W&
a &
(léa
& 8 ‘:?9 o
©F e
IV GO L SO
~ Q ) ) )

420 A4 20 4 20 4 20 4 20 (pM)

- % + + + + + + + + -+ + Seum

Nucleus

Cyteplasm

¥@3-1 as an Akt-regulated gene in ovarian cancer
Y Basaki et af

Mo {reated

LY294002
{20 phi)

Nuefear ¥8-1 positive cells (%) ©

Ocladecyl:
carbonate

{20 21 ¥ 4 20 4 2
S 1vaseon2 Octadecyk
M)  Cerbonote
R
d 1.2 8.0 1.4
CXCR4 70 MDR1 MVP/LRP
1.0 =

Relative expression
a
Relative expression
b=
furd
]

Relative exprassion

: 1.0+
0.0 o Hicnd £ U.U 3 P i “"% -t fLi 4 . U.D A K
ki 4 20 100 4. 20 100 g 4 20 0D 4 20 400 4 20 100 4 20 140
] 1.v284602 Octadacyls §  Lvoodooz Oetadecyl- LY294002 Octhdeiyl-
s (£M) Carkonnte (u) § ) Corborinte (2M) (1) Carbonate (M)

Figure 5 Akt activity is required for ¥B-1 nuclear accwmulation and transcriptional regulation by YB-1. {a) The effect of kinase
inhibitors on the nuclear accumulation of YB-1 in SKOV-3 cells. Tnhibitors were added 3 h before serum stimulation and nuclear
extracts were prepared 1 L after seram stimulation. Anti-YB-1 and anti-CREB immunoblots were performed with nuclear extracts, and
anti-pAlet and anti-Akt immunoblots were performed on cytoplasmic extracts. CREB and Akt are shown as a loading coutrol. (b)
Immmmofluorescent staining for YB-1, SILOV-3 cells were treated with LY294002 or octadecylcarbonate for 24 h and then stained with
YB-1. Cells were fixed and permeabilized, incubated at 4°C with the primary ¥B-1 antibody, then with the Alexa Flour 546-labelled
secondary antibady. (€) Quantitative analysis of YB-1 muclear localization in SKOV-3 cells as shown in Figure 2b. Data are mean of
three independent experiments; bars s.d. (4) QRT-PCR for MDR], MVP/LRP, CXCR4 and housekeeping gene GAPDH. The
relative gene expression for each sample was determined using the formula 2~8C) = 2GOAPDR-Ciltvreel) which reflected targel gene
expression normalized to GAPDH levels, Data were mean of three independent experiments; bars +s.d.

the development of tumor growth, angiogenesis and
metastasis not only in ovarian cancer (Scotton et al,
2002) but also in other tumor types including breast
cancer (Muller et af., 2001), melanoma (Robledo et al.,
2001; Murakami et al, 2002) and prostate cancer
(Darash-Yahana ez al., 2004). Jiang et al. {2006) further
demonstrated that CXCR4 expression could be an
important prognostic marker for ovarian cancers: the
rate of CXCR4 expression in refractory and recurrent
group was significantly higher than that in non-
recurrent group. Our previous studies showed a
significant association of nuclear localization of YB-1
with unfavorable prognosis of patients with ovarian

cancers (Kamura et al., 1999; Huang et al, 2004).
Clinicopathological analysis whether nuclear expression
of YB-1 can be associated with CXCR4 expression or
CXCL12 (SDF-la) in patients with ovarian cancers is
TOW In progress. .

Several studies have focused on the role of Aki/PI3K
inhibitors as potential tumor suppressor agenis. It has
been reported that phosphorylation of Akt and mTOR,
an Akt substrate, was frequently detected in ovarian
cancer (Altomare ef of., 2004). In animal model of
ovarian cancer, LY294002, a potent inhibitor of Akt
activation, could inhibit cancer growth and ascites
formation (Hu et al, 2000). Our study also
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Tigure 6  Effect of knock down of Akt and ILK on YB-1 nuclear accumulation, and expression of MDR1, MVP/LRP and CXCR4.
(a) SKOV-3 cells were treated with Akt siRNA (£00nM), ILK siRNA (10nM) or control siRNA (100nmM) for 481, and then
cytoplasmic and nuclear extracts were prepaved. Anti-Aktl, anti-Akt2, anti-Akt3, anti-ILK, anti-pAlt, and anti-¥B-1 immunoblots
were performed with cytoplasmic extracts, and anti-¥YB-1 and anti-CREB immunoblots were performed with nuclesr extracts. (h)
SKOV-3 cells were treated with Akt siRINA (1000M) or ILK siRNA (10nM) for 48 h and then total RNA was prepared. QRT-PCR

was performed for MDR], MVP/LRP, CXCR46YB-1 and GAPDH housekeeping gene. The relative gene expression for each sample
was determined using the formula 2(-8C) = 2(GEAPDH}-Gllarestl) which reflected target genes normalized to GAPDH levels. Data were

mean of three independent experiments; bars +s.d.

demonstrated that both Akt phosphorylation and YB-1
nuclear localization were blocked by administration of
1.¥294002 in SKOV-3 xenograft model. Nuclear loca-
lization of YB-1 is induced through various pathways
including Alkt (see Introduction). The Akt-dependent
pathway for YB-1 nuclear localization would provide
turther insight how Akt-targeting anticancer therapeutic
strategy could be developed. _

In conclusion, we have identified several genes that
are regulated by YB-1 and/or its nuclear localization.
Further Immunohistochemical analysis should be re-
quired to elucidate the role of YB-1 in the expression of
CXCR4 and other relevant genes that are associated
with the clinicopathological characteristics in human
ovarian cancers. Based on our present experimental
results, we aim to present YB-I and YB-l-dependent
gene networks as molecular targets for the further
development of novel anticancer therapeutic strategies.

Materials and methods

Cell culture and reagents

OVCAR-3 and SIKKOV-3 were purchased from American Type
Cultwre Collection (Manassas, VA, USA), RMG-I, RMG-II,
RMG-1II, RMBG and RTSG were kindly provided by Dr §
Nozawa, Department of Obsteirics and Gynecology,
Keio University. These cell lines were grown in DMEM

Oncogene

supplemented with 10% fetal bovine serum (FBS) in an
atmosphere of 5% CO,. 1,Y294002 and UQ126 were purchased
from Sigma Chemical Co. (8t Louis, MO, USA). 1L-6-
hydroxymethyl-chire-inositol 2(R)-2-0-methyl-3-O-octadecyl-
carbonate (Hu et al,, 2000), SB203580 {Cuenda ¢1 al., 1995),
and SP600125 (Bennett et al., 2001) were obtained from
Calbiochem (San Diego, CA, USA). Anti-YB-1 was generated ,
as described previously (Ohga et al., 1996). Anti-CREB, anti-
PKB/Akt, anti-phospho-PXB/Akt, anti-ILK, Akt siRNA and
JLK. siRNA were obtained from Cell Signaling Technology
{Beverly, MA, USA).

Western blotting

Western blotting was performed as previously described
(Kaneko et al., 2004), Cells were lysed in buffer A (10mM
HEPES (pH7.9), 10raM KCL, 10mM EDTA, 1 oM DTT, 0.4%
v/v IGEPAL, 1mM Na;V0,; 1lmM PMSF, and 10 pug/ml
aprotinin and leupeptin) for 10min on jce, and then
centrifuged for 3min at 15000r.p.m. The supernatant
fractions (cytoplasmic soluble proteins) were collected. The
nuclear pellet was then washed and then lysed in buffer C
(20mM HEPES (pH7.9), 200mM NaCl, 1 mM EDTA, 5% v/v
glycerol, 1 mM DTT, 1 mM NagVQy, 1mM PMSF and 10 pg/ml
aprotinin and leupeptin). Lysates were incubated on ice for 2 h,
and then centrifuged 15000 c.p.m. for Smin. The lysates were
separated by sodium dodecyl sulfate-polyacryl amide gel
clectrophoresis (SDS-PAGE), and then were transferred to a
nitrocellulose membrane, The membrane were incubated with
the primary antibody and visualized with secondary antibody
coupled to horseradish peroxidase (Cell Signaling Technology)
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Figure 7 Effect of L'Y294002 on Akt phosphorylation and YB-{ nuclear focalization in SKOV-3 xenograft. (a) Bffect of L'Y294002 on
Akt phosphorylation in SKOV-3 xenograft. SKOV-3 cells were injected subcutaneously (5.0 x 10¢ cells/0.1 ml/mouse). When lumors

reached approximately 1000-2000 mm?, animals were rand omly assigned to two groups of five. The first group received i.p. injections of
DMSO as a controb. The second group received i.p. injections of 50mg/fkg LY294002. One hour after LY294002 injection, mice were

Killed hnmanely (while anesthetized) by cervical dislocation and tumors were excised, Western blot analysis was carried out using
cytosolic extracts prepared from tumor tissues from two animals treated with or without drug. (b) Quantitative analysis of Aki
phosphorylation in SKOV-3 tumor xenograft. Levels of Akt phosphorylation were normalized to their nonphospherylated form as
shown in Figure 7a. Data are expressed as mean +5.d. of three to five mice. (¢) Immunchistochemical staining was carried out using
conventional protocols. The arrows indicate positive cell nuclei staining for YB-I ( x 200 magnificatien). (d) Quantitative analysis of
YB-1 nuclear logalization in SKOV-3 tumor xenograft. YB-1 nuclear localization was determined by counting the number of positive
YE-1 nuclear ceils in high-power fields as shown in Figure 7b. Data were mean of each section (five sections per mouse). Columms,

mean; bars +s.d.

and SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL, USA). Bands on Western blots were
analysed densitometrically using Scion Image software (ver-
sion 4.0.2; Scion Corp., Frederick, MD, USA).

Oligonucleotide microarray analysis

The siRINA corresponding to nucleotide sequences of the YB-1
(5'-GGU UCC CAC CUU ACU ACA U-3) was purchased
from QIAGEN Inc. (Valencia, CA, USA). A negative control
siRNA was obtained from Invitrogen (Carlsbad, CA, USA).
siIRNA. duplexes were transfected using Lipofect AMINE2000
and Opti-MEM medium (Invitrogen) according to the
manufacturer’s recomnmendations. Duplicate samples were
prepared for microarray hybridization. At 43h after siRNA
transfection, total RINA was extracted from cell cultures using
ISOGEN (Nippon Gene Co. Lid., Tokyo, Japan). Total RNA
(2 pg) was reverse-lranscribed using GeneChip 3'-Amplifica-
tion Reagents One-Cycle cDNA Synthesis Kit (Affymetrix
Inc., Santa Clara, CA, USA) and then labeled with Cy5 or
Cy3. The labeled cRNA was applied to the oligonucieotide
microarray (Human Genome U133 Plus 2.0 Asray, Affyme-
trix). The microarray was scanned on a GeneChip Scan-
ner3000 and the jmage was analysed using a GeneChip
Operating Software verl.

Correlation analysis of gene expression, and clustering of cell
lines and genes expression

Gene expression data for the 60 hwman tumor cell lines were
obtained from the Developmental Therapeutics Program
(http://www.dtp. nci.nih.gov/), expressed as log of the mRNA

Jevels in cell line/mRNA levels in reference pool in the NCI
screen. Pearson correlation coefficients were calculated for each
gene—gene pair. Hierarchical clustering can be used to group cell
lines and genes in term of their patterns of gene expression. To
obtain cluster trees for genes that showed distinct expression
patterns across the 60 cell lines, we used the program ‘Cluster’
and ‘Tree View' (http://rana.ibl.gov/) with average linkage
clustering and a correlation metric (Eisen et al., 1998).

Quantitative real-time polymerase chain reaction

RNA was reverse transcribed from random hexamers using
AMYV reverse transcriptase (Promega, Madison, WI, USA).
Real-time quantitative PCR was performed using the Real-
Time PCR system 7300 (Applied Biosystems, Foster City, CA,
USA) as described previously (Maruyama el al, 2006). In
beief, the PCR amplification reaction mixtures {20 pl) con-
tained eDNA, primer pairs, the dual-labeled fluorogenic
probe, and TaqgMan Universal PCR Master Mix (Applied
Biosystemns). The thermal cycle conditions included maintain-
ing the reactions at 50°C for 2min and at 55°C for 10 min, and
then alternating for 40 cycles between 95°C for 15s and 60°C
for 1min. The primer pairs and the probe were obtained from
Applied Biosystems. The relative gene expression for each
sample  was  determined using the formula  2(-4G)=
UC(GAYDR)-Ci(tareet))  which reflected target gene expression
normalized to GAPDH levels.

Imnumofluorescence
Cells were plated on glass coverslips in six-well plates and
allowed to attach overnight. Then, cells were rinsed with PBS

~
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and then fixed in 4% paraformaldehyde/PBS for 30 min. Cells
were rinsed twice with PBS and then permeabilized with 0.51ml
ol solution containing 5% BSA, 0.2% Triton X-100 in PBS for
S0 min. After 1h of blocking with 2% goat serum, the cells
were incubated overnight with primary antibody at 4°Cin 1%
BSA in PBS. Cells were then rinsed three times with PBS and
incubated with 1 pg/in] of Alexa Flour 546-labeled secondary
antibody (Molecular Probe, Eugene, OR, USA}in 1% BSA in
PBS for 60 min. Coverslips were mounted on slide glasses using
gel mount and viewed using an Olympus BX51 florescence
microscope (Tokyo, Japan) and photographed with Olympus
DP-70 digital camera.

Tumer xenograft s!ucly

Male BALB/¢ nude mice were obtained from Kyudo Co Ld,
(Fulcuoka, Japan). SKOV-3 cells were harvested and resus-
pended in PBS. The suspension was injecied subcutaneously in
the mice (5.0 % 10%¢ells/0.1 ml/mouse), When tumors reached
about 1000-2000 mm’, animals were randomly assigned to two
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Abstract Somatic mutations have been demonstrated
in various tumors. EGFR mutations were first demon-
strated in adenocarcinoma of the lung, and a large-
scale retrospective study has clearly shown that these
mutations are specifically observed in this form of the
disease. Recently, possible occurrence of EGFR muta-
tions in other tumor types including ovarian and colo-
rectal malignancies has been reported. This raises the
possibility of application of EGFR-specific tyrosine
kinase inhibitors (EGFR-TKI) to the treatment of
these malignancies, although broad success in this ven-
ture would depend on the frequency of such mutations.
In this article, we discuss somatic mutations in various
tumors as well as potential application of TKI fo their
treatment. Ethnic difference in the frequency of
somatic mutations is another area of interest since it is
closely related to clinical response to EGFR-TKIs.
Preliminary studies have revealed such ethnic varia-
tions regarding EGFR mutation and gene amplifica-
tion. Ethnic difference of transcriptional regulation of
EGPFR has also been demonstrated. We recently found
a biomarker related to clinical response to EGFR-TXI
that might explain the ethnic differences in response to
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this therapy. Various tyrosine kinases are known tar-
gets of TKIs. Thus genomics of individual patients may
allow personalized target-based therapeutics.

Keywords EGFR mutation - Tyrosine kinase
inhibitor + Ethnicity - HLA

EGFR muiation in varions cancers

Somatic mutations have been demonstrated in various
tumors. EGFR mutations were first demonstrated in
adenocarcinoma of the lung, and a large-scale retro-
spective study has clearly shown that these mutations
are specifically observed in this form of the disease [10].
However, extensive analysis of somatic mutation in var-
ious tumors subsequently demonstrated the existence
of EGFR somatic mutation in many human tumors
such as colorectal and head and neck cancer, renal cell
carcinoma, prostate cancer, and cholangiocarcinoma {4,
7, 8]. Gwak et al. [3] reported EGFR mutation in cho-
langiocarcinoma and found that it was detectable in
13.6% (3/22) of patients. The type of mutation was
deletion of exon 19. This is commonly observed in int-
rahepatic and poorly differentiated tumors. These and
other researchers also reported this EGFR mutation in
squamous cell head and neck carcinoma [7], and
Cohen's group demonstrated a new mutation on erb2
and gene amplification in this disease [3]. The mutation
has also been reported in persistent ovarian and pri-
mary peritoneal carcinoma in clinical phase II trials of
gefitinib [14]. Similar types of mutation have been
reported in lung cancers, although these seem to be of
minor occurrence [4]. Thus somatic mutations of EGFR
exist in various tumors. Because of limited samples, it
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remains unknown whether EGFR mutation in cancer is
correlated with clinical response to EGFR-specific tyro-
sine kinase inhibitors (EGFR-TKI). EGFR mutation in
other types of tumors than lung cancer seems correlated
with immunohistochemical expression but correlation
with gene amplification is unknown [l4]. Functional
aspects of £GFR mutation in other types of tumors are
also only partially understood. To clarify the signifi-
cance of somatic mutations in various tumors, tissue
banking is necessary. In addition, validated and stan-
dardized analytical methods and cross-validation are
important to give consistent results. We should also
consider how to conduct clinical trials of target-based
drugs for less common tumors based on biclogical data.

Ethnic difference in EGFR mutation

Ethnic difference in EGFR mutation is another impor-
tant topic. It is considered that ethnic differences may
determine both the frequency of EGFR mutation and
response to TKi [2]. However, although it has not been
fully discussed whether these differences are due to
ethnic or merely geographical divides, ethnicity can
explain diflerences in clinical response because of the
data acquired in Asian—US patients. It is also consid-
ered that differences among the regions of Asia might
be obtained: patterns of EGFR mutation may differ
between Japanese, Chinese, Korean, South Indian, and
Turkish individuals [16]. Expanding genome databases
should eventually pinpoint the contribution of ethnic-
ity in this regard. Already there is some evidence
related to ethnic differences. A CA repeat exists in
exon 1 of EGFR, related to transcriptional level of this
gene. The length of CA repeat varies and is related to
ethnicity [9). Japanese have longer CA repeat com-
pared with Caucasians. Moreover, intron 1 polymor-
phism reportedly mediates response to EGFR-TKI [1].

What are the differences among the types of EGFR
mutation? The deletion mutation in exon 19 and point
mutation L858R in exon 21 are the two major muta-
tions. Previously, we speculated that the deletion muta-
tion is more frequently detected in Japanese and Asian
lung cancer patients as compared with Caucasians.
However, recent data seem to refute ethnic difference
in the types of EGFR mutations [12].

A predictive biomarker related to ethnic difference
of sensitivity to gefitinib

Ethnic difference might also exist in sensitivity to drugs.
In most such cases, gene polymorphism inciuding

@ Springer

microsatellite polymorphism and single nucleotide
polymorphism may explain ethnic difference of
response to drugs.

Using microarray technique, we analyzed gene
expression profiles of peripheral mononuclear cells in
lung cancer patients receiving gefitinib as a first-line
monotherapy. Our results revealed that HLA geno-
type was closely related to response to this agent. On
the other hand, large ethnic difference of HLA geno-
type was recognized. Previous reports have demon-
strated that HL.A genotype plays a role in the
metabolism of certain drugs and may be a prognostic
factor in malignancies such as gastric, ovarian, and cer-
vical cancers [6, 11, 13, 15, 17]. We hypothesize that
HLA subtype may be related to response to gefitinib
and might explain ethnic differences. Cross-validation
study of this HLA biomarker is ongoing.

Ethnic difference of gefitinib toxicity profile

Subpopulation analysis of gefitinib's toxicity in the
ISEL study revealed that only southwest Asian and
Taiwanese patients exhibited high ratios of interstitial
lung disease (II.D) while on this therapy [16]. How-
ever, ILD might not have been induced by gefitinib.
More interestingly, the data indicated that Indian-Brit-
ish patients experienced severe (grade 3) skin toxicity
along with higher response to gefitinib. Although these
phenomena are based on subpopulation analysis, we
can speculate that ethnic difference might guide toxic-
ity as well as clinical response to EGFR-TKI. Genomic
and biomarker research is necessary to further eluci-
date these preliminary findings.
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Abstract

We recently established a mouse model of peritoneal
dissemination of human gasiric carcinoma, including the
formation of ascites, by orthotopic transplantation of cultured
gastric carcinoma cells, To clarify the processes of expansion
of the tumors in this model, nude mice were sacrificed and
autopsied at different points of time after the orthotopie
transplantation of the cancer cells for macroscopic and
histopathologic examination of the tumors. The cancer cells
grew actively in the gastric submucosa and invaded the deeper
layers to reach the serosal plane. The tumor cells then
underwent exfoliation and became free followed by the
formation of metastatic lesions initially in the greater
omentum and subsequent colonization and proliferation of
the tumors on the periteneum. Although this model allowed
the detection of even minute metastases, it was not satisfac-
tory from the viewpoint of quantitative and objective
evaluation. To resolve these problems, we introduced a
luciferase gene into this tumor cell line with a high
metastasizing potential and carried out in vivo photon
counting analysis. This photon counting technique was found
to allow objective and quantitative evaluation of the progres-
sion of peritoneal dissemination on a real-time basis, This
animal metastatic model is useful for monitoring the
responses of tumors to anticancer agents. (Cancer Res 2006;
66(15): 7532-9)

Introduction

Tumor dissemination and ascites are the two major features of
cancerous peritonitis, Of the various manifestations of the
progression of cancer affecting the ip. organs (gastric, hepatic,
ovarian, and other cancers), cancerous peritonitis is the most
closely associated with poor operative results (1-6). In particular,
scirthous gastric cancer (diffusely infiltrative carcinoma or
Borrmann’s type IV carcinoma or the linitis plastica type) is a
high-grade gastric cancer that is difficult to detect in the early
stages and is often complicated by peritoneal dissemination (7-9).
Althongh peritoneal dissemination is an important subject, very
few experimental studies have been conducted to characterize its
oceurrence. In general, most of the experimental models of
peritoneal dissemination from gastric cancer established to date
have involved direct i.p. implantation of cancer cells (10-12).
Although these conventional models may allow limited examina-
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tion of the later stages of peritoneal dissemination, they cannot
be expected to allow reasonable evaluation of its early stages. It is
well known that implanting human tumor fragments and tumor
cells orthotopically into the correspondihg organs of nude mice
results in much higher metastatic rates (13, 14). However, only
one orthotopic implantation model, scirthous carcinoma of the
stomach, has been reported (15), We recently established two
scirvhous gastric carcinoma-derived tumor cell lines capable of
spontaneous metastasis following ectopic implantation (16). We
repeated cycles of orthotopic transplantation of these tumor cell
lines, collected cancer cells from the ascitic flrid formed as a result
of cancerous peritonitis, and used the collected cells for further
cycles of orthotopic transplantation. In this way, we isolated cell
lines (44As3, 58As], and 58As9) with high metastasizing potential
and stable metastatic characteristics (17). When these cells were
implanted orthotopically into the animals, bloody ascites formed
within 3 to 5 weeks, resulting in the death of the animals.

As stated above, conventionally, progression of peritoneal
dissemination has been analyzed by implanting cancer cells
directly into the peritoneal cavity followed by sacrifice and autopsy
of the enimals at certain points of time after implantation and,
finally, measurement of the number and weight of the tumor
nodules in the sacyificed animals (18-20). Evaluation of the efficacy
of anticancer agents was also hampered by this limitation (21-25).
Evaluation using these methods may be affected by subjective
factors and, therefore, unsatisfactory from the viewpoint of
quantitative or objective evaluation. In order for our animal model
of peritoneal dissemination to be applied universally as a drug
evaluation system, we needed Lo establish a method for
quantitative observation and objective evaluation of the relevant
variables.

Recent progress in the optical imaging of cancers in animal
models presents many potential advantages for recreating the
disease process, disease detection, screeming, diagnosis, drug
development, and treatment evaluation, Fluorescence-based imag-
ing (26-35) and photon counting analysis (36-43) modalities are
well developed and allow specific, highly sensitive and quantitative
measurements of a wide range of tumor-related variables in mice.
Herein, we have shown that photon counting technique is an
effective technology in living mice.

Materials and Methods

Established highly metastatic cell lines and culture. 44As3, highly
peritoneal metastatic cell line, and parent HSC-44PE, human scirrhons
gastric carcinoma-derived cell line, were previously reported (16, 17). When
the subclones isolated by repeated sc. injection of HSC-44PE cells were
implanted orthotopically, they spread to the greater omentum, mesen-
terinm, ete, and caused the formation of bloody ascites in a few animals
{16). We repeated cycles of isolation of ascitic tumor cells and orthotapic
inoeulation of these cells, in turn, into animals to isolate highly metastatic
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44As8 cell lines, having a strong capebility of inducing the formation of
ascites (17).

The cell lines were maintained in RPMI 1640 supplemented with 10%
FCS (Sigma Chemical, St. Lonis, MO), 100 IU/mL penicillin G sodium,
and 100 mg/mL streptomycin sulfate (Immuno-Biclogical Laboratories,
Takasaki, Japan) in a 5% COQ, and 95% air atmosphere at 37°C (17).

In vive photon counting analysis. 44As3 and HSC-44PE cells were
transfected with a complex of 4 pg pEGF-PLuc plasmid DNA ({Clontech,
Palo Alto, CA) and 24 L GeneJammer reagent {Stratagene, Cloning Systems,
La Jolla, CA) in accordance with the manufacturer’s instroctions. Stable
transfectants were selected in geneticin {400 pg/mL; Invitrogen, Carlsbad,
CA), and bioluminescence was used to screen transfected clones for
Iuciferase gene expression nsing the IVIS system (Xenogen, Alameda, CA).
Clones expressing the hnciferase gene were named 44As3Luc and HSC44Lnc.

Orthotopie implantation of 1 X 10° 44As3Luc and HSC44Luc cells was
conducted in 6-week-old female BALB/c-nu/nz mice {day 0) as described
previously (17). Jn vivo photon counting analysis was conducted on a
cryogenically cooled IVIS system using Living Image acquisition and
analysis software (Xenogen) as described previously (39).

Animal protocols were approved by the committee for Ethics of Animal
Experimentation and were in accordance with the Guideline for Animal
Experiments in the National Cancer Center. Mice were purchased from
CLEA Japan (Tokyo, Japan), The mice were maintained under specific
pathogen-free conditions and provided with sterile food, water, and cages.
Ambient light was controlled to pravide regnlar cycles of 12 hours of light
and 12 hours of darkness.

Therapeutic study with irinotecan {CPT-11), The experimental mice
were divided into a contral group that received vehicle alone (saline) and
experimental groups that received Lv. inoculation of 200 mg/ka/mouse
of CPT-11, a clinically active topoisomerase I inhibiter, a level that has been
reported to he highly effective in tumor growth (17). On days 3, 7, and 11,
tumor-bearing mice received an iv. injection of CPT-11. The additional
injection of CPT-11 was done on days 28, 31, and 35. CPT-11 was purchased
frorn Yekult Honsha (Tokyo, Japan) and dissolved in saline before being
injected.

Statistical analysis. All data were analyzed by using the unpaired ¢ test
and expressed as the mean + SE. A P < 0.05 was considered statistically
significant.

Results

Animal model of peritoneal dissemination. The highly
metastatic peritoneal cell line used in this study (44As3) was
isolated by repeated cycles of orthotopic implantation of HSC-44PE
cells and collection of the ascitic tumor cells as described in
Materials and Methods (16, 17). As shown in Table 1 and Fig. 1, the
tumor formed by this cell line was characterized by a propensity

Figure 1. Macroscopic appearance of the péritoneal disseminations aHer
orthotepic Implantation of 44As3 cells. A, green amow, ortholopic implantalion of
the cells In the stamach of nude mice was icllowed by tumor formation 3 weeks
later, B and C, carcinomatous peritonitis was observed 5 weeks after orthotopic
Implantation of the celis. Abdominal distensicn because of bloody ascites was
evident. D, peritoneal dissemination was tecognized from the innumerable
whitish nodules visualized In the abdominal cavily, mesenterium (veflow arrow),
amentum, parletal peritoneum, and diaphragm (green amow).

for early peritoneal dissernination and was frequently associated
with the formation of ascites and the animals became moribund
~35 days after implantation. On the other hand, the graft cell
survival after implantation of the parent cell line (HSC-44PE) was
67% and moribund animals were not seen until ~ 90 days after
implantation, although no ascites formation was observed.
Analomic, histopathologic, and ultrastructural analysis of
the progression of peritoneal dissemination. To analyze the
process of progression of peritoneal dissemination, 44453 cells
(1 % 10% were implanted orthotopically into the gastric wall of
nude mice. Every 7 days after transplantation, five animals were

metastatic and the parent cell lines

Table 1. Comparison of the survival and metastatic behavior of animals following orthotopic implantation of the highly

Cellline  Survival days Tumor Ascites ' Disseminated metastasis Lymph Liver Pancreas’® Kidney‘
formation™ node
Omentum Mesenterium Peritoneum Diaphragm
44As3 35 & 15 (22-65) 15/15 (100%) 14/15 (93%)  15/15 15/15 15/15 9/15 1515 10/15 6/15 115
HSC44PE 135 & 48 (90-200) 10/15 (67%5)  0/10 (0%) 5010 3/10 3/10 0/10 5/10  o0/10 0/10 0/10

bearing tumor.
TAscites formation: >0.5 mL of ascitic Suid.
1Micrometastases.

*Mice were sacrificed 200 days after the ortholopic implantation. Data are the number of mice bearing metastases at the site/total number of mice
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Table 2. Detection of metastasis and peritoneal dissemination after the orthotopic implantation of 44As3 cells

Days Stomach Ascites” Dissaeminaied metastasis Lymph node  Liver Pancreas ' Kidney1
Omentum  Mesenterium  Peritoneum  Diaphragm
7 5/5 0/5 0/5 0f5 0/5 0/5 0/5 /5 0/5 0/5
14 5/5 0/5 3/5 0/5 0/s 0/5 5" 0/5 1/5 0/5
21 5/5 1/5 5/6 3/5 3/5 0/5 2/5 /5 1/5 0/5
28 5/5 3/5 5/5 5/6 5/5 25 5/5 1/5 2/5 /5
35 5/8 5/5 5/5 5/5 5/5 3/5 5/5 2/5 2/5 /6

*Ascites formation: >0.5 mL of ascitic fluid.
iMicrometastases,

sacrificed and subjected to postmortem examination for macro-
scopic, histopathologic, and ultrastructural analyses (Table 2;
Fig. 2). The metastatic cells (44As3) proliferated actively in the
submucous tissue of the stomach (Fig, 24) and began to infiltrate
in the lymphetics on the 7th day. During the 2nd week following
transplantation, the tumor grew more rapidly within the gastric
wall, with invasion of the muscularis propria and the subserosal
tissue (Fig. 28). In some mice showing rapid growth of the tumor,
the cancer cells broke through the serosa to become exfoliated and
freed (Fig. 2C). These exfoliated and freed cancer cells could be

visualized under the scanning electron microscope (Fig. 2D and E).
Peritoneal dissemination began to be noted in the 2nd week, with
cells on the greater omenturn (Table 2). Micrometastases to the
lymph nodes and pancreas were also noted, although not
frequently. By the 3rd week, the foci of metastasis were noted in
the greater omentum, mesenterium, and peritoneum. Scanning
electron microscopy revealed the proliferation of the cancer cells
(e.g., those colonizing the mesenterium) with the formation of
larger cell clusters (data mnot shown). In the peritoneum,
colonization of the freed cancer cells and their interaction with

A 7 days

Stomach

B 14 days

Figurre 2. Macroscoplc and microscopic appearance of the tumor growih of stomach of nude mice after orthotopic implantation of 44As3 cells. A, green amow,
orthotopic implantation of 44As3 cells in the stomach of nude mice was followed by tumor formatlon 7 days later, Actively proliferating 44As3 cells In the gasliic
submucosa (H&E). M, mucosa; MM, muscularis mucosae; SM, submucosa; MP, musculasis propria; 85, subserosa; 5, serosa, B, tumor Invasion of the muscularis
propria and subserosal tissue (H&E). C, note 44As3 cells breaking through the serosa and becoming exfollated and free (H&E). D and E, visualization of cancer
celis breaking through the serosa and becoming exioliated and free, Mice were sacriliced, and the tissues were examined for metastasis in varlous organs and
processed for histelogic examination as described (47, 48). Scanning electron microscopic examination was done according 1o slandard procedures (49).
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mesothelial cells were visualized (data not shown), By the 4th week,
metastases to the greater omentum, mesenterium, peritoneum,
and lymph nodes were noted and some animals also showed
additional metastasis to the diaphragm (Table 2). Metastasis to the
liver was occasionally seen. In some mice, in which the tumors
grew rapidly, formation of ascites began to be noted ~ 21 days after
the orthotopic implantation, Some of these animals became
moribund on the 28th day (Tables 1 and 2). By the 35th day, all
the animals showed metastasis, with dissemination to the greater

omentum, mesenterium, and peritoneum accompanied by the

formation of bloody ascites as well as lymph node metastasis
(Table 2). Metastasis to the diaphragm was also seen frequently.
Micrometastasis to the kidneys was noted in a few animals,
Analysis of the progression of dissemination using luciferase
gene-tranfected cells. The analytic method described above
allows detailed evaluation even of micrometastases. However, it has
limitations from the viewpoint of quantitative and objective anal-
ysis. To resolve these problems, we introduced the luciferase gene
into the metastatic 44As3 cell line and its parent cell line HSC-44PE
by means of liposome transfer; this yielded cells with high
luciferase activity, 44As3Luc and HSC44Luc, respectively, When
the 44As3Luc cells (1 % 16°/100 pL) were implanted s.c. into nude
mice, a significant correlation was observed between tumor growth
{volume} and the luciferase emission level (photon number; Fig. 3).
Both cell lines were therefore used for the subseguent experiments,
The metastatic 44As3Luc or its parent cell line HSC44Lue cells
were implanted orthotopically into nude mice. With the light
emission noted at the site of implantation, photon counting
analysis was thereafter carried out at intervals of 3 or 4 days.
Figure 44 (top) presents a typical example, Chronclogical obser-
vation of the same animals, which were kept alive, was possible by
this method. The 44As3Luc cells proliferated actively in the

stomach. By the 15th day after implantation, tumor invasion of
the pexitoneal cavity and gradual progression of dissemination and
increases in the sizes of the cell clusters were observed. Around
the 25th day after implantation, a marked increase in the volume
of the ascitic pool was noted by macroscopic observation, and
some moribund mice were observed after the 29th day. When the
moribund animals were sacrificed for autopsy, dissemination to
the mesenterium and parietal peritoneum was often observed,
frequently accompanied by metastasis to the lymph nodes. It was
confirmed anatomically and histopathologically that the light-
emitting sites corresponded to the tumor-affected sites (Fig, 48).
On the other hand, in the animals transplanted with the HSC44Lue,
the tumor growth tended to be confined to the region of the
stomach where the cells had been implanted (Fig. 4B), with slower
tumor cell proliferation. As shown in Fig. 44 (ottom), lumines-
cence was sometimes noted in the lymph nodes around the
stomach and so on, but all of these foci of metastasis had regressed
by ~860 days after implantation. Moribund animals began to be
observed by the 85th day, although no ascites formation was noted
in any of the animals.

By plotting the number of photons against time, a tumor growth
curve reflecting the progression of peritoneal dissemination was
obtained. When the relative number of photons from the highly
metastatic cell line 44As3Luc and its parent cell line HSC44Luc
(relative to the number of photons immediately after transplan-
tation = 100) was plotted against time, quantitative comparison of
the extents of proliferation of the two cell lines with different
metastasizing potentials was possible (Fig. 4C).

Evaluation of the possibility of quantitative and objective
sereening of the effectiveness of anticancer agents, In a pre-
vious study, tumor growth was found to be suppressed in animals
given iv, injections of CPT-11, resulting in a significant prolongation

No.5664

Figure 3. Correlation between the photon
counts and tumor volume. A, nuds mice bearing
44As3Luc tumors In the s.c. were visualizad in
anesthetized animals after |.p. Inoculation of B
luciferin. B, correfation plot; strong correlation

(A = 0.97)} was observed between the conventiona)
methods and cur photon counting analysls
method for monitoring the growth of a s.c.
44As3Luc umor (7 = 5). The tumor mass was
measured at predetermined time Intervals In two 3
dimensions with callpers, and the tumor volume
was calculated according to the equalfon

{f % w?) /2, where /Is the length and w is the
width {16).
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Flgure 4, Quantitative photon counting analysis of progression pracess of perifoneal disseminaled melastasis of tha highly metastatic and the parent cell lines.

A, detection of progression precess of peritoneal disseminated metastasis. B, photon counting analysis of the perloneal disseminations aiter orthotoplc Implantation
(vellow arrow, site) of the cells. €, quaniitative analysis of progression process of peritoneal disseminated metastasis of 44As3Luc (@) and HSC44Lue (4) cell lines
{n = 5). This experiment was repeated thrice, and similar results were obsesved each lime.

of the survival period (17}. A similar evaluation was conducted in such a case. The additional doses of CPT-11 (400 mg/kg/mouse)
the present study using 44As3Luc cells. Figure 5 (fop) shows a markedly suppressed the proliferation of the 44As3Luc cells until
typical example of the photon counting analysis, whereas Figure 5 around day 60; however, proliferation again began to be detected
(boitom) shows the time course of the changes in the number of thereafter. By around day 80, the tumor started to grow more
photons. Following three doses of CPT-11 (200 mg/kg/mouse), the rapidly and spread, causing moribund animals to appear by around
tumor gradually decreased in size, reaching a level close to the limit day 90. The survival period of the animals was markedly prolonged
of detection on the 20th day. During the 5th and 6th week, the by the additional drug doses. Figure 5 (bottom) shows the time
tumor began to show slow growth in the stomach followed during course of changes in the number of photons (average of five
the 8th/9th week by peritoneal invasion and the onset of cancerous animals), Quantitative comparison of the proliferation and spread
peritonitis accompanied by ascites formation and death of the of the tumeor cells was possible between the drug treatment group
animals, The survival period was markedly longer in the drug- and the control group and between bwo drug treatment groups,
treated group compared with that in the saline-treated controls. thus allowing objective evaluation of the responses o treatment.

Plotting of the number of photons measured (average of five
animals) against time yielded a tumor growth curve, thus allowing

quantitative evaluation of drug-induced suppression of the Discussion

progression of peritoneal dissemination (Fig. 5, bottom), Before the present study, very little was known about how
As stated above, the 44As3Lue cells began to proliferate again scirrhous gastric carcinoma cells invaded and proliferated within

during the 5th/6th week after implantation in the CPT-11 the primary lesion, how they exfoliated and thus became free, how

treatment group, We therefore pgave three additional doses they colonized and proliferated within the peritoneal cavity, or how

beginning on day 28 (after the onset of reproliferation}, Figure 5 they advanced to the stage of cancerous peritonitis, Herein, we

{top) shows a typical example of the bioluminescence signal in investigated the course of proliferation and spread of gastric cancer
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Figure 5. Quanfitative pholon counting analysls of the effect of CPT-11 on periteneal disseminated metastasis 44As3Luc mouse model, Efiects of CPT-11 In
the peritoneal dissemination mouse modet established using orthotoplcatly implanted 44As3tuc cells. Mice recelving CPT-11 (arrow) or vehicle alone as control {n = 5;
P < 0.001) were monltored twice weskly for the development of peritoneal dissemination. Similar results were obtained In a second experiment conducted

independenily.

cells by sacrificing the animals at different points of time after
orthotopic implantation of the highly metastatic tumor cell line
44A53 (17) and conducted anatomic and histopathelogic examina-
tions in the sacrificed animals. In: this experiment, the sequence of
findings seems to endorse the previous contention that gastric
cancer cells invade deeper layers of the gastric wall to reach the
serosa and then exfoliate, thereby being released into the
peritoneal cavity, resulting in peritoneal dissemination.

The growth of tumois in the gastric wall and the subsequent
progression to cancerous peritonitis are difficult to monitor
extracorporeally unlike s.c. tumors. For monitoring the progression
of tumor dissemination, the only possible method was to implant
the tumor cells inte groups of mice and sacrifice the animals at
different points of time for autopsy and observation; quantitative
comparison was still not possible by this method (10-12, 18-25).
Al of these problems were resolved in the present study by
introduction of the luciferase gene into tumor cells with a high
metastasizing potential and subsequent iz vive photon counting
analysis. In the first step, we confirmed that the results of the
conventional method of evaluation in relation to proliferation of
our gastric carcinoma cells were consistent with the results of our

photon counting analysis, We then conducted an experiment on a
model of peritoneal dissemination. Using the in vivo photon
counting technique, it was possible to observe the same animals
successively, beginning from the growth of the tumor at the site of
implantation to peritoneal dissemination and, finally, the forma-
tion of ascites. Furthermore, it was possible to observe the
processes of dissemination progression on a real-time basis,
allowing quantitative analysis and comparison of the course of
proliferation and progression within the living body after
implantation of a cell line with high metastasizing potential and
its parent cell line based on changes in the photon number.
Needless to say, it is important to develop a screening model for
exploring substances effective against tumors and ultimately
developing clinically useful anticancer agents. We previously
reported that an animal model of peritoneal dissemination
established using the highly metastatic cell lines (44As3, 58As],
and 58As9) established by our group satisfied all of the require-
ments of a model for drug screening (17, 44). However, before this
model can be applied as a universally valid drug evaluation system,
the following problems must be resolved: {z) methods for appro-
priate observation and objective evaluation are urgently needed,
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(b) excellent operative skill is indispensable for orthotopic implant-
ation with high reproducibility, and (¢) large numbers of animals
are needed. With the establishment of this experimental system,
the conventional problems associated with the evaluation of
peritoneal dissemination have been overcome and highly reliable
data are now obtainable. Therefore, a stage has been reached where
this model of peritoneal dissemination can also be applied as a
system for evaluation of the effects of drugs. Furthermore, because
photon counting analysis allows noninvasive evaluation of the fate
of cancer cells in vivo on a real-time basis, the pain experienced by
experimental animals may be reduced, such that this technique
would also be useful from the viewpoint of animal weifare (45,
We have used the bioluminescence signal from the luciferase
reporter gene in our periteneal metastasis model. Luciferase genes
in our tumor cells can function stably over significant periods in
tuwmors and in their metastases. To date, several other peritoneal
metastasis models of human stomach cancer in animals have been
reported (28, 31), For example, Hasegawa et al. (28) used green
fluorescent protein (GFP) retroviral-infected human stomach
cancer, In this nude mouse model, tumor cells were peritoneally
injected and GFP transduction allowed visualization of the
subsequent metastatic process. A major advantage of GFP labeling
is that imaging requires no preparative procedures and hence
allows for direct visualization in living tissie (26, 27, 29, 32, 34).
In contrast, photon counting technique requires exogenous

injection of lueiferin substrate, which can stress the animals, and
in addition, the intensity of the luciferase signal may sometimes be
variable and unstable (46). Furthermore, Ray et al (32} reported
that red fluorescent protein imaging is ~ 1,000 times stronger than
that of luciferase in vivo. Therefore, for monitoring the tumor
metastasis process at the single-cell level, fluorescence imaging
may be the more practical method. In fact, fluorescence-based
orthotopic metastatic models have been used to study mechanisms
and for drug discovery (14, 30, 33, 35),

In conclusion, our photon counting analysis involving a highly
metastatic cell line, 44As3Luc, seems to be a usefil model for
studies, such as those designed to clarify the mechanism of
peritoneal dissemination progression in intractable scirrhous
gastric carcinoma, and for the development of new agents eifective
against such tumors.
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Summary

Drug resistance is a major obstacle to the successful chemotherapy. Several ATP-binding cassette (ABC) trans-
porters including ABCB1, ABCC1 and ABCG2 have been known to be important mediators of chemoresistance.
Using oligonucleotide microarrays (HG-U133 Plus 2.0; Affymetrix), we analyzed the ABC transporter gene
expression profiles in breast cancer patients who underwent sequential weekly paclitaxel/FEC (5-fluorouracil,
epirubicin and cyclophosphamide) necadjuvani chemotherapy. We compared the ABC transporter expression
profile between two classes of pretreatment tumor samples divided by the patients’ pathological response to neo-
adjuvant chemotherapy (residual disease [RD] versus pathologic complete response [pCR]) ABCB3, ABCC7 and
ABCF?2 showed significantly high expression in the pCR. Several ARC transporters including ABCCS, ABCAI2,
ABCAl1 ABCCI3, ABCB6 and ABCCII showed significantly increased expression in the RD (p<0.05). We
evaluated the feasibility of developing a multigene predictor model of pathologic response to neoadjuvant che-
motherapy using gene expression profiles of ABC transporters. The prediction error was evaluated by leave-one-out
cross-validation (LOOCV). A multigene predictor model with the ABC transporters differentially expressed be-
tween the two classes (p < 0.003) showed an average 92.8% of predictive accuracy (95% CI, 88.0-97.4%) with a
93.2% (95% CI, 85.2-100%) positive predictive value for pCR, a 93.6% (95% CI, 87.8-99.4%) negative predictive
value, a sensitivity of 88.1%(95% CI, 76.8-99.4%), and a specificity of 95.9% (91.1% CI, 87.8-100%). Our results
suggest that several ABC transporters in human breast cancer cells may affect the clinical response to neoadjuvant
chemotherapy, and transcriptional profiling of these genes may be useful to predict the pathologic response to
sequential weekly paclitaxel/FEC in breast cancer patients.

Introduction

Resistance to chemotherapy is a significant obstacle to
appropriate treatment of cancer patients. Various cel-
lular pathways may play a role in drug resistance and
ATP-binding cassette (ABC) transporters are one of the
most well known mediators leading to drug resistance
and treatment failure. To date 49 ABC transporter genes
have been identified and classified into seven groups,
ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and
ABCG (database of ABC transporters available at
http://nutrigene.4t.com/humanabe.htm).

Extensive studies have been conducted on the indi-
vidual proteins or genes of ABC transporter members
regarding their role in chemoresistance. ABCBI

(MDR1-P-gp) [1,2], ABCCl (MRPI) [3], and ABCG2
(MXR) [4] are particularly well known as mediators
leading to resistance to several chemotherapeutic agents
including paclitaxel [5], topoisomerase inhibitors [6],
anthracyclin [7] and tyrosine kinase inhibitors [8].
Although little has been known about most of ABC
transporter members, other members of this family
sharing sequence and structural homology may play
roles in absorption, distribution, and excretion of
chemotherapeutic agents and probably influence the
response to chemotherapy.

Recently, using ABC transporter gene expression
profiling, studies on the relationship of drug resistance
and ABC transporter were performed in cancer cell lines
(9,10}
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The characterization of the comprehensive expres-
sion of these genes in relation to the clinical response to
chemotherapy may be useful to determine on an indi-
vidual basis the patient’s underlying risk and choose the
optimal therapeutic regimen to which the individual
cancer patient is most likely to respond. We studied the
relationship between ABC transporter gene expression
and the responsiveness to chemotherapy in early breast
cancer patients who underwent sequential weekly pac-
litaxel/FEC (5-fluorouracil, epirubicin and cyclophos-
phamide) neoadjuvant chemotherapy and evaluated the
feasibility of developing a multigene predictor model of
pathologic response using differentially expressed ABC
transporters on the basis of microarray data.

Materials and methods
Patient and sample preparation

This study was performed at the National Cancer Cen-
ter Hospital, Tokyo, Japan, This study was approved by
the institutional review boards of the National Cancer
Center. Twenty-one pretreatment samples were ob-
tained from breast cancer patients who underwent
neoadjuvant chemotherapy from 2002 to 2004. All pa-
tients underwent pretreatment core needle biopsy (CNB)
of the primary tumor tissue before starting neoadjuvant
chemotherapy. The core needle biopsy was done using
14-16 gauge needles.

The patients received 4 cycles of FEC (5-Fluorouracil
500 mg/m?, Epirubicin 100 mg/m? and Cyclophospha-
mide 500 mg/m?) every three weeks followed by 12 cy-
cles of weekly paclitaxel (80 mg/m?). Additionally, in
the case of HER2 positive determined by immmunohis-
tochemical staining (IHC), the specific inhibitory anti-
body of HER2 receptor, Trastuzumab (Herceptin®) was
added in the course of the paclitaxel (Herceptin 4 mg/kg
on dayl then 2 mg/fkg weekly). Samples that showed 3 +
IHC staining were considered as HER2 positive.

Every patient underwent surgery on the completion
of the neoadjuvant chemotherapy, and histopathologic
examination was performed. As described previously
[11], pathologic complete response (pCR) was defined as
no pathologic evidence of any residual invasive cancer
cells in the breast and axillary lymph nodes, and residual
disease (RD) was defined as any residual cancer cells on
the histopathologic examination, Informed consent was
obtained from all patients for voluntary participation in
the study.

Tissue preparation and microarray

Samples for the microarray were collected into tubes
containing Isogen (Nippon gene, Toyama) and stored at
—-80 °C. Total RNA was extracied by the single step
method of Chomezynski et al. [12] with acid guanidinivm
thiocyanate phenol chloroform after homogenizing the
tissue using a high speed homogenizer. The mean yield of

RNA was 23.1 pg (ranged from 12.3 to 31.6 pg) from
cach collected samples. RNA that had distinct ribosomal
RNA band by electrophoresis and had Ap/Azsq absor-
bance ratio ranging from 1.8 to 2.1 was used for cDNA
synthesis. Gene expression profiles were analyzed on a
high-density oligonucleotide microarray (GeneChip®
HG-U133 Plus 2.0; Affymetrix, Santa Clara, CA) con-
taining 54,675 probe sets. The oligonucleotide microarray
procedure for generation of the biotin-labeled cyclic RNA
(cRNA) by in vitro transcription, hybridization to the
array and scanning were performed according to the
manufacturer’s instructions. The amplification cycle of
RNA tocDNA and cDNA to cRNA was performed using
the GeneChip® 3’-Amplification Reagents One-Cycle
cDNA Synthesis Kit including SuperScript II reverse
transeriptase and a T7-(dT),4 primer (Affymetrix). The
synthesized cRNA was biotinylated using GeneChip 3
amplification reagents for IVT labeling. The labeled
cRNA was then purified and chemically fragmented at
94 °C for 35 min using the GeneChip Sample Cleanup
Module (Affymetzix). The labeled fragmented cRNA was
next hybridized to the GeneChip® at 45 °C for 16 h
according to the manufacturer's instructions. The
hybridized probe array was washed and stained with
streptavidin-phycoerythrin. The stained probe array was
scanned with a GeneChip® Scanner3000 (Affymetrix) at
570 nm. The signal intensity of the gene expression level
was calculated by GeneChip Operating Software, Ver.1
(Affymetrix).

Data analysis

Microarray data analyses were performed with BRB Ar-
rayTools developed by Dr. Richard Simon and Amy Peng
Lam, (http://linus.nci.nih.gov/BRB-ArrayTools.himl)
which provides a variety of tools for the analysis of gene
expression profile. Gene expression data were log trans-
formed (base 2) and normalized to the median expression
value of all genes on each array. Any genes in which the
expression levels did not differ by at least by 1.5 fold from
the medjan in at least 20% of the arrays were filtered out,
for the exclusion of the genes showing minimal variation
across the set of arrays. In addition, if an expression value
was missing or filtered out in more than 50%, these data
were excluded. The final data set included 50,508 clones,
and contained all 49 ABC transporter genes. The list of
transcripts on ABC transporters was obtained using
GeneSprings software (http://www.silicongenetics.com/
cgi/SiG.cgifindex.smf) from Agilent Technologies (Wald-
bronn, Germany). (Supplementary data).

Class comparison

To identify informative genes differentially expressed
between the two classes of patients grouped by their
pathologic response, we used supervised classification
methods applying the random variance #-test to daia
using the BRB Array Tools and was accompanied by
multivariate permutation tests in order to minimize
false-positives with the maximum allowed number of
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false positives set at 10, a false discovery rate of 0.1, and
confidence 90%. Genes with a parametric p-value less
than 0.05 were considered statistically significant.

Class prediction

To develop a prediction model of pathologic response
using the ABC transporter gene expression profiles, we
used the class prediction tools of BRB ArrayTools in
which six multivariate classification methods were
available including a compound covariate predictor [13],
a K-nearest neighbor analysis (K=1, 3), 2 nearest cen-
troid analysis, a support vector machine [14] and a
diagonal linear discriminate analysis.

For the evaluation of the feasibility of developing a
multigene predictor model of response to neoadjuvant
chemotherapy using differentially expressed ABC
transporters, six different multivariate classification
models were examined. Firstly, we determined the
number of genes that were included in the classifier
model using a paired t-test applying multiple univariate
parametric significance thresholds, and developed a
classifier model based on these selected genes at the
univariate parametric significance thresholds. With
changes in the parametric significance thresholds, the
multivariate classification algorithms were performed
iteratively evaluating the classification error and the
classifier p-value to identify the best classifier, and the
processes were iteratively performed for each number of
genes included in the classifier (determined by the sig-
nificance threshold). The prediction error of each model
was evalnated by leave-one-out cross-validation (1.OO-
CV) [15). This validation procedure was performed in a
manner that removed the left-out sample before select-
ing the discriminate genes [15,16]. The classifier p-value,
the probability that similar low error rate happen by
chance, was obtained by a random permutation test
performed 2000 times.

Results
The patient characteristics

All the patients received 4 courses of FEC (S-fluoro-
uracil, epirubicin and cyclophosphamide) combination
chemotherapy followed by 12 courses of weekly paclit-
axel. In those patients who were MER-2 positive by
THC, Trastuzumab (Herceptin®) was added in the
course of the treatment. We divided the patients into
two groups from the results of the histopathologic
examination performed after the completion of the
neoadjuvant chemotherapy. Pathologic data were
available for nineteen patients. Patients with no patho-
logic evidence of any residual invasive cancer cells in
breast were classified as ‘pCR’, and if any residual
cancer cells were found in the histopathologic study,
these patients were classified as ‘RD’ group. Thirty-six
point eight percent (7) of the nineteen patients showed
no pathologic evidence of any residual invasive cancer

cells in the breast and were classified as pCR and 63.2%
{12} of patients were classified as RD.

Gene expression profiling of differentially expressed ABC
transporters

Using gene expression data of the pretreatment tumor
sample, we compared the ABC transporter gene
expression profile between the two groups (RD versus
pCR). A probe set on all of the 49 human ABC trans-
porters genes known so far was contained in the
microarray chip we used (HG-U133 Plus 2.0; Affyme-
trix). To identify differentially expressed ABC trans-
porter genes potentially associated with the clinical
response to neoadjuvant chemotherapy, a supervised
class comparison analysis was performed. The random
variance model z-test was used to discover differentially
expressed genes and was accompanied by a multivariate
1000 permutation tests in order to minimize false—posi-
tives with the maximum allowed number of false posi-
tives set at 10, a false discovery rate of 0.1 and 90%
confidence.

By comparing the average expression level of each
transcript on ABC transporters between the two clas-
ses of patients, the median expression level in the RD
group was 107.8 (range 15.8-6009.1) and 104.4 in the
pCR group (range 17.9-5690.6). The median of fold
difference (RD: pCR) of transcripts an the ABC
transporters was 1.0, ranging from 0.3 to 7.6. Several
ABC transporters showed prominently high expression
at over 50 fold of the median value although the tu-
mor samples were all from the pretreatment chemo-
therapy-naive patients, The highest average expression
level in the RD group, 6009.1, was observed in
ABCC5 (AF146074, RD: pCR=6009.1:2427.5, fold
ratio 2.48) and the highest expression level in the pCR
group, 5690.6, was observed in TAP1 (ABCBZ,
NM_000593, RD: pCR = 4551.4:5690.6, fold ratio
0.8), the transporter associated with antigen processing
(Table 1).

The ABC transporters, which were significantly dif-
ferentially expressed with a parametric p-value of less
than 0.05, are listed in Table 2. Several transcripts
(ABCCS, TAP2/ABCB3) selected overlapped for the
microarray chip (HG-U133 Plus 2.0) containing 54,673
probe sets, more than 30,000 human transcripts were
detected, derived from more than 20,000 loci within the
human genome and some transcripts represented the
same human gene.

ABC transporters, the expression of which in the RD
group was significantly increased, inclnded ABCCS (fold
ratio 2.48, p= 0.000368), ABCAI12 (fold ratio 7.64, p=
0.000795), ABCAIl (fold ratioc 3.30, p= 0.000859),
ABCCI13 (fold ratio 7.54, p= 0.0194), ABCB6 (fold
ratio 2,17, p= 0.0271), and ABCCI1 (fold ratio 2.71,
p= 0.0486) (Table 2). These genes all showed over 2
fold increases in RD compared with pCR tumors.
ABCCS was recently reported to confer resistance io
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Table 1. Clinical characteristics of the patients

No, of patients

Age, years
Median 51
Range 30-61
Menstruation status
Pre menopause 12
Post menopause 7
TNM stage
IIA 8
IIB 7
1A 2
1118 2
Histology
Invasive ductal 17
Mixed ductalflobular
Iavasive lobular 1
Invasive mucinous 1
Nuclear grade
1 1
2 9
3
HER2 status
HER2-positive 4
HER2-pegative 15
ER status
ER-positive* 5
ER-negative 14
Pathologic response
Pathologic complete response 7
Residual disease 12
Treatment arm
At 15
B 4

*Cases in which more than 10% of tumor cells stained positive for ER
by THC classified as ER positive.

"Treatment arm A; 4 courses of FEC* followed by 12 courses of
weekly pachitaxel.

bTreatment arm B; 4 courses of FEC* followed by 12 courses of
weekly paclitaxel with Trastuzumab.

*FEC combination chemotherapy (5-fluorouracil, epirubicin and
cyclophosphamide).

5-fluorouracil [17] selected with the lowest p-value and it
showed the highest gene expression level in tumors with
decreased response. (AF146074, expression level RD:
pCR = 6009.1: 2427.5, fold ratio 2.48).

CFTR (NM_000492, ABCC7, fold ratio 0.27, p=
0.007030), ABCF2 (NM_005692, fold ratio 0.32, p=
0.015901) and ABCB3 (M74447, TAP2, fold ratio 0.54,
p= 0.019345), the transporter associated with antigen
processing, showed increased expression in the pCR
group but the biological significance concerning
responsiveness to chemotherapy remains to be eluci-
dated. The differentially expressed ABC transporter
genes are shown in Figure | in hierarchical clustering
view.

Development of multigene predictor model using the ABC
transporter gene expression profile

To evaluate the feasibility of developing a multigene pre-
dictor model of response to neoadjuvant chemotherapy
using the ABC transporter expression profile, six different
multivariate classification models were examined.

Firstly, we determined the number of discriminate
genes that were included in the classifier model by
applying multiple univariate parametric significance
thresholds, and developed a classifier model based on
these selecied genes at the significance thresholds. With
changes in the parametric significance thresholds, the
classification error and classifier p-value for each mul-
tivariate classification algorithms were evaluated itera-
tively by LOOCV (leave one out cross validation) [15]
and the random permutation test to identify the best
classifier model. The classifier p-value, the probability
that a similar low error rate could happen by chance,
was calculated by 2000 random permutation tests. We
calculated the average of the classification error and the
classifier p-value of six classifier models at each signifi-
cance threshold. Figure 2 shows the change in the
average classifier p-value for six multivariate classifica-
tion models from the permutation test and the average
of the classification error rate relative to multiple uni-
variate parametric significance thresholds.

During this iterative process, the average estimated
misclassification error and classifier p-value also dropped
as the significance threshold decreased to 0.003, but
applying further stringent significance thresholds caused
a steep increase in the classification error. When the ABC
transporters differentially expressed between the two
classes at a significance threshold level of 0.003 were used
for class prediction, the average of the classification error
was minimal, 0.072 (92.8% of predictive accuracy, 95%
Cl, 83.0-97.4%), with the classifier p = 0.012, 93.2%
(95% CI, 85.2-100%) positive predictive value for the
PCR group, 93.6% (95% CI, 87.8-99.4%) negative pre-
dictive value, sensitivity for the pCR group 88.1% (95%
CL, 76.8-99.4%), and a specificity of 95.9% (91.1% CI,
87.8-100%). The respective values for each model are
represented in Table 3. On applying the compound co-
variate predictor classifier model, the predictive accuracy
reached 100% with a classifier p-value of 0.0005. The
ABC transporters selected as the best classifiers are pre-
sented in Table 4. The list included ABCA1, ABCA12
and ABCCS, recently reported to confer resistance to
cyelic nucleotides including 5-fluorouracil [17].

Our results suggest that the ABC transporter genes
expression pattern may be useful in predicting the
pathologic response to sequential weekly paclitaxel/FEC
in breast cancer patients.

Discussion

To determine the optimal therapeutic regimen to which
the individual cancer patient is most likely to respond on





