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Discussion

Interest in resistance 1o target-based thevapy (TBT) has been
srowing ever since clinical efficacy was fust demonstrated.”' ™
Although CML patients respond 1o STE-571 well o Iusl mml
patients eventually relapse in the late stage of the disease. ™ It
has been reposted that some patients in whom treatmeni wnh gefi-
tinib is effective at first, ultimately become refractory.™ Resist-
ance is likely 1o remain a hurdle that fimits the long-term
elfectiveness of TBT. PC-9 had a deletion mutation within the
kinase domnain of EGFR aad is highly sensitive. These characlers
are similar to those of NSCLC wilh clinical responsivencss 1o gefi-
tinib. Analyzing the mechanism of resistance of PC-9/ZD subline
might be clinically meaningful.

The mechanism ol drug resistance i thought o be multifacto-
rial. Becawse the growth-inhibilory assay in our present study

B pPc-9
PC-9/ZD

R \
C 0.2 gefitinib (PV)

s 8

FiGure 6 - Protein inmeraction
between EGFR and its adaptor pro-
teins. Cells (P: PC-9, R: PC-9/Z2D}
were exposed to 0 and 0.2 pM of
gefitinib for 6 hr. The cells were
fysed and immunoprecipitated with
ant-EGFR, anti-HERZ, and anti-
HERZ antibodies, and the amounts
of the Grb2, 5081/2, SHC and
PI3K precipilated were monitored
by immwunoblotting with their spe-
cific Abs.

PC-9 PC-97ZD

gefitinib (pM)
e dimer

FiGure 7 - Chemical cross-link-
ing of PC-% and PC-YZD cells. (v)
Afler 6 hr exposure 10 1.5 mM bis
tsuifosuccinimidyl) substrate  dis-
soived in PBS as indicated in
Material and Methods, The cross-
linking reaction was quenched and
the cell lysates were prepared and
subjected to immunoblot anatysis
of EGFR, HER2 and HER3. (h}
Ratio of dimmers formed by PC-9
cells to those by PC-9/ZD cells in
the absence of gefitinib. The den-
sity of the bands in {&) for EGFR-
X, HER2-X and HER3-X were
quantified densitometrically. The
ratio of EGFR-IIER2 was calcu-
lated by the band density obtained
in Figure Sa. X = EGFR, HER2 or
HER3.

= ONOMer

X: EGFR, HERZ, or HER3

showed no cross resistance o a variety of cytotoxic agents. the
mechanisin of the resistance differs from the mechanism of multi-
drug resistance patierns. Although expression of BCRP. one of the
maultidrug-resistance-refated pw!uns has been reported 10 contrib-
vie {o the resislance 10 ﬂr.zmmb expression of BCRP mRNA is
observed only in PC-9 cells (elata Aot shown). Although mutations
in the ATP-binding pocke! of BCR-ABL gene have been identified
recenly in cells from CI\[L ).mems wha were refractory to STI-
571 treatment or refapse. 7 there have been no repurts of any
such mulations lor gefitinib resistance. PC-9/ZD alse becime
refractory to gelitinib without secondary mutalion in EGFR
cDINA. These suggest the possibility of refraclory tumor afler
treatment of gefitinib including this kind of phenotype.

There is no significant differenee in expression level of BGFR
between PC-9 and PC-9/ZD. Does the antitumer effect of gefitinil
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Guke § - Eifect of gefitinil on the MAPK and AKT pathway. Cells were placed in medium containing 0, 0.02, (.2 or 2 uM of gefitinib for
6 hr and harvested in EBC buffer, Total celular tysates were separated on SDS-PAGE, transferred to a membrane and blotted with (@) anti-phos-
pho-AKT (Serd73) and th) anti-phospho-Erk (p44/42) antibodies. The expression levels are shown in o graph,

require EGFR expression? Narnse er af.™ suggested that the
high sensitivity of K362/TPA to gefitinib is due 1o acquired
EGFR expression. In their study mutophospharylation of EGFR
in K562/TPA cells was inhibited by 0.01 uM gefitinib. and the
1Csp-value of gefitinib in parental K562 cells, which do not
express EGFR, was approximately 400-fold higher than that in
the K562/TPA subline. TFurlhermore, maost patients  who
responded 1o gefitinib therapy have EGFR mutation in lung
tumor."™% These findings suguest strongly that gefitinib exerts
its antitumor effect through an action on EGFR. Our present
stucty showed similar EGFR expression and aulophosphorylation
levels in PC-9 and PC-9/ZD cells. The inhibitory effect of gefi-
tinib on phosphorylation of EGFR is different. PC-9/ZD did not
show cross-resistance (o the speciic EGFR TK inhibitors
RG-14620 and Lavendustin A i an MTT assay, nor did inhibit
the phosphorylation of EGFR i the cellular level (daa nof
shown). Pacz er of'® reported thal phosphoryiation of EGFR in
gefitinib-resistamt cell lines was inhibited only when gefitinil
was present al high concentration. These findings suggest thai
the diffevence in the inhibitory-ellect en EGFR phosphorylation
may determine the efficacy of 1he diug.

The inhibitory elfect of gefitinib on EGFR phasphorylation is
aot significant in PC-9/ZD cells despite the absence of difleren-
ces in the sequences of EGFR. HER2. and HER3. There we sev-
eral possible explanations for the difference in inhibiiory effect.
First, the avidity of gefitinib for the ATP-binding site of EGFR
may be decreased in PC-9/ZD cells due to a proiein-protein inter-
action. e, EGFR and a cerlain protein prevent gefitinil {rom
binding to EGFR. Sccond. & change in the activily of specific
pratein-tyrosine kinase or phosphatase of EGFR in PC-9/ZD
cefls. especially after exposure to gefitinib. may result in resist-
ance o inhibition of EGFR phosphorylation, The phosphorylation
fevel is maintained in exquisite balance by the recipsocal activ-
ities ol kinase and phosphatase,™ and Wu reported that phos-
phatase plays a role in STIS7]-resistance.™ Third. increased
heterodimer formation by EGFR with other members of the HER

family results in the limited nhibition. Heterodimer foonation is
increased in PC-9/ZD cells under basal conditions. and no
increase in formation was observed after exposure to gefitinib,
although marked heterodbmer induction was cobserved in PC.9
cells. Calculations in in virro studies have shown that the 1C50-
value for inhibition of the tyrosine kinase activity of EGFR is
0.023-0.079 1M, whereas the ICsy-value for inhibilion of HER?
is 100-fold higher®® We estimate that the inhibitory elfect of
gefitinib depends on the ratio of homodimer Toamation 10 hetero-
dimer formation. and the heteradimer may be one of the routes of
escape [rom the action of gefitinib.

Signal transduction by the HER lamily member is mediated by
2 major pathways. the MAPK signaiing pathway and the AKT sig-
naling pathway. which reguiate cell proliferation and survival.
Because phosphorylaled AKT was inhibited completely by pefiti-
nib in PC-9 cells. but irhibition of phosphorylated MAPK was not
significant. inhibition of the AKT pathway may be mors important
to cell sensitivity than inhibition of MAPK. Monsser er al?’
reported consistent resulis. showing that downregulation of AKT
activily is predominantly seen in tumors that are sensitive to aeliti-
nib. The phospharylation of AKT and MAPK was nat inhibited
significan(ly by gelitinib in PC-9/ZD cells. This finding might be
aftributable to inactivation of Tyr 1068-GRB2-S0S-mediated sig-
naling.

Based on the resulls of this comparative study, EGFR-GRB2-
S0O3 complex formation. phosphorytation of Tyrl1068, the ratio of
the amousnt of homeadimer formation to heterodimer Formation.
and the AKT signaling puthway are possible predictive biomarkers
Tor gefitinib seasitivity. As a dilferent approach, we we now look-
ing for the genes associnted with gelitinib resistance in PC-9/ZD
cells compared 1o PC-9 cells by sublractive cloning.
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hnRNP L. ENHANCES SENSITIVITY OF THE CELLS TO KW-2189
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Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
involved in several RNA-related biological processes. We
demonstrated haRNP L. as a candidate protein of DARP
{(duocarmycin-DNA adduct recognizing protein) by gel shift
assay and amino acid sequencing. Stable transfectants of
hnR%? L showed high sensitivity of the cells to the growth
inhibitory effect of KW-1189, a duocarmycin derivative in
vitre. Immunestaining of hnRNP L demonstrated differential
intracellular localization of hnRNP L among human lung
cancer cell lines, A transfection study using a series of dele-
tion mutants of hnRNP L fused to indicated that the N-
terminal portions of RRM{RNA recognition motif)l, RRM3
and RRM2 are involved in localization of hnRNP L. We iden-
tified sequences in these portions that have high homology
with the sequences of known NLS (nuclear localization sig-
nal) and NES (nuclear export signal}. hnRNP L is a factor that
determines the sensitivities of cancer cells to the minor
groove binder, and overexpression and differential intracel-
lular localization of hnRNP L are involved in its function in
{ung cancer,
® 2003 Wiley-Liss, Inc.

Key words: knRNP L; KW-2189; duocarmycin; minor groove binder;
nuclear localization signal

Heterogeneous nuclear ribonucleoproteins (hnRNPs) participate
in a varety of processes involving RNA, including transcription,
splicing, processing, transiation and tumover, and there are ap-
proximately 20 major members of the hnRNP family.! High ex-
pression of some of these have been reported in several human
malignant tumors and interest in the action of these proteins in
malignancies has been growing.2® HnRNP L is 68 kDa protein
with 4 RNA recognition motifs (RRM). There have been several
interesting reports demonstrating that cytoplasmic hnRNP L spe-
cifically interacts with VEGF mRNA in hypoxic cells in vive,
regulates VEGF mRNA stability4 and binds in a sequence-specific
manner to a cis-acting RNA sequence element that enables intron-
independent gene expression. The role of hnRNP L, however, still
requires further study.

KW-2189 is a water-soluble derivative of antitumor antibiotic
duocarmycin {DUM),5-% and DUM and its derivatives have been
reporied to exert their anti-tumor activity through covalent binding
to the DNA minor groove and inbibition of DNA synthesis. We
identified previously a muclear protein DARP (duccarmycin-DNA
adduct recognizing protein} in human cervical carcinoma HeLa 83
cells.® We purified the DARP from nuclear exiract of HeLa 83 and
its amino acid sequence was identical to hnRNP L. We investi-
gated this, particularly in cancer cells.

MATERIAL AND METHQDS

Cell cultures and reagents

Human small cell lung cancer cell lines SBC-3 and H69, human
non-small cell Jung cancer cell lines PC-14, and their respective
cisplatin-resistant cell lines (SBC-3/CDDP, H69/CDDP,!° and PC-
14/CDDP') were maintained in RPMI 1640 (Sigma, St. Louis,
MO) supplemented with 10% heat-inactivated FBS (Gibco BRL,
Gaithersbugg, MD). Murine fibroblast cell line NIH3T3 and sub-
lines (including cDNA transfectants) were cultured in DMEM
(Nissui Pharmaceutical Co. Ltd.,, Tokyo, Japan) supplemented

with 10% FBS. KW2189 was provided by Kyowa Hakko Kogyo
Co., Ltd. A monoclonal antibody specific for hnRNP L (4D11) was
generously provided by Dr. G. Dreyfuss (University of Pennsyl-
vania, Philadelphia}.

Cell extracis

Cells were washed twice with cold PBS and lysed in buffer (10
mM Tris-HCl pH 7.8, 1% Nonidet P-40, 0.15 M NaCl, 1 mM
EDTA, 10 pg/ml aprotinin, 0.5 wg/ml leupeptin, 1 mM phenyl-
methane-sulfonyl fiuoride [PMSF], 1 tablet/50 ml ¢grComplete™
and 10% glycerol) for 60 min on ice. The lysates were centrifuged
at 8,000g for 20 min, and supernatants were obtained as total
protein. Protein concentration was measured by bicinchoninic acid
protein assay (Pierce, Rockford, IL).

SBC-3, PC-14 and H69 cells were lysed in buffer A containing
10 mM HEPES-KOH (pH 7.9), 10 mM KC}, 0.1 mM EDTA-
NaOH (pH 8.0), 0.1 mM ethyleneglycol bis(2-aminocethy] ether)
tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 0.5 mM
PMSF, 1 mM aprotinin, and leupeptin. Nonidet P-40 (final con-
centration 0.5%) was added afier allowing to stand on ice for 15
min. The supernatant obtained by centrifugation at 7,000z for 30
sec after standing on ice for 5 min was collected as the cytoplasmic
fraction. The pellet was resuspended with buffer A containing .25
M sucrose, and after buffer B’ (buffer A containing 0.6 M sucrose)
was added, the solution was centrifuged at 5,000g for 1 min at 4°C.
The nuclei, which were contained in the pellet, were sonicated in
buffer C containing 20 mM HEPES-KCH (pH 7.9), 0.4 M Na(l,
1 mM EDTA-NaOH (pH 8.0}, 1 mM EGTA, 1 mM DTT and 1
mM PMSF, and then rocked at 4°C for 30 min and centrifuged at
8,000g for 10 min. The supematant was used as the nuclear
fraction. The nuclear protein content was adjusted to 5 g per well,
and the same volume of cytoplasmic protein was applied to the
next well. The cytoplasmic and nuclear fractions were subjected to
SDS-PAGE and Western blotting with anti-hnRNP L antibody.

Western blotting

AnINSTA-Blot human tissues membrane (Imgenex, San Diego,
CA), which contains 10 pg per lane of different human tissue
lysates, was sosked in 100% methanol and then washed with
TBST. After blocking the membrane in 5% skim milk in TBST for
1 br at room temperature, it was probed with ant-hnRNP L
antibody diluted (1:500) in TBST with 1% skim milk for I hr at
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Fieure 1~ Diagram of EGFP-hnRNP L deletion mutants. Known
motifs, RNA recognition motifs (RRMs) 1, 2, 3 and 4 are boxed. The
dark gray box denotes EGEP. Ten plasmids containing varicus parts of
hnRNP L were constructed. The restriction sites used to generate
deletion mutants are indicated.
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FIGURE 2 - Purification of DARP. (@) SDS-PAGE analysis of
DEAE-sephacel fractions. Lane 1, 0.15 M KCl eluate; Lane 2, 0.2 M
KCi eluate; Lane 3, 0.25 M KCI eluate. {(b) Gel mobility shift assay of
DEAE-sephacel fractions. Lane I, 0.15 M KCl eluate; Lane 2, 0.2 M KCI
eluate; Lane 3, 0.25 M KCl eluate. The oligonucleotides used as a probe
contains the 5'-ATTA-3' sequence recognized by DUMSA (5'-GATC-
CGGGATTACGATCGGGAGTCCCAGATTACGGCACCT-3'). The
duplex cligonucleotides was incubated with each eluate after treatment
with DUMSA as described in Material and Methods.

room lemperature, washed 3 times in TBST, incubated with anti-
mouse IgG horseradish peroxidase antibody dilated (1:5000) in
TBST with 1% skim milk for 1 hr at room temperature, and then
washed 3 times in TBST. The signal was visualized with ECL
(Amersham Pharmacia Biotech UK Ltd,, Buckinghamshire, En-
gland), and Hyperfilm-MP (Amersham) was exposed to it.

Purification of DARP and amine acid sequencing

Purification of DARP was conducted as described previously.?
DARP was detected by its ability to bind to DUMSA (one of
DUMs)-DNA adduct in gel shift assays. Nuclear and cytoplasmic
extracts from HeLa S3 cells (ATCC: American Type Culture
Collection) were prepared according to previously published pro-
cedures. For identification of the DARP band, the aliquot of this
material was subjected to DEAE-sephacel column again, and
eluted with 0,5M stepwise procedure (0.1-0.5 M KCl} to give the
small amount of purified DARP. Protein concentrations were es-
timated using Bjo-Rad protein assay and the quality of the each
fraction was checked by CBB (Coomassie brilliant blue) or silver
staining of SDS-polyacrylamide gels. For analysis of amino acids
sequence of DARP about 2 pg of affinity purified DARP was
separated by 12% SDS-PAGE. The 60 kDa protein band was
excised and digested with lysyl endopeptidase (WAKO, Japan) in
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Figure 3 - Expression of hnRINP L in human tissues. Western blot
analysis was carried out with anti-hnRNP L antibody. The membrane
(INSTA-Blot) contains 10 pg per lane of different human tissue
lysates. The arrow points to the hnRRNP L protein.
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FiGURE 4 — Expression of hnRINP L in human lung cancer cell lines.
(a) Cell lysates were prepared from 3 human lung cancer cell lines,
separated with 7.5% SDS-PAGE, transferred to a membrane, and
prebed with anti-hnRNP L antibody. (&) Northern blotting was carried
out with the 1030 bp fragment from haRNP L cDNA as the probe.

0.1 M Tris-HCl1 (pH 9.0}, 4 M urea at 37°C for 16 br. The resulting
peptides were isolated by reversed phase HPLC on a RPC C2/CI18
column (Amersham Pharmacia Biotech, Sweden). The amino acid
sequence was determined by automated Edman degradation using
a PPSQ-10 protein sequencer (Shimadzu, Japan),

Gel mobility shift assay

Labeled oligonucleotide (1 pg) was incubated with cell extract
(final protein concentration, 20 pg/ul) at 30°C for 30 min in the
presence of 2 ng of poly[dIdClpoly{dIdC] and 1 pg of BSA,
except where stated, in a final volume of 15 pi of 0.1 M KCl
HEDG. Where indicated, drug modified or unmodified calf thymus
DNA was added to the reactions. Samples were electrophoresed in
6% polyacrylamide gel, dried and scanned.

Stable transfectants

Total RNA was prepared from HeLa cells with ISOGEN (Nip-
pon Gene, Tokyo, Japan), and 14~784 and 636—1718 fragments
of hnRNP L (2033 bp) were obtained by reverse transcription-
polymerase chain reaction (RT-PCR). The PCR products were
cloned in PCR II, a TA cloning plasmid vector, and then conpled
at the Bel I site, Subsequently, a fragment including hnRNP L was
digested from the plasmid with Not 1, and it was informed inio the
Not 1 site of the pRc/CMV vector. After confirming its sequence,
this expression vector, pRe/CMV, containing cDNA of haRNP L,
was transfected into NIH3T3 cells with the Lipofectin reagent
(Gibco BRL) according to the manufacturer's instructions. Afier
48 br incubation, 1.5 mg/ml of G418 (Sigma) was added. Cells
resistant to neomiycin were selected, and isolated by limiting
dilution methods.

Northern blotting

Total RNAs were prepared from SBC-3, PC-14 and NIH3T3
cells, and the 10 stable transfectants described above with ISO-
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GEN reagent, RNA (12 pg) was electrophoresed and transferred to
a positively charged nylon membrane (Hybond-N+). The 1030 bp
fragment of haRNP L cDNA was labeled with [e2P]-dCTP by
using the Rediprime II random primer labeling system (Amer-
sham} and was used as a probe. The membrane was hybridized at
42°C ovemight for blocking with sonicated salmon sperm DNA
(Stratagene, La Jolla, CA) and hybridized at 42°C overnight with
the labeled probe rotating. Washings were carried out in 2X SSC,
0.1% SDS§, for 10 min at room temperature, 1 X SSC, 0.1% SDS,
for I br at 42°C, and 0.2X S8SC, 0.1% SDS, at 42°C for 1 hr. A
BAS imaging plate (Fuji Photo Film Co. Ltd., Kanagawa, Japan)
was exposed to the filter for 2 br, and relative band intensities were
measired with a BAS 2000 system (Fuji).

Growih-inhibition assay

The effect of hnRNP L on cell sensitivity to KW2189 was
estimated by the 3-(4,5-dimethylthiazol-2y1)-2,5-diphenoyltetrazo-
liumbromide (MTT) assay. NIH3T3, and stable transfectants of
hnRNP L ¢DNA, Fw3and Fw9 cells were exposed to 0-50 nM
KW2189 for 72 br before measuring absorbance, The OD values
at 562-630 nm were measured with a 96-well microtiter plate
reader, EL340 (Bio-Tek, Winooski, VT).

Immunochemical cell staining

Human lung cancer cell lines, SBC-3, PC-9, PC-14 and H69
cells were prepared on slide glasses with cytospin (Shandon,
Pittsburgh, PA). The cells were dried and then fixed in cold
acetone for 2 min. All of the incubation steps were carried out
at room temperature, and Step 2 and 3 were carried out in the
dark. The steps incloded: 1) incubation with 10% horse serum
for 30 min for blocking; 2) incubation with anti-human hnRNP
L (1:500 diluted in PBS with 1.5% blocking serum) for 60 min;

KW-2189 {nM)

and 3} incubation with fluorescence anti-mouse IgG (1:500
diluted) for 45 min. Slides were washed with 3 changes of PBS
between each step. Afier Step 2 each washing was carried out for 5
min. The slides were mounted with 90% glycerol in PBS and exam-
ined with a flucrescence microscope (Nikon, Tokyo, Japan), equipped
with fluorescein isothiocyanate filter set B-2A (Nikon).

EGFP-hnRNP L deletion mutants

pRICMYV containing the 14—1718 fragment of hnRNP L cDNA
(2033bp) was constructed as described above. Afier digesting the
plasmid with Sacll and BamHI, and the resulling fragment was
introduced into the Sac]l/BamHI site of the pEGFP-C3 vector
(Clontech, Palo Alto, CA), with the Takara DNA ligation system.
Construction of deletion plasmids was carried out as follows.
EGFP-hnRNP L (Construct 2) was partially digested with Stul and
self-ligated to generate Constructs 3 and 6. PEGFP-hnRNP L was
digested with Bglll, and afier extracting the 570 bp and 1023 bp
fragments with a QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany), each fragment was inserted into the Bglll site of the
pEGFP-C2 and -C3 vectors to generate Constmicts 4 and 7, re-
spectively. The 384 bp fragment of hnRNP L extracted by digest-
ing with Stul was inserted into the Smal site of pEGFP-C3 vectors
to generate Construct 5, PEGFP-bnRNP L was digested with Kpnl,
and it self-ligated to generate Constuct 8, The 584 bp fragment
digested with Kpnl and Bglll and extracted was inserted into the
Bglll site of pEGFP-C3 vectors to generate Construct 9, and the
626 bp fragment digested with Accl was inserted into the Accl site
of pEGFP-C3 veclors Lo generate Construct 10 (Fig. 1).

A cover-glass was placed on the bottom of each well of a 6-well
culture dish, and each well was seeded with 1.6 X 10° NIH3T3 cells
and incubated for 48 hr at 37°C. After diluting 2.5 pg/well of plasmid
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FiGURE 6 ~ Immunochemical staining of hnRNP L in human lung cancer ceils, (a) Immunochemical cell staining was carried out using
anti-hnRNP L antibody as the primary antibody and fluorescent anti-mouse IgG as the secondary antibedy. (5) Intracellular localization of
hnRNP L. (c) Cells were classified into N {white column) or C (gray column) patterns. Three independent cell counts were carried out,

FiGure 7 - Intracellular expression of hnRNP L in human lung
cancer cell lines. The nuclear (N) and cytoplasmic (C) fractions of the
cells were isolated as described in Material and Methods. Western blot
analysis was carried out using anti-hnRNP L antibody. The cisplatin-
resistant sublines were also examined to determine whether the local-
ization patterns depended on the cell type.

DNA (pEGFP vectors containing deletion mutants of hnRNP L de-
scribed above) in 1 mifwell of seram-free DMEM, 7.5 wliwell of 1
mM TransFast Reagent (Promega, Madison, WI) was added to the
mixture. After allowing the mixtore to stand for 15 min at room
temperature, it was added to ce]ls from which the growih medium was
removed. The cells were then incubated for 1 hr &t 37°C, and 1
ml/fwell of complete growth mediom was added to them. At 24 hr
afier transfection, the cells were mounted on slides with aqueous
mounting medium and examined under a fluorescence microscope
(Nikon, B-2A filter, Tokyo, Japan).

RESULTS
Purification and sequence analysis of the DARP

Purification of the DARP was conducted as described previ-
ously.? After affinity purification, 2 main proteins were detected

in SDS-PAGE with silver staining. Further purification efforts
with DEAE-sephacel column chromatography gave a single
band of Mr ~60,000 with the binding activity to the labeled
duocarmycin-modified oligonucleotides (Fig. 2e). Coincubatijon
of duocarmycin-treated calf thymus DNA with the labeled
probe and purified DARP resulted in the retarded band in the
gel mobility shift assay (Fig. 2b). Competition experiment in
the presence of 30 and 300 ng of calf thymus DNA-DUMSA
adduct demonstrated that 300 ng adduct reduced the intensity of
the bangd in our previous study.®

The 60 kDa protein separated by SDS-PAGE was excised and
digested with lysyl endopeptidase. The resulting peptides were eluted,
separated Dy reversed phase HPLC, and sequenced. Three partial
amino acid sequences were obtained, AAAGGGGGGGRYYGGG,
DFSESRNNRFSTPEQAA and SDALETLGFLN, which were found
to completely match parts of the predicted human heterogeneous
nuclear ribonucleoprotein L. Gel mobility shift assay wsing anti-
bnRNP L did not, however, show the supershift of the band induced
by anti-hnRNP L (data not shown).

Expression of lnRNP L

‘Western blot analysis was camied out using a membrane con-
taining normal buman tissue lysates from different organs. A 68
kDa band of hnRNP L was detected in total protein extracts from
brain and smatl intestine, but not in others, including normal lung
(Fig. 3). The expression of hnRNP L protein, however, was de-
tected in the human lung cancer cell lines (Fig. 4¢). Northem blot
analysis confirmed the expression of lnRNP L at the mRNA (~2
kbp) level in these cells (Fig. 45). In contradiction to our first result
that bnRNP L was not detected in nommal lung tissue, the eXpres-
sion of haRNP L in malignant cells seemed 1o increase.

Effect of lnRNP L on drug sensirivity

To evaluate the function of hnRNP L, hnRNP L cDNA was
transfected into NIH3T3 cells, and stable transfectant clones were
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FI1GURE 8 - Effect of hnRNP L deletion on the
intraceljular localization of EGFP-hnRNP L. (a)
Arrows indicate the part expected to be respon-
sible for localization of hnRNP L. Letters N
{nuclear localization) and C (cytoplasmic local-
ization) at the right end indicate the results of
classification by the transfection study. (b} Lo-
calization of EGFP-hnRNP L deletion mutants.
NIH3T3 cells were transfected with each con-
struct, and they were examined by fluorescent
microscopy to identify the localization of
EGFP-fusion. The numbers correspond to those
of the constructs in {a).

characterized. The Fw3 and Fw9 clones showed higher expression
of hnRNP L mRNA than other transfectants by 5.2-fold and
4.4-fold 1o contro] respectively detected by Northern blot analysis
(Fig. 5a).

We measured the growth inhibitory effect of KW-2189 in the
hnRNP L transfectant cells by MTT assay. The ICg, values for
KW-2189 in the Fw3 and Fw9 clones were 3.5 nM and 4.3 nM,
respectively, and the Fw3 and Fw9 cells were 13.4-fold and
10.9-fold, respectively, more sensitive to KW-2189 than the Mock
transfectant C4 cells (IC,: 47 nM) (Fig. 5b). These results indicate
that hnRNP L enbances cell sensitivity to the growih inhibitory
effect of KW-2189 in vitro. We also examined the sensitivity of
the transfectants to cisplatin and mitomycin C and no difference of
the sensitivity was observed between the transfectants and the
Mock cells (data not shown). The hbnRNPs have been reported to
regulate both nuclear and cytoplasmic events, as described above,
and the intracellufar localization of hnRNP L was examined in the
next step to identify the site of action of hnRNP L in the sensitivity
enhancement machinery.

Localization of hnRNP L protein in human lung cancer cell
lines

We carried out immunofluorescence cell staining with anti-
bnRNP L antibody to determine the subeelinlar Iocalization of
bnRNP L protein in human lung cancer cells (Fig. 6a¢). Based on
the results, the localization of hnRNP L cells could be classified
into two patiterns: nuclear localization (N) and cytoplasmic local-
ization (C) (Fig. 65). As shown in Figure 6c, the cytoplasmic
patiern was observed frequently in SBC-3 and H69 cells, whereas
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the nuclear pattern was common in PC-14 cells. To confirm this
differential distribution, fractionated proteins from the nuclear and
cytoplasmic fractions of these cells were immunoblotted with
antj-hnRNP L antibody (Fig. 7). The results showed that haRNP L
was expressed equally in the nucleus and cytoplasm of the SBC-3
and H6D cells, whereas it was expressed predominantly in the
nuclei of the PC-14 cells. These results are consistent with the
immunocytological findings. In addition, the cisplatin-resistant
sublines derived from these cells exhibited the same localization
pattern as their parental cells. This indicates that the differential
localization depends on the cell type.

Motifs required for the intracellular localization of RnRNP L

It has been reported that hnRNP L is localized in the nucleo-
plasm of Hela cells, except the nucleoli,’? but the mechanism of
its localization remains unknown. To identify the motifs respon-
sible for the Jocalization of hnRNP L, we constructed an hnRNP L,
deletion series fused to EGFP (Fig. 84), transfected the constructs
into NTH3T3 cells, and examined them under a fluorescence mi-
croscope. As shown in Figure 85, EGFP protein itself was rather
evenly distributed throughout the celf, the cytoplasm and the
nuclens (Transfectant 1}, Fulllength hnRNP L was present in the
nucleoplasmn, except the nuclech (Transfectant 2). Deletion mu-
tants containing the N-lerminal portion of RRMI or of RRM3
(Transfectants 3, 6, 8 and 9) showed hnRNP L localization in the
nucleus. Transfectants 4, 5 and 7, containing the N-terminal por-
tion of RRM2 showed hnRNP L distributed through the cel,
whether they also contained that portion of RRM1 and RRM3 or
not. In Transfectant 10, which lacked the N-terminal region of all
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Figure 9 - NLS-like and NES-like sequences in hnRNP L. There
are 2 NLS-like sequences that resemble the NLS sequences of c-Jun
and SV-40 large T antigen and one NES-like sequence that resembles
the NES sequences of PKI and Rev.

3 RRMSs, hnRNP 1. was distributed throughout the ccli, ‘These results
indicate that the N-terminal portion of each RRM is required for
determination of the intracellular localization of hnRNP L (Fig. 84,
arrows), We then searched the sequence of hnRNP L and found 2
sequences that were rich in alkaline amino acids (residues 25-31,
380-387) and a sequence that was rich in hydrophobic amino acids
(residue 163-171, Fig. 9). The sequences rich in alkaline amino acids
showed high hemology with the NLS sequences of c-Jun and SV40
large T antigen,!2-14 and the sequence rich in hydrophobic amino acids
showed high homology with the NES sequences of PKI!S and Revié
respectively. The N-terminal portion of RRM1 and RRM3 contain the
NLS-like sequences, residue 25-31 and residue 380-387, respec-
tively, and the N-terminal portion of RRM2 contains the NES-like
sequence, residue 163-171.

DISCUSSION

There are approximately 20 major hnRNPs, and some of them
have been reported to be highly expressed in cancer tissues.
Sucoka et al’ demonstrated elevated expression of haRNP Bl
mRNA in human lung cancer tissue, and hnRNP I and hnRNP K
mRNA bave been reported in malignant glioblastoma and breast
cancer, respectively.21? We demonstrated expression of bnRNP L
in human lung cancer cell lines and high expression of bnRNP L
is presumably present in lung cancer tissue.

We reported previously that a nuclear protein in buman cancer
cells binds to the DUM-DNA adduct. The protein, DARP, prefer-
entially bound to the DNA damage induced by DNA-alkylating
minor greove binders such as DUMs and CC-1065. Because the
amino acid sequence of DARP was identical to haRNP L, hnRNP
L is a candidate protein that binds to the DNA damage induced by
DUM. A water-soluble derivative of DUM, KW-2189, exhibits
broad spectrum antitomor activity in a seres of experimental
tumor models and entered clinjcal trials. KW-2189 was designed
as a prodrug to generate active species, DUS86, in tumor cells and
DARP bounds to the DNA induced by DUS6G (unpublished re-
sults). Althongh KW-2189 alkylates DNA in vifro, only the DUBG-
DNA adduct was detected in the buman cells treated with KW-
2189.1%19 The transfection study demonstrated that hbnRNP L
enhanced the cellular sensitivity to KW2189, As described previ-
ously, DARP did not recognize the DNA adducts of cisplatin apnd
mitomycin C in vitre.)® We show that when we examined the
transfectants for sensitivity to other DNA-damaging agents, ie.,
the major groove binders mitomycin C and cisplatin (data not
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shown), ectopic hnRNP L expression bad no affect on cell sensi-
tivity to them. These results suggest that DARP could be hnRNP
L and it acts specifically on DNA damage induced by the minor
groove binder.

Other possible mechanisms of increased sensitivity to KW-2189
are: 1) that haRNP L facilitates transportation of the drug to the
nucleus, and 2) that lnRNP L. increases the stability of the drug-
DNA adduct in a sequence-specific manner.

We have described the difference in intracellilar localization of
hnRNF L in human lung cancer cell lines. Although there is a
report claiming that bnRNP L localized in the nucleoplasm in
HeLa cells transfected with hnRNP L,}2 we showed that the
intracellular localization of hnRNP L differs among human lung
cancer cell lines.

There was a report that hnRNP A2 js located in the cytoplasm
in post-mitotic phase?® In this study, few mitotic cells were
observed in the culture condition indicating that mitosis was not
correlated with hnRNP L distribution. We specalate that in the
case of bnRNP A2 a different mechanism might be involved in the
intracellular localization of hnRNP L. Nevertheless, synchroniza-
tion experiments must be examined.

SBC-3 and PC-14 cells grow faster than H69 cells. Even though
cell growths of SBC-3 and PC-14 cells were equal in our culture
condition, distribution of hnRNP L in these cells were different.
This result indicate that the distribution depends on the cell type
rather than difference of the cell growth.

To determine whether the Iocalization of hnRNP L is altered by
drug exposure, we examined the immunofluorescent staining of
hnRNP L in lung cancer cells exposed to KW-2189 for 24 hr. An
increased population of cells in which haRNP L was localized in
the nucleus was observed after exposure of a small cell lung cancer
{SBC-3) cell line to KW-2139 (data not shown), Although this
result was not observed in the rest two cell lines, it can support the
hypothesis that hbnRNP L helps drugs to transport into nuclear and
involves in cell sensitivity mentioned above.

To test the hypothesis that the differences in intracellnlar local-
ization in lung cancer cells are due to gene allerations, we com-
pared the bnRNP L cDNA sequences in these cel lines. No
mutations were detected in any of the lines (data not shown),
suggesting that hnRNP L might be co-localized with other pro-
teins. Interaction between hnRNPs has been reported and hnRNP
L is known to have a binding domain for interaction with other
bnRNPs (e.g., hnRNP I and hnRNP K),2! which are recognized to
bave NLS. Based on this evidence, the differences in localization
of lnRNP L in these cell lines might be due to changes in the
molecules that interact with hnRNP L, such as hnRNP I oz K. In
addition, the putative sites for regulation of localization signal in
bnRNP L that we found (25-31, 380-387 and 163-171) would be
involved in these interactions. Further studies should extend the
potential use of hnRNP L as a factor to assess sensitivity to
chemotherapy and candidate molecules for dmg development. In
addition, expression of bnRNP L needs te be investigated in tissue
from lung cancer patients for therapeutic exploitation,

In summary, we have demonstrated the expression of hnRNP L
with different intracellular localization in human lung cancer cell
lines and that ectopic hnRNP L expression increases cellalar
sensitivily to a minor groove binder,
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Abstract

The identification of somatic mutations in the tyrosine kinase
domain of the epidermal growth factor receptor (EGFR) in
patients with non-small cell lung cancer {(NSCLC) and the
association of such mutations with the clinical response to
EGFR tyrosine kinase inhibitors {(TKI), such as gefitinib and
erlotinih, have had a substantial effect on the treatment of this
disease. EGFR gene amplification has also been associated
with an increased therapeutic response to EGFR-TKls, The
effects of these two types of EGFR alteration on EGFR function
have remained unclear, however. We have now examined 16
NSCLC cell lnes, including eight newly established lines from
Japanese NSCLC patients, for the presence of EGFR mutations
and amplification. Four of the six cell lines that harbor EGFR
mutations were found to be positive for EGFR amplification,
whereas none of the 10 cell lines negative for EGFR mutation
manifested EGFE amplification, suggesting that these two
types of EGFR alteration are closely associated. Endogenous
EGFRs expressed in NSCLC cell lines positive for both EGFR
mutation and amplification were found to be constitutively
aclivated as a vesult of ligand-independent dimerization.
Furthermore, the patterns of both EGFR amplification and
EGFR autophosphorylation were shown to differ between cell
lines harboring the two most common types of EGFR mutation
(exon 19 deletion and L855R point mutation in exon 21). These
results reveal distinct biochemical properties of endogenous
mutant forms of EGFR expressed in NSCLC cell lines and may
have implications for treatment of this condition. [Cancer Res
2007;67(5):2046-53)

Introduction

The epidermal growth factor receptor (EGFR) is a 170-kDa
transmembrane glycoprotein with an extracellular ligand binding
domain, a transmembrane region, and a cytoplasmic tyrosine
kinase domain and is encoded by a gene (EGFR) located at human
chromosomal region 7pl2 (I-3). The binding of ligand to EGFR
induces receptor dimerization and consequent conformational
changes that result in activation of the intrinsic tyrosine kinase,
receptor autophosphorylation, and activation of a signaling
cascade {4, 5). Aberrant signaling by EGFR plays an important
role in cancer development and progression (3).
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EGFR is frequently overexpressed in non—small cell lung cancer
(NSCLC) and has been implicated in the pathogenesis of this
disease (6, 7). Given the biological importance of EGFR signaling
in cancer, several agents have been synthesized that inhibit the
receptor tyrosine kinase activity. Two such inhibitors of the
tyrosine kinase activity of EGFR (EGFR-TKI), gefitinib and
erlotinib, both of which compete with ATP for binding to the
tyrosine kinase pocket of the receptor, have been extensively
studied in patients with NSCLC {8, 9). We and others have shown
that a clinical response to these agents is more common in
women than in men, in Japanese than in individuals from Europe
or the United States, in patients with adenocarcinoma than in
those with other histologic subtypes of cancer, and in patients
who have never smoked than in those with a history of smoking
(10-14). Mutations in the tyrosine kinase domain of EGFR have
also been detected in a subset of lung cancer patients and shown
to predict sensitivity to EGFR-TKis (15-17). Indeed, the clinical
characteristics of patients with known EGFR mutations are
similar to those of other individuals most likely to respond to
treatment with EGFR-TKis {18-22). These mutations arise in the
first four exons (exons 18-21) corresponding to the tyrosine kinase
domain of EGFR, and they affect key amine acids surrounding
the ATP-binding cleft (23, 24}. In-frame deletions that eliminate
four highly conserved amino acids (LREA) encoded by exon 19 are
the most common type of EGFR mutation, with missense point
mutations in exon 21 that vesult in a specific amino acid
substitution at position 858 (L858R} being the second most
common, In addition to EGFR mutations, other molecular
changes may play a role in determining sensitivity to EGFR-TKIs
(22, 25-28). NSCLC patients with an increased EGFR copy number,
as revealed by fluorescence in sitn hybridization (FISH), have
thus been found to show an increased response rate to and
prolonged survival after gefitinib therapy (22, 25-27).

Given that EGFR is mutated or amplified (or both) in NSCLC,
it is important to determine the biological effects of such EGFR
alterations on EGFR function (15, 29-32). Transient transfection
of various cell types with vectors encoding wild-type or mutant
versions of EGFR showed that the activation of mutant receptors
by EGF is more pronounced and sustained than is that of the wild-
type receptor (15, 30). However, detailed biochemical analysis of
NSCLC cell lines with endogenous EGFR mutations has been
limited. We have now identifled EGFR mutations in three NSCLC
cell Iines newly established from Japanese patients. Furthermore,
we have characterized a panel of 16 NSCLC cell lines for EGFR
mutations and amplification and evaluated the relation between
the presence of these two types of EGFR alteration and sensitivity
to gefitinib. The effects of EGFR alterations on activation status
of EGFR and on downstream signaling were also evaluated.
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Finally, in EGFR mutant cell lines showing constitutive EGFR
activation, we assessed how the mutations activate the tyrosine
kinase domain of the receptor.

Materials and Methods

Cell lines, The human NSCLC cell lines NCI-H226 (H226), NCI-H292
(H292), NCI-H460 (H460), NCI-H1299 (H1299), NCI-H1650 (H1650), and
NCI-H1975 (H1975) were obtained from the American Type Culture
Callection (Manassas, VA). PC-9 and A549 cells were obtained as described
previously (33). Ma-1 cells were kindly provided by E. Shimizu (Tottori
University, Yonago, Japan). We established seven cell lines (KT-2, KT4,
Ma-25, Ma-31, Ma-34, Ma-45, and Ma-53) from tissue or pleural effusion of
Japanese patients with advanced NSCLC. These cell lines were cultured
under a humidified atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma,
St. Louis, MO} supplemented with 10% fetal bovine serum. Informed
consent for establishment of cell lines and tumor DNA sequencing was
obtained in accordance with the ethical guidelines for human genome/
genetic analysis in Japan.

Growth inkibition nssay. Gefitinib was kindly provided by AstraZeneca
(Macclesfield, United Kingdom) as & pure substance and was diluted in
DMSO to obtain a stock solution of 20 mmel/L. For growth inhibition
assays, celis {0.5 x 10" to 4.5 x 10") were plated in 96-well flat-bottomed
plates and ewltured for 24 h before the addition of various concentrations of
gefitinib and incubration for an additional 72 h. TetraColor One {5 mmol/L
tetrazolium monosodium salt and 0.2 mmeol/L l-methoxy-5-methyl
phenazinium methylsulfate; Seikagaku, Tokyo, Japan) was then added to
each well, and the cells were incubated for 3 h at 37°C before measurement
of absorbance at 490 nm with a Multiskan Spectrum instrument (Thermo
Luabsystems, Boston, MA), Absorbance values were expressed as a
percentage of that for untreated cells, and the concentration of gefitinib
resulting in 50% growth inhibition (ICs,) was calculated.

Genetic analysis of ZGFR. Genomic DNA was extracted from cell lines
with the use of a QlAamp DNA Mini kit {Qiagen, Tokyo, Japan), and exons
18 to 2k of EGFR were amplified by the PCR and sequenced directly. PCR
was done in a reaction mixture (25 uL) containing 50 ng of genomic DNA
and TaKaRa Tag polymerase (TaKaRa BIO, Tokyo, Japan)} and with an initial
incubation for 3 min at 94°C [oilowed by 30 cycles of 20 s at 94°C, 30 s
at 58°C, and 20 s at 72°C and by a final incubation for 7 min at 72°C. The
PCR products were purified with a Microcon YM-100 fitration device
(Millipore, Billerica, MA) before sequencing with the use of an ABI BigDye
Terminator v. 3.1 Cycle Sequencing kit (Applied Biosystems, Foster City,
CA}. Sequencing reaction mixtures were subjected to electrophoresis with

an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Primers for
mutation analysis (sense and antisense, respectively) were as follows:
exon 18, 5-CAAATGAGCTGGCAAGTGCCGTGTC-3 and §-GAGTTTCC-
CAAACACTCAGTGAAA-C-3; exon 19, 5-GCAATATCAGCCTTAGGT-
GCGGCTC-3'and 5-CATAGAAAGTGAACATTTAGGATGTG-3 exon 20,
5-CCATGAGTACGTATTTTGAAACTC-3 and 5-CATATCCCCATGG-
CAAACTCTTGC-3} and exon 21, 5-CTAACGTTCGCCAGCCATAAGTCC-3
and 5-GCTGCGAGCTCACCCAGAATGTCTGG-3.

FISH. EGFR copy number per cell was determined by FISH with the use
of the LSI EGFR Spectrum Qrange and CEP7 Spectrum Green probes (Vysis;
Abbott, Des Plaines, IL). Cells were centrifuged onto glass shides with a
Shandon cytocentrifiuge (Thermo Electron, Pittsburgh, PA) and fixed by
consecutive incubations with ice-cold 70% ethanol for 10 min, 85% ethanol for
5 min, and 100% ethanol for 5 min. Slides were stored at —20°C untit analysis.
Cells were subsequently subjected to digestion with pepsin for 10 min at
37°C, washed with water, dehydrated with 2 graded series of ethanol
solutions, denatured with 70% formamide in 2x SSC for 5 min at 72°C, and
dehydrated again with a graded series of ethanol solutions before incuba-
tion with a hybridization mixture consisting of 50% formamide, 2% 88C, Cot-1
DNA, and labeled DNA. The slides were washed for 5 min at 73°C with
3x SSC, for 5 min at 37°C with 4> SSC containing 0.1% Triton X-100, and
for 5 min at room temperature with 2% SSC before counterstaining with
antifade solulion containing 46-diamidino-2-phenylindole. Hybridization
signals were scored in 40 nuclei with the use of a x 100 immersion objective.
Nuclei with a disrupted boundary were excluded from the analysis. Gene
amplification was defined by an EGFR/chromosome 7 copy number ratio
of =2 or by the presence of clusters of 215 copies of EGFR per cell in 210%
of cells, as described previously (25, 27).

Immunoblot analysis. Cell lysates were fractionated by SDS-PAGE on a
7.5% gel, and the separated proteins were transferred to a nitrocellulose mem-
Lrane. After blocking of nonspecific sites with 5% skim milk, the membrane
was incubated overnight at room temperature with primary antibodies,
Antibodies to phosphorylated EGFR (pY845, pY1068, or pY1173}, extracellular
signat-regulated kinase (ERK), phosphorylated AKT, AKT, Src homology
and collagen (Shc), and phosphorylated She were abtained from Cell Signaling
Technology (Beverly, MA); antibodies to EGFR were from Zymed {South San
Francises, CA); antibodies to phosphorylated ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA); and antibodies to R-actin (loading control)
were from Sigma Immune complexes were detected by incubation of the
membrane for 1 h at room temperature with horseradish peroxidase—
conjugated goat antibodies to mouse or rabbit immunoglobulin (Amersham
Biosciences, Little Chalfont, United Kingdom) and by subsequent exposure
to enhanced chemiluminescence reagents (Perkin-Elmer, Bostan, MA).

Table 1. Characteristics of NSCLC cell lines

Cell lines Gefitinib 1C5, (umol/L) EGFAR mutation EGFA amplification Histology

PC-9 0.07 del(E746-A750) + Adenocarcinoma

KT-2 0.57 L858R + Adenocarcinoma

KT-4 1.26 L858R + Large cel carcinoma

Ma-1 234 del(E746-A750) + Adenocarcinoma

H1650 6.66 del {E746-A750) - Adenocarcinoma

A549 8.70 Wild type - Adenocarcinoma

H1975 9.32 L858R+T790M - Adenocarcinoma

H292 9.44 Wild type - Mucoepidermoid carcinoma

H226 9.53 Wild type - Squamous cell carcinoma

Ma-25 10.17 Wild type - Large cell carcinoma

H460 10.38 Wild type - Large cell carcinoma

Ma-45 1047 Wild type - Adenocarcinoma

Ma-53 10.47 Wild type - Adenocarcinoma

Mia-34 1117 Wild type - Adenocarcinoma

HI299 11.28 Wild type - Large cell carcinoma

Ma-31 1246 Wild type - Adenocarcinoma
www.aacrjournals.org 2047 Cancer Res 2007; 67: (5). March 1, 2007
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del E746-A750 (sense)

aacatecteccgaaapgecanca

def E746-A750 (antisense)
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ATAGTTCCT TANTTCTUCTTCGTTGTA
attttaaggegecagegatagtt

v}

B kT2

TTGGGCTGGCCAA

AACCCGACCGGTT
=

L858R (sense)

}

R Figure 1. Detection of £GFR mutations in
} NSGLC cell lines, The portions of the
sequencing electrophorelograms
corresponding to the mutations are
e shown for Ma-1 (A) and K7-2 (B) cells.
A, heterozygous in-frame deletion in exon
G 1@ is revealed by the presence of double
peaks. Tracings in both sense and
anlisense directions are shown to highlight
the two breakpeints of the deletion.
LS8R (antisense) Wild-type (uppercas.e) and mutant
, (lowercase) nucieotide sequences.
l 8, haterozygous point mutation (T — G)
at nucleotide position 2819 in exan 21.

VY

Treatment of cells with neutralizing antibodies. Cells were exposed
to neutralizing antibodies {each at 12 pgfml) for 3 h before EGF
stimulation, The antibodies included those to EGF and to transforming
growth factor-oe (TGF-nt), both from R&D Systems (Minneapolis, MN) as
well as antibodies to EGFR (Lipstate Biotechnology, Lake Placid, NY}, Cell
Iysates were then prepared and subjected to immunoblot analysis with
antibodies to phosphoryluted EGFR (pY1068) and to EGFR us described
ibove.

Chemical cross-linking assay, Chemical cross-linking was done as
described previously (34, 35). Cells were washed bwice with ice-cold PBS and
then ineubated for 20 min at 4°C with 1 mmol/L bis(sulfosuccinimidyl}-
suberate (Pierce, Rockford, IL) in PBS. The cross-linking reaction was termi-
nated by the addition of glycine to a final concentration of 250 mimol/L
and incubation for an additional 5 min at 4°C. The cells were washed with
PBS, und cell lysates were resolved by SDS-PAGE on a 4% gel and subjected
to immunoblot analysis with anti-EGFR (Santa Cruz Biotechnology).

PC-9 Ma-1
KT-2 KT-4
H1978 H1650

Figure 2. FISH analysis of EGFR
amplification in NSCLC cell lines, “The
analysis was done with probes specific
for EGFA (red signais} and for the
centromere of chromosome 7 {green
signals) in the indicated cell lines.

PC-2 and Ma-1 cells manifest an EGFR/
chremasome copy number ratio of 22,
whereas KT-2 and KT-4 cells manifest
EGFH clusters, H1975 and H1650 cells
are negative for £EGFA amplification.

Cancer Res 2007; 67: (5). March 1, 2007

2048

www.aacrjournals.org



Differential Properties of Mutant EGFRs in NSCLC

Resuits

Effect of gefitinib on the growth of NSCLC cell lines. We first
examined the effect of the EGFR-TKI gefitinib on the growth of 16
NSCLC cell lines, eight of which (KT-2, KT-4, Ma-1, Ma-25, Ma-31,
Ma-34, Ma-45, and Ma-53) were established from Japanese NSCLC
patients for the present study. The IC;, values for gefitinib
chemosensitivity ranged from 0.07 to 1246 umol/L {a 178-fold
difference; Table 1).

Four cell lines (PC-9, KT-2, KT-4, and Ma-1) were relatively
sensitive to gefitinib with 1C;, values between 0.07 and 2.34 pimol/L,
whereas the remaining 12 lines were considered resistant to
gefitinih (IC5, > 6 pmol/L). No relation was apparent between
sensitivity to gefitinib and histolegic subtype of NSCLC for this
panel of cell lines (Table 1).

EGFR mutation and amplification in NSCLC cell lines. We
screened the 16 NSCLC cell lines for the presence of EGFR
mutations in exons 18 to 21, which encode the catalytic domain of
the receptor. As previously described (36~39), PC-9, HI1650, and
H1975 cell lines were found to harhor EGFR mutations [del(E746-
A750) in PC-9 and H1650 and both L858R and T790M in H1975].
Furthermore, we detected EGFR mutations in three of the newly
established celf lines (Ma-1, KT-2, and KT-4). Ma-1 cells. which were
isolated from a female ex smoker with adenocarcinoma (>30 years
of age), were found to harbor a small deletion within exon 19
[del(E746-A750} Fig. 1A; Table 1]. Both KT-2 cells [derived from a
male ex smoker with adenocarcinoma {>30 years of age)] and KT-4
cells {derived [rom a male nonsmoker with large cell carcinoma)
harbor a point mutation (L858R} in exon 21 (Fig. 18; Table 1). Four
of these six NSCLC cell lines with EGFR mutalions (PC-9, Ma-I,
KT-2, and KT-4) are sensitive to gefitinib (Table 1), consistent with
clinical observations (15-17, 20, 22).

We next examined the 16 NSCLC cell lines for the presence of
EGFR amplification by FISH anadysis with a probe specific for

EGFR and a control probe for the centromere of chromosome 7.
Four (PC-9, Ma-1, KT-2, and KT-4} of the 16 cell lines, all of which
harbor EGFR mutations, were found to be positive for EGFR
amplification (Fig. 2; Table 1). PC-9 and Ma-1 cell lines, both of
which harbor the same exon 19 deletion, showed an EGFR/
chromosome copy number ratio of =2, whereas KT-2 and KT-4,
both of which harbor the L85SR mutation in exon 21, showed a
clustered unbalanced gain of EGFR copy number (Fig. 2). The four
cell lines that manifested both £GFR mutation and ampliftcation
were sensitive to gefitinib (Table 1). The EGFR mutant cell lines
H1650 and H1975 showed no evidence of EGFR amplification
(Fig. 2), and both of these lines were relatively resistant to gefitinib
(Table 1), None of the cell lines negative for EGFR mutations
manifested EGFR amplification (Table 1), suggesting that EGFR
mutation is closely associated with EGFR amplification (2 < 0.05,
%? test).

EGFR expression in NSCLC cell lines. We examined the basal
abundance of EGFR in EGFR wild-type and mutant NSCLC cell
lines by immunoblot analysis. The amount of EGFR in the cell
lines PC-9, Ma-1, KT-2, and KT-4, all of which manifest EGFR
amplification and EGFR mutation, was increased compared with
that in EGFR wild-type cell lines (A549 and H1299) or £GFR mutant
cell lines negative for EGFR amplification (H1975 and H1650;
Fig. 3). These results, thus, reveal a close relation between increased
EGFR expression and EGFR amplification in this panel of NSCLC
cell lines, consistent with the results of previous analyses of NSCLC
tissue specimens {6, 7).

EGFR phosphorylation in NSCLC cell lines. We examined
tyrosine phosphorylation of endogenous EGFRs in NSCLC cell lines
by immunoblot analysis with phosphorylation site-specific anti-
bodies. Tn cells (A549) that express only wild-type EGFR,
phosphorylation of the receptor at Y845, Y1068, or Y1173 was
undetectable in the absence of EGF but was markedly induced on

L858R
+
Wild type Exi9 del L858R T790M  Exi9del
Mutation - + + + + + +
Amplification - + + + + - -
A549  HI2%% PC-9 Ma-l KT2 KT-4 HI1975 HI650

Figure 3. EGFR expression in NSCLC cell EGFR EEmm e  (OED WEED CEE d — p—
lines. Lysates (40 jg of protein} of NSCLC [
cell lines positive or negative for EGFR
mutation or amplification, as indicated, B-Actin

were subjected to immunoblet analysis with
antibodies to EGFR and to -actin {top).
The abundance of EGFR relative 1o that of
practin was determined by densitometry
{bottom). Representative of three 400

independent experiments.

EGFR/fi-Actin
g
=

PC-% DMa-1l KT2
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exposwre of the cells to this growth factor (Fig. 4). Similar results
were obtained with H1650 cells, which are positive for the deletion
in exon 19 of EGFR but negative for EGFR amplification. In
contrast, PC-9 and Ma-1 cells, which are positive for both the exon
19 deletion and EGFR amplification, manifested an increased
basal level of EGFR phosphorylation at Y1068, indicative of
constitutive activation of the EGFR tyrosine kinase. Exposure of
PC-9 or va-1 cells to EGF induced EGFR phosphorylation at Y845
and Y1173, showing that the mutant receptors remain sensitive
to ligand stimulation. Furthermore, the cell lines (H1975, KT-2,
and KT-4) with the L858R point mutation manifested an increased
basal level of EGFR phosphorylation at Y845, Y1068, and Y1173,
and the extent of phospherylation at these residues was increased
only slightly by treatment of the cells with EGF, indicative of
conslitutive activation of the EGFR tyrosine kinase. These results
thus showed that endogenous EGFA mutations result in
constitutive receptor activation, and that the patterns of tyrosine
phosphorylation of EGFR differ between the two most commen
types of EGFR mutant.

Phosphorylation of signaling molecules downstream of
EGFR in NSCLC cell lines. Given that constitutive activation of
EGFR was detected in NSCLC cell lines with endogenous £GFR
mutations, we examined whether signaling molecules that act
downstream of the receptor are also constitutively activated in
these cell lines. We [irst examined the basal levels of phosphor-
ylation of AKT and ERK, both of which mediate the oncogenic
effects of EGFR. Immunoblot analysis with antibodies to phos-
phorylated forms of AKT or ERK revealed that these molecules are

indeed constitutively activated in the EGFR mutant lines (PC-9,
Ma-1, H1975, KT-2, and KT-4) that manifest constitutive activation
of EGFR, although the extent of phosphorylation varied (Fig. 4).
The increased levels of AKT and ERK phosphorylation in these
mutant cell lines are consistent with the increased level of EGFR
phosphorylation on Y1068, which serves as the docking site for
phosphatidylinositol 3-kinase and growth factor receptor binding
protein 2, molecules that mediate the activation of AKT and the
Ras-ERK pathway, respectively (2, 40). We next examined whether
the differences in the pattern of constitutive tyrosine phosphor-
ylation of EGFR apparent between NSCLC cell lines harboring
the exon 19 deletion and those with the L858R mutation in exon 21
are associated with distinct alterations in downstream signaling
pathways. Given that Y1173, a major docking site of EGFR for the
adapter protein Shc (2, 40, 41), is constitutively phosphorylated
in cells with the L858R mutation but not in those with the exon 19
deletion, we compared Shc phosphorylation between cell lines
with these two types of EGFR mutation. Ligand-independent
tyrosine phosphorylation of the 52- and 46-kDa isoforms of Shc was
apparent in cell lines with either type of EGFR mutation (Fig. 5).
However, cell lines (KT-2 and KT-4) that harbor the L858R
mutation exhibited a markedly greater basal level of phosphory-
lation of the 66-kDa isoform of She than did those (PC-9 and Ma-1)
that harbor the exon 19 deletion or those {A549) that harbor only
wild-type EGFR. These data suggest that the constitutively active
mutant forms of EGFR induce selective activation of downstream
effectors as a result of differential patterns of receptor autophos-
phorylation.
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Ligand-independent dimerization and activation of EGFR
mutants. Evidence suggests that EGFR ligands, including EGF and
TGF-xt, secreted by tumor cells themselves might be responsible
for activation of mutant receptors in an autocrine loop (29, 42).
To investigate whether EGFR is constitutively activated as a result
of such an autocrine mechanism in EGER mutant NSCLC cell lines,
we treated the cells with a combination of three neutralizing
antibodies (anti-EGF, anti~-TGF-a, and anti-EGFR) for 3 h and then
examined the effect of EGF on EGFR phosphorylation. The ligand-
dependent activation of EGFR in A549 cells (which express only
wild-type EGFR) was blacked by such antibody treatment (Fig, 64).
In contrast, treatment of the £GFR mutant cell lines PC-9 or KT-4
with the neutralizing antibodies failed to inhibit the constitutive
phosphorylation of EGFR on Y1068. These observations suggest
that the constitutive phosphorylation of the mutant receptors is
not attributable to autocrine stimulation, although we are not able
to exclude a possible role for other EGFR ligands.

Ligand-induced EGFR dirmerization is responsible for activation
of the receptor tyrosine kinase (4, 5). To determine whether mutant
receptors are constitutively dimerized, we treated EGFR wild-type
or mutant cell lines with a cross-linking agent before immunoblot
analysis with antibodies to EGFR. Whereas ligand-induced dime-
rization of wild-type EGFR was observed in A549 cells, receptor
dimerization in PC-9 and KT-4 cells, which express mutant
receplors, was apparent in the absence of ligand and was not
increased substantially by exposure of the cells to EGF
{Fig. 68). These data indicate that ligand-independent receptor
dimerization is responsible for the constitutive activation of the
mutant forms of EGFR.

Discussion

The discovery of somatic mutations in the tyrosine kinase
domain of EGFR and of their association with a high response rate
to EGFR-TKIs has had a substantial effect on the treatment of
advanced NSCLC (15-17, 20, 22). Asian patients with NSCLC seem
to have a higher prevalence of these mutations, ranging from 20%
to 40% (18, 20, 21, 43-45). We have now identified EGFR mutations

in three of eight newly established cell lines from Japanese patients
with advanced NSCLC. Characterization of these eight new cell
lines and eight previously established NSCLC lines revealed that,
consistent with previous observations (29, 31, 36), those cell lines
that harbor EGFR mutations are more likely to be sensitive ta
gefitinib than are those without such mutations. Not all EGFR
mutant cell lines (e, HI650 and H1975) are sensitive to this
EGFR-TKI, however, suggesting the existence of additional deter-
minants of gefitinib sensitivity. In addition to the L858R mutation
in exon 21 of EGFR, H1975 celis contain the T790M mutation in
exon 20, which has been shown to confer resistance to EGFR-TKIs
(38, 39). H1650 cells, which dao not harbor mutations in £GFR other
than the exon 19 deletion, manifest loss of the tumor suppressor
phosphatase and tensin homologue deleted on chromosome 10
(37), which may result in resistance to EGFR-TKIs. EGFR ampli-
fication in NSCLC cells has also been shown to correlate with a
better response to gefitinib {22, 25-27). Given that little is known
of the relation between EGFR mutation and amplification in
NSCLC, we examined the 16 NSCLC cell lines used in this study for
EGFR amplification by FISH. Four of the six cell lines with EGFR
mutations were found Lo be positive for gene amplification,
whereas none of the 10 mutation-negative cell lines manifested
EGFR amplification. This finding thus suggests that FGFR mutation
and amplification are linked. Cappuzzo et al. showed that 6 of 9
(67%) NSCLC patients with EGFR amplification also had EGFR
mutations (23}, Furthermore, Takano et al. sequenced EGFR and
determined the EGFR copy number by real-time PCR analysis for
the tumors of 66 NSCLC patients (22); all of the patients with a high
EGFR copy number (26.0 per cell} also had EGFR mutations.
Moreover, PCR analysis revealed selective amplification of the
mutant EGFR alleles in the patients with a high EGFR copy
number. Our sequencing electrophorelograms for the EGFR
mutant cell lines positive for £GFR amplification also revealed
that the mutant signals were dominant, and the wild-type sequence
was barely detectable (Fig. 1), indicative of selective amplification
of the mutant alleles. We used the recently proposed definition of
EGFR amplification as determined by FISH (285, 27} and found that
the pattern of gene amplification seemed to be dependent on the

Wild type ExiY del L8s8R
Mutation - + + +
Amplification - + +
A549 PC-9 Ma-1 KT-2 KT-4
Figure 5. Phosphorylation of She in EGF

NSCLC celf lines. Serum-deprived cells
were incubated for 15 min in the absence
or presence of EGF (100 ng/mL), after
which cell lysates (40 ug of protein) were
subjected to immunoblot analysis with
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anfibodies to phosphorylated She (pShc) pShe _ 1k
or total She. Representative of three 52 kba
independent experiments, 46 kDa
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EGF Figure 6. Mechanism of constitutive
activation of EGFR in NSCLC celi lines,
V068 A, effect of neutralizing antibodies
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type of EGFR mutation; gene clusters were observed in cells with
the L858R mutation in exon 21, whereas an EGFR/chromosome
copy number ratio of 22 was detected in those with the small
deletion [del(E746-A750)] in exon 19, Together, these data support
the notion that EGFR mutation and amplification may be co-
selected for during the growth of NSCLC cells. The four cell
lines (PC-9, Ma-I, KT-2, and KT-4) positive for hoth EGFR
mutation and amplification were sensitive to gefitinib, suggesting
that EGFR amplification may increase sensitivity to gefitinib in
EGFR mutant cells.

Previous biochemical studies of cells transiently transfected with
vectors for wild-type or mutant forms of EGFR suggested that
EGFR mutations increase EGF-dependent receptor activation
(15, 30). Infection of NIH 3T3 cells with a retrovirus encoding
EGFR mutants showed that the mutant receptors are constitutively
activated and able to induce cell transformation in the absence
of exogenous EGF (32). We examined the activation status of
endogenous EGFRs in the six NSCLC cell lines that harbor EGFR
mutations. The H1650, PC-9, and Ma-1 cell lings, all of which
harbor the same exon 19 deletion, showed different patterns of
EGFR autophosphorylation in the COOH-terminal region of the
protein. EGFR autophosphorylation was ligand dependent in
H1650 cells, which are negative for EGFR amplification, whereas
Y1068 {but not Y845 and Y1173) was constitutively phosphorylated
in PC-9 and Ma-1 cells, both of which manifest EGFR amplification.
These results suggest that both EGFR mutation and amplification
may be required for constitutive activation of EGFR in NSCLC cells
that harbor the exon 19 deletion. In contrast, NSCLC cell lines
(H1975, KT-2, and KT-4) that harbor the L858R mutation exhibited
constitutive phospherylation of EGFR at Y845, Y1068, and Y1178,
regardless of the absence or presence of EGFR amplification. It is
thought that EGFR mutations result in repositioning of critical

residues surrounding the ATP-binding cleft of the tyrosine kinase
domain of the receptor and thereby stabilize the interactions with
ATP and EGF-FKIs, leading to increased tyrosine kinasc aclivity
and EGFR-TKI sensitivity (15, 23, 24). The differential activation
of EGFR mutants observed in the present stidy may result from
distinct conformational changes within the catalytic pocket caused
by the different types of EGFR mutation. NSCLC patients with
exon 19 deletions were recently shown to manifest [onger overall
survival than did those with the exon 21 point mutation after
treatment with EGFR-TKIs, supporting the notion that the bwo
major types of mutant receptors have different biological
properties (46, 47).

Ligand-induced receptor dimerization underlies the activation
of receptor tyrosine kinases {4, 5). Chemical cross-linking revealed
that EGF binding to EGFR induced receptor dimerization in
Ab49 cells, which express only the wild-type form of the receptor.
In contrast, endogenous EGFRs in NSCLC cells harboring either
the exon 19 deletion or the point mutation in exon 2@ of
EGFR were found to dimerize in the absence of ligand, suggesting
that the constitutive activation of the mutant receptors is attri-
butable to ligand-independent dimerization. EGFR dimerization
was shown to be induced by interaction of quinazolines with
the ATP-binding site of the receptor in the absence of ligand
binding, suggesting that a change in conformation around the
ATP-binding pocket of EGFR is sufficient for receptor dimeriza-
tion (35). Conformational changes induced by EGFR mutations
may therefore also trigger EGFR dimerization in EGFR mutant
cells.

In conclusion, we have found that EGFR mutation is closely
associated with EGFR amplification in NSCLC cell lines. Endoge-
nous EGFRs expressed in NSCLC cells positive for both EGFR
mutation and amplification are constitutively activated as a result
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of ligand-independent dimerization. Cells with the two most
common types of 5GFR mutation alsc manifest different patterns
of EGFR autophosphorylation. Prospective studies are required to
determine the potential for exploitation of these EGFR alterations

in the treatment of advanced NSCLC.
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Phase II Study of Etoposide and Cisplatin With Concurrent
Twice-Daily Thoracic Radiotherapy Followed by Irinotecan
and Cisplatin in Patients With Limited-Disease Small-Cell
Lung Cancer: West Japan Thoracic Oncology Group 9902

Hiroshi Suita, Yoshiki Takada, Yukito Ichinose, Kenji Epuchi, Shinzoh Kudoh, Kaoru Matsui,
Kuozuhiko Nukagewa, Minoru Takaelo, Shunichi Negoro, Kenji Tamura, Masahiko Ando, Takuhito Tada,
and Masahiro Fukuoka

Purpose

Wepinitially conducted a randomized phase |l study to compare irinctecan and cispiatin (iP) versus
irinotecan, cisplatin, and etoposide (IPE) after etoposide and cisplatin {EP) with concurrent
twice-daily thoracic radiotherapy (TRT) in limited-disease small-celi lung cancer [LD-SCLC). We
amended the protocol 1o evaluate P after EP with concurrent twice-daily TRT in a single-arm phase
i study because of an unacceptable toxicity in 1PE.

Patients and Methods

Previously untreated patients with LD-SCLC were treated intravenously with etoposide 100
mg/m? on days 1 threugh 3 and cisplatin 80 mg/m? on day 1 with concurrent twice-daily TRT (1.5
Gy per fraction, a total dose of 45 Gy) beginning on day 2 followed by three cycles of irinotecan
60 mg/m? on days 1, 8, and 15 and cisplatin 80 mg/m?® on day 1 of & 4-week cycle.

Resuits

Of the 51 patients enrolled, 49 patients were assessable for response and toxicity. The overall
response rate and complste response rate were 88% and 41%, respactively. The median survival
time for all patients was 23 monihs. The 2-year and 3-year survival rates were 49% and 29.7%,
respectively. The median progression-free survival was 11.8 months. The major toxicities
chserved were neutropenia {grade 4, 84%), febrile neutropenia (grade 3, 31%), infection (grade 3
to 4, 33%), electrolytes imbalance (grade 3 to 4, 20%), and diarrhea (grade 3 to 4, 14%).

Conclusion
EP with concurrent twice-daily TRT followed by the consolidation of IP appears to be an active
regimen which deserves further phase Il testing in patients with LD-SCLC.

J Clin Oncol 24:5247-5252. © 2006 by American Society of Clinical Oncology

SCLC. Hawever, the 5-year survival rate is less than
30%, and most patients experience a relapse of the

Small-cell lung cancer {SCLC), which accounts for
approximately 15% of all lung cancer cases, is clini-
cally categorized as the two stages, limited disease
angd extensive disease. Two meta-analyses have
shown the combined modality of chemotherapy
and thoracic radiotherapy {TRT) to improve the
survival of patients with imited-disease (LD-) SCLC
in comparison to chemotherapy alone.'” The
schedule, dose, and fractionation of TRT have pre-
viously been examined in patients with LD-SCLC
in several randomized controlled studies.™” On the
basis of the results of these studies, etoposide and
cisplatin (EP) with concurrent twice-daily TRT is
currently a standard care for the treatment for LD-

primary tumor or distant metastasis.>® To further
improve the therapeutic efficacy, one approach is to
develop a new chemoradiotherapy regimen incor-
porating with a novel active agent.

Irinotecan hydrochloride, a camptothecin de-
rivative, is among the most active chemotherapeutic
agents against SCL.C with a response rate of 37%asa
single agent.” A randomized phase 111 study revealed
that irinotecan and cisplatin (IP) was superior to EP
in patients with extensive-disesse SCLC (ED-
SCLC).? However, the role of IP in the treatment of
1.ID-5CLC remains to be defined. To dlarify the role
of this combination regimen in LD-SCLC, we ini-
tially conducted a randomized phase I study to
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compare two consolidation chemotherapy regirmens, 1P versus irino-
tecan, cisplatin and etoposide (IPE), after EP with concurrent twice-
daily TRT in LD-SCLC.'® However, EP with concurrent twice-daily
TRT followed by IPE was not feasible because of unacceptable toxicity
including grade 4 nentropenia (92%), grade 4 diarrhea {25%), grade 4
infection (25%) and one treatment-related death. We therefore
amended the protocol to evaluate EP with concurrent twice-daily TRT
followed by consolidation therapy with IP in a single-arm phase I
study and herein report the results of this study.

Eligibility Criteria

Patients with histologically or cytologically confirmed LD-SCLC (stage 1
disease was excluded) were eligible for this study. A limited stage was defined as
disease confined to one hemithorax, the mediastinum, and the bilateral supra-
clavicutar area. Cases with a small amount of pleural effusion and a negative
cytology were included in the limited-stage group. Other eligibility criteria
included the following: ne prior chemotherapy or radiotherapy; measurable
disease; Eastern Cooperative Oncology Group (ECOG) performance status of
0 to 2; age between 20 and 70 years; life expectancy of at least 3 months;
adequate baseline organ function defined as leukacyte count ranging from
4,000 to 12,000/mm™, hemoglobin concentration of at least 9.5 g/diL, platelet
countatleast 100,000/mm®, AST and ALT 2,0 the upper limit of the normal
range (ULN) or less, serun total bilirubin 1.5 my/dL or less, serun: creatinine
ULN or less, 24-hour creatinine clearance of at least 60 mL/min, and Pao, at
rest of at least 70 mmHg. The radiation portal should be equal or less than half
of one lung,

The patients were ineligible if they had the following criteria: interstitiaf
pneumonitis or pulmonary fibrosis; other respiratory diseases that precluded
TRT; malignant pleural effusion or malignant pericardial effusion; active con-
comitant or a recent (< 3 years) history of any malignancy; uncontrolled
angina pectoris, myocardial infarction less than 3 months belore the enroll-
ment or congestive heart failure; uncontrolled diabetes mellitus or hyperten-
sion; severe infection; intestinal paralysis or obstruction; pregnancy or
lactation; or other serious concomitant medical conditions. The study proto-
col wasapproved by each institutional review board for clinical use. All patients
gave their written informed consent before enroliment.

Study Evaluation

The pretreatment baseline evaluation included a complete medical his-
tory and physical examination, a CBC, blood chemistry studies, flexible bron-
choscapy, electrocardiography, chest radiography, compured tomography of
the chest, computed tomography or ultrasound study of the abdomer, com-
puted tomography or magnetic resonance imaging of the brain, bone scintig-
raphy and bone marrow aspiration with or without biopsy. A CBC and blood
chemistry studies were repeated every week. At the end of the study, all of these
studies except for flexible bronchoscopy and bone marrow aspiration were
repeated unless the patient had stable or progressive disease.

Treatment Schedule

The patients initially received induction chemoradiotherapy consisting
of etoposide 100 mg/m? on day 1 through 3 and cisplatin 80 mg/m? on day 1
with concurrent twice-daily TRT. After the induction chemoradiotherapy, the
patients received three cycles of consolidation chemotherapy consisting of
irinotecan 60 mg/m” on days L, §, and 15 and dsplatin 60 mg/m?® on days 1.
Consolidation chemotherapy was repeated every 4 weeks for three cycles.

The first cycle of consolidation chemotherapy was begun 4 week after the
initiation of induction chemoradiotherapy if the leukocyte count was at least
4,000/mm”; the platelet count was at least 100,000/mm™; AST and ALT 2.0%
ULN or less; serum bilirubin 1.5 mg/dL or less; senum creatinine of ULN or
less; the patient did not have fever (2 38°C), diarrhea within the past 24 hours,
or intestinal paralysis or obstruction; and Pao, of at least 70 mmHg. The
subsequent cycle of consolidation chemotherapy was repeated if the leukocyte

5248

count was at least 3,500/mum’; the platelet count was at least 100,000/mm®;
AST and ALT 2.0% ULN or less; serum bilirubin 1.5 mg/dL or less; serum
creatinine ULN or less; the patient did not have fever (= 38°C), diarrhea within
the past 24 hours, or intestinal paralysis or obstruction. The use of granulocyte
colony-stimulating factor {GCSF) was recommended after day 4. However, its
administration was withheld on the day of administration of irinotecan.
TRT was performed with 6 MV or higher photons from a linear acceler-
ator and began on day 2 of the induction chemoradiotherapy. Patients re-
ceived 1.5 Gy per fraction twice daily with atleast a 4-hour interval (preferably
a 6-hour interval or more} between each fraction over a 3-week periad (2 total
dose of 43 Gy). A radiation field included the primary tumor, the bilateral
mediastinal and ipsilateral hilar lymph nodes with a margin of 1.5 to 2.0 cm.
Radiation to the supraclavicular lymph nodes was administered only if they
were involved. The inferior border extended 5 cm below the carina or to alevel
including ipsilateral hilar structures, whichever was fower, After initial irradi-
ation with a dose of 30 Gy, off-cord (ie, the spinal cord was outside the fizld)
obligue boost fields were used. The radiation field in the afternoon was not
different from that in the morning. Computed tomography planning was not
required and lung density corrections were not performed. Prophylactic era-
nial irradiation (PCI} was administered to the patients achieving complete
response or good partial response with a total dose of 25 Gy in 10 fractions.

Dose Modification

Dose modification based on the toxicity of the induction chemoradio-
therapy was not allowed at the time of the first administration of 1P, [n each
cycle of P, irinotecan on day 8 or 15 was withheld if a leukocyte count of less
than 2,000/mm”* or a platelet count of tess than 50,000/trm® was determined,
or if a patient had fever (= 38°C) or grade 2 or higher hepatotoxicity ar any
diarrhea within the last 24 hours or intestinal paralysis or cbstruction, Tn the
second and the third cycle of consolidution chemotherapy, the dose modifica-
tion was made as follows. If a leukocyte nadir count of fess than 1,000/mm? or
a neutrophil nadir count of less than 500/mm* for 3 or more days or if felrile
neutrapenia developed or if a platelet nadir count of less than 23,000/n3m™ was
observed or if grade 2 hepatotoxicity or diarrhea was vbserved, irinotecan was
decreased by 10 mg/m® in the subsequent cycle, if grade 2 or lower renal
toxicity was observed during the previous course of treatment, only cisplatin
decreased by 25%, if grade 3 or higher nonhernatologic toxicity (excluding
nausea, vomiting, and hair loss) developed, then cisplatin decreased by 25%
and irinotecan decreased by 1¢ rng/m* in the fullowing cycle. The patients were
removed from the study if the follawing toxicities were observed: grade 4
diarrhea; grade 3 or higher renal toxicity or creatinine of at least 2.0 mg/dL;
grade 3 or higher hepatotoxicity; grade 2 or higher pulmonary toxicity or Pao,
at rest less than 60 mmHg.

Evaluation

The Response Evaluation Criteria in Solid Tumors (RECIST) were
used for the response assessment.’ ' Toxicity was evaluated according to the
Nativnal Cancer Institute—Common Toxicity Criteria (version 2.0). An
extramural review was conducted to validate the eligibility of the patients,
staging, and response.

Stiatistical Analysis

The primary end point of this study was the 2-year survival rate. We
calculated the sample size based on Fleming's single-stage design of the phase 11
study.'* We seta 2-year survival rate of 359 as a basefine survival rate and 20%
as the high level of interest with a power 0f0.9 at a one-sided significance level
of .03, requiring an accrual of 53 eligible patients, The study was initially begun
as a randomized phase I1 study to cornpare two consolidation arms, namely [P
versus IPE after concurrent chemoradiotherapy. Because of the unacceptable
toxicity in the triplet regimen, the study was modified to a single-arm phase II
study to evaluate TP after EP with concurrent TRTand 1} patientsin the [Parm
were included in the analysis of this study.

The duration of survival was measured from the day of entry onto the
study, and the overall survival curve and progression-free survival curve were
calculated aceording to the method of Kaplan and Meier.™
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