-
anism of such regulation has been unclear. We have
now shown that exposure of the human lung cancer
cell line A549 to UVC, which induces DNA single-
strand breakage, resulted in the induction of endog-
enous p53 and a subsequent decrease in survivin
expression. These observations are consistent with
those of our previous study showing that survivin
expression is repressed subsequent to p53 accumula-
tion in cells treated with adriamycin [22], which
induces DNA double-strand breakage. To investi-
gate the possible role of p53 in the down-regulation
of survivin induced by DNA damage, we depleted
A549 cells of p53 by RNAI. Prevention of endoge-
nous p53 accumulation in cells irradiated with
UVC was found to block the repression of survivin
expression, providing direct evidence that p53 is
required for this effect of UVC. These data thus
constitute further support for the notion that the
survivin gene is a target of negative regulation by
p53 in response to DNA damage.

The time course of survivin protein repression
following UVC (DNA single-strand breakage)-in-
duced p53 accumulation was almost identical to
that observed in the cells having DNA double-
strand breakage [22]. These results suggest that
p53-dependent survivin suppression in response to
these two types of DNA damage may share the
common mechanisms at transcriptional level. Hoff-
mann et al. proposed that direct binding of p53 to
a consensus binding site in the survivin gene pro-
moter mediates transcriptional repression of the
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Fig. 4. Effects of survivin depletion by RNAI on the proliferation and cell cycle distribution of A549 cells. (A) Cells were transfected (or
not) with a siRNA specific for survivin mRNA or with a control siRNA and were then subjected to immunoblot analysis with antibodies
to survivin or to -actin. Data are representative of three independent experiments. (B) Cells transfected for 24, 48, or 72 h as in (A) were
evaluated for cell proliferation by counting the number of viable celis as revealed by staining with trypan blue. Data are means + SD of
values from three independent experiments. *p < 0.05 versus the corresponding value for nontransfected célls or cells transfected with the
control siRNA. (C) The cell cycle distribution of cells transfected for 48 or 72 h as in (A) was determined by flow cytometry. The
percentages of cells at various stages of the cell cycle are indicated. Data are representative of three independent experiments. (D) The

percentages of sub-G,; and G-M cells in the experiment shown in (C).

survivin gene by p53 [25]. In contrast, Mirza et al.
suggested that chromatin deacetylation in the survivin
promoter might contribute to p53-dependent re-
pression of survivin gene expression in the absence
of direct binding of p53 to the promoter DNA
[26). In the present study, repression of survivin
expression was apparent 24 h after endogenous
p33 accumulation, consistent with the results of

our previous study [22]. This delay suggests that
the mechanism of transcriptional inhibition of the
survivin gene by p53 may be indirect. The repression
of Cdc2 gene expression by p53 is mediated by a
member of the E2F family of transcription factors
subsequent to up-regulation of p21 and dephospho-
rylation of pRB family proteins {17]. However,
UV-induced accumulation of p53 and subsequent
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down-regulation of survivin have been observed in
mouse embryonic fibroblasts derived from p21-null
mice [29], suggesting that the ability of p53 to
repress survivin gene expression is independent of
its ability to up-regulate p21. The molecular mecha-
nism by which p53 induces repression of survivin
gene expression in response to DNA damage thus
requires further investigation.

To examine the biological consequences of survi-

vin gene repression in cells subjected to DNA dam-
age, we depleted A549 cells of survivin by RNAI.
Depletion of survivin resulted in growth arrest in
G»-M phase of the cell cycle, consistent with previous
observations [28-31]. Survivin was originally pro-
posed to perform an antiapoptotic function, but this
issue remains controversial [29,32]. Indeed, several
lines of evidence suggest that survivin plays an impor-
tant role in regulation of mitotic events [11]. The
chromosomal passenger complex (CPC), which con-
sists of Aurora B, INCENP, and survivin, contributes
to chromosome segregation and cytokinesis [33].
Depletion or inhibition of survivin or of the other
proteins of the CPC thus results in mitotic arrest
[30,34). Furthermore, G,~M arrest induced by survi-
vin ablation was found to occur in p53+/ * cells but
notin p53'/ ~ cells, implicating survivin in the p53-de-
pendent G,—-M checkpoint that is essential for main-
tenance of genomic integrity [29]. Together, these
various observations suggest that p53-induced
repression of survivin expression in response to
DNA damage may lower the threshold for apoptosis
in cells in which the p53-dependent G,—M checkpoint
has been activated. Survivin repression following
DNA damage may play critical role in deciding if
lethal damaged cells die before DNA repair is com-
pleted, or if they will have the opportunity to repair
and survive. Further characterization of the regula-
tion of survivin in response to DNA damage may pro-
vide the basis for potential new approaches to cancer
treatment that couple standard cytotoxic DNA-dam-
aging agents with survivin-targeted therapy.
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