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Table 3 logistic regression model for febrile neutropenia (N = 200)

Regression
coefficient (SE)

Variable

Area under the plasma 1.29 (0.174) <0.001
concentration versus
time curve (AUC) (mg*h/L.)

Performance status® (PS*) 141 (0.311) <0001
(0 for PS O/1 or | for PS 2/3)

Intercept -3.52 (0.434) <0.001

AUC, area under the plasma concentration versus time curve
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Fig. 1 A solid curve represents the probability of FN predicted from
Eq. 2 at various AUC when performance status factor (PS*) was set at
0. A dotted curve represents the probability of FN predicted from Eg.
2 at various AUC when PS* was set ot 1

all samples were converged normally, and AUC and PS*
remained significant in the model for 195 samples. On the
other hand, only AUC remained significant in the model for
5 samples. The area under an ROC curve of 200 samples
(using bootstrapping) was calculated to be .85 as a mean
value, with a CV (%) of 2.5. From these lines of evidence,
this model was implied to have robustness and a good ability
to discriminale between palients with and without fever.

Discussion

The population PK parameters and their interindividual
variability of docetaxel in Japanese cancer patients have
been reported [17]. In this study, the probability of FN
occurrence was further investigated using the same patient
population. Bruno et al. [14] reported that the AGP and CL.
of docetaxel are related with the risk of FN occurrence,
using a logistic regression analysis for subjects in Europe
and Western and USA. In this study, a stepwise logistic
regression analysis was performed to evaluate the risk of
FN occurrence using clinical data taken from Japanese
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Fig. 2 Receiver-operating-characteristic (ROC) curve for the prob-
ability of febrile neutropenia predicted from this model in
differentisting between those patients with and without febrile
neutropenia

Table 4 Predictive performance of logistic regression model®

Group Observed
Fever (+) Fever (—)
Predicted Fever (+) 6 25
Fever (—) 3 166

* Cut-off value = 0.61

cancer patients trealed with docetaxel, for the first time.
Bruno et al [14], who studied the docetaxel-induced FN
occurrence, reported the rate of FN as 4.7%, which is close
to the result of our study. On the other hand, the rate of FN
was reportedly higher (20-40%) in other cancer chemo-
therapy such as CHOP and ACVBP regimens for patients
with non-Hodgkin's lymphoma [15, 16].

Figure 1 shows that when the patients with PS* classed
at 1 received doses which provide the median value of
AUC (1.8 mg*h/L) in this study, the probability of FN
occurrence at PS* = 1 is expected 1o increase 2.5-fold as
compared with that a1 PS* = 0.

From Table 4, the predictive value of fever (+), calcu-
lated as true positive/(true positive + false positive =
6/(6 + 25) = 0.19. This implies that the predict performance
of the Eq. 2 is not high enough. In contrast, the predictive
valve of fever (—) was calculated as true negative/
(true negative + false negative) = 166/(166 + 3) = 0.98.
This implies that FN may not occur when the probability of
FN occurrence calculated by Eq. 2 is less than 0.61. To
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Table § Companson the two groups where the dose < cut-off dose
and dose > cut-off dose™

Group Dose < cut-off dose® Dose > cul-off dose®
Fever () 166 25
Fever (+) 3 6

* p = 0.001 (Fisher's exact test)

" Cut-off dose was a value which provided that the probability of
febrile neutropenia was 0.61

support this hypothesis, Fisher's exact test for FN frequency
was employed to compare the group administered with
doses (normalized by body surface area (BSA)) more than
the cut-off dose (Do, i.€. the dose which provides the FN
probability of 0.61) with the group administered with doses
less than Doy o Dennory Was finally calculated as
(3.02 - 1.09-PS*) - CL
BSA

where CL was given by a Bayesian post hoc analysis of the
population PK model. As a result, the group administered
with doses more than Do showed a significantly higher
frequency of FN (p = 0.001; Table 5). This indicates that
patients administered with doses more than D, . tend 10
exhibit FN. In other words, the Doy_og calculated from Eq.
3 may be considered as a criterion when physicians do
dose-adjustment to avoid FN occurrence. However, the
condition used to decide dose of docetaxel using Eq. 3 is
merely a reflection of toxicity associated with FN, but
clinical efficacy (tumor regression) should also be taken
into account in the clinical settings.

In the previous phase 1I study [14], the dose used was
constant and was nol changed, whereas in this study the
dose was adjusted due to liver failure and/or prior che-
motherapy because the patients have been treated under
routine oncology practice. This conditional difference may
be the reason why significant covariates were different
between that trial and the present results of a logistic
regression analysis for FN occurrence.

In conclusion, an equation was developed (o predict the
probability of FN occurrence in Japanese patients treated
with docetaxel. This equation, which incorporates AUC
and PS* as significant covariates, may therefore be useful
for selecling the appropriate dose in order to avoid the
occurrence of FN.
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KEYWORDS Summary Recent studies on lung cancer screening with CT disclosed a discrepancy between
Lung cancer; its efficiency in detecting early lung cancer and a lack of proof for decreasing mortality from
Computed lung cancer. The present study, in a city in Japan where an X-ray screening program is provided,
tomography; bi-annual CT screening was performed for X-ray screening negative subjects for 4 years. Ten
Mass screening; patients with lung cancer were detected among 22,720 person-year subjects (0.044%) through
Early detection; the X-ray screening. Among the X-ray screening-negative subjects, 3305 subjects participated in
Morbidity; a CT screening program resulting in the detection of 15 patients with lung cancer (0.454%). All 15
Martality cases detected by CT screening and 5 of the 10 cases detected by X-ray screening were at stage

IA. In respect of gender, histological type and CT findings, patients detected by CT screening
had a better prognostic profile than those detected by X-ray screening. Survival was significantly
better in the former than the latter, bath in its entirety comparison and in a comparison limited
to patients who underwent surgery. In conclusion, CT screening might have the potential to
detect lung cancer with good prognostic factors not limited to early detection. Sufficiently
long follow-up time, therefore, would be required to evaluate the efficacy for decreasing lung
cancer mortality with CT screening.

© 2007 Elsevier Ireland Ltd. All rights reserved.

* Corresponding author at: Department of Respirology (B2), Graduate School of Medicine, Chiba University, 1-8-1, Inohana, Chuo-ku,
Chiba 260-8670, Japan. Tel.: +81 43 226 2577; fax; +81 43 226 2176.
E-mail addresses: wadabun@fal.so-net.ne.jp (A. Fujikawa), takiguchi®@faculty.chiba-u.jp (Y. Takiguchi), satoSkg@yahoo.co.jp
(5. Mizuno), uruma-t@umin.ac. jp (T. Uruma), kimi.suzuki@nifty.com (K. Suzuki), nagaoke@faculty.chiba-u. jp (K. Nagao),
mafumi@naritasekijyuji.jp (M. Niijima), mosquito650he@docoma.ne.jp (H. Edo), hino@nms.ac.jp (M. Hino),
kuriyama@faculty.chiba-u.jp (T. Kurfyama).

0169-5002/5 — see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/§ lungcan.2007.12.010

319




196

1. Introduction

Lung cancer is the leading cause of cancer death in many
countries worldwide. Hope of decreasing death from lung
cancer by early detection has encouraged studies for lung
cancer screening by chest X-ray [1-4], sputum cytology and
low-dose spiral computed tomography (CT) [5—13].

Recently, a large scale study on lung cancer screening
by CT (International Early Lung Cancer Action Program, or
I-ELCAP) resulted in a diagnosis of lung cancer in 484 partic-
ipants out of 31,567 asymptomatic persons at risk for lung
cancer, a high ratio of clinical stage | of 85% in the diag-
nosed patients, and a high estimated 10-year survival rate
of 88% in the subgroup with clinical stage | lung cancer, con-
firming the previous reports on CT screening [10]. On the
other hand, another international study failed to show a
decline in advanced lung cancer diagnoses and lung can-
cer deaths by CT screening when compared with estimated
numbers by means of 2 prediction models, although it again
disclosed significant efficacy in the early detection of lung
cancer [14], revealing a discrepancy between the studies.
Clarifying the characteristics of lung cancer detected by CT
screening may help to explain this discrepancy. The present
study, performed in a single region, compared the results of
lung cancer screenings by low-dose CT with those by conven-
tional chest X-ray in terms of efficacy and the characteristics
of the detected lung cancers.

2. Materials and methods

2.1, Study region and subject recruitment

The study was conducted in an anonymous city located in a
suburb in Chiba prefecture next to Tokyo, Japan. The munic-
ipal office has, for decades, provided its residents older than
40 years with an annual health-screening program includ-
ing chest X-ray. All subjects participating in this program,
on the day of the chest X-ray screening, were informed of
the free-of-charge and research-based low-dose CT screen-
ing program to take place at a later date, together with
its potential benefits and risks. Those who gave their writ-
ten informed consent for the study became candidates for
enrolling in the CT screening for lung cancer, Subjects who
had abnormalities detected on the basis of the X-ray screen-
ing, and were judged to require further examinations, were
excluded from enrollment in the CT screening program, New
subjects were recruited every year for each screening. With
encouragement, repeat of the screening at the next appor-
tunity depended on the individual's will.

2.2, Lung cancer screening by chest X-ray and CT

For screening with X-ray, images in 10 x 10cm miniature
radiograms were obtained with mobile X-ray equipment
(Model MXO-158, Toshiba Medical Systems Co., Otawara,
Japan) on X-ray film rolls (X-ray film HX, Konica Minolta
Holdings, Inc,, Tokyo, Japan) with an X-ray mirror-camera
(CM5-100, Canon Inc., Tokyo, Japan). The technical param-
eters consisted of tube voltage of 130 kY with adjustment of
mAs by photo-timer, and a distance of 120cm from the tube
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to film with a 2.0-mm aluminum filter. The film rolls were
reviewed on dedicated illuminant miniature X-ray film view-
ers equipped with magnifying glasses. For screening with CT,
images were obtained by mobile low-dose spiral CT equip-
ment (W9505R, Hitachi Medical Co, Tokyo, tube voltage of
120kV, electric current of 50mA, rotation of 0.557', col-
limation of 10mm, interval of 10mm). The images were
reviewed on CRT with personal computer-based viewing and
reporting system, Each image of X-ray and CT was reviewed
by 2 independent expert pulmonologists, and any pulmonary
or endobronchial nodule suggesting a lesion requiring fur-
ther examinations was compared with a previous study when
available. Then, the final judgment was given by several
reviewers' consensual decision and the results were clas-
sified into 4 categories; no nodule (category 1), nodules
requiring no further examinations (category II), nodules
suggesting non-malignant lesion requiring further exami-
nations (including lesions suggesting active tuberculosis,
category 1), and nodules suggesting malignant lesions (cat-
egory V). There was no communication between X-ray and
CT reviews. Further examinations consisted of conventional-
dose CT with thin-section scanning, ranging from 0.5 to 2 mm
thickness according to the reguirement, in all patients with
categories Ill and IV, follow-up studies by CT, and invasive
diagnostic procedures including bronchoscopy, CT-guided
biopsy and video-assisted thoracotomy when required.

The X-ray screening was repeated every year. Because
of research resource limitation, the city was geograph-
ically divided into 2 areas, and the CT screening was
performed alternatively in only one area each year, resulting
in screening in the same area every 2 years. Inter-screening
tracking of the subjects without categories Ill and IV was
not allowed because of local regulations. Both screenings
were performed from 2001 to 2004 in each fiscal year, with
follow-up periods until September 2007. The entire study
was approved by the Ethics Committee of the Chiba Foun-
dation for Health Promotion & Disease Prevention.

2.3. Image analysis of detected lung cancer

Thin-section images of detected nodules definitively diag-
nosed as primary lung cancer were retrospectively reviewed
and classified into 3 categories; pure ground glass attenua-
tion (GGA), part solid (GGA with a central solid part) and
solid nodule [15,16].

2.4, Statistics

Comparisons of frequency were performed by Student’s t-
test, and survival curves were drawn by Kaplan—Meier's
method followed by comparison with log rank test. Differ-
ences with p values of less than 0.05 (two tailed) were
judged as statistically significant.

3. Results

The total numbers of person-years for X-ray and CT screen-
ing in the 4-year period were 22,720 and 3305, with actual
subject numbers of 8246 and 2550, respectively. Charac-
teristics of the subjects are summarized in Table 1. In this
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Table 1 Characteristics of subjects

Yoar Total o, of Age Sex Mo. of baseline Mo. of repeat
ubjects [yearsj* ey s oy Hody
Mo, of male (medfan No. of female
age; range) [medfan age, range)
X-ray screening
2001 5,309 59 (40-93) 1776 (63; 40-85) 3,531 (57; 40-93) 1o 5,208
2002 5417 58 (40-89) 1828 (62; 40-85) 3,589 (56; 40-89) 27 4490
2003 5.m 59 (40~92) 2018 (43; 40-88) 3,764 (57; 40-92) BaB 4,934
2004 6,212 60 (40—94) 2167 (63; 40-91) 4,045 (58; 40-94) 794 5,418
Total n.ny 59 (40-94) 7789 (63; 40-91) 14,931 (57; 40-94) 670 20,050°
€T screening
2001 (ares A) 19 65 (50-87) 326 (65; 50-85) 401 (66; 50-87) 79 A
2002 (srea B) 762 65 (50-84) 314 (66; 50-84) 448 (64; 50-81) 762 HA
2003 (area A) L1 ] 65 (50-85) 361 (&5; 50-83) 477 (64; 50-85) 519 1L
2004 {area B) 916 65 (50-83) 419 (65; 50-83) 557 (64; 50—B0) 540 436
Total 3,305 &5 (50-87) 1420 (635; S0—85) 1,885 (65; 50-87) 550 755
* Median (range).

" Numbers in terms of persan-years.
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table, the actual number for CT screening is equal to the
total number of subjects who participated in the baseline
study because the screening was started at 2001. However,
in the X-ray screening, the number of subjects participated
in the repeat study at 2001 (n=5208) plus total number of
subjects participated in the baseline study (n=2670) dose
not result in the actual total number (n=8246) in 4 years,
because the screening had been started before 2001; there
were some subjects who had participated in the screening
before 2001 and did not at 2001, In addition, the subject
number of repeat study fs greatly exceeds the number of
baseline study in every year, because many subjects had
already participated in the screening before 2001. Smoking
status of the subjects is summarized in Fig. 1 according to
gender and screening method. The subjects of CT screening
consisted of a significantly higher proportion of smokers than
those of X-ray screening (p < 0.001 for males, and p=0.0014
for females, x? test). Total accrual numbers of further exam-
inations (categories |ll and IV) were 313 (78 category lll and
235 category IV) of 22,720 (1.4%) in X-ray screening, and 337
(67 category lll and 270 category IV) of 3305 (10.2%) in CT
screening.

All lung cancers were found exclusively from category IV
in both screenings. Lung cancers were found in 10 patients
(0.044% of the 22,720 screened) through the X-ray screen-
ing, 4 patients by baseline (0.1498%, or 4 out of 2670) and
6 patients by repeat screening (0.030%, 6 out of 20,050).
Among them, 5 (50%) patients had stage |A lung cancer. With
CT screening, 15 patients (0.454% of the 3305 screened)
with primary lung cancer were found. They were exclu-
sively found in baseline screening, and all 15 lung cancers

Fig. 1

Female
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were stage IA. Patient characteristics are summarized in
Table 2. With X-ray screening, lung cancer was detected
in 0.040% (6/14,931) of female participants, and in 0.051%
(4/7789) of male participants, with a female-to-male ratio
of the detection rate of 0.78. In contrast, with CT screen-
ing, it was detected in 0.58% (11/1885) of female, and in
0.28% (4/1420) of male participants, with a female-to-male
ratio of 2.07. The proportion of adenocarcinoma was 86.7%
(13/15) in patients detected through CT screening, signifi-
cantly higher than that (50%, or 5/10) in patients detected
through X-ray screening (p=0.0455, x* test). The constitu-
tion of the image type of lesions, that is, pure GGA, part
solid and solid types, was significantly different between
these 2 groups (p=0.0001, x* test), and those detected by
CT screening were more likely to be pure GGA or part solid
than those detected by X-ray screening. Standard lobec-
tomy with hilar and mediastinal lymph node dissection was
performed in 6 of the 10 lung cancer patients detected by
X-ray and in 14 of the 15 patients detected by CT screen-
ing (Table 2). Retrospective re-review of X-rays of patients
with CT screening-detected lung cancer disclosed that the
corresponding lesion was visible on X-ray in only one case,
#HCT-12.

Survival curves of the patients with detected lung can-
cer are shown in Fig. 2. Survival of the patients detected by
CT screening was better than that of the patients detected
by X-ray screening with statistical significance (Fig. 2A).
Survival of the patients undergoing surgery was also com-
pared between the patient groups detected by CT and
X-ray screenings, again disclosing better survival in the CT
screened patients than in the X-ray-detected patients with

of X-ray

p

o

Smoking status of the participants in the 2 screening programs. Closed, shaded and open areas represent current, ex- and

never smokers, respectively. Smoking rates of the participants in the X-ray screening were similar to the general statistics in Japan,
in bath male and female populations, whereas those of the participants, especially in males, in the CT screening were significantly
higher than in participants of the X-ray screening (p<0.001 for males, and p=0.0014 for females, y? test), very possibly because

of smokers' motivation to participate in CT screening,
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Table 2 Characteristics of detected lung cancer
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Case no. Age Sex Size (mm) Histology Stage Image type Treatment Visible on X-ray

With X-ray screening
%1 75 F kT Ad prlA Solid ¢ NA
%2 75 ) 28 Sm p-IB¢ Solid Sand C NA
X3 70 F 20 Ad prlA Solid S NA
X-4 77 M 50 5q clllA Solid R NA
x5 74 M 20 Sq c-lllA Solid R NA
X-6 78 F 8 Sm c-A Solid CandR NA
x-7 51 F 25 Ad p-lA Solid S NA
X-8 47 M 27 Ad c-lA Solid CandR NA
Xx-9 69 F 10 Carcinoid p-lA Solid S NA
Xx-10 62 F 7 Ad pelA Solid 5 NA

With CT screening
CcT-1 64 M 10 Ad p-lA Pure GGA s No
CcT-2 n F 1 Ad p-lA Pure GGA S No
CcT-3 64 M 20 Ad p-lA Pure GGA S No
CT-4 63 F 15 Ad pelA Part solid S No
CcT-5 Al F 15 Ad p-lA Part solid S No
T 79 M 14 sq p-lA Solid 5 No
CT-7 66 F 7 Ad p-lA Pure GGA 5 No
cT-8 60 F 8 Ad prlA Part solid S No
cT-9 67 ¥ 15 Ad prlA Part solid S No
CcT-10 58 F 9 Ad p-lA Pure GGA 5 No
CT-11 631 F 10 Ad pelA Pure GGA - No
cT-12¢ 59 M 23 Non-small c-lA Solid BSC Yes
CT-13 70 F 10 Ad p-lA Part solid S Na
CT-14 62 F 10 Ad p-lA Part solid S No
CT-15 61 F 30 Ad pelA Pure GGA S No

* Maximum diameter.

b s, R, C and BSC represent surgery, radiotherapy, chemotherapy and best supportive care, respectively.
© Postoperative evaluation of the tumor size determined the stage of IB.
¢ This patient was diagnosed as having clinical stage IA non-small cell lung cancer not further specified together with concomitant

advanced esophageal cancer by staging procedures.

statistical significance (Fig. 2B). Two patients, detected by
X-ray screening were dead after surgery, both from lung
cancer recurrence (case #X-2 and 10).

4. Discussion

The present lung cancer screenings recruited subjects not
limited to a high-risk group. First, the X-ray screening pro-
gram was provided for general residents in a certain city in
Japan, and the next screening program with CT was offered
to the participants of the X-ray program, while excluding
subjects who were judged to require further examinations
by the X-ray screening. Therefore, the present CT screening
program was eventually a screening for roentgen-negative
lung cancer. The present study was preliminary and had
several shortcomings: (1) sample size was relatively small,
(2) there were some deviations in characteristics of the
subjects; the subjects of X-ray screening consisted of less
smokers and younger population especially in female than
the subjects of CT screening, (3) examination was repeated
every 2 years in the CT screening program, and (4) no inter-
screening follow-up for counting lung cancer occurrence and
death was performed, resulting in a lack of estimation of the

[7¥]

true frequency of lung cancer occurrence in the subjects
during the study period. In particular, the primary issues
being the small sample size and the deviations in subject
characteristics ostensibly limit this study’s ability to make
definitive conclusion. This kind of study solely enables us
to evaluate screening efficacy by comparing CT screening
with X-ray screening in terms of the characteristics of the
detected lung cancer.

CT screening detected lung cancer at a frequency of
approximately 10 times that of X-ray screening, even though
CT screening was provided for X-ray screening-negative sub-
jects. In addition, all lung cancers detected by CT were at
stage |A, whereas only 6 of 10 lung cancers detected by X-ray
screening were at stage |A, consequently resulting in better
survival in the former compared to the latter. Characteristics
of the lung cancer detected through CT screening were sig-
nificantly different from those through X-ray screening. First
of all, all 15 lung cancers detected by CT were adenocar-
cinomas except for one with non-small cell lung cancer not
further specified, whereas only 5 of 10 lung cancers detected
by X-ray screening were adenocarcinomas, the latter ratio
being similar to that of the general statistics in Japan. Sec-
ondly, the female-to-male ratio of the detection rate with
CT screening (2.07) was substantially higher than that with
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Fig. 2 Survival curves of patients with lung cancer according
to screening method. Patients detected by CT screening (n=15)
survived significantly longer than patients detected by X-ray
screening (n=10, A). Comparison between the 2 groups lim-
ited to the subpopulations undergoing surgery showed a similar
result (B). The curves were drawn by Kaplan—Meier's method,
and compared with the log rank test.

X-ray screening (0.78). Considering that the female-to-male
ratio of patients with lung cancer in the general statistics
of Japan was 0.41 [17], the ratio with CT screening seemed
extraordinarily high, and may actually be biased. As a matter
of fact, the ratio with X-ray screening of 0.78 also seemed
high, suggesting strong bias with screening. Thirdly, when
assessed with thin-section CT, the image type of the lung
cancer detected by CT screening contained a significantly
larger portion of pure GGA or part solid type than that by
X-ray screening. This is quite reasonable because nodules
of GGA type are notoriously invisible on X-ray. The exis-
tence of GGA either as pure GGA or in part solid nodules
in thin-section CT represents air-spaces in lung adenocarci-
noma tissue, and very likely corresponds to either type A,
B, or C of peripheral small adenocarcinoma [15,16,18—21)
according to Noguchi's classification [22]. Such lung ade-
nocarcinomas, in most cases, are characterized by a
slow-growing nature and good prognosis with lung resection
[15,16,18-22).

Effective cancer screening requires several conditions
including the followings: (1) the screening is capable of
detecting corresponding cancer at a high frequency, (2)
prognosis of patients with screening-detected cancer is sig-
nificantly better than that of patients found by symptoms,
(3) less patients with advanced cancer and deaths from the
cancer are shown by the screening, and (4) the screening is
affordable in respect to human resource and cost. Many pre-
vious studies [5,11,13,23—27] and two recent studies [10,14]
on lung cancer screening by CT provided evidence for the

first 2 conditions. The present study also supports these pre-
vious study results. Bach et al., however, cast doubt on lower
number of patients with advanced disease and lung cancer
deaths by CT screening [14). The discrepancy between the
high frequency of early detection resulting in good prognosis
of the detected patients and a lack of decrease in advanced
disease and death may be partly explained by overdiagnosis
through screening, That is to say, in spite of a definitive
histological diagnosis, many early lung cancers detected
through screening would not progress rapidly to the point
of being clinically overt in the individual's lifetime. In fact,
lung cancers detected via the present CT screening seemed
to possess less malignant propensity, because the majority
(13 out of 15 patients) were classified into either pure GGA
or part solid type adenocarcinomas by thin-section CT find-
ings, and because they were found predominantly in female
non-smokers. In particular, detection and diagnosis in one
patient (#CT-12) was apparently overdiagnosed because he
died from concomitant advanced esophageal cancer while
his lung cancer was at clinical stage IA. Nevertheless, the
rest of the lung cancers detected by the present CT screen-
ing would have very possibly progressed to clinically overt
and fatal cancer if left untreated, making it needless to refer
in particular to the I-ELCAP study [10], in which & patients
with clinical stage | cancer detected by CT screening did not
receive treatment, with all of them dying within 5 years,
In addition, any individual with pulmonary nodules judged
to require further examinations through X-ray screening
was excluded from enrollment to the CT screening. Most
lung cancers detected by X-ray screening would have been
detected by CT screening if no X-ray screening had been pro-
vided. Therefore, the present CT screening has the potential
to reduce advanced lung cancer or death from lung cancer in
the future, but not within a few years. Although Bach et al.
failed to demonstrate a decrease in advanced disease and
death from lung cancer [14], the reason for the negative
result may be related to a relatively short median follow-up
period of 3.9 years. Needless to say, large-scale randomized
controlled studies that eliminate biases would have advan-
tages for drawing definitive conclusions. Hence, results from
randomized controlled studies such as the National Lung
Screening Trial in the United States and the NELSON Trial
in Europe are awaited [14,28,29]. It is important, however,
to understand that a substantially long follow-up period,
although difficult to be estimated from this study, would
be required even in the case of well-sophisticated random-
ized controlled studies. Considerations on potential harm
and cost would also be an important issue.

In conclusion, the present study confirmed the capability
of CT screening in detecting early stage lung cancer at a
high frequency, and suggested that CT screening-detected
lung cancer might have less malignant propensity than X-ray
screening-detected or symptom-detected lung cancer. In CT
screening for lung cancer, a considerably extended follow-
up period would be essential for evaluating its effectiveness
in decreasing lung cancer mortality.
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Alterations resulling in enhanced epidermal growth [uctor receptor (EGEFR)
expression or function have been documented in a varely of tumors.
Therefore, EGFR-lyrosine kinase is a promising therapeutic target,
Although in vitro and i vive studies have shown the anti-tumor activity of
EGFR-tyrosine kinase inhibitors against various lumor types, little is
known about the mechanism by which such inhibitors effect their anti-
lumor aclion. AGI478 is known 1o selectively inhibit EGFR-tyrosine
kinase. In this study, we showed that AG1478 caused apoptosis and apop-
tosis-related reactions such as the activation of caspase 3 in human non-
small cell lung cancer cell line PC-9. To investigate the signaling route
by which ACi1478 induced apoptosis, we examined the activation of ¢-Jun
N-terminal kinase (JNK) and mitogen-activated protein kinase p38 in
AG1478-treated PC-9 cells. INK, but not p38, was significantly activated
by AG 1478 as determined by both immunoblot analysis lor levels of phos-
phorylated JINK and an in vitre activity assay. Various types of stimuli
activated JNK through phosphorylation by the dual-specificity JNK
kinases, but the dual-specificity JNK kinnses MKK4 and MKK?7 were not
activated by AG1478 treatment. However, INK phosphatase, i.e. mitogen-
activated protein kinase phosphatase-1 (MKP-1), was constitutively
expressed in the PC-9 cells, and its expression level was reduced by
AGI478. The inhibition of INK activation by ectopic expression of
MKP-1 or a dominant-negative form of JNK strongly suppressed AG1478-
induced apoptosis. These results reveal that JNK, which is activaled
through the decrease in the MKP-1 level, is eritical for EGFR-iyrosine
kinase inhibitor-induced apoptosis.

The tyrosine-phosphorylated motils of EGFR recruit

Epidermal growth factor receptor (EGFR), a member
of the ErbB family, is important in the regolation of
growth, differentiation and survival of cell
types. Ligand binding to EGFR results in recepton
dimerizution, activition of its tyrosine kinase and
phosphorylation of its C-terminal tyrosine residues.

various

Abbreviations

EGFR, epermal growth facion iecepion, ERK, exiraceliula signakiegulated sinase; JNK

EGFR
is uble to activale a variety of signaling pathways
through its association with these molecules. The mito-
gen-activated protein kinase (MAPK) pathway leading
signal-regulated

various adaptors or signaling molecules [1,2].

1o phosphorylation ol extracellular

c-Jun N-teymmal «inase; MAPK, minogen-activaten

proten wnasa, MEP-1, mrogen-activealed protem <inase phosphatase-1: NSCLC, nonsmall-cell lung cancer; P1L piopaivm oice; Plolns3-K

phosphatdyhnosiol 3-uinase; SAPK stress-actvaren MAPK
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JNK activation is critical for AG 1478-Induced apoptosis

kinase (ERK) 172 plays an cssential yole in BGE-
induced cell growth; and the phosphatidylinosi-
tol 3-kinase (Pudlns3K) pathway is also important for
cell growth and cell survival One way by which
Pudins3K signals cells 1o survive is by activiting pro-
tein kinase PDK | which in turn phosphorylates Akt

EGFR gene mutations or EGFR gene amplification
is detected in various types of malignancy [1,2]; there-
fore, EGFR-tyrosine kinase is u promising therapeutic
target. Orally active small molecules against EGFR
(e.g. gelitinib and erlotinib) show evident anti-tumor
effects in patients with various cancers, particularly
non-small cell lung cancer (NSCLC) |3 5|. Benelicial
responsiveness (o EGFR-targeting  chemicals  in
NSCLC patients is closely associated with EGFR
mutations in the kinase domain [6-8).

The induction of apoptosis has been considered as a
major mechanism for gefitinib-mediated anti-cancer
effects [9.10]. Lung cancer cells harboring mutant EG-
FRs become dependent on them for their survival and,
consequently, undergo apoptosis following inhibition
of EGFR tyrosine kinase by gefitinib. Gefitinib has
been shown 1o inhibit cell survival and growth signal-
ing pathways such as the Ras-MAPK pathway and
Pldins3IK/Akt pathway, us a consequence of inactiva-
tion of EGFR [10-13]. The PtdIns3K/Aki pathway is
downregulated in response to gefitinib only in NSCL(C
cell lines that are growth-inhibited by gefitinib [14]. So,
it is thought that the PtdIns3K/Akt pathway plays a
critical role in the gefitinib-induced anti-tumor action.
Furthermore, some reports have demonstruted that
blockage of the EGFR activity with gefitinib is able
to cause suppression of a downstream signaling
pathway through Ras-MAPK and/or Ptdins3IK/Ak:,
and induce apoptosis through activation of the
pro-apoptotic Bel-2 family protein Bad or Bax [9,15].

In mammals, three major groups of MAPK have
been identified [16-18]. The c-Jun N-terminal kinuse
(INK), also known as stress-activated MAPK (SAPK),
represents a group of MAPKs that are activated by
treatment of cells with cytokines or by exposure of
cells 1o a variety of stresses [19-21]. JNK activity has
heen implicated in both apoptosis and survivil signal-
ing and i5 tightly controlled by both protein kinases
and prolein phosphatases |22-24]. Various types of
stimuli activate JINK through phosphorylation by the
duul-specilicity kinase MKK4 or MKK7 |18,25]. By
contrast, uany types ol stimuli can inactiviste JNK
through induction of the expression of JINK phospha-
tuses, which include dual-specificity (threonine/yro-
sine) phosphatases |26 28]

PC-9 cells are gelitinib-gensitive human NSCLC cel)
lines with & muation (delF746-A730) in their BGFR,
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which allows the receptor 10 be autophosphorylated
independent of EGF. In this study, we investigated the
signaling route by which the EGFR tyrosine kinuse
mhibitor AGI1478 induccs apoplosis in PCH cells,
There is u general agreement on the hypothesis tha
the inhibition of ERK1/2 MAPK and/or Pidins3K/
Akl growth/survival signaling cascades leads to apop-
tosis of cincer cells. However, there are no studics
addressing the role of JNK in apoptosis induced by
BEGFR tyrosine kinase inhibitors. Here, we demon-
strate that JNK-phosphatase MKP-1 expression is con-
trolled by a signal downstream of EGFR and that if
this signal 1s abolished by an inhibitor of EGFR tyro-
sine kinase, the decreased MKP-1 activity can result in
INK activation, leading 1o the induction of apoplosis.

Results

We [irst examined the effect of AG1478 on the viabil-
ity of human NSCLC cell line PC-9. Treatment of the
cells with AGI478 markedly suppressed the cell viabil-
ity, as determined by the results of a colorimelric assay
(Fig. 1A). Photographic observation of AGI478-trea-
ted PC-9 cells revealed that AG1478 decrcased the per-
centage of adherent cells in a time-dependent manner
(Fig, 1B). When AGI478-treated PC-9 cells were
stained with Hoechst propidivm iodide (PI), cells with
condensed chromatin and fragmented nuclei, which are
characteristic of the nuclear changes in apoptotic cells,
were seen in both adherent and non-adherent cell pop-
ulations (data not shown). To confirm whether this
AG1478-induced cell death resulted from apoptosis,
we examined caspase 3 activity after exposing the cells
to 500 nM AG1478. As shown in Fig. IC, caspase 3
activity was increased in a time-dependent manner. It
thus appears that AG1478 reduced the survival rate of
PC-9 cells by activating the apoptotic pathway.

It is important 10 know how AGI1478 affected the
survival rate of PC-9 cells. Many studies have shown
that enhanced INK activity may be required for initia-
tion of stress-induced apoptosis [29,30]. To examine
whether JNK might be activated by AG 1478, we trea-
ted PCO cells with AGI478 for various periods
(Fig. 2A). Activation of JNK was meusured by
performing an immune comples kinase assay using
bacterially expressed GST c-Jun as o substruie.
Phosphorvlation of c-Jun appeared | h alter AG1478
addition, with & maximum level at 24 h. We next
determined the phosphorylation of INK in the pres-
cnce of AGI478. PC-9 cells were incabated with
AG 478 Tor several periods, and cell lysates were pre-
pared from these cells to determine the phosphoryia-
lion of JNK by immuneoblotting (Fig. 2By AG1478
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Fig. 1. Incuction of apoptosis hy AGI478 |A) PC-9 cells weale
seeded into 8 96-well micioplate, and teated with AG1478 at var-
ous concentrations for 48 h The viability of cells was determined
by conducting WS 1-8 assays. The value o untreated cells was con-
sioered as 100% wability |he cata piesented are the mean = SD
{n= 6] (B) PC-9 cells wara seeded at & density 3 x 10° calls per
60 mm dish and then tweated with 500 nv AG14/8 lha phase-
contrast photomicrographs weie taken 0 (a), 12 (b) ar 24 h (c) after
incubation with AG1478 Scale bat, 100 um. (C) PC-9 cells were
neated with 500 nm AG14/8 Lysates weie pepaed at the
indicared tme paoints after the AG1478 addition and analyzea for
caspase 3 activity by using a fluoromatic substiate-based assay
Each point is the mean of tnplicate samples, and the bar represents
the standard deviation. Similar results wera obtained from three
separate experiments.

A AGI478 - 1 3 6 12 24 h
Phospho-c-Jun —>» e e
8 AG1478 - 1 3 6 12 24 h

—> [n -
prossrow >

e - - o - —

R ————
3 68 12 24 h

i ———

c AG1478 - 1
Phospho-p38 > =—

p38 > = — - = ——

Fig. 2. JNK activation by AG1478. PC-9 cells were treated with
500 nia AGI478 and lysed on ce ai the indicated time points. (A)
JNK—c-dun comph wara coll by glutath 5 J

e~Jun agarose beads and then assayed in vitio for kinase activity by
using c-Jun as a substrste. The phospho-c-Jun product was
detected by immunablotting. (B} The cell lysates were normalized
for ¢ and analyzed for phospho-JNK 1 (upper),
as wall a5 foi INK content (lower) (C) Ihe call lysates were ana-
lyzed for phospho-p38 content (upper panel). as well as for p38
Uower). Similar results were obtained from thiee sepatate experi-
ments

However, the activation of p38, another MAP kinase
sub-family member, was not evident up to 12 h after
AGI1478 treatment; although an increase in the phos-
phorylation of p38 was detecied at 24 h (Fig. 2C).
Phosphorylation of ERK 172, prototypical MAPK, was
decreased by the treatment with AGI478 at the same
time us activation of JINK (data not shown).

Neither SB203580 nor PD98059, inhibitors of p38
and ERK1/2, respectively, affected AG1478-induced
apoptosis in PC-9 cells (data not shown). suggesting
that neither p38 nor ERKI1/2 mainly transmit the
apoptotic signul of° AG 1478 in the PC-9 cells. If' INK
plavs an important role in AGI47R-induced apoptosis,
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inactivation of JNK should suppress this AG1478-
induced apoptosis. To test this scenario, we stably
transfected PC-9 cells with a mammalian expression
vector encoding u dominani-negative form of INK,
and isolated two clones, JI2AS and JI2B6. The resulis
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Fig. 3. Expession of dominant-nagative JNK prevents AG1478

o ap ) s L PC-8 snu J12A5 cells were
incubated with 500 nu AG1478 tor the incicated timas. JNK activity
was d as bad n E Procedures  (B)
PCH, J12A5 and J1286 celis were ncubated with the indicated
concentrations of AG1478 for 48 h The visbiity of cells was deter-
mnéd by conductng WS1-8 assays. The reading obtaned for
untrested cells was as 100% wabiity. The dats pre-
sented are the mean 4 S0 (n = 6). (C) Phase-contrast photomicro-
gaphs were faken 24 h after incubstion with 500 nm AG1478
Scale bar, 100 pm. (D) PCS and J12A5 cells were treated with
500 nv AG1478. Lysates were prep at the ind i time
ponts after the AG1478 addition and analyzed for caspase 3 activ-
ity by using a M based assay Each point is the
mean of the triplicats samples, and the bar represents the standard
daviation Similar rasults ware obtned from thine separats exper
mants

of a JNK kinase assay confirmed that J12AS cells had
no detectable activity (Fig. 3A). A colorimetric assay
for cell viability, microscopic observation of cells, and
an assay for caspase 3 aclivity revealed that this
dominant-negative kinase elficiently blocked AG1478-
induced apoptosis (Fig. 38-D), indicating that activa-
tion of JNK mediated the AG1478-induced apoptosis.

A multitude of stimuli including osmotic siress acti-
vate INK through phosphorylation of the JNK kinases
MKK4 and MKK7 [18,31]. To examine the mecha-
nism by which AGI478 induced JNK activation, we
incubated PC-9 cells in the presence of AGI478 for
severnl periods, and then prepared cell lysates from
these cells 1o determine the phosphorylation of MKK4
and MKK7 by immunoblotting (Fig. 4A). No phos-
phorylated MKK4 or MKK7 was observed in the
presence of AGI478, although phosphorylation of
both JNK kinases in response to osmotic stress could
be detected. Next, we determined the effect of AG1478
on the levels of MAPK phosphatases MKP-1 and
MEKP-2. As shown in Fig. 4B, AG1478 decreased the
expression of the MKP-1 protein. As for the MKP-2
protein, however, AG1478 did not affect its expression
level.

To check the role of MKP-1 as an anti-apoptotic
signal molecule, we constitutively expressed MKP-1 in
PC-9 cells. The cells were transfected with a vector
directing the expression of MKP-1; and two clones,
MIA4 and MIB2, were isolated as cell lines over-
expressing MKP-1 (Fig. 5A). Using PC-9 and M1A4
cells, we examined the effect of AGI478 on the
amounts of dually phosphorylated JINK (Fig 5B). In
PC-9 cells, AG1478 treatment decreased the expression
of the MKP-1 protein and concomitantly stimulated
the phosphorylation of JNK. However, the expression
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Fig. 4. Effect of AG1478 on phosphorylation of MKK4 and MKK7,
and axpression of MKP-1 and MKP-2, A, PC-9 calls were treated
with 500 nm AGT478 for the indicated periods, and cellular lysates
ware analyzed by SDS/PAGE and immunobloting with ant-phos-
pho SEK1/MKK4e (Ses2b4/1hi261)] Ig and antiphospha MEKK7
(Ses271/Thi275)] g, respectively (upper), oTubulin levels were
axamined as & control for equal loading llower) As a control for
MKK4 and MKK? activation, parallel cultures were weatetd with
0.5 M sorbitol for 30 min o with 0.5 M sodium chioride for 15 min,
(B) Ihe cellular lysates were prepared at the indicated time poinis
after AG14/8 weatment Total protein (40 pg) was subjected 1o
immunaoblotting, and the memb were hybridized with anti-
bodies sgainst MKP-1 (upper) or MKP-2 (middle) The equal loading
of the samples was checked by using an antibody against o-tubulin
flower) The experiments ponding to (A) and (B) were
repested three times with similar results

level of MKP-1 in M1A4 cells remained high, in con-
trast to that in PC-9 cells; although MKP-1 expression
was lowered once at 3 h after AGI1478 treatment. JNK
phosphorylation was exiremely low in M1A4 cells, The
expression patterns of MKP-1 and phospho-INK seen
in M1A4 were also observed in M1B2 cells (data not
shown). The results of the JNK kinase assay indicated
that JNK was not activated in M1A4 cells, where the
MKP-1 expression level remained high cven after
exposure to AG1478 (Fig. 5C).

We next tested whether the expression level of
MEKP-1 correlated with sensitivity to AGI478. As
shown in Fig. 6A,B, overexpression of MKP-1 resulted
in resistance 1o AGI478. We also examined whether
AG1478 could activate the elfector caspase 3 in M1A4
cells (Fig. 6C). In PC-9 eells, activation of caspase 3
was observed with a maximal increase (480%) at 24 h
alter AG1478 treatment; however, in M1A4 cells, only
u slight increase in caspase 3 enzyme activity (28%
and 39% at 12 und 24 h, respectively) was detected.
These results show that the MKP-1 expression level
correlated with the susceptiblity to AGI1478.-nduced
dpd""ﬂ.‘ilS
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Fig. 5. Expiession of MKP-1 prevents JNK actvation (A) Celluta
lysates were prepared from parent PC-9 cells and pcMEP1- trans-
fected PC-O cells (M1A4 and M1B2) The lysates were analyzed by
SDS/PAGE and immunoblotting with specfic antibody against
MKP-1 {upper) o e-wbulin (lowsr). (B) Subconfivem PC-9 and
M1A4 calls were incubated with 500 nm AG1478 for the indicated
nmes |he cells wera then harvested, and equal aliquots of protein
extracts (40 yg per lanel were analyzed for phospho-JNK (upper)
and MKP-1 (lower) by immunobiotting Each membrane was rep-
rabed with JNK (upper) of an e-tubulin antibody (lowaer) Similat
results waie obtained from thies sepaiate expenments. (C) Call
lysatas were prepared from PC-9 and M1A4 cells at the indicated
time points after treatment with 500 nm AG1478. JNK activity was
determined as aescribed in Expenmental proceduras. The experi
ments wela rapaated thrae tmes with similar 1esults

Discussion

Gefitinib, an EGFR-tyrosine kinase inhibitor, has been
reported 1o inhibit cell survival and proliferation signal-
ing pathways such as MAPK and PtdIns3K/Akt path-
ways [10-13). Furthermore, some reports have shown
that geftinib reduces Akt nctivity only in NSCLC cell
lines, in which it inhibits growth [14,32). The ErbB fam-
ily of receptor tyrosine kinases includes four members,
namely, the EGFR (ErhB1), ErbB2, ErbB3 and ErbBd.
Among these members, ErbB3 effectively couples to
the PtdIns3K/Akt pathway. Therefore, it is likely that
ErbB3 serves to couple EGFR 1o the Ptdlns3K/Akt
pathway and that ErbB3 expression serves as an effec-
tive predictor of sensitivity to gefitinib in NSCLC cell
lines |14]. In this study, we used PC-9 cells, which are
gefitinib-sensitive human NSCLC cells with a mutation
(delE746-A750) in their EGFR. In these PC.9 cells,
autophosphorylation of EGFR 1ook place independent
of EGE, and it was suppressed by AGI1478. Because
AGIL4TR inhibited the phosphorylation of multiple
down-stream turgets including ERK1/2 in the PC-9
cells. but ils effect on Akt phosphorylation wus not so
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Fig. 6. Expression of MKP-1 prevents AG1478-induced apoptosis
A, PC-8, M1A4, and M1B2 cells were incubated with the indicated
concentrations of AG1478 'or 48 h, [he vability of cells was deter-
mined by conducting WSI-8 assays The reading obtained for
untreated cells was conmdered as 100% wisbility. The data pre-
sented are the mean + SO (n = 8) (B) Phase-contrast photormicro-
graphs warn takan 12 and 24 h after incubation with 500 na
AG1478. Scale bar, 100 pm IC) PC-9 and M1A4 cells were treated
with 500 nis AG14/8 Lysates wern prepared at the mdicated time
points after the AG14/8 addmon ana analyzed for caspase 3 activ-
iy by using a flucrometnc substate-hased assay Each pont is tha
maan of the mplicate samples, and the bar represents the swndard
deviation. Simdar |esulls wei e obtained from three sepmata sxper-
ments
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significant (K. Tukeuchi & F. Ito, unpublished data),
intracellular signaling pathways other than PtdlnsiK/
Akt could be responsible for the AGI1478-induced
apoptosis in PC-9 cells.

Stress  stimuli  that induce apoptosis, including
UV- and y-irradiation, heat shock, protein synthesis
inhibitors, DNA-damaging agents and the proinflam-
matory cylokines, are potent activators of JNK.
Several anti-neoplastic agents such as cisplatin, etopo-
side, camptothecin and taxol, which are also strong
inducers of apoptosis, also activate the JNK pathway
[33). In this study, we found that AG1478 induced the
activation of JNK in PCY9 cells. Furthermore, a
dominani-negative form of INK efficiently blocked
AG1478-induced apoptosis. 1t thus appears that
EGFR-tyrosine kinase inhibitors induce apoptosis in
PC-9 cells via activation of JNK.

ERK! and ERK2, also known as pd4d4 and pd2
MAPK, respectively, represent the prototypical MAPK
in mammalian cells. ERK MAP kinase catalytic acti-
vition was observed in PC-9 cells, and it was inhibited
by AGI1478. Increased phosphorylation of the other
MAPK family member, p38, was also observed at 24 h
after AGI478 treatment; but it was not observed at
12 h when apoptosis could be detected (Figs |A and
2C). Our experiment indicated that neither SB203580
nor PDY805Y, inhibitors of p38 and ERK1/2, respec-
tively, affected AG1478-induced apoptosis in PC-9
cells. Taken together, our data indicate that INK, but
not other MAPK family members such as p38 and
ERK1/2, mainly transmits the apoptotic signal of
AGI478 in the PC-9 cells.

JNK signaling can regulate apoptosis both positively
and negatively, depending on the cell type, cellular
context and the nature and dose of treatment [22,23].
Strong and sustained JNK activation is predominantly
associated with indnction or enhancement of apoplo-
si§, whereas transient JNK activation can result in cell
survival [23,24]. AGI478 induced strong and sustained
JNK activation in PC-9 cells (Fig. 2A,B). This finding
strengthens the possibility that JNK is a mediator of
the apoptotic action of AG1478.

JNK activity in cells is tightly controlled by both
protein kinases such as MKK4 or MKK?7 and protein
phosphatases such as MKPs. MKP-1, the first member
of the MKP family to be identified as an ERK -specific
phosphatase, is also able to inactivate JNK and p3g
|34 38]. MKP-1 is an immediate-early gene whose
expression is regulited by mitogenic, inflammatory
and DNA-damaging stimuli [39 41). In this study,
we observed no activation of MKK4 or MKK7 in
AGi1478-treated PC-9 cells (IFig. 4A). However, the
expression level of MKP-1, but not that of MKP-2,
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was significantly decreased by the AGI478 treatment
(Fig. 4B), indicating that JNK activity in the PC-9
cells may be regulated by MKP-1. Another member of
the dual-phosphutase family of proteins, MKP-2 shows
a 60% sequence homology 1o MKP-1, and also similar
substrite specificity [42). However, the expression level
of MKP-2 was not affected by AGI478 ireatment,
indicating that the expression of MKP-1, but not that
of MKP-2, is controlled by signals via CGFRs.

Brondello et al. reported that activation of the ERK
cuscade is sulficient to promote the expression of
MKP-1 and MKP-2 [43]. It has also been suggested
that MKP-1 expression is regulated by ERK-dependent
and -independent signals [44]. Because the ERK inhibi-
tor PD98059 did not affect MKP-1 expression or acti-
vation of JNK in PC-9 cells (K. Tukeuchi & F. lio,
unpublished data), MPK-1 expression in PC-9 cells
may be controlled in an ERK-independent manner.
Recently, Ryser er al. reported that MKP-1 transcrip-
lion is regulated in the transcriptional elongation step:
under basal conditions, a strong block to elongation in
the first exon regulates MKP-1 gene transcription [45].
Thus, EGFR-mediated signals may overcome this
block to stimulate MKP-1 gene transcription in PC-9
cells. Another possible mechanism responsible for
EGFR-mediated enhancement of MKP-1 expression is
that MKP-1 degradation via the ubiquitin proteasome
pathway is suppressed by EGFR activation. In fact,
some research groups have reported that the expression
level of MKP-1 is controlled via the ubiquitin-protea-
some pathway [46,47]. Our preliminary experiment also
indicated that AGI478-induced MKP-1 degradation
was suppressed in the presence of proteasome inhibitors
such as MG-132 and ALLN (K. Tukeuchi & IF. lto,
unpublished data).

Gene disruption studies demonstrate that INK is
required for the release of mitochondrial proapoptotic
molecules (including cytochrome «) and apoptosis in
response 1o UV radiation [48]. Bax and Bak (members
of the proapoptotic group of multidomain Bel-2-related
proteins) are essential for the INK-stimulated releuse of
eytochrome ¢ and apopiosis [49]. Other studies have
shown that 14-3-3 proteins are direct targets of JNK
and that phosphorylation of 14-3-3 proteins by INK
resulis in dissociation of Bax from [4-3-3 proteins,
leading to apoptosis |50]. Because translocation of Bax
to mitochondria was observed in AG1478-1reatcd PC-9
cells (K. Tukeuchi & F. 1o, unpublished data), ACGi1478
miy exerl its apoplotic actions, at least in part, by pro-
moting the translocation of Bax to mitochondria.

Some reporis have shown that the activation of the
Fas/FasL system may be one of the mechanisms
responsible for drug-induced apoplosis in a variety of
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cancer cells of differem histotype |51]. Chang e af.
recently reported that an increase in Fas protcin
expression might be the molecular mechanisin by
which gefitinib induces apoptosis in lung cuncer cell
lines [52]. Furthermore, it has been reported that
c-Jun-dependent FasL expression plays a critical role
in the induction of apoptosis by genotoxic agents [33].
To understand the causal relationship between JNK
activation and AGI1478-induced apoptosis, we need to
study whether AG1478 induces the expression of Fas
or FasL in PC-9 cells.

Overexpression of MKP-1 inhibited the AGI478-
induced JNK activation and also AG1478-induced
apoptosis. These results indicate that there is a link
between the decreased MKP-1 activity und AGI47R-
induced apoptosis: MKP-1 expression is controlled by
signals downstream of EGER, and 1t is downregulated
in the presence of an inhibitor of EGFR tyrosine
kinase. This downregulation could be followed by
JNK activation, triggering the apoptosis pathway.

Understanding the molecular basis of responsiveness
1o gefitinib is important to identify patients who will
have a positive response to this drug. The EGFR gene
in tumors from patients with gefitinib-responsive lung
cancer was recently examined for mutations, and clus-
tering of mutations was detected in the part of the
gene encoding the ATP-binding pocket. Screening lor
such mutations may identily patients who will have a
positive response 1o the drug. However, this study
showed that NSCLC cell line PC-9 was dependent on
the MKP-1ZINK pathway for its growth and survival,
Thus, sensitivity 1o gefitinib may be predicted from the
detailed analysis of the MKP-1/JNK pathway as
described in this study. Although the MKP-1 level in
normal cells is low, un increased level of MKP-1 has
been found in human ovarian, breast, and prostate
cancer [54-56]. Our results suggest that MKP-1 may
be a candidate drug target in order 1o oplimize
gefitinib-based therapeutic protocols.

Experimental procedures

Materials

EGF (ultrn-pure) from mouse submaxillury glands was pur-
chased from Toyoho Co,, Ltd (Osaka, Japan). Fetal calf
serum came [rom Gibeo (Grand Island, NY, USAL Phenyl
methunesulfonyl  fuoride,  pepstatin A, aprotinin - and
leupeptin were obtained from Sigma (St Louis. MO, UISA),
RPMI-1640 medivm was from Nissw Pharmaceutical Co,
Lid (Tokyo, Japan). Antibodies used and their sources wene:
ERK 172 (pT202/pY 24} phospho-specilic antibody (clune
0A) INKIpTIEWPY 1IR3 phospho-speeifie  antibody
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(clone 41}, p38 MAPK (pT 180/ Y 182) phospho-specific anti-
body (clane 36). pI8a antibody (clune 27), MKP2 antibody
(clone 48) and pan-INK/SAPK | antbody (clone 37), lrom
BD Transduction Laboratorics (San Jose, CA, USA); MKP-1
antibody (C-19). from Santa Cruz Biotechnology (Santa
Cruz, CA. USA). z-tubulin stibody (clone B-5-1-2) and
MAP kinase antibody, from Sigma; phuspho-SEK 1/MKK4
(Ser254/Thi261) aotibody and phospho-MKK7 (Ser271/
Thr275) antibody. from Cell Signaling Technology { Danvers,
MA, USA); swine horseradish peroxidiuse (HRP M inked anti-
rbbit Ig. from DAKO (Glostrup, Denmark); and sheep
HRP-linked anti-mouse Ig, from GE Healtheare UK Lid
{Amersham, UK). Plasmid pcMKPI was geoerated from
Homao sapiens dual-specificity pbosphatuse | cDNA, MGC
clone (1D 4794895) purchused from Invitrogen (Cuarlsbad.
CA, USA). The MGC clone had been cloned nto pBio-
scriptR. This clone was digested with Avul, trented with T4
DNA polymerase, higuted to the pcDNA 3 | mammalian
expression vector (Iovitrogen) prepured by digestion with
EcoRV and treated with call intestingl phosphatuse to
produce pcMKPI. Plasmid DNA was prepared by standard
techniques (Qiagen Plasnud Mudi Kit). pBabePuro, 5 puromy-
cin-resistant vector, was kindly provided by K. Shuai (UCLA,
USA). peDL-SRa296INK 2(VIF). a dominant-negative INK
expression vector, was kindly donated by E. Nishida (Kyoto
University. Japan).

Cell culture and transfection

Human non-small cell lung cancer cell line PCY was
cultured to subconfluence in  RPMI-1640 medium
supplemented with 5% fetal call serum and used for all of
the experiments. PC-9 cells were pliled 24 b before
Lrapsfection and co-lransfecled with 8.5 pg of pcDL-SRa
296INK2(VPF) or pcMKP-1 and 1.5 pg of pBabePuro by
using the Lipofectamine reagent, and the transfected cells
were sclecled by exposure to 2.5 mg of puromycin (Sigma)
per mL of medium for 3 weeks. Empty vector und pRabeP-
uro were used for co-transfection as a negative control. The
expression of INK protein and MKP-1 prolein were
verified by immunoblot analysis using anti-(pan-JNK/
SAPK ! aa264-415) and unti-tMKP-1) (Santa Cruz Biotech-
nology), respectively.

Determination of cell viability

The anti-proliferative effect of AGI478 on PC-9 cells was
assexsed by using a Cell Copnting Kit-8 (DOJIN, Kumam-
oto, Jupan) according o the manufacturer’s instructions
The Cell Counting Kii-8 is a colorimetne method in which
the intensity of the dyc is proportional to the number of
the viable cells Briefly, 200 L of & suspension of PC-9
cells was seeded into cach well of a 96-well plate at » den-
sity of 2000 cellswell ', Alter 48 h, the culiore medinm was
repliced with 100 gl of AGI478 solution @1 vanous con.
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centrations. Afler incubation for 48 h ot 37 °C, 10 pL of
WST-# solution was added 1o each well, and the cells were
incubaied for uw further 40 mun at 37 *C Ll 4 was meusured
using o Bio-Rad microplate reader model 550 Each experi-
ment was performed by using six rephicaie wells for each
drug concentration and was ciuried out independently three
times.

Preparation of cellular lysates and
immunoblotting

Preparution of cellular lysutes and immunoblotting were
petformed s described previously [57]. Brielly, cells were
lysed with buffer A (20 mM Tris/HCL pH 7.4. containing
137 mm NaCl, 2 mm EGTA, 5mm EDTA, 1% Nooidet
P40, 1% Triton X-100, 100 pgmL ' phenylmethanesul-
funyl Muoride. | pgml ' pepstatin A, | pgml ' p-tolucne-
sullonyl-L-urginine methyl ester. 2 pp-mL " leupeptin, 1 mm
sodium orthovanadate, 50 mm sodium Nuoride and 30 mm
Nu,PiO,). Lysates were then incubated on ice for 30 min,
and the insoluble material was cleared by centrifugation.
Samples were nor | for protein ¢ wnd separated
by SDS/PAGE. afler which they were Uransferred to an
Immaobilon-P membrane (Millipore, Bedford. MA. USA)
for immunoblotting with antibodies.

Caspase 3 activity assay

Cuspase activity was assayed as described previously [57).
Briefly, cells were lysed with buffer A, and the protein con-
centration in euch sample was adjusted to 100 pg50 L'
of bulfer A. Fifty microliters of 2x Reaction Bulfer (0.2 m
Hepes/NaOH, pH 74, contaming 20% sucrose, 0.2%
Chups and | mu dithiothreitol) was added to cach sumple,
which was then incubated with Z-DEVD-AFC substrate
(50 pm final concentration) at 37 °C for | h. The samples
were rendd in o (luorometer (VersuFluor; Bio-Rad) equipped
with a 340--380 min excitation filter (EX 360/40) and 505

515 nm emussion lilter (EM 510/10),

JNK assay

PC-9 cells were culiured in RPMI-1640 supplemented with
3% fetul call serum at a density of 6.0 x 107 per 100 mm
dish for 2 days and then assayed for JINK activity. JNK
assays were performed by using a SAPK/INK Assay kit
(Cell Signaling Technology) uccording 1o the munufnc-
turer’s specifications. In brief. ulter various times of treat-
ment with AGI4TE. adherent cells and Noating cells were
harvested by centrifugation and washed once in NaCl/P,
Subscquently, the cells were lysed with lysis buller (consisi-
ing of 20 mm Tris/HCL pH 74, containing 150 mam Na(Cl
ot EDTA. L mst EGTA. 1% Toton X010, 25 mm
Ny POy | mar feglycerophosphate, | my NoyVO,, 1 nw

2008 Fah

b TN MOT Ve Acalamn S ol oo walwiong




K lakeuch et al

deltumethiin, - 180 oM nodularin, 100 pgmL ' phenyl
methanesullfonyl fluoride, 25 pgmL ' wprotinin, 25 pgml '
leupeptin and 25 pgmL ' pepstatin), and scraped into
microcentrifuge (ubes. Extracts were prepared by sonicating
each sample on ice (BRANSON SONIFIER 250. Danbury,
CT, USA). and insoluble matenial was removed by micro-
centrifugation. Soluble fractions were mixed with 2 pg glu-
tuthione S-tunsferase c-Jun (1 89) agarose beads (Cell
Signaling  Technology) and rotated overnight at 4 °C.
INK-e-Jun complexes were collecied and washed with lysis
buffer followed by kinuse buffer. consisting of 25 mm
Trs/HCL. pH 75, 5 mM p-glycerophosphate, 2 mm Cle-
land’s reagent, 0.1 mM NaaVO, and 10 mm MgCls The
in vitro kinase reaclion was initigted by the addition of
kinuse buffer containing 100 pm ATP, sumples were incu-
bated at 30 °C for 43 min, and reactions were terminated
by the addition of SDS sample bulfer und heating to 95 °C
for 5 min. Phosphorylated c-Jun was detected by western
blotting using a phospho-specilic c-Jun antibody (Cell Sig-
miling Technology)

Hoechst- Pl staining

For the study of nuclear morphologic changes induced by
AGI478, PC-9 cells were seeded on coverslips, grown (o
sub-confluence, and treated with AGI478 for the desired
times. Aflter fixation with formalin solution, the cells were
stuined with 10 pyv Hoechst33342 and 10 pM P1in 5% fetal
calf serum/RPMI. Coverslips were mounted on slides by
using Dakocylomation Fluorescent Mounting  Medium
(DAKO) and observed under a fluorescence microscope
(Axioskop: Carl Zeiss, Jena, Germuny)
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