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ation between smoking history and lung cancer
survival [17,18]; however, these studies did not uti-
lize multivariate analysis. Harpole et al. reported
a multivariate model that quantified the risk of re-
currence and cancer death for patients with stage
| NSCLC, but they demonstrated no significant im-
pact on univariate analysis using smoking history
[7]. Some other studies showed smoking history is
negative prognostic factor [19,20]. However, their
studies included relatively small cases and there-
fore may be insufficient power to detect smoking
effects.

Hinds et al. reported model-predicted survival
curves in women for smokers and never-smokers
after adjustments for age, disease stage at diag-
nosis, and tumor histology {8]. The curves were sig-
nificantly different. But, they did not use the Cox
proportional hazards model and did not have infor-
mation on pretreatment PS. Sobue et al. reported
that current smokers who smoked 50 pack-years or
more showed a 2.38 times higher risk of death than
non-smokers for patients who undergo operations
for adenocarcinoma of the lung [10]. Isobe et al.
reported similar results [11]. In contrast, Sioris et
al. showed that smoking history is one of the prog-
nostic factors in squamous cell carcinoma for over-
all survival but not in adenocarcinoma {13]. Fuji-
sawa et al. provided answer to this conflict. They
employed multivariate analysis and showed smok-
ing history is prognostic factor in evaluating over-
alt long-term survival in patients with stage ! pri-
mary resected NSCLC [14]. Nevertheless, they did
not show important information on pretreatment
PS. Furthermore, smoking history is not prognos-
tic factor in evaluating disease-specific survival. It
has been said that comorbidity may be one of the
most important prognostic factor {22}, as smoking
is strongly associated with numerous serious dis-
ease such as chronic obstructive pulmonary dis-
ease, coronary heart disease, and stroke. To offset
the influence of comorbidities on survival, disease-
specific survival is superior to overall survival. On
the other hand, the large number of patients at
the multicenter gave us considerable confidence in
the reliability of our data on smoking history and
prognosis.

In our study, smoking status was investigated
only at the time of admission to the hospital, and
no information on smoking status was obtained
after the operation. Richardson et al. reported
that patients treated for SCLC who continue to
smoke cigarettes increase their rate of develop-
ing second lung cancers [23]. In Japan, Kawahara
et al. reported the same results [24]. In NSCLC,
Fujisawa et al. reported no significant differences
between postoperative smoking status and out-

come in the population of patients, alive or dead,
due to recurrent disease, second matlignancy, or
non-malignant disease [14]. Further study is nec-
essary to determine the prognosis and incidence
of recurrence among patients who continue to
smoke.

Although the mechanisms by which smoking
affects the prognosis of lung cancer patients in-
dependently of other factors are not yet clear,
some recent reports on oncogene suggest the
clinical influence of cigarette smoking. Molecu-
lar changes that have been demonstrated in lung
cancer include the activation of oncogenes such
as ras, myc, bcl-2, and c-erbB-2, and the loss
of tumor suppressor genes such as p53, RB and
p16NK4x 195271, Recently, Vahakangas et al. re-
ported that p53 mutations occur more commonly
in smokers and ex-smokers than in never-smokers
[28]. Furthermore, Tammemagi et al. reported
that p53 alteration and smoking history are neg-
ative prognostic factor [15]. Heavy smokers may
have these molecular changes. These reports sup-
port our data showing poor prognosis in heavy
smokers.

Among patients with resectable tumors, ad-
vanced age is generally described as an unfavorable
prognostic factor, possibly because of higher post-
operative mortality rates [29]. Our findings con-
firmed that age is a prognostic factor in a curative
resection setting.

Gender and smoking history were closely corre-
lated in Japan. In this series, we observed strik-
ing differences in smoking history between men
and women; that is, 82.5% of women were non-
smokers and 88.2% of men were smokers. Further-
more, smokers with more than 40 pack-years made
up only 5.1% of all females and 58.6% of all males.
That is, mean cigarette consumption was signifi-
cantly lower in smoking women than in men. Such
differences in smoking history likely resulted in dif-
ferent clinical presentation, histology, and treat-
ment. It has been reported that the differences
in smoking history may explain the better prog-
nosis in females [8,30]. That is to say, gender is
potential confounding factor in this study. In or-
der to avoid systemic bias, we analyzed subgroup
analyses.

In conclusion, the results of the current study
found a preoperative smoking history to be a signif-
icant predictor of prognosis by univariate and multi-
variate analyses, in males. We showed a significant
correlation between cigarette smoking and long-
term disease-specific survival in stage IA NSCLC
patients in numerous cases. The poor prognosis
makes patients with smoking history an important
population for creating stratification levels in clin-
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ical trials and for the study of chemoprevention or
smoking cessation study.
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Mitochondria have their own genome encoding
subunits of the electron transport chain. Using cells
lacking mitochondrial DNA (mtDNA, ,° cells), we stud-
ied the role of mtDNA in irradiation. Loss of mtDNA
inhibited cell growth and reduced the level of reactive
oxygen species (ROS) as compared to p* cells. p* cells
were more resistant to irradiation than p° cells. Upon
irradiation, o’ cells showed delayed G2 arrest and de-
creased ability of a cell to recover from the G2 check-
point compared to p* cells. Irradiation increased the
generation of ROS even more in p* cells. Irradiation
markedly increased the levels of phosphorylated forms
of exiracellular-regulated kinases, p42 and pdd
(ERK1/2) in p* cells, whereas phosphorylated levels of
the kinases were affected slightly in ° cells. Further-
more, inhibition of the ERK pathway led to a delayed
G2 arrest and a delayed recovery from the arrest in
irradiated p* cells, and treatment with NAC also in-
duced dysfunction of the G2 checkpoint in irradiated
p* cells. These results suggest that the accumulation of
ROS potentiated ERK1/2 kinases after irradiation in
p* cells, leading to less sensitivity to irradiation. Thus,
mtDNA is important for the generation of ROS that
act as second messenger.

Key words mitochondrial DNA, irradiation, reac-
tive oxygen species, checkpoint

INTRODUCTION
Mitochondria have their own DNA (mtDNA) of
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of Radiation Emergency Medicine, Research Center for Ra-
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cal Sciences, 4-9-1 Anagawa, Inage-ku, Chiba 263~8555 Ja-
pan. Tel.: +81-43-206-3122; Fax: +81-43-284-1736; E-mail:
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16 kilo base pairs in human cells. mtDNA encodes

" subunits of the mitochondrial electron transport
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chain. These subunits are essential for normal oxi-
dative phosporylation and also adenosine triphos-
phate (ATP) production in a cell. Oxidative phos-
phorylation in mitochondria produces the large part
of the energy required within a cell.” Human mtDNA
has a mutational rate at least 10 times higher than
nuclear DNA,? and somatic mutations in mtDNA
have also been observed in human neoplasms.” Re-
cently, there have been reports using cells lacking
mtDNA that studied its roles in cell death or sensi-
tivity to various external insults. Studies have shown
that mtDNA-depleted cells are susceptible to cell
death by serum-deprivation, tumor necrosis factor
(TNF) and staurosporine.*® On the other hand, stud-
ies found that these cells were more resistant to in-
sults such as tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), anti-cancer reagents, and
reactive oxygen species (ROS) than their parental
cells.”® Thus, the roles of mtDNA are still not clear,
and the mechanisms for the sensitivity to external
insults remain unresolved.

The respiratory chain in mitochondria is a source
of ROS.*~'2 On the other hand, studies have shown
that ROS generated in mitochondria can modulate
signaling cascades.’*'® The pathway of the mito-
gen-activated protein kinase (MAPK) family is in-
volved in growth factor-mediated regulation of di-
verse cellular events such as proliferation, senes-
cence, differentiation and apoptosis.'® Exposure of
cells to oxidative stress such as irradiation induces
activation of multiple MAPK pathways; these sig-
nals play critical roles in controlling cell survival
and repopulation effects following irradiation.'® The
MAPK superfamily is composed of several signal-
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ing pathways: mitogen-activated extracellular-regu-
lated kinases, p42 and p44 (ERK1/2), c-Jun N-ter-
minal kinase (JNK), and p38 pathways. ERK1/2 are
serine/threonine kinases that are regulated by mito-
gen-activated/extracellular-regulated kinase 1/2
(MEK1/2) through phosphorylation. The activation
of ERK1/2 protects cells against noxious stimuli in
several ways and inhibits apoptosis through the ac-
tivation of caspase or the inhibition of cytochrome ¢
release.'”!® Furthermore, ERK1/2 activation has
been reported to promote several transcriptional fac-
tors such as nuclear factor-kappa B (NF-xB) and
cyclic adenosine monophosphate responsive element
binding protein (CREB), which then stimulate
the expression of anti-apoptotic genes.'” The acti-
vation of ERK1/2 has been reported to abrogate the
G2/M phase arrest after irradiation in some cell
types.22! In contrast, JNK and p38 MAPK have
been reported to mediate caspase activation, result-
ing in apoptosis.'® However, the roles of mtDNA
and how ROS generated in mitochondria affect sig-
naling pathways are not fully understood in cells
exposed to irradiation.

The recent progress in studies of mitochondria
has allowed us to use mtDNA-depleted cells (p’cells)
and their control cells (p* cells). Elimination of
mtDNA from cells can be performed by long-term
exposure to a low concentration of 3,8-diamino-5-
ethyl-6-phenylphenanthridinium bromide (ethidium
bromide; EtBr).?? p* cells are produced by the fu-
sion of cytoplasts from the parent cells with p° cells,
and these cells possess normal mtDNA. By com-
paring p° to p* cells, the roles of mtDNA can be de-
termined. Irradiation is well known to induce
apoptosis and cause DNA damage. However, there
are few studies on the roles of mtDNA in irradiated
cells. In the present study, we investigated the roles
of mtDNA in irradiated cells by comparing p° cells
lacking mtDNA and their control p* cells. We found
that p° cells were more radiosensitive than p* cells,
and demonstrated that homeostatic mitochondrial
ROS production may have a protective effect on cells
exposed to irradiation through MEK activation and
cell cycle control.

MATERIAL AND METHODS

Cells and Cell Culture Cells used in this study
originated from HeLa cells: p° cells (EB8-C) lack-
ing mtDNA, and p* cells (HeEBS5) cybrid clones pro-
duced by fusion of EB8-C cells and cytoplasts of
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HelLa cells.?2?» For cell culture, the medium con-
sisted of RPMI 1640 (Gibco, Invitrogen Corp., CA,
U.S.A.) supplemented with 10% (v/v) fetal bovine
serum (INTERGEN, Purchase, NY, U.S.A.), 50 ug/
ml of uridine (Sigma, St. Louis, MO, U.S.A.) and
1 mM of sodium pyruvate (Gibco).

Polymerase Chain Reaction (PCR) Total
DNA was extracted by the phenol/chloroform
method. Primers were specific for the segment of
mitochondrial DNA: forward, 5’-atg ccc caa cta aat
act acc g-3” and reverse, 5’-gtg gtg att agt cgg tig ttg
a-3’. After electrophoresis on 2% agarose, the 298-bp
fragment was analyzed with ethidium bromide
(Sigma) under UV light.

Clonogenic Assays For colony formation as-
say, 102 to 5 x 10° cells were seeded in 60-mm cul-
ture plates 18 hr before irradiation at various doses.
Colonies were stained and counted after 14 days;
groups of cells containing at least 50 cells were de-
fined as a colony. Colonies with diameter greater
than 1.2 mm were defined as “larger colonies” us-
ing Intelligent Quantifier™ (Bio Image Systems,
Inc., Jackson, MI, U.S.A.). Survival curves are rep-
resentative data from three independent experiments.
Radiation Setting —— '’Cs source emitting at a
fixed dose rate of 10 Gy/min was used for yray ir-
radiation.

Cell Cycle Analysis After irradiation, cells
were fixed with 70% ethanol at the times indicated.
Then the cells were incubated for 30 min at 37°C
with 1 pug/ml RNase A, stained with 50 ug/ml
propidium iodide and filtered through nylon mesh
with a pore size of 50-70 um. Cell cycle profiles
were evaluated by FACScaliber flow cytometry
(Becton Dickinson, Bedford, MA, U.S.A.).
Analysis of Intracellular ROS Production
2’ 7'-dichlorofluorescein (DCF) is one of the most
prevalent oxidant-sensitive fluorescent dye. Acetyl
ester derivative of dihydro-DCF diacetate (CM-
H,DCFDA, Molecular Probes, Eugene, OR, U.S.A.),
a derivative of DCF, was used in this study. Cells
were prepared 18 hr before the treatment to a cell
count of 6 X 10° for each 60-mm diameter dish. Af-
ter irradiation, cells were stained with 10 uM CM-
H,DCFDA at 37°C for 5 min. Fluorescence inten-
sity was measured by flow cytometry with excita-
tion at 488 nm and emission at 530 nm.
Western-Blot Analysis The cells were lysed
in buffer containing 50 mM Tris—HCI (pH 8.0),
150 mM NaCl, 3 mM NaNj,, 0.1% (w/v) sodium
dodecyl sulfate (SDS), 1% (v/v) Nonidet P-40 and
0.5% sodium deoxycholate. The protein concentra-
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tion of each sample was measured by the method of
Bradford (Bio-Rad, Hercules, CA, U.S.A.).** Elec-
trophoresis was performed with samples containing
50 ug of cell lysates in SDS-polyacrylamide gel elec-
trophoresis (PAGE) loading buffer using 10%
polyacrilamide gel, followed by transfer of the pro-
teins onto pure nitrocellulose membranes (Trans-
Blot Transfer Membrane; Bio-Rad). Immunoreac-
tivity was detected by enhanced chemiluminescence
(Amersham Biosciences). The relative density of
bands was determined by Intelligent Quantifier pro-
gram (Bio Image, Ann Arbor, MI, U.S.A.) and nor-
malized to the loading control.

RESULTS

p? Cells Lacking mtDNA

p° cells lacking mtDNA (named Hela EB8-C)
were made by long-term EtBr treatment.? p* cells
(HeEBS) were cybrids of EB8-C cells with intact
mtDNA. To confirm the absence of mtDNA, the
298-bp segment of mtDNA was amplified by poly-
merase chain reaction (PCR) analysis (Fig. 1). No
detectable band corresponding to mtDNA was noted
in EB8-C cells, whereas clear bands were amplified
in HeEBS cells. We also confirmed the absence of
mtDNA by the failure to grow in the absence of uri-
dine in the medium, since p° cells are dependent on
uridine and pyruvate for growth because of the ab-
sence of a functional respiratory chain?® (data not
shown). Thus, EB8-C cells were proven to be de-
fective in oxidative phosphorylation and were used
in the present study.

Lower Production of ROS in EB8-C Cells

CM-H,DCFDA was used for experiments be-
cause of its better retention within cells than DCF.
We compared ROS generation in HeEB5 and EB8-
C cells by flow cytometry. The mean fluorescence
intensities of untreated HeEB5 and EB8-C cells were
51 £ 4 and 26 * 2, respectively, indicating that
HeEBS5 cells produced ROS constitutively at a higher
level than EBS8-C cells (p < 0.005).

The ROS production is known to increase after
irradiation in cells.!*? The generation of ROS was
evaluated at 30 min after irradiation in the two cell
lines. Exposure to irradiation with 20 Gy resulted in
significantly increased fluorescence intensity in
HeEB5 cells (136 + 10, 2.6-fold, p < 0.01), but the
fluorescent intensities were not increased in EB8-C
cells (23 % 1).
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Fig. 1. Comparison between EB8-C and HeEBS5 Cells

mtDNA was amplified by PCR as described in MATERIALS AND
METHODS. The arrow indicates 298-bp fragments of mtDNA. SK-
HEP-1 hepatocellular carcinoma cells were used as positive control. As
negative control, purified water was used.

The specificity of ROS was also determined by
irradiation in the presence of catalase from human
erythrocytes (Calbiochem, La Jolla, CA, U.S.A.) in
HeEBS5 cells. The treatment with catalase abolished
the irradiation-induced increase in the fluorescent
intensity (data not shown). Furthermore, irradiated
HeEBS cells were stained with dihydroethidium
(DHE, Molecular Probes) specific for superoxide
radicals. However, an increased intensity of fluo-
rescence was not detected in these cells (data not
shown). These results suggest that irradiation in-
creased the level of ROS, mainly hydrogen perox-
ide in HeEBS cells.

Increased Sensitivity of EB8-C Cells to Irradia-
tion

Next we sought to determine whether the ob-
served difference in ROS production affects the sur-
vival and growth of cells after irradiation. Cellular
radiosensitivity was analyzed by colony formation
assay. The plating efficiencies were 87.7 £ 2.5 and
50.3 £ 4.5% in HeEBS cells and EB8-C cells, re-
spectively, and the efficiency was significantly re-
duced in EB8-C cells (p < 0.001). Further study
found a significantly reduced survival fraction in
EB8-C irradiated with 2 Gy (Fig. 2). The surviving
fractions were 0.33 £ 0.01 and 0.19 £ 0.03 in HeEB
cells and EB8-C cells, respectively (p < 0.01). At
4 Gy of irradiation, the fractions were 0.21 + 0.02
for HeEBS cells and 0.06 % 0.00 for EB8-C cells,
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showing a significantly decreased survival fraction
in EB8-C cells compared to HeEBS cells (p < 0.005).
Upon irradiation with either 6 or 8 Gy, significant
differences in sensitivity to irradiation were observed
between these cell lines.

To further evaluate the cell growth after irradia-
tion, the diameter of the colonies was quantitatively
evaluated (Table 1). HeEBS cells had a significantly
higher capacity for forming colonies larger than
1.2 mm in diameter than EB8-C cells. The capacity
for forming larger colonies was 15.1 £ 1.7% in the
control. On the other hand, 5.5 + 0.2% of untreated
EB8-C cells formed larger colonies. HeEBS5 cells
also formed larger colonies than EB8-C cells at each
dose of irradiation. At 1 Gy, HeEBS cells had 14.7 £
3.1% of the capacity, whereas that of EB8-C cells
was 1.8 = 0.4%. Thus, depleting mtDNA affected
cell growth and resulted in an increased sensitivity
to irradiation.

Dysfunction of the G2 Checkpoint in Irradiated
EB8-C Cells

Cells have mechanisms to delay or halt cell cycle
progression in response to genotoxic insult to main-
tain genomic integrity.?® HeLa cells are known to
be infected with human papilloma virus, of which
the E6 protein inactivates p53; the checkpoint may

0.1

Surviving Fraction

0.01

Dose (Gy)

Fig. 2. Radiosensitivity of Cells Lacking mtDNA

~ HeEB5 and EBS8-C cells were exposed to ionizing radiation at
indicated doses. After two weeks, colonies were stained with hematoxilin-
eosin and counted. All experiments were triplicated. The results were
the mean of three independent experiments. 1) p < 0.01, 2—4) p < 0.005.

not function in cells exposed to ionizing radiation.?”
To determine whether such checkpoint mechanisms
are associated with the observed sensitivity to irra-
diation in EB8-C cells, cell cycle progression after
irradiation was studied (Table 2). Without irradia-
tion, the cell cycle profiles of both cell lines were
similar. After irradiation with 8 Gy, 60% of HeEBS5
cells had entered the G2 phase by 12 hr. Thereafter,
the cells gradually re-entered G1 and then S phase
by 36 hr. On the other hand, the cell cycle progres-
sion was delayed after irradiation in EB8-C cells
when compared to HeEBS cells. Cells gradually
entered the G2 phase by 24 hr, and 60% of cells re-
mained at G2 phase 36 hr after irradiation. Thus,
EB8-C cells showed delayed induction of G2 arrest
and decreased ability to recover from G2 arrest.

Activation of ERK Pathway in Irradiated HeEBS
Cells

Previously, we have shown that MAPK is in-
volved in the sensitivity to irradiation.?® To study
the mechanism causing the different sensitivity to
irradiation in the two cell lines, the MAPK pathway
was determined. Cells were irradiated at a dose of
8 Gy and cultured for 1 hr. Western blot analysis us-
ing antibody recognizing the phosphorylated form
of ERK1/2 showed that it was more abundant in
untreated HeEBS5 cells than in untreated EB8-C cells;
EB8-C cells had a faint band of phosphorylated form
of ERK1/2 (Fig. 3). HeEBS cells had almost 4-fold
higher level of phosphorylated form of ERK1/2 as
compared to that of EB8-C cells. Irradiation acti-
vated ERK1/2 by 2-fold in HeEBS cells. However,
irradiation failed to increase the level of phosphory-
lated form of ERK1/2 in EB8-C cells. Thus, the ac-
tivation of the ERK pathway was much more promi-
nent in HeEBS cells than in EB8-C cells. We also
studied the effect of irradiation on the phosphoryla-
tion of p38MAPK in these cells. However, phos-
phorylation of p38MAPK was not induced in both
cell lines (data not shown).

Table 1. Numbers of Colonies Larger than 1.2 mm after Irradiation in HeEB5 and EB8-C Cells

Percentage of larger colonies

0 1 4 6 8 (Gy)
HeEB5 15.1 £ 1.79 14.7 £ 3.1%) 11.9 £ 1.19 8.2 4+ 1.29) 6.4 & 0.59) 58 +0.9)
EBS-C 5.5+ 0.29 1.8 + 049 1.4 + 0.4 1.1+ 0.09 0.240.1% 2.0+ 020

Cells were irradiated at indicated doses and the numbers of colonies (>> 1.2 mm in diameter) were calculated as described in “MATERIALS
AND METHODS.” All experiments were triplicated and representative results of three independent experiments are shown as mean =+ S.D.

a) p < 0.01, b,df)yp <0.05, c,e) p <0.005.
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Table 2. Cell Cycle Profile after Irradiation in HeEB5 and EB8-C Cells

Distribution of Cells in Each Stage (%)

Stage 0 hr 8 hr 12 hr 24 hr 36 hr

HeEBS5

Untreated G 46 51 52 54 54
S 35 30 32 30 31
Go/M 19 19 16 16 15

IR (8 Gy) G 19 6 48 42
S 46 34 9 36
Ga2/M 35 60 42 22

EB8&-C

Untreated Gy 55 57 55 55 59
S 31 38 30 31 30
G,/M 14 15 15 14 11

IR (8 Gy) G, 31 19 3 35
S 50 49 9 5
G,/M 19 32 88 60

HeEBS5 and EB8-C cells were irradiated at a dose of 8 Gy and harvested at the times indicated.
Cells were fixed with 70% ethanol and treated with RNase A. Then, cells were stained with propid-
ium iodide (PI) and the DNA content was analyzed by flow cytometry using CellQuest and Modifit

rograms.
&

IR
p-ERK1/2

G3PDH

Fig. 3. Expression of ERK in Cells Exposed to Ionizing
Radiation

Cells were incubated for an hour after irradiation with 8 Gy. Whole
cell lysates were used for immunoblotting with anti-phosphorylated
ERK1/2 antibody (Thr202/Tyr204, Cell Signaling Technology, Inc.
Beverly, MA, U.S.A.). As loading control, glyceroaldehyde-3-phosphate
dehydrogenase (G3PDH) was used. The results are representative of
three independent experiments.

Inhibition of ERK Pathway Results in Dysfunc-
tional G2 Checkpoint in Irradiated Cells

MEK?2 activation has been reported to be essen-
tial for cellular recovery from the G2 phase arrest
and subsequent survival in irradiated HeLa cells.?
To study whether the ERK pathway is involved in
the cell cycle delay of irradiated cells, cells were
pretreated with MEK1/2 inhibitors, either PD98059
(50 uM) or U0O126 (10 uM), for 1 hr and then irradi-
ated at 8 Gy in the presence of these inhibitors.
Twenty-four hours after irradiation, the cell cycle
distribution of the cells was analyzed (Table 3).
HeEBS cells cycled more rapidly after irradiation
than EB8-C cells; 62% of cells had re-entered the
G1 phase by 24 hr, whereas 83% of EB8-C cells re-
mained at the G2 phase (see also Table 2). On the
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other hand, treatment with either PD98059 or U0126
induced delayed recovery from the G2 checkpoint
in irradiated HeEBS5 cells; 46 and 57% of cells treated
with PD98059 and U0126 stayed at the G2 phase
24 br after irradiation, respectively. In contrast, treat-
ment with either of these inhibitors did not affect
the cell cycle profile in irradiated EB8-C cells.

To further determine whether ROS generated in
cells exposed to irradiation affect cell cycle progres-
sion, these cells were treated with 25 mM of a free
radical scavenger N-acetyl cystein (NAC) for 1 hr,
and then irradiated at 8 Gy in the presence of NAC.
The cell cycle was analyzed 24 hr after irradiation.
NAC treatment also resulted in the delayed recov-
ery from irradiation-induced G2 arrest in HeEBS5
cells; 62% of the cells were at G2/M phase. How-
ever, NAC accelerated the recovery slightly in irra-
diated EBS8-C cells. In parallel, the numbers of colo-
nies were counted 2 weeks later. A significantly de-
creased sensitivity was observed in EB8-C cells; the
surviving fractions were 3.3 £ 0.8% for HeEBS5 cells
and 1.6 £ 0.5% for EB8-C cells, respectively
(p < 0.05). Treatment with NAC reduced the surviv-
ing fraction in irradiated HeEBS cells (0.7 £ 0.2%,
p <0.05). In contrast, pretreatment with the com-
pound had no significant effect on the fraction of
irradiated EB8-C cells (0.6 £ 0.5%).
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Table 3. Effect of MEK1/2 Inhibition and ROS Scavenger on Cell Cycle Progression after Irradiation

Distribution of Cells in Each Stage (%)

Untreated IR PD+IR U+IR NAC+IR
HeEBS5 G 55 62 46 37 32
S 30 15 8 6 6
G,/M 15 23 46 57 62
EB8-C Gy 56 7 4 7 9
S 31 10 14 12 22
Gy,M 13 83 82 81 69

Cells were pretreated with either MEK inhibitor PD98059 (PD, 50 uM, Calbiochem, La Jolla, CA,
U.S.A.), U0126 (U, 10 uM, Cell Signaling Technology, Inc., Beverly, MA, US.A.) or a free radical scav-
enger N-acetyl cysteine (NAC, 25 mM, Sigma) for 1 hr. Then cells were irradiated with 8 Gy. Twenty-four hr
after irradiation, cell cycle analysis with propidium iodide staining was performed. Data are representative of

three independent experiments.

DISCUSSION

ROS are ubiquitously generated at a steady state,
and their production is enhanced by irradiation.?
mtDNA is more vulnerable to oxidative stress than
nuclear DNA.? Furthermore, mtDNA is continu-
ously replicated even in terminally differentiated
cells. It is therefore of major importance that the
role(s) of mtDNA in irradiated cells is clarified. In
the present study, we compared cells without mtDNA
(p° cells, EB8-C) to control cells with intact mtDNA
(p* cells, HeEBS) in irradiation. EB8-C cells pro-
duced less amounts of ROS than HeEBS5 cells both
at a steady state and following irradiation. We also
showed that EB8-C cells were more sensitive to ir-
radiation than HeEBS5 cells, a phenomenon associ-
ated with lower post-irradiation ROS production.
Irradiated HeEBS5 cells exhibited earlier recovery
from irradiation-induced G2 arrest, which was
blocked by either MEK inhibition or scavenging
ROS.

Induction of cell cycle checkpoint responses in
cells exposed to irradiation is essential for maintain-
ing genomic integrity by the repair of damaged
DNA.? Oxidative stress such as irradiation causes
G1 arrest that is dependent on p53 activation.”® Since
effective G2 arrest and recovery from G2 arrest have
also been shown to be essential for the ability of the
cell to respond effectively to irradiation, we analyzed
the cell cycle profile of HeEBS and EB8-C cells af-
ter irradiation. Following irradiation, HeEBS5 cells
did not arrest in the G1 phase, entering into the G2
phase. These results were consistent with a previ-
ous study reporting that the G2 checkpoint showed
arrest due to irradiation damage in HeLa cells.”” On
the other hand, the cell cycle progression of irradi-
ated EB8-C cells was delayed, as these cells induced

delayed G2 arrest. In addition, HeEBS5 cells exited
faster from the G2 phase than EB8-C cells, with the
latter demonstrating a delayed recovery from the G2
arrest. Previous studies showed that reconstitution
of p53-null cells with functional p53 shortened G2
arrest upon irradiation,*” and that bone marrow cells
enriched in normal myeloblasts entered mitosis more
frequently than p53-null cells after exposure to irra-

. diation.’? Moreover, in ataxia telangiectasia (AT)
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cells, the DNA damage-dependent G2 arrest is longer
than in normal cells,* and the length of G2 arrest
has been reported to correlate with the radioresis-
tance of the cell.®® These studies suggest that the
prolonged G2 phase following DNA damage is due
to lower repair efficiency. However, mtDNA does
not code for any DNA repair protein. Therefore, our
results suggest that activation of mtDNA might lead
to initiating a certain signal transduction pathway
that protects cells from irradiation. HeEBS and EB8-
C cells originate from HeLa cells.” HeLa cells are
infected with human papilloma virus and the E6 pro-
tein inactivates p53.2” p21"4f7 is one of the cyclin
dependent kinase (Cdk) inhibitors regulated by p53
and causes cell cycle arrest.> However, p21*47 is
also induced by p53-independednt mechanisms fol-
lowing irradiation.’® Therefore, we studied the ex-
pression of p21"*! in these cells. The p21"7" ex-
pression was not induced by irradiation in HeEBS
and EB8-C cells (data not shown). Our results thus
suggest that the increased sensitivity to irradiation
and the delayed G2 arrest and delayed recovery from
G2 arrest constitute a p53-independent event in these
cells.

The MAPK pathways control cell fate in irradi-
ated cells, and ERK signaling is important for ra-
diation sensitivity.'® ROS and irradiation are also
known to activate MAPK pathways.5*"*® Moreover,
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MAPK pathways are necessary for cell cycle pro-
gression through G2.*? We studied phosphorylation
of ERK1/2 in both cell lines irradiated. The phos-
phorylated form of ERK1/2 was clearly detected in
HeEBS cells and irradiation activated ERK1/2 in
these cells. However, irradiation did not activate
p38MAPK in both cells (not shown). Moreover,
treatment with two different inhibitors specific for
MEK1/2 delayed the recovery from G2 arrest in ir-
radiated HeEBS5 cells. Interestingly, scavenging ROS
with NAC clearly induced the delayed recovery and
also increased the radiation sensitivity in these cells.
In EB8-C cells, however, irradiation only slightly
activated the phosphorylation of ERK1/2, and NAC
also induced delayed G2 arrest, albeit only to a mi-
nor extent. However, treatment with these inhibi-
tors did not affect the cell cycle following irradia-
tion in EB8-C cells. Thus, our study showed that the
generation of ROS is involved in the regulation of
the G2 checkpoint and that mtDNA is important for
increased ROS generation leading to the potentia-
tion of the ERK1/2 pathway to a certain extent in
irradiated cells. It has been reported that inhibition
of MEK2 upstream of ERK1/2 increased radiosen-
sitivity through a deregulated G2 checkpoint and that
treatment with caffeine reversed the radiosensitiv-
ity with a concomitant recovery from the G2 arrest
in otherwise terminally arrested HeLa cells with
MEK?2 mutation.”® In A431 squamous carcinoma
cells and DU 145 prostate carcinoma cells, inhibi-
tion of MEK1/2 by PD 98059 slowed recovery from
the G2/M arrest and enhanced cell death.?'4? Taken
together, our results indicate that the efficient acti-
vation of the ERK1/2 pathway by the generation of
ROS is required for protection of cells from irradia-
tion through the recovery from irradiation-induced
G2 arrest in cells. However, mtDNA-depleted cells
are unable to activate the ERK pathway because of
their disability to effectively generate ROS, whereas
NAPDH oxidase existing in cellular membrane and
epidermal growth factor-induced production may be
source of ROS outside mitochondria'® and ROS pro-
duction related to cytochrome ¢ may be also
source.*? Thus, it is clear that mtDNA is important
for signal transduction as well as oxidative phos-
phorylation.

mtDNA is a circular, double-stranded molecule
encoding 13 proteins that compose part of complex
L, II-V (ATP synthase) of the electron transport
chain.* Mammalian mitochondria account for over
90% of cellular oxygen consumption, and 1-5% of
consumed oxygen is converted to ROS in the mito-
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chondrial respiratory chain.*» We compared the pro-
duction of ROS between EB8-C and HeEBS5 cells,
since the mitochondrial respiratory chain is a pow-
erful source of ROS. HeEB5 cells had a constitu-
tively higher level of ROS with lower activity of
glutathione peroxidase (GSH-Px) than EB8-C cells
(data not shown). Previous studies by other investi-
gators have also reported decreased generation of
ROS in cells lacking mtDNA.%!12 We also found
greater plating efficiency and larger sizes of colo-
nies in HeEBS cells than in EB8-C cells. These re-
sults indicate that HeEBS cells have higher growth
rate. Our results also suggest that steady-state levels
of ROS produced in a regulated fashion may be re-
quired for signaling pathways controlling essential
cellular function, whereas high levels of ROS may
inhibit the activity of cellular components or result
in damage and cell death. Thus, mtDNA may play
an important role in the generation of ROS that ini-
tiate the signal transduction for cell growth.

We studied the role of mtDNA in irradiated cells
and showed that EB8-C cells were more sensitive to
irradiation. These results are in contrast to those of
studies by other investigators, who reported that p°
cells are resistant to various forms of stress such as
oxidative stress, chemicals, TRAIL, and others.6-844
The mechanisms responsible for these discrepancies
are not clear. One of these studies concluded that
up-regulation of manganese superoxide dismutase
(MnSOD) and GSH-Px leads to an efficient disposal
of increased oxidative stress and increased resistance
against ROS in p° cells.” In our study, on the other
hand, the activity of MnSOD was higher with
no difference in that of copper-zinc superoxide
dismutase (CuZnSOD) but the activity of GSH-Px
was lower in HeEBS5 cells, and no difference of cata-
lase (CAT) levels were observed in both cell lines
(data not shown). Increased activities of SODs lead
to the accumulation of H,0, unless the H,0, is in
turn detoxified by GSH-Px or catalase. Furthermore,
our study showed that scavenging ROS with NAC
significantly reduced the colony forming capacity
in irradiated HeEBS5 cells, whereas NAC did not af-
fect that in irradiated EB8-C cells. We could not
detect an increase of the ROS generation in cells
irradiated with 8 Gy or less in our experiments. How-
ever, NAC treatment delayed the recovery from G2
in irradiated HeEBS cells with 8 Gy and also in-
creased the radiation sensitivity of HeEBS5 cells. Our
results strongly suggest that mtDNA plays an im-
portant role in initiating a certain signal transduc-
tion pathway leading to cell survival, whereas the



392

Vol. 51 (2005)

role of ROS may vary according to cell type and
their concentrations produced.
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Establishment of a human non-small cell lung cancer cell line resistant to

gefitinib
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The epidermal growth factor receptor (EGFR) tyrosine-kinase
inhibitor gefitinib (Iressa™, ZD1839) has shown promising activity
preclinically and clinically. Because comparative investigations
of drug-resistant sublines with their parental cells are useful
approaches to identifying the mechanism of gefitinib resistance and
select factors that determine sensitivity to gefitinib, we established a
human non-small cell lung carcinoma subline (PC-9/ZD) that is
resistant to gefitinib. PC-9/ZD cells are ~180-fold more resistant to
gefitinib than their parental PC-9 cells and PC-9/ZD cells do not
exhibit cross-resistance to conventional anticancer agents or other
tyrosine kinase inhibitors, except AG-1478, a specific inhibitor of
EGFR. PC-9/ZD cells also display significant resistance to gefitinib
in a tumor-bearing animal model. To elucidate the mechanisin of
resistance, we characterized PC-9/ZD cells. The basal level of
EGFR in PC-9 and PC-9/ZD cells was comparable. A deletion
mutation was identified within the kinase domain of EGFR in both
PC-9 and PC-9/ZD, but no difference in the sequence of EGFR
cDNA was detected in either cell line. Increased EGFR/HER2 (and
EGFR/HER3) heterodimer formations were demonstrated in PC-9/
ZD cells by chemical cross-linking and immunoprecipitation analy-
sis in cells unexposed to gefitinib. Exposure to gefitinib increased
heterodimer formation in PC-9 cells, but not in PC-9/ZD cells. Gefi-
tinib inhibits EGFR autophosphorylation in a dose-dependent man-
ner in PC-9 cells but not in PC-9/ZD cells. A marked difference in
inhibition of site-specific phosphorylation of EGFR was observed at
Tyr1068 compared to other tyrosine residues (Tyr845, 992 and
1045). To elucidate the downstream signaling in the PC9/ZD cellu-
lar machinery, complex formation between EGFR and its adaptor
proteins GRB2, SOS, and Shc was examined. A marked reduction
in the GRB2-EGFR complex and absence of SOS-EGFR were
observed in PC-9/ZD cells, even though the protein levels of GRB2
and SOS in PC-9 and PC-9/ZD cells were comparable. Expression
of phosphorylated AKT was increased in PC-9 cells and inhibited
by 0.02 pM gefitinib. But the inhibition was not significant in PC-9/
ZD cells. These resulis suggesi that alterations of adaptor-protein-
mediated signal transduction from EGFR to AKT is a possible
mechanism of the resistance to gefitinib in PC-9/ZD cells. These
phenotypes including EGFR~-SOS complex and heterodimer forma-
tion of HER family members are potential biomarkers for predict-
ing resistance to gefitinib.

© 2005 Wiley-Liss, Inc.

Key words: resistance; gefitinib; EGFR; Grb2; SOS; non-small cell
lung cancer

Chemotherapy has played a central role in the treatment of
patients with inoperable NSCLC for over 30 years, although its
efficacy seems to be of very limited value."> Human solid tumors,
including lung cancer, glioblastoma, breast cancer, prostate can-
cer, gastric cancer, ovarian cancer, cervical cancer and head and
neck cancer, express epidermal growth factor receptor (EGFR)
frequently, and elevated EGFR levels are related to disease pro-
gression, survival, stage and response to therapy.?™'" The therapies
directed at blocking EGFR function are attractive.

Interest in target-based therapy has been growing ever since the
clinical efficacy of STI-571 was first demonstrated,’'™'* and small
molecules and monoclonal antibodies that block activation of the
EGFR and HER2 have been developed over the past few decades.
The leading small-molecule EGFR tyrosine-kinase inhibitor, gefi-
tinib (Iressa®™’, ZD1839), has shown excellent antitumor activity in
a series of Phase I and II studies,”‘l5 and Phase II international
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multicenter trials (Iressa Dose Evaluation in Advanced Lung Cancer
(IDEAL) 1 and 2) yield an overall RR of 11.8-18.4% and overall
disease control rate of 42.2-54.4% (gefitinib 250 mg/day) in
patients with advanced non-small cell lung cancer (NSCLC) who
had undergo at least 2 previous treatments with chemotherapy.
INTACT 1 and 2 (‘Iressa’ NSCLC Trials Assessing Combination
Therapy) have demonstrated that gefitinib does not provide
improvement in survival when added to standard first line platinum-
based chemotherapy vs. chemotherapy alone in advanced
NSCLC.'*'7 Two small retrospective studies reported recently that
activating mutation of EGFR correlate with sensitivity and clinical
response to gefitinib and erlotinib.'®**® Although information of
EGFR mutation may enable to identify the subgroup of patients
with NSCLC who will respond to gefitinib and erlotinib, it would
be expected that acquired resistance would develop in such patients
after treatment. The problem of acquired resistance to gefitinib
might be growing, but there has been no preclinical research about
the mechanism of developing resistance to gefitinib. We established
resistant subline using PC-9 that is highly sensitive to gefitinib.

Establishment of drug-resistant sublines and comparative inves-
tigations with their parental cells to identify their molecular, bio-
logical and biochemical properties are useful approaches to
elucidating the mechanism of the drug’s action. Our study
describes the establishment of a gefitinib-resistant cell line and its
characterization at the cellular and subcellular levels. The PC-9/
ZD cell line is the first human NSCLC cell line resistant to gefiti-
nib ever reported. PC-9 is a lung adenocarcinoma cell line that is
highly sensitive to gefitinib at its IC5¢-value of 0.039 uM, but the
PC-9/ZD subline, which has a level of EGFR expression compara-
ble to that of PC-9 cells, is specifically resistant to gefitinib. Thus,
PC-9 and PC-9/ZD cells will provide useful information about the
mechanism of developing resistance to gefitinib and molecules as
surrogate markers for predicting chemosensitivity to gefitinib.

Material and methods

Drugs and cells
Gefitinib(N-(3-chloro-4-fluorophenyl)-7-methoxy-6-[3-(mor-

pholin-4-yl)propoxy] quinazolin-4-amine) was supplied by Astra-

Zeneca Pharmaceuticals (Cheshire, UK). AG-1478, AG-825,

K252a, staurosporin, genistein, RG-14620 and Lavendustin A

were purchased from Funakoshi Co. Ltd (Tokyo, Japan).

NSCLC cell line PC-9 (derived from a patient with adenocarci-
noma untreated previously) was provided by Prof. Hayata of
Tokyo Medical University (Tokyo, Japan).>' PC-9 and PC-9/ZD
cells were cultured in RPMI-1640 medium (Sigma, St. Louis,
MO) supplemented with 10% FBS (GIBCO-BRL, Grand Island,
NY), penicillin and streptomycin (100 U/ml and 100 pg/ml,
respectively; GIBCO-BRL) in a humidified atmosphere of 5%
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National Cancer Center Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo, 104-0045,
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CO, at 37°C. Gefitinib-resistant PC-9/ZD celis were selected from
a subculture that had acquired resistance to gefitinib using the fol-
lowing procedure. Cultured PC-9 cells were exposed to 2.5 pg/ml
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) for 24 hr and then
washed and cultured in medium containing 0.2 UM gefitinib for
7 days. After exposure to gefitinib, they were washed and cultured
in drug-free medium for 14 days. When variable cells had
increased, they were seeded in medium containing 0.3-0.5 uM of
gefitinib on 96-well cultured plates for subcloning. After 21-28
days, the colonies were harvested and a single clone was obtained.
The subcloned cells exhibited an 182-fold increase in resistance to
the growth-inhibitory effect of gefitinib as determined by MTT
assay, and the resistant phenotype has been stable for at least
6 months under drug-free conditions.

In vitro growth-inhibition assay

The growth-inhibitory effects of cisplatin, carboplatin, adriamy-
cin, irinotecan, gemcitabine, vindesine, paclitaxel, genistein,
K252a, staurosporin, AG-825, AG-1478, Tyrophostin 51, RG-
14620, Lavendustin A and gefitinib in PC-9 and PC-9/ZD cells
were examined by using a 3-(4,5-dimethylthiazol-2-y1)- 2,5-diphe-
nyltetrazolium bromide (MTT) assay.” A 180 pl volume of an
exponentially growing cell suspension (6 x 10° cells/ml) was
seeded into a 96-well microtiter plate, and 20 pl of various concen-
trations of each drug was added. After incubation for 72 hr at 37°C,
20 pl of MTT solution (5 mg/mi in PBS) was added to each well,
and the plates were incubated for an additional 4 hr at 37°C. After
centrifuging the plates at 200g for 5 min, the medium was aspirated
from each well and 180 pl of DMSO was added to each well to dis-
solve the formazan. Optical density was measured at 562 and 630
nm with a Delta Soft ELISA analysis program interfaced with a
Bio-Tek Microplate Reader (EL-340, Bio-Metallics, Princeton, NJ).
Each experiment was carried out in 6 replicate wells for each drug
concentration and carried out independently 3 or 4 times. The ICs,-
value was defined as the concentration needed for a 50% reduction
in the absorbance calculated based on the survival curves. Percent
survival was calculated as: (mean absorbance of 6 replicate wells
containing drugs — mean absorbance of six replicate background
wells)/(mean absorbance of 6 replicate drug-free wells — mean
absorbance of 6 replicate background wells) x 100.

In vivo growth-inhibition assays

Experiments were carried out in accordance with the United
Kingdom Coordinating Committee on Cancer Research Guide-
lines for the welfare of animals in experimental neoplasia
(2nd ed.). Female BALB/c nude mice, 6-weeks-old, were pur-
chased from Japan Charles River Co. Ltd (Atsugi, Japan). All
mice were maintained in our laboratory under specific-pathogen-
free conditions. /n vivo experiments were scheduled to evaluate
the effect of oral administration of gefitinib on pre-existing
tumors. Ten days before administration, 5 x 10° PC-9 or PC-9/ZD
cells were injected subcutaneously (s.c.) into the back of the mice,
and gefitinib (12.5, 25 or 50 mg/kg, p.o.) was administered to the
mice on Days 1-21. Tumor diameter was measured with calipers
on Days 1, 4, 8, 11, 14, 19 and 22 to evaluate the effect of treat-
ment, and tumor volume was determined by using the following
equation: tumor volume = ab’/2 (mm®) (where a is the longest
diameter of the tumor and b is the shortest diameter). Day ‘‘x’’
denotes the day on which the effect of the drugs was estimated,
and Day ‘1 denotes the first day of treatment. All mice were
sacrificed on Day 22, after measuring their tumors, We considered
absence of a tumor mass on Day 22 to indicate a cure. Differences
in tumor sizes between the treatment groups and control group at
Day 22 were analyzed by the unpaired /-test. A p-value of <0.05
was considered statistically significant.

¢DNA expression array
The gene expression profile of PC-9/ZD was assessed with an
Atlas Nylon ¢cDNA Expression Array (BD Bioscience Clontech,

Palo Alto, CA). Total RNA was extracted by a single-step guani-
dinium thiocyanate procedure (ISOGEN, Nippon Gene, Tokyo,
Japan). An Atlas Pure Total RNA Labeling System was used to
isolate RNA and label probes. The materials provided with the kit
were used, and the manufacturer’s instructions were followed for
all steps. Briefly, streptavidin-coated magnetic beads and biotiny-
lated oligo(dT) were used to isolate poly A RNA from 50 pg of
total RNA and the RNA obtained was converted into **P-labeled
first-strand cDNA with MMLV reverse transcriptase. The
*p.labeled cDNA fraction was purified on NucleoSpin columns
and was added to the membrane on which fragments of 777 genes
were spotted. Hybridization was allowed to proceed overnight at
68°C. After washing, the radiolabeled spots were visualized and
quantified by BAS-2000II and Array Gauge 1.1 (Fuji Film Co.,
Ltd., Tokyo, Japan). The data were adjusted for the total density
level of each membrane.

Quantitative real-time RT-PCR analysis

Total RNAs extracted from PC-9 cells and PC-9/ZD cells (1 x
10° cells each) were incubated with DNase I (Invitrogen, Carlsbad,
CA) for 30 min. First-strand cDNA synthesis was carried out on
1 pg of RNA in 10 pl of a reaction mixture with 50 pmol of Ran-
dom hexamers and 50 U of M-MLV RTase. Oligonucleotide pri-
mers for human EGFR were obtained from Takara (HA003051,
Takara Bio Co., Tokyo, Japan). For PCR calibration, we generated
a calibrator dilution series for EGFR ¢cDNA in pUSEamp vector
(Upstate, Charlottesville, VA) ranging from 108~107 copies/1 pl. A
total of 2 ul of reverse transcriptase products was used for PCR
amplification using Smart Cycler system (Takara) according to
manufacturer’s instructions. Absolute copy numbers were calcu-
lated back to the initial cell numbers, which were set into the RNA
extraction. As a result we obtained copies/cell:ratio representing
the average EGFR RNA amount per cell.

Immunoprecipitation-and immunoblotting

The cultured cells were washed twice with ice-cold PBS, and
lysed in EBC buffer (50 mM Tris-HCI, pH 8.0, 120 mM NaCl,
0.5% Nonidet P-40, 100 mM NaF, 200 mM Na orthovanadate,
and 10 mg/ml each of leupeptin, aprotinin, pepstatin A and phe-
nylmethylsulphonyl fluoride). The lysate was cleared by centrifu-
gation at 15,000 r.p.m. for 10 min, and the protein concentration
of the supernatant was measured by BCA protein assay (Pierce,
Rockford, IL). The membrane was probed with antibody against
EGFR (1005; Santa Cruz, Santa Cruz, CA), HER2/neu (c-18;
Santa Cruz), HER3 (c-17; Santa Cruz), HER4 (c-18; Santa Cruz),
PI3K (4; BD), Grb2 (81; BD), SOS1/2 (D-21; Santa Cruz), Shc
(30; BD, San Jose, CA), PTEN (9552; Cell Signaling, Beverly,
MA), AKT (9272; Cell Signaling), phospho-EGFR specific for
Tyr 845, Tyr 992, Tyr 1045, and Tyr 1068 (2231, 2235, 2237,
2234; Cell Signaling), phospho-AKT (Ser473) (9271; Cell Signal-
ing), phospho-Erk (9106; Cell Signaling), and phospho-Tyr (PY-
20; BD) as the first antibody, and then with by horseradish-peroxi-
dase-conjugated secondary antibody. The bands were visualized
by enhanced chemiluminescence (ECL Western Blotting Detec-
tion Kit, Amersham, Piscataway, NJ). For Immunoprecipitation,
5 x 10° cells were washed, lysed in EBC buffer, and centrifuged,
and the supernatants obtained (1,500 jg) were incubated at 4°C
with the anti-EGFR (1005), -HER2 (c-18), and -HER3 (c-17) Ab
overnight. The immunocomplexes were absorbed onto protein
A/G-Sepharose beads, washed 5 times with lysate buffer, denatured,
and subjected to electrophoresis on a 7.5% polyacrylamide gel.

Analysis of the genes of the HER families by direct sequencing
Total RNAs were extracted from PC-9 and PC-9/ZD cells with
ISOGEN (Nippon Gene) according to manufacturer’s instructions.
First-strand ¢cDNA was synthesized from 2 pg of total RNA by
using 400 U of SuperScript II (Invitrogen, Carlsbad, CA). After
reverse transcription with oligo (dT) primer (Invitrogen) or ran-
dom primer (Invitrogen), the first-strand cDNA was amplified by
PCR by using specific primers for EGFR, HER2 and HER3. The
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reaction mixture (50 pl) contained 1.25 U AmpliTaq DNA poly-
merase (Applied Biosystem, Foster City, CA), and amplification
was carried out by 30 cycles of denaturation (95°C, 30 sec),
annealing (55-59°C, 30 sec), and extension (72°C, 30 sec) with a
GeneAmp PCR System 9600 (Applied Biosystem). After amplifi-
cation, 5 ! of the RT-PCR products was subjected to electropho-
retic analysis on a 2% agarose gel with ethidium bromide. DNA
sequencing of the PCR products was carried out by the dideoxy
chain termination method using the ABI PRISM 310 Genetic Ana-
lyzer (Applied Biosystem).

Chemical cross-linking

Chemical cross-linking in intact cells was carried out as
described previously.* In brief, after 6 hr exposure to 0.2 pM
gefitinib, cells were washed with PBS and incubated for 25 min at
4°C in PBS containing 1.5 mM of the nonpermeable cross-linker
bis (sulfosuccinimidyl) substrate (Pierce, Rockford, IL.). The reac-
tion was terminated by adding 250 mM glycine for 5 min while
rocking. Cells were washed in EBC buffer and 20 pg of protein
was resolved by 5-10% gradient SDS-PAGE, and then immuno-
blot analyzed for EGFR, HER2, HER3 and P-Tyr.

Results

Sensitivity of PC-9/ZD cells to cytotoxic agents and tyrosine kin-
ase inhibitors

No significant difference between PC-9 and PC-9/ZD cells was
observed in in vitro cell growth (doubling time of 20.3 hr and 21.4
hr, respectively) and microscopic morphology. Figure 1 shows the
growth-inhibitory effect of gefitinib on the parent PC-9 cell line
and its resistant subline, PC-9/ZD. The ICsg-value of gefitinib in
PC-9 cells was 0.039 pM, as compared to 7.1 yM in PC-9/ZD
cells (182-fold resistance). PC-9/ZD cells exhibited no cross-
resistance to other conventional anticancer agents, including cis-
platin, carboplatin, adriamycin, vindesine, paclitaxel and irinote-
can. We also examined the growth-inhibitory effect of the EGFR
tyrosine kinase inhibitors AG-1478, RG-14620 and Lavendustin A
and other tyrosine kinase inhibitors in PC-9 and PC-9/ZD cells.
PC-9/ZD cells show cross-resistance to AG1478, but not to all of
the tyrosine kinase inhibitors (Tables I, 1I). It is likely that PC-9/
ZD would also be resistant to EGFR-targeted quinazoline deriva-
tives including gefitinib and erlotinib.?°

PC-9/ZD cells show significant resistance to gefitinib in an
in vivo model

To ascertain whether the resistance of PC-9/ZD occurs in vivo,
we investigated the growth-inhibitory effect of gefitinib on PC-9
cells and PC-9/ZD cells in a xenotransplanted model. There was
no significant difference in the size of the of PC-9 and PC-9/ZD
cell tumor masses in nude mice before the start of gefitinib injec-
tion. Figure 2 shows the growth-inhibition curve of PC-9 (Fig. 2a)
and PC-9/ZD (Fig. 2b) cells in vivo during the observation period.
The PC-9 tumor masses decreased markedly in volume at all doses
of gefitinib. In the 50 mg/kg/day p.o. group, the PC-9 masses were
eradicated in all mice and did not regrow within the observation
period. Growth of the PC-9/ZD masses, on the other hand, was
inhibited by gefitinib administration in a dose-dependent manner,
but significant tumor reduction was observed only in the 25 and
50 mg/kg/day groups, and the PC-9/ZD masses were not eradicated
even in 50 mg/kg/day group. These results clearly demonstrate the
significant in vivo resistance of PC-9/ZD cells to gefitinib.

Expression of HER family members and related molecules in
PC-9 and PC-9/ZD cells

We examined the gene expression and protein levels of HER
family members and related molecules by cDNA expression array
(followed by confirmation using RT-PCR, data not shown) and
immunoblotting. The ratios of the protein expression levels of PC-
9 cells to PC-9/ZD cells almost paralleled the expression levels of
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FIGURE 1 — Growth-inhibitory effect of gefitinib on PC-9 and PC-9/
7D cells determined by MTT assay. The cells were exposed to the
concentrations of gefitinib indicated for 72 hr. The growth—inhibition
curves of PC-9 (B) and PC-9/ZD (®) are shown. Doubling time was
determined by MTT assay.

TABLE I~ CHEMOSENSITIVITY TO OTHER ANTICANCER DRUGS

ICsp values (M)

Drug RR? 1.6
PC-9 PC-9/ZD
Cisplatin 1.9 +0.7 3115 2.0
Carboplatin 2521 49 = 23 1.3
Adriamycin 0.16 = 0.13 0.20 = 0.15 2.2
Irinotecan 15 £ 10 32x11 1.5
Etoposide 45%15 6.6 =13 1.5
Gemcitabine 18+ 1.5 27+ 15 0.7
Vindesine 0.0046 = 0.0004  0.0032 = 0.0009 1.2
Paclitaxel 0.0041 + 0.0011 0.0048 + 0.0004 1.6

'As assessed by MTT assay in PC-9 and PC-9/ZD cells. Values are
the mean * SD of >3 independent experiments.—zRelative resistance
value (ICsq of resistant cells/ICsq of parental cells).

their genes (Fig. 3a). The basal level of EGFR was comparable or
slightly higher in PC-9/ZD cells (Fig. 3a,b), whereas the HER3
and AKT levels were lower in resistant cells.

We carried out quantitative RT-PCR to measure the copy num-
bers of EGFR. Estimated transcript levels of EGFR were 786.3
and 712.1 copies/cell for PC-9 cells and PC-9/ZD cells, respec-
tively (Fig. 3d). Relative ratio of EGFR expression levels in PC-9
cells and PC-9/ZD cells is 1.104. Microarray analysis using Code-
Link Bioarray (Amersham Bio, Piscataway, NJ) confirmed equiv-
alent gene expression of EGFR with ratio of 1.002 between PC-9
and PC-9/ZD cells (data not shown).

Expression of PI3K, Grb2, SOS, and Shc, the adaptor proteins of
EGFR, and PTEN was almost the same in PC-9 and PC-9/ZD cells,
and no change in the protein levels was observed after exposure to
gefitinib (data not shown). The relative densitometric units of each
protein are shown in Figure 3¢. These results suggest that the dif-
ference in protein levels of EGFR, HER2, and related proteins can
not explain the high resistance of PC-9/ZD cells to gefitinib.

Sequence of HER family member in PC-9/ZD cells

Several reports suggest that the resistance to receptor tyrosine
kinase inhibitor STI-571 is partially due to mutations in the
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TABLE Il - CHEMOSENSITIVITY TO PROTEIN KINASE INHIBITORS'

1C5, values (nM)

Inhibitor Target RR?
PC-9 PC-9/ZD

AG-1478 EGFR 0.052 = 0.02 6.0+ 0.8 117
RG-14620 EGFR 1310 1325 1.0
Lavendustin A EGFR 20+ 46 2726 1.3
Genistein TK 18+ 1.5 27+ 1.5 1.5
K252a PKC 047 = 0.17 0.63 = 0.04 1.3
Staurosporin PKC 0.0036 * 0.0019 0.004 = 0.0014 1.1
AG-825 HER2 >50 >50

' Assessed b}f MTT assay in PC-9 and PC-9/ZD cells. Values are the mean = SD of >3 independent
experiments.— Relative resistance value (ICs of resistant cells/ICs, of parental cells).
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FIGURE 2 — Growth-inhibitory effect of gefitinib on PC-9 and PC-9/ZD cells xenotransplanted into nude mice. Ten days before gefitinib
administration, 5 x 10° PC-9 (a) or PC-9/ZD (b) cells were injected s.c. into the back of mice. The mice were divided into 4 groups (¢, control
group; B, 12.5 mg/Kg group; A, 25 mg/Kg group; x, 50 mg/Kg group). Gefitinib was administered p.o. to the tumor-inoculated mice on Days
1-21. Each group consisted of 6 mice. The statistical analysis was carried out by using the unpaired t-test.

ATP-binding site of the Ber-Abl, the target of the drug.*?’ We
analyzed the sequences of the cDNAs of EGFR, HER2, and HER3,
but found no differences in their sequences between PC-9 and PC-
9/ZD cells. We did detect a deleted position of EGFR in both cell
lines that results in deletion of 5 amino acids (Glu722, Leu723,
Arg724, Glu725, and Ala726) (Fig. 4). Our findings indicate that
the deletion does not directly contribute to the cellular resistance.

Inhibitory effect of gefitinib on autophosphorylation of EGFR in
PC-9/ZD cells

Phosphorylation of EGFR is necessary for EGFR-mediated
intracellular signaling. Although the EGFR phosphorylation levels
of tumors were thought to be correlated with sensitivity to gefiti-
nib, the basal level of phosphorylated EGFR in PC-9 and PC-9/
ZD cells is almost the same. Gefitinib inhibited EGFR autophos-
phorylation in a dose-dependent manner and completely inhibited
its phosphorylation at 0.2-2 pM in PC-9 cells (Fig. 5a), but its
inhibitory effect on autophosphorylation of EGFR in PC-9/ZD
cells was less than in PC-9 cells (Fig. 54). Because each phosphor-
ylation site.of EGFR has a different role in the activation of down-
stream signaling molecules, we examined the inhibitory effect of
gefitinib on site-specific phosphorylation of EGFR. Phosphoryla-
tion of several different EGFR tyrosine residues (Tyr845, Tyr992
and Tyr1068) was dose-dependently inhibited by gefitinib in PC-9
cells, whereas no clear inhibitory effects of gefitinib on phosphor-
ylation at Tyr 845 and Tyr1068 residues in PC-9/ZD cells was
observed (Fig. 5b,c,e). The most marked difference of in inhibi-
tion between the cells was observed at Tyr1068 (Fig. 5e). Tyr1045
showed resistance to inhibition of autophosphorylation by gefiti-
nib in both PC-9 and PC-9/ZD cells (Fig. 5d).

Complex formation of EGFR and its adaptor proteins

Tyr1068 of EGFR is the tyrosine that is most resistant to inhibi-
tion of autophosphorylation by gefitinib in PC-9/ZD cells. Because
the Tyr 1068 is a direct binding site for the GRB2/SH2 domain, and
its phosphorylation is related to the complex formation of EGFR-
adaptor proteins and their signaling, we examined complex forma-
tion between EGFR and the adaptor proteins GRB2, SOS, Shc, and
PI3K by immunoprecipitation. The level of expression of these pro-
teins in PC-9 and PC-9/ZD cells were similar (Fig. 3a). A smaller
amount of EGFR-GRB2 complex was observed in PC-9/ZD cells
and no EGFR-SOS complex was detected at all (Fig. 6).
The amount of HER2- or HER3-GRB2 complex in PC-9 and PC-9/
ZD cells was similar, and no decreases in complex formation were
observed after exposure to gefitinib. A decreased amount of HER2-
SOS complex and inability to detect HER3-SOS complex were also
observed in PC-9/ZD cells. HER2-PI3K complex increased in PC-
9/ZD. There are no significant differences in complex formation
between SHC and EGFR, HER2, or HER3 between PC-9 and
PC-9/ZD cells. These results suggest that GRB2-SOS-mediated
signaling may be inactivated in PC-9/ZD cells.

Heterodimerization of HER family member in PC-9/ZD cells

Dimerization of members of the HER family is essential for
activation of their catalytic activity and their signaling. We exam-
ined the effect of gefitinib on the dimerization of HER family
members by immunoblotting, immunoprecipitation and chemical
cross-linking analysis (Figs. 3a, 5a, 7a). The expression levels of
EGFR and HER2 were similar and the HER3 level was lower in
PC-9/ZD cells by immunoblotting (Fig. 3a). A chemical cross-
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FiGure 3 — Expresssion of HER family members and related molecules in PC-9 (P) and PC-9/ZD (R) cells. (@) Western blot analysis; a 20 pg
sample of total cell lysates was separated by SDS-PAGE, transferred to a PVDF membrane, and incubated with a specific anti-human antibody
as the first antibody and then with horseradish peroxidase-conjugated secondary antibody. The ratios of the levels of expression_of proteins and
genes in PC-9 cells to the levels in PC-9/ZD cells are shown. (b)) cDNA expression array; Poly A RNA was converted into 32p.jabeled first-
strand cDNA with MMLYV reverse transcriptase. The 32p_Jabeled cDNA fraction was hybridized to the membrane on which fragments of 777
genes were spotted. The close-up view shows EGFR mRNA expression. (¢) Each band was quantified by a densitometry and with NIH image
software. The levels of protein expression are shown in a graph. (d) Absolute amounts of EGFR transcripts of PC-9 cells and PC-9/ZD cells
measured by real-time quantitative RT-PCR. The values were calculated back to the initial cell numbers for RNA extraction in Material and

Methods.

Wild typs  --ATCAAGGAATTAAGAGAAGCAACATCT-—~  increased similarly in PC-9 and PC-9/ZD cells (Fig. 7a), whereas
I K E L R E A T S8 marked induction of hetero-dimerization of EGFR-HER2 was
720 728 observed only in PC-9 cells (Fig. 54). These results suggest that a
difference in hetero- or homo-dimerization is a possible determi-
PC-9, ..ATCAAA ACATCT-— nant factor of gefitinib sensitivity.

Ficure 4 — Detection of a deleted position of EGFR. Direct
sequencing of a PC-9 and PC-9/ZD-derived, amplified cDNA frag-
ment containing the ATP-binding site of EGFR. Top, wild-type
EGFR; bottom, PC-9 and PC-9/ZD.

linking assay showed that in the absence of gefitinib the amount of
high molecular weight complexes (~400 kDa) that are recognized
by anti-EGFR antibody (EGFR dimers), including formations of
homodimers and heterodimers (EGFR-EGFR, EGFR-HER2 or
EGFR-HER3), was almost the same in PC-9 and PC-9/ZD cells,
whereas HER2 dimerization detected by anti-HER2 antibody was
remarkably lower in PC-9/ZD cells (Fig. 7a). Increased EGFR/
HER?2 (and EGFR/HER3) heterodimer formation was detected in
PC-9/ZD cells by immunoprecipitation analysis (Fig. 5a). The
proportion of EGFR heterodimer to homodimer is increased sig-
nificantly in PC-9/ZD (Fig. 7b). When exposed to gefitinib at a
concentration of 0.2 pM for 6 hr the amount of dimer-formation

AKT and MAPK pathways in PC-9/ZD cells

Because phosphorylation at Tyr 1068 of EGFR plays an impor-
tant role for transduction of the signal to downstream of MAPK
and AKT pathway,zs’z(’ we examined the difference between PC-9
and PC-9/ZD cells in downstream signaling. The basal level of
phosphorylated AKT is higher in PC-9 celis than in PC-9/ZD
cells, and although gefitinib inhibited AKT phosphorylation in a
dose-dependent manner (Fig. 8a), the inhibitory effect of gefitinib
on phosphorylation of AKT in PC-9/ZD cells was significantly
less than in PC-9 cells (Fig. 8a). This difference in the inhibitory
effect of gefitinib on AKT phosphorylation between PC-9 and PC-
9/ZD cells is very similar to the difference in effect on EGFR
autophosphorylation. No inhibition of phosphorylation of MAPK
by gefitinib was observed in either cell line (Fig. 8b). These resulis
suggest that downregulation of activated AKT is closely correlated
with the cellular sensitivity to gefitinib, but that inhibition of the
MAPK pathway does not contribute to drug sensitivity.
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