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Randomized phase lll study of cisplatin plus irinotecan
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Background: To compare the efficacy and toxicity of three platinum-based combination regimens against cisplatin
plus irinotecan (IP) in patients with untreated advanced non-small-cell lung cancer (NSCLC) by a non-inferiority design.
Patients and methods: A total of 602 patients were randomly assigned to one of four regimens: cisplatin 80 mg/m?
on day 1 plus irinotecan 60 mg/m? on days 1, 8, 15 every 4 weeks (IP) carboplatin AUC 6.0 min x mg/mL (area under
the concentration~time curve) on day 1 plus paclitaxel 200 mg/m? on day 1 every 3 weeks (TC); cisplatin 80 mg/m?
on day 1 plus gemcitabine 1000 mg/m? on days 1, 8 every 3 weeks (GP); and cisplatin 80 mg/m? on day 1 plus
vinorelbine 25 mg/m? on days 1, 8 every 3 weeks (NP). .
Results: The response rate, median survival time, and 1-year survival rate were 31.0%, 13.9 months, 59.2%,
respectively, in IP; 32.4%, 12.3 months, 51.0% in TC; 30.1%, 14.0 months, 59.6% in GP; and 33.1%, 11.4 months,
48.3% in NP. No statistically significant differences were found in response rate or overall survival, but the non-
inferiority of none of the experimental regimens could be confirmed. All the four regimens were well tolerated.
Conclusion: The four regimens have similar efficacy and different toxicity profiles, and they can be used to treat
advanced NSCLC patients.

Key words: carboplatin, cisplatin, gemcitabine, irinotecan, non-smaill-cell lung cancer, paclitaxel, randomized phase
Il study, vinorelbine

introduction chemotherapy, and doublets of platinum and new-generation
anticancer agents are considered standard chemotherapy
regimens for advanced NSCLC, although no consistent standard
regimens have yet been established [8-17].

Two phase 111 studies comparing cisplatin plus irinotecan (IP)
with cisplatin plus vindesine for advanced NSCLC have been
conducted in Japan {18, 19]. Fukuoka et al. [20] reported the
results of a combined analysis of the 358 eligible stage IV
patients in these studies. They carried out a multivariate analysis
using the Cox regression model with adjustment for well-known

prognostic factors, and the Cox regression analysis

Nearly 60 000 patients in Japan died of lung cancer in 2004, and
the mortality rate is still increasing [1]. Even old-generation
cisplatin-based chemotherapy provides a survival benefit and
symptom relief in patients with inoperable non-small-cell lung
cancer (NSCLC) [2]. Several anticancer agents including
irinotecan, paclitaxel, docetaxel, gemcitabine, and vinorelbine,
were developed in the 1990s and most of them have
mechanisms of action that differ from those of the old-
generation agents [3-7]. The combinations of platinum and

these new agents developed in the 1990s are more useful against
advanced NSCLC than old-generation combination
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demonstrated that treatment with IP was one of significant
independent favorable factor. Based on their data, we selected IP
for the reference arm in our study.

The Ministry of Health, Labour and Welfare of Japan
approved the prescription of paclitaxel, gemcitabine, and
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vinorelbine for NSCLC in 1999 and requested a phase III study
to confirm the efficacy and safety of these agents. The Japanese
investigators and the pharmaceutical companies decided to
conduct a four-arm randomized phase 111 study for NSCLC, the
so-called FACS, Four-Arm Cooperative Study. The purpose of
the study was to compare the efficacy and toxicity of three
platinum-based combination regimens, carboplatin plus
paclitaxel (TC), cisplatin plus gemcitabine (GP), cisplatin plus
vinorelbine (NP), with IP as the reference arm.

patients and methods

patient selection

Patients with histologically and/or cytologically documented NSCLC were
eligible for participation in the study. Each patient had to meet the following
criteria: clinical stage IV or 11IB (including only patients with no indications
for curative radiotherapy, such as malignant pleural effusion, pleural
dissemination, malignant pericardiac effusion, or metastatic lesion in the
same lobe), at least one target lesion >2 cm, no prior chemotherapy, no prior
surgery and/or radiotherapy for the primary site, age 2074 years, Eastern
Cooperative Oncology Group performance status (PS) of 0 or 1, adequate
hematological, hepatic and renal functions, partial pressure of arterial
oxygen (paO,) 260 torr, expected survival >3 months, able to undergo first
course treatment in an inpatient setting, and written informed consent. The
study was approved by the Institutional Review Board at each hospital.
Written informed consent was obtained from every patient.

treatment schedule

All patients were randomly assigned to one of the four treatment groups by
the central registration office by means of the minimization method. Stage,
PS, gender, lactate dehydrogenase (LDH) and albumin values, and
institution were used as adjustment variables. The first group received the
reference treatment, 80 mg/m” of cisplatin on day 1 and 60 mg/m’ of
irinotecan on days 1, 8, and 15, and the cycle was repeated every 4 weeks. The
second group received 200 mg/m? of paclitaxel (Bristol-Myers K.K.,
Tokyo, Japan) over a 3-h period followed by carboplatin at a dose calculated
to produce an area under the concentration—time curve of 6.0 min X mg/mL
on day 1 and the cycle was repeated every 3 weeks. The third group received
80 mg/m? of cisplatin on day 1 and 1000 mg/m? of gemcitabine (Eli Lilly
Japan K.K., Kobe, Japan) on days 1, 8 and the cycle was repeated every 3
weeks. The fourth group received 80 mg/m? of cisplatin pn day 1 and 25 mg/
m? of vinorelbine (Kyowa Hakko Kogyo Co. Ltd., Tokyo, Japan) on days I,
8 and the cycle was repeated every 3 weeks. Each treatment was repeated
for three or more cycles unless the patient met the criteria for progressive
disease or experienced unacceptable toxicity.

response and toxicity evaluation

Response was evaluated according to the Response Evaluation Criteria in
Solid Tumors, and tumor markers were excluded from the criteria [21].

Objective tumor response in all responding patients was evaluated by an
external review committee with no information on the treatment group.
Toxicity grading criteria in National Cancer Institute Common Toxicity

Criteria Ver 2.0 were used to evaluate toxicity.

quality of life assessment

Quality of life (QoL) was evaluated by means of the Functional Assessment
of Cancer Therapy—Lung (FACT-L) Japanese version and the QoL
Questionnaire for Cancer Patients Treated with Anticancer Drugs (QoL-
ACD), before treatment, immediately before the second cycles of
chemotherapy, and 3 and 6 months after the start of treatment [22-24].
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statistical analysis and monitoring
The primary end point of this study was overall survival (OS), and the
secondary end points were response rate, response duration, time to
progressive disease (TTP), time to treatment failure (TTTF), adverse event,
and QolL. The 1-year survival rate of the control group in this study was
estimated to be 43% based on the data in published papers, and the 1-year
survival rate in the other treatment group was expected to be 50%. The lower
equivalence limit for 1-year survival rate was set as ' —10%’. The criterion for
the non-inferiority of each treatment was a lower limit of the two-sided 95%
confidence interval (CI) of the 1-year survival rate of treatment minus that
of control larger than the lower equivalence limit. Because the non-
inferiority of each treatment versus the control was to be evaluated
independently, a separate null hypothesis was stated for each treatment, and
for that reason no multiple comparison adjustment was included in the
study. Based on the above conditions and binomial distribution, 135
patients were needed per arm for a one-sided Type I error of 2.5% and
80.0% power. In view of the possibility of variance inflation due to
censoring, the sample size was set at 600 (150 per arm).

Central registration with randomization, monitoring, data collection,
and the statistical analyses were independently carried out by a contract
research organization (EPS Co., Ltd, Tokyo, Japan).

results

patient characteristics

From October 2000 to June 2002, a total of 602 patients were
registered by 44 hospitals in Japan. All patients had been
followed up for >2 years, and 447 patients had died as of June
2004. Of the 602 patients registered, 151 were allocated to the
reference treatment, IP, and 150, 151, and 150 patients were
allocated to TC, GP, and NP, respectively. Since 10 patients did
not receive chemotherapy and 11 patients were subsequently
found to be ineligible, 592 patients were assessable for toxicity
and 581 patients were assessable for efficacy. Four patients did
not receive chemotherapy due to electrolytic disorder, fever,
symptomatic brain metastases, and rapid tumor progression in
1P, two patients due to refusal and pneumonia in TC, four
patients due to lower WBC counts (two patients), rapid tumor
progression, and nephritic syndrome in NP. Two patents were
ineligible due to wrong stage in IP, two patients were wrong
stage and one patient had double cancer in TC, two patients
were wrong diagnosis, one patient had massive pleural effusion,
one patient received prior chemotherapy in GP, one patient had
no target lesions in NP. Age, gender, PS, stage, and LDH and
albumin values were well balanced in each arm (Table 1). Fewer
patients with adenocarcinoma and more patients with
squamous cell carcinona were, however, entered in three
experimental arms than in IP.

objective tumor response and response duration

Objective tumor response is shown in Table 2. Forty-five partial
responses occurred in the 145 assessable patients in the reference
arm, IP, for an objective response rate of 31.0% with a median
response duration of 4.8 months. The response rate and median
response duration were 32.4% and 4.0 months in TC, 30.1% and
3.5 months in GP, and 33.1% and 3.4 months in NP. The

response rates in TC, GP, and NP were not statistically different
from the rate in IP according to the results of the 3 test.
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Table 1. Patient characteristics and treatment delivery

Assessable patients 145 145 146 145

Gender (male/female) 97/148 99/46 101/45 101/44
Age; median (range) 62 (30-74) 63 (33-74) 61 (34-74) 61 (28-74)
PS (0/1) 44/101 44/101 45/101 45/100
Histology
Adenocarcinoma 121 104 108 ) 109
Squamous cell carcinoma 16 31 29 29
Others 8 10 9 7
Stage (IIB/TV) 31/114 28/117 30/116 26/119
No. of cycles
Mean = SD 3013 35+ 15 32*12 3113
Median 3 3 3
Range 1-7 1-10 1-7 1-8

PS, performance status; SD, standard deviation.

Table 2. Survival, TTP, TTTF, response rate, and response duration

Cisplatin + 145 139 59.2 - 26.5 4.7 33 31.0 4.8 (n = 45)

irinotecan

Carboplatin + 145 12.3 51.0 —8.2% (95% CI —19.6% to 3.3%) 25.5 4.5 (P = 0.355)° 3.2 (P = 0.282)" 324 (P= 0.801)® 4.0 (n = 47)
paclitaxel

Cisplatin + 146 14.0 59.6 0.4% (95% CI —10.9% to11.7%)  31.5 4.0 (P = 0.170)* 3.2 (P = 0.567)* 30.f (P = 0.868)" 3.5 (n = 44)
gemcitabine

Cisplatin + 145 114 48.3 —10.9% (95% CI —22.3% to 0.5%) 21.4 4.1 (P = 0.133)* 3.0 (P = 0.091)* 33.1 (P =0.706)® 3.4 (n = 48)
vinorelbine

*Compared with IP by the generalized Wilcoxon test.
®Compared with IP by the % test.
CI, confidence interval; IP, cisplatin plus irinotecan; TTP, time to progressive disease; TTTF, time to treatment failure.

OS, TTP disease, and TTTF hematologic and non-hematologic toxicity
OS and TTP are shown in Figure 1. Median survival time In 1P, 47.6% and 83.7% of patients developed grade 3 or worse
(MST), the 1-year, and 2-year survival rate in IP were 13.9 leukopenia and neutropenia, respectively (Table 3). The

months, 59.2%, and 26.5%, respectively. The MSTs, 1-year,and incidences of grade 3 or worse leukopenia (33.1%, P = 0.010)
2-year survival rates were, respectively, 12.3 months, 51.0%, and  and neutropenia (62.9%, P < 0.001) were significantly lower in
25.5% in TC; 14.0 months, 59.6%, and 31.5% in GP; and 11.4 GP than in IP. The incidence of grade 3 or worse leukopenia
months, 48.3%, and 21.4% in NP. The lower limits of the 95% (67.1%, P < 0.001) was significantly higher in NP than in IP.
CI of the difference in 1-year survival rate between IP and TC Grade 3 or worse thrombocytopenia developed in 5.4% of the
(—19.6%), GP (—10.9%), and NP (—22.3%) were below —10%, patients in IP, and the incidence was significantly higher in GP

which was considered the lower equivalence limit (Table 2). (35.1%, P < 0.001). The incidence of febril neutropenia in 1P
Thus, the results did not show non-inferiority in three was 14.3%, and was significantly lower in GP (2.0%, P < 0.001).
experimental regimens compared with reference treatment. " Grade 2 or worse nausea, vomiting, anorexia, and fatigue
Median TTP and median TTTF were 4.7 and 3.3 months, occurred in 60.5%, 51.0%, 65.3%, and 38.8%, respectively, of

respectively in 1P. Median TTP and TTTF were, respectively, 4.5 the patients in IP. The incidences of grade 2 or worse nausea
and 3.2 months in TC, 4.0 and 3.2 months in GP, and 4.1 and (TC: 25.0%, P < 0.001, NP: 47.3%, P = 0.022), vomiting (TC:
3.0 months in NP. There were no statistical differences in either 22.3%, P < 0.001, NP: 36.3%, P = 0.011), and anorexia (TC:
TTP or TTTF in TC, GP, or NP, compared with IP accordingto  32.4%, P < 0.001, NP: 49.3%, P = 0.005) were significantly lower
the results of the generalized Wilcoxon test (Table 2). in TC and NP than in IP. Grade 2 or worse diarrhea was
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Figure 1. Overall survival (OS) and time to progressive (TTP) disease. TTP and OS in the carboplatin plus paclitaxel (TC) (A, D), cisplatin plus gemcitabine
(GP) (B, E), and cisplatin plus vinorelbine (NP) (C, F) were not statistically significantly different from the values in the cisplatin plus irinotecan.

significantly less frequent in TC (6.8%), GP (8.6%), and NP
(11.6%) than in IP (48.3%, P < 0.001). The incidences of grade
2 or worse sensory neuropathy (16.9%, P < 0.001), arthralgia
(21.6%, P < 0.001), and myalgia (17.6%, P < 0.001) were
significantly higher in TC than in IP. Grade 2 alopecia occurred
in 30.6% of the patients in IP, and its incidence was significantly
higher in TC (44.6%, P = 0.013) and significantly lower in GP
(15.2%, P = 0.001) and NP (8.9%, P < 0.001). Grade 2 injection
site reactions were more frequent in NP (26.7%) than in IP
(4.8%, P < 0.001).
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A total of five patients died of treatment-related toxicity: three
in 1P (cerebral hemorrhage, interstitial pneumonia, acute
circulatory failure/disseminated intravascular coagulation:
2.0%), one in TC (acute renal failure: 0.7%), and one in NP
(pulmonary embolism: 0.7%).

second-line treatment

Data on second-line treatment, but not third-line or later
treatment, was available in this study, and they showed that
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Table 3. Toxicity

Neutrophils 11 39 45 5 19
Hemoglobin 42 24 7 42 13*
Platelets 6 5 1 9 11
Febrile neutropenia - 14 0 - 18
Nausea 32 29 - 145 - 11
Vomiting 38 13 ] 17¢ 5¢
Anorexia 30 33 2 15¢ 17
Fatigue 27 12 1 26 2
Diarrhea 33 15 1 4° 3
Constipation 27 7 0 30 8
Neuropathy, motor 0 0 1 1
Neuropathy, sensory 1 0 0 149 34
Alopecia 31 - - 459 _
Arthralgia 2 0 o 204 2¢
Myalgia 1 0 0 16 24
Injection site reaction 5 0 - 5 0
Pneumonitis 0 1 1 0 1
Creatinine 8 1 0 2 0°
AST 7 1 1 5 1
Fever 2 0 0 5 1
Treatment-related death 3 (2.0%) 1 (0.7%)

69 21 40 23 5 16 72
r 2 5 43 25 5
0 22 35b ob 3 1 0
0 - 2 o - 18 0

- 35 23 - 33¢ 14° -
0° 34 14 0 29¢ 7 o
1€ 31 26 1 29° 20c 1°
1 17° 3° 0 23° 3 0°
0 7 2 o° 8¢ 4 0

33 9 0 404 14° 04
1 0 0 0 0 0 0
o¢ 0 0 ] 0 0 0

- 15 - - 5 - -
0¢ 0 0 0 1 0 0
o! 0 ) 0 1 1 0

- 5 0 - 27¢ od -

0 0 0 0 0 1 0

0° 7 0 0 8 1 0

0 6 3 0 1 3 0

0 1 0 0 1 0 0
0 1 (0.7%)

*Incidence of grade 3 or 4 toxicity significantly (P < 0.05) lower than that with IP.

"Incidence of grade 3 or 4 toxicity significantly (P < 0.05) higher than that with IP.

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

YIncidence 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-

Volume 18 | No. 2 | February 2007

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 1II 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
1P 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

Nuniber of patients: 1457 . U5

Chemotherapy 107 (74%) 87 (60%)
Docetaxel- 39 25
Gefitinib - 11 9
Paclitaxel - 15 14
Gemcitabine 4 28
Vinorelbine 9 12
Irinotécan 15 4

Thoracic irra_diatipn 8 10

Annals of Oncology

146 -

_ 45 -
" 101 (69%) 95 (66% P = 0.081

50 ' 51 :
18 12

7 11
17 28

2

3 3

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.

appendix

Institutions of the FACS Cooperative Group: National Hospital
Organization (NHO) Hokkaido Cancer Center, Tohoku
University Hospital, Yamagata Prefectural Central Hospital,
Niigata Cancer Center Hospital, Tochigi Cancer Center, NHO
Nishigunma National Hospital, Saitama Cancer Center,
National Cancer Center Hospital East, Chiba University
Hospital, National Cancer Center Hospital, Tokyo Medical
University Hospital, japanese Foundation for Cancer Research,
Kanagawa Cancer Center, Yokohama Municipal Citizen’s
Hospital, Kanagawa Cardiovascular and Respiratory Center,
Aichi Cancer Center Hospital, Prefectural Aichi Hospital,
Nagoya City University Hospital, NHO Nagoya Medical Center,
Nagoya University Hospital, Gifu Municipal Hospital, NHO
Kyoto Medical Center, Osaka City General Hospital, Osaka City
University Hospital, Osaka Medical Center for Cancer and
Cardiovascular Diseases, NHO Toneyama Hospital, Osaka
Prefectural Medical Center for Respiratory and Allergic Diseases,
Kinki University School of Medicine, Rinku General Medical
Center Izumisano Municipal Hospital, Kobe Central General
Hospital, The Hospital of Hyogo College of Medicine, Hyogo
Medical Center for Adults, Tokushima University Hospital,
Kagawa Prefectural Central Hospital, NHO Shikoku Cancer
Center Hospital, Hiroshima University Medical Hospital, NHO

322 | Ohe et al.

Kyushu Cancer Center Hospital, Kyushu University Hospital,
National Nagasaki Medical Center, Nagasaki Municipal
Hospital, Nagasaki University Hospital of Medicine and
Dentistry, Kumamoto Chuo Hospital, Kumamoto Regional
Medical Center, NTT West Osaka Hospital.

acknowledgements

This study was supported by Bristol-Myers K.K., Tokyo; Eli
Lilly Japan K.K., Kobe; and Kyowa Hakko Kogyo Co. Ltd,
Tokyo, Japan.

references

1. Cancer Statistics in Japan 2005: The Editorial Board of the Cancer Statistics in
Japan. Tokyo, Japan: Foundation for Promotion of Cancer Research 2005.

2. Non-Small Cell Lung Cancer Coliaborative Group. Chemotherapy in non-small
cell lung cancer: a meta-analysis using updated data on individual patients from
52 randomised clinical trials. BMJ 1995; 311: §99-909.

3. Fukuoka M, Niitani H, Suzuki A et al. A phase ll study of CPT-11, a new derivative
of camptothecin, for previously untreated non-small-cell lung cancer. J Clin
Onco!l 1992; 10: 16-20.

4, Rowinsky EK, Donehower RC. Paclitaxel (taxol). N Engl J Med 1995; 332:
1004-1014.

5. Gelmon K. The taxoids: paclitaxel and docetaxel. Lancet 1994; 344: 1267-1272.

6. Hertel LW, Border GB, Kroin JS et al. Evaluation of the antitumor activity
of gemcitabine (2°,2'-difluoro-2’-deoxycytidine). Cancer Res 1990; 50:
44174422

7. Binet S, Feflous A, Lataste H et al. Biochemical effects of navelbine on tubulin
and associated proteins. Semin Oncol 1989; 16 (2 Suppl 4): 9-14.

8. Kubota K, Watanabe K, Kunitoh H et al. Phase Itl randomized trial of docetaxel
plus cisplatin versus vindesine plus cisplatin in patients with stage 1V non-small-
cell lung cancer: the Japanese Taxotere Lung Cancer Study Group. J Clin Oncol
2004, 22: 254-261.

9. Le Chevalier T, Brisgand D, Douiliard JY et al. Randomized study of vinorelbine
and cisplatin versus vindesine and cisplatin versus vinorelbine alone in advanced
non-small cell lung cancer: results of a European multicenter trial including 612
patients. J Clin Oncol 1994; 12: 360-367.

10. Belani CP, Lee JS, Socinski MA et al. Randomized phase Il trial comparing
cisplatin-etoposide to carbopiatin-paclitaxel in advanced or metastatic non-small
cell lung cancer. Ann Oncol 2005; 16: 1069-1075.

11. Yana T, Takada M, Origasa H et al. New chemotherapy agent plus platinum for
advanced non-small cell lung cancer: a meta-analysis. Proc Am Soc Clin Oncol
2002; 21: 328a.

12. Baggstrom MQ, Socinski MA, Hensing TA et al. Third generation chemotherapy
regimens (3GR) improve survival over second generation regimens (2GR} in stage
B/ non-small cell lung cancer (NSCLC): a meta-analysis of the published
literature. Proc Am Soc Clin Oncol 2002; 21: 306a.

Volume 18| No. 2 | February 2007




Annals of Oncology

13.

14,

15.

16.

17.

19,

20

21,

22.

23.

Hotta K, Matsuo K, Ueoka H et al. Addition of platinum compounds to a new
agent in patients with advanced non-small-cefl lung cancer: a literature based
meta-analysis of randomised trials. Ann Onca! 2004; 15: 1782-1789.

Kelly K, Crowley J, Bunn PA et al. Randomized phase [l trial of paclitaxel plus
carboplatin versus vinoretbine plus cisplatin in the treatment of patients with
advanced non—small-cell lung cancer: a Southwest Oncology Group Tria!. J Clin
Oncol 2001; 19: 3210-3218.

Schiller JH, Harrington D, Belani CP et al. Comparison of four chemotherapy
regimens for advanced non-small-cell lung cancer. N Eng! J Med 2002; 346:
92-98.

Scagliotti GV, De Marinis F, Rinaldi M et al. Phase lil randomized trial comparing
three platinum-based doublets in advanced non-small-cell lung cancer. J Clin
Oncol 2002; 20: 4285-4291.

Fossella F, Pereira JR, von Pawel J et al. Randomized, muitinational, phase I
study of docetaxe! plus platinum combinations versus vinorelbine plus cisplatin
for advanced non-smali-cell lung cancer: the TAX 326 Study Group. J Clin Onco!
2003; 21: 3016-3024.

. Negoro S, Masuda N, Takada Y et al. Randomised phase Il triat of irinotecan

combined with cisplatin for advanced non-small-cell lung cancer. Br J Cancer
2003; 88; 335~-341.

Niho S, Nagao K, Nishiwaki Y et al. Randomized multicenter phase Ill trial of
irinotecan (CPT-11) and cisplatin (CODP) versus CODP and vindesine (VDS) in
patients with advanced non-small cell lung cancer (NSCLC). Proc Am Soc Clin
Oncol 1999; 18: 492a.

Fukuoka M, Nagao K, Ohashi Y et al. Impact of irinotecan (CPT-11) and cisplatin
(CDOP) on survival in previously untreated metastatic non-small celt lung cancer
{NSCLC}. Proc Am Soc Clin Oncol 2000; 19: 495a.

Therasse P, Arbuck SG, Eisenhauer EA et al. New guidelines to evaiuate the
response to treatment in solid tumors. J Natl Cancer inst 2000; 92: 205-216.
Cella DF, Bonomi AE, Lloyd SR et al. Reliability and validity of the Functional
Assessment of Cancer Therapy-Lung (FACT-L) quality of life instrument. Lung
Cancer 1995; 12: 199-220.

Kurihara M, Shimizu H, Tsuboi K et al. Development of quality of life
questionnaire in Japan: quality of life assessment of cancer patients receiving
chemotherapy. Psychooncology 1999; 8: 355-363.

Volume 18 | No. 2 | February 2007

24.

25.

26.

27.

28.

29,

30.

31

32.

Matsumoto T, Ohashi Y, Morita S et al. The quality of life questionnalre for cancer
patients treated with anticancer drugs (QOL-ACD): validity and refiability in
Japanese patients with advanced non-smali-cell lung cancer. Qual Life Res
2002; 11: 483-493. )

Plister DG, Johnson DH, Azzoli CG et al. American Society of Clinical Oncology
treatment of unresectable non-smali-cefl lung cancer guideline: update 2003. J
Clin Oncol 2004; 22: 330-353.

Gandara DR, Ohe Y, Kubota K et al. Japan-SWOG common arm analysis of
paclitaxel/carboptation in advanced stage non-small cell lung cancer (NSCLC):
a model for prospective comparison of cooperative group trials. Proc Am Soc Clin
Oncol 2004; 22: 618a.

Shepherd FA, Dancey J, Ramlau R et al. Prospective randomized trial of
docetaxel versus best supportive care in patients with non-small-cell lung cancer
previously treated with platinum-based chemotherapy. J Clin Oncol 2000; 18:
2095-2103.

Fossella FV, DeVore R, Kerr RN et al. Randomized phase Il trial of docetaxel
versus vinorelbine or ifosfamide in patients with advanced non-small-cell lung
cancer previously treated with platinum-containing chemotherapy regimens. The
TAX 320 Non-Small Cell Lung Cancer Study Group. J Clin Oncol 2000; 18:
2354-2362.

Kris MG, Natale RB, Herbst RS et al. Efficacy of gefitinib, an inhibitor of the
epidermal growth factor receptor tyrosine kinase, in symptomatic patients

with non-small cel! lung cancer: a randomized trial. JAMA 2003; 290:
2149-2158.

Fukuoka M, Yano S, Giaccone G et al. Multi-institutional randomized phase |l trial
of gefitinib for previously treated patients with advanced non-small-cell lung
cancer (The IDEAL 1 Trial). Clin Oncol 2003; 21: 2237-2246.

Takano T, Ohe Y, Kusumoto M et al. Risk factors for interstitial lung disease
and predictive factors for tumor response in patients with advanced non-

small cell lung cancer treated with gefitinib. Lung Cancer 2004; 45:

93-104.

Takano T, Ohe Y, Sakamoto H et al. Epidermal growth factor receptor gene
mutations and increased copy numbers predict gefitinib sensitivity in patients
with recurrent non-small-cell lung cancer. J Clin Oncol 2005; 23:

6829-6837.

doi:10.1093/annonc/mdi377 | 323



Research Atticle

Differential Constitutive Activation of the Epidermal Growth
Factor Receptor in Non—Small Cell Lung Cancer Cells
Bearing EGFR Gene Mutation and Amplification

Takafumi Okabe, Isamu Okamoto,' Kenji Tamura,” Masaaki Terashima,' Takeshi Yoshida,’
Taroh Satoh, Minoru Takada,” Masahiro Fukuoka,' and Kazuhiko Nakagawa'

"Department of Medical Oncology, Kinki University School of Medicine; *National Kinki Central Chest Medical Center. Osaka,
Japan; and *Department of Medical Oncology, 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 (TK3), 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 ceil
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 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).
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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-TKls (18-22). These mutations arise in the
first four exons (exons 18-21) corresponaing 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 .

conseqt 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 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 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 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 (ICsp) 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 pL)} 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

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-3'and 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 SSC, Cot-1
DNA, and labeled DNA. The slides were washed for 5 min at 73°C with
3x 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 x 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 >15 copies of EGFR per cell in 210%
of cells, as described previously (25, 27).

Immunoblet analysis. Cell lysates were fractionated by SDS-PAGE on a
7.5% gel, and the separated proteins were transferred to a nittocellulose mem-
brane. After blocking of nonspecific sites with 5% skim milk, the membrane
was incubated overnight 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 Shc 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 p-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 Kingdorn) and by subsequent exposure
to enhanced chemiluminescence reagents (Perkin-Elmer, Boston, MA).

Cell lines Gefitinib ICsq (umol/L) EGFAR mutation EGFR ampilification 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 10.47 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 Wild type - Adenocarcinoma
www.aacrjournals.org 2047 Cancer Res 2007; 67: (5). March 1, 2007
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A Ma-1

| del E746-A750 (sense)

B KT-2

L858R (sense)

|

Figure 1. Detection of EGFR mutations in
NSCLC cell lines. The portions of the
sequencing electrophoretograms
corresponding to the mutations are

TATCAAGGAATTAAGAGAAGCAACAT
aacatctccgaaagceccaaca

del E746-A750 (antisense)

sl
. !

TTGGGCTGGCCAA

shown for Ma-1 (A) and KT-2 (B) cells.
A, heterozygous in-frame deletion in exon

G 18 is revealed by the presence of double
peaks. Tracings in both sense and
antisense directions are shown to highlight
thg two breakpoints of the deletion.

L858R (antisense) Wild-type (uppercase) and mutant

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

TCTTCGTTGTA
attttaagggecagecgatagtt

AACCCGACCGGTT

[

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-a), 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). Celis 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 4% gel and subjected
to immunoblot analysis with anti-EGFR (Santa Cruz Biotechnology).

PC-9 Ma-1

KT-2

KT-4

H1975

B -

e

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 22,
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 ICs, values for gefitinib
chemosensitivity ranged from 0.07 to 12.46 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 ICs, values between 0.07 and 2.34 umol/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 KT-4
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,
x? 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
Mautation + + + + + +
Amplification . + + + + . -
A549 HI1299 PC-9 Ma-1 KT-2 KT-4 HI975 HI1650
Figure 3. EGFR expression in NSCLC cell EGFR Gmw we- b9 wem m ~ s ewed
lines. Lysates (40 pg of protein) of NSCLC b e i ey
cell lines positive or negative for EGFR
mutation or amplification, as indicated, B-Actin

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

(bottorn). Representative of three - 400
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. Bt - ol - - Figure 4. Phosphorylation of EGFR and
downstream signaling molecules in NSCLC
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presence of EGF (100 ng/mL), after which
cell lysates (40 ug of protein) were
pY1173 subjected to immunoblot analysis with
antibodies to phosphoryiated 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
i 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
phosphatidylinesitol 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-
Jation 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-TKls
(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 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

Figure 5. Phosphorylation of She in
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 ug of protein) were
subjected to immunoblot analysis with

66 kDa

antibodies to phosphorylated Shc (pShe) pShe
or total Shc. Representative of three 52 kDa
independent experiments. 46 kDa
66 kDa
h
She <) kpa
46 kDa

Wild type Ex19 del L8S8R
' Mutation - + + + +
Amplification - + + +
A549 PC-9 Ma-1 KT-2 KT-4
EGF - + - + -+ - + - +
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EGF Figure €. Mechanism of constitutive
activation of EGFR in NSCLC cell lines.
pY1068 A, effect of neutralizing antibodies
{(Neut Ab) on EGFR phosphorylation.
Serum-deprived NSCLC celis (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

B . were then prepared and subjected to
Mutation - Ex19del L858R immunoblot analysis with antibodies to the
Amplification - + + Y 1068-phosphorytated form of EGFR or
to total EGFR. B, EGFR dimerization.
A549 PC-Y KT-4 Serum-deprived cells were incubated for
15 min in the absence or presence of
EGF - 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.
250 kDa —»
150 kDa —»

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 presbnt 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.acjp (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 pS53 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

A549 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 (30 J/mz) with a Hoefer UVC 500 Ultraviolet
Crosslinker (Amersham Pharmacia Biotech, Piscataway,
NI).

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, 5SmM MgCl,, 25mM 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-f-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 cytometer (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 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 4549 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 pS53 in cells subjected
to DNA double-strand breakage [22], we next examined
whether survivin and pS3 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
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Fig. 2. Effects of UVC on the abundance of p53 and survivin in
AS549 cells. Total cellular protein extracted at the indicated times
after exposure of cells to UVC (30)/m?) was subjected to
immunoblot analysis with antibodies to p53, to survivin, or to p-
actin (loading control). Data are representative of three indepen-

dent experiments.

B NoUVC No UVC No UVC
24h 48 h 72h
GO0-G1 53.6% G0-G1 69.4% G0-G1 83.8%
§33.0% S$22.7% $10.1%
G2-M 13.4% G2-M 7.9% G2-M 6.1%
uvc uvC uvC
24h 48 h 72h
] >N
G0-G1 31.8% GO0-G1 50.3% G0-G161.6%
$42.4% § 32.6% 526.1%
G2-M 25.8% G2-M 17.1% G2-M 12.3%

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/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 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 G,-M at 48 and 72 h compared with that apparent
for nontransfected cells or celis 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
GM 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



