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agents. A functional analysis of these genes was performed
using EASE, and the results are listed in Table 1. The results
showed that genes associated with cell-cycle regulation,
mitosis or apoptosis were significantly upregulated by the
antimicrotubules agents. Among the downregulated genes,
141 genes that were associated with cell communication
and morphogenesis were selected. These results suggested
that transcription regulation by antimicrotubule agents
results in the biological inhibition of microtubule dynamics.

Drug characterization using molecular reference profiles
Focusing on the ‘reference profiles’ of the drug-induced
genomic response, we compared the profiles of TZT-1027
with those of five conventional antimicrotubule agents and
the mother compound, D10. '

A principle component representation of the whole gene
set in three-dimensional space clearly showed the relation-
ship between TZT-1027 and the other six reference profiles
(Figure 1). All the drugs were separated according to each
drug class in this profile. In comparison with these reference
profiles, TZT-1027's profile was similar to that of D10 but
different from those of the taxanes and Vinca alkaloids.

To investigate the differences in genomic response
between the drug classes, we selected discriminatory genes
that were regulated differently between the drug classes,
compared with the complete gene set. Table 2 shows the
genes whose expression profiles differed after exposure to
dolastatins (TZT-1027 and D10) and the other antimicrotu-
bule agents. The most discriminatory gene in this gene set
was the drug-resistant gene, GSTO1. Using this gene set, the
classes of antimicrotubule agents could be clearly separated
(Figure 2a). Discriminatory gene sets for the taxanes and
Vinca alkaloids were obtained in a similar manner (Tables 3
and 4). The profiles of the discriminatory gene sets for the
taxanes and Vinca alkaloids are shown in Figure 2b and c.

To further characterize TZT-1027, the genes that were
regulated differently after exposure to TZT-1027 and D10
were investigated. Six genes that were regulated differently
by a factor of more than one in a log ratio after exposure to
each agent were selected (Table 5). Four cytoskeletal genes
were included in this group. A three-dimensional represen-
tation using these six genes demonstrated that the profiles

Figure 1 Three-dimensional representation of antimicrotubule agents
according to a principle component analysis of the gene expression data
for 588 genes. In this analysis, samples with similar expression profiles lie
closer to each other than those with dissimilar profiles. The graph shows
a robust class separation into three major categories: dolastatins, Vinca
alkaloids and taxanes. TZT, TZT-1027; dolastatin 10, D10; VDS,
vindesine; VCR, vincristine; VBL, vinblastine; TXL, paclitaxel, TXT,
docetaxel.

Table 2 Discriminatory genes of dolastatins (D 10 and TZT-1027)

GB Symbol Description Log ratio
D10 TZT VA TX
Upregulated genes
U90313 GSTO1 Glutathione-S-transferase homolog 0.905 0.189 -0.818 -0.706
730183 TIMP3 Tissue inhibitor of metalloproteinase 3 0.703 0.481 ~0.343 ~0.859
U46461 DVL Disheveled, dsh homolog 1 0.206 0.396 -0.542 —0.444
j00124 KRT1 50kDa type | epidermal keratin 0.190 0.278 —0.643 -0.219
MS57765 I Interleukin 11 0.124 0.454 —0.342 —0.493
M74088 APC Adenomatosis polyposis coli 0.040 0.069 -0.224 -0.582
Downregulated genes
U02570 RhoGAP1 Rho-related small GTPase protein activator —0.048 -0.076 0.433 0.248
j04177 COL11A1 Collagen, type XI, alpha 1 —-0.048 —-0.290 0.388 0.074
X72925 DsCl Desmocollin-1 -0.117 -0.051 0.346 0.388
U35835 DNA-PK DNA-dependent protein kinase -0.215 -0.241 0.596 0.648
M65290 iL12B Interleukin 12 beta -0.322 -0.134 0.351 1.070

Abbreviations: GB, genebank accession number; D10, dolastatin 10; TZT, TZT-1027; VA, average of Vinca alkaloids including vincristine, vindesine, vinblastine; TX,

average of taxanes including paclitaxel and docetaxel.
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of the taxanes and Vinca alkaloids differed from those of
TZT-1027 and D10 (Figure 3).

Validation of discriminatory genes by RT-PCR

The identified discriminatory genes GSTO1 and TIMP3 were
validated using real-time RT-PCR (Figure 4). To investigate
whether the genomic responses of these genes depended on
the cytotoxicity levels, the RT-PCR experiment was per-
formed at different cytotoxicity levels (ICgo and IC, ) of TZT-
1027. The results are summarized in Figure 5. These findings
suggested that the selected genomic responses might not
depend on the cytotoxicity levels, whereas the genomic
response of GSTO1 demonstrated a dose dependency.

Discussion

In the present study, we characterized the novel antimicro-
tubule agent TZT-1027 using a microarray analysis. Dolas-
tatins belong to a class of microtubule-destabilizing agents,
but this classification is not sufficient for clinical use.
Despite similarities in their mechanism of action and
structure, antimicrotubule agents differ in their antitumor
and toxicologic profiles.?* It now seems that the most
important action of antimicrotubule agents is not the
regulation of microtubule-polymer mass (polymerization
and depolymerization), but the suppression of spindle-
microtubule dynamics.>® Furthermore, many of the drugs
act not only on microtubules, but also on soluble tubulin,
and the location of the specific binding site in tubulin and
microtubules greatly affects the response of the microtubule
system to the drug.2® Therefore, to characterize the novel
antimicrotubule agent TZT-1027, we analyzed drug-induced
changes in gene expression using the microarray technique
and compared the molecular profiles with those induced by
the mother compound, D10, and other well-known anti-
microtubule agents, such as Vinca alkaloids and taxanes.

For the profiles, we evaluated the ICsq value of each drug
using a growth inhibitory assay. We aimed to categorize the
drugs based on their mechanisms of action; therefore, the
changes in gene expression were, of necessity, induced at the
same cytotoxicity level. The resulting expression profiles
were obtained using a microarray containing ~600 key
genes applicable to antimicrotubule drug research, includ-
ing genes involved with microtubule dynamics, cell-cycle
regulation, angiogenesis and the extracellular matrix as well
as cell adhesion receptors, oncogenes and tumor-suppressor
genes. We focused on changes in gene expression because
gene regulation should be correlated with the protein status
modulated by the drugs.

<

Figure 2 Spatial class separation of antimicrotubule agents using
specific discriminatory genes. The axes represent the first three linear
discriminants of the expression levels of (a) 11 dolastatin-discriminatory
genes from Table 2, (b) 9 taxane-discriminatory genes from Table 3 and
(c) 5 Vinca alkaloid-discriminatory genes from Table 4. TZT, TZT-1027;
dolastatin 10, D10; VDS, vindesine; VCR, vincristine; VBL, vinblastine;
TXL, paclitaxel; TXT, docetaxel.
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Table 3 Discriminatory genes of taxanes (paclitaxel, docetaxel)

GB Symbol Description Log ratio
X VA D10 TZT
Upregulated genes
X02492 G1P3 Interferon-induced protein 6-16 precursor 1.122 -0.397 -1.150 -0.902
Y10256 NIK Serine/threonine protein kinase 0.637 —-0.951 —0.595 —0.287
U72661 NINJ1 Ninjurin 1 0.481 -0.154 -1.015 —0.448
M65199 ET2 Endothelin 2 0.444 —0.488 -2.185 ~1.507
X54936 PIGF Placenta growth factor 0.345 -0.235 -0.677 -0.602
X01992 IFN-gamma Interferon, gamma 0.251 -0.929 -1.005 -1.583
Downregulated genes
AF010309 PIG3 Tumor protein p53 inducible protein 3 -0.036 0.366 0.957 0.652
M76125 UFO Tyrosine-protein kinase receptor UFO precursor -0.132 0.201 0.020 0.329
U39657 MKK6 Mitogen-activated protein kinase 6 —-0.204 0.554 0.740 0.368

Abbreviations: GB, genebank accession number; TX, average of taxanes including paclitaxel and docetaxel; VA, average of Vinca alkaloids including vincristine,

vindesine, vinblastine; D10, dolastatin 10; TZT, TZT-1027.

Table 4 Discriminatory genes of Vinca alkaloids (vindesine, vincristine, vinblastine)

GB Symbol Descfiption Log ratio
VA X D10 T
Upregulated genes
X14787 TSP1 Thrombospondin 1 0.319 -0.230 -0.106 -0.019
X07820 MMP10 - Matrix metalloproteinase 10 0.273 -0.272 -0.297 -0.417
Downregulated genes ' )
D78367 KRT12 Keratin 12 -0.124 0.262 0.250 0.598
X03212 KRT7 Keratin 7 —0.168 0.412 0.004 0.290
X56134 VIM Vimentin -1.072 0.583 0.927 1.344

Abbreviations: GB, genebank accession number; VA, average of Vinca alkaloids including vincristine, vindesine, vinblastine; TX, average of taxanes including paclitaxel

and docetaxel; D10, dolastatin 10; TZT, TZT-1027.

Table 5 Discriminatory genes between TZT-1027 and dolastatin 10

GB Symbol Description Log ratio

. TZT D10 VDS VBL VCR TXL TXT
Us9167  DESM Desmin 1.74 —0.49 -0.28 0.06 -0.71 0.44 0.43
U34819 MAPK10 Mitogen-activated protein kinase 10 0.83 -0.69 -0.52 0.98 0.57 1.33 0.93
X14420 COL3A1 Collagen, type Ill, alpha 1 0.52 -0.92 0.56 -0.79 -0.38 -0.67 —-0.66
X05610 COL4A2 Collagen, type 1V, alpha 2 0.71 -0.53 0.82 0.32 0.10  -0.06 0.33
X16468 COL2A1 Collagen, type II, alpha 1 1.08 -0.01 0.99 —-0.08 0.56 0.36 -0.07
U33635 PTK7 Tyrosine-protein kinase-like 7 0.62 -0.45 0.04 0.56 0.68 0.15 0.05

Abbreviations: GB, genebank accession number; TZT, TZT-1027; D10, dolastatin 10; VDS, vindesine; VBL, vinblastine; VCR, vincristine; TXL, paclitaxel; TXT, docetaxel.

Of the 588 genes that were surveyed, about half of all the
genes were regulated similarly by the seven drugs. The
probability of these similar expression profiles occurring by
chance is almost zero (P<1 x 107'°"). Furthermore, the
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functions of the clustered genes were associated with
microtubule dynamics. The 118 genes that were upregulated
were significantly associated with cell-cycle regulation,
mitosis or apoptosis, whereas the 141 genes that were
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Figure 3 Spatial class separation of antimicrotubule agents using six
genes from Table 5 that discriminated between TZT-1027 and
dolastatin 10. TZT and D10 were distant from all the other
antimicrotubule agents. TZT, TZT-1027; dolastatin 10, D10; VDS,
vindesine; VCR, vincristine; VBL, vinblastine; TXL, paclitaxel; TXT,
docetaxel.

GSTO1
a 5.

Array
O RT-PCR

1

05

Log-2-fold change
o

ZTZ D10 TXL TXT VDS VBL VCR

TIMP3

o

B Array
O RT-PCR

Log-2-fold change
o
o [,

-15%

ZTZ D10 TXL TXT VDS VBL VCR

Figure 4 Gene expression of GSTO1 and TIMP3 in PC-14 cells treated

with antimicrotubule agents. Validation of mRNA expression levels in
PC-14 cells after 6 h of treatment with TZT-1027 (TZT), dolastatin 10
(D10), paclitaxel (TXL), docetaxel (TXT), vindesine (VDS), vinblastine
(VBL) or vincristine (VCR). Relative mRNA amounts were normalized
with respect to expression levels in untreated PC-14 cells (Log-2-fold
change =0).
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Figure 5 (a) Gene expression of GSTO1 in PC-14 cells treated with
TZT-1027 at ICgq, ICso Or ICy¢. (b) Gene expression of TIMP3 in PC-14
cells treated with TZT-1027 at ICqgg, ICs5o or ICyg. Validation of mRNA
expression levels in PC-14 cells after 6h of treatment with TZT-1027
(TZT) at I1Cgg (0.1 nM) or IC;0 (0.005 nM).

downregulated were associated with. cell communication
and morphogenesis. Therefore, we concluded that the
genomic response profiles represented the drug activities
in PC-14 cells and investigated the discriminatory genes
within each drug class to enable their further characteriza-
tion.

By comparing the resulting gene profiles, each drug was
categorized according to its drug class based on its effects on
microtubule modulation (Figure 1). This finding suggested
that genomic response was mostly affected by the drug-
binding site on the microtubules. TXT shares the same
tubulin-binding site as TXL, and this site is distinct from the
Vinca alkaloids binding site.>> Although TXL has a 1.9-fold
higher affinity for the binding site and polymerizes tubulin
at 2.1-fold lower concentrations than TXL,?¢ TXL and TXT
induced similar gene expression profiles, compared with
those induced by the other antimicrotubule drugs. Among
the three Vinca alkaloids (VBL, VDS and VCR), the expres-
sion profile of VDS differed from those of the other two
(Figure 6). Natsume et al.'* reported that all three Vinca
alkaloids inhibited the polymerization of microtubules at a
similar affinity. VBL and VCR are structurally very similar,
whereas the structure of VDS differs from those of the other
two.?? This structural difference may be responsible for the
different genomic responses. Vinca alkaloids and dolastatins
are known to bind at so-called Vinca-binding domains in
tubulin.?® They share the same binding site and have similar
affinities,'*2® whereas additional binding sites have either
high affinities (Kd: 1-2umol) or low affinities (Kd: 0.25-
3 umol).?* Previous studies have also reported that dolasta-
tins can also bind at different sites from those used by Vinca
alkaloids'*?? These additional binding sites might be
responsible for the differences in genomic response induced
by the dolastatins and Vinca alkaloids.

Interestingly, of the 31 discriminatory genes that were
selected, six of them were intermediate filament (IF) genes
like desmin, vimentin, desmocollin and keratin (Tables 2, 4,
5). In addition, four collagen genes and one Rho-regulator
gene were also selected. These genes are all associated with
cytoskeletal regulation by the Rho signaling pathway via
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Figure 6 Heat map of correlations between drug profiles. Gene
expression profiles containing data for 588 genes were compared after
exposure to each drug to derive a matrix of Pearson correlation
coefficients indicating the degree of overall similarity between any two
drugs. A high-positive correlation is shown in red, and a low-positive
correlation is shown in white. In this graph, TZT and D10 had the most
similar expression profiles. TZT, TZT-1027; dolastatin 10, D10; VDS,
vindesine; VCR, vincristine; VBL, vinblastine; TXL, paclitaxel; TXT,
docetaxel.

microtubule dynamics.*” Rho proteins also modulate the
extracellular matrix either by regulating the levels of MMPs
(matrix metalloproteinase) or their antagonists, TIMPs
(tissue inhibitor of metalloproteinase).®’ These results
suggested that the difference in the tubulin-drug binding
site might regulate the difference in the signal transduction.

Of the genes that discriminated between dolastatins and
the other drug class, the most significant genes were GSTO1
and TIMP3. GSTO1 (glutathione transferase omega 1) is a
member of the glutathione S-transferase (GST) family of
phase Il enzymes that catalyze glutathione-dependent
detoxification.*? The role of GST has been evaluated in drug
resistance. Schisselbauer et al. 33reported that an elevated
GST level in tumors was detected after the development of
clinical drug resistance. Ban et al.** reported that adriamy-
cin, cisplatin and etoposide increased tumor sensitivity by
inhibiting GST expression in a colon cancer cell line, but
TXL and VCR did not alter sensitivity. TIMP3 is a protein
that binds to the extracellular matrix*® and belongs to a
family of endogenous MMP inhibitors. Members of the
MMP family play important roles in angiogenesis.*® There-
fore, TIMP3 is regarded as a potent inhibitor of angiogenesis
and tumor growth.?” Qi et al.3® reported that TIMP3 blocks
the binding of VEGF (vascular endothelial growth factor) to
the VEGF receptor-2, inhibiting downstream signaling and
angiogenesis. TZT-1027 showed antitumor activity in vivo
against a hypervascular advanced-stage tumor from a VEGF-
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transfectant lung cancer cell line, whereas VCR and TXT did
not.’® The upregulation of TIMP3 by TZT-1027 is one
possible mechanism for the superior antivascular activity
of this drug, compared to that of taxanes and Vinca
alkaloids.

To analyze whether similar genomic responses occurred in
lung cancer cell lines other than PC-14, RT-PCR for GSTO1
and TIMP3 was performed in another lung cancer cell line,
SBC-3, treated with TZT-1027 at 1Cso. GSTO1 and TIMP3
were downregulated in SBC-3 cells treated with dolastatins
and upregulated in the cells treated with the other
antimicrotubule agents, opposite to the profile seen for
PC-14 cells (data not shown). This result suggested that
these genes may have different genomic responses in other
lung cancer cells.

This was a ‘proof-of-principle study’. We demonstrated
the various cellular responses to antimicrotubule agents at a
gene expression level, even though the agents targeted the
same molecules. We believe that this approach to character-
izing drugs in vitro may be useful in clinical settings in that
surrogate tissue, like peripheral blood mononuciear cells,
can be used. The present findings obtained using our
microarray analysis could greatly help us to understand
the mode of action of TZT-1027 and other antimicrotubule
agents. This capacity to identify therapeutic efficacy on the
basis of gene expression signatures in vitro may be useful for
drug discovery and drug target validation.

Materials and methods

Cell lines and cultures

A human non-small-cell-lung cancer cell line, PC-14, was
provided by Professor Y Hayata, Tokyo Medical Coliege. PC-
14 was grown in RPMI-1640 medium (Nikken BioMedical
Laboratory, Kyoto, Japan) supplemented with 10% fetal
bovine serum, penicillin G and 100 pug/ml streptomycin
solution and was maintained in a humidified 5% CO,
atmosphere at 37°C.

Drugs and culture

TZT-1027 and D10 were provided by Teikoku Hormone Mfg.
Co. Ltd (Kawasaki, Japan) and were dissolved in and diluted
with 0.05M lactate buffer (pH 4.5). Vindesine (VDS),
vincristine (VCR), vinblastine (VBL), docetaxel (TXT) and
paclitaxel (TXL) were obtained from Shionogi Co. (Osaka,
Japan), Shionogi Pharmaceutical Co. (Osaka, Japan), Kyorin
Pharmaceutical Co. Ltd (Tokyo, Japan), Chugai-Seiyaku Co,
Ltd (Tokyo, Japan) and Bristol-Myers Japan (Tokyo, Japan),
respectively. RPMI 1640 medium (Gibe-BRL) and fetal
bovine serum were purchased from Nisus (Tokyo, Japan).

MTT assay

The inhibitory effect of the drugs on the PC-14 cell line was
determined using a colorimetric assay (MTT assay) according
to the method of Mosmann.*Briefly, 10° cells were
harvested in 96-well microtiter plates (Becton Dickinson &
Co.) in a volume of 180 ul and incubated for 24 h at 37°C in
humidified air containing 5% CO,. Each drug was added to



individual wells in a volume of 20ul, and the cells were
incubated for 72 h at 37°C in humidified air containing 5%
CO,. MTT reagents (MTT, Sigma) were then added to each
well in a volume of 20 ul, and the cells were incubated for 4 h
at 37°C in humidified air containing 5% CO,. Finally, the
growth inhibitory effect of each drug was assessed spectro-
photometrically.

Drug treatment, RNA isolation and microarray hybridization

To obtain reference profiles representing the drug-induced
genomic response, the PC-14 cells were grown on plastic
culture dishes until they reached 80% confluency; they were
then treated with TZT-1027, D10, VDS, VCR, VBL, TXL and
TXT for 6h at the ICso concentration of each drug
determined by MTT assay for 72h. Cell pellets of the eight
samples, including an untreated control, were collected by
centrifugation, and the total RNA from each sample was
isolated using a single-step guanidium thiocyanate proce-
dure (ISOGEN; Nippon gene).*° Single-channel labeling 3P
nylon membrane-based cDNA microarrays containing 588
genes were used (Atlas™ Human Cancer cDNA Expression
Array; BD Biosciences Clontech, Palo Alto, CA, USA).
Protocols on array printing, labeling and hybridization are
available at the BD Biosciences Clontech web site (http://
www.bdbiosciences.com/clontech/atlas/index.shtml)  The
hybridization intensities on X-ray films (Gel Bond™, FMC
Bio Products Rockland, ME, USA) were scanned and
quantified using a BAS-20001l scanner and Array Gauge
software (Fuji Film, Tokyo).

Microarray data analysis

The intensity values of each gene were log-2-transformed
and median-normalized using Excel software. The changes
in gene expression induced by drug.exposure were calcu-
lated for each spot by dividing the intensity of the drug
exposure samples by that of the untreated samples. The
multidimensional scaling analysis, based on a principle
component analysis, was performed using SIMCA-P software
v10.5 (Umetrics, Sweden). Three-dimensional rendering of
the gene profiles was graphed in a manner such that samples
with similar expression profiles would lie closer to each
other than those with dissimilar profiles. The heat map,
which showed the correlation coefficient between each drug
reference profile, was performed by R (http://cran.r-projec-
t.org/). :

Functional analysis of identified genes

To analyze the functions of the clustered genes, a gene
ontology analysis was performed using the EASE bioinfor-
matics software package (http://appsl.niaid. nih.gov/david/
upload.asp).*'*? This software package was used to rank
functional clusters by statistical over-representation of
individual genes in specific categories relative to all genes
in the same category on the array. The functional clusters
used by EASE were derived from the classification systems of
Gene Ontology (GO). The P-value to rank categories of genes
by over-representation was calculated using Jackknife-Fisher
exact probabilities. The threshold for selecting categories
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was a P-value of less than 0.01 and a minimum gene count
of more than two. P-values in gene ontology are not equal to
biological significance but are helpful in focusing on the
processes most likely to be associated with the biological
phenomena associated with aging. We also conducted
further online database searches to refine many specific .
GO annotations.

Real-time RT-PCR

Real-time RT-PCR was performed using a Smart Cycler
system (Takara) and a SYBR Green PCR kit. The reaction
solution was assembled in a volume of 25 ul comprised of
TagMan™ Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA), forward and reverse primers (final
concentration, 0.2pmol/l each) and c¢DNA mixture
(=2.5ng) to produce PCR products specific for GSTP1 and
TIMP3. The primers and probes were purchased from Sigma-
GenoSys (Tokyo, Japan). The conditions for real-time RT-
PCR were preheating at 95°C for 10min, followed by 40
cycles of shuttle heating at 95°C for 15 s and at 60°C for 20s.
A threshold was set in the linear part of the amplification
curve, and the number of cycles needed to reach it was
calculated for every gene. Relative mRNA levels were
determined using the included standard curves for each
individual gene and further normalized to the GAPDH
mRNA level. Melting curves were used to establish the purity
of the amplified band. The sequences of the primers used for
RT-PCR were as follows: GSTO1 forward, 5-AGG TTC TGC
CCG TTT GCT GAG AGG and reverse, 5-CAA GCT TTC TCA
TAG GGG TCA TCC G; TIMP3 forward, 5-TGC TGA CAG
GTC GCG TCT ATG ATG G and reverse, 5'-GCG TAG TGT
TTG GAC TGG TAG CCA G; GAPDH forward, 5'-TGA AGG
TCG GAG TCA ACG GAT TTG GT and reverse, 5'-CAT GTG
GGC CAT GAG GTC CAC CAC.
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KEYWORDS Summary EGFR mutations are a major determinant of lung tumor response to gefitinib, an
Gefitinib; EGFR-specific tyrosine kinase inhibitor. Obtaining a response from lung tumors expressing witd-
CPT-11; type EGFR is a major obstacle. The combination of gefitinib and cytotoxic drugs is one strategy
SN-38; against lung cancers expressing wild-type EGFR. The DNA topoisomerase inhibitor irinotecan
EGFR; sulfate (CPT-11) is active against lung cancer. We examined the sensitivity of lung cancers
Combination; expressing wild- or mutant-type EGFR to the combination of gefitinib and CPT-11. The in vitro

effect of gefitinib and SN-38 (the active metabolite of CPT-11) was examined in seven lung
cancer cell lines using the dye formation assay with a combination index. When administered
concurrently, gefitinib and SN-38 had a synergistic effect in five of the seven cell lines expressing
wild-type EGFR, whereas the combination was antagonistic in PC-9 cells and a PC-9 subline
resistant to gefitinib and expressing deletional mutant EGFR (PC-9/ZD). When administered
sequentially, treatment with SN-38 followed by gefitinib had remarkable synergistic effects in
the PC-9 and PC-9/ZD cells. In an in vivo tumor-bearing model, this combination had a schedule-
dependent synergistic effect in the PC-9 and PC-9/ZD cells. An immunchistochemical analysis
of the tumars in mice treated with CPT-11 and gefitinib demonstrated that the number of Ki-67
positive tumor cells induced by CPT-11 treatment was decreased when CPT-11 was administered
in combination with gefitinib. In conclusion, the sequential combination of CPT-11 and gefitinib
is considered to be active against lung cancer.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
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mens. The epidermal growth factor receptor (EGFR) is fre-
quently expressed in non-small cell lung cancer (NSCLC) and
is correlated with a poor prognosis. Gefitinib (‘lressa’) is an
orally active, selective EGFR-tyrosine kinase inhibitor that
blocks signal transduction pathways. Its clinical efficacy has
been show in refractory NCSLC patients, but the survival
benefit of this agent remains unclear. EGFR mutations have
been identified in NSCLC, and lung cancers carrying the EGFR
mutation have been reported to be hyperresponsive to gefi-
tinib [1,2]. Mutant EGFR is a major determinant of lung
tumor response to gefitinib, but the hyperresponsiveness of
tumors expressing mutant EGFR has been observed in a small
population. Now, obtaining a clinical benefit in lung tumors
expressing wild-ype EGFR is a major obstacle. The combina-
tion of gefitinib and cytotoxic drugs is one strategy against
lung cancers expressing wild-type EGFR. The DNA topoiso-
merase | inhibitor irinotecan (CPT-11) is a key drug in the
treatment of patients with lung cancer and has been shown
to prolong survival. SN-38 is the active metabolite of CPT-
11 in vitro. The objective of this study was to determine
the potential therapeutic utility of gefitinib when combined
with CPT-11 therapy to lung cancer cell according to the
treatment schedule and EGFR status.

Acquired resistance to gefitinib is also of clinical inter-
est. Recently, Kobayashi et al. [3] reported that an EGFR
mutation was related to the development of acquired resis-
tance to gefitinib. We have established subclone PC-9/2D
cells that are resistant to gefitinib [4]. Our results suggested
that another mechanism of resistance was active in PC-9/ZD
cells. The effect of the combination of gefitinib and SN-38
in these PC-9/ZD cells was also examined.

2. Materials and methods

2.1. Drugs and chemicals

Gefitinib (N-(3-chloro-4-fluorophenyl)-7-methoxy-6-{3-
(morpholin-4-yl)propoxy]quinazolin-4-amine) was provided
by AstraZeneca (Cheshire, UK). Gefitinib was dissolved in
dimethyl sulfoxide (DMSQ) for the in vitro study. CPT-11 and
SN-38 were obtained from Yakult Honsha (Tokyo, Japan)
and were dissolved in dimethyl sulfoxide (DMSO) for both of
the in vitro studies.

2.2, Cells and cultures

Human NSCLC cell lines PC-9, PC-7, and PC-14 derived from
untreated patients with pulmonary adenocarcinoma were
provided by Professor Y. Hayata, Tokyo Medical College.
A small cell lung cancer cell line, H69, was established
at the National Cancer Institute (Bethesda, MD, USA). The
gefitinib-resistant subline, PC-9/ZD, was established from
intrinsic hypersensitive cell PC-9 [5] in our laboratory [4].
A small cell lung cancer cell line, SBC-3, and an adenocar-
cinoma cell line, A549, were obtained from the Japanese
Cancer Research Resources Bank (Tokyo, Japan). All cell
lines were maintained in RPMI1640 (Nikken Bio Med. Lab.,
Kyoto, Japan) supplemented with 10% heat-inactivated
fetal calf serum, 100 ug/ml streptomycin, and 100 units/ml

Mean absorbance of six replicate wells containing drugs — mean absorbance of six replicate background wells

penicillin in an incubator at 37°C and 100% humidity in 5%
€0, and air, as described previously [6].

2.3. RT-PCR

Specific primers designed for EGFR CDS were used to
detect the EGFR mRNA, as described elsewhere [1].
Sixteen first-strand cDNAs were synthesized from the
cells’ RNA using an RNA PCR Kit (TaKaRa Biomedi-
cals, Ohtsu, Japan). After the reverse transcription of
1ug of total RNA with Oligo(dT)-M4 adaptor primer,
the whole mixture was used for PCR with two oligonu-
cleotide primers (5'-AATGTGAGCAGAGGCAGGGA-3’ and 5'-
GGCTTGGTTTGGAGCTTCTC-3). PCR was performed with an
initial denaturation at 94 °C for 2 min and 25 cycles of ampli-
fication (denaturation at 94 °C for 30s, annealing at 55 °C for
60s, and extension at 72-C for 105s).

2.4, Western blot analysis

The cultured cells were washed twice with ice-cold phos-
phate buffered saline (PBS), lysate in EBC buffer (50 mM
Tris—HCI, pH 8.0; 120 mM NaCl; 0.5% Nonidet P-40; 100 mM
NaF; 200mM Na orthovanadate; and 10 mg/ml each of leu-
peptin, aprotinin and phenylmethylsulfonyl fluoride). The
lysate was cleared by centrifugation at 20,000 x g for 5 min,
and the protein concentration of the supernatant was mea-
sured using a BCA protein assay (Pierce, Rockford, IL, USA).
For immunoblotting, 20 ng samples of protein were elec-
trophoretically separated on a 7.5% SDS-polyacrylamide gel
and transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Millipore, Bedford, MA, USA). The membrane was
then probed with rabbit polyclonal antibodies against EGFR,
HER2/neu, Her3 and Her4 (Santa Cruz Biotech, Santa Cruz,
CA, USA) and phospho-EGFR specific for Tyr 845, Tyr 1045,
and Tyr 1068 (numbers 2231, 2235 and 2234; Cell Signaling,
Beverly, MA, USA).

2.5. Growth-inhibition assay

We used the tetrazolium dye (3,(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide, MTT) assay to eval-
uate the cytotoxicity of various drug concentrations. After
incubation for 72 h at 37°C, 20 pl of MTT solution (5mg/mt
in PBS) was added to each well; the plates were then incu-
bated for a further 4 h at 37 *C. After centrifuging the plates
at 200 x g for 5min, the medium was aspirated from each
well and 180 pl of dimethylsulfoxide was added to each well
to dissolve the formazan. Optical density was measured at
562 and 630nm using a Delta Soft ELISA analysis program
interfaced with a Bio-Tek Microplate Reader (EL-340; Bio-
Metallics, Princeton, NJ, USA). Each experiment was per-
formed in six replicate wells for each drug concentration
and was independently performed three or four times. The
1Csq value was defined as the concentration needed for a 50%
reduction in the absorbance, as calculated based on the sur-
vival curves. Percent survival was calculated as follows:

x 100.

mean absorbance of six replicate drug-free wells — mean absorbance of six replicate background wells
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2.6. Combined effect of gefitinib and SN-38 in
vitro

After 24h of incubation, gefitinib and SN-38 were added
to each cell line according to one of the two combination
schedules. For the concurrent schedule, gefitinib and SN-38
were added concurrently and were then incubated under
the same conditions for 72 h. For the sequential schedule,
gefitinib or SN-38 were added sequentially and were then
incubated under the same conditions for 72 h. The combined
effect of gefitinib and SN-38 on lung cancer cell growth was
evaluated using a combination index (Cl) [7]). The Cl was
produced using CalcuSym software (Biosoft, NY, USA). For
any given drug combination, the Cl represents the degree
of synergy, additivity, or antagonism. Cl was expressed in
terms of fraction-affected (F,) values, which represents
the percentage of cells killed or inhibited by the drug.
Using mutually exclusive (a=0) or mutually non-exclusive
(=1) isobologram equations, the F,/Cl plots for each cell
line were constructed by computer analysis of the data
generated from the median effect analysis. The Cl values
were interpreted as follows: <1.0=synergism; 1.0 = additive;
>1.0=antagonism,

2.7. In vivo growth-inhibition assay

Experiments were performed in accordance with the United
Kingdom Coordinating Committee on Cancer Research
Guidelines for the welfare of animals with experimental neo-
plasia (second edition). Fig. 2A shows the treatment sched-
ule. For the in vivo experiments, the combined therapeutic
effect of orally or intraperitoneally administered gefitinib
and intravenously injected CPT-11 was evaluated according
to a predetermined schedule. The dose of each drug was
set based on the results of a preliminary experiment involv-
ing the administration of each drug alone. Ten days before
administration, PC-9 and PC-9/ZD cells were injected sub-
cutaneously into the backs of the mice. Six mice per group
were injected with tumor cells. Tumor-bearing mice were
given either gefitinib (40 mg/kg/day, p.o.) on days 2—6, CPT-
11 (50 mg/kg/day, i.v.) on day 1, both, or a placebo (5%(w/v)
glucose solution). Alternatively, tumor-bearing mice were
given gefitinib on days 2—6 and CPT-1 on days 2. The diame-
ters of the tumors were measured using calipers on days 1,
5, 8, 12, 15 and 20 to evaluate the effects of treatment, and
tumor volume was determined 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 20 denotes
the day on which the effects of the drugs were estimated,
and day ''0’’ denotes the first day of treatment. All mice
were sacrificed on day 20 after their tumors had been mea-
sured.

2.8. Immunohistochemistry

The tumors were harvested from the mice at the time of
sacrifice. For hematoxylin-eosin (HE)} and anti-CD31 and Ki-
67 staining, the resected tumors were fixed in zinc-buffered
formalin (Shandon Lipshaw, Pittsburgh, PA) overnight at 4<C.
After paraffin embedding and sectioning at 6 um, formalin-
fixed sections were stained with Mayer’s H&E (Richard Allen,

Kalamazoo, Mi, USA). For anti-Ki-67 and anti-CD31 immuno-
histochemistry, the slides were heated in a water bath at
95—99°C in Target Retrieval Solution (DAKO, Carpinteria,
CA, USA) for 20min, followed by a 20-min cool-down period
at room temperature. After heat retrieval, the sections were
rinsed well in PBS and stained with rabbit antihuman Ki-67
antigen (DAKO N-series, ready to use) or rat antimouse CD-
31 antibody (BD PharMingen, Tokyo, Japan) according to the
manufacturer’s instructions and then were lightly counter-
stained with Mayer’s hematoxylin. The sections were finally
stained with an in situ Death Detection POD Kit (Roche Diag-
nostic GmbH, Mannheim, Germany), according to the man-
ufacturer’s instructions.

TUNEL staining was performed using the Apoptosis
Detection System, Fluorescein (Promega, Madison, Wi,
USA). Briefly, 6-um cryostat sections were fixed in 4%
paraformaldehyde for 10min at room temperature and
rinsed in PBS with 0.1% Triton X-100. The sections were then
incubated in Equilibration Buffer for 5 min at room tempera-
ture followed by incubation in TUNEL Mix, prepared accord-
ing to the manufacturer’s instructions, for 1 h at 37°C. After
successive washes in PBS, the sections were coverslipped
using an antifade reagent.

Microvessel density was determined by calculating the
proportion of CD31-positive cells. The Proliferation Index
was determined by Ki-67 immunostaining and calculating
the population of Ki-67-paositive cells in five fields at 200x.
The Apoptosis Index, determined by TUNEL staining, was
calculated from the population of TUNEL-positive cells in
five fields at 200x. The apoptosis:proliferation ratio equals
the apoptosis index/proliferation index x 100. At least 1000
tumor cell nuclei from the most evenly and distinctly labeled
areas were examined in each examination.

At least 1000 cancer cells were counted and scored per
slide. Both the percentage of specifically stained cells and
the intensity of immunostaining were recorded. Blood ves-
sels were detected with an anti-von Willebrand factor (vWF)
antibody (Chemicon). Microvessel density was determined
by calculating the proportion of vWF-positive cells.

3. Results

3.1. Expression of Her-receptors and cellular
sensitivity to gefitinib or SN-38 in lung cancer cell
lines

The expression levels of EGFR in seven lung cancer cell lines
were examined using RT-PCR with a primer set for exon 20
in EGFR. PC-14, SBC-3, H69, PC-7, and A549 cells showed
a 570-bp-long PCR amplified product exhibiting wild-type
EGFR mRNA (data not shown). On the other hand, a smaller
PCR product was also detected in the PC-9 and PC-9/ZD
cells, and this band was confirmed to be an in-frame 15-
base deletion of exon 20 (E746_A750del).

We examined the protein levels of EGFR, Her2, Her3,
and Her4 in the lung cell lines using immunoblotting. The
quantitative data obtained by densitometorical analysis is
summarized in Table 1. The protein levels of EGFR, Her2,
and Her3 in the PC-9 cells were one- to four-fold higher
than those in the other cell lines (PC-7, H69, PC-14, A549,
and SBC-3).
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Table 1  Comparison of Her family protein levels and gefitinib- and SN-38-induced growth inhibition
Cell lines Relative expression?® Growth inhibition®, ICsg +S.D.

EGFR Her2 Her3 Her4 Gefitinib (uM) SN:38 (nM)
PC-9 2.8 3.2 3.7 ND 0.047 + 0.061 8.09+1.9
PC-9/1D 1.6¢ 2.6 3.8 ND 7.7+ 05 389+7.0
PC-14 1.5 2.8 1.1 ND 17.1 £ 0.8 421 +£2.6
SBC-3 2.4 2.6 1.0 ND 19.9 £ 5.4 1.07 £ 0.1
A549 2.3 2.3 .14 ND 30.2+£2.2 293 + 64.5
H69 1.3 1.3 2.0 ND 56.5+ 3.2 27.2 + 4.1
PC-7 1.0 1.0 1.2 ND 68.8 + 14.8 20.5 + 8.2

The ICsg value (M) of each drug was measured by MTT assay, as described in Section 2. Each value is the mean +5.D. of three or four

independent experiments.
2 Protein expression levels were analyzed by Western blotting.

b Drug concentration responsible for 50% growth inhibition in MTT assay at 72h, calculated data for at least three dependent experi-

ments.
¢ 15-base deletion EGFR, ND: not determined.

3.2. Cellular sensitivity of lung cancer cells to
gefitinib and SN-38

The growth inhibitory effect of gefitinib and SN-38 on lung
cancer cells was examined using an MTT assay. The 1Csp val-
ues of gefitinib for the cell lines ranged from 46 nM (PC-9
cells) to 68 pM (PC-7 cells). The PC-9/1D cells were ~200-
fold resistant to gefitinib, compared with the parentat PC-9
cells. Cellular sensitivity to gefitinib and the expression lev-
els of EGFR and Her2 were negatively correlated with the
ICsp vatues of gefitinib (Table 1). The ICs values of SN-38 for
these cell lines ranged from 1 nM (SBC-3) to 300 nM (A549).
The range of sensitivity to gefitinib was wider than that to
SN-38. No correlation in cellular sensitivity to gefitinib and
SN-38 was seen. o

3.3. In vitro combined effect of gefitinib and
SN-38 on lung cancer cell lines

To evaluate the potential combined effect of gefitinib and
SN-38, the combination index was determined using an MTT
assay. The combined effects of gefitinib and SN-38 under
the concurrent schedule are shown-in Fig. 1. Cl values of
<1, >1, and 1 indicate a supra-additive effect (synergism),
an antagonistic effect, and an additive effect, respectively.
An additive to supra-additive growth-inhibitory effect was
observed for all doses of gefitinib and SN-38 tested in cell
lines expressing wild-type EGFR. On the other hand, a high Cl
index was observed in PC-9 cells and PC-9/ZD cells express-
ing mutant EGFR over a wide range of inhibition levels. These
results suggest that gefitinib and SN-38 are synergistic in lung
cancer cells expressing wild-type EGFR but not in cell lines
expressing mutant EGFR in vitro.

3.4. Schedule-dependent synergy of gefitinib and
SN-38 in lung cancer cells

Next, we examined the schedule dependency of the com-
bined effects of gefitinib and SN-38 in the cell lines. The
five cell lines expressing wild-type EGFR showed synergis-

tic (PC-14, H69, and A549 cells) or additive effects (SBC-3
and PC-7 cells) for all three schedules: concurrent admin-
istration, SN-38 followed by gefitinib administration, and
gefitinib followed by SN-38 administration (Fig. 1A). In the
PC-9 cells, concurrent administration and gefitinib followed
by SN-38 administration were antagonistic, but SN-38 fol-
lowed by gefitinib administration was synergistic (Fig. 1B).
In the PC-9/ZD cells, concurrent administration was antago-
nistic, but sequential administration was synergistic. These
schedule-dependent combined effects were observed in the
cells expressing mutant EGFR.

3.5. Combined effects of gefitinib and SN-38 in
vivo

To estimate the schedule-dependent effects in vivo, nude
mice bearing tumors were treated with gefitinib and CPT-11
according to sequential or concurrent schedules (Fig. 2A).
Mice bearing PC-14 tumors were treated with gefitinib and
CPT-11 according to sequential or concurrent schedules.
CPT-11 (50mg/kg) alone potentially reduced the tumor
size, and the combination of gefitinib and CPT-11 was syn-
ergistic. In particular, the administration of CPT-11 fol-
lowed by gefitinib cured the mice bearing PC-14 cells
(Fig. 2B).

Mice bearing PC-9 or PC-9/ZD tumors were treated with
gefitinib and CPT-11 according to sequential or concurrent
schedules. Gefitinib (40 mg/kg) alone potentially reduced
the PC-9 tumors, and CPT-11 (50 mg/kg) followed by gefitinib
administration reduced the tumor size of PC-9 xenografts
more dramatically (gefitinib alone: P=0.012, sequential
combination: P=0.005) (Fig. 2B). On the other hand, the
concurrent schedule produced an antagonistic effect. Body
weight loss was not observed in any of the mice treated
according to the above schedules (Fig. 2C). CPT-11 followed
by gefitinib administration is a potentially beneficial sched-
ule against PC-9 and PC-9/ZD cells expressing mutational
EGFR. The results of these in vivo experiments were consis-
tent with those of the in vitro studies.

To elucidate the synergistic mechanisms of CPT-11 and
gefitinib in vivo, tumor samples of the PC-9 and PC-9/ZD
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Combination index (Cl) plots of interactions between gefitinib and SN-38 in lung cancer cell lines. Each cell line was

treated with gefitinib and SN-38, either alone or in combination at a fixed molar ratio. (A) (PC-14) gefitinib: SN-38 = 425:1; (SBC-3)
20000:1; (A549) 100:1; (H69) 2000:1; (PC-7) 3500:1. (B) (PC-9) gefitinib: SN-38=6:1; (PC-9ZD) 175:1. Treatment schedule: (1) SN-38
was applied first and gefitinib was applied 12 h later, followed by incubation in medium for 72 h (blue). (2) SN-8 and gefitinib were
applied concurrently, followed by incubation in medium for 72 h (red). (3) Gefitinib was applied first and SN-38 was applied 12 h later,
followed by incubation in medium for 72h (green). S — G: sequential combination (SN-38 followed by gefitinib); C/G: concurrent
combination; G — S: sequential combination (gefitinib followed by SN-38).

cells were stained with anti-Ki-67, anti-CD31 and the TUNEL
assay (Fig. 3A and B). A reduction in tumor cell prolif-
eration (Ki-67 staining), a reduction in tumor vasculature
(CD31 staining), and an increase in tumor apoptosis (TUNEL
staining) were observed in tumors treated with gefitinib
alone or gefitinib and CPT-11. The administration of CPT-
11 alone increased the number of Ki-67 positive tumor
cells. In the PC-9 tumors, sequential treatment resulted
in a 2.7-fold increase in tumor cell apoptosis and a 1.9-
fold decrease in vessel staining, compared with the results
obtained in tumors treated concurrently. The ratio of apop-
tosis:proliferation increased 1.7-fold in sequentially treated
tumors compared with tumors treated with both drugs

concurrently. Quantitative analysis of tumor cell prolifera-
tion and apoptosis showed a significant difference between
the effects of the concurrent and sequential schedules
(P<0.001), but not between concurrent and gefitinib-alone
{P>0.01 for all comparisons, Fig. 3C). No significant differ-
ence in CD31-positive cells was observed between the con-
trol and gefitinib-alone treatments, suggesting that gefitinib
exerts no remarkable anti-angiogenetic effects (P>0.01,
Fig. 3C). Similar findings were observed in PC-9/ZD tumors.
These findings suggest that the antitumor activity of sequen-
tial treatment using gefitinib and CPT-11 is mediated by an
increase in tumor cell apoptosis, compared with concurrent
treatment.
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4. Discussion

The EGFR-targeting drug gefitinib has been approved in
many countries for the treatment of NSCLC patients who
have previously received chemotherapy. Previous preclinical
models have demonstrated the synergistic effects of gefi-
tinib and platinums or taxanes [8,9]. However, no significant
difference in survival was demonstrated in two random-
ized placebo-controlled phase Il trials examining over 2000
previously untreated patients with NSCLC. In these trials,
gefitinib was given in combination with paclitaxel and car-

boplatin or with gemcitabine and cisplatin [10,11]. Different
administration schedules for gefitinib and cytotoxic agents
may be necessary for select populations.

EGFR gene mutations have been demonstrated in NSCLC,
and patients with lung cancers expressing mutant EGFR are
strongly suspected to be hypersensitive to gefitinib alone.
An in-frame short deletion in exon 19 of EGFR is strongly
related to hyperresponsiveness to gefitinib and other tyro-
sine kinase inhibitors [12,13]. Cells expressing this dele-
tional EGFR mutation are hypersenstivie to EGFR-targeted
tyrosine kinase inhibitors [5]. On the other hand, the treat-
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Fig. 2 Dose-dependent effects of combination therapy in PCS and PC9/ZD cells in vivo. (A) Treatment schedule; (B) signifi-
cant tumor growth-inhibition was cbserved in mice treated with the combination of gefitinib and CPT-11. Mice were allocated to
five groups (6 mice/group) (O: 5% (w/v) glucose solution; O: CPT-1150mg/kg; A: gefitinib 40mg/kg; B: ZD183940mg/kg + CPT-
1150 mg/kg concurrently; ®: CPT-11 50 mg/kg followed by ZD1839 40 mg/kg). (C) Treatment-related body weight loss in mice treated
with gefitinib and/or SN-38. (O: 5% (w/v) glucose solution; O: CPT-1150mg/kg; A: ZD183940mg/kg; M: ZD183940mg/kg + CPT-
1150 mg/kg concurrently; @: CPT-1150mg/kg followed by ZD1839 40mg/kg). Bars: +5.D.
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ment of lung cancers expressing wild-type EGFR is a major
obstacle. Combined therapies are still considered to be
a major strategy against lung cancer expressing wild-type
EGFR. Our previous preclinical study demonstrated that gefi-
tinib and CPT-11 have synergistic effects in colorectal cancer
cell lines [14]. Here, we reevaluated the combined effects
of gefitinib and cytotoxic agents based on the status of EGFR
mutations in lung cancer.

We demonstrated that gefitinib and SN-38, the active
form of CPT-11, have synergistic or additive effects in lung
cancer cells expressing wild-type EGFR. The combination
of gefitinib and CPT-11 may be useful against lung cancers
expressing wild-type EGFR. On the other hand, this combina-
tion had antagonistic effects in PC-9 cells expressing mutant
EGFR, even though PC-9 cells are basically hypersensitive to
gefitinib alone.

The concurrent administration of gefitinib and SN-38 also
had an antagonistic effect in the PC-9/ZD cells. The PC-
9/2D cells developed an acquired resistance to gefitinib
after exposure to gefitinib in vitro. New treatment strate-
gies for patients who are refractory to gefitinib treatment
are clinically needed. We demonstrated that the sequen-
tial administration of SN-38 (CPT-11) and gefitinib improved
the combined effects in PC-9/ZD cells both in vitro and
in vivo.

The above results led us to propose a combined gefitinib
and CPT-11 treatment strategy based on the EGFR mutation
status of lung cancers: (1) combined treatment according to
any schedule for lung cancers expressing wild-type EGFR,
(2) gefitinib treatment alone for lung cancers expressing
mutant EGFR, and (3) the sequential administration of gefi-
tinib and CPT-11 for patients who are refractory to gefitinib
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treatment. Based on the above preclinical evidence, we are

" preparing to begin a clinical phase Il trial for combined gefi-

tinib and CPT-11 treatment in Japan.

We previously demonstrated that CPT-11 and gefitinib
have a synergistic effect against colorectal cancer [14].
EGFR mutations are rarely observed in colorectal can-
cer cells [15]. Therefore, the combined effects of these
agents against colorectal cancers were consistent with those
against the lung cancers expressing wild-type EGFR in this
study.

Different combined effects were observed for the concur-
rent and sequential schedules in vitro and in vivo. While the
mechanisms responsible for the combined effects remain
unclear, cell cycle distributions might explain some of the
differences. In cells treated according to the sequential gefi-
tinib followed by SN-38 (CPT-11) treatment schedule, treat-
ment with gefitinib resulted in an increase in the G0—G1
phase and a decrease in the S phase populations (data not
shown). The decreased S phase population was not sensitive
to CPT-11 [16]. Thus, the antagonistic effects of the sequen-
tial administration of gefitinib followed by CPT-11 (SN-38)
could be explained by this mechanism. On the other hand,
in cells treated according to the sequential SN-38 followed
by gefitinib treatment schedule, SN-38 treatment induced an
increase in the S phase population. If the S phase population
is sensitive to gefitinib, this might explain the synergistic
effects of this sequential schedule [17]. An increase in EGFR
phosphorylation induced by CPT-11 is another previously
reported possible mechanism responsible for this synergistic
action [14].

In conclusion, we demonstrated the different effect on
lung cancer cell expressing mutant EGFR according to the
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Fig. 3  (A) Historical examination of PC-9 tumor xenografts (day 22) stained with H&E, anti-CD31 vessel staining, TUNEL staining
(magnification: 400x) and anti-Ki-67 nuclear antigen (magnification: 200x). The number of Ki-67-positive cells increased with the
administration of CPT-11. The number of Ki-67-positive cells decreased with the gefitinib-alone and combination treatments. C/G:
concurrent combination, C — G: sequential combination. (B) Historical examination of PC-9ZD tumor xenografts (day 22) stained
with H&E, anti-CD31 vessel staining, TUNEL staining (magnification: 400x) and anti-Ki-67 nuclear antigen (magnification: 200x).
The number of Ki-67-positive cells increased with the administration of CPT-11. The number of Ki-67-positive cells decreased with
the gefitinib-alone and combination treatments. C — G: sequential combination; C/G: concurrent combination. (C) Quantitation of
CD31 vessel staining, Ki-67 proliferation index, apoptosis index, and apoptosis: proliferation ratio. The columns represent the mean
population of positive cells in five fields. Bars: £5.D. Tumors from mice treated with vehicle (white), CPT-11 (diagonal hatched),
Gefitinib (horizontal hatched), concurrent combination of CPT-11 plus Gefitinib (cross-hatched), or sequential combination of CPT-11
plus Gefitinib (cross-hatched).

combination schedule of gefitinib and CPT-11. The sequen- for Cancer Control from the Ministry of Health, Labour and
tial combined treatment also active against lung cancer cell Welfare, Tokyo, Japan.
expressing wild-type EGFR.
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Abhstract

Recent progress in the field of molecular
biology has been expected to contribute to prog-
ress in the field of clinical medicine. Personal-
jzed medicine conld he achieved by phar-

macogenonmics.  Prospective clinical studies

Introduction

Remarkable progress has been made in the
field of molecular biology in the 20™ century
(Table 1). The entire haman genome has been
sequenced by the Human Genome Project. The
215t century s, therefore, called the “Post
Genome”™ era and further advances in the clinical
application ol biotechnology are  expected.
Applicd biotechnology is also uscful for both
diagnostic and therapeutic oncology. Here, we
shall discuss the application of biotechnology to
the field of medical oncology.

Fable 1 Progress in the lield of molecudar biology

during the 20" century

ycar cvent

1890  Mendclism

1926  Genes on chromosonte {(Mogan)

1944 DNA as gene component (Fibree)

1953 Double helix of DNA (Watson & Crick)

1956  Replication enzyme of DNA (Komburg)

1973 Recombination technology (Clolien)

1985 PCR (Mullis)

1990 Start the Human Genome Project

1998  Deciphering the human genome procecd to
multicetlular organism

2001 Decoding of the human genome by Celera

Genomies Co.

using biomarkers are considered Lo be important,
Investigators should plan (he study design and
curefully perform such studics,

Key words: Pharmacogenomics, DNA chip,
biomarker, prediction

Tissue Banking

Genome biology is expected to be applied to
drug development.  Drug development, such as
that of cytotoxic anticancer drugs and molecular
target drugs in the field of oncology, is one of the
most upcoming fields. The lirst and most impor-
tant step of drug sereening is target identification
and the search for sceds. The next step is screen-
ing of the compounds, followed by preclinical
and clinical studies. 1t is considered that
genomic information effectively contributes to
the larget identification and its validation. Tao
oblain data about the human genome, analysis
ol buman materials is essential. This approach is
called the “Reverse Transtational Research™. In
the clinical setting, it is also called "Molecular
Correlative Study™. These approaches are adopt-
ed by povernment-supported projects both in
Japan and abroad. Pharmaceutical companies
also apgressively conduct a scarch for sceds.
Mega-pharmag, in particular, have already cstab-
lished the banking system for human materials.
Japan has also started a banking system, but il
secms to be stitl immature and Japan still falls
behind other countries.  The process of collect-
ing clinical samples is called “Tissue Banking”
or simply “Banking™.
Pharmacogenouics

The approach mentioned above is also applicd
in the climcal setting.  One af the well-recog-
nived approaches is “Personalized Medicine,”

Y]
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that allows therapy 1o be customized to individ-
uals by analyzing 1he individuals genome,
Analysis  of the genome s cabled  “phar-
macogenomics™ when it is related to treatnient
with drugs  “Pharmacogenomies™ is a word
combining “genomics™ and  “pharmacology™
Broadly, pharamcogenomics includes the analy-
sis of gene products, such as RNA and proteins.
The pharmacogenomic approach is considered
to contribute to health and welfare. The US and
other governments are encouraging (his stralegy.
FFor example, the US povernment provides guid-
ance to the industry on the process of Inves-
tigational New Drug (IND), New Drug Applica-
tion (NDA), and Biologic Licence Application
(BLA)Y. lu our country, the Ministry of Health,
Welfare, and Lubour has requested for genomic
information obtaincd hy the genomic testing in
clinical studies for pharmaceutical companics.

Application of pharamcogenomics is expected
in three major stages : discovery, prechinical, and
clinical stages (Table 2). Three examples are
provided as follows ; i) research on gene-related
discases ; i) relationship  between gene
polymorphism and response 1o drug treatment ;
iil) genomic tests for the prediction ol drug
responses. Examples 2 and '3 are considered to
be closely associated with cancer treatment and
will directly contribute to the exclusion of
patiemts with severe toxicitics or 10 the selection
of responders and non-responders to a particular
treatment.  The markers obtained by phar-
macogenonics are called as “biomarkers™.
Biomarkers for molecule-targeting drugs

We would like to consider biomarkers for
target-based drugs. 1) Overexpression ol the
target molecule; this is ofien detected by im-

Table 2 Three broad applications of  phar-

mucogcnumics

Discovery '
Target ilenuification
Mechamsms ol Action
Targer differentiation
Biomarker identification,

Preclinical Toxicolopy

Toxicogenomics -

In vivo mechanisin ol action
Biomarker identification
Clinical ‘
In vivo mechanism of action

Biomarker development and validation

munohitochemical analysis.  Amphification of
targel molecules is detected by FISTL CISUH o1
PCR  Somatic nuntations in tlumor Hssues are
detected by direct sequencing or other PCR
based assays.  For the purification of tumor
tissnes, the microdissection technique is useful
There are biomarkers for conventional cytotoxic
drugs  ERCCIH is an enzyme involved in DNA
tepair and its transeript levels have been reported
to be related 1o the responses o platinum-
containing  regimens  (c.g., cisplatin plus
gemicitabine) i now-small cell lung cancer
patients ' Thus, biomarkers could be determi-
nants for predicting the sensitivity aid responses
of tumors 1o eylotoxic drugs.

As mentioned above, the EGFR  somatic
mutation in lung cancer is @ hot topic. Strong
correlation has been observed between EGEFR
somatic mutations and clinical responses to an
EGFR-specific tyrosine kinase inhibitor,
gefitinth, Thus, the EGFR mutation is a definite
biomarker, and other somatic mutations of on-
cogenes in tumors have been also reported.
These mutations could be used as new biomar-
kers 1o clarify subpopulations of patients that
would respond 1o molecule-targeting  drugs.
Currently, trials for new molecule-targeting ther.
apeutics are now underway for solid tumors.
Treatment with angiogenesis inhibitors and anti-
bodies are expected to umprove the outcome of
patients. New biomarkers need to be continually
sought for this type of therapeutics.

Now, these molecular correlative studies are
called as “Critical Path Research™ in the field of
drug development (Fig. 1).

Considering the back ground of aggressivencess
ol biomarker research, the average response to
drugs is much lower than that of other discases
(Fig. 2)

The average response rate to anticancer drugs
is 20-30%, which is inadequate.  In order to
improve the response rate to anticancer drgs,
selection of subpepulations of patients  that
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would potentially show response is one strategy.
At the same timc. the labeling of drugs with
pharmacogenomic data has been increasing
recently (Fig. 3)

Government-related regulatory institutions in
the US (Department of Health and Human
Services, Food and Drug Administration, Center
for Drug Evaluation and Research (CDER),
Center for Biologic Evaluation and Research
(CBER), Center for Devices and Radiological
Health (CDRIH)) developed a “Guideline for
Indusiry,” by which pharmaceutical companics
are required to submil pharmacogenomic data.
Flow should investigators assess/evaluate the
data? LEssentially, we should recognize three
categories of pharmacogenomic information
while selecting the treatment strategy: 1) test
required, 2) test reconunended, 3) information
only.

Trastuzumab (Herceptin®) for breast cancer is
a good example of the first | testing for anti-Her2
by FISH analysis (Herceptest®) is required for
the administration of Trastuzumab.  Although
EGFR somatic mutation, EGFR immunohisto-
chemistry, and FISH for EGEFR are considered

to be good biomarkers for predicting the
response to EGFR-targeting drugs, they belong
to the ““T'est only™ category. It is not within the
scope of this review to discuss why these differ-
ences exist. Anyway, applied pharmacogenomics
is very important in the selection of appropriate
subpopulations, and an increase in the number
of “Test required” biomarkers is warranted.
Another point for discussion is that the phar-
macogenomic approach has so far focused on the
prediction or evaluation of adverse events.
Single- nucleotide polymorphisms of metaboliz-
ing cnzymes, such as pd450 or UDP-glucur-
onoyltransferascs (UGT)? are closely related 1o
the toxicity profile of drugs. Therefore, tests for
these genes are also included in the label of the
drugs. The available evidence actually contrib-
utes to identify subpopulations of patients likely
to show severe side cffects. On the other hand,
there is not much evidence, in terms of biomar-
kers, to distinguish accurately belween respon-
ders and non-responders. It is important to
consider the latter approach when considering
personalized medicine. .
Drug-diagnostic co-development

As mentioned before, the importance of phar-
macogenomics has been discussed worldwide.
Last year, the FDA proposed the new concept
“drug-diagnostic co-development”, although it is
still in the draft stage and needs open discussion.
What is the “co-development™?  “Co-develop-
ment”™ means: 1) Critical Path Research for
biomarkers that would distinguish respounders
from non-responders in clinical studies; 2)
research {or avoiding severe toxicities ; 3) clini-
cal studies for POC (proofl of concept) by
monitoring pharmacodynamic markers.  The
endpoints of these approaches are to set the
appropriate doses for each subpopulation or
responders.  Investigators should consider the
study designs flexibly in these approaches. For
example, randomized phasce 1l studies and ran-
domized discontinuation studics may be given
more consideration. In addition, for the sclce-
tion of biomarkers in Critical Path Rescarch,
more strict validation will be necessary, because
the tests using the biomarkers will directly affect
the treatment of each patient.
Problems in pharamcogenomics and future
perspectives

Biomarker researches can be divided into two
categories. “hypothesis-driven” aund “hypothesis-
free™; the former is ta prove the power of preex-

549



K. Nishio et al

isting biomarkers  (predictability,  reliabiliy,
specificity e.g.), whereas the latter is to select
hiomarkers without any hypothesis, by DNA
microarray or proteomics. At the same time,
validation of the selected biomarkers 1s neces
sary.  Currently, the hypothesis-free approach
seems to be the trend.

In gencral, biomarkers in the hypothesis:
driven approach are relatively easy to under-
stand, and are based on biological evidence.
They can be expected Lo be more easily applied
clinically. However, there is a limitation : only
pre-existing biomarkers can be used.  On the
other hand, in the case of biomarkers in the
hypothesis-free approach, it is difficult to under-
stand underlying biological mechanisms and it is
difficult to directly apply these markers clinical-
ly. However, novel biomarkers can be discover-
ed by this approach.

When considering a new prospective study
using microarray gene expression proliling, it is
of importance 1o pay altention 1o some points, as
follows. The investipators should recognize the
role of quality assurance and perform the study
accordingly. Regarding the data of DNA expres-
sion for Cancer Diagnostics, the guidelines
proposed hy the NCI-EORTC Working Group
arc helpful® Far the development of classifica-
tions based on the genc expression profile, the
following points must be taken into considera-

Table 3 The 17 gene signature associated with metastasis

By A common therapy s essential lor
wentical populations. Ave the results reasonable
enough to establish a therapeutic policy ? Will
the new classification be generally nsed based on
the cost-benefit balance, by comparing the sclec-
tion of the therapies and the cost for mis-classi-
fied ? These points should be
prefiminarily during the process of designing of
the study.  For further evaluation, internal
validation is necessary to prove the accuracy of

ton.,

discussed

the new classification in comparison with the
pre-existing prognostic factors.  The validation
process includes 1) transfer to other platforms
that are commonly used in clinical situations.
(For cxample, will the classification identified
by DNA chip analysis be valid for transfer o
that by RT-PCR or immunohistochemical (JCH)
examination), 2) confirmation of the re-
producibility of the classitication by the new
platform (RT-PCR or 1CH), and 3) independent
validation in a prospective study. In addition,
the investigators should recognize “multiplicity”
of the comprehensive data sets, such as those of
gene expression. Many rescarchers have reported
classifiers to predicl the prognosis of patients
with cancers. For example, a 17- gene signature
associated with metastasis was identified by a
DNA chip analysis by Ramaswamy et al..* (Fig.
4)

Several researchers have attempted the same
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Giene Gene name
Upregulated in metastases
SNRPF Small nuclear ribonucleoprotein | A1032612
EIF4ELS Elongation initiation factor 4E-like 3 A1038957
HNRPAR Heterogeneous nuclear ribonucleoprotein A/B M65028
DHPS Deoxyhypusine synthase 1J79262
PTTG! Securin AA203476
coLial Type 1 collagen, wl Y5915
COLIA2 Type | collagen, o2 JN3a64
LMNBI Lamin BI 1 37747
Downrcgulated in metastases
ACTG2 Actin, y2 100654
MYLK Myosin light chain kinase (148959
MYHI! Myosin, heavy chain 1) AFQDT S48
CNN] Calponin | 117408
HILA-DPBI MHC Class H, DPgI M8306064
RUNXI Runt-related transcription factor | 1343969
MT3 Metallothtoncin 3 $72043
NRAAT Nuclear hormone receptor TR3 113740
AT0912613

RBMS
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