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Growth curves of SNU-1 cells when incubated with (open circles, solid tiangles) and without (solid circles) drug treatment: LOHP (A}, 5-FU (B},
PTX (C} and gefitinib (D). Cells were treated at two ditferent concentrations near the 1Cgo (open circles) and the |Cgp {solid triangles). The
concentrations were: 0.75 and 7.55 uM for LOHP, 9 and 65 uM for 6-FU, 2.5 and 10nM for PTX, and 13 and 38 uM for gefitinib, For cell number
counting, cells were harvested by resuspending in medium and counted using a Coulter counter. Trypan blus exclusion was used for the

determination of viable cell fraction.

cycle arrest effects contributes significantly to the overall
growth inhibition induced by LOHP and PTX.

Cell cycle arrest effect with single drug treatment

The cell cycle arrest effect of the four agents was studied
following a single drug exposure at two different
concentrations for 72h, i.e. around ICso and ICg as
determined from the MTT dose-response curves. For
LOHP, exposure to ICsq level concentrations, 0.75puM
did not induce significant changes in the cell cycle
distribution (Fig. 3). When exposed to ICgo level
concentrations, 7.55 uM of LOHP showed a moderate §
phase decrease and G,/M phase increase. Exposure to 5-
FU (9 and 65 uM) resulted in an S phase increase along
with Go/M phase decreases in a concentration dependent
manner: the cell cycle change following 5-FU treatment
at the higher concentration (ICgy) was more pronounced.
For LOHP and 5-FU, the sub-G; population, representa-
tive of cells that had undergone apoptosis, increased with
time- and concentration-dependent manner. For PTX,
cell cycle effect was dependent on drug concentration. At
ICso (2.5nM), the number of cells in G, phase decreased
with rapid accumulation of cells in sub-G; phase. At

10 nM, however, most cells were blocked in Go/M phase
{69.5 + 0.8%) and a parallel decrease of the G, population
was cbserved at 24 h, and a significant increase of the sub-
G; population (27.4+0.4%) and polyploid cells with
= 4n at T2h. Gefitinib (13 and 38 uM) also showed a
concentration dependent pattern of G, phase cell cycle
arrest. The sub-G; population was induced after 72h
exposure at [Csy concentration (12.5+1.6%) and in-
creased to 52% after 72 h exposure at the concentration of
38 uM.

Evaluation of synergism

We evaluated the synergistic interaction between the
cytotoxic agents, LOHP, 5-FU or PTX, and the cytostatic
agent, gefitinib. All combinations were given at equitoxic
ratios at the 50% inhibition levels of each drug, i.e. IGs; of
drug A:lCse of drug B. The dose-response curves arc
shown in Fig. 4 and the CI, values calculated for
0.2 <f, < 0.8 (i.e. 20 < x < 80) are shown in Fig. 5. CI,
values for the combination LOHP + gefitinib varied with
f.: Cl, decreased from 1.74 at f, = 0.2 to 0.67 at £, = 0.8.
In the clinically relevant range of f, = 0.5, hence,
LOHP + gefitinib was considered to be synergistic to
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Cell cycle distribution and apoptosis induction during simultaneous treatment with PTX and gefitinib in SNU-1 cells. The drug concentrations used
were 0.6 nM PTX+4 uM ([Csaf or 1.25 nM PTX 4 8.5 uM gefitinib (ICgs). (A} Representative histograms are shown for 24 and 72 h post-treatment
with the percentage of cells in the sub-G; phase. At predetermined times following drug exposuire, cells were harvested, fixed, stained with

propidium iodide {Pl} and analyzed by flow cytometry, (B) The bivariate analysis of DNA content and apoptesis in cells exposed to the indicated drug
treatment for 72 h. Cells were treated for 72 h and processed for the double staining of TUNEL/PI and analyzed by flow cytometry. Solid box: TUNEL-
negative necrotic cells; gray box: TUNEL-positive apoptotic cells. Statistical analysis: sum of PTX and gefitinib alone versus combination: p<0.05.

demonstrated in a wide range of human cancer cell lines,
and the reported [Csgs of gefitinib vary by cell line and by
the assay method used. A soft agar colony assay showed an
ICsp range of 0.05-2.5uM for gefitinib in breast, colon
and gastric cancer cells [8,21]. On the other hand, an ICsq
range of 6-30 pM was reported in human head/neck and
colon cancer cells by MTT {22,23]. Our results on the
antitumor activity of gefitinib in SNU-1 cells are
comparable with those obrained using the same viability
assay method, i.e. MTT (Table 1).

A few studies have demonstrated an inverse correlation
between growth 1Csp and EGFR expression level [22],
whereas contradictory data have been reported by others
[7]. SNU-1 cells express moderate levels of EGFR, which
may explain its moderate ICsy compared to other studies,

which used highly overexpressing cell lines, such as A431.
The EGFR signaling pathway involves the zctivation of
several nuclear proteins, including cyclin Dy, via the
activation of rar and mitogen-activated protein kinase
[21]. Since EGFR activates cyclin Dy, and cyclin Dy is
required for cell eycle progression from G, to the S phase,
EGFR signaling is critical for cell proliferation and its
inhibition causes G, arrest in human cancer cells [21].
Qur results also demonstrate that the inhibition of EGFR
signaling by gefitinib induces G, arrest in human gastric
cancer cells in 2 concentration dependent manner (Fig. 3).

In common with other cytostatic agents, gefitinib is
expected to be a good candidate for combination
regimens with cytotoxic agents. The combination of
gefitinib + PTX has been shown to induce dose-depen-
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dent cooperative growth inhibition and the potentiation
of apoptosis iz wvitre [8,21], and to induce complete
regression in some human tumor xenograft models [7)].
Gefitinib + LOHP has been found to be supra-additive in
human ovarian, breast and colon cells [14,24]. The
sequence-dependent synergy appeared to be cell-line
specific, i.e. gefitinib followed by cisplatin/5-FU was
synergistic in head/neck cell cancer cell line [22],
whereas gefirinib followed by oxaliplatin was antagonistic
in human colon cancer cell line [25). The simultaneous
exposure was additive to synergistic in both studies,
hence, the simultaneous schedule was to chosen to
evaluate the synergy in the present study. We did not
evaluate the sequence-dependent interactions because
SNU-1 cells grow as a suspension and, hence, are not
suitable for such experiments. The sequence dependency
should be investigated using another human gastric
cancer cell line.

In the present study, CI, was calculated for the range of
0.2 <f, £0.8 (Fig. 5), but the combination effect on cell
cycle distribution and apoptosis induction was evaluated
for the range of f, = 0.5, i.e. at ICsy and ICy, levels
(Fig. 6). Considering the fact that the maximum effect is
needed in the clinical situation, it should be more
relevant to focus on the effect above 1Cso level [22].
Preclinical studies (especially, animal models) commonty
use lower doses of chemotherapy to cobserve greater
synergy; however, this often do not translate to the clinic,
where maximum therapeutic doses are used [26].

In our study, the potentiation of antitumor activity was
greatest for PTX + gefitinib, which had the lowest Clsg
value among the three combinations and moreover the
resistant fraction in the PTX single treatment was
completely abrogated {Figs 4 and 5). LOHP + gefitinib
is also a promising combination regimen because it
produced a very similar level of synergism to PTX + ge-
fitinib at f, = 0.8 and additive effects at the f, = 0.5 level.
Gefitinib combined with PTX resulted in enhanced drug-
induced apoptosis (Fig. 6). It is conceivable that the
cytotoxicity of PTX is potentiated by the effective
inhibition of survival signals upregulated by the EGFR
signal network. The elucidation of the mechanism of this
interaction requires further investigation.

Results of phase III lung trials for gefitinib + cytoroxics
were disappointing and can be attributed to many factors
including the following: (i) due to the lack of correlation
between the apparent expression of EGFR and sensitiv-
ity, the responding phenotype was not known and patient
selection could not be made, (ii} it is believed that triplet
regimen of conventional chemotherapy are not superior to
doublets in non-small cell lung cancer, and (iii) patients
(in IDEAL phase II trials) who were already heavily
treated with, and refractory to, chemotherapy may have

been more sensitive to the inhibition of the EGFR
pathway by gefitinib [27]. Despite the negative results of
phase III lung trials, the rationales for studying the
combination of gefitinib with cytotoxics in gastric cancers
are 3-fold. (i) EGFR levels were associated with poor
prognosis in gastric cancer patients [28,29], (ii) gefitinib
is given orally, hence, higher drug concentration can be
obtained in the gastric tissues and (iii) gastric cancers are
relatively easy for biopsy study through which the
responding phenotype can be identified.

In summary, the present study demonstrates that the
antitumor activity of gefitinib, against human gastric
carcinoma cells, is accompanied by significant cell cycle
arrest and apoptosis. We also found that the antiproli-
ferative effects of the cytotoxic drugs, LOHP and PTX,
could be greatly enhanced when combined with gefirinib.
The suppression of growth by gefitinib may be of clinical
importance as the prolonged administration of orally
active gefitinib could offer long-term control of gastric
tumor growth and metastasis, This study provides
preclinical data supporting the clinical development of
gefitinib and its use in combination with PTX or LOHP
against MMR-deficient human gastric cancers that
express EGFR. Moreover, this study shows that gefitinib
warrants further evaluation vis-g-vés tts use in other gastric
cancer cells/tumors.
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Correlative studies at the National Cancer Center
Hospital

Molecular correlative studies are essential for the development of anti-
cancer molecular target drugs. One of the major purposes of a correlative
study is “proof of principle” (POP). However, clinical POP studies for small
molecules are usually more difficult to complete than POP studies for antj-
bodies', A '

Since 2001, the National Cancer Center Hospital (Tokyo, Japan) has been
operating as a laboratory for translational studies to develop molecular cor-
relative studies. The laboratory members consist of medical oncologists, basic
researchers, CRC research fellows, invited researchers from abroad, tech-
nicians, and statisticians. The laboratory is located next to the phase I wards
in the hospital, enabling more than ten rmolecular correlative studies to be
simultaneounsly performed. New clinical samples can be quickly obtained
from patients (including outpatients), prepared for storage, and stored in the
laboratory. The medical doctors warking in the laboratory are often research
fellows supported by government grants, since these individuals are often
interested in this kind of research.

The location of the laboratory also gives medical oncologists the oppor-
tunity to frequently communicate with research members. The significance
of study endpoints, study designs, technical and statistical information, and
feasibility are frequently discussed, especially among young medical
oncologists and researchers. As a result, young oncologists and researcli-
ers often collaborate in the proposal of new molecular correlative studies.,
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The major activities of the laboratory are pharmacokinetics or phar-
macodynamics studies for early clinical studies (PI and PII) and reverse
translational stadies. Tissue banking and quality control are two of the
most important activities. Part of the clinical sample testing is per-
formed in collaboration with the CRO,

Gene expression profiles

Gene cxpression arrays (DNA chips) have already been used in clini-
cal studies to predict response and in POP studies. Many kinds of DNA
chips are now available. Oligonucleotide arrays containing more than
40,000 genes have recently become popular. These. ¢hips can be used
differentially, depending upon the study’s purpose. Before clinical use,
however, an array’s quality (linearity and reproducibility) should be
determined in preclinical studies. At our center, the quality of each
array is evaluated and expressed as the Pearson’s product-moinent co-
efficient of correlation. Based on the validated quality of the ¢DNA,
protocols based on “experienced designs” are then established.

In clinical settings, sample quality and feasibility are often major
limitations in the design ol new studies. To maintain the quality of
clinical samples, a system for sample flow has been established. First
the purity of the nucleotides must be carefully examined. Purification
methiods largely depend on the tumor types. For example, brain tumors
comtain large amounts of carbohydrate chains, lung cancer samples are
sometimes very hard, and breast cancer biopsy samples are lipid rich:
These sample characteristics influence purification quality and efficiency.

After the gene expression profiles have been obtained for each sam-
ples, the data is analyzed using standardization, clustering, statistical
analysis, and validation methods. Statistical and biological validation is
essential. Tdeally, clinical cross-validation studies should be performect
for independent clinical studies. On the other hand, biomarkers can be
validated in the same clinical study uvsing the “leave-one out” method.
The endpoint of these correlative studies is uvsually the selection of
biomarkers for predicting responsc o toxicity. For such cndpoints, the
quality of the clinical study itself is also very important.

We have also used another endpoint in carly clinical studies. We
compared the clinical samples obtained before and after treatment. Analysis
of gene alterations after treatment can be utilized for POP. We com-
pleted these correlative studies as part of clinteal studies for multitarget
tyrosine kinase inhibitors, Farnesyl transferase inhtbitor, and cytotoxic
drugs.

For hiological confirmation, we vsually perform (semi-)quantitative
RT-PCR or tmununostaining. However, we reccntly discovered that
“pathway analysis™ Is a powerful method for improving our understand-
ing of the alteration of geaes related Lo biological signal transduction
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pathways. For the analysis of (ranscription factors, “network wnaiysis™
can be used to identify the signaling pathways of the transcription fac-
Lo1s.

Correlative Study for TKI1 vsing New Array

We have scveral developed new arrays in collaboration with
biocompanics as followss.

Fiber Array To differentially identify the isotypes of target genes,
such as beta-tubulin, we have developed a customized, highly quanti-
tative “fiber array” for “antimitotic inhibitors”. We will analyze the
isotype-specific expression profile of beta-tubulin using this array.

Genoz) wing Array Reccntly, the EGFR mutation has become an exciting
topic in research on lyrosine kinase inhibitors (TII). Mutation analysis
is now essential for any cmrt,lauve studies for TKI. Patients with tumors
containing the EGFR mutation in different exons are thought to have
different responses to TKI*?. Whole exon (and intron) analysis can now
be performed using the chip technology available in our Iaboratory.
Additional mutations after treatment are also generating interest with
regard to their role in acquired resistance to TKI.

Arrays for proteins Protcomics technology has been developed and
successfully vsed to identify biomarkers for target-based drugs in a few
clinical studies. Additional approaches, such as antibody arrays and
“power blots”, especially those using phospho-specific antibodies, should
enable us to perform “kinome” analyses. Thus, these protein analysis
technologies are now powerful tools for research on tyrosine kinase
inhibitors.
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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 hnRNP L as a candidate protein of DARP
(duocarmycin-DNA adduct recognizing protein) by gel shift
assay and amino acid sequencing. Stable transfectants of
hnRNP L showed high sensitivity of the cells to the growth
inhibitory effect of KW-2189, a duocarmycin derivative in
vitre. Imnmunostaining 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 Lis 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
lung cancer.
© 2003 Wiley-Liss, Ine.

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

Heterogeneous nuclear ribonucleoproteins (hnRNPs) participate
in a variety of processes involving RNA, including transeription,
splicing, processing, translation and turnever, 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 cytoplasric hnRNP L spe-
cifically interacts with VEGF mRNA in hypoxic cells in vivo,
regulates VEGF mRNA stability* 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 antitemor antibiotic
duccarmycin (DUM),5-8 and DUM and its derivatives have been
reported to exert their anti-tumor activity through covalent binding
to the DNA minor groove and inhibition of DNA synthesis. We
identified previously a nuclear protein DARP (duocarmycin-DNA
adduct recognizing protein) in human cervical carcinoma HelLz 53
cells.? We purified the DARP from nuclear extract of HelLa $3 and
its amino acid sequence was identical to hnRNP L. We investi-
gated this, particularly in cancer cells.

MATERIAL AND METHODS
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,
Gaithersburg, MD). Murine fibroblast cell line NIH3T3 and sub-
lines (including c¢DNA 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 knRNP L (4D11) was
generously provided by Dr. G. Dreyfuss (University of Pennsyl-
vania, Philadelphia).

Cell extracts

Cells were washed twice with cold PBS and lysed in buffer (10
mM Tris-HC! pH 7.8, 1% Nonidet P-40, 0.15 M NaCl, 1 mM
EDTA, 10 pg/ml aprotinin, 0.5 pg/ml leupeptin, 1 mM phenyl-
methane-sulfonyl fluoride [FMSF], 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, Rockdord, IL).

SBC-3, PC-14 and H69 cells were lysed in buffer A containing
10 mM HEPES-KOH (pH 7.9), 10 mM KCl, 0.1 mM EDTA-
NaCH (pH 8.0), 0.1 mM ethyleneglycol bis(2-aminocthyl 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 after allowing to stand on ice for 15
min. The supernatant obtained by centrifugation at 7,000 for 30
sec after standing on ice for 5 min was collected as the cytoplasmic
fraction. The pellet was resuspended with buffer A containing 0.25
M sucrose, and after buffer B* (buffer A containing 0.6 M sucrose)
was added, the solution was centrifuged at 5,000g for | min at 4°C.
The nuclei, which were contained in the pellet, were sonicated in
buffer C containing 20 mM HEPES-KOH (pH 7.9), 0.4 M NaCl,
1 mM EDTA-NaCOH (pH 8.0), 1 mM EGTA, 1 mM DTT and |
mM PMSF, and then rocked at 4°C for 30 min and centrifuged at
8,000g for 10 min. The supernatant was used &s 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 soaked in 100% methanol and then washed with
TBST. After blocking the membrane in 5% skim milk in TBST for
I hr at room temperature, it was probed with anti-hnRNP L
antibody diluted (1:500) in TBST with 1% skim milk for 1 hr at
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FiGure 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 EGFP. Ten plasmids containing various parts of
knRNP L were constructed. The restriction sites used to generate
deletion mutants are indicated.
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Ficure 2 - Purification of DARP, (@) SDS-PAGE analysis of
DEAE-scphacel] fractions, Lane I, 0.15 M KCl eluate; Lane 2,02 M
KCl eluate; Lane 3, 0.25 M KCl eluate. (b) Gel mobility shift assay of
DEAE-sephacel fractions. Lane 1, 0.15 M KCl eluate; Lane 2, 0.2 M KCl
eluate; Lane 3, 0.25 M KCl eluate. The oligenucleotides used as a probe
contains the 5'-ATTA-3’ sequence recogrized by DUMSA (5'-GATC-
CGGGATTACGATCGGGAGTCCCAGATTACGGCACCT-3'). The

duplex oligonucleotides 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 diluted (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 amino acid sequencing

Purification of DARP was conducted as described previously.?
DARP was detected by its ability to bind to DUMSA (one of
DUMSs)-DNA adduct in gel shift assays. Nuclear and cytoplasmic
extracts from Hel.a 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 KCI) to give the
small amount of purified DARP. Protein concentrations were es-
timated using Bio-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 hnRNP 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 hnRNP L protein.
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FiGure 4 — Expression of hnRNP 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
probed with anti-haRNP L antibody. (5) Northern blotting was carried
out with the 1030 bp fragment from hnRNP L ¢DNA as the probe,

0.1 M Tris-HCI (pH 9.0}, 4 M urea at 37°C for 16 hr. The resulting
peptides were isolated by reversed phase HPLC on a RPC C2/C18
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 oligonuclectide (1 jug) was incubated with cell extract
(final protein concentration, 20 pg/pl) at 30°C for 30 min in the
presence of 2 pg of poly[dIdC]poly[dIdC] and 1 pg of BSA,
except where stated, in a final volume of 15 pl 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 Hel.z 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 coupled
at the Bel I site. Subsequently, a fragment including hnRNP L was
digested from the plasmid with Not T, and it was informed into the
Not I site of the pR¢/CMV vector. After confirming its sequence,
this expression vector, pRe/CMYV, containing ¢cDNA of nRNP L,
was transfected into NIH3T3 cells with the Lipofectin reagent
(Gibco BRL) according to the manufacturer's instructions. After
48 hr incubation, 1.5 mg/m! of G418 (Sigma) was added. Cells
resistant to neomycin 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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FiGure 5 — Effect of hnRNP L on drug sensi-
tivity. (a) Expression of hnRNP L mRNA in
stable transfectants. Fw3 and Fw9 were chosen 0
for the sensitivity tests. (b) MTT assay (KW-

2189), C4 mock (@), Fw3 (H), Fw9 (O0).

GEN reagent. RNA (12 jug) was electrophoresed and transferred to
a positively charged nylon membrane (Hybond-N+). The 1030 bp
fragment of haRNP L ¢DNA was labeled with [0*2P]-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 overnight 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, [ X SSC, 0.1% SDS,
for 1 hr at 42°C, and 0.2X $8C, 0.1% SDS, at 42°C for ! hr. A
BAS imaging plate (Fuji Photo Film Co. Ltd., Kanagawa, Japan)
was exposed to the filter for 2 hr, and relative band intensities were
measured with a BAS 2000 system (Fuji).

Growth-inhibition assay

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

T
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. After Step 2 each washing was carried out for 5
min, The slides were mounted with 90% glycerol in PBS and exam-
ined with a fluorescence microscope (Nikon, Tokyo, Japan), equipped
with fluorescein isothiocyanate filter set B-2A (Nikon).

EGFP-hnRNP L deletion mutants

pRc¢/CMYV containing the 14—1718 fragment of nRNP L cDNA
(2033bp) was constructed as described above. After digesting the
plasmid with Sacll and BamHI, and the resulting fragment was
introduced into the SacI/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 after extracting the 570 bp and 1023 bp
fragments with a QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany), each fragment was inserted into the BglI site of the
pEGFP-C2 and -C3 vectors to generate Constructs 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-hnRNP L was digested with Kpal,
and it self-ligated to generate Construct 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 vectors to 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/fwell of plasmid
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Ficure 6 — Immunochemical staining of hnRNP L in human lung cancer cells, (a) Immuncchemical cell staining was carried out using
anti-hnRNP L antibody as the grimary antibody and fluorescent anti-mouse 1gG as the secondary antibody, (&) Intracellular localization of

hnRNP L. {c) Cells were classi

Ficure 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 mliwell of serum-free DMEM, 7.5 plfwell of 1
mM TransFast Reagent (Promega, Madison, WI) was added to the
mixture. After allowing the mixture to stand for 15 min at room
temperature, it was added to cells from which the growth medium was
removed. The cells were then incubated for 1 hr at 37°C, and 1
ml/well of complete growth medium was added to them. At 24 hr
after transfection, the cells were mounted on slides with aqueous
mounting medium and ¢xamined 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

ed into N (white column) or C (gray column) patterns. Three independent cell counts were carried out,

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 oligonuclectides (Fig, 2a). Coincubation
of duocarmycin-treated calf thymus DNA with the Iabeled
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 band in our previous study.®

The 60 kPa protein separated by SDS-PAGE was excised and
digested with lysyl endopeptidase. The resulting peptides were eluted,
separated by 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 using anti-
hnRNP L did not, however, show the supershift of the band induced
by anti-knRNP L (data not shown).

Expression of knRNP L

Western blot anralysis was carried out using a membrane con-
taining normal human tissue lysates from different organs. A 68
kDa band of hnRNP L was detected in total protein extracts from
brain and small 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. 4a). Northern blot
analysis confirmed the expression of hnRNP L at the mRNA, (~2
kbp) level in these cells (Fig. 45). In contradiction to our first result
that hnRNP L was not detected in normal lung tissue, the expres-
sion of hnRNP L in malignant cells seemed to increase.

Effect of hnRNP L on drug sensitivity

To evaluate the function of hnRNP L, hnRNP L ¢DNA was
transfected into NTH3T3 cells, and stable transfectant clones were
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Figure § — Effect of hnRINP L deletion on the
intracellular 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 (cytoplasmie local-
ization) at the right end indicate the results of
classification by the transfection study. (&) 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 to control 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 ICy, 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 (IC4,: 47 nM) (Fig. 5b). These results indicate
that hnRNP L enhances cell sensitivity to the growth inhibitory
effect of KW-2189 in vitro. We also examined the sensitivity of
the transfectants to cisplatin and mitormnycin C and no difference of
the sensitivity was observed between the transfectants and the
Mock cells (data not shown). The hnRNPs have been reported to
regulate both nuclear and cytoplasmic events, as described above,
and the intracellular 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-
hnRNP L antibody to determine the subcellular Jocalization of
haRNP L protein in human lung cancer cells (Fig, 6a). Based on
the results, the localization of hnRNP L cells could be classified
into two patterns: nuclear localization (N} and eytoplasmic Iocal-
ization (C) (Fig. 6b). As shown in Figure 6¢, the cytoplasmic
pattern was chserved frequently in SBC-3 and H62 cells, whereas

<]
OHDZZ0Z002Z2Z0

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
anti-hnRNP L antibody (Fig. 7). The results showed that hnRNP L
was expressed equally in the nucleus and cytoplasm of the SBC-3
and H69 cells, whereas it was expressed predominantly in the
nuclei of the PC-14 cells. These results are consistent with the
immunccytological 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.

Maotifs required for the intracellular localization of hnRNP L

It has been reported that hnRNP L is localized in the nucleo-
plasm of HeLa cells, except the nucleoli,!2 but the mechanism of
its localization remains unknown. To identify the motifs respon-
sible for the localization of haRNP L, we constructed an hnRNP L
deletion series fused to EGFP (Fig. 8a), transfected the constructs
into NIH3T3 cells, and examined them under a fluorescence mi-
croscope. As shown in Figure 85, EGFP protein itself was rather
evenly distributed throughout the cell, the cytoplasm and the
nucleus (Transfectant 1}. Full-length hnRNP L was present in the
nucleoplasm, except the nucleoli (Transfectant 2). Deletion mu-
tants containing the N-terminal portion of RRM1 or of RRM3
{Transfectants 3, 6, 8§ and 9) showed hnRNP L localization in the
rucleus. Transfectants 4, 5 and 7, containing the N-terminal por-
tion of RRM2 showed hnRNP L distributed through the cell,
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 ¢-Jun
and SV-40 large T antigen and one NES-like sequence that resembles
the NES sequences of PKI and Rev.

3 RRMs, hnRNP L was distributed throughout the cell, These results
indicate that the N-terminal portion of each RRM is required for
determination of the intracellular localization of hnRNP [ (Fig. 8a,
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 homology with the NLS sequences of ¢-Jun and $V40
large T antigen,'314 and the sequence rich in hydrophobic amino acids
showed high homology with the NES sequences of PKI!5 and Rev!s
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.
Sueoka et al.* demonstrated elevated expression of hnRNP Bl
mRNA in human lung cancer tissue, and hnRNP I and hnRNP K
mRNA have been reported in malignant glioblastoma and breast
cancer, respectively.21? We demonstrated expression of hnRNP L
in human lung cancer cell lines and high expression of hnRNP L
is presumably present in lung cancer tissue.

We reported previously that a nuclear protein in human cancer
cells binds to the DUM-DNA adduct. The protein, DARP, prefer-
entially bound to the DNA damage induced by DNA-alkylating
minor groove binders such as DUMs and CC-10635. Because the
amino acid sequence of DARP was identical to hnRNP 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 antitumor activity in a series of experimental
tumor models and entered clinical trials, KW-2189 was designed
as a prodrug to generate active species, DUBS, in tumor cells and
DARP bounds to the DNA induced by DU86 (unpublished re-
sults). Although KW-2189 alkylates DNA in vitro, only the DU86-
DNA adduct was detected in the human cells treated with KW-
2189.18.19 The transfection study demonstrated that hnRNP L
enhanced the cellular sensitivity to KW2189. As described previ-
ously, DARP did not recognize the DNA adducts of cisplatin and
mitomycin C in vitro.'® We show that when we examined the
transfectants for sensitivity to other DNA-damaging agents, i.e.,
the major groove binders mitemycin C and cisplatin {data not
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shown), ectopic hnRNP L expression had 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 hnRNP L facilitates transportation of the drug to the
nucleus, and 2) that hnRNP L increases the stability of the drug-
DNA adduct in a sequence-specific manner.

We have described the difference in intracellular localization of
hnRNP L in human lung cancer cell lines, Although there is a
report claiming that hnRNP 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 is 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 mRNP L distribution. We speculate that in the
case of hnRNP 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 haRNF 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 localization 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 hnRNP L, was localized in
the nucleus was observed after exposure of a small cell lung cancer
(SBC-3) cell line to KW-2189 (data not shown). Although this
result was not cbserved in the rest two ¢ell lines, it can support the
hypothesis that hnRNP L helps drugs to transport into nuclear and
invelves in cell sensitivity mentioned above.

To test the hypothesis that the differences in intracellular local-
ization in lung cancer cells are due to gene alterations, we com-
pared the hnRNP L ¢DNA sequences in these cell 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 hnRINPs has been reported and hnRNP
L is known to have a binding domain for interaction with other
hnRNPs (e.g., hnRNP T and hnRNP K),2! which are recognized to
have NLS. Based on this evidence, the differences in localization
of inRNP L in these cell lines might be due to changes in the
molecules that interact with hnRNP L, such as hnRNP [ or K. In
addition, the putative sites for regulation of localization signal in
hnRINP L that we found (25-31, 380-387 and 163-171) would be
involved in these interactions, Further studies should extend the
potentizl use of hnRNP L as a factor to assess semsitivity to
chemotherapy and candidate molecules for drug development. In
addition, expression of hnRNP L needs to be investigated in tissue
from lung cancer patients for therapeutic exploitation.

In summary, we have demonsirated the expression of hnRNP L
with different intracellular localization in human lung cancer cell
lines and that ectopic hnRNP L expression increases cellular
sensitivity to a minor groove binder.
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Epidermal growth factor receptor [EGFR (HERI, erbB1}]
is a receptor with associated tyrosine kinase activity, and is
expressed in colorectal cancers and many other solid tumors.
We examined the effect of the selective EGFR tyrosine ki-
nase inhibitor (EGFR-TKI) gefitinib (“Iressa”) in combination
with the DNA topolsomerase | inhibitor CPT-1 1 (irinotecan)
on human colorectal cancer cells. EGFR mRNA and protein
expression were detected by RT-PCR and immuncoblotting In
alt 7 colorectal cancer cell lines studied. Gefitinib inhibited
the cell growth of the cancer cell lines In vitro with an 1C,,
range of 1.2-160 pM by 3,4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) assay. Lovo cells ex-
hibited the highest ievel of protein and autophosphorylation
of EGFR and were the most sensitive to gefitinib. The com-
binatlon of gefitinib and CPT-11 induced supra-additive In-
hibitory effects in COLO320DM, WIDR and Lovo cells, as-
sessed by an in vitro MTT assay. Administration of gefitinib
and CPT-11 had a supra-additive Inhibitory effect on WIDR
cells and tumor shrinkage was observed In Lovo cell xeno-
grafts established In nude mice, whereas no additive effect of
combination therapy was observed in COLO320DM cells. To
elucidate the mechanisms of synergistic effects, the effect of
CPT-1l-exposure on phosphorylation of EGFR was examined
by immunoprecipitation. CPT-11 increased phosphorylation
of EGFRin Lovo and WiDR cells in time- and dose-dependent
manners. This EGFR activation was completely inhibited by 5
1M gefitinib and gefitinib-induced apoptosis was enhanced by
combination with CPT-11, measured by PARP activation
although no PARP activation was induced by 5 uM CPT-1!
alone. These results suggested that these modification of
EGFR by CPT-11, in Lovo cells, Is 2 possible mechanism for
the synergistic effect of CPT-11 and gefitinib. These findings
imply that the EGFR-TKI gefitinib and CPT-11 will be effec-
tive against colorectal tumor cells that express high levels of
EGFR, and support clinical evaluation of gefitinib in combi-
nation with CPT-11, in the treatment of colorectal cancers.
© 2003 Wiley-Liss, Inc.

Key words: combination; gefitinib; “Iressa™; colorectal cancer; iri-
notecan

Colorectal cancer is a major public health concern. Although
chemotherapy appears to be of very limited value in advanced
colorectal cancer, there have been many efforts to apply combi-
nation chemotherapy in patients with primary disease.!-

The combination of fluorouracil and leucoverin used to be
recognized as standard therapy for colorectal cancer, but the to-
poisomerase I inhibitor, irinotecan (CPT-11), has recently been
demonstrated to be active against colorectal cancer that was resis-
tant to prior therapy.* Moreover, the CPT-11/5-FU/LV combina-
tion has been approved as standard chemotherapy by the US FDA
for metastatic colorectal cancer.¢ However, patients treated with
CPT-11 plus bolus 5-FU/leucovorin have been found to have a
3-fold higher rate of treatment-induced or treatment-exacerbated
death than patients treated with other arms of the respective
studies.” We have therefore been seeking a new combination
regimen containing CPT-11 and target-based drugs.

The development of target-based drugs, including receptor ty-
rosine kinase inhibitors (TKI), is one of the promising strategies
for cancer chemotherapy.®# Colorectal cancers express receptors
of the type 1 tyrosine kinase family, including epidermal growth
factor receptor (EGFR) and c-erbB-2,'9-12 and the EGFR has
emerged as a central molecular target for medulation in cancer
therapeutics. The correlation between high expression of EGFR
and clinically aggressive malignant disease has made EGFR a
promising target of therapy for many epithelia! tumers, which
represent approximately 2/3 of all human cancers. In sclid cancers,
including colorectal cancers, high EGFR expression correlates
with poor prognosis.tl Gefitinib (“Iressa™) is an orally active,
selective EGFR-TKI that blocks signal transduction pathways in-
volved in the proliferation and survival of cancer cells and in other
host-dependent processes promoting cancer growth.!*14 In EGFR
tyrosine kinase assays, gefitinib has an ICsq of 0.033 puM. Inhibi-
tion of c-erbB-2 and KDR occurs at doses 100-fold higher than for
EGFR inhibition.!¥ We have previously demonstrated that ge-
fitinib exerts high growth-inhibitory activity against EGFR-posi-
tive tumors in a xenograft model,'s and gefitinib is therefore
expected to be a potent therapeutic agent against EGFR-positive
colorectal cancers. In recent years, it has been shown that the
combined treatment of established human colorectal cancer xeno-
graft with anti-EGFR drug (cetuximab or gefitinib) and with to-
poisomerase I inhibitor, topotecan, increase the antitumor activity
of thése drugs.1”18 The aim of the present study was to investigate
the combination effect of gefitinib and CPT-11 and to elucidate the
biochemical mechanism of synergistic interaction in colorectal
cancers.

MATERIAL AND METHODS

Drugs and chemicals

Gefitinib  {N-(3-chloro-4-flucrophenyl)-7-methoxy-6-[3-(mor-
pholin-4-yl)propoxy] quinazolin-4-amine) was provided by Astra-
Zeneca (Cheshire, UK). Gefitinib was dissolved in dimethyl sul-
foxide (DMSO) for the in vitro study and suspended in 5%
glucose, pH 6, for the in vivo study. CPT-11 was cobtained from
Yakult Honsha (Tokyo, Japan). CPT-11 was dissclved in 45
mg/ml solvitol {pH 3-4) for both the in vive and in vitro studies.
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Animals

Female BALB/¢ nude mice, 6-weeks-o0ld, were purchased from
Japan Charles River Co., Ltd. (Atsugi, Japan). All mice were
maintained in our Jaboratory under specific-pathogen-free condi-
tions.

Cells and culture

Human colorectal cancer cell lJines WiDR, LS-174T,
COLO320DM, COLO320HSR, Lovo, SW480 and HCT116 were
obtained from ATCC (Lockville, MD). Lovo cells, SW480 and
HCT116 cells were maintained in HAM's F12 medium (GIBCO
BRL, Grand [sland, NY), Leibovitz's L.-15 medium and McCoy's
SA medium (GIBCO BRL), respectively, all supplemented with
10% heat-inactivated fetal bovine serum (FBS). Other cell lines
were maintained in RPMI1640 (Nikken Bio Med. Lab., Kyoto,
Japan) supplemented with 10% FBS.

Growth-inhibition assay

We used the tetrazolium dye [3,(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide, MTT] assay to evaluate the
cytotoxicity of various drug concentrations. A 200 ml volume of
an exponentially growing cell suspension (5 X 10°-1.5 x 10*
cells/ml) was seeded into a 96-well microtiter plate and 20 pl of
cach drug at various concenirations was added. After incubation
for 72 hr at 37°C, 20 pl of MTT solution (5 mg/ml in phosphate
buffered saline, PBS) was added to each well and the plates were
incubated for a further 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 dissolve 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 performed in 6 replicate wells for each drug concentration and
carried out independently 3 or 4 times, The IC,, 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 follows: (mean absorbance of 6 replicate wells con-
taining drugs — mean absorbance of 6 replicate background
wells)/{mean absorbance of 6 replicate drug-free wells — mean
absorbance of 6 replicate background wells) X 100.

RT-PCR

Specific primers designed for EGFR CDS were used for detec-
tion of EGFR mRNA as described elsewhere, !5 First-strand cDNA
was synthesized from the cells’ RNA with an RNA PCR Kit
(TaKaRa Biomedicals, Ohtsu, Japan). After reverse transcription
of 1 ug of total RNA with Qligo(dT)-M4 adaptor primer, the
whole mixture was used for PCR with 2 oligonucleotide primers
(5'-AATGTGAGCAGAGGCAGGGA-3',5'GGCTTGGTTTG-
GAGCTTCTC-3'). PCR was performed with initial denaturation
at 94°C for 2 min, 25 cycles of amplification (denaturation at 94°C
for 30 sec, annealing at 55°C for 60 sec and extenston at 72°C for
105 sec).

Immunoprecipitation and immunoblotting

The cultured cells were washed twice with ice-cold PBS, lysed
in EBC buffer (50 mM Tris-HCI, pH 8.0, 120 mM NaClI, 0.5%
Nonidet P-40, 100 mM NaF, 200 mM Na orthovanadate and 10
mg/ml each of leupeptin, aprotinin and phenylmethylsulfonyl flu-
oride). The lysate was cleared by centrifugation at 20,000g for 5
min, and the protein concentration of the supernatant was mea-
sured by BCA protein assay (Pierce, Rockford, IL). For Immuno-
blotting, 20 g samples of protein were electrophoretically sepa-
rated on a 7.5% SDS-polyacrylamide gel and transferred to a
polyvinylidene diflucride (PVDF) membrane (Millipere, Bedford,
MA). The membrane was probed with rabbit polyclonal antibody
against EGFR (1005; Santa Cruz Biotech, Santa Cruz, CA), HER2/
neu (c-18; Santa Cruz)}, phospho-EGFR specific for Tyr 845, Tyr
1045, and Tyr 1068 (numbers 2231, 2235 and 2234; Cell Signal-
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ing, Beverly, MA) and cleaved PARP (number 9544; Cell Signal-
ing) as the first antibody, followed by horseradish peroxidase-
conjugated secondary antibody. The bands were visualized by
electrochemiluminescence (ECL, Amersham, Piscataway, NJ}. For
immunoprecipitation, 5 X 10° cells were washed, lysed in EBC
buffer, and centrifuged. The resultant supernatants (1,500 pg)
were incubated with the anti-EGFR antibody (1005) at 4°C over-
night. The immunocomplex 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 fol-
lowed by immunostaining probed with antiphosphotyrosine anti-
body (PY-20, BD Bioscience Clontech, Tokyo, Japan).

Combined effect of gefitinib and CPT-11 in vitro

The combined effect of gefitinib and CPT-11 on colorectal
cancer cell growth was evaluated by the combination index (CI)
analysis method.¢ For any given drug combination, CI represents
the degree of synergy, additivity or antagonism. CI was expressed
in terms of fraction-affected (F,) values, which represents the
percentage of cells killed or inhibited by the drug. Using the
mutually exclusive {=0) or mutually nonexclusive {a=1) isobo-
logram equation, the F,/CI plots for each cell line was constructed
by computer analysis of the data generated from the median effect
analysis, CI values were interpreted as follows: <1.0 = syner-
gism; 1.0 = additive and >1.0 = antagonism.

Using the median-effect method, developed by Chou and Tala-
lay, the dose-response curve was plotted for each drug and for
multiple doses of a fixed-ratio combination by using the equation:

£/, = (D/D)",

where, D is the dose-administered, Dm is the dose required for
50% inhibition: of growth, f, is the fraction affected by dose D, f,
is the vnaffected fraction and m is a coefffect curve. The dose-
response curve was plotted by logarithrnic conversion of the equa-
tion to determine the m and D, values, and the dose D, required
for x percent effect (f,), was then calculated as

Dl = D!ﬂ[ fl]&’( fll) xl”m .
Thus, Cl can be defined by the isobologram equation

Cl = (D)/(DY' + (D)A(D,}2 + a(D},(D)/(D,)i{D.):,

where (D,), is the dose of Drug-1 required to produce x percent
effect alone, and (D), is the dose of Drug 1 required to produce the
same x percent effect in combination with Drug 2; similarly, (Dx),
is the dose of Drug 2 required to produce x percent effect alone and
(D), is the dose of Drug 2 required to produce the same x percent
effect in combination with Drug 1. Theoretically, Cl is the ratio of
the combined dose to the sum of the single-drug doses at an
isoeffective level. Consequently, Cl values <1 indicate synergism,
values >>1 indicate antagonism and a value of [ indicates additive
effects, The C] values obtained from both the classical nonconser-
vative (=0) and conservative (a=1) isobologram equations are
presented in this report.

Growth-inhibition assay in vivo

Experiments were performed in accordance with the United
Kingdom Coordinating Committee on Cancer Research Guidelines
for the welfare of animals in experimental neoplasia (second
edition).

In vive experiments were scheduled to evaluate the combined
therapeutic effect on preexisting tumors of oral or intraperitoneal
administration of gefitinib and intravenous injection of CPT-11.
The dose of each drug was set based on the results of a preliminary
experiment involving administration of each drug alone. Ten days
before administration, 1 X 107 WiDR and COLO320DM or 2 X
10° Lovo cells were injected subeutancously into the back of mice.
Five or 6 mice per group were injected with tumeor cells. Tumor
bearing mice were either given gefitinib, 40 mg/kgMay p.o. on
days 1-10, or CPT-11, 40 mg/kg/day i.v. on days 1, 5 and 9, or
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both, or placebo (5%(w/v) glucose solution). Alternatively, ge-
fitinib, 30 or 60 mg/kg, ip. days 1-14, and iv. CPT-11, 16.7 or
33.3 mg/kg, i.v. on days 1, 5 and 9, were administered to the mice.
Tumor diameters were measured with calipers on days 1, 4, 7, 10,
14, 18 and 22 to evaluate the effects of treatment, and tumor
volume was determined by using the following equation; tumor
voleme = ab*/2 (mm®) (where a is the largest 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 “0” denotes
the first day of treatment. All mice were sacrificed on day 22 after
measuring their tumors.

Statistical analysis

Differences between the test groups were analyzed by I-factor
ANOVA followed by Fisher's protected least significant differ-
ence (PLSD). A value of p<0.05 was considered statistically
significant.

RESULTS

EGFR and HER?2 expression and EGFR autophsophorylation in
colorectal cancer cells

We examined EGFR mRNA expression by RT-PCR analysis
using 2 specific primers. Approximately 570 bp-long PCR prod-
ucts were amplified in all cell lines that exhibited expression of
EGFR mRNA (Fig. lg). Compatison of the protein expression
levels of EGFR in colorectal cancer cells by immunoblotting (Fig.
1) revealed high expression in Love and WiDR cells. EGFR
protein was also detected in LS-174T, COLO320DM,
COLQ320HSR, HCT116 and SW480 cells, although the expres-
sion levels in COLO320DM and COLO320HSR are subtle. The
highest expression level of phosphrylated EGFR measured by
phospho-specific EGFR antibody (Tyr845, Tyr1045 and Tyr1068)
was observed in Lovo cells (Fig. 1b). Because the function of
EGFR is closely related to that of other HER families including
HER2/neu, we also examined the protein level of HER2/neu. High
expression of HER2/neu were observed in LS-174T, HCT-116 and
SW480 (Fig. 18).

EGFR

G3IPDH

EGFR

——

HER2

+— P-EGFR (Tyr 845)

7

Figure 1 - EGFR expression in colorectal cancer cells. (a) Expres-
sion of EGFR mRNA in cach cell line was detected by RT-PCR using
specific primers designed for EGFR CDS. Expression of G3PDH
mRNA was detected. Twenty-five cycles of PCR amplification were
performed for each PCR product. Lanes 1-7 represent LS-174T,
WiDR, COLO320DM, COLO320HSR, HCT116, Lovo and SW480
cells, respectively. (5} A 20 pg sample of total cell lysates was
separated by 7.5% SDS-PAGE, transferred to PVDF membrane, and
incubated with a specific anti-human EGFR, HER2/neu and phospho-
EGFR (Tyr845, Tyr992 and Tyr1068).
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Cellular sensitivity of colorectal cancer cells to gefitinib and
CPT-11

The growth inhibitory effect of gefitinib and CPT-11 on colo-
rectal cancer cells was examined by MTT assay. The 1Cs, values
of gefitinib for the cell lines ranged from 1.2 pM (Lovo cells) to
160 uM (HCT116 cells) (Table I). No significant relationship was
observed between EGFR expression levels and IC,, values among
these cell lines. However, Lovo cells, which exhibited the highest
EGFR expression and its phosphorylation, were the most sensitive
to gefitinib. On the other hand, the IC,, values of CPT-11 for the
cell lines ranged from 5.2 pM (Lovo) to 35 pM (SW480). The
range of sensitivity to gefitinib was wider than to CPT-11.

In vitro combined effect of gefitinib and CPT-11 on colorectal
cancer cell lines

Based on the results of the evaluation of in vitro growth-
inhibition, 4 cell Yines (WiDR, COLO320DM, Lovo, and SW480
cells) were selected for the in vitro combination study. Cells were
treated with gefitinib or CPT-11 alone or in concomitant combi-
nation at fixed molar ratio for 72 hr. The ratios of gefitinib and
CPT-11 were set based on the IC,, values of each cell line, Growth
rate values are averages of data from at least 3 independent
experiments. The effects of combinations of gefitinib and CPT-11
on cell growth are shown in Figure 2. CI values of <1, >1 and 1
indicate a supra-additive effect (synergism), antagonistic effect
and additive effect, respectively. A low CI index was observed in
WiIiDR, COLO320DM and Lovo cells over a wide range of inhi-
bition levels. Synergistic effects were also observed in the rela-
tively high F, values in SW480 cells. These results suggest that
gefitinib and CPT-11 had a synergistic effect on most of the
colorectal cancer cell lines in vitro.

In vive combination effects of gefitinib and CPT-11

In order to determine whether the combination of these 2 drugs
is also synergistic against colorectal cancer in vivo, the growth-
inhibitory effect of the combination was evaluated against the
colorectal cancer cells in tumor xenografts. The growth inhibitory
effect of gefitinib, 30 mg/kg, ip. days 1-10, and CPT-11, 40
mg/kg, Lv. days 1, 5 and 9, on WiDR cells was evaluated (Fig.
3a,b). Administration of gefitinib or CPT-11 alone suppressed the
tumor volume of WiDR cells with a T/C value of 73.9% and
69.2%, respectively, at day 22, (Fig. 3c), whereas
gefitinib+CPT-11 suppressed WiDR tumors with T/C value of
51.8% at day 22, but this was not statistically significant (Fig. 3d,
p=0.164 by 1l-factor ANOVA). A 10% body weight loss was
observed until day 15 in mice given the combination, but body
weight recovered by day 22 (Fig. 3¢). No growth inhibitory effect
of single or combined therapy of CPT-11 and gefitinib in
COLO320DM cells were observed (data not shown). In mice
transplanted with Lovo cells, with a high EGFR expression level,
marked tumor growth inhibition was achieved with
gefitinib+ CPT-11 (Fig. 3/). The T/C of the combination schedule
at day 11 was 22.8% and significantly lower than in the control
(p<0.0012 by Fisher’s PSLD, Fig. 3g). A 10% maximum body
weight loss until day 15 was also observed in mice treated with the
combination (Fig. 3j).

Alternatively, the combined effect of oral administration of
gefitinib and intravenous adrrinistration of CPT-11 was evalu-
ated in mice transplanted with Lovo cells. Gefitinib, 30 or 60
mg/kg p.o. days 1-14, and CPT-11, 16.7 or 33.3 mg/kg i.v. days
1, 5 and 9, were administered (schedule 2, Fig. 4a), and greater
growth inhibition was observed in mice treated with this com-
bination, compared to the controls (Fig. 4&) A more marked
growth-inhibitory effect was observed at a higher dose of
CPT-11 (16.7 vs. 33.3 mglkg), but there was no difference
between 30 mg/kg and 60 mg/kg of gefitinib in the combination.
The combination of gefitinib (30 and 60 mg/kg) and CPT-11
(33.3 mg/kgfi.v.) resulted in tumor reduction during treatment
that was significant at day 15 (Fig. 4¢). The T/C values imme-
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TABLE 1-/N VITRO GROWTH-INHIBITORY ACTIVITY OF GEFITINIB AND CPT-11 IN HUMAN COLORECTAL
CANCER CELLS (MTT ASSAY)'

gefitinib CPT-11

ICso (440 Coree oy ICs0 (M) Yy
WiDR 10+ 1.1 0.83-53 33+75 1.6-160
LS-174T 100.4 = 10.1 N.D. 13 N.D.
COLO320DM 11 =38 0.63-100 1106 1.6-160
COLO320HSR 2 N.D. 55 N.D.
HCTI116 177.0 £ 122 N.D. 11 N.D.
SwW480 2306 1.6-10 35455 1.6-50
Lovo 1.2 *0.59 0.31-25 52082 0.16-10

"The IC,, value (iLM) of each drug was measured by MTT assay, as described in the Materials and
Methods. Each value is a mean % SD of 3 or 4 independent experiments—N.I)., not determined.
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Figure 2 — Combination index (CI) plots of interactions between gefitinib and CPT-11. Cells were treated with gefitinib and CPT-11 alone
and in combination at fixed molar ratios {molar ratios of gefitinib to CPT-11 of 3:1 and 1:1 [(g) WiDR], 4:1 and 1:1 [(§) COLO320DM], 1:2
and 1:5 [{c) Lovo], 1:1 [(d) SW480]. Using the mutvally exclusive (CI) or mutually nonexclusive (CI') isobologram equation, the affected
fraction (F,)-CI plot for each cell was constructed by computer analysis of the data generated from the median effect analysis. CI values <1

occurred over a wide range of inhibition levels, indicating synergy.

diately after the completion of treatment (at day 15) and at day
22 are summarized in Fig.44, More severe body weight loss was
observed, ~20% at day 15, in mice treated with 60 mg/kg of
gefitinib alore or with CPT-11, suggesting that CPT-11 does
not enhance the body weight loss induced by gefitinib, Body
weight recovered by day 22 (Fig. 4e). No deaths of were
observed during the treatment or observation period.

Induction of EGFR phosphorylation and enhanced
gefitinib-induced PARP activation by CPT-]11

To elucidate the synergistic effects of CPT-11 and gefitinib,
we examined the effect of exposure of CPT-11 on EGFR
phosphorylation in Lovo and WiDr cells. Phosphorylated EGFR
was detected with anti-phosphotyrosine antibody (PY-20)

234



468

C Lovo
gefitinib :CPT-11=1:2

ok owh owb
'

o
eeoo =
oNaDBaNRBDN

e
O
e

d SwW480
gefitinib:CPT-11=1:1 _ y=1

2]
2303
Neasan

ess0
SNLOBa

KOIZUMI ET AL

gefitinib ;CPT-11=1:5

2 M—

1.8 —

t.6 |[—

1.4 p=—

1.2 o

Cl +1 |

0.8 |—

o6 |—

oa |-
0.2
o

o %0 100
Fa

FIGURE 2 —~ CONTINUED,

against immunoprecipitated EGFR and increased phosphoryla-
tion of EGFR was observed after exposure to CPT-11 in Lovo
cells in dose- and time- dependent manner (3-24 hr) (Fig. 5a).
The dose-dependent activation of EGFR by CPT-11 was also
obtained in WiDR cells (Fig. 55). CPT-11-induced phosphory-
lation of EGFR was observed without ligand-stimulation. The
EGFR activation was completely inhibited by 24 hd exposure of
5 wM gefitinib. gefitinib-induced apoptesis measured by PARP
activation was enhanced by combination with CPT-11, although
no PARP activation was induced by CPT-11 alone (Fig. 5c¢).
These results suggest that the modification of EGFR by CPT-11
increases the cellular sensitivity to gefitinib, resulting the syn-
ergistic effect of CPT-11 and gefitinib. We also observed the
effect of gefitinib on the expression and the activity of topo-
isomerase I by immunoblotting and decatenatnion assay, No
modification of topoisomerase { by gefitinib was observed (data
not shown).

DISCUSSION

Evidence has suggested that the new EGFR-targeting drug
gefitinib is active against gastrointestinal malignancies as well
as non-small cell lung cancer. Combination of gefitinib with
cytotoxic drugs has been evaluated in the U.S, and Europe, 1920
but combination with CPT-11 has not been evaluated. CPT-11
is a potent DNA-targeting drug in patients with colorectal

cancer that is refractory to treatment with fluorouracil and
lencovorin,®* although a higher rate of treatment-induced tox-
icity was suspected in a retrospective analysis.” In preclinical
study, Ciadiello et al.1718 reported that supra-additive combi-
nation effect of EGFR-targeting drug (cetuximab or gefitinib)
and topoisomerase I inhibitor, topotecan was observed in hu-
man colorectal cancer GEO xenograft. We have therefore stud-
ied the synergistic potential for a new combination regimen
containing CPT-11 and gefitinib, The synergistic potential of
CPT-11 combined with gefitinib demonstrated in our study
suggests that the gefitinib/CPT-11 combination is a promising
regimen for colorectal cancer patients. Schedule 2, administra-
tion of oral gefitinib and intravenous CPT-11 designed in a
xenograft model, was based on possible clinical administration
of the drugs, and thus a treatment schedule consisting of inter-
mittent £.v. CPT-11 and continuous gefitinib p.o. may be appli-
cable to colorectal cancer in humans.

In xenograft models, body weight loss was observed when
administered in combination as well as when each drug was
administered alone. However, body weight loss rapidly recovered
immediately after the completion of administration, and no deaths
were observed. Diarrhea is the dose-limiting toxicity of CPT-11in
humans,” and it is also observed in patients treated with ge-
fitinib.2!-22 However, no diarrhea or related phenomena were ob-
served in the mouse model treated with combinations of these
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FiGure 3 — In vivo combined effect of gefitinib and CPT-11 on WiDR and Lovo tumor xenografts. (a) Treatment schedule. () (WiDR) and
F (Lovo), Tumor growth curves, Female nude mice bearing WiDR or Lovo xenografts were randomly allocated to treatment with 5% (w/v)
glucose solution (diamond), gefitinib (square), CPT-11 (triangle), or the combination (X). Tumor volume was calculated as described in Material
and Methods. Each data point represents the mean tumor volume of 5 mice. E (WiDR) and J (Lovo) Percent change in body weight in the
gefitinib (hatched square) and combination (X) group, C (WiDR) and G (Lovo) Ratio of tumor volume in the control (C) to tumor volume in
the treatment group (T) at day 22 and day 15. D (WiDR), H and I (Lovo) Histogram of mean tumor volume at day 11 and day 22 bars, S.D.
Statistical analysis was performed by 1-factor ANOVA, followed by Fisher's PLSD between 2 groups, as described in the Material and Methods
section. *Significant difference (p<(.05; Fisher's PLSD) compared to the control.
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