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diameter of all nodules was 14 mm (range: 5-25 mm), with
a mean diameter of 17 mm (range: 8-25 mm) for MNs and
10 mm {(range: 5~17 mm) for BNs. These nodules were
classified as 35 malignant lesions (primary lung carcinoma in
33 patients [adenocarcinoma in 31 patients and squamous cell
carcinoma in 2 patients] and metastatic pulmonary tumor in 2
patients [breast cancer and colon cancer in 1 patient cach];
Table 1) and 27 benign lesions {nonspecific benign lesion in 16
patients, granuloma in 4 patients, hamartoma in 3 patients,
organized pneumonia in 1 patient, tuberculoma in 1 patient,
pulmonary infarction in 1 patient, and pneumonia in 1 patient;
Table 2). The primary lung carcinomas were surgically
resected in 29 patients, with the exception of 4 patients with
adenocarcinoma. The pathologic stage of the resected tamor

was histopathologically graded as stage 1 in 24 patients, stage
Il in 1 patient, and stage III in 4 patients. The degree of
differentiation of the adenocarcinomas in 27 patients was
highly differentiated in 11 patients, moderately differentiated
in 14 patients, and poorly differentiated in 2 patients. Meta-
static lung tamors were found in these 2 patients based on CT
fluoroscopy-guided biopsy. Benign lesions were surgically
resected in 4 patients (granuloma, organized pneumonia,
tuberculoma, and pulmonary infarction) and identified based
on CT fluoroscopy-guided biopsy in 6 patients (hamartoma in
3 patients and granuloma in 3 patients). The nodule dis-
appeared in 1 patient with pneumonia, whereas the remaining
16 patients were diagnosed with a nonspecific benign
lesion based on the shape of the lesion and changes in

TABLE 1. Characteristics and Quantitative Characterization of

MNS

Linear Discriminant Funetion

Patient No. Age () Sex Diameter (um) Lobe Non-Enhanced 2 Min* 4 Min* Diagnosis
1 S F i8 RU 1.49 4.42 17.42 W/d AD
2 43 F 18 LU 1.64 10.92 16.95 Wid AD
3 77 M 12 LU 24 7.14 24.9 AD
4 68 F 22 RL 4.01 1577 21.8 M/d AD
5 68 M 11 LU 0.85 6.77 8.18 M/d AD
6 54 F 22 LL 1.96 13.29 14.84 Breast matastasis
7 63 M 12 RU 1.41 9.72 14.77 W/d AD
8 63 M 17 RL 2.25 2.65 9.38 M/d AD
9 55 F 18 LU 3.07 12.34 19.49 M/d AD

10 44 M 15 RU 4.65 497 11.7% M/d AD
11 6] F 20 RL 3.2 10.01 17.65 W/d AD
12 84 M 19 LU 3.24 11.07 13.36 AD

13 57 M 15 RU 1.88 9.82 21.61 M/d AD
14 71 M 20 LU 111 9.83 13.27 AD

15 61 M 13 RM 1.99 14.51 12.78 Colon matastasis
16 51 F 8 LU 0.93 1.58 9.09 Wid AD
17 51 M 18 LU 3.29 13.02 9.37 P/d AD
18 67 M 15 RU 0.89 12.23 14.58 M/d AD
19 62 F il RU 0.87 239 22.01 W/d AD
20 61 F 25 RM 1.58 9.56 877 W/d AD
21 49 F 19 RM 316 13.22 22.45 M/d AD
22 63 F 14 LU 1.32 115 9.56 W(d AD
23 45 M 12 RU 1.25 0.58 5.44 M/d AD
24 52 M 18 LU 34 9.82 13.59 Myd AD
25 S6 F 13 RU 0.28 8.12 17.16 W/d AD
26 53 M 24 RU 277 14.89 22.35 M/d AD
27 65 F 23 LU 4.28 16.62 27.11 M{d AD
28 71 F 10 RU -2.16 5.13 5.27 W/d AD
29 66 ¥ 19 LU 2.68 6.95 18.72 P/d AD
30 40 F 19 RL 2.56 5.87 17.62 M/d AD
31 77 ¥ 16 RU —0.48 5.56 1.81 M/d AD
32 66 M 5 LL 2.26 23.14 2.95 AD

33 80 M 11 RL 0.13 2.19 22.44 M/d AD
34 68 ¥ 19 RU 5.01 14.78 20.36 W/d AD
35 58 F 24 RL 3.25 15.25 22.56 M/d AD

*Time alicr administration of contrast agent.

AD indicates adcnocarcinoma; F, female; LLL, left lower lobe; LUL, left upper lobe; M, male; M/d, moderately differentiated; P/d, poorly differcntiated; RLL, right lower lobe; RML,
right middle lobe; RUL, right upper lobe; SQ, squamous cell carcinoma; W/d, well differentiated.
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TABLE 2. Characteristics and Quantitative Characterization of BNS

Linear Discriminant Function

Patient No. Age (¥) Sex Diameter (mm) Lobe Non-Enhanced 2 Miin* 4 Min* Diagnosis
36 51 F 9 RU —4.24 —-12.77 —-11.83 Nonspecifict
37 57 F 10 LU -1.03 ~14.41 -10.29 Hamartoma
38 56 F 15 LU 1.82 ~7.56 -3.29 Granuloma
39 65 F 8 RM ~4.68 -11.38 -10.45 Nonspecifict
40 52 F 10 LU —~0.64 —-6.93 -17.34 Nonspecific
41 72 F 10 LL 1.2§5 3.56 -10.7 Granuloma
42 61 M 7 RL -3.71 ~9.15 -16.22 Nonspecifict
43 70 M 9 RU -1.21 —-7.04 -18.99 Organizing/pneumonia
44 68 F 17 LU 0.97 ~3.98 -17.41 Pulmonary/infarction
45. 47 F 5 RU -53 —18.14 -32.32 Granuloma
46 56 F 12 RU -0.85 —18.61 -10.88 Tubereuloma
47 59 F 9 LL --4.81 ~9.74 -~19.01 Nonspecifici
48 62 F i2 RM 2.14 -5.63 ~-4.22 Nonspecifict
49 6! F 6 RM ~53 ~9.09 -23.16 Nonspecifict
50 60 F 8 RU -3.53 —18.94 ~42.75 Nonspecifict
51 68 F 12 RU 0.54 —-19.49 ~15.17 Nonspecifict
s2 67 M 6 RU -53 -12.58 -21.51 Nonspecifict
53 68 M 8 LL ~428 ~-5.13 ~27.26 Nonspecifict
54 64 M 8 RM -3.82 -7.12 ~-19.13 Hamartoma
55 70 F 1S RM 2.57 —-12.02 -38.67 Nonspecifict
S6 60 M 15 RL ~0.49 -5.23 ~11.81 Nonspecifict
57 53 F 15 RU 1.2 0.83 -7.36 Granuloma
58 73 M 10 LI --0.08 0.89 —4.16 Pneumonia
59 72 M 17 LL -3.24 —-9.6 —90.89 Nonspecifict
60 58 M 7 RU -4.94 —-14.21 --10.37 Hamartoma
61 45 M 7 LL ~53 —11.81 -6.44 Nonspecifict
62 43 F 8 RL -3.47 -9.39 -14.15 Nonspecifict

*Time after adininisiration of contrast agent.

tThe clinical diagnosis of a nonspecific benign lesion was bascd on no nodule growth for 2 years or longer.
F, female; LLL, left lower lobe; LUL, left upper lobe; M, male; M/d, moderately differentiated; P/d, poorly differentiated; RLL, right lower lobe; RML, right middie lobe; RUL, right

upper lobe; W/d, well differentiated.

size during a follow-up observation period of 2 years or
more.*"

This study was approved by the ethical committee of our
institution. Written informed consent was obtained from the
patients.

RESULTS ,

Receiver operating characteristic curves were used to
evaluate the effectiveness of the diagnostic method using the
histogram characteristic values of the attenuation, curvedness
value, and shape index to differentiate between BNs and MNs.
Evaluation was performed for each parameter as well as for
values obtained at different time points: before enhancement
and 2 and 4 minutes after enhancement.

The areas under the ROC curve for the attenuation
before, 2 minutes after, and 4 minutes after contrast
enhancement were 0.58 * 0.07, 0.69 %= 0.07, and 0.57 =
0.08, respectively (Fig. 4A); those for the curvedness value
were 0.78 * 0.06, 0.83 = 0.05, and 0.76 = 0.06, respectively
(see Fig. 4B); and those for the shape index were 0.90 = 0.04,
0.89 = 0.05, and 0.90 = 0.04, respectively (see Fig. 4C). The
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results for evaluation of all 3 parameters combined were
0.91 = 0.04, 0.99 = 0.01, and 1.00, respectively (sec Fig. 4D).

Evaluation based on all 3 parameters combined gave the
best results, The changes in the linear discriminant func-
tion scores over time were analyzed for these combined
parameters.

The mean scores before enhancement were —2.06 *
2.70 (range: —5.3-2.57) for BNs and 2.09 * 1.50 (range:
—2.16-5.01) for MNs. Those at 2 and 4 minutes after
enhancement were 9.59 * 5.04 (range: 0.58-23.1) and 15.1 %
6.50 (range: 1.81-27.1), respectively, for MNs (see Table 1)
and —9.43 = 594 (range: —19.5-3.56) and —16.1 = 9.94
(range: —42.8 to —3.29), respectively, for BNs (see Table 2).
The linear discriminant function scores for MNs were
significantly higher than those for BNs at all 3 time
points: before enhancement (P < 0.001), 2 minutes after
enhancement (P < 0.001), and 4 minutes after enhancement
(P < 0.001).

When a linear discriminant fanction score of 0 or higher
was considered to indicate malignancy, there were 2 false-
negative (FN) findings (cases 28 and 31) and 7 false-positive
(FP) findings (cases 38, 41, 44, 48, 51, 55, and 57) before
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FIGURE 4. Receiver operating characteristic curves for each parameter used to differentiate between malignant and benign
nodules. The open circles {Q) are before contrast enhancement, and the open triangles (A) and crosses (x} are 2 and 4 minutes
after contrast enhancement, respectively. A, Areas under the open circle (O), open triangle (A), and cross (x) curves for attenuation
are 0.58 + 0.07, 0.69 * 0.07, and 0.57 = 0.08, respectively. B, Areas under the open circle (O), open triangle (4), and cross (x)
curves for curvedness value are 0.78 + 0.06, 0.83 *+ 0.05, and 0.76 * 0.06, respectively. C, Areas under the open circle (O), open
triangle (A), and cross (x) curves for shape index are 0.90 * 0.04, 0.89 + 0.05, and 0.90 x 0.04, respectively. D, Areas under the
open circle (O), open triangle (A), and cross (x) curves for the combination of all 3 parameters (attenuation, shape index, and
curvedness value) are 0.91 = 0.04, 0.99 = 0.01, and 1.00, respectively.

enhancement, 0 FN findings and 3 FP findings (cases 41, 57,
and 58) 2 minutes after enhancement, and 0 FN findings and
0 FP findings 4 minutes after enhancement. Sensitivity values
were 94%, 100%, and 100%; specificity values were 74%,
89%, and 100%; and accuracy values were 85%, 92%, and
100%, respectively. Positive predictive values were 83%, 92%,
and 100%, and negative predictive values were 91%, 100%,
100%, respectively.

DISCUSSION
The usefulness of diagnostic imaging, focusing mainly
on CT, for the evaluation of SPNs has been reported by
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researchers at a number of medical institutions.'™ Several of
them have also attempted to differentiate between benign and
malignant lesions by using contrast medium and evaluating
attenuation within nodules over time.>® These studies were
based on attenuation and contrast enhancement patierns
obtained for only a few slices in which the nodule was
demonstrated, however,

In the piesent study, the entire nodule was scanned using
CE dypamic HCT, and changes in the density and
characteristic values (attenuation, shape index, and curvedness
value) within the nodule were calculated for 3D quantification
with a computer to discriminate between benign and malignant
lesions. Contrast-enhanced dynamic HCT in combination with

© 2005 Lippincou Williams & Wilkins
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the computer-aided diagnosis may thus improve the differen-
tial diagnosis of BNs and MNs.

With regard to the evaluation and interpretation of the
CT data on the lesion, conventional studies have focused only
on the 2-dimensional assessment of attenuvation and the
enhancement patterns in a few slices. The results of these
studies were simple and practical, identifying the factors
effective for the differential diagnosis to be an observed
contrast effect of 20 Hounsfield units (HU) or greater™® ot 15
HU or greater,® enhancement of the entire lesion,® and a high
CT value ralio betwcen the nodule and arteries.” One problem
was that the attenuation was strongly affected by the slice
selected or the position of the ROI in the lesion, which was set
manually. In the present study, this problem was avoided by
automatically extracting the lesion as 3D volume data.®'? In
addition, the nodule was ecvaluated by calculating the
characteristic values within the nodule using a computer and
measuring the density using 3 parameters (attenuation, shape
index, and curvedness value).'® The results showed that
evaluation based on the combination of all 3 parameters
provided the best results. Using this analysis method, each
pixel within a tumor is expressed locally using the attenuation
and the shape index and curvedness obtained from the 3D
curvature, and the entire lesion is then characterized as benign
or malignant using the histogram characteristic values. When
these 3 histogram characteristic values were compared with
cach another, the shape histogram characteristic value was
found to be superior to the other 2 values. The combination of
these 3 characteristic values provided even better results. It is
thought that a more detailed characteristic value for the
internal structure of a tumor can be obtained by expressing the
internal structure as a combination of attenuation and 3D
curvatures.

When a linear discriminant function score not Jess than
0 at 2 and 4 minutes after enhancement was considered to
indicate malignancy, the results showed 0 FN findings and 3
FP findings at 2 minutes after enhancement and no FN or FP
findings at 4 minutes. When a linear discriminant function
score of 0 or higher was considered to indicate malignancy,
benign and malignant lesions were distinguished in all the
patients using the data obtained 4 minutes after enhancement.
It was considered that the values at 2 minutes were affected by
the degree of minute blood vessel density within the nodule
and that the values at 4 minutes were affected by the rate of
contrast medium flowing into the papillary vessels and
interstitial tissues or by the volume of the interstitial tissues.'®
In summary, compared with the techniques used in previous
studies, the method described in the present study permits
lesions to be extracted with fewer manual operations and
higher reproducibility and is based on 3D analysis using 3
parameters (attenuation, shape index, and curvedness value).

The limitations of the present study are as follows.
Although the objective of this study was 1o evaluate the entire
nodule, it was difficult to visualize the entire nodule over time,
even when an HCT scanner was used. As a result, lesions
could not be assessed in 10 patients. It is expected that this
problem can be overcome by the introduction of multislice
HCT scanners in the near future. In this study, the score was
assessed at each time point (before contrast enhancement and

© 2005 Lippincott Williams & Witkins
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2 and 4 minutes after contrast enhancement). In a strict sense,
these scores do not represent the changes in the density of the
lesion over time. In the assessment of changes over time, it is
important to acquire CT images in exactly the same slice at
each time point. The changes over time can then be obtained
by performing sublraction between the images before and after
contrast enhancement. In practice, however, it is difficult to
acquire exactly the same slice at each time point because of the
patients respiratory motion. We are currently working to
develop a new algorithm to overcome this problem. When this
algorithin is complete, we plan to assess the changes in
contrast medium density in lesions over time using sub-
traction.

In the future, CT-based lung cancer screening is
expected to become more widely accepted, resulting in the
detection of a larger number of SPNs.'>?° Therefore, it is likely
to become increasingly important to determine whether these
lesions are benign or malignant based on evaluation of the
images obtained.

Contrast-enhanced dynamic HCT was used for the
computer-aided diagnosis of SPNs in the present study. The
data obtained using this imaging technique permit the internal
structure of lesions to be quantified in a 3D manner and
evaluated over ime. The results showed that this method is
effective for differentiating between BNs and MNs. In the
fature, further prospective studies should be conducted
based on the results reported here and standards for the
evaluation of lesions using computer-aided analysis should be
established.
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EGFR Mutation Status in Japanese Lung Cancer Patients:
Genotyping Analysis Using LightCycler
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Abstract Purpose Recently, somatic mutations of the epldermal growth factor receptor (EGFR) gene
= were found in ~25% of Japanese lung cancer patients. These EGFR mutations are reported to
be correlated with clinical response to gefitinib therapy. However, DNA sequencing using the
- PCR methods described 1o date is time-consuming and requires significant quantities of DNA;
"--thus, this existing approach is not suitable for a routine pretherapeutic screening program.
. Experimental Design: We have genotyped £GFR mutation status in Japanese lung cancer
" patients, including 102 surgically treated lung cancer cases from Nagoya City University Hospital
~and 16 gefitinib-treated lung cancer cases from Kinki-chuo Chest Medical Center. The presence
- orabsence of three common EGFR mutations were analyzed by real-time quantitative PCR with
.~ mutation-specific sensor and anchor probes.~ ." - :
=~ Results: In exon 21; £GFR mutations (CTG —» CGG L858R) were found from 8 of102 patlents PR
e -'from Nagoya and 1 of 16 from Kinki. We also detected the deletion mutations in exon 19 from 7 of -
- -2 102 patients from Nagoya (all wefe deletion type 1a) and 4 of 16 patients from Kinki {one was type
~-1a and three were typé 1b). In exon 18, cné example of G719S mutation was found fromboth ~ - -
+"." Nagoya and Kinki. The L858R mutation was significantly correlated with gender (women versus ;"
_men, P ¢0.0001), Brinkman index (600 X versus 600y, P = 0.001), pathologic subtypes {adeno- - .- O
- ¥ . carcinoma versus nonaderiocarcinoma, P = 0.007), arid differentiation status of the lung cancers . = :
* - (well versus'moderately or poorly, P =0. 0439), whereas the deletion mutants were not. EGFR L
* . gene status, including the type of £GFR somatic miutation, was correlated with sensitivity to gefi-
.- tinibtherapy. For example, some of our gefitinib-responsive patients had L858R ordelenontype1a )
© 7' - mutations. On the other hand, oné of our gefitinib-resistant patients had a-G719S miutation.- .. -
. .. Cohclusions: Using the nghtCycler PCR assay, the EGFR L858R mutation status might corre-'
. late with gender, pathologic subtypes; and gefltmlb sensitivity of lung cancers. However, further K
- -genotyping studies are needed to confirm the mechanlsms of EGFR mutatlons for the sensmvuty o
I+ ¢ resustance of gefltlnlb therapy for the Iung cancer. - :

Lung cancer is a major cause of death from malignant diseases
because of its high incidence, malignant behavior, and lack of
major advancements in treatment strategy (1). Lung cancer was
the leading indication for respiratory surgery (42.2%) in 1998
in Japan (2). More than 15,000 patients underwent surgical
operation at Japanese institutions in 1998 (2). The clinical
behavior of the lung cancer is largely associated with its stage.
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The cure of the disease by surgery is only achieved in cases
representing an early stage of lung cancer (3).

The epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor, gefitinib, has been approved in Japan for the
treatment of non -small cell lung cancer from 2002. Although
EGFR is more abundantly expressed in lung carcinoma (4, 5),
EGFR expression, as detected by immunohistochemistry, did
not reveal any obvious relationship with response to gefitinib
(6). Clinical trial have revealed significant variability in the
response to gefitinib, with higher response in Japanese patients
than in predominantly European-derived population (27.5%
versus 10.4%; ref. 7). The partial clinical responses to gefitinib
have been observed most frequently in women, in nonsmokers,
and in patients with adenocarcinoma (8-10). More recently,
we have collaborated with Dana-Farber Cancer Institute and
found that novel EGFR mutations status at ATP binding pockets
in Japanese non - small cell lung cancer patients were correlated
with the clinicopathologic features related to good response to
gefitinib (11). Actually, EGFR mutations in lung cancer have
been correlated with clinical response to gefitinib therapy in vivo
and in vitro (11-13).
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EGFR Mutation Status in Japanese Lung Cancer Patients

The standard for experimental detection of mutations is
direct sequencing of DNA samples from the tissues. For known
mutations, real-time polymerase chain detection followed by
melting curve analysis, using hybridization probes, is highly
sensitive, rapid, and an efficient alternative approach to
mutation detection (14 -16).

To determine the EGFR mutation status in Japanese lung
. carcinoma for screening and diagnostic purposes, we wanted to
develop a faster and easy method to detect EGFR mutations. In
this report, we investigated EGFR mutation status by the real-
time reverse transcription-PCR assay using LightCycler (17)
mutation-specific sensor and anchor probes. With this method,
32 samples were genotyped within 1 hour without the need of
any post-PCR sample manipulation. The findings were com-
pared with the clinicopathologic features of lung cancer.

Materials and Methods

Patients. The study group included 102 lung cancer patients who
had undergone surgery (but did not receive gefitinib) at the Department
of Surgery 1I, Nagoya City University Medical School, between 1997
and 2000. The study group also included 16 lung cancer patients who
had undergone surgery at the Department of Surgery, National Hospital
Organization, Kinki-chuo Chest Medical Center, and were subsequently
treated with gefitinib. These 16 samples were sequenced by ABI prism
3100 analyzer (Applied Biosysterns Japan, Ltd., Tokyo, Japan; data not
shown) and analyzed by ABI prism Seq Scape version 2.1.1. The lung
tumors were classified according to the general rule for clinical and
pathologic record of lung cancer in Japan {18). Al tumor samples were
immediately frozen and stored at ~80°C until assayed.

The clinical and pathologic characteristics of the 102 lung cancer
patients are as follows: 52 cases at stage I, 16 at stage II, and 34 at stage
11l to IV. The mean age was 65.5 years (range, 42-85). Among the 102
lung cancer patients, 49 (48%) were diagnosed as having adenocardi-
noma, 32 (31.4%) squamous cell carcinoma, 9 (8.8%) adenosquamous
cell carcinoma, and 7 {6.9%) small cell carcinoma.

PCR assays for EGFR. The genomic DNA was extracted from lung
cancer tissues and matched normatl lymphocytes from the peripheral
blood using the Wizard SV Genomic DNA purification system
(Promega Corporation, Madison, WI). Initially, 58 DNA samples were
also extracted from lung cancer tissues from Nagoya City University
and sequenced as teported in our previous paper (11). These sets of
DNA were used as a positive and negative control for genotyping. DNA
concentration was determined by spectrophotomeuy and adjusted to a
concentration of SO ng/ml. We then used 1 pl of each DNA for
LightCycler analyses. To ensure the fidelity of DNA extraction, all
samples were subjected to PCR amplification with oligonucleotide
primers specific for exon 18 of the EGFR gene and then digested by
Sacl enzyme. The primer sequences for EGFR gene in exon 18 wete as
follows: the forward primer, 5-TCCAAATGAGCTGGCAAGTG-3, and
the reverse primer, S-TCCCAAACACTCAGTGAAACAAA-3 (397 bp).
The cycling conditions were as follows: initial denaturation at 95°C for
15 minutes followed by 35 cycles at 95°C for 20 seconds, 57°C for 20
seconds, 72°C for 30 seconds, and one cycle of 72°C for 3 minutes.
The products were purified by Qiagén PCR purification kit (Qiagen,
Valencia, CA) and then digested with restriction enzyme at 37°C for 2
hours. The genotyping PCR reactions were done using LightCycler
DNA Master Hybridization probes kit (Roche Molecular Biochemicals,
Mannheim, Germany) in a 20 pL reaction volume. The primer
sequences for EGFR gene in exon 18 were as follows: the forward
primer, 5-TCCAATGAGCTGGCAAGTG-3, and the reverse primer, 5-
TCCCAAACACTCAGTGAAACAAA-3 (397 bp). For the exon 18 geno-
typing, sensor (LC Red 640-GCACCGGAGCCCAGCA)} and anchor
(GCCAGGGACCTITATACACGTGCCGAA-Fluorescein) probes were
used. The cycling conditions were as follows: initial denaturation at
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95°C for 10 mioutes, followed by 45 cycles at 95°C for 10 seconds,
60°C for 10 seconds, and 72°C for 16 seconds The primer sequences
for EGFR gene in exon 19 were as follows: the forward primer, 5-
CGTCTTCCITCTCTCTCTGTC-3, and the reverse primer, 5-GACATGA-
GAAAAGGTGGGC-3 {175 bp). For the exon 19 genotyping sensor
(GCTATCAAAACATCTCC-Fluorescein) and anchor (LC Red 640-
AAAGCCAACAAGGAAATCCTCGATGTGAGTTTICTGCTTTGCTGT-
GTGGGG) probes were used. The cycling conditions were as follows:
initial denaturation at 95°C for 10 minutes followed by 45 cycles at 95°C
for 10 seconds, 60°C for 10 seconds, and 72°C for 7 seconds. The primer
sequences for EGFR gene in exon 21 were as follows: the forward primer,
5-GCTCAGAGCCTGGCATGAA-3, and the reverse primer, 5-CATCC-
TCCCCTGCATGTGT-3 (349 bp). The cycling conditions were as follows:
initial denaturation at 95°C for 10 minutes, followed by 45 cycles at
95°C for 10 seconds, 57°C for 10 seconds, and 72°C for 14 seconds. For
the exon 21 genotyping sensor (Fluorescein-AGITIGGCCCGCCCA})
and anchor (LC Red 640-CCTCCTTCTGCATGGTATTCTITICTCITCCG-
CACCCAQG) probes were used.

Statistical methods. Statistical analyses were done using the Mann-
Whitney U test for unpaired samples and Wilcoxon’s singed rank test

" for paired samples. Linear relationships between variables were

determined by simple linear regression. Correlation coefficients were
determined by rank correlation using Spearman’s test and x? test. The
overall survival of lung cancer patients was examined by the Kaplan-
Meier methods and differences were examined by the log-rank test,
Breslow-Gehan-Wilcoxon test, and Cox proportional hazard regression
model. All analyses were done using the StatView software package
(Abacus Concepts, Inc., Berkeley, CA) and results were considered
significant when P < 0.05.

Results

Fidelity of allele-specific PCR confirmed by conventional PCR
assay in lung cancer tissues. Using the exon 18 primer sets, a
PCR product of 397 bp was obtained. We have analyzed the
product using PCR-RFLP method. The wild-type DNA does not
have a Sacl site within the 397 bp. The PCR products digested
with Sacl were loaded with 2% agarose gel and wild-type DNA
should be visualized as one band. However, if the substitution
mutation G719S were present, the PCR products digested by
Sacl will be visualized as three bands. Using this method, PCR
products were visualized from all lung cancer patients studied.
In exon 18, a G719S mutation was found from one Nagoya
specimen (stage fa, well-differentiated adenocarcinoma with
bronchioloalveolar carcinoma pattern at the edge of tumor,
femnale, nonsmoker patient) and one Kinki specimen (Fig. 1A).
These mutants were also analyzed by LightCycler. The anchor
probe was matched for wild type. As shown in Fig. 1B for the
G719S mutation in exon 18, the homozygous wild-type PCR
product showed a single peak at 69°C, whereas the heterozy-
gous products (mutant) showed an additional peak at 59°C.
The LightCycler method using the mutation-specific probes
confirmed the results with the restriction fragment analysis.

Genotyping of EGFR at exon 19 and exon 21 in lung cancer
tissues. For exon 21 genotyping, the anchor probe was matched
for L858R mutation. As shown in Fig. 2, for the L858R mutation
in exon 21, the homozygous wild-type PCR product showed a
single peak at 53°C, whereas the heterozygous products
{(mutant) showed an additional peak at 65°C. From the 102
lung cancer patients, 8 patients had the L858R mutation. One
was male and seven were female. Seven were nonsmokers and
one was a smoker {Brinkman index was 600). All eight patients
had adenocarcinoma, one was moderately differentiated, and
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Fig. 1. A, analyzed data using PCR-RFLP.
Left lane, the wild-type DNA within the 397
bp does not have Sacl site. The PCR
products restricted with Sact were loaded
with 2% agarose gel and was visualized as
one band. Right lane, the substitution
mutation G719S caused Sacl site, and the
PCR products restricted by Sacl was
visualized as three bands. 8, detection of a
G719S mutation in the EGFR gene in
genomic DNA extracted from lung cancer
tissues. The negative derivative of the
fluorescence (~dF / d7) versus temperature
graph shows peaks with different 7,,. The
wild-type sample showed a single T, at
69°C. The heterozygous mutant sample
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showed an additiona! peak at 59°C.

seven were well differentiated. Five of eight adenocarcinomas
showed bronchioloalveolar carcinoma pattern at the edge of
tumor. Thus, L858R mutation status was significantly correlated
with gender, Brinkman index, pathologic subtypes, and differ-
entiation of lung cancer (Table 1). Eight of eight PCR products
from matched peripheral lymphocyte DNA showed a single
peak, suggesting that the mutations were somatic. L858R
mutation was also found in one nonsmoking female adenocar-
cinoma patient from Kinki-chuo Chest Medical Center.

For exon 19 genotyping, the anchor probe was matched for
deletion type 1a (2,235-2,249 nucleotides deletion; deletion
GGAATTAAGAGAAGC) mutation. As shown in Fig. 3, for the
deletion 1a mutation in exon 19, the PCR product showed a
single peak at 56°C, whereas the deletion 1b products (2,236-
2,250 nucleotides deletion; deletion GAATTAAGAGAAGCA)
showed a peak at 47°C. From the 102 lung cancer patients,
seven patients had the deletion 1a mutation. Four were males
and three were females. Three were nonsmokers and four were
smokers. Four patients had adenocarcinoma, two had squa-
mous cell carcinoma, and one had adenosquamous cell
carcinoma. One of the tumors was moderately differentiated,

two were poorly differentiated, and three were well differenti-
ated. One of four adenocarcinomas showed bronchioloalveolar
carcinoma pattern at the edge of tumor. Thus, deletion 1a
mutation status was not significanty correlated with gender,
Brinkman index, pathologic subtypes, and differentiation of
lung cancer {Table 2}. Five of seven PCR products from matched
peripheral lymphocyte DNA were available and showed a single
peak, suggesting that these mutations were somatic.

The mutations detected in lung cancer specimens from Kinki-
chuo Chest Medical Center are summarized in Table 3. L858R
mutation and deletion type 1a were found from partial
response patients. On the other hand, G719S mutation was
found from a patient with no response to gefitinib (progressive
disease}. A total of six mutations were found from 16 gefitinib-
treated patients (37.5%). Taken together, 22 mutations were
found from 117 examined samples in our analysis {18.8%).

The overall survival of 102 lung cancer patients from Nagoya
City University, with follow-up through December 30, 2003, was
studied in reference to the EGFR mutation status. There was no
significant difference in the prognosis between the patients with
wild-type EGFR (n = 86, 22 were dead) and the patients with
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Fig. 2. The L858R mutation in exon 21 of
the homozygous wild-type PCR product
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Table 1. Clinicopathologic data of 102 lung cancer
patients
L858R
Mutation Witd-type
Factors patients (%) patients (%) P
Mean age (y), 65.5 + 9.3 8 94
Stage
| 7 (87.5) 45 (47.9) 0.0744
-V 1{12.5) 49 (52.1)
Lymph node metastasis
NO 7(87.5) 60 (63.8) 0.3341
N+ 1 (12.5) 34 (36.2)
Bl
£600 8 (100) 32 (34.0) 0.001
»600 0(0) 62 (66.0)
Differentiation .
Well 7 {87.5) 31 (431 0.0439
Moderately or poorly 1(12.5) 41 (56.9)
Pathologic subtypes
Adenocarcinoma 8 (100) 41 (43.6) 0.007
Nonadenocarcinoma 0 (0) 63 (56.4)
Age
=60 2(25.0) 26 (277} 0.9939
>60 6 (75.0) 68 (72.3)
Gender
Male 1 (12.5) 80 (85.1} €0.0001
Female 7 (87.5) 14 (14.9)
Abbreviations: N+, lymph node metastasis positive; Bl, Brinkman index.

mutation in the EGFR gene (n = 16, two were dead; log-rank test,
P = 0.3608; Breslow-Gehan-Wilcoxon test, P = 0.4761),
although the observation period was short.

Discussion

We obtained findings that L858R EGFR mutation status
was significantly correlated with gender, smoking history, and
pathologic subtypes of lung cancers. This was in agreement
with the recent reports that EGFR gene mutations are

common in lung cancers from never smokers (13} and
females with adenocarcinoma (11). Our analysis also
suggested that the type of EGFR mutation might be
correlated with the sensitivity of gefitinib therapy for lung
cancers.

When the PCR is used for the detection of mutations in very
small amounts of DNA, although we would like to start from
biopsy samples in the future, it is usually necessary to use
“nested PCR.” In this case, a DNA fragment is amplified with a
first set of primers and part of the product is reamplified
with a second set of primers complementary to sequences
in the product. Recent developments in fast PCR and real-
time detection of products make a more sensitive approach to
detection of mutations possible (14~16, 19). We have
optimized mutation detection, without nested PCR, using the
LightCycler. This instrument measures fluorescence during PCR
and can detect the SYBR Green dye when it is intercalated in
double-stranded DNA, allowing the detection of double-
stranded PCR product formation. The use of labeled probes
homologous to the PCR product permits specific identification
of PCR products (17). In the LightCycler, two adjacent probes
were used, labeled with different fluorescent molecules. When
the probes were bound to the single-stranded target, one to five
bases apart, the 3™-end label of the 5’ probes came close 10 the
5'-end label of the 3’ probe, resulting in resonance and strong
fluorescence at a specific wavelength. An advantage of this
strategy is that hybridization of the probe is not restricted to the
temperature range required for Taq polymerase to remove a
base {19, 20). Further melting curves can be produced after PCR
to assess the dissociation temperature of the probe. Mutations
covered by the probe can be detected by a shift in meliing
temperature. The one-cycle analysis took ~1 hour and could
examine 32 samples. .

Because so many EGFR mutation phenotypes were discov-
ered, it would be of interest to determine whether resistance
to EGER inhibition emerges through secondary mutation as is
the case in imatinib-treated chronic myelogenous leukemia
(21). Our data showed that L858R mutation and deletion type
la were found in gefitinib-sensitive patients; on the other
hand, a G719S mutation was found in a gefitinib-resistant
patient. Interestingly, recent data reported that L858R mutant
(transfected cell) was inhibited at 10-fold lower concentra-
tions of tyrosine kinase inhibitor; however, the deletion
mutant seemed to have similar sensitivities as wild-type EGFR

0.010
0.009]
0.008+
0.007 -
0.006 -
Fig. 3. Detection of the deletion mutations
inthe EGFR gene in genomic DNA extracted
from lung cancer. The deletion 1a - type
sample showed a single T, at 56°C. The
deletion type 1b sample showed a single
peak at 47°C.
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Table 2. Clinicopathologic data of 102 lung cancer
patients ’
Exon 19 deletion
Mutation Wild-type
Factors patients (%) patients (%) P
Mean age (y), 65.5 + 9.3 7 95
Stage
{ 3(42.9) 49 (51.6) 0.9571
v 4 (57.9) 46 (48.4)
Lymph node metastasis
NO 3(42.9) 64 (67.4)  0.3650
N+ 4(57.1) 31 (32.6)
Bl
£600 5 (71.4) 35(36.8) 01592
>600 2(28.6) 60 (63.2)
Differentiation
Well 3(50.0) 35 (47.3) 0.9999
Moderately or pooily 3 (50.0) 39 (52.7)
Pathologic subtypes
Adenocarcinoma 4 (57.1) 45 (47.4} 0.9143
Nonadenocarcinoma 3(42.9) 50 (52.6)
Age
60 2(28.6) 26 (27.4)  0.9998
60 5{71.4) 69 (72.6)
Gender
Male 4(570) 77 (81%) 0.3051
Female 3(42.9) 18 (18.9)

to drug (13). Thus, mutation phenotypes might be correlated
with sensitivity for gefitinib therapy. Substitution mutation
L858R is located adjacent to the highly conserved DFG motif
in the activation motif. The activation loop was known to be
important for autoregulation in many kinases (22). For
example, the mutation in the activation loop of insulin

receptor tyrosine kinase substantially increases the ability of
the unphosphorylated kinase to bind ATP (23). From our
data, this mutation pattern (L858R) might be more correlated
with the populations, such as women, smoking, and
adenocarcinoma.

DNA sequencing using the PCR methods described to date is
time-consuming and, theréfore, may not be suitable for a
regular pretherapeutic screening program. Genechip technology
is promising but still in its infancy, and adapting this
technology to new polymorphisms is time-consuming and
expensive. Real-time PCR, on the other hand, aliows for easy
adoption of new polymorphisms and possibly provides the best
means for pretherapeutic genotyping in a clinical setting at
present. We, therefore, developed three different PCRs to detect
EGFR gene mutations and deletions. The advantages of real-
time PCR are extensive. The faster PCR method and elimination
of additional steps to analyze PCR products save time and
minimize the risks of DNA contamination. Handling is
facilitated and potentially toxic reagents, such as ethidium
bromide stain, are avoided. We have only found 16 of 101
surgically removed samples from Nagoya City University and
6 of 16 gefitinib-treated samples from Kinki-chuo Chest
Medical Center. Other mutations might have existed for these
patients, although we have only checked the three most
frequent mutations. The difference in the ratioc of EGFR
mutation between Nagoya and Kinki patients might have been
caused by selection bias because gefitinib was known to be
sensitive for female, nonsmoker, and adenocarcinoma patients.
Actually, we have checked seven small cell carcinoma and three
large cell carcinoma patients from Nagoya and no mutations
were found from these patients.

Using the LightCycler reverse transcription-PCR assay de-
scribed here, the determination of EGFR mutation status may
be of clinical importance in predicting the sensitivity or
resistance to gefitinib therapy for lung cancer. With this
method, 32 samples were genotyped within 1 hour without
the need of any post-PCR sample manipulation. Mutation
detection using real-ime PCR with hybridization probes and

Table 3. Genotyping analyses data for the non — small cell lung cancer patients from Kinki-chuo Chest Medical Center
Age Gender Mutation Exon Mutation type Pathology Smoking history
59 F + 19 dela Adenocarcinoma N

69 F + 18 G718S Adenocarcinoma N

76 M + 19 del1b Adenocarcinoma N

56 M + 19 del1b Adenocarcinoma F/C
.33 M + 19 del1b Adenocarcinoma F/C

59 F + 21 L858R Adenocarcinoma N

47 M - Adenocarcinoma F/C

65 F - Adenocarcinoma N

51 F - Adenocarcinoma N

66 M - Adenocarcinoma F/C

82 M - Adenocarcinoma F/C

71 F - BAC N

66 F - BAC N

7 F - Adenocarcinoma N
Abbreviations: F, female; M, male; del, deletion; BAC, bronchioloalveolar carcinoms; N, never smoker; F/C, former or current smoker.
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melting curve analysis can be used for the sensitive detection of

DNA mutations. The fast detection of single base substitutions

in small amounts of DNA has great potential in pretreated

diagnosis and in oncology.
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Enhancement of Sensitivity to Tumor Necrosis Factor o in
Non-Small Cell Lung Cancer Cells with Acquired

Resistance to Gefitinib

Koichi Ando,’ Tohru Ohmori,? Fumiko Inoue,? Tsuyoki Kadofuku,? Takamichi Hosaka,’
Hiroo Ishida,' Takao Shirai,' Kentaro Okuda,’ Takashi Hirose,! Naoya Horichi,!
Kazuto Nishio,® Nagahiro Saijo,? Mitsuru Adachi,® and Toshio Kuroki*

Abstract

Tumor cells that have acquired 're:sis{énce-'to"g‘e'fi'trhrl‘)’ through' ‘continuous drug adrinistiation

may complicate future tréatment. To~ investigate the mechanrsms ‘of dcquired resistarice, we

.- established PC- 9/202001 ' nor:

- - gefitinib-freé conditions,” P
- -gstablishéd a5 a revertant cell l
" sitivity to several anticancer

) small—cell !_ung cancer ‘eell ling* resistant to gefitinib; by
- -‘continuous exposure of the pare al cell l|ne P

0 ‘gefitinib. Aftér 6 motiths of culture in
uired sensrtrvrty 0" gefitinib’ -and were

C- 9_/ZD2001R PC-9/ZDZOOT Gells showed collateral sen-
rigs (vrnorelbme paclrtaxel “camptothiecin, -ahd 5-fluorouracil)

. "and to tumor necrosis factor o (TNF-g). Compared With PC-9 cells; PC-9/ZD2001 cells were
- B7-fold more sensitive to’ TNF-a and PC- 9/202001R ‘cells were 1.3-fold more sensitive.

S Therefore collateral sensmv' )

10 TNF -0 was correla_red wrth gefmnrb resrstance PC 9/

".ZD2001R éells but not in PC~9/ZDZOO1 cells: Thrs weak sffect of EGFR 6n’ Akt pathway might

céd by TNF-or in PC-9 and PC-9/

contribute to the TNF-a sensrtrwty of PC- 9/ZD2001 célls. Thése results suggest that therapy

" - with TNF-c would bee effective in s
L .-’resrstance to gefmmb

Gefitinib (Tressa, ZD1839), a small-molecule epidermal
growth factor receptor (EGFR) tyrosine kinase inhibitor, has
been approved for the treatment of refractory and relapsed non-
small-cell lung cancer (NSCLC) patients in a number of
countries around the world. This drug, which is given
continuously as a once-daily oral dose, showed antitumor
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me cases of "on—small-cell lung cancer that have acqurred -

activity in patients with relapsed or recurrent NSCLC; however,
tumor responses were observed in 12% to 18% of patients with
chemotherapy-refractory advanced NSCLC (1, 2). Even in cases
sensitive to gefitinib, resistance might be acquired through
continuous drug administration. Additional treatments for
cases of NSCLC relapsing during treatment with gefitinib are
urgently needed.

To investigate the mechanism of acquired resistance to
gefitinib, we previously established gefitinib-acquired resistant
cells, PC-9/ZD2001, from a NSCLC, PC-9, which is hypersen-
sitive to gefitinib and has a 15-del mutation in exon 19 of EGFR
(data not shown). After >6 months of culture in gefitinib-free
conditions, the sensitivity of PC-9/ZD2001 cells to gefitinib was
restored, and the cells were subsequently established as a
revertant cell line, PC-9/ZD2001R. The active mutation of EGFR
was sustained in both the resistant and the revertant cell lines
and the existence of revertant cell line suggests the additional
mutation of EGFR, such as a secondary mutation of T790M in
EGFR that causes resistance to gefitinib (3, 4), is unlikely to be
contribute to this gefitinib resistance. In the gefitinib-resistant
cells, the expression levels of EGFR and mRNA decreased to 30%
to 50% of those in parental cells. A ligand-induced EGFR
activation minimally activated mitogen-activated protein kinase
signaling pathways and the inhibitory effect of gefitinib on this
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pathway was significantly decreased in the resistant cells.® To
elucidate the cross-resistance to other anticancer agents, we
examined the sensitivity to the conventional anticancer agents
and tumor necrosis factor a (TNF-a). PC-9/ZD2001 showed
cross-resistance to another EGFR inhibitor, AG1478. Interest-
ingly, gefitinib-resistant cells were ~ 3-fold more sensitive than
PC-9 cells to the cytotoxic effects of vinorelbine, paclitaxel,
camptothecin, 5-fluorouracil, and a cytokine, TNF-a.® The same
tendency was confirmed in the other gefitinib-resistant clones
established along with PC-9/ZD2001. The restoration of these
collateral sensitivities (except 5-fluorouracil) in revertant PC-9/
ZD2001R cells suggests that such sensitivities are correlated with
the mechanism of gefitinib resistance.

TNF-a is the prototype of ~20 related cytokines that act
through specific members of the TNF receptor (TNFR) super
family (5- 7). Several cancer therapies exploiting the cytotoxic
effect of TNF-a on solid tumors and soft-tissue sarcomas have
recently been examined in clinical trials (8, 9). The TNF.a
stimulates inflammation by turning on gene transcription
through signaling cascades such as the Akt/nuclear factor kB
(NF-xB) pathway. This signaling subsequently serves as the
primary mechanism to protect cells against apoptotic stimuli
through several transcriptional genes, such as inhibitor of
apoptosis proteins (IAP), the specific inhibitor of caspases
(10, 11). In contrast, TNF-a-mediated signaling also triggers
apoptosis through the activation of caspase-8 and the down-
stream caspase-3 or caspase-7 in a wide variety of cells (12). From
these observations, it is possible to say that TNF.a has two
different signaling pathways that contradict each other. The
cytotoxic effect of TNF-a might be determined by ratios between
the apoptosis-inducing and the apoptosis-inhibiting effects. .

Akt/NF-«B signaling also occurs downstream of EGFR and
this signaling mediates cell proliferation and antiapoptotic
signaling through this pathway (13). In the case of the
antiapoptotic signaling of TNF-a, TNFR is known to activate
Akt/NF-xB in three ways: directly through phosphatidylinositol
3-kinase activation, or indirectly through cross-talk signaling
to EGFR, or both together {(5~-7, 12, 14, 15). Moreover, several
recent articles report that the TNFR-mediated cross-talk signa-
ling to EGFR occurs in a ligand-dependent and -independent
manner (16-21). Therefore, to investigate the mechanisms of
the collateral sensitivity to TNF-« in gefitinib-acquired resistant
cells, we focused on TNF-a-induced cross-talk signaling to
EGFR and analyzed the Akt/NF-kB signaling pathway in
response to TNF-a.

In this article, we show that a weakness of Akt/NF-«B signaling
from TNF-o-mediated cross-talk signaling via EGFR causes the
collateral sensitivity to TNF-a in the gefitinib-acquired resistant
cell line. Moreover, this cross-talk signaling is thought to be a
dominant pathway of TNF-a-mediated Akt activation.

Materials and Methods

Chemicals and antibodies. Gefitinib was donated by AstraZeneca
Pharmaceuticals (Wilmington, DE}). An anti-phospho-EGFR antibody
(Tyr1068) was purchased from Cell Signaling Technology (Beverly,
MA). Other antibodies and chemicals were purchased from Santa Cruz

5 T. Yamaoka, T. Ohmori, F. Inoue, et al. Characteristics of gefitinib-acquired resis-
tance in non —~small cell lung cancer cell ines, submitted for publication.
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Biotechnology, Inc. (Santa Cruz, CA} and Sigma-Aldrich Co. (St. Louis,
MO), respectively, unless otherwise specified.

Cell lines and cultures. The PC-9 human NSCLC cell line, established
from a previously untreated patient, was kindly donated by Prof. K.
Hayata {Tokyo Medical College, Tokyo, Japan.). The PC-9 cells were
cultured with RPMI 1640 supplemented with 10% FCS and maintained
in a 5% CO, incubator at 37°C under humidified conditions.

Establishment of gefitinib-resistant cell lines. To establish gefitinib-
resistant cell lines, PC-9 cells were continuously exposed to increasing
dosages of gefitinib for >1 year. The surviving cells were cloned and
three gefitinib-resistant cell lines, designated as PC-9/ZD2001, PC-9/
2D2002, and PC-9/ZD2003, were established. These cell lines can
survive exposure to 200 nmol/L gefitinib. Sensitivity to gefitinib was
restored by culture of PC-9/2D2001 in gefitinib-free conditions for >6
months. The restored cells were cloned and subsequently established as
a revertant cell line, PC-9/ZD2001R.

Established resistant cell lines were maintained by culture in a
medium containing 200 nmol/L gefitinib. To eliminate the effects of
gefitinib, the resistant cells were cultured in a drug-free medium for at
least 2 weeks before all experiments. As the relative resistance values of
these cell lines were stable for at least 3 months after culture under
drug-free conditions (data not shown), we used the cells for experi-
ments during this period.

Growth inhibition assay. To measure sensitivity to gefitinib, a 3-(4,5-
dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide assay was done
(Cell Titer 96 assay kit, Promega Corp., Madison, W}). In brief, PC-9,
PC-9/ZD2001, and PC-9/ZD2001R cells were seeded onto 96-well
plates and preincubated overnight. The cells were continuously exposed
to the indicated concentrations of gefitinib for 4 or 5 days. Absorbance
was measured at 570 nm with a microplate reader (Model 550, Bio-Rad
Laboratories, Hercules, CA).

Analysis of tumor necrosis factor o~ induced apoptotic cell death. The
PC-9, PC-9/ZD2001, and PC-9/ZD2001R cells were treated with 100
ng/mL TNF-a for the indicated time periods. They were then fixed with
4% paraformaldehyde at 4°C for 30 minutes. After 100 uL of 70%
ethanol were added, the cells were permeabilized by incubation
overnight at ~20°C. Apoptotic DNA fragments were probed with the
terminal deoxyribonucleotidyl transferase-mediated dUTP nick end
labeling method (MEBSTAIN Apoptosis TUNEL Kit Direct, Medical &
Biological Laboratories, Nagoya, Japan) and subpopulations of
apoptotic cells were measured with a flow cytometer (FACSCalibur,
BD Biosciences Immunocytometry Systems, San jose, CA}.

Activity assays for CPP32/caspase-3 and FLICE/caspase-8. Activities
of CPP32/caspase-3 and FLICE/caspase-8 were measured with caspase-3
and caspase-8 colorimetric assay kits (MRL Diagnostics, Cypress, CA)
according to the instructions of the manufacturer. The PC-9, PC.9/
ZD2001, and PC-9/ZD2001R cells were incubated for 12 hours with 10
ng/mL TNF-a and then resuspended in 50 uL of chilled cell lyses buffer.
The cells were incubated on ice for 10 minutes and the protein
concentration of the supernatant was assayed with a bicinchoninic acid
protein assay kit (Sigma-Aldrich). A certain amount of each sample was
added 10 50 pL of 2x reaction buffer containing the respective
substrates DEVD-pNA and IETD-pNA, then incubated at 37°C for
1 hour. After incubation, absorbance was measured at 400 and 405 nm
with a microtiter plate reader (Model 550, Bio-Rad Laboratories).

Immunoblot analysis. Cells were treated with 10 ng/mL of TNF-a for
30 minutes, then washed twice with ice-cold PBS and lysed in EBC
buffer [50 mmol/L Tris-HC! (pH 8.0}, 120 mmol/I. NaCl, 0.5% NP40,
100 umolfL NaF, 200 pmol/L Na orthovanadate, and 10 pg/mL of
leupeptin, aprotinin, and phenylmethylsulfonyl fluoride] with an ultra-
sonic disrupter {Tomy Digital Biology Co., L1d., Tokyo, Japan}. The cell
lysate was precleared by centrifugation, resolved by 10% SDS-PAGE,
transferred 1o nitrocellulose membrane, and probed with antibodies
against EGFR, phospho-EGFR (Tyr1045), phosphatase and tensin
homologue, Akt, phospho-Akt, 1kB, ¢-1AP1, and c¢-1AP2. Bound
antibodies were detected with horseradish peroxidase-linked immuno-
globulin (Amersham Biosciences, Buckinghamshire, United Kingdom)
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and enhanced chemiluminescence reagents (Perkin-Elmer Life and
Analytical Sciences, Boston, MA).

Real-time reverse transcription-PCR method. Total RNA was isolated
with the guanidium isothiocyanate method using an RNA purification
kit (RNeasy Mini Kit, Qiagen, Venlo, the Netherlands) according to the
instructions of the manufacturer. After RNA isolation, ¢cDNA was
prepared in the presence of random 9-mers with a reverse transcription-
PCR (RT-PCR) kit (Takara Shuzo Co., Lid., Kyoto, Japan). Expression
levels of EGFR, ¢-1AP1, and c-IAP2 mRNA were quantified with
a fluorescence-based real-time detection method (GeneAmp 5700
Sequence Detection System, Applied Biosystems, Foster City, CA).
Cycling conditions were 40 cycles at 94°C for 20 seconds, 55°C (EGFR)
and 64°C (c-1APs) for 20 seconds, and 72°C for 30 seconds. Expression
of the mRNA was measured with the following primer sets: EGFR,

"-ACGAATGGGCCTAACATC-3' and 5-TGCTTACCCGGATTCTAGG-3"
c-JAP1, 5-ATGTGGGTAACAGTGATGATGTCA-3' and 5-AAACCAC-
TTGGCATGTTGAAC-3; and c-1AP2, 5-CTAGTGTTCATGTTGAAC-3'
and S5“CCTCAAGCCACCATCACAAC.3'. The expression of p-actin
mRNA was used as an internal control.

Statistical analysis. Statistical analysis was done with the StatView 1l
software program (Abacus Concepts, Berkeley, CA). Activities of
CPP32/caspase-3 and FLICEfcaspase-8 were analyzed with paired
Student’s ¢ test. P < 0.05 was considered significant.

Results

Establishment of acquired gefitinib-resistant cell lines. To
elucidate the mechanism of acquired resistance against
gefitinib, we established gefitinib-resistant NSCLC cell lines
through continuous exposure of this drug. Resistance against
gefitinib developed quite slowly; the relative resistant values of
3- to 4-fold were reached after >1-year exposure to gefitinib. We
picked the clones of gefitinib-resistant cell lines named PC-9/

ZD2001, PC-9/ZD2002, and PC-9/ZD2003. These cell lines can -

survive in 200 nmol/L gefitinib-contained medium. Sensitivi-
ties to gefitinib were measured by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay. In the case of PC-9/
ZD2001 cells, the cell line was able to survive by >50% at the
concentration of >500 nmol/L gefitinib. This concentration
caused maximum inhibition in PC-9. The IC,, value of
gefitinib in PC-9 cells was 53.0 + 8.1 nmol/L. The gefitinib-
resistant cell line PC-9/ZD2001 showed a 4-fold higher
resistance to gefitinib than PC-9 cells (IC4 = 211.1 #
32.4 nmol/L; Fig. 1). Culture of the cells in gefitinib-free
conditions for 6 months restored sensitivity to gefitinib in
PC-9/ZD2001 and subsequently established a revertant cell
line, PC-9/ZD2001R, in which sensitivity to gefitinib was
completely restored (IC4p = 46.3 + 10.2 nmol/L).

Analysis for tumor necrosis factor o—induced apoptotic cell
death. TNF-a-induced cytotoxic effect was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
The 1C,q values of TNF-a in PC-9, PC-9/ZD2001, and PC-9/
ZD2001R cell lines were 815.0 + 44.8,12.2 + 1.4,and 626.2 &
18.5 ng/ml, respectively. PC-9/ZD2001 cells acquired new

sensitivity to TNF-a. PC-9/ZD2001 was ~67-fold more -

sensitive to TNF-a as compared with PC-9, but this sensitiza-
tion was restored to 1.3-fold in PC-9/ZD2001R (Fig. 2A). This
collateral sensitivity to TNF-o was confirmed in the other
gefitinib-resistant cell lines, PC-9/ZD2002 and PC-9/ZD2003
(data not shown).

Additionally, we measured TNF-a-induced apoptotic cell
death by flow cytometry. The apoptotic cells were stained by
the terminal deoxyribonucleotidyl transferase-mediated dUTP
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Fig.1. Cytotoxic effects of gefitinib in a gefitinib-resistant NSCLC cell line. The cells
(2 % 10° per well} were seeded onto a 96-well plate and preincubated overnight,
then continuously exposed to the indicated concentrations of gefitinib for 4 or

5 days. The growth inhibition rate was analyzed with 3-(4,5-dimethylthiazol- 2-yl)-
2,5-diphenyftetrazofium bromide assay as described in Materials and Methods.

O, PC-9; ®, PC-8/ZD200%; 0, PC-9/ZD2001R. Points, mean of three different
experiments; bars, SD. *, P {0.001, PC-8 versus PC-8/2D200%; **, P < 0.001, PC-9/
ZD2001R versus PC-9/2D2001.

nick end labeling method. No significant apoptosis was
observed in these three cell lines until 24 hours of exposure
to TNF-a (10 ng/mL). Forty-eight hours of TNF-a exposure
induced a 6-fold higher apoptotic cell death in PC-9/ZD2001
cells (70.3%) as compared with the parental PC-9 cells
(11.8%). This enhancement was completely recovered in PC-
9/ZD2001R cells (16.6%; Fig. 2B; Table 1). These results suggest
that the collateral sensitivity to TNF-« might be correlated with
the resistance to gefitinib in these cell lines.

Analysis of tumor necrosis factor a-mediated activations of
CPP/caspase-3 and FLICE/caspase-8. To clarify the difference of
TNF-a-induced apoptotic cell death in these cell lines, we
analyzed TNF-a-mediated CPP32/caspase-3 and its upstream
FLICE/caspase-8 activations by caspase-8 and caspase -3 color-
imetric protease assay kits (Medical and Biological Laboratories),
respectively. PC-9, PC-9/ZD2001, and its revertant PC-9/
ZD2001R cells were incubated with the indicated concentrations
of TNF-« for 12 houss. In the case of caspase-3, TNF-a did not
cause any increases in the activity in PC-9 and PC-9/ZD2001R
cells even at the highest concentration of 100 ng/mL. In contrast,
TNF-a significantly enhanced caspase-3 activity in PC-9/ZD2001
cells even at the concentration of 1 ng/mL within this time
course (Fig. 3A). In the case of caspase-8, TNF-a enhanced
the activities in all three cell lines from 10 ng/mL (Fig. 3B). TNF-a
at 100 ng/mL activated caspase-8 ~1.6-, 2.9-, and 1.9-fold
higher in PC-9, PC-9/ZD2001, and PC-9/ZD2001R, as com-
pared with the respective untreated cells. In PC-9/ZD2001 cells,
TNF-o caused the highest relative induction of caspase-8 (Fig. 3B).

Immunoblot analysis for the tumor necrosis factor o~ induced
cross-talk signaling to epidermal growth factor receptor and Aht/
nuclear factor kB pathway activation. EGFR expression was
significantly lower in PC-9/ZD2001 than in PC-9 cells (Fig. 4A).
When measuring the expression of EGFR protein by a
densitometer (calculated by the NIH image software), the
expression was decreased to 52.4 + 2.6% of that in parental
cell line. Moreover, we measured the expression levels of EGFR
mRNA by a real-time RT-PCR method. The expression level in
PC-9/ZD2001 was decreased to 37.0 £ 3.2% of that in parental
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cells. The same down-regulation of EGFR was seen in the other
resistant cell lines {data not shown). In the case of PC-9/
ZD2001R, expression levels of EGFR protein and mRNA were

" also decreased t0 69.3 + 1.1% and 56.8 + 2.2%, respectively, as
compared with PC-9. The expression of EGFR was restored, but
not completely, in the revertant cell line.

In PC-9 cells, cross-talk signaling from TNFR to EGFR was
observed and treatment with 10 ng/mL TNF-a for 30 minutes
induced significant autophosphorylation of EGFR (Fig. 4A).
According to the autophosphorylation of EGFR, definite
phosphorylation of Akt and a decrease in IxB content were
observed. The activation of Akt and down-regulation of IxB were
inhibited by gefitinib at concentrations <10 nmol/L. Because
gefitinib (100 nmol/L) mostly inhibited this signaling we
concluded that the cross-talk signaling from TNFR to EGFR
might be the dominant pathway of TNF-a-mediated Akt/NF-xB
activation in this cell line rather than the direct signaling from
TNER to Akt. In contrast, although EGFR autophosphorylation
was observed, only partial phosphorylation of Akt and down-
regulation of IkB, compared with those in PC-9, were observed
after TNF-a exposure in PC-9/ZD2001 cells (Fig. 4A and B).
Treatment with gefitinib inhibited this cross-talk signaling to
EGFR but had no effect on downstream Akt phosphorylation.

These observations suggest that TNF-a-mediated EGFR
signaling has less effect on the Akt/NF-xB pathway in the
gefitinib-resistant PC-9/ZD2001 cell line. Other stimuli might
activate Akt in an EGFR-independent manner. In the revertant
PC-9/ZD2001R cell line, this weak effect of EGFR was largely
reversed and TNF-a exposure induced autophosphorylation of
EGFR and subsequent activation of the Akt/NF-xB pathway. The
expression levels of phosphatase and tensin homologue, a
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suppressor of Akt signaling, did not differ significantly among
PC-9, PC-9/ZD2001, and PC-9/ZD2001R cells. This decreased
effect of EGFR might be partially caused by the down-regulation
of EGFR expression in PC-9/ZD2001. However, although the
EGFR-mediated signaling and the resistance to gefitinib were
mostly restored, EGFR expression remained only partially
restored in PC-9/ZD2001R. For this reason, we speculated that
the down-regulation of EGFR expression might not fully explain
the weak EGFR signaling to Akt pathway in PC-9/ZD2001 cells.

To clarify the decreased EGFR signaling in PC-9/ZD2001,
we examined the inhibitory effect of a phosphatidylinositol
3-kinase inhibitor, wortmannin, on the TNF-a-induced acti-
vation of this pathway (Fig. 4B). Interestingly, wortmannin
inhibited the TNF-oa-mediated phosphorylation of Akt in
PC-9/2D2001 cells at the same level as it did in PC-9 and
PC-9/ZD2001R cells.

Expresstion of ¢-IAP1 and c¢-1AP2 on treatment with tumor
necrosis factor .  After treatment with TNF-a (10 ng/mL) for
30 minutes, expression of ¢-IAP1 and c]AP2 proteins was

‘Table 1. Percentage of apopiotic subpopulations

%Apoptosis PC-9 PC-9/2001 PC-9/2001R
Control 11 1.2 11
24h 1.4 23 3.2
48h 1.8 70.3 6.6

NOTE: After 72 hours of exposure to TNF-a, significant apoptotic cell death
was observed in PC-98/2D2001 cefls but not in PC-9 or PC-8/ZD2001R cells.
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significantly increased in PC-9 and PC-9/ZD2001R cells but not
in PC-9/ZD2001 cells (Fig. 4A and B). According to the results
of Akt phosphorylation, induction was inhibited by gefitinib in
PC-9 and PC-9/ZD2001R cells but not in PC-9/ZD2001 cells.
Wortmannin could inhibit induction in all three cell lines.
Consistent with the results of protein expression, treatment with
TNF-e increased the expression level of ¢-JAP1 and ¢-JAP2 mRNA
in PC-9 and PC-9/ZD2001R cells in a dose-dependent manner
(Fig. 5A and B). After treatment with 100 ng/mL TNF-a for
12 hours, the expression levels of both ¢-1AP1 and c-IAP2 mRNA
were significantly increased in PC-9 cells (¢-IAP1, 7.05 + 0.62;
cIAP2, 18.22 + 0.25) and PC-9/ZD2001R cells (¢c-IAP1, 7.02 +
0.54; c-IAP2, 11.56 + 0.75) but not in PC-9/ZD2001 cells
(c-IAP1, 2.60 * 0.58; c-IAP2, 2.83 £ 0.66). These observations
suggest that TNF-a-induced apoptotic signaling is not inhibited
by its own antiapoptotic effects, such as IAPs induction, owing
to the weak effect of TNF-a-mediated signaling and the Akt/
NF-kB pathway via EGFR in this gefitinib-resistant cell line.

Discussion

We have shown that the gefitinib-acquired resistant NSCLC
cell line PC-9/ZD2001 acquired collateral sensitivity to the
apoptotic effect of TNF-o.. Because this collateral sensitivity was
significantly diminished in the revertant PC-9/ZD2Q01R, it
might be correlated with gefitinib resistance. As described
before, PC-9/ZD2001 also acquired collateral sensitivities to
some anticancer drugs, such as vinorelbine, paclitaxel, campto-
thecin, and 5-fluorouracil. However, this cell line did not show
the collateral sensitivities to cisplatin, etoposide, mitomycin C,
and cyclophosphamide.® Moreover, there was no difference of
susceptibility to serum-starved condition between PC-9 and
PC-9/ZD2001 (data not shown). From these observations, it
can be concluded that the collateral sensitivities of the gefitinib-
resistant cells are specific to some cell stresses and are not
caused by the fragility of the cells. Because the same tendency of
sensitivity was seen in the other resistant clones, PC-9/ZD2002
and PC-9/ZD2003, the acquired sensitivity to the anticancer
drugs and TNF-a could be a general phenomenon even in the
clinical gefitinib-resistant cells.

TNF-a activates not only apoptotic signaling but also
antiapoptotic signaling via the Akt/NF-«xB activation (22, 23).
Activation of the downstream transcription factor NF-xB
inhibits various types of apoptotic cell death by inducing
apoptotic inhibitory proteins (22, 23}, such as bcl-2 (24), bcl-xl
(25), forkhead (26), and IAPs (10, 11, 27, 28). As described
before, it is thought that the cytotoxic effect of TNF-a is
determined by ratios between the apoptosis-inducing and the
apoptosis-inhibiting effects (5-7, 12, 14, 15).

In parental PC-9 cells, TNF-a induced EGFR autophosphor-
ylation and subsequent Akt/NF-«xB pathway activation (Fig. 4A
and B). This autophosphorylation was completely inhibited by a
low concentration of gefitinib (10 nmol/L). From these
observations, we think that TNF-a-induced Akt/NF-«B pathway
activation occtirs mainly through cross-talk from TNFR to EGFR
in this cell line. Because the expression level of EGFR was
significantly decreased in PC-9/ZD2001 as compared with the
parental PC-9, the decline of the cross-talk signaling might
partially diminish the TNF.a-induced  activation of the Akt/
NF-xB pathway. Our results are supported by those of an earlier
study showing that resistance to the cytotoxic effect of TNF-a
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is associated with high expression of Her family receptors, such
as EGFR (Her1), ertbB2/Her2/neu, or Her3, in a panel of human
tumor cell lines (29). However, the decreased EGFR signaling
from the Akt/NF-«xB pathway could not be fully explained
by the lower EGFR expression-in PC-9/ZD2001 because EGFR
expression remained only partially restored in the revertant
PC-9/ZD2001R cell line. In light of these observations, to clarify
the mechanisms of collateral sensitivity to TNF-a in the gefitinib-
resistant cells, we focused on the cross-talk signaling from TNFR
to EGFR in PC-9, PC-9/2D2001, and PC-3/ZD2001R cells.
Several recent articles have reported that TNFR mediates
cross-talk signaling to EGFR through a ligand-dependent and
-independent manner (16-19, 21, 23). Chan et al. (17)
have reported that exposure of human mammary epithelial
cells to TNF-a results in transactivation of EGFR through
metalloprotease-dependent shedding of EGFR ligand(s). Hirota
et al. (18) reported that EGFR transactivation by TNF-a is
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Fig. 3. TNF-a-mediated activation of CPP32/caspase-3 and FLICE/caspase-8 in
PC-9, PC-9/202001, and PC-9/2D2001R ceils. Activation of CPP32/caspase-3
and FLICE /caspase-8 was measured as described in Materials and Methods. The
cells were exposed to the indicated concentrations of TNF-« for 12 hours; after
which equivalent amounts of samples were reacted with the substrates DEVD-pNA
and IETD-pNA. Absorbance was measured at 460 and 405 nm with 8 microtiter
plate reader. A, CPP32/caspase-3. 8, FLICE /caspase-8. TNF-« activated
FLICE/caspase-8 in all three cefl lines but activated CPP32/caspase-3 only in
PC-9/ZD2001 cells. Data calculated as the percentage increase compared with
respective untreated controls. Points, mean of three different experiments each done
in tripficate; bars, SD. Open columns, PC-8; closed columns, PC-9/ZD2001;
hatched columns, PC-9/ZD2001R. *, P < 0.001, PC-9 versus PC-3/ZD2001,

**. P =002, PC-9 versus PC-9/2D2001.
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