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TZT-1027 is an antimicrotubule agent targeting beta-tubulin that is under-
going clinical development. The genomic response of cancer cells to TZT-
1027 was profiled to evaluate its biochemical activity. A lung cancer cell line,
PC-14, was exposed to antimicrotubule agents inciuding dolastatins, Vinca
alkaloids and taxanes at an equivalent toxicity level. Alterations in the TZT-
1027-induced gene expression of ~600 genes were then examined using
microarray technology and the resulting gene profiles were compared with
those for cells exposed fo the other antimicrotubule agents. A principle
component analysis using the whole gene set demonstrated that 777-1027
produced similar gene profiles to those produced by dolastatin 10, but that
these gene profiles differed from those produced by other agents. The agents
were classified according to their induced genomic response in a molecular
structure-dependent manner. Genes whose expression profiles differed
according to drug class included intermediate filaments, extracellular matrix
protein and Rho regulatory genes that may be involved in cytoskeletal and
angiogenesis processes that are regulated by microtubule dynamics. TZT-
1027 produces a unique genomic response profile distinct from that of Vinca
alkaloids and taxanes, suggesting that this agent has a different mechanism
of action. The selected genes may act as pharmacodynamic biomarkers
allowing the unique mode of action of TZT-1027 to be discriminated from
those of other antimicrotubule agents.

The Pharmacogenomics journal advance online publication, 21 March 2006;
doi:10.1038/s].tp].6500386

Keywords: TZT-1027; dolastatin 10; <DNA microarray; taxanes; Vinca alkaloids; antimicro-
tubule agent

Introduction

Dolastatin 10 (D410) is small peptide inhibiting microtubule assembly and tubulin
polymerization that was isolated in 1987 from an Indian Ocean mollusc, the sea
hare (Dolabella auricularia).! Although D10 displayed significant antitumor
activity in preclinical models and demonstrated good tolerability in clinical
settings, recent phase H clinical trials suggested that D10, as a single agent, lacked
significant activity.>* TZT-1027 is a synthesized derivative of D10 with superior
preclinical activity.® TZT-1027 showed notable antitumor activity against a broad
range of human malignancies in vivo, including those resistant to conventional
chemotherapeutic agents.” Superior antivascular activity resulting in the collapse
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of the tumor vasculature was demonstrated, compared with
the activities of taxanes and Vinca alkaloids.®2° The first
clinical phase I study of TZT-1027 was initiated in 1994, and
another four studies have since been completed; a phase II
study is cumently ongoing.'>* The major toxicity was
hematological, in the form of neutropenia and leukopenia.
Reversible peripheral neurotoxic syndrome, alopecia, fatigue
and anorexia were the principal nonhematological toxici-
ties.

TZT-1027 is a mitotic spindle poison that interacts with
tubulin at the Vinca alkaloids binding site,** but the spectra
of antitumor activity of TZT-1027 and the Vinca alkaloids are
different in vivo.”*%* TZT-1027 also showed potent anti-

tumor activity against a vincristine-resistant cell line” A

recent investigation of the mode of action reported that
TZT-1027-induced apoptosis and cell arrest in the Gu/M
phase that was independent of caspase-3 or bel-2.2¢ Accord-
ing to in vitro studies performed with tumor tissue obtained
from patients with lung and renal cell cancers, the activity
of TZT-1027 is influenced less by the p53 mutation status
than by DNA-damaging agents.’” Despite these investiga-
tions, the mode of action and therapeutic class of TZT-1027
as an antimicrotubule agent remains unclear. To character-
ize the mode of action of this compound, microarray-based
transcriptional profiles have been performed,*®?
Cell-based high-throughput screening technologies pro-
vide information about cellular pathways that control drug
sensitivity.>>*! Drug-to-drug comparative approaches using
microarray analyses are useful for identifying diug targets;
the cellular effects caused by a novel drug of incompletely
characterized specificity can be matched to ‘reference
profiles’ of the cellular effects elicited by the specific
inhibition of candidate analog-sensitive drugs.2*?* Thus, it
has been proposed that phenotypic information generated

by drug-induced alterations in gene expression can be
matched to discrete interactions between the compound
and the relevant protein targets. Using the drug-to-drug
comparative approach of the microarray analysis, we
obtained reference profiles of genomic expression data from
cellular responses in a lung cancer cell line to antimicrotu-
bule drugs, including five conventional agents and the
mother compound D10. In the present study, we aimed to
characterize TZT-1027 using these reference profiles.

Results

Growth inhibition

The growth inhibitory effect of TZT-1027 and the other six
antimicrotubule agents was determined using an MTT assay.
The PC-14 cell line was exposed to each drug for 72 h. The
50% growth inhibitory concentrations (ICgq values) were as
follows: TZT-1627, 0.02 nM; D10, 0.1nM; VDS, 4nM; VBL,
2nM; VCR, 7 nM; TXL, 3nM and TXT, 3nM. Based on these
results, TZT-1027 was over a hundred times more cytotoxic
than the other taxanes and Vinca alkaloids.

Micrearray data mining .

The expression intensity of the array was normalized using a
global normalization method. The change in gene expres-
sion was calculated as the intensity ratio between treated
and untreated samples. The complete cDNA microarray data
can be found in the Supplementary Tables. This supporting
information contains the raw data, normalized data and a
surnmary of the selected genes.

Cornmon genes regutated by all antimicrotubule agents
Of the 588 genes that were surveyed in the microarray analysis,
118 genes were upregulated by all seven antimicrotubules

Table T _Gene ontology analysis of biological process of antimicrotubule agents

Upregulated Downregulated

Gene category P Gene category p
G2/M transition of mitotic cell cyde <0.0001 Cell—cell signaling <0.0001
Cytokinesis <0.6001 Morphogenesis <0.0001
Regulation of cell cycle 0.0002 Organcgenesis 0.0001
Obsolete biological process 0.0003 Development 0.0001
G1/5 transition of mitotic cell cycle 0.0004 Cell communication 0.0001
Mitotic cell cycle 0.0008 Positive regulation of cell proliferation 0.0042
Apoptosis 0.0009 Growth 0.0074
Cell cycle 0.0010 Immune response 0.0098
Programmed cell death 0.0012 Defense response 0.0098
Cell death 0.0012

Death 0.0012

Regulation of CDK activity 0.0012

Positive regulation of proarammed cell death 0.0077

Positive regulation of apoptosis 0.0077

Induction of apoptosis 0.0077

Regulation of programmed cell death 0.0077

Induction of programmed celf death 0.0077

The Pharmacogenomics Journal



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 {TZ1-1027 and D10) and the other antimicrotu-
bule agents. The most discriminatory gene in this gene set
was the drug-resistant gene, GSTOI. 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.
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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

— ] ;
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Figure 1 Three-dimensional representation of antimicrotubule agents
according to a principle compenent analysis of the gene expression data
for 588 genes. In this analysls, 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 categorles: dolastatins, Vinca
alkaloids and taxanes. TZT, TZT-1027; dolastatin 10, D10Q; VDS,
vindesine; VCR, vincristine; VBL, vinblastine; TXL, paclitaxel; TXT,
docetaxel.

Table 2 Discriminatory genes of dolastatins (D 10 and TZT-1 027)

GB Symbol Description Log ratio
D1¢ TZT VA X
Upregulated genes
190313 GSTO1 Glutathione-S-transferase homolog 0.905 0.189 -0.818 -0.706
730183 TiMP3 Tissue inhibitor of metalloproteinase 3 0.7G3 0.481 —0.343 —-0.859
U46461 DVL Disheveled, dsh homolog 1 0.206 0.396 ~0.542 —0.444
00124 KRT1 50kDa type | epidermal keratin 0.190 0.278 —0.643 -0.219
M57765 ILT7 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
02570 RhoGAP1 Rho-related small GTPase protein activator —0.048 -0.076 0.433 0.248
104177 COL11A1 Collagen, type X}, alpha 1 —0.048 -0.250 0.388 0.074
X72925 DSC1 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 L1128 Interleukin 12 beta -0.322 —0.134 0.35% 1.070

Abbreviations: GB, genebank accession number; D10, dolastatin 10; TZT, T21-1027; VA, average of Vinca alkaloids including vineristine, 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 (ICyp and ICyp) 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.*® Jt 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.®® 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 microamay 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 cormrelated 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
() 5 Vinca alkaloid-discriminatory genes from Table 4. TZT, TZT-1027;
dolastatin 10, D10; VDS, vindesine; VCR, vincristine; VBL, vinbiastine;
TXL, paclitaxel; TXT, docetaxel.
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Table 3 Discriminatory genes of taxanes (paclitaxel, docetaxel)
G8 Symbol Description Log ratio
TX VA D10 TZT
Upregulated genes
X02452 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 NIN1 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
A01992 IFN-gamima 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

Abbreviatiens: 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)

GEB Symbol Description Log ratic
VA TX D10 TzZT
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 G412 0.004 0.290
X56134 VvIM 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, dofastatin 10; TZT, TZT-1027.

Table 5 Discriminatory genes between TZ7-1027 and dolastatin 10

GB Symbof Description Log ratio

12T D10 vDs VBL VCR TXL TXT
Us59167  DESM Desmin 1.74 -049  -0.28 0.06 -0.71 0.44 0.43
U34819 MAPK10 Mitogen-activated protein kinase 10 0.83 ~0,69 —.52 0.98 0.57 1.33 0.93
X14420 COL3A1 Collagen, type I, alpha 1 0.52 -092 0.56 -0,79 -038 -0.67 -0.66
X05610  COL4A2 Collagen, type IV, alpha 2 0.71 —-0.53 0.82 0.32 010  -0.06 0.33
X16468  COL2A1 Collagen, type |l, alpha 1 1.08 -0.01 0.99 —0.08 0.56 036 —Q.07
U33635 PTK7 Tyrosine-protein kinase-like 7 0.62 —0.45 0.04 0,56 0.68 015 0.05

Abbreviations: G8, genebank accession number; TZT, TZT-1027; D10, dolastatin 10; VDS, vindesine; VBL, vinbiastine; 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<1x1072%9), Furthermore, the

functions of the clustered genes were associated with
microtubule dynamics. The 118 genes that were upregulated
were significantly assoclated with cell-cycle regulation,
mitosis or apoptosis, whereas the 141 genes that were

The Pharmacogenamics Journal
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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; VICR, vincristing; VBL, vinblastine; TXL, paclitaxel; TXT,
docetaxel,
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Figure 4 Gene expression of GSTO1 and TIMP3 in PC-14 cells treated
with antimicrotubule agents, Validation of mRNA expressien 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 norralized
with respect to expression levels in untreated PC-14 cells (Log-2-fold
change =10).
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Figure 5 (a) Gene expression of GSTO1 in PC-14 cells treated with
TZT-1027 at 1Cgq, ICsp oOF IC;q. (b) Gene expression of TIMP3 in PC-14
cells treated with TZT-1027 at ICg,, 1Csp of [Cpq. Validation of mRNA
expression levels in PC-14 cells after 6h of treatment with TZT-1027
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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,2® 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 structuyal 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,***# whereas additional binding sites have either
high affinities (Kd: 1-2 umol) or low affinities (Kd: 0.25-
3 pmol).** 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 Vineca 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
correfation 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, vincristing; 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 transductiomn.

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 II enzymes that catalyze glutathione-dependent
detoxification.?? The role of GST has been evaluated in drug
resistance. Schisselbauer et al. **reported 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 ICgo. GSTO1 and TIMFP3
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 celtular 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 vitre may be useful in clinical settings in that
surrogate tissue, like peripheral blood mononuclear cells,
can be used. The present findings cbtained 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.

Materlals and methods

Cell lines and culfures

A human non-small-cell-lung cancer cell line, PC-14, was
provided by Professor Y Hayata, Tokyo Medical College. PC-
14 was grown in RPMI-1640 medium (Nikken BioMedical
Laboratory, Kyoto, Japan) supplemented with 10% fetal
bovine serum, penicillin G and 100ug/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),
vincrstine (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 seram 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 gl and incubated for 24h at 37°C in
humidified air containing 5% CO;. Each drug was added to
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individual wells in a volume of 20g], and the cells were
incubated for 72 h at 37°C in humidified air containing 5%
COz. MTT reagents (MTT, Sigma) were then added to each
wellin a volume of 20 ], and the cells were incubated for 4h
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 ICs; concentration of each drug
determined by MTT assay for 72 h. 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 32P
nylon membrane-based ¢DNA 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-200011 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 bicinfor-
matics software package (http://appsl.niaid. nih.gov/david/
upload.asp).**4? 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 assocjated 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 cDNA mixture
(~2.5ng) to produce PCR products specific for GSTPI 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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ZD6474 inhibits tumor growth and intraperifoneal dissemination in a
metastatic orthotopic gastric cancer model
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Angivgenesis inhibitors have been used to treal sume cancers, bt
the therapeutic poleatial of these agents for gastric cancer has
remained unclear. To investipale their therapeutic putentizl, we
examined the clfect of ZD6474, an agent that selectively targels
vaseular endothelial growth Iactor receptor-2 (VEGFR- 2; KIDR)
tyrusine kinase and cp:dm mal growth lactor receptor (EGFR)
tyrusine kinase, in a highly metastatic ortholopic model using an
undifferentiated gastric cancer cell line, 58As1. ZD6474 (100 mg/
kgfday, p.o., 2 weeks) signilicantly inhibited {wmor growth (p <
0.05 v, control) and reduced tumor dissemination inte the perite-
neal cavity {(p < 0,05 vs. controf). In addition, to identily pulative
tumor hivmarkers that would refleet the effects of ZD6474 (reat-
ment in cinical settings, we examined the gene expression proliles
of implanicd gasiric tumors treated with ZD6474 in vive. Twenty-
cight candidate genes were identified, including IGFBP-3, ADM,
ANGPTLA, PLOD2, DSIPI, NDRGI, ENOQ2, 1H1G2 and BNIP3L,
which are known to he hypoxia-inducible genes. These genes and
gene products mnay be pselul hivmarkers for monitering the eficets
uf ZD6474 treatment. ZD6474 also improved the survival of mice
with implanted another ondilferentiated gastric cancer cell line,
44A53. In conclusion, vur results suggest that ZDG6474 may have

clinical activity against gastric cancer, particularly undiflerenti-
ated gastric canees with peritoneal dissemination, We alse identi-
{ied putative bhiomarkers for monitoring the pharmacodynamic
ciTects of ZD6474 by gene expression profiling.

& 2005 Wiley-Liss, Inc.

Key words: ZDO474; gastric cancer: intraperitoneal dissemination;
VIGE: aligonucieotide microarray

Various anti-cancer agents have been examined for efficacy
against gastric cancer over the past two decades. butl the median
survival time of patients remains wound 7 months,™ and the
prognosis of gastric cancer patienls remains poor. Peritoneal dis-
semination is common in patients with anresectable gastrointesti-
nal cancer. and many suffer from peritoneal carcinomatosis in the
terminal stage. Becouse undifferentiated gastric cancer is purticu-
h:iy tvasive and often accompanied by periteneal dissemina-
tion.” & new treatment strategy is needed.

Vascular endotheliad growih factor (VIEGF) is a key mediator of
tumor growth and is known to have multiple funetions in angio-
genesis. vascular pulmablhlv. .md the regulation of endathelial
cell profiferation and migration.” ® VEGT receplors (VEGFR) are
activated by ligand stimulation with VEGF and cummon])'
expressed in vascular endathelial cells, VEGFR-2 (KDR/FIk-1) iy
thought 10 be tmportant for angiogencsis.” Because the VIEGE-
VEGER system plays 4 key role in angiogenesis and fumor growth
in vive. the therapeulic polmlm] of many agenls trgeting this Sys-
tem is being investigated.® A revent study has shown that a combi-
nation of monuelonal antibady sgainst VEGT and chemuotherapy
produces a clinically meaninglul survival bepefit for paticnts with
metastatic colorectal cancer.” amd these results may lead o
changes in the standard trearment Jor colorectal cancer.”

ZD0e474 35w novel arally available VEGER-2 (KDR) Iyrosine
kinase inhibitor that is also knowss 10 selectively target epidermal
srow |h [actor receplor {EGFR) 1yrosine l\masx Both ol which are
parls al key pathways in emor growtl,"™ 7 We demonsiraied

fﬁ\uicc Faobadee stocns of the intensationat Uithon Against Can ey

pietnd Lerce el (8

previously the evidence suggesting that 7D647-1 inhibits angio-
aenesis and tumor growth by targeting EGFR.Y

In our present siudy. we tested ZD6474 for an inhibitory efTect
on tumor growth and imiraperitoneal  dissemination. and Jor
improvement of survival in a newly established, highly metastadic
orthatopic gastric Wwmor model in vivo. In addition. we also identi-
fied putative biomarkers to monitor the effects of ZD6474 treat-
ment using pene cxpression profiling.

Malerial and methods
Reagenits

ZD6474 and gefitinib Uressa™) were provided by AstsuZcnecy
(Cheshire. UK).

Cell cudtires

The newly established highly metastatic human signet-ring cell
gastric cancer cell lines 58As1 and 44As3 produce large volumes
of ascitic fiuid and sponlancously melastasize to lln, peritoneal
cavity alter artholopic (gastriic wall) implantation."®'? 58As1 and
44453 and human non-sinall cell lang cancer cell line PC-9 were
maintained in RPMI-1640 medium (Sigma, St. Louis. MQ) sup-
plemented with 10% heat-inactivaled FBS (Gibco BRL. Grand
Island. NY). The PC-4 cells were a gift of Tokyo Medical Univer-
sity. Human embryonic kidney cell line 293 (HEK293) was
obfained [rom the American Type Culture Collection (Manassas.
VA) and cubtured in DMEM supplemented with 109% FBS. Human
umbilical vein endothelial cells (HUVEC) were maintained in
EBM-2 mediom (Clonetics. Walkersvitle, MD) supplemented
with EGM-2 kit (Clonctics). according to the manufacturer’s
instructions.

In vitro grewdh-inhibition aysay
The cell-growth inhibitory effects of ZDo474 and gelitinib were
assessed by the thinzole blue tetrazeliom bromide (MTT) assay
(Sigma). Briefly. 180 plfwell of cell suspension was sceded on to
Sumilon™ 96-well microculture plates (Sumitomo Bakelite. Aki,
Japan) and incubated in 104% FBS-containing medium for 24 hr.
The cells were then treated with ZD6474 Wl various concentrations
{4 nM-80 M} and cultured at 37°C in a humidilied atmosphere
Jor 72 hr. After the culture period. 20 ul volume of MTT reagent
was added. and the plates were Turther incubated for 4 hr, Afler
cenlrifuging the plates, the cubture medium was discarded and the
wells were filled with dimethyl-sulfoxide. The optical denstty of
the cultures was measured al 562 nm with Defta-sofl soltware on a
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Macintosh computer inferfaced 1o a Bio-Tek Microplate Reader
EL-340 (BioMetallics. Princeton, NI). The experiment was con-
ducted in triplicate,

Tmunobloning

EGFR. phosphe-EGFR (specific for Tyr 1068). and anti-rabbit
horseradish  peroxidase (HRP)}-conjugmted adibody  were pur-
chased [rom Ccll Signalling (Beverly. MA). Cell pellets were
lysed in RIPA bulfer (Tris-HCL 50 mM: pH 7.4: NP-40. 1%: Na-
deoxycholate. 0.25%: NaCL 150 mM: EDTA. 1 mM: phenyl-
methyl-sutfonyl fuonde. 1 mM: aprotinin. leupeptin, pepstatin.
I mgfml each: Naz V3. 1 md: NaF. 1 mM). Cell extracts were
electrophwresed on 7.5% (wfiv) polyacrylamide gels and trans-
ferred 10 a polyvinylidene di-fluoride membrane (Nihon Millipore.
Tokyo. Japan}. The membrane was incubated in Tris-buflered sal-
ine camaining 0.5% Tween 20 with 3% BSA and then reacled
with the primary antibodies and the HRP-conjugaied scecondary
antibody for 90 min each. Visnalization was achicved with an
enhanced chemiluminescent detection reagent (Amersham Bio-
science. Buckinghamshire, UK).

RT-PCR

A 5 pg of 1wial RNA from each cultured cell line was converted 1o
cDNA with a GeneAmp™® RNA-PCR kit (Applied Biosysiems, Foster
City. CA). The primers used for the PCR were: human-specific bela-
actin, forward: S-GGAAATCGTGCGTGACATT-3 und reverse: 5'-
CATCTGCTGGAAGGTGGACAG-3".  mouse-specific  beta-actin,
forward: 5-GAAATCGTGCGTGACATCAAA-Y and reverse: 5'-
TCATGGTGCTAGGAGCCA-Y: VEGTF-A, forwand: 5-GCCTTG-
CCTTGCTGCTCTAC-Y and reverse: 5'-CA-GGGATTTTCTTGTC-
TTGC-Y; VEGEC, forward: 5-AAACAAGGAGCTGGATGAA-
GAG-3 and reverse: 5-CAATATGAAGGGACACAACGAC-3,
VEGFR-1, forward: §-TAGCGTCACCAGCAGCGAAAGC- and
reverse: S-CCTTTCTTTTGGGTCTCTGTGC-3, VEGFR-2, for-
ward: 5-CAGACGGAC-AGTGGTATGGTTC-Y and reverse: §'-
ACCTGCTGGTGGAAAGAACAAC-Y;  VEGFR-3.  forward:
5-AGCCATTCATCAACAAGCCT-3 and reverse: 5 -GGCAACAG-
CTGGATGTCATA-3; IGFBP3. forward: 5'- AATGCTAGTGA-
GTCGGAGGAAGAC-3 and reverse: 5'- GGCGACACTGCTTTT-
TCTTATAAA-Y": ADM. forward: 5'- CCTGGGTTCGCTCGCCTT-
CCTA-3 and reverse: 5'- GGCTGGAGCCCCGTGTG- CTTGT-3.

PCR amplification was ewried oul for 35 cycles (95°C for
45 sec, 56-62°C for 45 sec. wyd 72°C for 60 sec) with a final
extension step at 72°C for 7 min. The bands were visualized by
cthidium bromide slaining.

Sequencing

Exons 18-21 of the BGFR ¢DNA from the tumor cell lines were
sequenced. and the eDNAs were wnplified using the following pri-
mers: lorward, 5-TCCAAACTGCACCTACGGATGC-Y. and
reverse.  S-CATCAACTCCCAAACGGTCACC-3. The PCR
amplifieation consisted ol 25 cycles (95°C for 45 sec. 55°C for
30 sec and 72°C for 60 sce). The sequences ol the PCR products
were determined using ABI prism 310 (Applied Biosystems).
Amplification and sequencing were curried out in duplicate for
cach tumor cetl line. The sequences were compared to the Gen-
Bank-archived human sequence of EGFR (accession number:
MM _O0A228.3).

Orthotopriv ausdel in vivo

ZDo47d was dissobved in sterile water containing 1% TWEEN 80
(Sigma). Six-weck old Temale BALB/e nude mice were purchused
fram CLEA Japan Inc. (Tokyo) and maintained under specilic
pathogen-Nee vonditions, A total of 33 10% 58As1 cells was inocu-
lated inko the gastic wall of each mouse alter fapasotomy. Thice
days afler the mocenfation. the mice were given ZID6474 50 mp/kgf
Llil:\-‘ (- 6)or 00 mgfkghiay (0 6) ora vehicle comtrdd (- 6)
Par for T daas, Aller ewthanizing the mice on Bay 19, wmaor vob-
e wus measured and lwmor samples and inaperitoneal Tavage
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Auid were collected. The lumor sunples were Tosmalin fiaed (0 - )
or stored in Isogen (0 = 3) (Nippon Gene. Tokyo. Japan). The intra-
periloneally disseminated cells were collected Iram 2 mi of PRS that
had been vsed 1o wash the peritoneal cavity,

In the survival study. mice were inoculated with 1 % 10% 38As1
or 44As3 cells imo the gastric wall after laparotomy. Three days
after inoculution. the mice were given ZD6474 50 mg/kg/fday of
ZD6474 po. (v = Ty or ip. (= 7) or the vehicle control pa.
(n = 7y Tor 14 days, The “visible ascites.” which was cvident a
few days belore death in this model. was used as # surrogate for
swvival time 10 consider for animal welfare. Mice were euthan-
ized when ascites became visible. implantation ol the pastric can-
cer cells was confinmed in all of the cuthanized mice. No cancer
cell was Jfound in one mouse (ZD6474 100 mpfkefday. 44483
implanted), and it was excluded from the analysis. The experimen-
tal animal protocols were approved by the Commitlee for Eilies
of Animal Experimentation. and the experiments were conducted
in accordance with the Guidelines for Animal Experiments ol the
National Cancer Center.

Oligonucleotide microarvay stdy

A DNA micromnay procedure was used lo prepare the in virro
transcription products, and oligonucleotide amray hybridization -
and scanning were carried out according to the Alfymetrix proto-
cols (Santa Clara, CA). In brief, total RNA extracted from the
wmor samples was analyzed with the Agilent 2100 Biomalyzer
(Agilent Technologics. Waldbronn, Germany) and ¢RNA was syn-
thesized with the GeneChip™ 3-Amplification Reagents One-
Cycle ¢cDNA Synthesis Kit (Affymetrix). The ¢RNA were then
labeled and purified for use as probes. Hybridization was caried
oul to the Affymetrix GeneChip HG-U133 Plus2.0 array for 16 hr
a1 45°C, Alter washing the glass slides. spot intensity was meas-
ured by scanning with a GeneChip™ Scanner3(00 (Affymetrix)
and converled 1o numerical dafa with GeneChip Operating Soft-
ware, Ver.1 (Alfymetriz).

Six GeneChips were used o primary implanted 58as1 twnor
samples from the vehicke control group (n = 2). and the ZD6474-
treated group (n = 2. 50 mgfka groop: o = 2, the 100 mgfke
group).

Statistical analysis

Al statistical caleulations. except the analysis of the microaray
data. were carried ont vsing StatView version 5 soflware (SAS
Institute Ine., Cary, NC) A p-value of <0.05 was considered sig-
nificant. The microarray data were analyzed with GeneSpring sof1-
ware (Silicon Genetics, Redwouod City. CA). The expression data
were normalized across the sample set by the 5Gih percentile of
¢uch chip’s intensity range, Relative expression data for each
probe set were generated by median normmalization, The fold
change (mean value of the ZD6474-treatment growp/mean value
ol the vehicle conbrel group) was calculated. md genes with >2-
fold change or <(1.5-fold change were selected.

Resuits
Cell sensitiviry 10 ZD6474 in vitvo and expression of VEGER
and EGFR

Cedl sensitivity 10 ZD6474 and the expression levels of GGFR.
VEGER andd VEGF were examined in the 58As1 cells. The
growth-inhibitory efleet of ZD6474 and gefitinil was assessed by
un MTT assay. The g, values of ZD6474 and gefitinib for
S58As] cells were 5.8 £ [Rand 1RO = 3.0 pM. respectively. sug-
gesting that S8As] cells are not sensitive 10 ZD6474 or gelitinil
fnovirra, compared 1w the “hypersensitive”™ PC-9 ¢ells (ICsq
values - (OB and 003 pM. respectively).'” The 38As] cells
cxpressed a selatively high leved of BGFR compared 10 the cells
cxpressing high (PC-9) asd low (HEK 293) levels of EGTR. b
the phasphorylation sitos wag low (Fig, 1), The expression fov-
els of VEGER and VEGT-ALC were mensused by RT-PCR. A low
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Frean 1 - Cellular charscteristics of 38As) cells, (o) EGEFR expression and phosphoryhinion fevels determined by Western bloning. A mod-
erately high level of BGFR expression was observed in 58As1 cells, compared to cells expressing high (PC-9) and tow (1TEK293) levels of
EGFR. The phosphorylation of EGFR status in 58As1 cells was low under normal calture conditions. 1B, inumunoblorting, Molecutar marker:
[20 kI, {h) Expression levels of VEGFR and VEGF-A and VEGE-C were measured by RT-PCR. A low level of VEGFRI expression was
detected in 58As] cells, but no expression of VIEGFR-2 or 3 was detected. 58As1 cells expressed VEGF-A but not VEGEF-C. 11, human umbilical
vein endothelial cells. 58: S8As[. () EGFR sequence in S8As] cells. No mutadons were detected near the ATP-binding domains in 58Ast cells.

AA, amino acid.

level of VEGFRIT expression was found in the 58As] cells, but no
VEGEFR2 ar VEGIR3 expression was defected, The 58As] cells
expressed VEGF-A. but not VEGF-C {Fig. 15). Our results sug-
gest that the Iymphatic-metastasis-related VEGE-C and VEGFR3
are nod involved i the inhibitory effect of ZD8474 on tumor dis-
semination observed in our present stedy in vivo.

Becanse EGFR mutagions may be a determinant of twmar cell
sensilivity 1o ZD6474.'% exons 18-=21 of EGFR mRNA [rom
58As] cells were sequenced. No mutations near the ATP-binding
domains'™? were detected. the 58As] eells were concluded 1o
express the wild-type EGFR.

Grosvth-inhibitory effect of ZD6474 in the arthoropic mendel
in vivo

To examine the antitumor effect of ZDO474 on gastric cancer.
we assessed the growth-inhibitory effect of ZD6474 by measuring
implanted tumor volume alter 14 days ol p.o. treatment in vive, A
significant growih-inhibitory ¢ffect was observed in the ZD6474
(100 mefkefday) group in compurison with the vehicle conirol
group {p = 0.027) in athymic mice implanted with 38As] cells
(FFig. 2u}3. Average twumor volume in the vehicle control group.
50 mgfkg/day ZD6474 aroup and 100 mg/ka/day ZID6474 groups
was 1063 £ 81.8 mm™. 79.9 = 70.0 ma”. and 42.3 + 248 mm”,
respectively.

Histological examination o H&E stuined specimens showed a
marked reduction in the number of cancer eells in the sub-mucaosal
lesions and the presence of necrofic tissue in the ZDO474 groups
{Fig. 20). suggesting thar ZD6474 inhibits the growth of primary
sasiric 1wme i vive.

tubibitoryv-cffect of ZD6474 on peritoncal dissetination

To monitor the inhibitory cllect of ZDO474 an peritoncally dis-
seminated human cancer cells, the mRNA expression ratio of
human B-actin/murine B-actin was measured with appropriate spe-
cilie primers in cells catlected Tram intraperitoneal favage Nuid. A
significanly lower level of human-derived 8-actin was observed
i the 100 mg/kpAlay ZDOATE group than in the vehicle comrel
araup (p - 0040 (Fie. 2eady indicating that ZD6A74 inhibits the
infraperitoneal dissenzination of gustric cancer in a dose-dependent
manner.

Effect of ZDG474 on survival

In the servival experiment, we examined the effect of ZD6474
(p.o- or ip) on the survival of mice implanied with 58As] or
44A53 cells, Both p.o. and i.p. administration of ZD6474 50 mga/ke/
day significantly improved the survival of 44As3-implanted mice
(p = 0.0009. p = 0004 vs. control, Fig. 35, but did not signilicauly
improve the survival ol 58As)-implanted mice (p = 0.09. p = 0.4
vy, control. Tig. 3e). The median survival time of the 58As]-
implanted mice was 33 days in the control group. 40 days in the i.p.
group. and 46 days in the p.o. group. whereas in the 44As3-
implanted mice. it was 34 days, 43 days and 53 days, respectively,
Oral administration of ZD6474 was more effective thun ip. injec-
tion (p = 0.049) in the 44As3-implanted mice (Fig. 3b). These
resulls suggest that ZD6474 is an active against gastric cancer,

Regulation of the gene expression by 2D6474 in vivo

To identily putative 1umor biomarkers that reflect the ellicacy of
ZD6474 in vivo, we analyzed the gene expression profiles of
implanted-tumor samples with oligenucleatide microarmay, Expres-
sion of 26 gencs was upregulated by 2-fold or more in the 216474
reatment graup compared 1o the contral group, whereas 2 genes
were downregulated (Fig. 4a). Interestingly, of 26 upreguialed
genes. 9 of these genes were reported previously ta be hypoxia-indu-
cible; IGFBP3 (insulin-tike growth fucior binding protein 3). ADM
(edrenomednlliny, ANGPTLA (ungivpoietin-like 4), PLOD2 (procal-
lugen-lysine, 2-oxoghttarate S-divxygenase 2. DSIPE (delta steep
indueing peptide, inpmareactory. ENO2 (enviase 2), NDRGI (N-
aye downsirean regidated gene 1Y HIG2 (hypoxia-inedueible protein 2)
and BNIPIL (BCL2badenovivus EIB 19 Ma intevacting protein 3-
fike). To conlirm upregulaion of the genes. we measured the expres-
sion levels of representative genes. JGFBPI und ADM. by RT-PCR
in nrine lunor samples g, £4).

iseussion

A correlation helween somatic EGFR mutations in non-smal
vell lung cancer cedls and sensitivity o EOFR-gpevilic (yrosine
kinuse inhibitors. including gelitinib and oslotinib, has been dem-
onstrated recently,'™ <% and a similar observation was made in
regard ta ZI6AM dn vinn We demonstrated  previoushy thal
cells pansfected with mutated FGFR were - 60-Told mere sensi
live 1o 206474 jn viro. RGER 1vrasine kinase inkibitors may pro
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Frovre 2 - Antitumor elfect of ZD6474 in an ontholopic dissemination model inr vive. (@) In vive growth-inhibitory eflect of ZDod74. The
implanted 1mmor volume was calculated aflter 14 days of treatment (p.o.). *Athymic mice (0 = 7) per group were implasted with $8As] cells,
and a significant growth inhibitory effect was observed in the 100 mg/kg/day group, compared 10 the vehicle comtrol group ¢ = 0.027). () Rep-

resentalive 14

2 staining of tumor tissue in mice reated with ZD6474. The mumber of cancer cells in the sub-mucosal lesions was clearly lower

and necrotic tissue was visible in1he ZD6474 group, compared 10 the control group. () Disseminated cancer cells were collected Crom intraperi-
toneal lavage Muid to measure the ratio ol umorderived human P-actin to murine B-actin using RT-PCR and specific primers {3 wicefarowp).
Tol RNA was equalized o 5 pg lor each sample, (¢ Densitometric analysis. Ratio of #-actin Jevels. #*Significantly lower jevel of human-
derived B-actin was detected in the 00 mg/kg/day Z126474 group than in the comrel group (p = 0.04Y). The data shown are means L+ SD. Cont,
vehivle control; Sk Z136474 50 mg/kgflay group: FOO, ZD6474 100 mg/kghlay group. Significunce was analyzed by Student’s #-1est.

vile particularly effective therapy Jor the subset of lung cuncer
patients whose tumor cell growth is highly dependent on EGFR
signaling. including patients with tumor cells harboring activated.
mutated BGEFR. The proportion of patients with twmors highly
dependent on EGFR signaling may be relatively small among var-
ious cancer patient populations. Therefore. additional reatmemt
options Tor patients wilh cancers less dependent on EGFR signal-
ing are also needed. 11 was concluded that 58As| cells expressing
wild-1ype EGFR are net highly dependent on EGFR signaling
in vitro because the 1Cs, Tor growth inhibition by ZD6474 (5.8
M) fell within the mange of sensitivily reported by athers for
wmor eells in viro (2.7-13.5 uMY'™ and becavse the 1Cs, for
growlh inhibition by gelitinib. @ highly seleciive EGTR tyrasine

kinase inhibitor. was >~ 10ph. As a result, the concentration of

ZD0474 required w inhibit 58As! cell growth in vitra was 97-fold
grealer than required fe inhibil VEGT-dependent HUVEC prolif-
eration.”" Nonetheless. 76474 significantly  inhibited 58As]
tmwr growth i vévo (Fig, 2a). suggesting that ZD64T is uetive
agiainst gasirie cancers expressing wild-1ype EGFR i vivo and
that ZI36474 inhibition of wmor angiogencsis is likely 1o contiib-
uie significanily 1o this antitumeor effect.

Our present sitdy 1% unigue because our aggressive and spon-
taneaus intraperitoneaidissemination model is considered a very
woud mad D al tumaor progression in gastric caneer paticpls ini-
cally . especialy ol the umlitferentiated-1n pe. Indeed. Pactitaxed

and CPT-11 have been demonstraled 1o exhibil a growth-inhibi-
lory elTect and survival benefit in this model.”” bt gefitinib did
not in preliminary result (data net shown). The positive results
with ZDG474 in gur present study sugpest that this agent may be
clinjeally uselul in gasiric cancer. We had hypothesized that
direct intraperitoneal injection of ZD6474 is more effective than
oral administraion to inhibit intraperitoneal disseminution and
resull in better survival, however, the resuil showed that oral
administration led lo betier survival in 44As3-inplanted mice
(TFig. 3b).

ZD6474 inhibited the intraperitmen) dissemination of gastric
cancer cells in vur dissemination madel. Althoagh the mecha-
nisms underlying this elTect remain unclear. a lew possibilitics
can be speculated: based on clinical evidence, the depth of tumaor
invasion and cliniead staging is thought to be closely related to
peritoacal dissemination.” Thus. one possible mechanism of the
reduction ol intraperitoneal dissemination may hive resulted
fram a reduction in 1he serosal penetration of the cancer cells by
“antitumor effect o ZDOATLT o the implanted  1umors.
Althougly it is unclear whesher Z130474 has an inhibitory elTecs
against distal metastasis W the liver and vmph nades. Tar exam-
ples. it is nol surprising (hat ZD6474 ishibits “inlsaperitoneal
dissemination.” Evabeation of its oflect on distal melagtasis wil
be the subjevt of o luture investigalion in awe faborasors. Small
aor lesions (up ta 2 mmy may obiain the oxygen and nulrients
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Fravre 4 Camlitae genes tor bivmarkers regulated by ZD0474 treament Each colored block represenis the expression fevel of a given
2ene in an individual sample. () Uprepulaed genes with a > 2-fold change or « 0.5-Fold ¢hange are shows (mean value in the ZD6474 group/
vehicle control group). Cool, vehic le contrel group, # = I SULZDOAT4 S0 mgfigiday group, n = 20 100, ZDEATA 100 mgfke/day group, n = 2,
TNumber of different probes thal passed fold-change crieria above. “Reference numbes Tor genes whose expression s been reporied 1o e
related to hypoxia “Red represents increased expression and blue represents deereased L\lm ssion relsive (o the nonpalized expression of 1he
gene acress afl \.uuplts () MRNA expression levels of 2 representative genes. IGFRP-2 and A3 detected by RT-POR in tumors treated with
ZD04TLIGFRP-3 and ADA mRNA expression was induced in response w 2100474,

they need by passive dilfusion. but angiogenesis is required for inhibiting VEGTFR2«dependent intracellular signaling. Thix
the growth of tumars targer than 2 mm.™ A seeond possible effect would be expected 1o limit metastanic lumor growth due o
mechanism iy that Z126474 maey inhibit the growih o migration  lack of axygen s nurionts and redove the disseminanion <l
ol tmer vascubar emdothelial eclls in “small tumoer lesjons™ by caneer eelis,
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To identily pulative biomarkers of the pharmacodynamic
ellfects of ZD6474 in vive. we identified 28 candidate genes
from  implanted  58As] ooy ':mlplus by oligonucleatide
microarray analysis (Fig. 4e). 1GFBP-3 hd\ mulllph. functions.
including in ihe induciion of .1poplo:|s * [he inhibition of can-
cer cell pmlllu.ﬂnm and carcinogenesis™ and  [GFBP-3
cxpression is transcriptionadly sip:uzu!a!u! under hypoxic cun-
ditions.” A recent study has also .s]mwn that EGFR regolales
FGFBP-2 expression and seerction.” The inhibitory effeet of
ZD6474 on EGFR kinase may be associated with the wprepu-
fation of IGFBP-3. ADM. which was first identified in 2
human phenchromacytama. is known 1o regulate circulation by
acting as a hormone.™ Adrenomedullin is also induced by
hy]mxm and may have a role in prolecting aguinst hypoxic
cellular dwmage in human retinal pigment epithelial cells.”
Expressions of nine of the vpregulated genes. 1GFBP-3. ADM.
ANGPTL4. PLOD2. DSIPl. NDRGI. ENOZ. HIG2 and
BNIPv{‘. has been reported previously to be induced by hypo-
xin. 073 We hypothesize that ZDG6474 inhibits neovascului-
zation in tumors, thereby limiting the oxygen and nutrient sup-
ply and resublting in tumor hypoxia and upregulation of hypo-
xia-indocible genes. I 1his hypothesis is correct, hypoxia-
regulated genes and gene products might be useful biomarkers
for the pharmacodynunic cffects of ZD6474 and other anti-
angiogenic agents in preclinical and clinical settings. We are
now investigating whether these genes and gene products can
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be vsed as biomarkers Tor the
live study.

Future directions of vuy study inchule: (7) iy compare the anti-
mor elfect of other “anti-vascular agents™ with ZD6474 in 1his
madel: {if) to evaluale combination therapy with ZD6474d plus
anticancer agents: (i) to evaluate the satitumor effcel of ZI26474
zgainst micro-melastasis iz vive: and () to confim the usefulness
of the 9 candidate genes as hiewnarkers in clinically.

In conclusion. we demonstriated that ZID6474 inhibited numor
growih, suppressed ntraperitoneal dissemination. and prolonged
survival in & highly metastatic arthotopic gastric cancer model.
We carried oul a micromray analysis of lwmor samples and we
identified 9 hypoxia-inducible genes as candidate biomarkers For
monitoring the elfects of ZD6474 therapy. These findings provide
¢ strong preclinical rationale Tor investigating ZD6474 for the
treatment of gastric cancer in the ¢linic.

chicacy of ZD6474 in o corrcla-
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Abhstract

Reeent progress in the field of molecular
biology has been expected fo contribute to prog-
ress in the field of clinieal medicine. Personal-
ized medicine could be achieved hy phar-

macogenomics.  Prospective clinical studies

Intreduction

Remarkable progress has been made in the
ficld of molecular biology in the 20™ century
{Table 1). The entire human genome has been
sequenced by the Human Genome Project. The
218t century is, therefore, called the “Post
Genome" era and further advances in the clinical
application of biotechnology are expecied.
Applicd biotechnology is also usclul for both
diagnostic and therapeutic oncology. Here, we
shall discuss the application of biotechnology to
the field of medical oncology.

Table 1 Progress in the field of molecular biology

during the 20" century

year event

1890  Mendclism
1926 Genes on chromusome (Mogan)

1944 DNA as gene component (Fibree)

1953 Double helix of DNA {Walson & Crick)
1956  Replication enzyme of DNA (Komburg)
1973  Recombination technology (Cohen)

1985 POR (Mullis)

1990  Sturt the Human Genome Project

1998 Deciphering the human genome proceed o

muhiicellular organism
2001 Decoding of the human genome by Celeea

Genomics Co.

using biomarkers are considered to be important.
Investigators should plan the study design and
carefully perform such studics,

Key words: Pharmzcogenomics, DNA chip,
biomarker, prediction

Tissue Banking

Genome biology is cxpected to be applied to
drug development. Drug development, such as
that of cytoloxic anticancer drugs and molecular
target drugs in the field of oncology, is one ol the
most upcoming ficlds. The [irst and most impor-
tant step of drug screening is tarpet identification
and the search for sceds, The next step is screen-
ing of the compounds. followed by preclinical
and clinical studies. It is considered that
genomic information effectively contributes to
the target identification and its validation. To
obtain data about the human genome, analysis
of human materials is essential. This approach is
called the “Reverse Translational Research™. Tn
the clintcal setiing, it is also called “Molecular
Correlative Study™. These approaches are adopt-
ed by government-supporled projects both in
Japan and abroad. Pharmaceutical companies
also aggressively conduct a search for seeds.
Mega-pharmas, in particular, have alrcady cstab-
lished the banking system for human materials.
Japan has also started a banking system, but i
seerns Lo be stitl immature and Japan stll Talls
behind other countries. The process of collect-
ing clinical samples is called “Tissue Banking”
or simply “Banking”
Pharmacogenomics

The approach mentioned above is also applied
in the clinical setting  One of the well-recog-
nized approaches is " Personalized Medicine,”
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that allows therapy to be customized to individ-
uals by analyzing the individual's genome.
Analysis ol the genome 15 called “phar-
macogenomics™ when it is related 1o treatment
with drugs.  “Pharmuacogenomics™ is o word
combining “genomics™ and  “pharmacology”
Broadly, pharamcogenomics inciudes the analy-
sis of gene products, such as RNA and proteins.
The pharpacogenomic approach is considered
to contribute 10 health and welfare. The US and
other governments are encouraging 1his siralegy.
For example, the US government provides guid-
ance 1o the industry on the process of Inves-
tigational New Drug (IND), New Drug Applica-
tion (NDA), and Biologic Licence Application
(BLAY. En our country, the Ministry of Healih,
Welfare, and Labour has requested for genomic
informatton obrained by the genomic 1esting in
climical studies for pharmaccutical companies.

Application of pharumcogenomics is expected
in three major stages : discovery, preclinical, and
clinical stages (Table 2). Three examples are
provided as follows ; i) research on gene-related
discases ; i1} relationship belween gene
polymorphism and response to drug ireatment ;
it} genomic tests for the prediction of drug
responses. Examples 2 and 3 are considered to
be closely associated with cancer treatment and
will directly contribute lo Lhe exclusion of
patients with severe Loxicitics or 1o the seleciion
of responders and non-responders to a particular
treatment.  The markers obtained by phar-
macogenomics are called as “biomarkers™.
Biomarkers for molecule-targeting drugs

We would like ta consider biomarkers for
target-based drugs. 1) Overexpression of the
target molecule ; this is uflen detected by im-

Tuble 2 Chree broad applications of phar-

mucogenomics

Discovery
Target identilication
Mechanisma of Action
Target differentiation
Biomarker identification
Preclinical Toxicalogy
Toxicogenomics
fa vive mechanism ol action
Biomarker idemification
Clineal
it vive mechanism of action
Biomarker development and validation

munohitochemical analysis  Amplification of
targel molecules is detected by FISH, CISI or
PUR - Somatic mutations in tumor tissnes are
detected by direct sequencing or other PCR-
based assays,  For the purification of tumor
tissues, the microdissection technique is wseful
There are biomarkers for conventional eylotoxic
drugs ERCCI is an enzyme involved in DNA
1epair and its transcripl levels have been reported
to be reluted to the responses 1o platinum-
containing regimens (e.g., cisplatin  plus
gemicitabine) in non-small cell lung cancer
patients ' Thos, biomarkers could be determi-
nants for predicting the sensitivity and responses
of tumors to cytotoxic drugs

As mentioned above, the EGFR  somalic
muftation in lung cancer is a hot topic. Strang
correfation has been ohserved between EGFR
somatic mulations and clinical respenses to an
EGFR-specific 1yrosine kinase inhibitor,
gefitinib. Thus, the EGFR mutation is a definite
biomarker, and other somatic mutations of on-
cogenes in tumors have been alse reported.
These mulations could be used as new biomar-
kers 10 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 cxpected (o improve the oulcome of
patients. MNew biomarkers need 1o be continually
sought for this type of therapeutics,

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

Constdering the backpground of agpressiveness
of biomarker rescarch, the average response Lo
drugs is much lower than that of other discases
(Fig. 2)

The average response rate Lo anticancer drugs
is 20-30%, which is inadeguate. In order 1o
improve the respunse rale Lo anticancer drugs,
selection of subpopulations of patients thal
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inlormation

(Fruch W, CDERFFDA, modificd)

would potentially show response is one stralegy.
At the same lime, the labeling of drugs with
pharmacogenomic data has been  increasing
recently (Fig. 3}

Government-related regulatery institutions in
the US (Depariment of Health and Human
Services. Food and Drug Administration, Center
for Drug BEvaluation and Rescarch (CDER},
Center for Biologic Fezbuation and Rescarch
(CBER), Center far Devices and Radiological
Health (CDRIL) developed a “Guideline for
Industry.” by which pharmaceutical companics
are required to subinit pharmacogenomic data.
Hlow shonld investigators assess/cvaluate the
data ?  Essentially, we should recognize (hree
sategories  of  pharmacogenomic  inlormation
while sclecting the treaimentl strategy @ 1) fesl
required, 2} test recommended, 3) information
only.

Trastuzumab ( Herceptin®} for breast cancer i3
a pood example of the first ¢ testing Tor anti-Ter2
by FISH analysis (Herceplest™) is required for
the administration of Trustuzumabh.  Although
ECGFR somatic mutation, EGEFR immunelisto-
chemistry, and FFISH for FGFR are considered

lo be good biomarkers lor predicting the
response 10 EGFR-targeting drugs, they belong
to the “Test 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 ol appropriaie
subpopulations, and @i 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 enzymes, such as pa50 or UDP-glucur.
onoyltransferases (UGT)Y* are closely relaled 1o
the toxicity profile of drugs. Therefore, tests for
these genes are also included in the label of the
drugs. The available evidence aclually contrib-
utes 1o identily subpopulations of patients likely
tor show severe side effects. On the other hand,
there 15 not much cvidence, in terms of biomar-
kers, to distinguish accuraiely between respon-
ders and non-responders. It is important 1o
consider the laner approach when considering
personalized medicine.
Drug-dingnostic co-development

As mentioned before, the importance of phar-
macogenomics has been discussed worldwide,
Last year, the FDA proposed the new concept
“drug-dingnostic co-development™, although it is
still in the dralt stage and nceds open discussion.
What is the “co-development™?  “Co-develop-
ment” means: 1) Critical Path Research lor
biomarkers that would distinguish responders
from non-responders in clinical  studies; 2)
research for avoiding severe toxicities; 3) ¢lini-
cal studies for POC (prool of concept) by
monitoring pharmacadynamic markers.  The
endpoints of these approaches are lo sel the
appropriate doses for each subpopulation or
responders.  Investigators should consider the
study designs Mexibly in these approaches, For
example, randomized phase 11 studies and ran-
domired discontinuation studies may be given
more consideration.  In addition, for the selee-
tion of biomarkers in Critical Path Rescarch,
more stiict validation will be necessary, because
the tests using the biomarkers will directly affect
the treatment of each patien.
Problems in pharamcogenomics and Tutnre
perspectives

Biomarker rescarches can be divided into two
calepories, “hypothesissdiiven™ and “hypoibesis-
frec™: the Tormer is fo prove 1the power of prees-

an





