Annals of Oncology

Table 3. Toxicity

original article

T TC(n=148) - L GP(nEi51) - - NP(n=146) - - .. %

R Grade (%) ~ " - - Grade{%) . . ° - Grade{(%) .. - . |
. c ol ey B R Ry D N e I T
Leukocytes 5 39 42 3 40 31° 2 25- 5P 16° .
Neutrophils 11 39 . 45 5 19 69 21 40 23* 5 16 72
Hemoglobin . Q2 24 7 42 T3 2 44 22 5 43 25 5
Platelets 6 5 1 9 1 0 2 35° ob 3 S
Febrile neutropenia - 14 0 - 18 0 - 2° c ot - 18 0
Nausea 32 729 - 14° 11¢ - 35 23 - 33¢ 14 -
Vomiting 38 13 0 17 5 0° 34 14 0 29° 7 0°
Anorexia 30 33 2 15° 17° 1 31 26 1 29° 20c 1€
Fatigue 27 12 1 26 2 1 17 3¢ 0 23° 3¢ 0
Diarthea 33 15 1 & 3 0 7 2* 0 g ¢ o
Constipation 27 7 0 30 8 0 33 9 0 40¢ 14¢ 0°
Neuropathy, motor 1 0 0 1 1 1 0 0 0 i] 0 0
Neuropathy, sensory 1 0 14¢ 34 od 0 0 0 0 0 0
Alopecia 31 - - 454 - - 15° - - 9° - -
Arthralgia 2 0 0 20¢ 2d 0d 0 0 0 1 0 0
Myalgia 1 0 0 16¢ 2 o? 0 0 0 1 1 0
Injection site reaction 5 0 - 5 0 - 5 0 - 27¢ o? -
Preumonitis 0 1 1 0 1 0 0 0 0 0 1 0
Creatinine 8 1 0 2 0° 0° 7 0 0 8 1 0
AST 7 1 1 5 1 0 6 3 0 1 3 0
Fever 2 0 0 5 1 0 1 0 0 1 0 0
Treatment-related death 3 (2.0%) 1 (0.7%) 0 1 (0.7%)
*Incidence of grade 3 or 4 toxicity significantly (P < 0.05) lower than that with IP, v

PIncidence of grade 3 or 4 toxicity significantly (P < 0.05) higher than that with [P.

“Incidence of grade 2 or worse toxicity is significantly (P < 0.05) lower than that with IP.

“Incidence of grade 2 or worse toxicity significantly (P < 0.05) higher than that with IP.

GP, cisplatin plus gemcitabine; IP, cisplatin plus irinotecan; NP, cisplatin plus vinorelbine; TC, carboplatin plus paclitaxel.

AST, aspartate aminotransferase; —, no category in the criteria.

60%—74% of the patients received chemotherapy and 6%-9%
received thoracic irradiation as second-line treatment (Table 4).
The percentages of patients in each treatment group who
received second-line chemotherapy were not significantly
different (P = 0.081).

quality of life

The details of the QoL analysis will be reported elsewhere. No
statistically significant difference in global QoL was observed
among the four treatment groups based on either the FACT-L
Japanese version or the QoL-ACD. Only the physical domain
evaluated by QoL-ACD was significantly better in TC, GP, and
NP than in IP.

discussion

Many randomized phase III studies have compared platinum-
plus-new-agent doublets in NSCLC, but, this is the first to
evaluate the efficacy of an irinotecan-containing regimen in
comparison with other platinum-plus-new-agent doublets in
NSCLC [14-17]. Although non-platinum-containing
chemotherapy regimens are used as alternatives, doublets of
platinum and a new-generation anticancer agent, such as TC,
GP, and NP, are considered standard chemotherapy regimens
for advanced NSCLC worldwide [13-17, 25]. Although the non-
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inferiority of none of the three experimental regimens could
be confirmed in this study, no statistically significant differences
in response rate, OS, TTP, or TTTF were observed between the
reference regimen and the experimental regimens. All four
platinum-based doublets have similar efficacy against advanced
NSCLC but different toxicity profiles. Nevertheless, IP was still
regarded as the reference regimen in this study because the
non-inferiority of none of the three experimental regimens
could be confirmed.

OS in this study was relatively longer than previously
reported. The estimated 1-year survival rate in the reference arm
was 43%, but the actual 1-year survival rate was 59.2%, much
higher than expected. The MSTs reported for patients treated
with TC, GP, and NP in recent phase III studies have ranged
from 8 to 10 months, and in the present study they were 12.3,
14.0, and 11.4 months, respectively [14-17]. One reason for the
good OS in this study was the difference in patient selection
criteria, for example exclusion of PS2 patients. Ethnic
differences in pharmacogenomics have also been indicated as
a possible reason for the good OS in this study {26]. The OS in
IP in this study, however, was better than in previous Japanese
studies [18, 19]. TTP in this study ranged from 4.0 to 4.7
months, and was similar to the TTP of 3.1-5.5 months reported
in the literature {15, 16]. OS not TTP was longer in this study
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Table 4. Second-line treatment
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. Cisplatin % inbiecari- . CArbopIatn ¥ pacianel - Cisplafin & gematabinc:, - Ciaplatin ¥-yinorelbing 27 = -]

Number of patients . 145 © . = 145 . 146 o es S
Chemotherapy . . 107- (74%) -+ B7 (60% 101 (69%) _ 95 (66%) P =081

Docetaxel . 39 ' 25 50 ~ 51 C

Gefitinib 11 , % 18 12

Paclitaxel 15 - 14 7 11

Gemcitabine . .~ 24 ' 28 17 28

Vinorelbine - . -9 - 12 2 9

Irinotecan ) .15 ) _ 4 3 S 3
Thoracic irradiation 8 _ 10 13 ' 10

than previously reported, and higher 2-year survival rates,
21.4%—-31.5%, were observed in the minimum 2-year follow-up
in this study. Second-line or later treatments may affect survival,
because docetaxel has been established as standard second-line
chemotherapy for advanced NSCLC [27, 28). Gefitinib is also
effective as second-line or later chemotherapy for advanced
NSCLC, especially in Asian patients, never smokers and patients
with adenocarcinoma {29-32].

The toxicity profile of each treatment differed and the toxicity
of all four regimens was well tolerated. Overall QoL was similar
in the four platinum-based doublets. Only physical domain QoL
evaluated by the QoL-ACD was statistically better in TC, GP,
and NP than in IP. This finding is presumably attributable to the
fact that diarrhea is a statistically less frequent adverse effect of
TC, GP, and NP than of IP.

In conclusion, all four platinum-based doublets had similar
efficacy for advanced NSCLC but different toxicity profiles.

All the four regimens can be used to treat advanced NSCLC
patients in clinical practice.
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Takafumi Okabe,' Isamu Okamoto,’ Kenji Tamura,” Masaaki Terashima,' Takeshi Yoshida,'
Taroh Satoh,' Minoru Takada,” Masahiro Fukuoka, and Kazuhiko NakagawaI

‘Nepartment of Medical Oncology, Kinki University School of Medicine; ‘National Kinki Central Chest Medical Center, Osaka,
Japan; and *Departinent of Medical Oncolagy, Nara Hospital, Kinki University School of Medicine, Nara, Japan

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
discase. 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 cight 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 LGFR 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. Endegenous
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 (£GFR) located at human
chromosomal region 7pl2 (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).

Requests for reprints: Isamu Okamoto, Department of Medical Oncology, Kinki
University School of Medicine, 377-2, Ohno-higashi, Osaka-Sayama, Osaka 589-851 1, Japan.
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.

EGFR is frequently overcxpressed 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, und 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 arc
similar to those of other individuals most likely to respond to
treatment with EGFR-TKIs (18-22). These mutations arise in the
first four cxons (exons 18-21) corrcsponaing 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 vole in determining sensitivity to EGFR-TKIs
(22, 25-28). NSCLC patients with an increased £GFR copy humber,
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 amplificd (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 pancl 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.

Cancer Res 2007; 67: (5). March 1, 2007
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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-HI299 (HI299), NCI-HI650 (H1650), and
NCI-FI1975 (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, fapan). We established seven cell lines (KT-2, KT-4,
Ma-25, Ma-31, Ma-34, Ma-45, and Ma-33) from tissue or pleural effusion of
Japanese patients with advanced NSCLC. These cell lines were cultured
under a humidified atmosphete 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 cthical 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 % 10 to 4.5 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. l-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 Multiskan 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 a2 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 pl.) containing 50 ng of genomic DNA
and TaKaRa Taq polymerase (TaKaRa BIO, Tokye, 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
(Millipare, 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

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. Stides 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 2% $SC 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, 2% SSC, Cot-1
DNA, and labeled DNA. The slides were washed for 5 min at 73°C with
3x §SC, for 5 min at 37°C with 4x 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 % 100 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 22 or by the presence of clusters of 215 copies of EGFR per cell in 210%
of cells, as described previously (25, 27).

Immunoblot analysis. Celi lysates were fractionated by SDS-PAGE on a
7.5% gel, and the separated proteins were transferred to a nitroceflulose 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 EGER (pY845, pY1068, or pY1173), extracellular
signal-regulated kinase (ERK), phosphorylated AKT, AKT, Src homoloegy
and collagen (She), and phosphorylated She were obtained from Cell Signaling
Technology (Beverly, MA); antibodies to EGFR were from Zymed (South San
Francisco, CA); antibodies to phosphorylated ‘ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA); and antibodies to R-actin (loading control)
were from Sigma. Imimune 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 exposure
to enhanced chemiluminescence reagents (Perkin-Elmer, Boston, MA).

Table 1. Characteristics of NSCLC cell lines

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

rC-9 0.07 del{E746-A750) + Adenocarcinoma

KT-2 0.57 L858R + Adenocarcinoma

K1-4 126 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 1047 Wild type - Adenocarcinoma

Ma-34 1117 Wild type - Adenocarcinoma

H1299 11.28 Wild type - Large cell carcinoma

Ma-31 12.46 Wwild type - Adenocarcinoma
www.aacrjournals.org 2047 Cancer Res 2007; 67: (5). March 1, 2007
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Figure 1. Detection of EGFR mutations in

NSCLC cell lines. The portions of the

sequencing electrophoretograms

corresponding to the mutations are

shown for Ma-1 (A) and KT-2 (8) cells.

A, heterozygous in-frame deletion in exon

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.

1.858R (antisensc) Wild-type (uppercas_e) and mutant
(lowercase) nucleotide sequences.

1 8, heterozygous point mutation (T — G)

at nucleotide position 2819 in exon 21,

Treatment of cells with neutralizing antibodies. Cells were exposed
to neutralizing antibodies (cach at 12 pg/mL) for 3 h before EGF
stimulation. The antibodies included those to EGF and to transforming
growth factor-a (TGF-a), both from R&D Systems (Minneapolis, MN) as
well as antibodies to EGFR (Upstate Biotechnology, Lake Placid, NY). Cell
tysates were then prepared and subjected to immunoblot analysis with
antibodies {o phosphorylated EGFR (pY1068) and to EGFR as described
above. -

Chemical cross-linking assay. Chemical cross-linking was done as
described previousty (34, 35). Cells were washed twice with ice-cold PBS and
then incubated for 20 min at 4°C with 1 mmol/L bis(sulfosuccinimidyl)-
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 1% gel and subjected
to immunoblot analysis with anti-EGFR (Santa Cruz Biotechnology).

PC-Y. Ma-1
KT-2
H1975 H1650

Figure 2, FISH analysis of EGFR
amplification in NSCLC cell lines. The
analysis was done with probes specific
for 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 manitest
EGFR clusters. H1975 and H1650 cells
are negative for EGFA ampilification.
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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' ICs values for gefitinib
chemosensitivity ranged from 0.07 to 1246 pmol/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 ICg, values between 0.07 and 2.34 pmol/L,
whereas the remaining 12 lines were considered resistant to
gefitinib (IC; > 6 umol/L). No rclation was appavent 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 I 1975}
Furthermore, we detected EGFR mutations in three of the newly
established cell lines (Ma-1, KT-2, and KT-4). Ma-I 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 KT-4
cells (derived from a male nonsmoker with large cell carcinoma)
harbor a point mutation {L858R) in exon 21 (Fig. 18; Table 1). Four
of these six NSCLC cell lines with EGFR mutations (PC-9, Ma-1,
K'1-2, 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 wmutations, 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 I). The FGFR mutant cell lines
H1650 and HI1975 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 ampiification (P < 0.05,
x2 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-{, KT-2, and KT-4, all of which manifest EGIR
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
celt 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 fines
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

L.858R
+
Wild type Ex19 del L858R T790M  Ex19del
Mutation - + + + + + +
Amplification - + + + + -
AS549 H1299 PC-9 Ma-l KT2 KT4 HI975 HI6S0
Figure 3. EGFR expression in NSCLC cefl EGF ——— ¢ ) u‘ — 1 “,
fings. Lysates (40 ug of protein) of NSCLC GFR T AR “;,} u '
cell lines positive or negative for EGFR
mutation or amplification, as indicated, Ij' Actin

were subjected to immunoblot analysis with
antibodies to EGFR and to g-actin (top).
The abundance of EGFR refative to that of
-actin was determined by densitometry

(bottom). Representative of three 400
independent experiments.
5 300
<
<
= 200
&
Q
= 100
i]

A549 Hi299 PCY
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wild Ex19 dei L838R L8SSR
type T790M
Mutation - + + + + + +
Amplification - - + + + +
AS49 H1650 PC-9 Ma-1 H1975 KT-2 KT4
EGF - + -
Fsien
pY845
Figure 4. Phosphorylation of EGFR and
downstream signaling molecules in NSCLC
) cell lines. Serum-deprived cells were
pY1068 incubated for 15 min in the absence or
presence of EGF (100 ng/mL), after which
cell lysates (40 pg of protein) were
pY1173 subjected to immunoblot analysis with
antibodies to phosphorylated forms of
EGFR (pEGFR), ERK (pERK), or AKT
{pAKT) as well as antibodies to all forms of
EGFR the corresponding proteins, as indicated.
Representative of three independent
. experiments.
ERK == iS GBS IZ 35 SN M gs UL 3 S us uy
AKT - aw 8 s

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 K71-4) 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 resuit 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 She (2, 40, 41), is constitutively phosphorylated
in cells with the L858R mutation but not in those with the exon 19
deletion, we compared She 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 tveated EZGFR wild-type
or mutant cell lines with a cross-linking agent before immunablot
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 £GFR mutations are more likely to be sensitive to
gefitinib than are those without such mutations. Not all EGFR
mutant cell lines (e.g. HI650 and H1975) are sensitive to this
EGFR-TKI, however, suggesting the existence of additional deter-
minaats 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-TKIs. EGFR ampli-
fication in NSCLC cells has also been shown to corcelate 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 bad 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 (260 per cell) also had EGFR mutations.
Moreover, PCR analysis revealed selective amplification of the
mutant EGFH 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 L85S8R
Mutation - + +
Amplification - + +
A549 rCY Ma-1 KT-2 KT-4

Figure 5. Phosphorylation of She in EGF
NSCLG cell lines, Serum-deprived cells ~GF
were incubated for 15 min in the absence
or presence of EGF (100 ng/mL), after

which cell lysates (40 pg of protein) were 66 kDa —
subjected to immunoblot analysis with
antibodies to phosphorylated She (pShe) pShe
or fotal She. Representative of three 52 kDaV -
independent experiments. 46 kDa —
66 kDa —»
She 52kDa —»
46 kDa —
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A Mutation - Ex19 del L858R
Amplification - + +
AS549 PC-9 KT4
Neut Ab - -+ o+ - - + + - + +
EGF Figure 6, Mechanism of constitutive

activation of EGFR in NSCLC cell fines,

pY1068 A, effect of neutralizing antibodies
(Neut Ab) on EGFR phosphorylation.
Serum-deprived NSCLC cells (A549, PC-9,

EGFR 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 torm of EGFR or

B Mutation - Ex19 decl L.858R
Amplification - +
AS49 PC-9 KT-4
EGF -
250 kDa —»
{50 kDa —»

to total EGFR. B, EGFR dimerization.
Serum-deprived ceils were incubated for
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 of three
independent experiments.

*+—— Dimer
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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 rmutations 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 barbor 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). "l‘he 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 EGIFR 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 undetlies 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 (33). Conformational changes induced by EGFR mutations
may therefore also trigger EGFR ditnerization in EGFR mutant
cells.

In conclusion, we have found that EGFR mutation is closely
associated with £ZGFR 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 £GFR 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 p33
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.

Keywords: Survivin; p53; RNA interference; Go-M arrest; Uliraviolet C

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 genc 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

0304-3835/8 - sec front matter © 2006 Elsevicr Ircland Ltd. All rights reserved.

doi: 10.1016/j.canlet.2006.08.005
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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 p33 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 pS53 negatively regu-
lates the expression of survivin in response to
DNA damage.

In the present study, we show that exposure of
pS3-positive A549 human lung cancer cells to
ultraviolet C (UVC) radiation, which induces
DNA single-strand breakage, vesulted in down-
regulation of survivin expression after the induc-
tion of p53. Depletion of p53 by RNA interfer-
ence (RNAIi) prevented this down-regulation of
survivin in cells exposed to UVC. Furthetrmore,
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 pS3-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 RPMT 1640
medium (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum. Each batch of cells was dis-
carded after 20 gencrations, and new batches were
obtained from frozen stocks. Cells were cxposed to
uve (30 J/m?) with a Hoefer UVC 500 Ultraviotet
Crosslinker (Amersham Pharmacia Biotech, Piscataway,
NJ.

2.2, Immunoblot analysis

Cells were harvested by exposurc 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,, 25 mM NaF, | 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 hatvested, 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.t mM EDTA, and RNase A (0.05 mg/
ml). The stained cells (~1 x 107} were than analyzed for
DNA content with a flow cylonﬁeler (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. NM001168), whereas the p53 siRNA corresponded
to nuclcotides 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 1 test (Stat View; SAS Institute,
Cary, NC). A p value of <0.05 was considered statistically
sigmficant.
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3. Results

3.1. UVC radiation inhihits A549 cell proliferation and
induces Gr—-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 resulled 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. tA). 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 24 h
(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. Thesc 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 mediales cell cycle arrest at the Go-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

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 al 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
RNAL. 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

Survivin

o

Actin

Time (h) 0 6 18 24 48 72

Fig. 2. Effects of UVC on the abundance of p53 and survivin in
A549 cells. Total cellular protein extracted at (he indicated times
after exposure of cells to UVC (30 H/m?) was subjected to
immunoblot analysis with antibodies to p53, to survivin, or Lo B-
actin (loading control). Duta are representative of three indepen-
dent experiments.
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Fig. . Effects of UVC on the proliferation and cell cycle distribution of A349 cells. (A) Cell praliferation was evaluated by counting the
number of viable cells by trypan blue staining at the indicated times after UVC irradiation (30 3/m?). Data are means + SD of vatues from
three independent experiments. *p <90.05 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 cxposure. 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. Effcct of UVC on the abundance of survivin in A549 cells depleted of p53 by RNAL. Cells were transfected (or not) with an siRNA
specific for p53 mRNA or with a control (scrambled) siRNA, exposed to UVC (30 J/m?), and subjected to immunoblot analysis with
antibodies to p53. to survivin, or to B-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 Go—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 72h, respectively, compared
with that apparent in nontransfected cells (Fig. 4B). The
viable cefl count was not affected by transfection with
the control siRNA. Flow cytometry revealed that
transfection of AS549 cells with the survivin siRNA
resulted in a marked increase in the proportion of cells
in G,-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 necgatively regulated by p53
[15-18]. Repression of the expression of these genes
in response to DNA damage requires witd-type p53
and contributes to & 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 p33 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
pS53 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
pS3-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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evaluated for cell proliferation by counting the number of viable cells as revealed by staining with trypan blue. Data are means + SD of
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control siIRNA. (C) The celt cycle distribution of cells transfected for 48 or 72 h as in (A) was determined by flow cytometry. The
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percentages of sub-G, and G-M cells in the experiment shown in (C).

survivin gene by p53 [25]. In conlrast, 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 pS3 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 [I7]. However,
UV-induced accumulation of p53 and subsequent



M. Tkeda ¢t al. | Cancer Letters 248 (2007) 292-298 297

down-regulation of sucrvivin 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 AS49 cells of survivin by RNAL
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, Go—-M arrest induced by survi-
vin ablation was found to occur in pS?f/+ cells but
notin p53~/" cells, implicating survivinin 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 ecxpression in response (o
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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The novel microtubule-interfering agent TZT-1027 enhances the
anticancer effect of radiation in vitro and in vivo

Y Akashi', 1 Okamoto™', M Suzuki?, K Tamura®, T Iwasa', S Hisada*, T Satoh', K Nakagawa', K Ono?
and M Fukuoka'

'Department of Medical Oncology, Kinki University School of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka 589-8511, Japan; *Radiation
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TZT-1027 is a novel anticancer agent that inhibits microtubule polymerisation and manifests potent antitumour activity in preclinical
models. We have examined the effect of TZT-1027 on cell cycle progression as well as the anticancer activity of this drug both in vitro
and in vivo. With the use of tsFT210 cells, which express a temperature-sensitive mutant of Cdc2, we found that TZT-1027 arrests
cell cycle progression in mitosis, the phase of the cell cycle most sensitive to radiation. A clonogenic assay indeed revealed that TZT-
1027 increased the sensitivity of H460 cells to y-radiation, with a dose enhancement factor of 1.2. Furthermore, TZT-1027 increased
the radiosensitivity of H460 and A549 cells in nude mice, as revealed by a marked delay in tumour growth and an enhancement
factor of 3.0 and 2.2, respectively. TZT-1027 also potentiated the induction of apoptosis in H460 cells by radiation both in vitro and in
vivo. Histological evaluation of H460 tumours revealed that TZT-1027 induced morphological damage to the vascular endothelium
followed by extensive central tumour necrosis. Our results thus suggest that TZT-1027 enhances the antitumour effect of ionising
radiation, and that this action is attributable in part to potentiation of apoptosis induction and to an antivascular effect. Combined
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The combination of modalities of cancer treatment offers
improvements in the survival of cancer patients compared
with individual therapeutic approaches. Such therapeutic benefit
has been achieved with combinations of chemo- and radiotherapy
in a variety of cancers. The cytotoxicity of most chemotherapeutic
agents as well as that of radiation is highly dependent on the
phase of the cell cycle. Although various types of anticancer
drugs are able to arrest cells at specific cell cycle checkpoints, the
ability of antimicrotubule agents to block cell cycle progression
in G;-M phase is the biological basis for combination of
these agents with radiation (Pawlik and Keyomarsi, 2004).
Microtubule-interfering agents have been shown to increase the
radiosensitivity of tumour cells in preclinical and clinical studies
(Liebmann et al, 1994; Choy et al, 1995; Edelstein et al, 1996; Vokes
et al, 1996; Kim et al, 2001, 2003; Hofstetter et al, 2005; Simoens
et al, 2006).

TZT-1027 (Soblidotin), a novel microtubule-interfering agent
synthesised from dolastatin 10 (Figure 1), exhibits greater
antitumour activities and a reduced toxicity compared with its
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treatment with TZT-1027 and radiation therefore warrants investigation in clinical trals as a potential anticancer strategy.
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parent compound (Miyazaki et al, 1995). TZT-1027 inhibits
microtubule assembly by binding to tubulin (Kobayashi et al,
1997; Natsume et al, 2000). In vitro, it inhibits the growth of
various human cancer cells at low concentrations (Watanabe et al,
2000). In vivo, TZT-1027 also manifests a broad spectrum of
activity against various murine tumours as well as human tumour
xenografts, without inducing a pronounced reduction in body
weight (Kobayashi et al, 1997; Watanabe et al, 2000, 2006g;
Natsume et al, 2003, 2006). Furthermore, the drug exhibited a
potent antivascular effect on existing vasculature in an advanced-
stage tumour model (Otani et al, 2000). TZT-1027 is currently
undergoing clinical evaluation, with a reduction in tumour size
and disease stabilisation having been observed in a subset of
patients (Schoffski et al, 2004; de Jonge et al, 2005; Greystoke et al,
2006; Tamura et al, 2007).

Despite its demonstrated efficacy against solid tumours, the
effects of TZT-1027 in combination with radiation have not been
examined. As an initial step in determining the antitumour activity
of TZT-1027 in combination with radiation, we investigated the
effect of this agent on cell cycle progression in synchronised
tsFT210 cells (Osada et al, 1997), which harbour a temperature-
sensitive mutant of Cdc2. We found that TZT-1027 induces arrest
of cells in mitosis, the phase of the cell cycle most sensitive to
radiation. We then studied the radiosensitising properties of TZT-
1027 in vitro and in vivo with a human lung cancer model and
elucidated the mechanism of radiosensitisation by this agent.
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MATERIALS AND METHODS
Cell lines and reagents

tsFT210 mouse mammary carcinoma cells, which express a

temperature-sensitive mutant of Cdc2, were kindly provided by -

H Kakeya (Antibiotics Laboratory, Discovery Research Institute,
RIKEN, Saitama, Japan) and were maintained under a humidified
atmosphere of 5% CO, in air at 32.0°C in RPMI 1640 (Sigma, St
Louis, MO, USA) supplemented with 10% foetal bovine serum and
1% penicillin-streptomycin. H460 human lung large cell carcinoma
and A549 human lung adenocarcinoma cells were obtained from
American Type Culture Collection (Manassas, VA, USA) and were
maintained as for tsFT210 cells with the exception that the culture
temperature was 37°C. TZT-1027 (Figure 1) was provided by
Daiichi Pharmaceutical Co. Ltd (Tokyo, Japan). Nocodazole and
roscovitine were obtained from Sigma.

Cell cycle analysis

Cells were harvested, washed with phosphate-buffered saline
(PBS), fixed with 70% methanol, washed again with PBS, and
stained with propidium iodide (0.05mgml™') in a solution
containing 0.1% Triton X-100, 0.1mM EDTA, and RNase A
(0.05mgml™"). The stained cells (~1 x 10°) were then analysed
for DNA content with a flow cytometer (FACScalibur; Becton
Dickinson, San Jose, CA, USA).

Measurement of mitotic index and apoptotic cells

Cells were harvested, washed with PBS, fixed with methanol : acetic
acid (3:1, v/v), washed again with PBS, and stained with 4',6-
diamidino-2-phenylindole (DAPI) (0.5 g ml™?!). The stained cells
(~1 x 10°) were observed with a fluorescence microscope (IX71;
Olympus, Tokyo, Japan). To determine the proportion of mitotic
or apoptotic cells, we scored at least 300 cells in each of at least
three randomly selected microscopic fields for each of three slides
per sample. Cells with condensed chromosomes and no obvious
nuclear membrane were regarded as mitotic cells, and the mitotic
index was calculated as the percentage of mitotic cells among total
viable cells. Cells with fragmented and uniformly condensed nuclei
were regarded as apoptotic cells.

Clonogenic assay

Exponentially growing H460 cells in 25-cm” flasks were harvested
by exposure to trypsin and counted. They were diluted serially to
appropriate densities and plated in triplicate in 25-cm’ flasks
containing 10 ml of medium. The cells were treated with 1 nm TZT-
1027 or vehicle (dimethyl sulfoxide, or DMSO; final concentration,
0.1%) for 24h and then exposed to various doses of y-radiation
with a ®Co irradiator at a rate of ~0.82Gymin™' and at room
temperature. The cells were then washed with PBS, cultured in
drug-free medium for 10- 14 days, fixed with methanol: acetic acid
(10:1, v/v), and stained with crystal violet. Colonies containing
> 50 cells were counted. The surviving fraction was calculated as:
(mean number of colonies)/(number of inoculated cells x plating
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Figure | Chemical structure of TZT-1027.
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efficiency). Plating efficiency was defined as the mean number of
colonies divided by the number of inoculated cells for nonirra-
diated controls. The surviving fraction for combined treatment
was corrected by that for TZT-1027 treatment alone. The dose
enhancement factor (DEF) was calculated as the dose (Gy) of
radiation that yielded a surviving fraction of 0.1 for vehicle-treated
cells divided by that for TZT-1027-treated cells (after correction
for drug toxicity).

In vivo antitumour activity of TZT-1027 with or without
radiation

All animal studies were performed in accordance with the
Recommendations for Handling of Laboratory Animals for
Biomedical Research, compiled by the Committee on Safety and
Ethical Handling Regulations for Laboratory Animal Experiments,
Kyoto University. The ethical guidelines followed meet the
requirements of the UKCCCR guidelines (Workman et al, 1998).
Tumour cells (2 x 10%) were injected subcutaneously into the right
hind leg of 7-week-old female athymic nude mice. Tumour volume
was determined from caliper measurement of tumour length (L)
and width (W) according to the formula LW?/2. Treatment was
initiated when tumours in each group achieved an average volume
of ~200-250 mm’. Treatment groups consisted of control, TZT-
1027 alone, radiation alone, and the combination of TZT-1027 and
radiation. Each treatment group contained six to eight mice. TZT-
1027 was administered intravenously in a single dose of 0.5 mgkg™
of body weight; mice in the control and radiation-alone groups
were injected with vehicle (physiological saline). Tumours in the leg
were exposed to 10 Gy of y-radiation with a *°Co irradiator at a rate
of ~0.32Gymin™' immediately after drug treatment. Growth
delay (GD) was calculated as the time for treated tumours to
achieve an average volume of 500 mm® minus the time for control
tumours to reach 500mm?® The enhancement factor was then
determined as: (GDcombination ‘GDTZT-1027)/(GDradiau'on)-

TUNEL staining

Mice were killed 14 days after treatment initiation and the tumours
were removed and preserved in 10% paraformaldehyde. Apoptosis
in tumour sections was determined by the terminal deoxynucleo-
tidyl transferase-mediated dUTP-biotin nick-end labelling (TUNEL)
assay with the use of an apoptosis detection kit (Chemicon,
Temecula, CA, USA). The number of apoptotic cells was counted
in 10 separate microscopic fields ( x 100) for three sections of each
tumour of each group.

Histological analysis

A single dose of TZT-1027 (2.0 mgkg™") or vehicle (physiological
saline) was administered intravenously to mice when H460
tumours had achieved a volume of ~400 to 600 mm>. Tumour
tissue was extirpated 4 or 24 h after drug administration, and half
of the tissue was fixed in 10% buffered formalin, embedded in
paraffin, sectioned, and stained with hematoxylin-eosin. The other
half of the tumour tissue was fixed for 12-48h in zinc fixative
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