Immunohistochemistry

The lung sections were deparaffinised and rehydrated, then
microwaved in 0.01 M sodium citrate buffer for 15min at 90°C to
retrieve epitopes, and cooled at room temperature. An endogenous
peroxidase blocking solution of 3% hydrogen peroxide was applied
for 20 min at room temperature. After blocking the nonspecific
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Figure | Cell cycle analysis. Cell cycle analysis of 1{.C tumour cells 24 h
after PTX (A) or NKI05 administration (B). Untreated control cells are
shown in {C).
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binding sites with 2% normal goat serum, the sections were
incubated with rabbit anti-mouse collagen III immunoglobulin G
{1gG) (Chemicon International, Temecuta, CA, USA) overnight at
4°C. The sections were then washed with PBS, followed by the
addition of biotin-conjugated goat anti-rabbit IgG (Vector
Laboratories Inc, Burlingame, CA, USA) and incubation for
30 min at room temperature. The sections were then washed and
incubated with horseradish-peroxidase-conjugated avidin-biotin
complex (Vector Laboratories Inc.,, Burlingame, CA, USA) at room
temperature for 30min, in accordance with the manufactarer’s
instructions (Vector Laboratories Inc.). The immunoreactions
were visualised using 3,3'-diaminobenzidine as the substrate and
counterstaining with haematoxylin.

Statistical analysis

Date were expressed the meants.d. Differences between the test
groups were analysed by Student’s t-test. We used Stat View (SAS
Institute Inc.) statistical software. A value of P<0.05 was
considered statistically significant.

A 800 ¢

700

[4,] o
o o
(=} <

Tumour volume {(mm3)
P
(=]
[=]

300
200
100
0 1 '] i, 1 1
0 2 4 3] 8 10
Days after initial treatment
B 12
v
3
-
2
[5]
=
K=
£
=
2
m
0‘9 1 L] 1 1 J
0 2 4 6 8 10

Days after initial treatment

Figure 2 Antitumour activity. Changes in the LLC tumour growth rates
in the mice. (A) Mice receiving TXL-alone (@), NKI053-alone (O),
combined treatment with PTX and radiation (M), and combined
treatrnent with NKI05 and radiation (O) were administered a single iv.
injection of PTX or NKI05 at the dose 45 mgkg™' on day 14 after the
turnour inoculation (= on day O after the initial treatment). After 24 h the
drugs were administered, the mice in the radiation-alone (A) and the
combined-treatment groups were irradiated (arrow). Mice in the contro
group {x ) were given no treatment. (B} Changes in the relative body
weight Data were derived from the same mice as those used in the
present study.
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RESULTS

Cell cycle analysis

At 24 h after the administration of PTX or NK105 to the LLC-
tumour-bearing mice, severe cell cycle arrest at the G2/M phase
was observed in the tumour cells treated with the drugs as
compared with that in the control (no drug treatment) (Figure 1C).
There was a tendency towards the NK105-treated LLC tumour cells
(Figure 1B) showing more severe arrest at the G2/M phase than the
PTX-treated cells (Figure 14).

Antitumour activity

Decreased tumour growth rates of the LLC tumours were cbserved
in the mice of the radiation alone, combined PTX with radiation,
and combined NKI0OS with radiation groups. No antitumour
activity was observed following treatment with either PTX or
NK105 alone, because LLC is primarily a PTX-resistant tumour.
Combined NKI05 therapy with radiation yielded superior
antitumour activity as compared to both radiation alone
(P=0.0047) and combined PTX therapy with radiation
(P=0.0277) on the day 9 after the treatment initiation
(Figure 2A). No significant differences in body weight changes
were noted among the groups tested (Figure 2B).

Lung toxicities

Histopathological examination of the lung sections of all the mice
receiving radiation showed inflammatory cell infiltration, appear-
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ance of intra-alveolar macrophages, and destruction of the alveolar
architecture. Major portions of the alveolar septa in the lung
sections prepared from the irradiated mice showed slight
thickening, although no massive structural destruction was
observed (Figure 3A). On the other hand, the lung sections
prepered from the control nonirradiated group showed no
significant histopathological changes (Figure 3B). Asheroft's
fibrosis scores in the groups of mice that received radiation
ranged from 0.975 to 1.426, with no significant differences among
the groups. The score in the control group was nearly zero. In the
groups receiving radiation, the severity of lung fibrosis differed
significantly among the mice within the same groups, as did the
Ashcroft’s scores, that is, the s.d. of the Ashcroft’s scores in the
mice seceiving radiation was very high (Figure 3C).

Type 1II collagen deposition

Immunohistochemical analysis of lung sections prepared from the
mice recefving radiation revealed significant collagen deposition,
especially in the subpleural regions, while that of lung sections
prepared from the control group showed little collagen deposition.
There were no significant differences among the different groups
receiving radiation (Figure 3D).

DISCUSSION

It is well known that PTX enhances the radiosensitivity of tumour
cells by inducing cell cycle arrest at the G2/M phase, the most
radiosensitive phase of the cell cycle (Terasima and Tolmach, 1963;
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Figure 3 H&E staining of the lungs of C57BL/E) mice surviving 36 weeks after the thoracic radiation (A) and sham radiation (B). (C) Semiquantitative
analyses to estimate the severity of pulmanary fibrosis in the mice receiving sham radiation (0, thorecic radiation alone (M), combined PTX with radiation
&), and combined NK105 with radiaticn (). HAE- stained lung tissue sections were assessed to estimate the severity of pulmonary fibrosis by visual
grading of fibrosis (Asheroft's score). Collagen iif staining of the iradiated lungs of mice (D).
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Sinclair and Morton, 1966). Many reports have confirmed the
radiosensitising effect of PTX in different cell lines (Tishler et al,
1992; Choy et al, 1993; Lokeshwar et al, 1995; Rodriguez et al,
1995), in vive experiments (Milas et al, 1994, 1995; Cividalli et al,
1998), and in several clinical trials of combined PTX with radiation
therapy according to different schedules (Dillman et al, 1950;
Arriagada et al, 1991; Morton et al, 1991; Furuse ef al, 1999; Sause
et al, 2000; Chen et al, 2008), Chen et al (2003) examined the
optimal timing of PTX treatment and irradiation in relation to the
cell cycle, and recommended that radiation be given at least 5h
after PTX administration, because G2/M arrest of a lung cancer
cell line was shown to start at 4h after PTX treatment and to last
for 44h.

In our experimental model to evaluate the antitumour activity,
the tumours were irradiated 24 h after a single i.v. injection of PTX
or NK105. No significant increase in the antitumour activity as
compared with that in the control (ne treatment) was observed
following a single i.v. injection of either PTX or NK105 at the dose
of 45 mgkg™*; LLC tumours are known to be primarily resistant to
PTX. In fact, the 1Cs of PEX against an LLC tumour cell line was
shown to be 84.1 nM, which is about 10-fold higher than that of
NK105 against various cancer cell lines tested in our previous work
(Hamaguehi et al, 2005). Combined NK105 therapy with radiation
yielded superior antitumour activity as compared with Tadiation
alone or combined PTX therapy with radiation. This result
suggests that NKI05 has a more potent radiosensitising effect
than PTX. In our study, there was a tendency towards NK105-
treated LLC tumour cells showing more severe arrest at the G2/M
phase as compared to PTX-treated cells at 24 h after the injection
of the drugs, the timing of the radiation treatment, probably
because NKI0O5 allows a higher concentration of PTX to be
maintained in the tumour than conventional PTX (Hamaguchi
et al, 2005), We suppose that this is the reason why NK105 exerted
more potent radiosensitising activity than PTX.

Next, we were concerned about the adverse effects of combined
NK105 therapy with radiation. New micellar drugs are designed
based on the idea that DDS can accumulate in the tumour
selectively, while showing reduced distribution in normal tissues.
We demonstrated that the incorporation of cisplatin into micelles
significantly reduced the nephrotoxicity and neurotoxicity of
cisplatin (Uchino et al, 2005). However, it was also shown that
micelle- incorporated cisplatin caused trapsient liver dysfunction
because it was trapped more avidly by the RES as compared to free
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cisplatin, even though the PEG of the outer shell of the micelle
confers the so-called stealth effect.

In this study, our examination of the lung sections of mice
treated with NK105 and radiation revealed that the histopatholo-
gical changes such as inflammatory cell infiltration, appearance of
intra-alveolar macrophages, and destruction of the alveolar
architecture were induced by thoracic radiation and not by the
accumulation of NKI105 in the lung. There were no significant
differences in the histopathological changes observed among the
mice treated by NK105 and radiation and mice treated by radiation
alone or PTX with radiation. The severity of lung fibrosis did not
differ significantly among the test groups either. Although some
clinical trials reported an increased incidence of pneumonitis and
esophagitis following combined PTX therapy with radiation
(Taghian et al, 2001; Hanna et al, 2002; Chen and Okunieff,
2004), others reported no influence on the incidence of such
adverse effects (Ellerbroek et al, 2003; Yu ef al, 2003). Several
clinical trials and in vive experiments have discussed the subject,
however, no definitive conclusion has been arrived at (Mason ef al,
1995; Choy et al, 1998; Yu et al, 2004; Kao et al, 2005). In our study,
in regard to the incidence of esophagitis, there were no significant
differences in the histopathological changes observed in the
esophageal sections at one week after the treatment among the
test groups {data not shown).

In conclusion, we demonstrated that combined NX105 chemo-
therapy with radiation exerts significant antitumour activity.
Furthermore, the lung foxicity of this combined treatment
modality was also acceptable as compared with that observed
following radiation alone or combined PTX therapy with radiation.
However, further studies are necessary to determine the effective-
ness of NKI05 in terms of its radiosensitising effect.
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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 wild-
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 topofsomerase 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-3/2D). When administered
sequentially, treatment with SN-38 followed by gefitinib had remarkable synergistic effects in
the PC-9 and PC-9/2D cells. in an in vivo tumor-bearing model, this combination had a schedule-
dependent synergistic effect in the PC-9 and PC-3/1D cells. An immunchistochemical analysis
of the tumors 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. Akl rights reserved.

Lung cancer

1. Introduction
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fax: +81 3 3547 5185. Lung cancer is one of the leading causes of cancer-related
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mens. The epidermat 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/ZD
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 (DPMSO) for the in vitro study. CPT-11 and
SN-38 were obtained from Yakult Honsha (Tokyo, Japan)
and were dissolved in dimethyl sulfoxide (BMSO) for both of
the in vitro studies.

2.2, Cells and cultures

Human NSCLC cell tines PC-9, PC-7, and PC-14 derived from
untreated patients with pulmonary adenocarcinoma were
provided by Professar Y. Hayata, Tokyo Medical College.
A small cell lung cancer cell line, H69, was established
at the Natianal Cancer Institute (Bethesda, MD, USA). The
gefitinib-resistant subline, PC-9/ZD, was established from
intrinsic hypersensitive cell PC-9 [5] in our taboratory [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
fetat calf serum, 100 pg/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%
C0O; 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
celis’ RNA using an RNA PCR Kit {TaKaRa Biomedi-
cals, Ohtsu, Japan). After the reverse transcription of
1pg of total RNA with Oligo(dT)-M4 adaptor primer,
the whole mixture was used for PCR with two oligonu-
cleotide primers (5'-AATGTGAGCAGAGGCAGGGA-Y 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 30 s, 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 (50mM
Tris—HCI, pH 8.0; 120 mM NaCl; 0.5% Nonidet P-40; 100mM
NaF; 200mMm Na orthovanadate; and 10 mg/ml each of leu-
peptin, aprotinin and phenylmethylsulfonyl fluoride). The
lysate was cleared by centrifugation at 20,000 x ¢ for 5min,
and the protein concentration of the supernatant was mea-
sured using a BCA protein assay (Pierce, Rockford, IL, LUSA).
For immuncblotting, 20 g 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 polyclopal antibodies against EGFR,
HER2/neu, Her3 and Herd (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 (Smg/ml
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 ¢ for Smin, the medium was aspirated from each
well and 180 pl of dimethylsutfoxide 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
1Csp 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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1.6. Combined effect of gefitinib and SN-38 in
vitro

After 24 h 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 far 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. CI was expressed in
terms of fraction-affected {F,) values, which represents
the percentage of cells killed or inhibited by the drug.
Using mutually exclusive (@=0) or mutually non-exclusive
{z=1) iscbologram 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 intravenousty 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 involtv-
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. 5ix mice per group
were injected with turnor cells. Tumor-bearing mice were
given either gefitinib (40 mg/keg/day, p.o.) on days 26, CPT-
11 (50 mg/kg/day, i.v.} on day 1, both, or a ptacebo (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
turnor 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. Far hematoxylin-eosin {HE) and anti-CD31 and Ki-
67 staining, the resected tumors were fixed in zinc-buffered
formalin (Shandon Lipshaw, Pittsburgh, PA) overnight at4°C.
After paraffin embedding and sectioning at 6 um, formalin-
fixed sections were stained with Mayer's H&E (Richard Allen,

Kalamazoo, Ml, USA). For anti-Ki-67 and anti-CD31 immuno-
histochemistry, the stides were heated in a water bath at
95-99°C in Target Retrieval Soiution (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 CcD-
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 te the man-
ufacturer’s instructions.

TUNEL staining was performed using the Apoptosis
Detectich System, Fluorescein {Promega, Madison, Wi,
USA). Briefly, 6-pm cryostat sections were fixed in 4%
paraformaldehyde for 10min at rcom 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 foliowed by incubation in TUNEL Mix, prepared accord-
ing to the manufacturer’s instructions, for 1 hat 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-positive 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 celt lines
were examined using RT-PCR with a primer set for exon 20
in EGER. PC-14, SBC-3, H&9, 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-9/1D
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, HerZ, Her3,
and Herd in the tung cell lines using immunoblotting. The
quantitative data obtained by densitometorical analysis is
surmmarized in Table 1. The protein levels of EGFR, HerZ,
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).



16

T. Shimoyama et al.

Table 1 Comparison of Her family protein levels and gefitinib- and SN-38-induced growth inhibition
Cell lines Relative expression® Growth inhibition®, Cge 5.0,

EGFR Her2 Her3 Her4 Gefitinib {(uM) SN-38 (nM)
PC-9 2.8° 3.2 3.7 ND (.047 + 0.061 8.09 + 1.9
PC-9/ZD 1.6° 2.6 3.8 ND 7.7+£05 3894 7.0
PC-14 1.5 2.8 1.1 ND 17.1 £ 0.8 421+ 2.6
SBC-3 1.4 2.6 1.0 ND 19.9 £ 5.4 1.07 £ 0.1
A549 2.3 2.3 1.4 ND 30.2 £ 2.2 293 X+ 64.5
Hé9 1.3 1.3 1.0 ND 56.5 £ 3.2 27.2 £ 41
PC-7 1.0 1.0 1.2 ND 68.8 +14.8 20,5+ 8,2

The ICsp value (M) of each drug was measured by MTT assay, as described in Section 2. Each value is the mean £ 5.0. 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 72 h, 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 inhibitary effect of gefitinib and 5N-38 on lung
cancer cells was examined using an MTT assay. The 1Csg val-
ues of gefitinib for the cell lines ranged from 46 nM (PC-9
cells) to 68 pm (PC-7 cells). The PC-9/ZD cells were ~200-
fold resistant to gefitinib, compared with the parental PC-9
cells. Cellular sensitivity to gefitinib and the expression lev-
els of EGFR and HerZ were negatively correlated with the
ICsq values of gefitinib (Table 1). The 1Csg values of SN-38 for
these cell lines ranged from 1 nM (SBC-3) to 300nM (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.

3.3. In vitro combined effect of gefitinib and
SN-38 on lung cancer celt 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. Ci values of
<1, »1, and 1 indicate a supra-additive effect (synergism),
an antageonistic 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 syhergy 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 AB49 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. iB).
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.

1.5, 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 seguential or concurrent
schedules. Gefitinib (40 mg/kg) alone potentially reduced
the PC-9 tumors, and CPT-11 (50mg/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-9/2D



Gefitinib and CPT-11 in lung cancer

17

PC-14 1.5 ,
7
sof e i )
- ._,/"‘.z/
0.5 _._.._,_‘4.«“‘._’_.7..4_-‘.»
I .
Q-

4] 02 04 06 08 1.0
Fractional effect

SBC-3
R
1.5 "5 o
1.04 ~ ey " a
e -
- :“‘1 e :-‘T:_.
0.5 .
0% 0z 04 06 08 1.0
Fractionai effect
ASd9 o C
L - _f}'
61 0] . . ,»“‘:::,-’:’;j"/
0.5 ;;f,.;;;?::—-*‘
08 Gz 04 06 08 10
(A) Fractional effect
PC-9
10— |
*
8 4 \'o.‘
6 1 i\:"%..__ L]
P ’ ! -\\"- [
o ?-.\ - '-“-_'___.N
4 \—‘- ,__O_T____’ T%——:\:‘
2l X
s
v} e g -

Fractionat efiect

(B)

H&9 15 /.
- - -'"/l
1.07 —TT T T i
s A
meppniy SNSRI Ry
0.5 ‘.“::—-;;-—-:*" L .

3

90 o0z 04 08 08 10

Fractional effect

02 04 06 08 10

Fractional effect

¢ 5S-G
e S/G
*+ G8
PC-97ZD
25 - \ /"',":
20 4 ‘n‘ ‘1‘:"/
.\ . .—.f- *"’.
_ 1.5 4 !‘.,m — o‘__,,f..-- o
o N
10— N
05 i S— ':'"':0“'—--‘ L
g - .

T L - -
0 02 04 08 08 10
Fractional effect
« S—{
e SIiG
p G35

Fig. 1 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 ratlo. (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 schedute: (1) SN-38
was applied first and gefitinib was applied 12 h later, followed by incubation in mediura for 72h (blue). (2) SN-8 and gefitinib were
applied concurrently, followed by incubation in medium for 72 h (red). (3) Gefitinib was applied first and 5N-38 was applied 12 h later,
followed by incubation in medium for 72h {green}. S — G: seguentlal combination (SN-38 followed by gefitinib); C/G: concurrent
comblination; G — S: sequential combination (gefitinib faollowed by SN-38).

cells were stained with anti-Ki-67, anti-CD31 and the TUNEL
assay (Fig. 3A and B). A reduction in tumor celt 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 ncrease 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 tumars.
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 If trials examining over 2000
previously untreated patients with NSCLC. In these trials,
gefitinib was given in combination with paclitaxel and car- -

boplatin ar 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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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 tines [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 5N-38, the active
form of CPT-11, have synergistic or additive effects in lung
cancer cetls 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 5N-38 also
had an antagonistic effect in the PC-9/2D cells. The PC-
6/2D 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-9/2D 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 vitra 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 GO—G1
phase and a decrease in the $ 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 poputation. 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
tung 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: 4003) 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 tumer xenografts (day 22) stafned
with H&E, ant{-CD31 vesset 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. € — G: sequential combination; C/G: cancurrent 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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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 including 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 to the other antimicrotubule agents. A principle
component analysis using the whole gene set demonstrated that TZT-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 respense in a molecuiar
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 pracesses 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 Pharmacogeniomics journal (2006) 6, 388-396. doi:10.1038/s].tp}. 650038¢;
published online 21 March 2006

Keywords: TZT-1027; dolastatin 10; ¢cDNA microarray; taxanes; Vinca alkaloids; antimicro-
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Introduction

Dolastatin 10 (D10} is small peptide inhibiting microtubule assembly and tubulin
polymerization that was isolated in 1987 from an Indian Ocean mollusc, the sea
hare (Delabella auricularia).! Although D10 displayed significant antitumor
activity in preclinical models and demonstrated good tolerability in clinical
settings, recent phase II 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 i vive, including those resistant to conventional
chemotherapeutic agents.” Superior antivascular activity resulting in the collapse



of the tumor vasculature was demonstrated, compared with
the activities of taxanes and Vinca alkaloids.®'° 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 currently 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 vive.”1%® TZT-1027 alsc showed potent antj-
tumor activity against a vincristine-resistant cell Iine.” A
recent investigation of the mode of action reported that
TZT-1027-induced apoptosis and cell amrest in the Go/M
phase that was independent of caspase-3 or bci-2.1¢ 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 TZ1-1027
as an antimicrotubule agent remains unclear. To character-
ize the mode of action of this compound, microarray-based
transcriptional profiles have been performed.!31?

Cell-based high-throughput screening technologies pro-
vide information about cellular pathways that control drug
sensitivity,2*%2! Drug-to-drug comparative approaches using
microarray analyses are useful for identifying drug 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.?>#? Thus, it
has been proposed that phenotypic information generated
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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 72h. The
50% growth inhibitory concentrations (ICsq values) were as
follows: TZT-1027, 0.02nM; D10, 0.1nM; VDS, 4nM; VBL,
2nM; VCR, 7nM; 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.

Microarray data mining

The expression intensity of the amray was normalized using a
global normalization method. The change in gene expres-
ston 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
summary of the selected genes,

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

Table 1T Gene ontology analysis of biological process of antimicrotubule agents

Upregulated Downregulated

Gene category P Gene category P
G2/M transition of mitotic cell cycle <0,0001 Cell-cell signaling <0.0001
Cytokinesis <0.0001 Morphogenesis <0,0001
Regulation of cell cycle 0.0002 Organcgenesis 0.0001
Obsolete biclogical process 0.0003 Development 0.0001
G1/S 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
Pragrammed cell death 0.0012 Defense response 0.0098
Cell death 0.0012

Death 0.0012

Regu{ation of CDK activity 0.0012

Positive regulation of programmed 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 cell death 0.0077
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agents. A functional analysis of these genes was performed
using EASE, and the results are listed in Table 1. The resuits
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 TZI-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, GSTC1. 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 rebust 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
Dio 12T VA T
Upregulated genes
U90313 GSTO1 Glutathione-S-transferase homolog 0.905 0.189 —0.818 —0.706
Z30183 TIMP3 Tissue inhibitor of metalloproteinase 3 0.703 0.481 —-0.343 —-0.859
U46461 BVL Disheveled, dsh homolog 1 0.206 0.396 --0.542 —0.444
jo0124 KRT1 50kDa type | epidennal keratin 0.19¢ 0.278 —0.643 -0.219
M37765 L1 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 RhoGAFP1 Rho-related smalt GTPase protein activator —0.048 -0.076 0.433 0.248
104177 COL11Al Collagen, type %I, alpha 1 —0.048 —0.290 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 iL128 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 vincristing, 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 (ICqp and ICyo) 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 Jocation 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-
microtubuzle 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, TZ1-1027;
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)

]} Symbol Description Log ratio
X VA D1o TZT
Upregulated genes )
X02492 GiP3 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
ME5199 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
Downreguloted genes
AF010309 PIG3 Turmnor 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 Vince alkaloids (vindesine, vineristine, vinblastine)

GB Symbol Description Log ratio
VA X D1g TZT
Upregulated genes
X14787 T5P1 Thrembospondin 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
Xo03212 KRT7Z 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 Vinea alkaloids including vincristine, vindesine, vinblastine; TX, average of taxanes including paclitaxe!

and docetaxel; D10, dolastatin 1¢; TZT, TZT-1027.

Table 5 Discriminatory genes between TZT-1027 and dolastatin 10

GB Symbol Description Log ratio

TZT D10 (2 VBL VCR TXL TXT
Us9167  DESM Desmin 1.74 -0.49  -0.28 0.06 —-0.71 0.44 0.43
34819 MAPK10O Mitogen-activated protein kinase 10 .83 -0.69 -0.52 0.98 C.57 1.33 6.93
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 IV, alpha 2 0.71 —0.53 0.82 0.32 0.10 —-0.06 0.33
X16468 CoL2al Collagen, type Il, 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, delastatin 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 zeto (P<1x 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.
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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 6h of treatment with TZT-1027 (TZT), dolastatin 10
(D10), paclitaxel (TXL), docetaxel (TXT), vindesine (VDS), vinblastine
(VBL) or vincristine (VCR). Relative mRMNA amounts were norimalized
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 GS5TO1 in PC-14 cells treated with
TZT-1027 at ICgq, 1Csg or ICyq. (b) Gene expression of TIMP3 in PC-14
cells treated with TZT-1027 at iCaq, 1Csg Or ICqq. Validation of mRNA
expression levels in PC-14 cells after 6h of treatrnent with TZT7-1027
(TZT) at [Cop (0.1 11M) oF IC30 (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,%8 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,’**® whereas additional binding sites have either
high affinities (Kd: 1~2 gmol) or low affinities (Kd: 0.25-
3 ymol).** 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

The Pharmacogenomics fournal



Characterization of TZT-1027 in reference profiling
T Shimeyama et @f

394

TXT

TXL VCR

VBL VDS D10 TZT

T

TXL

VCR

VBL

vDs

D¢

Figure 6 Heat map of correlations between drug proflles. 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; VD5,
vindesine; VCR, vincristing; VBL, vinblastine; TXL, paclitaxel; TXT,
docetaxel.

microtubule dynamics.2® 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. **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.*® 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 TZI-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 geniomic responses occurred in
lung cancer cell lines ather 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 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 mononuclear cells,
can be used. The present findings obtained using our
microarray apalysis 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 vitre may be useful for
drug discovery and drug target validation.

Matertals 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 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 3% 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 4l and incubated for 24 h at 37°C in
humidified air containing 5% CO,. Each drug was added to





