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

Growth-inhibition assay

The effect of kaRNP 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 c¢DNA, Fw3and Fw9 cells were exposed to 0-50 oM
KW2189 for 72 hr 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, $BC-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;

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 camied out for §
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 hnRNP L ¢cDNA
(2033bp) was constructed as described above. Afier digesting the
plasmid with Sacll and BamHI, and the resulting fragment was
introduced into the Sacll/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 Bglll 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 Kpnl,
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 veclors 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 dilwting 2.5 pg/well of plasmid

251



682

C-pattemn
{SBC-3 cells)

N-pattern

(PC-14 colls)

TAGUCHI ET AL

80

-~
o

3

2]
(=]

{X 1000)

porcent of controf (%)
Y
(-]

N
o o

e
o

SBC-3 PC-14 He9

FiGuRe 6 - Immunochemical staining of hnRNP L in human lung cancer cells. (#) Immunochemical cell staining was carried out using
anti-hnRNP L antibody as the IE;nm.m'y antibody and fluorescent anti-mouse IgG as the secondary antibody, (5) Intracellular Jocalization of
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Ficure 7 - Intracellular expression of huRNP L in human lung
cancer ¢ell lines, The nuclear (N) and cytoplasmic (C) fractions of the
cells were isolated as described in Material and Methods, Westem blot
analysis was carried out using anti-hnRNP L antibody. The cisplatin-
resistant sublines were also examined to determine whether the local-
ization patierns depended on the cell type.

DNA (pEGFP vectors containing deletion mutants of hnRNP L de-
scibed above) in 1 mliwell of serum-free DMEM, 7.5 pliwell of 1
mM TransFast Reagent (Promega, Madison, WI) was added to the
mixture. Afier 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/iwell of complete growth medium was added to them, At 24 hr
after 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

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

in SDS-PAGE with silver staining. Further purification efforts
with DEAE-scphacel column chromatography gave a single
band of Mr ~60,000 with the binding activity to the labeled
duocarmycin-modified oligonucleotides (Fig, 2a). Coincubation
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 band 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 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 heterogeneons
nuclear ribonucleoprotein L. Gel mobility shift assay using ant-
hnRNP L did not, however, show the supershift of the band induced
by anti-hnRNP L (data not shown).

Expression of hnRNP L

Western blot analysis was caried out using a membrane con-
laining normal buman tissue lysates from different organs. A 68
kDa band of bnRNP L. was detected in total protein extracts from
brain and small intestine, but not in others, including normal lung
(Fig. 3). The expression of bnRNP L protein, however, was de-
tected in the human lung cancer cell lines (Fig. 4a). Northemn blot
analysis confirmed the expression of hnRNP L at the mRNA (~2
kbp) level in these cells (Fig. 4b). 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, hoRNP L ¢DNA was
transfected inte NIH3T3 cells, and stable transfectant clones were
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FicURE 8 ~ Effect of lnRINP L deletion on the
intracetlular localization of EGFP-hnRNP L. (a)
Arrows indicate the part expected to be respon-
sible for localization of hnRNP L. Letters N
(noclear 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 to control respectively detected by Northem blot analysis
(Fig. 5a).

We measured the growth inhibitory effect of KW-2189 in the
hnRNP L transfectant cells by MTT assay. The ICq, 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 I, enhances cell sensitivity to the growth inhibitoty
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 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 knRNP L protein in human lung cancer cell
lines

We carried out immunoffuorescence cell staining with ant-
hnRNP L antibody to determine the subcellular localization of
hnRNP L protein in buman lung cancer cells (Fig. 64). Based on
the results, the localization of haRNP L cells could be classified
into two patterns: nuclear Jocalization (N) and cytoplasmic local-
ization (C) (Fig. 6b). As shown in Figure 6c, the cytoplasmic
pattern was observed frequently in SBC-3 and H69 cells, whereas

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
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 reguired 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,!? but the mechanism of
its localization remains unknown. To identify the motifs respon-
sible for the localization of hnRNP L, we constructed an bnRNP L
deletion series fused to EGFP (Fig. 84), transfected the constructs
into NIH3T3 cells, and examined them under a fluorescence mi-
croscope. As shown in Figure 86, EGFP protein itself was rather
evenly distributed throughout the cell, the cytoplasm and the
mxleus (Transfectant 1). Full-length hbnRNP 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
nuclens, Transfectants 4, 5 and 7, containing the N-t¢rminal por-
tion of RRM2 showed hnRNP L distibuted 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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1 RRM1 RRM2 RRM3 RRM4 .4, shown), ectopic hnRNP L expression had no affect on cell sensi-
tivity to them. These results suggest that DARP could be knRNP
(R TN B (.0 oot on Dita damags mcccd by wo ey
— o S groove binder.

25 N 163 17 380 287 Other possible mechanisms of increased sensitivity to KW-2189
1 are: 1} that hnRNP L facilitates transportation of the drug to the
- nucleus, and 2) that hnRNP L increases the stability of the drug-

2531 RAPKRLK c-Jun RKRKL DNA adduct in a sequence-specific manner.
We have described the difference in intracellular focalization of
380-87 KVKFMKSK SV-40 PKKKRKY hnRNP L in human lung cancer cell lines. Although there is a
report claiming that knRNP L localized in the nucleoplasm in
163174 VLLFTILNPI PKI LALKLAGLDI Hela cells transfected with huRNP L,)2 we showed that the
Rev LQLPPLERLTL intraceliular localization of hnRNP L. differs among human Jung

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 SV40 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 L (Fig. 8a,
arrows). We then searched the sequence of bnRNP 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 i alkaline amino acids
showed high homology with the NLS sequences of c-Jun and SV40
large T antigen,'*'4 and the sequence rich in hydrophobic amino acids
showed high homology with the NES sequences of PKI'S and Rev!®
tespectively. 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
bave been reported to be highly expressed in cancer tissues.
Sueocka et al.* demonstrated elevated expression of hnRNP Bl
mRNA in human Jung cancer tissue, and hnRNP I and hnRNP K
mRNA have been reported in malignant glioblastoma and breast
cancer, respectively.>7 We demonstrated expression of ktnRNP L
in buman 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-1065. 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
23 a prodrug to generate active species, DUS6, in tumor cells and
DARP bounds to the DNA induced by DU86 (unpublished re-
sults), Although KW-2189 alkylates DNA in vitro, only the DUS6-
DNA adduct was detected in the human cells treated with KW-
2189.'81% ‘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
mitoraycin C in vitro.'®* We show that when we examined the
transfectants for sensitivity to other DNA-damaging agents, i.e.,
the major groove binders mitomycin C and cisplatin (data not

cancer cell lines.

There was a report that bnRNP A2 is located in the cytoplasm
in post-mitotic phase.2® In this study, few milotic cells were
observed in the culture condition indicating that mitosis was not
correlated with hnRNP 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, distribntion 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 localization of hnRNP L is altered by
drug exposure, we examined the immunofluerescent staining of
hEnRNP 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 expostre of a small cell lung cancer
(SBC-3) cell line to KW-2189 (data not shown). Although this
result was not observed in the rest two cell lines, it can support the
hypothesis that hanRNP L helps drugs to transport into nuclear and
involves in cell sensitivity mentioned above.

To test the hypothesis that the differences in intracellular local-
ization in lung cancer cells are due to gene allerations, we com-
pared the hnRNP L cDNA sequences in these cell kines. No
mutations were detected in any of the lines (datz not shown),
suggesting that knRNP 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 cther
hnRNPsz (e.g., hnRNP I and hnRNP K),2! which are recognized to
have NLS. Based on this evidence, the differences in localization
of hnRNP L in these cell lines might be due to changes in the
molecules that interact with hnRNP L, such as hnRNP1or K In
addition, the putative sites for regulation of localization signal in
hnRNP L. that we found (25-31, 380-387 and 163-171) would be
involved in these interactions. Further studies should externd the
potential use of hnRNP L as a factor to assess sensitivity to
chemotherapy and candidate molecules for drug development. In
addition, expression of hnRNF L needs to be investigated in tissue
from lung cancer patients for therapeutic exploitation.

In summary, we have demonstrated the expression of BnRNP 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, erkB1)]
is a receptor with associated tyrosine kinase activity, and is
expressed in colorectal cancers and many other solid tumors.
Wae examined the effect of the selective EGFR tyrosine ki-
nase inhibitor (EGFR-TKI) gefitinib (“Iressa’) in combination
with the DNA topoisomerase | inhibitor CPT-11 {irinotecan)
on human colorectal cancer cells. EGFR mRNA and protein
expression were detected by RT-PCR and immunoblotting in
all 7 colorectal cancer cell lines studied, Gefitinib inhibited
the cell growth of the cancer cell lines In vitro with an IC,,
range of 1.2-160 r.M by 3,(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (M assay. Lovo cells ex-~
hibited the highest level of protein and autophosphorylation
of EGFR and wers 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 Love 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-l l-exposure on phosphorylation of EGFR was examined
by immunoprecipitation. CPT-11 increased phosphorylation
of EGFR in Lovo and WIDR cells in time- and dose-dependent
manners. This EGFR activation was completely inhibited by 5
pM gefitinib and gefitinib-induced apoptosis was enhanced by
combination with CPT-11, measured by PARP activation
although no PARP activation was induced by 5§ xM CPT-I1
alone, These results suggested that these modification of
EGFR by CPT-11, in Lovo cells, is a 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 bealth concern. Although
chemotherapy appears to be of very limited value in advanced
colorectal cancer, there have been many efforts to apply combi-
nation chemetherapy in patients with primary disease,!-2

The combination of fuorouracil and leucovorin used to be
recognized as standard therapy for colorectal cancer, but the to-
poisomerase 1 inhibitor, irinotecan (CPT-11), has recently been
demonstrated to be active against colorectal cancer that was resis-
tant to prior therapy.*s 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/Zeucovorin 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-etbB-2,19-12 and the EGFR has
emerged as a central molecular target for modulation in cancer
therapeutics. The comelation between high expression of EGFR
and clinically aggressive malignant disease has made EGFR a
promising target of therapy for many epithelial tumors, which
represent approximately 2/3 of all human cancers. In solid cancers,
including colorectal cancers, high EGFR expression correlates
with " poor prognosis.)! 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.!314 In EGFR
tyrosine kinase assays, gefitinib has an ICg, of 0.033 uM. Inhibi-
tion of c-etbB-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 1 inhibitor, topotecan, increase the antitumor activity
of these drugs.!?'® 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 vive study, CPT-11 was obtained from
Yakult Honsha (Tokyo, Japan). CPT-11 was dissclved in 45
mg/ml solvito] (pH 3-4) for both the in vive and in vitro studies.
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Center Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo, 104-0045, Japan.
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Animals

Female BALB/c nude mice, 6-weeks-old, were purchased from
Japan Charles River Co., Ltd. (Atsugi, Japan). All mice were
maintained in out labotatory under specific-pathogen-free condi-
tions.

Celis and culture

Human colorectal cancer cell lines WiDR, LS-174T,
COLO320DM, COLO320HSR, Lovo, SW480 and HCT116 were
obtained from ATCC {Lockville, MD). Lovo cells, SW480 and
HCT116 cells were maintzined in HAM’s F12 medium (GIBCO
BRL, Grand Island, NY), Leibovitz's L-15 medium and MeCoy’s
5A 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., Kyolo,
Japan) supplemented with 10% FBS.

Growth-inhibition assay

We used the tetrazolivm dye [3,(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide, MTT] assay to evaluate the
cytotoxicity of varous 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 ul of
each dmg at vadous concentrations 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 S 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
absotbance 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, 16 First-strand cDNA
was synthesized from the cells’ RNA with an RNA PCR Kit
(TaKaRa Biomedicals, Ohtsu, Japan). Afier reverse transcription
of 1 pg of total RNA with Oligo(dT)-M4 adaptor primer, the
whole mixture was used for PCR with 2 oligonucieotide primers
(5'-AATGTGAGCAGAGGCAGGGA-3,5'GGCTTGGTTIG-
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 extension 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 Au-
oride), The lysate was cleared by centrifugation at 20,000¢ for 5
min, and the protein concentration of the supematant was mea-
sured by BCA protein assay (Pierce, Rockford, IL). For Immuno-
blotting, 20 pg samples of protein were electrophoretically sepa-
rated on a 7.5% SDS-polyacrylamide gel and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA). The membrane was probed with rabbit polyclonal antibody
against EGFR (1005; Santa Cruz Biotech, Santa Cruz, CA), HERY/
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 visvalized by
electrochemiluminescence (ECL, Amersham, Piscataway, NJI}. For
immunoprecipitation, § X 10° cells were washed, lysed in EBC
buffer, and centrifuged. The resultant supematants (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.S For any given drug combination, CJ 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 (ax=0) or mutually nonexclusive (a=1) isobo-
logram equation, the F,/CI plots for each cell line was constructed
by computer analysis of the dala 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:

f/f, = (D/DL)",
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 unaffected fraction and m is a coefffect curve. The dose-
response curve was plotted by logarithmic 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

D, = D[ fL/(£)x]V=.
"Thus, Cl can be defined by the jsobologram equation

CI = (D)/(D,)' + (D):A(D,)2 + a(D)(D)AD(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; similady, (Dx),
is the dose of Drug 2 required to produce x percent ¢ffect 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, Ct values <1 indicate synergism,
values >>1 indicate antagonism and a value of 1 indicates additive
effects. The C1 values obtained from both the classical nonconser-
vative (a=0) and conservative (a=1) isobologtam equations are
presented in this report, :

Growth-inhibition assay in vivo

Experiments were performed in accordance with the United
Kingdom Coordinating Commitiee 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 subcutaneously into the back of mice.
Five or 6 mice per group were injected with tumor cells. Tumor
bearing mice were either given gefitinib, 40 mg/kg/day p.o. on
days 1-10, or CPT-11, 40 mg/kg/day iv. 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, i.p. days 1-14, and iv, CPT-11, 16.7 or
33.3 mg/kg, iv. on days 1, § 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
volume = 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 dugs was estimated, and day “0” denotes
the first day of treatment. A1l mice were sacrificed on day 22 after
measuring their tumors.

Statistical analysis

Differences between the test groups were analyzed by 1-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 HER2 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. 1a). Comparison 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,
COLO320HSR, HCTI16 and SW480 cells, although the expres-
sion Jevels 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/nen were observed in LS-174T, HCT-116 and
SW480 (Fig. 15).

Ry -~ EGFR

M <= G3PDH

— EGFR
- § ==~ HER2

¥ e PEGFR (Tyr 845)

— P-EGFR (Tyr §92)

= P-EGFR (Tyr 1068)

1 2 3 4 § L] 7

Ficure 1 — EGFR expression in colorectal cancer cells, (¢) Expres-
sion of EGFR mRNA in each 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, COLG320HSR, HCT116, Lovo and SW480
cells, respectively. (b) A 20 pg sample of total cell lysates was
separated by 7.5% SD3-PAGE, transferred to PYDF 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 1o gefitinib and
CPT-11

The growth inhibitory effect of gefitinib and CPT-11 on colo-
rectal cancer cells was examined by MTT assay, The 1Cy, values
of gefitinib for the cell lines ranged from 1.2 pM (Lovo cells) to
160 pM (HCT116 cells) (Table I). No significant relationship was
observed between EGFR expression levels and ICs, 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 ICy, values of CPT-11 for the
cell lines ranged from 5.2 pM (Lovo) to 35 pM (SW480). The
tange 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 lines (WiDR, COLO320DM, Lovo, and SW430
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 arc 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. Cl values of <1, >1 and 1
indicale a supra-additive effect (synergism), antagonistic effect
and additive effect, respectively. A low CI index was observed in
WiDR, 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
gefiinib and CPT-11 had a synergistic effect on most of the
colorectal cancer cell lines in vitro,

In vivo 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 vive, the growth-
inhibitory effect of the combination was evaluated against the
colorectal cancer cells in tumor x¢nografis, The growth inhibitory
effect of gefitinib, 30 mgkg, #p. days 1-10, and CPT-11, 40
mg/kg, i.v. 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. 3¢), whereas
gefitinib+CPT-11 suppressed WIDR tumors with T/C value of
51.8% at day 22, but this was pot statistically significant (Fig. 34,
p=0.164 by I-factor ANOVA). A 10% body weight Joss 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
(»<<0.0012 by Fisher's PSLD, Fig. 32). A 10% maximum body
weight loss until day 15 was also observed in mice treated with the
combination (Fig. 3).

Alternatively, the combined effect of oral administration of
gefitinib and intravenous administration 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, 44), and greater
growth inhibition was observed in mice treated with this com-
bination, compared to the controls (Fig. 4b) A more marked
growth-inhibitory effect was observed at a higher dose of
CPT-11 (16.7 vs. 33.3 mg/kg), but thers 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/kg/i.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 I- ¥ VITRO GROWTH-INHIBITORY ACTIVITY OF GEFITINIB AND CPT-11 IN HUMAN COLORECTAL
CANCER CELLS (MTT ASSAY)!

gefitinib CPT-11
Cell Hs
" 1 (8M) Coneenirutlon 1C50 (uM) Coneentration.
WiDR 10+1.1 0.83-53 33+ 75 1.6-160
LS-1714T 100.4 £ 10.1 N.D. 13 N.D.
COLO320DM 11 +38 0.63-100 11%£06 1.6-160
COLO320HSR 22 N.D. 55 N.D.
HCT116 17702122 N.D, 11 N.D.
SW480 23+06 1.6-10 s+ 55 1.6-50
Lovo 1.2 + 0.59 0.31-25 5.2+ 0382 0.16-10
The 1C,, value (uM)} of each drug was measured by MTT assay, as described in the Materials and

Methods. Bach value is a mean = SD of 3 or 4 independent experiments—-N.D., 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 [(a) WiDR), 4:1 and 1:1 [(b) COLO320DM], 1:2
and 1:5 [{¢) Lovo], 1:I [(d) SW48C]. Using the mutually exclusive (CI} or mutually nonexclusive (Cl’) 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.4d. More severe body weight loss was
observed, ~20% at day 15, in mice treated with 60 mg/kg of
gefitinib alone 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. 4¢). 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 en EGFR
phosphorylation in Lovoe and WiDr cells. Phosphorylated EGFR
was detected with anti-phosphotyrosine antibody (PY-20)
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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. 5b). CPT-11-induced phosphory-
lation of EGFR was observed without ligand-stimulation. The
EGFR activation was completely inhibited by 24 hd exposure of
5 1M gefitinib. gefitinib-induced apoptosis measured by PARP
activation was enhanced by combination with CPT-11, although
no PARP activation was induced by CPT-11 alone (Fig. 5¢).
These results suggest that the modification of EGFR by CPT-11
increases the cellular sensitivity to gefitinib, resulling 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 I 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 Euvrope,!:20
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 fuorouracil and
leucovorin,*$ although a higher rate of treatment-induced tox-
icity was suspected in a retrospective analysis,” In preclinical
study, Ciadiello et al.'7'* 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 GEQ 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 i.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-11 in
humans,” and it is also observed in patients treated with ge-
fitinib.2!2> 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 vive combined effect of gefitinib and CPT-11 on WiDR and Lovo tumor xenografts. (a) Treatment schedule. (b) (WiDR) and

glicose solution (diamond),

F (Lovo), Tumor growth curves, Female nude mice bearing WiDR or Lovo xenografts were randomly allocated to treatment with 5% (w/v)
gefitinib (square), CPT-11 (triangle), or the combination (X). Tumeor 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) te 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 Materiat and Methods
section. *Significant difference (p<<0.05; Fisher's PLSD) compared to the control.
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FiGurE 4 — The dose-dependent effect of combination therapy on Lovo cells in vivo, (a) Treatment schedule. (b) Significant growth-inhibition
was observed in mice treated with the combination. Mice were allocated to 9 groups (6 mice/group) [closed diamond, 5%(W/V) glucose solution;
X, CPT-11 16.7 mg/kg: + CPT-11 33.3 mg/kg; square, gefitinib 30 mg/kg; star, gefitinib 30 me/kg + CPT-11 16.7 mp/kg; blue line, gefitinib
30mg/kg + CPT-1133.3 mg/kg; open triangle, gefitinib 60 mg/kg; circle, gefitinib 60 mg/kg + CPT-11 16.7 mg/kg; light blue line, filled square,
gefitinib 60 mg/kg + CPT-11 333 mg/kg). (c) Mean tumor volumes and results of the statistical analysis at days 15 and 22, bars, 8.D.
*Significant difference (p<<0.05) compared to the control. (d) T/C(%) at day 15 and 22. {¢) Treatment-related body weight loss occurred in mice
treated with gefitinib 60 mg/kg (triangle, circle, and light blue line).
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FiGure 8- The effect of CPT-11 on EGFR phosphorylation in
WiDR. cells, Lovo (a) and WiDR (b) cells (5X lO‘l)’ were treated with
5 or 50 uM CPT-11 for 6 hr. Additionally Lovo cells were treated with
5 wM CPT-11 for 24 hr. The 1,500 pg of total cell lysate was
immunoprecipitated with an anti-EGFR antibody. Tyrosine-phospho-
rylated EGFR was determined with an anti-phosphotyresine antibody
and the membranes were reblotted by anti-EGFR antibody. (c) Love
cells were treated with gefitinib or CPT-11 alone (fane 2 and 3) and in
combination {lane 4) for 24 hr. A 20 pg of protein of each sample was
analyzed by Westem blotting using antiphospo-EGFR. {Tyr 1068) and
cleaved PARP antibody.

drugs. These results suggest that this regimen is intensive but can
be tolerated, at Ieast in mice.
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The in vitro and it vivo experiments in our stndy demon-
strated the synergistic potential of gefitinib — CPT-11 combi-
nation. We previously reported that topoisomerasé [ up-regula-
tion by counter-part drugs was a possible mechanism for the
synergy in an CPT-11 containing regimen.?® On the other hand,
the synergistic potential of gefitinib with topotecan, cisplatin,
paclitaxel or radiation has been reported.!824-2¢ To elucidate
the biochemical mechanism underlying the synergistic interac-
tion between the gefitinib and CPT-11, the effect of CPT-11 on
EGFR-phosphotylation was examined (Fig. 5). Increased phos-
phorylation of EGFR was observed after exposure to CPT-111in
dose and time-dependent manner in WIDR and Lovo cells.
Since EGFR expression and phosphorylation were the major
determining factors for sensitivity of the cells to gefitinib-
induced growth-inhibition,!4 biochemical modulation of EGFR
by CPT-11 might be responsible for the synérgistic interaction
between gefitinib and CPT-11. EGFR is indiiced and activated
by cellular stress, such as oxidative stress and UV irradia-
tion.?*-3 Ohmori ef al.22 demonstrated that increased autophos-
phorylation of EGFR was obtained ‘in cisplatin-exposure in
human lung cancer cells, A number of reports suggest that
EGFR promotes cell survival through the activation of the ERK
or the AKT pathway,?-22 EGFR activation induced by these
cellular stress may play a survival response against apopto-
5i8.35.32 In the present study, PARP activation by gefitinib was
markedly ephanced by combination with CPT-11 at 5§ pM
exposure, which is comparable with 1C,, value of CPT-11 in
Lovo cells, although no PARP activation was observed by
monotherapy of CPT-11. On the other hand, gefitinib does not
modify the expression and the activation of topoisoerase I {data
not shown). These result suggest that the inhibitory effect of
gefitinib on the activated survival signal transduction induced
by CPT-11 lead to synergistic effect. The findings of the present
study suggest that biological modulation by various anticancer
agents including DNA damaging agents will contribute to the
synergistic effects of these anticancer agents and gefitinib in
EGFR expressing tumor and support clinical evaluation of
gefitinib in combination with DNA-targeting agents, especially
CPT-11, in the treatment of colorectal cancers.
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