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Abstract

The interaction between the chemokine receptor CXCR4 and
its specific ligand, stromal cell-derived factor-1 (SDF-1/
CXCL12), mediates several cellular functions. In cancer, SDF-
1-positive or CXCR4-positive cells of various lineages are
detected within tumor tissues. Recent intensive research has
indicated the possibility that blocking CXCR4 could reduce the
metastatic potential of cancer cells. Here, we show that the
inhibition of the SDF-1/CXCR4 axis decreases the growth of
s.c. gastrointestinal tumors through the suppression of tumor
neoangiogenesis. The neutralization of CXCR4 suppressed the
growth in vivo of tumors derived from mouse Colon38 and
PancO2 cells, whereas it did not affect the growth of Colon38
and Panc02 cells ir vitro. This attenuation of tumor growth
was found to be independent of the expression of CXCR4 by the
cancer cells themselves, because CXCR4 knocked-down Co-
lon38 cells grew similarly to control cells. Furthermore, CD31-
positive tumor capillaries were reduced to 45% (P < 0.001) and
intratumor blood flows were decreased to 65% (P < 0.01) by
blockade of CXCR4. The vascular endothelial growth factor
(VEGF) concentration in the tumors was not affected by the
neutralization of CXCR4. Taken together with the detection of
CXCR4-positive endothelial cells in the tumor tissues, the
findings suggest that the antiangiogenic effects of the blockade
of CXCR4 are related to a reduction of the establishment of
tumor endothelinm independently of VEGF inhibition. Our
data indicate that the SDF-1/CXCR4 pathway might be a
general target for anticancer strategies and that blocking this
system could be cooperatively effective in combination with
other antiangiogenic therapies, such as blockade of VEGF.
(Cancer Res 2005; 65(13): 5864-71)

Introduction

The chemokines are a group of chemoattractant cytokines that
mediate several cellular functions. Stromal cell-derived factor-lo
(SDF-1) is expressed by stromal cells, including fibroblasts and
endothelial cells (1, 2), and interacts specifically with the seven-
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transmembrane, G protein-coupled receptor CXCR4 (3). CXCR4 is
expressed in various cells, such as T lymphocytes, monocytes,
neutrophils (4), and endothelial cells (5, 6). On ligand binding,
CXCR4 activates several signaling cascades, including the phos-
phatidylinostiol 3-kinase and mitogen-activated protein kinase
cascades, which induce cytoskeletal rearrangement, antiapoptosis
effects, and cell growth (7). Importantly, the SDF-1/CXCR4
interaction is critical for the homing and retention of hematopoi-
etic stem cells within the bone marrow and is essential in fetal
hematopoiesis (8).

Recently, intensive research has indicated that CXCR4 is involved
in increasing the metastatic potential of colon and breast cancer
cells (2, 9, 10). For example, CXCR4 was one of the few genes that
was up-regulated in bone-metastasized breast cancer cells (11), and
cells that had metastasized to the lungs expressed very high levels
of CXCR4 compared with the parental tumor cells. Another study
found that SDF-1 was up-regulated in malignant tissues (12).
In vivo, neutralizing the interaction of CXCR4 and SDF-1
significantly impaired the metastasis of breast cancer cells and cell
migration (2). These findings suggest the possibility that inhibition
of the SDF-1/CXCR4 axis could be a strategy for the prevention of
cancer cell metastasis. The mechanism by which CXCR4 expression
enhances tumor metastasis is still unclear; however, the activation
of CXCR4 by SDF-1 seems to have the ability to trigger the adhesion
of a variety of tumor cell lines to extracellular matrix substrates,
such as fibronectin (13, 14), and to vascular endothelial cells by
increasing the vascular permeability (12, 15).

Tumor neovascularization, a rate-limiting step in cancer
progression, is thought to be established by the sprouting of blood
vessels through the division of differentiated endothelial cells.
However, the growth of new vessels can be mediated in several
ways. Recently, circulating endothelial progenitor cells mobilized
from the bone marrow were detected in the peripheral blood of
several species and were implicated in the neoangiogenesis
involved in tumorigenesis as well as in the formation of new
vessels after trauma, burn injury, and myocardial infarction
(16-18). The SDF-1/CXCR4 axis mediates the guidance of
primordial stem cells to sites of rapid vascular expansion during
embryonic organogenesis (19). An analysis of CXCR4-deficient mice
revealed that the receptor was essential for fetal gastrointestinal
vascular formation (20), suggesting a pivotal role of the SDF-1/
CXCR4 axis in fetal angiogenesis (8). Like embryonic vasculogenesis,
tumor angiogenesis might be mediated by various progenitor cells
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(21). We analyzed the contribution of the SDF-1/CXCR4
interaction to tumor neoangiogenesis using a mouse model
Here, we show that the in vive neutralization of CXCR4 also
results in the attenuation of tumor growth by the inhibition of
tumor neovascularization in a vascular endothelial growth factor
(VEGF)-independent manner regardless of whether the cancer
cells express CXCR4. CXCR4-targeting therapy might be applied
as an antiangiogenic strategy for treatment of a broad spectrum
of cancers.

Materials and Methods

Animals and cells. All C57BL/6 mice and BALB/c nude mice were
purchased from Clea Corp. (Tokyoe, Japan). The transgenic mice (C57BL/6
background) that ubiquitously expressed emhanced green fluorescent
protein (GFP mice) were a generous gift from Dr. Masaru Okabe (Osaka
University, Osaka, Japan; ref. 22). All procedures involving experimental
animals were done in accordance with protocols approved by the
Institutional Committee for Animal Research of the University of Tokyo
and complied with the USPHS Policy on Humane Care and Use of Laboratory
Animals, Colon38 (23) and Panc02 (24) cells are colon and pancreatic
cancer cells, respectively, derived from C57BL/6 mice. PancO2 cells were
obtained from Dr. Michael A. Hollingsworth (Eppley Institute, University of
Nebraska, Omaha, NE). -

Stable knockdowm of CXCR4. A plasmid carrying RNA interference
targeted to mouse CXCR4 was constructed as described previously (25, 26).
The siCXCR4 sequence of the mouse CXCR4 gene (5-GCAAAGACTTATA-
TAATATAT-3') was selected using our original algorithm. Colon38 cells were
transfected with pcPUR+U6-siCXCR4 or pcPUR+U6-siRenilla (control) and
selected as puromycin-resistant pools. Then, quantitative reverse transcrip-
tion-PCR (RT-PCR) was done to confirm the CXCR4 mRNA suppression
using the primers 5-TCAGCCTGGACCGGTACCT-3' and 5-GCAGTTTCC-
TTGGCCTTTGA-3.

Bone marrow transplantation and tumor implantation model. The
bone marrow of lethally irradiated C57BL/6 mice was reconstituted by
transplantation with bone marrow cells from GFP mice (GFP-BMT mice).
Briefly, wild-type C57BL/6 mice were lethally irradiated with a total dose of
950 rads (MBR-1520RB, Hitachi, Tokyo, Japan; ref. 27); then, 2 X 10° bone
marrow cells from GFP mice were injected into the tail veins of the
irradiated recipient mice. The bone marrow cells of the GFP-BMT mice
were sampled at 4 weeks after bone marrow transplantation, and the degree
of chimerism was investigated by flow cytometry (EPICS XL, Beckman
Coulter, Fullerton, CA). More than 85% of the cells in the recipient bone
marrow were GFP positive using these experimental conditions (data not
shown). Tumors were induced by s.c. injection of 2 % 10° cancer cells into
the flank >4 weeks after the bone marrow transplantation. Large tumors
were typically observed by 4 weeks after tumor implantation. The mice were
anesthetized with pentobarbital sodium (120 mg/kg), and the tumor tissues
were harvested for histologic analysis.

Isolation of tumor-infilirating cells and reverse transcription-PCR
analysis. Tumor-infiltrating cells (TIC) were isolated from the tumors
formed by Colon38 and PancO2 cells using density gradient centrifugation
in Percoll/RediGrad (Amersham Biosciences, Buckinghamshire, United
Kingdom) as described previously (28). The total RNA was extracted
from the TICs using ISOGEN reagent (Nippon Gene Co, Tokyo, Japan),
and the reverse transcription reaction and PCR amplification were
done as described (29). The PCR primer sequences were as follows: sense
5'-GGCTGTAGAGCGAGTGTTGC-3' and antisense 5-GTAGAGGTTGA-
CAGTGTAGAT-3 for CXCR4 (29) and sense 5-GTTGGATACAGGCCA-
GACTTTGTTG-3' and antisense 5'-GATTCAACTTGCGCTCATCTTAGGC-3
for hypoxanthine phosphoribosyltransferase (HPRT).

Immunohistochemistry. Tumor tissue samples were fixed in 2%
paraformaldehyde and embedded with a Technovit catalyst system
(Heraeus Kulzer GmbH & Co. KG, Wehrheim, Germany: ref. 30). The
primary antibodies were as follows: rabbit anti-rat CXCR4 (Torrey Pines
Biolabs, Inc, Houston, TX), rabbit anti-mouse CXCR4 (H-118) and anti-

VEGF (sc-507; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
mouse SDF-la (Torrey Pines Biolabs), rat anti-mouse CD31 (BD
PharMingen, San Diego, CA), and rat anti-mouse Mac3 (BD PharMingen).
The secondary antibodies were conjugated with fluorochrome Alexa Fluor
488 or 555 (Molecular Probes, Inc., Eugene, OR). The sections were
observed under a confocal microscope (Leica Microsystems, Wetzlar,
Germany; ref. 31).

In vive neutralizing antibody studies. Cancer cells (Colon38 or
PancO% 8 X 10°%) were s.c. injected into BALB/c nude mice. One group of
tumor-bearing mice (n = 5) then received an ip. injection of 10 pg rebbit
anti-rat CXCR4-neutralizing antibody, which is reported to also bind to
murine CXCR4 (32). The control group of tumor-bearing mice received 10
1g normal rabbit IgG. The mice were treated every 24 hours starting on day
3 for a total of eight separate injections of anti-CXCR4 antibody. The tumor
size was measured, and the volume was calculated as {length (mm) X width
(mm)?} / 2. The experiments were also done using C57BL/6 mice (n = 4).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
The direct effect of the neutralizing antibody on the viability of the tumor
cells was assessed by seeding 3 x 10 Colon38 cells in 24-well microplates
and replacing the medium with medium containing 10 pg/mL normal 1gG or
10 pg/mL anti-CXCR4-neutralizing antibody (n = 3) after 24 hours. The
number of viable cells was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, St. Louis, MO) at 24,
48, and 72 hours (33). Similarly, a total of 3 % 10° Colon38-siCXCR4 or
Colon38-siRenilla cells were cultured with 300 ng/mL recombinant human
SDF-1a (PeproTech EC, London, United Kingdom) in 24-well microplates,
and the number of viable cells was analyzed using the MTT assay at 24, 48,
and 72 hours.-

Fluorescent phalloidin staining. A total of 10° Colon38 or Panc02 cells
were seeded in two-well chambers and incubated with 10 pg/mL normal
1gG or 10 ug/mL anti-CXCR4-neutralizing antibody with 300 ng/mL
recombinant human SDF-1a for 24 hours; then, the cells were stained with
Alexa Fluor 488-labeled phalloidin according to the manufacturer’s
instructions.

Cell migration assay (wound closure assay). A total of 10° Colon38 or
PancO2 cells were seeded in two-well chambers, and confluent cell

- monolayers were wounded by scraping using a pipette tip of the same

width and replacing the medium with medium containing 10 pg/mL normal
IgG or 10 pg/mL anti-CXCR4-neutralizing antibody with 300 ng/mL
recombinant human SDF-la for 24 hours. Then, the cells were fixed and
stained with Diff-Quick, and cell migration was observed using bright-field
microscopy at X40 magnification,

Quantitative reverse transcription-PCR. A total of 5 X 10° Colon38 or
PancO2 cells were seeded in 6-cm dishes and incubated with 10 pg/mL
normal IgG or 10 pg/ml anti-CXCR4-neutralizing antibody for 24 hours.
The total RNA was extracted, treated with DNase, and purified. Quantitative
RT-PCR analysis was done using an ABI 7000 Real-time PCR System

~ (Applied Biosystems, Foster City, CA). The mRNA level of each gene was

normalized to HPRT. The primers were as follows: basic fibroblast growth
factor (bFGF), forward 5-CACCAGGCCACTTCAAGGA-3 and reverse 5'-
GATGGATGCGCAGGAAGAA-3'; platelet-derived growth factor (PDGF),
forward 5-AAGCTCGGGTGACCATTCG-3' and reverse 5-ACTTT-
CGGTGCTTGCCTTTG-3; and placenta growth factor {PIGF), forward
5-CCCTGTCTGCTGGGAACAA-Y and reverse 5-GCTGCGACCCCA-
CACTTC-3. The SDF-1, matrix metalloproteinase-9 (MMP-9), intercellular
adhesion molecule (ICAM), and VCAM (VCAM) primer sequences were
reported previously (34). '

Late-outgrowth endothelial colony assay. To isolate the peripheral
blood mononuclear cells (PBMC; ref. 18), blood samples (500-1,000 uL) from
mice were collected in heparinized tubes ~3 weeks after tumor
implantation. The PBMCs were isolated by Ficoll gradient centrifugation
{Amersham Biosciences AB, Uppsala, Sweden). To detect circulating
endothelial cells, 3 X 10° freshly isolated PBMCs were cultured in modified
endothelial growth medium (EGM), which was composed of X-vivo-20
serum-free medium with VEGF (10 ng/ml, R&D, Minneapolis, MN),
endothelial cell growth supplement (30 pg/mL, Upstate, Lake Placid, NY),
human recombinant bFGF (5 ng/mL, Invitrogen, Carlsbad, CA), heparin
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(5 units/mL), streptomycin (100 pg/mL), penicillin (100 units/mL), and
fungizone (0.25 pg/mL). The PBMCs were placed in two-well chambers
coated with 0.2% gelatin (17, 18) and incubated at 37°C in a humidified
environment with a 5% CO, atmosphere. Monocytes and mature
endothelial colonies attached to the well chambers within 3 days. The
nonadherent cells were transferred to other wells in EGM after 3 days. After
2 weeks, the endothelial colonies were characterized by the metabolic
uptake of acetylated low-density lipoprotein labeled with 1,1'-dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate (Dil-Ac-LDL; Biomedical
Technologies, Stoughton, MA). The cells were incubated with 10 pg/mL Dil-
Ac-LDL at 37°C for 4 hours and examined by fluorescence microscopy. Dil-
Ac-LDL and GFP double-positive colonies that formed at 2 weeks were
considered late-outgrowth colonies (17).

Measurement of local blood perfusion in superficial tumor tissue.
The blood perfusion of the tumors was measured using a laser Doppler
perfusion imaging (LDPI) system (Moor Instruments, Devon, United
Kingdom; refs. 35, 36). The LDPI data were acquired from mice on day 10
following five antibody treatments given at 24-hour intervals. Each mouse
was anesthetized 15 minutes before the recordings to eliminate artifacts
caused by body movements; the mouse was placed on a heating plate at
40°C, and the LDPI recording was made (35, 36).

Estimation of vascular endothelial growth factor levels in sub-
cutaneuse tumors and cultured supernatants. The tumor tissues were
harvested on day 14 after five antibody treatments and homogenized with a
tissue homogenizer in 9 volumes of lysis buffer [300 mmol/L NaCl, 15
mmol/L Tris-HCl, 2 mmol/L MgCl,, 2 mmol/L Triton X-100, 20 ng/mL
pepstatin A, 20 ng/mL leupeptin, 20 ng/mL aprotinin (pH 7.4)}. A total of 3
% 10° Colon38 or PancO2 cells were seeded in six-well plates and incubated
with fetal bovine serum~free medium containing 10 pg/mL normal IgG or
10 pg/mL anti-CXCR4-neutralizing antibody for 24 hours. The ELISA assay
for VEGF was done by the SRL analysis service (Tokyo, Japan).

Statistical analysis. The data are expressed as mean + SE. Comparisons
between the groups were analyzed using Student’s ¢ test. P < 0.05 was
considered statistically significant.

Results

CXCR4-positive cells contribute to the establishment of
tumor tissues in a cancer cell type-independent manner. To
estimate the role of the SDF-1/CXCR4 axis in the establishment of
gastrointestinal tumors, in addition to its known metastasis-
promoting ability, we analyzed two models of s.c. tumors in mice
using two mouse-derived cancer cells, Colon38 and PancO2. CXCR4
mRNA was not detected in cultured PancO2 cells but was detected
in Colon38 cells (Fig. 14). However, CXCR4-positive cells were
detected in the tissues of tumors established from implanted
Colon38 and PancO2 cells; the CXCR4-positive cells were observed
around the tumor vessels and occasionally in the endothelium
(Fig. 1B, arrow). These findings suggested that the cells infiltrating
the tumor might express CXCR4 regardless of whether the
cancerous cells themselves express CXCR4. To clearly distinguish
cancer cells from TICs, we established a mouse model in which the
bone marrow was depleted by irradiation and then reconstituted by
transplantation of GFP-tagged bone marrow cells (GFP-BMT mice).
Many bone marrow-derived cells were found to infiltrate into both
types of tumor tissues, and GFP and CXCR4 double-positive cells
were detected around the tumor vessels (Fig. 1C, arrow). To confirm
the expression of CXCR4 in the TICs, TICs were isolated from

tumor tissues as described previously, and the expression levels of

various chemokine receptors were analyzed by RT-PCR (data not
shown). CXCR4 mRNA was detected in the TICs of both Colon38
and PancO2 tumors (Fig. 14). To investigate the percentage of
CXCR4-expressing cells in bone marrow-derived cells, we counted
the total numbers of GFP and CXCR4 double-positive cells as the

TC ™ C P

CXCR4

L — |

Colon38

. Vessel
lumen

SDF-1/HPRT

Cc P TC ™

Figure 1, CXCRA4-positive cells in s.c. colon and pancreatic tumor tissues.

A, expression of CXCR4 mRNA was commonly detected by RT-PCR in TICs and
in cultured Colon38 cells but not in cultured PancO2 cells. TC, TICs from
Colon38 tumors; TP, TICs from PancO2 tumors; C, cultured Colon38 cells;

P, cultured PancOz2 cells. B, Colon38 (left) and PancO2 (right) tumor tissues
were stained with anti-CXCR4 (green) and anti-CD31 (red) antibodies.
CXCR4-positive cells were observed around the tumor vessels, and some lined
the endothelium (arrow). Bar, 20 um. C, Colon38 tumor tissues from
GFP-BMT mice were stained with anti-CXCR4 antibody. GFFP and CXCR4
double-positive cells were found around the tumor vessels (right, arrow).
Right, merged image of differential interference contrast images, GFP (green)
and CXCR4 (red). Bar, 20 ym. D, total RNA was isolated from s.c. tissues and
the two cell fines, and the expression of SDF-1 was analyzed by quantitative
RT-PCR.

number per square millimeter using fluorescence microscopy
{n = 3). GFP and CXCR4 double-positive cells constituted ~ 3.4%
{32.3 £ 2.1 versus 961.3 + 36.8) or 2.1% (65.7 + 4.6 versus 3185.7 +
149.8) of all bone marrow-derived cells in Colon38-derived or
PancO2-derived tumors, respectively. For a while, SDF-1 was
detected in the extracellular portion of the stromal area, especially
around the vessels in both Colon38-derived and PancO2-derived
tumors (data not shown). To quantify the expression of SDF-1, we
extracted total RNA from s.c. tissues and the two cell lines and did
quantitative RT-PCR (Fig. 1D). The expression of SDF-1 was
induced in both tumor tissues. PancO2 cells did not express SDF-1
in vitro; nevertheless, the level of SDF-1 expression in s.c. tumors
was not very different from that in Colon38. These findings suggest
that SDF-1 is secreted from noncancerous tissues in the tumors or
expression could be up-regulated in the tumor tissues. Therefore,
the SDF-1/CXCR4 axis seems to contribute to the establishment of
tumor tissues via the expression of CXCR4 on infiltrating cells
regardless of whether the cancer cells themselves express CXCR4.

CXCR4 nentralization prevents the growth of Colon38 and
Panc02 tumors regardless of CXCR4 expression by the cancer
cells. We evaluated the therapeutic potential of the neutralization
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of CXCR4 for the inhibition of tumor formation using the tumor
transplant model. To interfere with SDF-1/CXCR4 signaling, BALB/c
nude mice transplanted with Colon38 and PancO2 cells were
treated with anti-CXCR4-neutralizing antibody or a control
antibody using the dose schedule described in a previous report
(32). The growth of Colon38 xenograft tumors was clearly
suppressed in the group treated with the neutralizing antibody
compared with the control group (n = 5; Fig. 24). Neutralizing
antibody against CXCR4 also suppressed the growth of PancO2
tumors (n = 5; Fig. 2B). This finding was reproduced in the
experiment using C57BL/6 mice. As shown in Fig. 2C, neutralizing
antibody against CXCR4 also suppressed the growth of Colon38
tumors in C57BL/6 mice (n = 4). As Colon38 cells had been shown
to express CXCR4 (Fig. 14), we examined whether the anti-CXCR4-
neutralizing antibody could directly inhibit their growth. Colon38
cells were cultured in the presence of 10 pg/mL anti-CXCR4
antibody or control antibody to simulate the concentration in the

peripheral blood of treated mice. Under these in vitro conditions,
anti-CXCR4 antibody treatment had no effect on the growth of
Colon38 cells (n = 3; P = 0.93; Fig. 2D). To confirm that the effect
was independent of the CXCR4 expression by cancer cells
themselves, we established Colon38-siCXCR4 cells in which the
CXCR4 gene was stably suppressed. As shown in Fig. 2E, the
siCXCR4 effectively blocked CXCR4 mRNA expression. Colon3s-
siCXCR4 cells or Colon38-siRenilla cells were transplanted s.c. into
mice and the difference in' growth rates was compared. As shown
in Fig. 2G, growth rates were not significantly different between the
two groups (n = 5; P > 0.1). Growth rates were also similar in the
in vitro culture experiments (Fig, 2F).

In addition, we investigated whether the neutralizing antibody
has other biological effects in vitro, because the SDF-1/CXCR4 axis
is significant in breast and colon cancer metastasis. Obvious
cytoskeletal changes were not detected by fluorescent phalloidin
staining of groups of the two cell lines stained with anti-CXCR4
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Figure 2. CXCR4 neutralization blocked the growth of s.c. tumors derived from Colon38 and Panco2 cells. BALB/c nude mice were s.c. inoculated with 8 x 10° tumor
cells. Mice were injected i.p. with anti-CXCR4-neutralizing antibody (10 pg/injection) or with control normal IgG (10 pg/injection) every 24 hours for a total of eight
separate injections, Neutralizing antibody against CXCR4 suppressed the growth of fumors derived from Colon38 (A) and PanicO2 (B) cells (n = 5). Points, mean,; bars,
SE. *, P <0.05; **, P < 0.005 (Student's 1 test). C, neutralizing antivody against CXCR4 also suppressed the growth of Colon38 tumors in C57BL/6 mice (n = 4).
D, anti-CXCR4 antibody treatment had no effect on the growth of cuitured Colon38 cells (n = 3; P = 0.93). n.s., not significant. E, Colon38 cells were stably transfected
with pcPUR+U6-siCXCR4 or pcPUR+UB-siRenilla (control); then, quantitative RT-PCR was done to confirm the CXCR4 mRNA suppression. F, growth rates of
Colon38-siCXCR4 or Colon38-siRenilla cells were also similar in the in vitro culture experiments. G, Colon38-siCXCR4 and Colon38-siRenilla cells were transplanted .
s.c. and the difference in their growth rates was compared (n = 5). Points, mean; bars, SE.
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antibody and control antibody (data not shown). To examine
whether the anti-CXCR4-neutralizing antibody treatment affects
cell migration, we did a cell migration assay (wound closure assay).
No difference in cell migration was observed between the groups
for either cell line (data not shown). Between the two groups for
both cell lines, there was no statistical difference in the mRNA
expression of ICAM (n = 4; P > 0.1), VCAM (2 = 4 P > 0.1),
PDGF (n =4; P > 0.1)},PIGF (n = 4; P > 0.1), bFGF (n = 4; P> 0.1), or
MMP-9 (n = 4; P > 0.1). The VEGF secretion of the Panco2 cells
in vitro was not statistically different between the two groups (n = 4;
P = 0.92). VEGF production was not detected in the Colon38 cell
line. These findings indicate that the suppression of tumor growth
was not mediated by the direct inhibition of cancer cell growth.

 CXCR4 neutralization decreases the development of tumor
endothelium in vive. As CXCR4-positive cells were detected
among endothelial cells as well as in the perivascular area (Fig. 1B),
the effect of CXCR4 neutralization on tumor angiogenesis was
estimated by histologic examination of tumors for CD3l, an
endothelial marker (Fig. 34). The capillary density was calculated
as the number of capillaries per square millimeter exhibiting
expression of CD31 based on counts in 10 randomly selected fields
from each tissue preparation examined by confocal microscopy.
Staining with anti-CD31 antibody showed that the density of
vessels in the tumors of the mice treated with the neutralizing
antibody was significantly lower than that in the tumors of the
control group (n = 3; P = 0.00048; Fig. 3B). In addition, the Colon38-
siCXCR4 or Colon38-siRenilla cells were transplanted into mice s.c.
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Figure 3. CXCR4 neutralization decreased tumor vessel densities. C57BL/6
mice were injected s.c. with 2 x 10° Colon38 cells, After 1 week, the mice (n = 3)
were injected i.p. with 10 ug anti-CXCR4-neutralizing antibody or 10 pg normal
rabbit 1gG (control group). A, representative images of CD31 immunostaining
after a total of five separate antibody injections. Bar, 50 um. B, capillary density
was calculated as the number of capillaries per square millimeter based on the
counts of 10 randomly selected fields. Treatment with anti-CXCR4 antibody
decreased tumor vessel densities (right) comparad with the control group (left).
Columns, mean (n = 3); bars, SE. ", P < 0.05 (Student's t test). The capiltary
densities in the tumors derived from Colon38-siCXCR4 cells or Colon38-siRenilla
cells were not significantly different (n = 3; P = 0.51).

LDL

Merge

Flgure 4. Bone marrow-derived endothelial cells were analyzed ex vivo and
in vivoe. A, histologic sections of Colon38 tumors from GFP-BMT mice were
stained with anti-CD31 antibody (red) to detect bone marrow—derived endothetial
cells. GFP-positive cells (green) rimmed by CD31-positive margins are seen in
the tumor endothelium (arrow). Bar, 20 pm. B, PBMCs were analyzed using the
late-outgrowth endothelial colony assay. Endothelial cells positive for both
Dil-Ac-LDL (LDL; red) and GFP (green) were detected in peripheral blood. Bar,
10 um. C, late-outgrowth endothelial cells expressed CXCR4 (red). Bar, 20 um.

and the vascularity of the tumors was compared. The capillary
densities in the tumors in the two groups were not significantly
different (n = 3; P = 0.51; Fig. 3B). Recently, bone marrow-derived
endothelial cells were reported to be involved in tumor angiogen-
esis in tumor implantation models (16-18, 37). To investigate
whether bone marrow-derived endothelial cells formed the tumor
vessel endothelium in our model, the expression of GFP in the
endothelium of the tumor xenografts in GFP-BMT mice was
analyzed. GFP and CD31 double-positive cells were observed lining
the vessels only in rare instances, suggesting that the population of
bone marrow-derived tumor endothelial cells was very limited in
our model (Fig. 44). The presence of endothelial progenitor cells in
the peripheral blood of tumor-bearing mice was investigated using
the late-outgrowth assay. PBMCs. were cultured to permit the
growth of endothelial colonies, which were then identified by the
metabolic uptake of Dil-Ac-LDL after 2 weeks of culture. The
expression of GFP was detected in most of the Dil-Ac-LDL-
positive colonies (Fig. 4B), but these cells did not form large
colonies under our experimental conditions. Importantly, late-
outgrowth cells identified in vitro expressed the chemokine
receptor CXCR4 (Fig. 4C).

In vive neutralization of CXCR4 decreases the intratumor
blood flow. As the blockade of CXCR4 induced a decrease in the
development of intratumor endothelial cells, we monitored
dynamic changes in the blood perfusion of the tumors using a
LDPI system (35, 36). LDPI can provide noninvasive analysis of local
perfusion in superficial tissues. The technique is based on the
principle that the wavelength of laser light changes (Doppler shift)
when it is reflected from a moving object (RBC in this case), whereas
the wavelength of light reflected from a stationary object remains
unchanged. The Doppler-shifted light is converted into an arbitrary
perfusion signal, which is approximately proportional to the mean
blood cell velocity multiplied by the concentration of moving blood
cells (Fig. 54). The blood flow in the tumors treated with
neutralizing antibody was decreased to ~ 65% of that in the control
tumors for both s.c. Colon38 and Panc02 tumors (n = 7; P < 0.01 and
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P < 0.001, respectively; Fig. 5B). Taken together with the
observations presented in Fig. 2, these findings indicate that
neutralization of CXCR4 suppresses tumor growth by an antiangio-
genic mechanism and not by direct inhibition of cell growth. In
addition, the Colon38-siCXCR4 or Colon38-siRenilla cells were
transplanted into mice s.c. The Doppler flow rates in the tumors
were similar (n = 5; P = 0.57; Fig. 5B). These results indicate that the
decrease in tumor vascularity with anti-CXCR4 neutralizing anti-
bodies is not caused by a direct effect against cancer cells.
CXCR4 neutralization did not change vascular endothelial
growth factor expression in the tumor tissues or induce
critical anemia. Cells of inflammatory cell lineages that infiltrate
into tumors have been reported to secrete VEGF, a pivotal
angiogenic factor (38, 39). By immunohistochemistry, some of the
infiltrated cells were Mac3 positive, which indicated that mono-
cytes/macrophages had been recruited into the tumor tissues from
the bone marrow (Fig. 64). In a short time, few anti-smooth
muscle actin-positive cells were detected in our analysis (data not
shown), which might be consistent with reports that tumor
microvessels often lack a lining of smooth muscle cells unlike
normal vessels. To determine whether the TICs secrete VEGF in
our xenograft tumor model, we counterstained the GFP-positive
cells of Colon38 tumor with anti-VEGF antibody. As shown in
Fig. 6B, VEGF was expressed in the GFP-positive, bone marrow-
derived infiltrating cells in our xenograft tumors (Fig. 6B). To clarify
the effect of blocking CXCR4 on VEGF expression, the VEGF
concentrations in the tumors were determined using ELISA and
compared between the groups treated with CXCR4-neutralizing
antibody and control antibodies. As shown in Fig. 6C, the VEGF
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Figure 5. CXCR4 neutralization decreased the intratumor blood flow in vivo.
A, representative images of blood flow in tumor tissues from the LDPI system,
Arrow, s.c. tumor (top). The average flow in closed areas was measured as the
intratumor blood flow (bottom). B, blood flow in s.c. Colon38 and PancO2
tumors treated with CXCR4-neutralizing antibody was decreased in comparison
with the control tumors (n = 7). *, P < 0.01; **, P < 0.001. The blood flow in s.c.
Colon38-siCXCR4-derived or Colon38-siRenilla-derived tumors was also
estimated (n = 5; P > 0.5).
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Figure 6. Neutralization of CXCR4 did not change the VEGF concentration in
the Colon38 and PancO2 tumors. A, Colon38 tumor tissue of GFP-BMT mice
was immunostained with anti-Mac3 antibody. Some of the GFP-positive
infiltrating cells were Mac3 positive (arrow). Bar, 10 um. 8, Colén38 tumor of
GFP-BMT mice was counterstained with anti-VEGF antibody. VEGF expression
(red) was seen in the GFP-positive, bone marrow-derived infiltrating cells in our
xenograft tumors (arrow), Bar, 10 um. C, concentration of VEGF was
determined by ELISA assay in the tumors on day 14 following five antibody
injections and was compared between the groups treated with anti-CXCR4-
neutralizing antibody and with control antibodies (n = 7). D, no major change in
the number of perivascular bone marrow-derived GFP-positive cells in the tumor
tissues treated with CXCR4 blockade compared with control tumors. Red, CD31-
positive endothetial cells. Bar, 20 um.

concentration was not significantly affected by CXCR4 neutraliza-
tion. These findings suggest that the suppression of angiogenesis by
the neutralization of CXCR4 is not attributable to a change in the
VEGF concentration and that VEGF secretion does not always
depend on CXCR4-positive TICs. Indeed, the blockade of CXCR4
did not cause a major change in the number of perivascular bone
marrow—derived GFP-positive cells in the tumor tissues (Fig. 6D).
Inflammatory cells that infiltrate tumors have been reported to
express various angiogenic factors. It has been suggested that the
cells producing vascular mitogens can be mobilized by other
mechanisms independent of SDF-1/CXCR4 signaling. Furthermore,
because the SDF-1/CXCR4 axis is indispensable for hematopoietic
stemn cell homing (8), the inhibition of this interaction might impair
bone marrow hematopoiesis. To exclude the possibility that the
decrease in tumor perfusion measured in mice treated with
CXCR4-neutralizing antibody was caused by anemia, which can
result in the underestimation of intratumor blood flow by the LDPI
system, the peripheral blood cell counts were determined for each
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group (Table 1). The peripheral blood cell counts were not
significantly different between the groups, which indicated that
CXCR4 antibody did not induce a critical suppression of the bone
marrow under our experimental conditions.

Discussion

In this study, we showed that the SDF-1/CXCR4 axis, which is
indispensable for hematopoiesis and angiogenesis in the embryo
{20, 40), plays a pivotal role in tumor progression through promoting
tumor neovascularization. Our findings might provide new insight
on the significance of the SDF-1/CXCR4 axis in local tumor
progression. The reported ability of CXCR4 neutralization to block
the growth of metastatic lesions might be mediated in part by this
inhibition of angiogenesis. Although this antigrowth effect is
independent of CXCR4 expression by cancer cells, based on the
results of small interfering RNA experiments, this does not
contradict the recent reports that in vivo breast cancer growth
was dependent on CXCR4 (41). The significance of the SDF-1/CXCR4
axis for cancer cell growth in vivo could differ by cancer cell type. For
example, the CXCR4 expression of gastrointestinal tumors might be
less than that of breast cancer. In addition, another mitogenic
signaling pathway could compensate for the growth disadvantage by
inhibiting the SDF-1/CXCR4 axis in gastrointestinal tumors. Indeed,
oncogenic mutations of the K-Ras or B-Raf genes that strongly
induce hyperproliferative capacity are often reported in gastroin-
testinal tumors. Importantly, the anticancer potential of the CXCR4-
blocking strategy may be effective for a broad spectrum of cancers.

During tumor progression, infiltrating cells produce several
potent angiogenic growth factors, cytokines, and proteases (38, 39).
The recruitment and infiltration of circulating cells are mediated
by members of the chemokine family of chemoattractive cytokines.
In our murine tumor models, the neutralization of CXCR4 did not
change the concentration of VEGF in the tumors, suggesting that
other chemokine systems function in the recruitment of VEGF-
secreting cells. Although the capillary density was lower in anti-
CXCR4-treated tumors in spite of unchanged VEGF concentrations,
our data do not exclude the significance of VEGF in tumor
angiogenesis. Our results indicate that the SDF-1/CXCR4 axis does
not always regulate tumor angiogenesis in a VEGF-dependent
manner; for example, the SDF-1/CXCR4 axis might contribute to
functional vascular establishment by the regulation of endothelial
tube formation (1).

Recently, circulating endothelial progenitor cells mobilized from
bone marrow have been detected in the peripheral blood of several
species and shown to be involved in neoangiogenesis in tumors as
well as in the formation of new vessels after trauma, burn injury,

and myocardial infarction (16-18). We have already documented
the roles of bone marrow-derived vascular progenitor cells in
vascular remodeling using the original reconstituted bone marrow
mouse model (27, 30). In the present study using Colon38 and
Panco2 cells, bone marrow-derived endothelial cells were infre-
quently detected in the capillaries of the tumors. However, our
findings do not exclude the possibility that SDF-1/CXCR4 axis
neutralization inhibits bone marrow-dependent tumor vasculo-
genesis, as is the case for embryonic vasculogenesis (42), because
peripheral blood-derived late-outgrowth colonies expressed
CXCR4 (Fig. 4C; ref. 43). The proportion of bone marrow-derived
endothelial cells incorporated during neovascularization might
differ among tumor types (44, 45) or might be influenced by the
local expression profiles of various cytokines or growth factors (46).
A recent study reported that in vivo expression of SDF-1 in
ischemic tissues and CXCR4-positive progenitor recruitment were
enhanced by the transcription factor hypoxia-inducible factor-1
(HIF-1; ref. 47). In another report, the metastatic ability of cancer
cells was regulated by HIF-1-dependent CXCR4 expression (48).
These findings suggest that HIF-1 expression in tumors might
affect the recruitment of CXCR4-positive endothelial progenitors.
Therefore, the degree of angiogenic inhibition by CXCR4 neutral-
ization might increase in proportion to the contribution made by
the recruitment of bone marrow-derived CXCR4-positive progen-
itors. Further experiments should be conducted in tumors of
different origins to analyze the variation in the contribution of
bone marrow-dependent vasculogenesis to tumor angiogenesis
and the antitumor effects of the blockade of CXCR4.

Inhibitors of angiogenesis, such as anti-VEGF antibody, are
expected to be able to suppress the advancement of tumor growth
(49, 50). Treatment with bevacizumab, a monoclonal antibody
against VEGF, in combination with fluorouracil/leucovorin treat-
ment resulted in higher response rates and longer median survival
times than treatment with fluorouracil/leucovorin alone (51).
Moreover, because neovascularization processes are not continu-
ously active in adult tissues, the targeting of vasculogenic reactions
would be a relatively tumor-specific therapy (52). In contrast to the
strategies employed by many anticancer drugs, strategies that target-
specific molecules might induce selective effects against cancer
tissues. For example, the actions and interactions of endothelial
cells and pericytes in tumors are qualitatively different from those
in normal tissues (53), which might permit the specific targeting of
the tumor vasculature. Indeed, SU6668, an inhibitor of VEGF and
PDGF receptors, disrupted the association of pericytes with
endothelium and reduced the vascularity in tumor tissues only (54).

Our experiments showed that injection of anti-CXCR4 antibody
caused no critical bone marrow suppression or ischemic event.

Treatment Cancer cell type RBC (x10,000/mm°3) Hemoglobin (g/dL) WBC (/ul)
Normal 1gG Colon38 878 + 33 143 + 0.52 3367 + 376
Anti-CXCR4 Colon38 901 + 28™8 145 + 0.35™ 3200 + 173"
Normal 1gG PancO2 802 £ 46 142 1 0.18 2233 + 376
Anti-CXCR4 PancO2 853 + 385 13.8 + 045" 3133 + 286™

treated mice,

NOTE: Peripheral blood cells were counted on day 14 after tumor inoculation (n = 3 for each group). NS, not significantly different versus normat IgG-
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Based on our data, the inhibition of vasculogenesis by CXCR4
neutralization might be cooperatively effective against tumors in
combination with other angiogenic inhibitors, such as anti-VEGF
antibody or chemotherapeutic drugs. In the future, combined
strategies that include targeting SDF-1/CXCR4 might be promising
anticancer therapies against a broad spectrum of cancers.
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Abstract

We have established a panel of 45 human cancer cell lines
(JFCR-45) to explore genes that determine the chemo-
sensitivity of these cell lines to anticancer drugs. JFCR-45
comprises cancer cell lines derived from tumors of three
different organs: breast, liver, and stomach. The inclusion
of cell lines derived from gastric and hepatic cancers is a
major point of novelty of this study. We determined the
concentration of 53 anticancer drugs that could induce
50% growth inhibition (Glgg) in each cell line. Cluster
analysis using the Glges indicated that JFCR-45 could
allow classification of the drugs based on their modes of
action, which coincides with previous findings in NCI-60
and JFCR-39. We next investigated gene expression in
JFCR-45 and developed an integrated database of chemo-
sensitivity and gene expression in this panel of cell lines.
We applied a correlation analysis between gene expression
profiles and chemosensitivity profiles, which revealed
many candidate genes related to the sensitivity of cancer
cells to anticancer drugs. To identify genes that directly
determine chemosensitivity, we further tested the ability
of these candidate genes to alter sensitivity to anticancer
drugs after individually overexpressing each gene in human
fibrosarcoma HT1080. We observed that transfection of
HT1080 cells with the HSPA1A and JUN genes actually
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enhanced the sensitivity to mitomycin C, suggesting the
direct participation of these genes in mitomycin C
sensitivity. These results suggest that an integrated
bioinformatical approach using chemosensitivity and gene
expression profiling is useful for the identification of genes
determining chemosensitivity of cancer cells. Mol Cancer
Ther 2005;4(3}:399-412]

Introduction

Predicting the chemosensitivity of individual patients is
important to improve the efficacy of cancer chemotherapy.
An approach to this end is to understand the genes that
determing the cheimosensitivity of cancer cells. Many genes
have been described that determine the sensitivity to
multiple drugs, including drug transporters (1-3) and
metabolizing enzymes (4-6). Genes determining the sensi-
tivity to specific drugs have also been reported. For
example, increased activities of y-glutamyl hydrolase (7)
and dihydrofolate reductase (8) are resistant factors for
methotrexate; increased activities of thymidylate synthase
(9), metallothionein (10), and cytidine deaminase (11) are
resistant factors for 5-fluorouracil (5-FU), cisplatin, 1-p-D-
arabinofuranosylcytosine, respectively; and increased
activity of NQO1 (12) is a sensitive factor for mitomycin
C (MMC). However, the chemosensitivity of cancer cells is
not determined by a handful of genes. These genes are not
sufficient to explain the variation of the chemosensitivity of
cancer cells. :

Recently, attempts were made fo predict the chemo-
sensitivity of cancers using genome-wide expression profile
analyses, such as cDNA microarray and single nucleotide
polymorphisms (13~18). For example, Scherf et al. (18) and
Zembutsu et al. (15) reported the analysis of genes
associated with sensitivity to anticancer drugs in a panel
of human cancer cell lines and in human cancer xenografts,
respectively. Tanaka et al. (17) presented prediction models
of anticancer efficacy of eight drugs using real-time PCR
expression analysis of 12 genes in cancer cell lines and
clinical samples. We also analyzed chemosensitivity-related
genes in 39 human cancer cell lines (JFCR-39; ref. 19) and
validated the association of some of these genes to
chemosensitivity using additional cancer cell lines (20).
These genes can be used as markers to predict chemo-
sensitivity. Moreover, some of these genes may directly
determine the chemosensitivity of cancer cells.

In the present study, we established a new panel of
45 human cancer cell lines (JFCR-45) derived from tumors
from three different organs: breast, liver, and stomach.
Using JFCR-45, we attempted to analyze the heterogeneity
of chemosensitivity in breast, liver, and stomach cancers.
We assessed their sensitivity to 53 anticancer drugs and
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400 Genes Determining Chemosensitivity

developed a database of chemosensitivity. Then, we
analyzed gene expression in 42 human cancer cell lines
using cDNA arrays and stored them in the gene expression
database. Using these two databases, we extracted genes
whose expression was correlated to chemosensitivity. We
further screened them to identify genes that could change
the sensitivity to anticancer drugs using an in vitro gene
transfection assay.

Materials and Methods

Cell Lines and Cell Cultures

We established a panel of JECR-45 that included a portion
of JFCR-39 and the 12 stomach cancer cell lines described
previously (19, 20). They consist of the following cell lines:
breast cancer cells HBC-4, BSY1, HBC-5, MCF-7, MDA-MB-
231, KPL-3C (21), KPL-4, KPL-1, T-47D (22), HBC-9, ZR-75-
1 (23), and HBC-8; liver cancer cells HepG2, Hep3B, Li-7,
PLC/PRF/5, HuH7, HLE, HLF (24), HuHé6 (25), RBE, SSP-
25 (26), HuL-1 (27), and JHH-1 (28); and stomach cancer
cells St-4, MKN1, MKN7, MKN28, MKIN45, MKN74, GCTY,
GT3TKB, HGC27, AZ521 (29), 4-1ST, NUGC-3, NUGC-3/5-
FU, HSC-42, AGS, KWS-1, TGS-11, OKIBA, ISt-1, ALF, and
AOTO. The AZ521 cell line was obtained from the Cell
Resource Center for Biomedical Research, Institute of
. Development, Aging and Cancer, Tohoku University
(Sendai, Japan). The 4-1ST, OKIBA, and AOTO cell lines
were provided by Dr. Tokuji Kawaguchi (Department of
Pathology, Cancer Institute, Japanese Foundation for
Cancer Research, Tokyo, Japan). All cell lines were cultured
in RPMI 1640 (Nissui Pharmaceutical, Tokyo, Japan) with
5% fetal bovine serum, penicillin (100 units/mL), and
streptomycin (100 pg/mL) at 37°C under 5% CO..

Determination of the Sensitivity to Anticancer Drugs

Growth inhibition experiments were done to assess the
chemosensitivity to anticancer drugs. Growth inhibition was
measured by determining the changes in the amounts of
total cellular protein after 48 hours of drug treatment using
a sulforhodamine B assay. The Glsp values, which repre-
sent 50% growth inhibition concentration, were evaluated
as described before (30, 31). Several experiments were done
to determine the median Gls; value for each drug. Abso-
lute values were then log transformed for further analysis.

Anticancer Drugs and Compounds

Actinomycin D, 5-FU, tamoxifen, cytarabine, radicicol,
melphalan, 6-mercaptopurine, 6-thioguanine, and colchi-
cine were purchased from Sigma (St. Louis, MO). The
anticancer agents in clinical use were obtained from the
company specified in parentheses, and those under devel-
opment were kindly provided by the company specified as
described below: aclarubicin and neocarzinoestatin (Yama-
nouchi Pharmaceutical, Tokyo, Japan); oxaliplatin (Asahi
Kasei, Tokyo, Japan), HCFU (Nihon Scherihg, Osaka,
Japan); doxifluridine (Chugai Pharmaceutical, Tokyo,
Japan); toremifene, bleomycin, and estramustine (Nippon
Kayaku, Tokyo, Japan); daunorubicin and pirarubicin
(Meiji, Tokyo, Japan); doxorubicin, epirubicin, MMC,
vinorelbine, and L-asparaginase (Kyowa Hakko Kogyo,

Tokyo, Japan); peplomycin, etoposide, NK109, and NK611
{Nippon Kayaku); vinblastine, vincrinstine, IFN-vy, and 4-
hydroperoxycyclophosphamide (Shionogi, Tokyo, Japan);
carboplatin and cisplatin (Bristol-Myers Squibb, New York,
NY); mitoxantrone and methotrexate (Wyeth Lederie Japan,
Tokyo, Japan); cladribine (Janssen Pharmaceutical, Titus-
ville, NJ); amsacrine (Pfizer Pharmaceutical, formerly
Warner Lambert, Plymouth, MI); camptothecin, irinotecan,
and SN-38 (Yakult, Tokyo, Japan); paclitaxel (Bristol-Myers
Squibb); docetaxel and topotecan (Aventis Pharma, Stras-
bourg, France); [FN-a (Sumitomo Pharmaceutical, Osaka,
Japan); IFN-p (Daiichi Pharmaceutics, Tokyo, -Japan);
gemcitabine (Eli Lilly Japan, Kobe, Japan); E7010 and
E7070 (Eisai, Tokyo, Japan); dolastatine 10 (Teikoku
Hormone MFG, Tokyo, Japan); and TAS103 (Taiho
Pharmaceutical Co., Tokyo, Japan).

Gene Expression Profiles by cDNA Array

Expression profiles of 3,537 genes in 42 human cancer cell
lines were examined using Atlas Human 3.6 Array (BD
Biosciences Clontech, Inc., Franklin Lakes, NJ) in duplicates.
Experiments were done according to the manufacturer’s
instructions. Briefly, cell lines were harvested in log phase.
Total RNA was extracted with TRIzol reagent (Invitrogen,
Inc., Carlsbad, CA) and purified with Atlas Pure Total RNA
Labeling System. Purified total RNAs were converted to #2p.
labeled cDNA probe by SuperScript II (Invitrogen). cDNA
probe was hybridized to the Atlas Array overnight at 68°C
and washed. Hybridized array was detected with Phos-
phorlmager (Molecular Dynamics, Inc,, Sunnyvale, CA).
Scanned data were transformed to the numerical value with
Atlas Image 2.0 software (BD Biosciences Clontech) and
normalized by dividing by the value of 90% percentile of all
genes in each experiment. Then, the intensities of the genes
were defined by the average of intensities of duplicate
results. The genes whose expression levels differed more
than twice between the duplicates were eliminated from
subsequent analysis. When the intensities of gene expres-
sion in both arrays were below the threshold value, they
were given the value of threshold and were used for
analysis. We determined the values of threshold of the
normalized data as 30% of the value of 90% percentile. Then,
log, was calculated for each expression value.

Hierarchical Clustering

Hierarchical clustering using average linkage method
was done by “Gene Spring” software (Silicon Genetics,
Inc., Redwood, CA). Pearson correlation coefficients were
used to determine the degree of similarity. ;

Correlation Analysis between Gene Expression and
Chemosensitivity Profiles

The genes whose expressions were observed in >50% of
all cell lines examined were selected for the correlation
analysis. The degree of similarity between chemosensitivity
and gene expression were calculated using the following
Pearson correlation coefficient formula:

(@i = T ) (Y — Ym)

r= i
\/Z:(Iz - mm»)Q Z(y1 - ym)2
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where x; is the log expression data of the gene x in cell 7, y;
is the log sensitivity |log1oGlsg| of cell i to drugy, xp, is the
mean of the log expression data of the gene x, and ¥, is the
mean sensitivity 1log;oGlsg! of drug y. A significant
correlation was defined as P < 0.05.

Screening of the Genes That Determine Chemosen-
sitivity

Candidate genes related to the chemosensitivity were
cloned into the vector pcDNA3.1/myc-His A (Invitro-
gen). Transfecion of HT1080 cells with the plasmid
DNA was carried out using LipofectAMINE Plus
reagent (Invitrogen). The transfection efficiency was
monitored by green fluorescent protein fluorescence.
The fluorescence of green fluorescent protein was
observed in >90% of the green fluorescent protein-
transfected HT1080 (data not shown). Twenty-four hours
after the transfection, proper concentrations of MMC
were added and the cells were treated for 24 hours.
Efficacies of anticancer drugs were determined by
measuring the growth inhibition. Cell growth was
measured by following [*H]thymidine incorporation.
[PH]thymidine (0.067 MBq) was added to each well
and incubated at 37°C for 45 minutes. Cells were
washed with prewarmed PBS(—) and fixed with 10%
TCA on ice for 2 hours. After fixing, cells were washed
with 10% TCA and lysed with 0.1% SDS-0.2 N NaOH
solution. After incubation at 37°C, the lysed mixture
was neufralized with 0.25 mol/L acetic acid solution.
[3H]thymidine incorporated into the cells was deter-
mined using scintillation counter. All experiments,
except for interleukin (IL)-18, were done four ‘times.
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Results

Sensitivity of JFCR-45 to 53 Anticancer Drugs

Sensitivity to 53 drugs was assessed as described in
Materials and Methods. The known modes of actions and
the value of |logioGlsgl of 53 anticancer drugs in each of
the 45 cell lines are summarized in Table 1. The |log;0Glsp |
indicated here is the median value of multiple experiments.
The chemosensitivity of the cell lines differed even among
those derived from the same organ. These data were stored
in a chemosensitivity database. Figure 1 shows the
classification of the anticancer drugs by hierarchical
clustering analysis based on chemosensitivity, | logloGI50 I,
of JECR-45. As shown, the 53 drugs were classified into
several clusters, each consisting of drugs with similar
modes of action [e.g., one cluster included topoisomerase
(topo) I inhibitors, such as camptothecin, topotecan, and
SN-38]. The second cluster comprised tubulin binders,
including taxanes and Vinca alkaloids. 5-FU and its
derivatives were also clustered into a single group. These
results indicated that our system using JFCR-45 was able to
classify the drugs based on their modes of action, which is
in agreement with previous findings using NCI-60 and
JECR-39 (18, 19, 32).

Classification of 42 Human Cancer Cell Lines Accor-
ding to Gene Expression Profiles

Using a ¢DNA array, we examined the expression of
3,537 genes in 42 cell lines of JFCR-45. Based on these
expression profiles, hierarchical clustering was done. In a
few experiments, cell lines derived from the same organ
were clustered into a group (Fig. 2). Breast cancer cell lines,
except KPL-4, formed one cluster. Liver and stomach
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Figure 1. Hierarchical clustering of 53 anticancer drugs based on their activity on 45 human cancer cell lines. Hierarchical clustering method was

‘’average linkage method*’ using Pearson correlation as distance. Fifty-three drugs were classified into several clusters, each consisting of drugs with
similar modes of action or targets: {A) 5-FU derivatives, {B) estrogen receptor, (C) DNA synthesis/topo W inhibitors, (D) topo | inhibitors, (E) topo Ii

inhibitors, (F) tubulin binders, and {G) IFN.
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Table 1, The mode of actions and the median value of |log,0Glso| of 53 anticancer drugs in each of the 45 cell lines
Drug name Target/ Breast
mode of action
HBC-4 BSY1 HBC-5 MCF-7 MDA- KPL-3C KPL-4 KPL-1 T-47D HBC-9 ZR-75-1 HBC-8
MB-231
Aclarubicin DNA/RNA synthesis 7.04 869 792 78 78 711 763 795 739 708 803 793
Oxaliplatin DNA cross-linker 579 575 540 569 475 504 520 478 517 410 508 6.17
Actinomycin D RNA synthesis 920 9.10 88 945 871 890 905 9.04 889 824 898 9.60
HCFU Pyrimidine 436 517 444 513 457 465 555 441 497 422 468 4.84
5-FU Pyrimidine 443 4.87 440 512 418 400 523 400 413 400 470 51
Doxifluridine Pyrimidine 400 442 400 400 400 400 409 400 4.00 400 414 419
E7070 Cell cycle inhibitor 450 620 422 450 435 494 501 474 469 400 438 498
Tamoxifen Estrogen receptor 495 542 501 504 490 514 549 493 531 490 495 5.53
Toremifene Estrogen receptor 481 512 487 496 485 493 513 48 517 489 48 4.86
MS5-247 DNA synthesis 608 679 532 678 598 609 616 58 663 642 688 6.71
Daunorubicin DNA synthesis/topo Il 6.96 7.34 682 768 6.83 677 725 684 741 692 739 797
Doxorubicin DNA synthesis/topo I 7.13 7.26 6.85 758 6.66 674 738 676 736 694 712 7.85
Epirubicin DNA synthesis/topo I 6.08 690 659 708 6.42 650 703 683 726 673 790 7.19
Mitoxantrone DNA synthesis 628 712 600 806 6.50 640" 683 638 711 696 802 744
Pirarubicin DNA synthesis/topo I 897 9.00 834 900 847 862 900 839 900 822 900  9.00
Topotecan Topo 1 584 657 510 800 555 637 671 590 751 618 720 7.61
SN-38 Topo I 798 752 556 856 6.12 675 740 6.60 825 613 792 7.75
Camptothecin Topo 1 592 657 604 7.63 586 667 660 670 712 580 721 692
Bleomycin DNA synthesis 481 4.89 400 448 4.00 400 559 4.00 546 446 422 437
Peplomycin DNA synthesis 490 584 400 522 427 461 629 408 537 452 472 525
Neocarzinostatin DNA synthesis 735 800 6.03 817 6.55 642 761 618 726 706 726 810
Irinotecan Topo 1 .486 509 400 546 4.28 430 491 411 521 415 447 524
TAS103 Topo 681 722 637 766 657 645 720 617 725 616 713 7.60
Gemcitabine Pyrimidine 674 562 400 800 520 400 725 400 718 515 471 575
Cladribine Pyrimidine 400 4.00 400 541 405 460 473 4.00 483 423 400 468
Cytarabine Pyrimidine 400 4.00 400 640 4.00 400 502 400 400 400 400 454
Etoposide Topo II 488 548 439 615 4.66 400 542 468 593 448 511 472
Amsacrine Topo II 520 578 529 656 525 489 569 493 597 514 656 570
2-Dimethylaminoetoposide Topo I 467 482 402 602 4483 400 503 400 505 489 574 471
NK109 Topo I 569 588 527 637 604 549 631 556 630 557 608 581
MMC DNA alkylator 590 6.68 568 699 514 546 640 550 542 549 574 6.69
Methotrexate DHFR 711 519 400 753 400 400 753 525 400 400 4.00 4.00
Radicicol HSP90/Tyr kinase 555 580 517 728 655 519 613 528 743 53% 618 6.62
Vinblastine Tubulin 922 976 922 -968 867 917 977 913 915 600 758 799
Vincristine Tubulin 877 972 929 942 867 912 957 931 922 600 841 620
Vinorelbine Tubulin 845 923 851 885 823 833 935 893 841 600 816 6.00
Paclitaxel Tubulin 730 843 794 772 737 738 820 753 790 600 705 659
Docetaxel Tubulin 841 898 823 852 788 818 882 819 856 600 715 828
Dolastatine 10 Tubulin 9.15 10.83 11.19 1026 9.07 10.02 1074 944 995 800 946 8.67
Colchicine Tubulin 6.06 868 633 648 724 758 848 789 6.64 500 784 659
E7010 Tubulin 437 656 400 614 507 538 669 571 629 550 604 472
Melphalan DNA cross-linker 420 492 442 509 433 467 4.04 466 438 4.08 445 457
Leptomycin B Cell eycle inhibitor 935 964 933 944 891 959 947 9.63 926 896 978 9.74
Carboplatin DNA cross-linker 400 434 412 400 400 400 400 4.00 400 400 400 400
Cisplatin DNA cross-linker 490 5.69 565 509 45 472 552 463 456 535 471 539
4-Hydroperoxycyclo- DNA alkylator 478 485 541 558 468 478 454 474 486 518 476 4.78
phosphamide

6-Mercaptopurine Purine 541 473 415 588 517 511 450 5.02 6.00 427 405 450
6-Thioguanine Purine 459 585 540 586 580 592 555 591 581 453 521 566
L-Asparaginase Protein synthesis 6.55 663 400 643 601 603 720 618 610 549 6.07 636
Estramustine Estradiol 409 451 400 400 466 4.8 456 431 417 474 400 473
IFN-a Biological response 400 771 400 400 423 400 400 4.00 400 400 400 502
IFN-B Biological response 400 800 400 400 640 423 708 400 400 400 400 456
IFN-vy Biological response 7.69 793 400 400 400 400 4.00 400 4.00 400 4.00 4.00

(Continued on the following page)
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Table 1. The mode of actions and the median value of |log19Glss| of 53 anticancer drugs in each of the 456 cell lines (Cont'd)
Drug name Target/ Liver
mode of action
HepG2 Hep3B Li-7 PLC/ HuH7 HLE HLF HuH6 RBE SSP-25 HuL-1 JHH-1
PRF/5
Aclarubicin DNA/RNA synthesis 813 777 739 768 829 749 786 770 787 739 797 823
Oxaliplatin DNA cross-linker 707 539 578 561 644 490 475 560 519 458 604 6.01
Actinomycin D RNA synthesis 903 861 824 804 899 813 845 875 825 847 878 9.00
HCFU Pyrimidine 528 480 479 456 499 4.67 470 450 492 469 487 463
5-FU Pyrimidine 527 420 426 421 508 4.00 419 400 4.60 400 529 472
Doxifluridine Pyrimidine 449 400 400 400 4.00 4.00 4.00 400 4.00 400 4.04 4.00
E7070 Cell cycle inhibitor 547 499 477 444 536 4.61 443 474 509 429 429 487
Tamoxifen Estrogen receptor 545 ' 530 523 479 509 502 497 538 490 511 487 497
Toremifene Estrogen receptor 506 497 492 482 499 509 491 495 492 500 480 510
MS-247 DNA synthesis 633 584 635 523 602 658 642 582 566 637 567 682
Daunorubicin DNA synthesis/topo I 7.48 710 683 639 729 755 749 698 718 673 7.08 751
Doxorubicin DNA synthesis/topo I 729 677 688 583 704 739 725 687 689 668 689 731
Epirubicin DNA synthesis/topo I 7.33 686 687 629 731 721 725 691 6.84 673 674 703
Mitoxantrone DNA synthesis 7.95 651 788 651 676 7.60 767 671 737 759 611 715
Pirarubicin DNA synthesis/topo Il 9.00 858 9.00 826 9.00 9.00 9.00 859 898 900 895 9.00
Topotecan Topo I 7.93 581 770 564 607 773 773 572 683 674 530 6.99
SN-38 Topo I 843 637 821 603 675 828 831 591 705 747 569 774
Camptothecin Topo I 744 619 748 586 635 742 753 610 6.69 6.79 6.16 692
Bleomycin DNA synthesis 6.02 438 566 400 485 6.04 659 415 473 497 510 494
Peplomycin DNA synthesis 673 472 640 445 546 586 656 401 512 583 535 534
Neocarzinostatin DNA synthesis 8.22 672 781 634 692 760 780 657 727 753 667 709
Irinotecan Topo I . 518 436 561 400 433 525 513 411 437 464 405 478
TAS103 Topo 7.56 657 768 664 695 781 787 655 732 6.89 695 694
Gemcitabine Pyrimidine 800 , 463 800 400 616 783 800 419 656 724 560 585
Cladribine Pyrimidine 630 400 486 400 4.00 585 545 400 4.8 530 400 4.00
Cytarabine Pyrimidine 6.22 400 400 400 4.00 522 541 4.00 4.00 4.00 400 4.00
Etoposide Topo I 562 486 556 460 492 580 570 505 485 535 535 509
Amsacrine Topo I 6.41 556 6.66 547 577 658 6.61 543 590 598 571 546
2-Dimethylaminoetoposide Topo II 556 466 570 454 473 575 584 457 520 554 475 4.66
NK109 Topo O 656 596 672 585 605 683 677 584 624 639 592 6.09
MMC DNA alkylator 6.56 504 709 563 573 615 631 538 532 620 550 599
Methotrexate DHFR 747 400 6.11 400 612 664 683 400 671 406 400 513
Radicicol HSP90/Tyr kinase 787 708 643 616 646 6.63 683 603 552 561 594 568
Vinblastine Tubulin 818 650 930 773 935 973 920 722 600 951 911 9.6
Vincristine Tubulin 793 600 770 600 852 876 840 6.00 6.00 827 838 911
Vinorelbine Tubulin 798 600 815 600 843 875 828 7.05 600 851 865 9.21
Paclitaxel Tubulin 735 684 741 648 744 750 727 600 673 780 822 794
Docetaxel Tubulin 808 711 783 680 823 809 808 600 614 850 854 850
Dolastatine 10 Tubulin 1042 894 1071 950 10.12 10.19 994 860 800 1030 9.68 1061
Colchicine Tubulin 7.16 540 725 643 7.62 777 739 554 500 750 745 817
E7010 Tubulin 628 462 638 623 635 647 635 479 4.00 650 644 650
Melphalan DNA cross-linker 476 447 462 400 444 459 481 403 439 440 484 486
Leptomycin B Cell cycle inhibitor 9.67 932 944 919 910 931 937 9.00 929 951 954 9.66
Carboplatin DNA cross-linker 418 400 400 400 4.00 400 400 400 400 400 4.00 453
Cisplatin DNA cross-linker 553 532 551 475 563 536 545 526 473 494 541 586
4-Hydroperoxycyclo- DNA alkylator 492 474 488 465 484 487 504 482 469 490 476 530
phosphamide :

6-Mercaptopurine Purine 5.01 410 512 442 400 417 449 490 529 458 482 510
6-Thioguanine Purine 508 457 523 537 470 422 514 604 576 518 592 6.14
L-Asparaginase Protein synthesis 640 478 800 649 400 691 6.63 4.00 635 800 661 442
Estramustine Estradiol 400 400 427 424 405 437 403 410 414 418 409 414
IFN-o Biological response 400 400 420 400 400 4.00 400 400 4.00 400 4.00 4.00
IFN-B Biological response 400 400 715 617 400 400 400 4.00 4.00 400 400 4.00
IFN-y Biological response 400 400 4.00 400 400 4.00 400 400 400 400 400 793

(Continued on the following page)
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Table 1. The mode of actions and the median value of |log.oGlgo| of 53 anticancer drugs in each of the 45 cell lines {Cont'd)

404 Genes Determining Chemosensitivity

Drug name Target/ Stomach
mode of action
St-4 MKN1 MKN7 MKN28 MKN45 MKN74 GCIY GT3 HGC27 AZ521 4-1ST NUGC
TKB -3
Aclarubicin DNA/RNA synthesis 7.88 8.09 773 725 859 743 800 786 7.13 849 796 9.04
Oxaliplatin DNA cross-linker 475 504 442 458  6.84 493 571 531 510 616 517 6.18
Actinomycin D RNA synthesis 799 874 877 902 939 920 824 912 876 955 880 885
HCFU Pyrimidine 417 470 482 477" 556 486 477 509 474 521 484 474
5-FU Pyrimidine 435 440 426 427 546 422 460 509 434 512 4.04 467
Doxifluridine Pyrimidine 400 400 401 400 420 400 400 400 400 400 400 4.02
E7070 Cell cycle inhibitor 443 6.03 490 548 455 520 5.04 4.82 569 602 488 575
Tamoxifen Estrogen receptor 495 489 544 523 513 567 492 519 525 511 487 506
Toremifene Estrogen receptor 481 492 490 482 493 523 485 492 507 509 4.87 496
MS-247 DNA synthesis 566 572 627 559 7.32 6.62 571 688 676 758 7.09 6.62
Daunorubicin DNA synthesis/topo I 6.60 7.30 698  7.03 7.66 688 679 755 717 798 718 774
Doxorubicin DNA synthesis/topo 1 639 745 679  6.71 7.32 6.70 639 714 686 787 6.68 766
Epirubicin DNA synthesis/topo I 721 7.53 685  6.60 7.35 6.60 653 710 671 800 7.02 768
Mitoxantrone DNA synthesis 682 752 657 652 7.79 6.68 6.87 7.82 683 879 738 759
Pirarubicin DNA synthesis/topo I1 8.31 897 855 857 9.00 853 881 900 856 900 886 9.00
Topotecan Topo I 721 627 554 581 800 562 661 783 564 774 800 768
SN-38 Topo [ 683 6.63 616 6.16 8.71 6.17 689 849 604 849 878 828
Camptothecin Topo I 713 639 582 550 7.99 562 681 753 549 761 775 773
Bleomycin DNA synthesis 400 461 403 4.00 4.54 422 400 621 422 718 6.03 475
Peplomycin DNA synthesis 4.00 4.80 456 4.09 5.18 482 439 596 468 732 6.16 492
Neocarzinostatin DNA synthesis 617 692 658 647 8.38 719 695 774 692 858 759 800
Irinotecan Topo I 400 441 429 402 5.41 426 444 524 400 558 539 541
TAS103 Topo 575 754 650 656 7.50 643 69 797 681 851 740 776
Gemcitabine Pyrimidine 4.09 6.17 445 400 8.00 538 6.18 757 400 800 6.68 770
Cladribine Pyrimidine 411 451 400  4.00 6.88 400 400 556 400 652 443 542
Cytarabine Pyrimidine 400 4.00 4.00 4.00 6.41 400 4.00 638 400 656 568 576
Etoposide Topo I 467 579 459 451 5.43 422 496 555 522 623 580 590
Amsacrine Topo I 530 624 501 49 6.43 534 575 655 550 698 644 6.68
2-Dimethylaminoetoposide Topo II 470 5.63 457 437 5.67 429 497 575 505 599 572 614
NK109 Topo II 602 666 58 576 651 562 658 692 629 690 6.66 6.78
MMC : DNA alkylator 493 500 533 510 7.09 556 575 6.17 574 645 599 728
Methotrexate DHFR 727 704 400 4.00 7.15 400 7.06 704 749 737 733 732
Radicicol HSPS0/Tyr kinase 696 659 588 566 644 615 640 689 600 663 742 6.08
Vinblastine Tubulin 6.17 9.62 760 9.64 9.04 9.25 858 9.88 937 976 9.85 953
Vincristine Tubulin 637 936 860 858 8.42 9.13 812 930 891 936 961 894
Vinorelbine Tubulin 6.00 860 851 859 8.42 853 796 922 837 889 883 887
Paclitaxel Tubulin 687 768 750 748 789, 7le 677 815 770 809 786 815
Docetaxel Tubulin 7.05 806 810 832 8.47 771 693 885 819 9.08 850 851
Dolastatine 10 Tubulin 941 956 1027 10.18 9.75 .10.29 10.5110.60 923 1042 10.53 10.35
Colchicine Tubulin 776 799 728 7.90 7.75 751 734 778 765 770 869 753
E7010 Tubulin 606 621 626 635 602 615 639 669 608 669 6.67 640
Melphalan DNA cross-linker 447 470 419 400 479 436 455 459 472 518 526 532
Leptomycin B Cell cycle inhibitor 945 944 936 925 945 950 9.15 948 957 981 9.69 954
Carboplatin DNA cross-linker 400 425 400 400 400 400 4.00 414 400 400 424 497
Cisplatin DNA cross-linker 478 561 507 466 547 448 535 546 475 512 560 652
4-Hydroperoxycyclo- DNA alkylator 437 477 481 492 513 476 485 481 480 530 525 533
phosphamide

6-Mercaptopurine Purine 421 558 467 521 539 586 445 521 547 554 597 503
6-Thioguanine Purine 618 613 549 546 566 574 583 557 583 621 653 536
L-Asparaginase Protein synthesis 632 641 664 654  6.65 691 530 670 578 672 634 651
Estramustine Estradiol 421 426 400 400 420 472 429 445 434 420 511 448
IFN-a Biological response 400 4.00 400 400 400 451 400 400 400 400 400 4.00
IFN-B Biological response 400 400 400 400 400 400 400 400 400 400 400 400
IFN-vy Biological response 400 407 400 400 400 400 400 400 4.00 400 400 4.00

(Continued on the following page)
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Table 1. The mode of actions and the median value of jlog,oGlso| of 53 anticancer drugs in each of the 45 cell lines (Cont’d}
Drug name Target/ Stomach
mode of action
NUGC HSC-42 AGS KWS1 TGS- OKIBA ISt1  ALF  AOTO
-3/5-FU 11 )
Aclarubicin DNA/RNA synthesis 751 8.21 8.27 7.96 8.31 7.20 719 854 7.57
Oxaliplatin DNA cross-linker 5.23 5.98 5.58 6.26 7.02 5.85 514 546 478
Actinomycin D RNA synthesis 8.56 9.32 8.99 9.22 9.55 9.35 877 939 8.88
HCFU Pyrimidine 4.36 4.89 5.00 471 4.27 5.10 415 423 444
5-FU Pyrimidine 4.00 4.40 5.02 4.50 4.06 6.38 400 442 4.09
Doxifluridine Pyrimidine 4.00 4.00 4.26 4.00 4.00 418 400 400 4.00
E7070 Cell cycle inhibitor 439 4.81 4.46 5.25 496 6.05 483  6.69 497
Tamoxifen Estrogen receptor 4.86 4.89 5.59 4.93 5.20 5.58 493 543 513
Toremifene Estrogen receptor 4.85 4.88 5.00 4.93 5.07 5.58 4.88 550 5.24
MS-247 DNA synthesis 5.64 7.11 7.01 6.74 6.67 6.20 570 5.70 5.63
Daunorubicin DNA synthesis/topo II 6.85 7.57 7.42 6.99 6.93 7.59 6.37 694 6.80
Doxorubicin DNA synthesis/topo II 6.47 7.33 7.53 6.91 6.90 8.00 6.01 634 6.54
Epirubicin DNA synthesis/topo II 6.13 7.61 8.02 7.12 6.91 7.12 599 7.00 6.51
Mitoxantrone DNA synthesis 6.18 7.70 7.75 7.21 6.74 8.56 576 6.14 6.37
Pirarubicin DNA synthesis/topo I 8.65 9.00 9.00 8.99 8.58 8.81 8.16 8.68 857
Topotecari Topo I 5.82 8.00 7.54 6.07 6.39 6.10 6.70  6.90 6.85
SN-38 Topo 1 6.31 8.61 8.70 6.81 6.66 7.07 729 746 7.28
Camptothecin Topo 1 6.00 7.76 7.23 6.36 6.64 6.81 643 672 6.96
Bleomycin DNA synthesis 4.00 5.66 5.19 4.00 4.00 5.55 400 4.81 458
Peplomycin DNA synthesis 4.05 6.00 5.82 4.65 4.08 5.92 423 5.04 4.78
Neocarzinostatin DNA synthesis 6.54 7.89 7.78 6.84 6.60 7.05 654 674 7.24
‘Irinotecan Topo 1 4.06 548 5.50 425 4.58 4.64 442 456 471
TAS103 Topo 6.45 7.66 7.98 6.94 6.45 6.89 6.24 645 7.74
Gemcitabine Pyrimidine 4.00 6.77 6.65 4.00 4.06 6.76 486 5.82 7.27
Cladribine Pyrimidine 4.00 4.46 4.56 4.00 4.00 6.41 400 4.00 4.24
Cytarabine Pyrimidine 4.00 5.96 5.60 4.00 4.00 7.32 400 558 4.00
Etoposide Topo II 4.72 6.11 6.13 5.13 441 8.00 473 510 579
Amsacrine Topo II 491 6.53 6.30 5.71 4.99 6.60 506 557 629
2-Dimethylaminoetoposide ~ Topo II 4.12 5.94 5.17 4.78 4.36 6.25 457 4.80 5.75
NK109 Topo I 5.95 6.70 6.47 6.63 5.68 7.27 579 591 6.86
MMC DNA alkylator 5.58 6.27 6.23 5.86 5.75 5.56 532 6.03 5.86
Methotrexate DHFR 4.00 7.38 7.53 7.81 4.00 6.66 400 4.00 4.00
Radicicol HSP90/Tyr kinase 5.71 7.63 7.07 6.78 6.80 6.80 576 6.38 6.74
Vinblastine Tubulin 8.20 9.85 9.69 9.80 9.28 9.71 7.04 812 8.33
Vincristine Tubulin 712 9.70 9.24 9.35 9.41 1000 600 746 8.20
Vinorelbine Tubulin 713 9.32 8.86 8.87 8.58 9.79 600 825 8.64
Paclitaxel Tubulin 6.49 8.07 7.74 7.96 8.03 8.29 652  7.79 7.52
Docetaxel Tubulin 7.21 8.86 8.63 8.47 8.49 8.46 733 868 8.27
Dolastatine 10 Tubulin 8.89 1069 1050 1044 1013  11.86 8.69 10.09 1026
Colchicine Tubulin 5.98 8.59 8.19 8.34 7.45 8.74 605 756 7.84
E7010 Tubulin 437 6.69 647  6.64 6.27 6.88 451 550 5.36
Melphalan DNA cross-linker 4.56 534 5.27 4.00 5.00 4.62 415 473 4.67
Leptomycin B Cell cycle inhibitor 9.12 9.64 9.53 8.66 9.16 9.71 8.82 976 9.49
Carboplatin DNA cross-linker 4.00 436 4.16 4.00 4.00 4.62 400 4.00 4.26
Cisplatin DNA cross-linker 4.80 5.64 5.55 4.74 5.71 5.79 543 557 551
4-Hydroperoxycyclo- DNA alkylator 4.78 5.50 5.44 4.70 4.68 5.17 461  4.66 478
phosphamide
6-Mercaptopurine Purine 5.19 5.90 5.86 495 4.55 4.85 4.00 4.00 4.00
6-Thioguanine Purine 5.50 6.54 5.61 5.79 592 6.10 400 446 4.36
L-Asparaginase Protein synthesis 6.63 6.47 6.93 6.51 4.94 6.52 4.00 556 4.00
Estramustine Estradiol 4.08 5.03 4.74 442 4.02 4.79 459 495 4.76
IFN-a Biological response 4.00 4.00 4.00 4.00 451 4.20 4.62 4.62 4,16
IFN-g Biological response 4.00 4.00 400 400 - 6.02 493 477 628 654
IFN-y Biological response 4.00 4.00 4.00 4.00 4.00 4.00 4.00 5.06 4.00
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Genes Determining Chemosensitivity

HGC27: Ga

Figure 2. Hierarchical clustering of 42 human cancer cell lines based on their gene expression profiles. Gradient color indicates relative level (log,
transformed) of gene expression. Red, high expression of gene (2.0); yeffow, normal expression of gene (0.0}; green, low expression of gene (—2.0)}. Red
was expressed four times more than yellow. Br, Ga, and Li, breast, stomach, and liver cancer cell lines, respectively. Cell lines with the same tissue of

origin tended to form a cluster.

cancer cell lines clustered separately from the breast cancer
cell lines and formed tissue-specific subclusters. However,
four stomach cancer cell lines, AOTO, ISt-1, TGS-11, and
HGC27, were intercalated into a cluster of liver cancer cell
lines. These results suggested that the established cell lines
maintained characteristics of their organ of origin as far as
the gene expression profile was concerned.

Correlation Analysis between Gene Expression
Profiles and Chemosensitivity Profiles

To investigate genes that may be involved in chemo-
sensitivity, we integrated the two databases and did a
correlation analysis between gene expression and drug
sensitivity. Comprehensive calculations for the Pearson
correlation coefficients were done on the expression of
3,537 genes and sensitivity to 53 drugs in 42 cell lines. We
selected genes that satisfied the following criteria: showing
a P of correlation <0.05 between the expression of the gene
and its sensitivity to a certain drug and being significantly
expressed in >50% of the cell lines. We examined the data
for the distribution by scatter graph analysis and removed
those data showing a highly non-normal distribution. The
higher the expression of the gene showing positive
correlation, the higher the sensitivity was to the drug (ie.,
this gene was a sensitive candidate gene). In contrast, genes
that showed a negative correlation with chemosensitivity
were resistant candidate genes. Consequently, different sets
of genes were extracted with respect to each of the 53 drugs.
Table 2 shows sets of genes whose expression was

correlated with the sensitivity of 42 cell lines to MMC,
paclitaxel, vinorelbine, and SN-38. As for MMC, 20 genes
were exiracted as sensitive genes and 10 genes were
extracted as resistant candidate genes. Some of these genes
(such as JUN, EMS1, and NMBR) are related to cell growth,
whereas others included various types of genes (such as
SOD1, PELP1, SFRSY, etc.). Similarly, many sensitive and
resistant candidate genes were extracted with the other
drugs tested. We further applied a Pearson correlation
analysis to the cell lines originating from the same organ.
Genes whose expressions were correlated with the MMC
sensitivity in 10 breast cancer, 12 liver cancer, and 20
stomach cancer cell lines are shown in Table 3. As
described previously (19, 20), these genes may predict
chemosensitivity. —

Identification of Genes That Change Cellular
Chemosensitivity

These genes described above may include genes that
directly determine chemosensitivity. To identify such
genes, we established a screening system in which we
could detect any change in the anticancer drug sensitivity
by monitoring cell growth inhibition. [*H]thymidine
incorporation was used as a variable to measure cell
growth. To detect small changes in sensitivity, a higher
transfection efficiency was required. Therefore, the human
fibrosarcoma cell line, HT1080, which reportedly showed
high transfection efficiency, was selected for the subse-
quent experiments. Transfection efficiency of HT1080 cells
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Table 2. Genes related to the sensitivity to MMC, vinorelbine,
paclitaxel, and SN-38 in 42 human cancer cell lines (Cont’d}

Rank Gene Genbank r P Rank Gene Genbank r P
D - ID
A, MMC 19 PFKP D25328 0.365 0.028
Sensitive ] 20 ENTPD2 U91510 0.365 0.037
1 SF1 D26121 0.566 0.001 21 CCLS M21121 0.358 0.035
2 CBR3 Ab004854 0.486 0.006 22 ACATI D90228 0.352 0.048
3 EMS1 M98343 0.480 0.010 23 IQGAPI 133075 0.351 0.042
4 JUN Jjo4111 0.473 0.015 24 PAX5 M96944 0.342 0.038
5 SFRS9 U30825 0.448 0.010 25 NRGN Y09689 0.336 0.042
6 NMBR M73482 0.428 0.012 26 K-o-1 K00558 0.328 0.048
7 RBMX 223064 0.419 0.012 27 NDUFB7 M33374 0.321 0.049
8 S0D1 M13267 0.418 0.024 Resistant
9 NOL1 X55504 0.415 0.025 1 HOXB1 X16666 —-0.600 0.000
10 PELP1 1J88153 0.405 0.019 2 F10 K03194 —0.514 0.002
11 ARHA 125080 0.404 0.030 3 GPX2 X53463 —0.509 0.002
12 AARS D32050 0.398 0.018 4 NR1I2 AF061056 —-0.498 0.002
13 NME1 X17620 0.398 0.032 5 ANXA4 M19383 —0.481 0.005
14 HNRPA2B1 M29065 0.390 0.044 6 PDLIM1 90878 —0.465 0.006
15 NME2 116785 0.378 0.025 7 LIPC X07228 —0.464 0.004
16 VATI 18009 0.376 0.031 8 SERPINF2 D00174 —-0.447 0.004
17 SERPINB10 U35459 0372 0.028 9 HSD17B1 M36263 —0.443 0.014
18 KIAA0436 ABO007896 0.353 0.041 10 MAN2B1 Ue60266 —0.440 0.008
19 DRPLA D31840 0.350 0.049 11 LSS D63807 —0.430 0.014 -
20 MC3R L.06155 0.346 0.049 12 PIK3CG X83368 -0.415 0.010
Resistant 13 DBN1 U00802 -0.414 0.017
1 SPTBN1 M96803 —0.450 0.013 14 NDUFA4 U94586 —-0.410 0.038
2 PET112L AF026851 —0.425 0.027 15 BDH M93107 —0.399 0.024
3 CAPN1 X04366 -0.421 0.032 16 BCL2L1 223115 —0.385 0.039
4 MEL X56741 -0.414 0.028 17 EEF1B2 X60656 -0.383 0.030
5 PACE X17094 —0.380 0.035 18 F2 V00595 —-0.382 0.026
6 DVL2 AF006012 ~0.370 0.034 19 RARA X06614 —-0.369 0.029
7 LOC54543 AJ011007 —0.366 0.022 20 ITGB4 X53587 -0.367 0.042
8 PAPOLA X76770 —0.351 0.033 21 IMPA1 X66922 -0.367 0.042
9 RPLP2 M17887 —0.345 0.049 22 PACE X17094 —0.367 0.042
10 ARF4L 1.38490 -0.340 0.042 23 AGA M64073 —-0.361 0.042
B. Vinorelbine ' 24 MVD U49260 —-0.353 0.038
Sensitive 25 EHHADH L07077 -0.346 0.039
1 ARHA 1.25080 0.534 0.003 26 TFPI2 D29992 —0.343 0.035
2 NME2 1.16785 0.521 0.001 27 MARCKS © M68956 -0.342 0.045
3 VIL2 X51521 0.463 .0.015 28 FGB Joo129 —-0.334 0.035
4 YWHAQ X56468 0.450 0.011 29 GPD1 134041 -0.322 0.049
5 HK1 M75126 0.449 0.016 C. Paclitaxel
6 SATBI1 M97287 0.439 0.006 Sensitive
7 CAMLG U18242 0.439 0.007 1 ADH&6 M68895 0.513 0.002
8 CARS 1.06845 0.433 0.007 2 RAB28 X94703 0.480 0.007
9 " CCNB1 M25753 0.427 0.013 3 U2AF1 M96982 0.441 0.017
10 LI2AF1 M96982 0.424 0.022 4 GPC1 X54232 0.440 0.013
11 PTMA M26708 0.423 0.018 5 HK1 M75126 0.439 0.020
12 MLC15A M31211 0.397 0.022 6 CARS L06845 0.436 0.006
13 NME1 X17620. 0.393 0.035 7 TNFAIP3 M59465 0.433 0.009
14 SARS X91257 0.386 0.032 8 K-a-1 K00558 0.418 0.010
15 CDC20 U05340 0.385 0.029 9 PFKP D25328 0.416 0.012
16 PPP4C X70218 0.385 0.039 10 GDI2 D13988 0411 0.033
17 TNFAIP3 M59465 0.384 0.023 11 VIL2 X51521 0.410 0.034
18 EEF1D 221507 0.384 0.023 12 RUNX2 AF001450 0.409 0.038
13 NME?2 116785 0.407 0.015
. 14 CDC20 U05340 0.395 0.025
NOTE: Column 2 shows the name of the gene according to HUGO database. 15 GNAI2 X04828 0.391 0.033

Column 4 shows Pearson correlation coefficient between chemosensitivity to
drugs and gene expression. “Sensitive” indicates candidate genes sensitive

to each drug. “Resistant” indicates genes resistant to each drug.

(Continued on the following page)
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Table 2. Genes related to the sensitivity to MMC, vinorelbine,
paclitaxel, and SN-38 in 42 human cancer cell lines (Cont'd)

Table 2. Genes related to the sensitivity to MIMC, vinorelbine,
paclitaxel, and SN-38 in 42 human cancer cell lines (Cont'd}

Rank Gene Genbank r P Rank Gene Genbank r P
ID D
16 ARHA 125080 0.381 0.041 23 RPL26 X69392 0.358 0.035
17 CNR2 X74328 0.378 0.030 24 PELP1 U88153 0.356 0.042
18 PPP2R2B M64930 0.376 0.026 25 MC3R 106155 0.356 0.042
19 SLC6AS8 131409 0.374 0.046 26 RPS8 X67247 0.355 0.036
20 DDX9 113848 0.374 0.042 Resistant
21 ACATI D90228 0.369 0.038 1 CAPN1 X04366 -0.496 0.010
22 PI3 Z18538 0.329 0.047 2 MEL X56741 ~0.478 0.010
Resistant 3 PACE X17094 ~-0.443 0.012
1 NAPI1L1 MB86667 -0.530 0.004 4 TIMP2 J05593 ~0.433 0.019
2 HOXBI1 X16666 -0.516 0.004 5 AQP2 D14662 ~-0.422 0.025
3 PACE X17094 —0.507 0.004 6 ZNF174 U31248 ~(.402 0.018
4 MAN2B1 U60266 —0.486 0.003 7 D3 X69111 -0.393 0.038
5 GPX2 X53463 —0.480 0.004 8 KLF5 D14520 ~(.384 0.036
6 DBN1 00802 —0.469 0.006 9 CALD1 M64110 ~0.382 0.031
7 ANXA4 M19383 —0.468 0.007 10 LOC54543. AJ011007 -0.368 0.021
8 SERPINF2 DQ0174 —-0.463 0.003 11 ,PTPN3 M64572 -0.363 0.038
9 AGA Me64073 —0.444 0.011 12 ACTB X00351 -0.362 0.025
10 BCL2L1 Z23115 —0.428 0.021 13 LY6E U42376 -~(.360 0.037
11 LIPC X07228 -0.401 0.015 14 ID1 D13889 -0.343 0.044
12 BDH M93107 -0.393 0.026
13 LSS D63807 -0.384 0.030 )
}g 211:\)1%‘11]\6411 ggg?{g :ggzg gggg was >9.0% as evaluated by transfection of a Plasmid
16 UBE2E1 X92963 -0.363 0032  ©xpressing the enhanced green fluorescent protein (data
17 TLE1 M99435 ~0.360 '0.039 not shown). To validate this screening system, we
18 RARA X06614 ~0.359 0034  examined the effect of NQOI gene, coding DT-diaphorase
19 PTPRN 118983 0357 0.035  thatincreases cellular sensitivity to MMC (12). As shown in
20 APOE M12529 ~0.353 0.048 Fig. 3B, cells transfected with NQOI1 significantly enhanced
21 F10 K03194- -0.348 0.040 growth inhibition by MMC compared with the mock-
22 NR1i2 AF061056 —0.342 0.041 transfected and LacZ-transfected cells. We confirmed the
23 UBE2L3 X92962 -0.332 0045  cellular expression of the NQO1 gene product by immu-
24 FGB J00129 -0.313 0.049  noblot (Fig. 3C). Thus, this screening system can be used to
D. SN-38 detect changes in chemosensitivity in HT1080 cells. Using
Sensitive this screening system, we examined whether the 19 genes
1 EMS1 M98343 0573 0.001 . § Systert, enes,
2 JUN J04111 0.564 0.003 which were extracted in Tables 2 and 3, al_tered sensitivity
3 -6 X04602 0514 0.003 to drug. Notably, the HSPAIA gene coding 70-kDa heat
4 RPL23 : X52839 0.495 0.004 shock protein, whose expression was correlated with MMC
5 CDKN3 125876 0.455 0.017 sengitivity in the breast and liver cancer cell lines,
6 RPL3 X73460 0.445 0.011 significantly enhanced the MMC sensitivity in HSPA1A-
7 TEPI J03225 0442 0.009 transfected HT1080 cells (Fig. 3B). Similarly, the JUN gene
8 MRPL3 X06323 0.437 0.009 encoding ¢-JUN, whose expression was correlated with
9 HLA-C M11886 0.424 0014  MMC sensitivity, also enhanced the MMC sensitivity in
10 AARS D32050 0419 0012 JUN-transfected HT1080 cells (Fig. 3B). The expression of
1 ARHGDIA X69550 0.416 0031 yyc-tagged LacZ, 70-kDa heat shock protein, and JUN in
12 NOL1 X55504 0.406 0.029 the transfected cells was confirmed by immunoblotting
12 gglm 5126121 0.394 0.031 with anti-myc antibody (Fig. 3C). Transfection with 17 other
13267 0.389 0.037 . e
15 VEGE M32977 0.384 0.043 genes did not alter the MMC sen51.txv1ty. For example,
16 EIF251 J02645 0.382 0.034 transfection with the IL-18 gene did not affect MMC-
17 CDH5 X79981 0.372 0030  sensitivity (Fig. 3B).
18 FOSL1 X16707 0.371 0.047
19 IDS M58342 0.366 0.047 H H
20 PMVK L77213 0.364 0.044 Discussion . ,
21 PPP2CB X12656 0.364 0.041 The assessment system for determining pharmacologic
22 NMBR M73487 0.362 0.035 properties of chermnicals by a panel of cancer cell lines was

(Continued)

first developed in the National Cancer Institute (33-35).
We established a similar assessment system (JFCR-39;
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Table 3. Genes related to MMC sensitivity in breast, liver, and Table 3. Genes related to MMC sensitivity in breast, liver, and
stomach cancer cell lines stomach cancer cell lines (Cont’'d)
Rank Gene Genbank ID r P Rank Gene Genbank ID ¥ P
A. Breast cancer 8 ERG M21535 0.620 0.005
Sensitive ‘ 9 MLLT1 104285 0.613 0.015
1 INHBB M31682 0.972 0.000 10 FOS K00650 0.599 0.014
2 NK4 M59807 0.838 0.018 11 TNFAIP3 M59465 0.584 0.011
3 HSPAIA M11717 0.751 0.050 12 CNR2 X74328 0.581 0.009
4 LOC54557 AFQ75050 0.735 0.024 13 DRPLA D31840 0.577 0.024
5 CD4¢7 Y00815 0.717 0.045 14 PSMBS5 D29011 0.572 0.026
Resistant 15 SLC6AS8 L31409 0.570 0.017
1 RPN2 Y00282 —0.882 0.009 16 SERPINB10 U35459 0.570 0.013
2 ATPS50 X83218 -0.842 . 0.017 17 VAT1 U18009 0.570 0.009
3 CAST D50827 -0.815 0.025 18 TJP1 114837 0.562 0.029
4 HPCA D16593 ~0.776 0.024 19 PELP1 U88153 0.545 0.035
5 ZNF9 M28372 -0.774 0.024 20 CIQBP 104636 0.545 0.024
6 A2LP U70671 -0.772 0.042 21 CDK10 133264 0.543 0.045
7 IL-18 D49950 —0.747 0.033 22 SERPINAG6 702943 0.542 0.025
8 NRGN Y09689 -0.727 0.041 23 ACTB . X00351 0.538 0.021
B. Liver cancer 24 .« SFRP4 AF026692 0.538 0.018
Sensitive 25 EMX1 X68879 0.535 0.018
1 EBI V24166 0.872 0.002 26 ACTB X00351 0.529 0.024
2 JUN Jo411t 0.813 0.008 27 RPS9 U14971 0.528 0.043
3 EIF3S8 U46025 0.772 0.015 28 AMDI1 M21154 0.522 0.038
4 CTsSD M11233 0.753 0.012 29 RPL26 X69392 0.522 0.038 -
5 SCYAS M21121 0.741 0.022 30 HNRPF 128010 0.520 0.047
6 PHB 585655 0.739 0.023 31 PTMS M24398 0.502 0.040
7 HSPALA M11717 0.729 0.026 32 STK12 AF008552 0.498 0.050
8 SPP1 X13694 0.723 0.018 33 NR2F6 X12794 0.491 0.046
9 TAB7 X93499 0.712 0.021 34 GBEI L07956 0.470 0.049
10 ACTN1 ~ X15804 0.692 0.039 Resistant
11 RXRB M84820 0.678 0.045 1 PSMD8 D38047 -0.747 0.002
12 PSME2 D45248 0.673 0.047 2 LAMP?2 J04183 -0.677 0.002
13 HLA-C M11886 0.647 0.043 3 CTSD M11233 -0.651 0.006
14 RPL19 X63527 0.643 0.033 4 ADORA2B M97759 —0.645 0.005
Resistant 5 ANXA4 M19383 -0.639 0.008
1 MAPKeé X80692 —0.862 0.003 6 PTPRK 270660 —0.638 0.003
2 GCSH M69175 —0.793 0.006 7 RAD23A D21235 - ~0.622 0.010
3 G22P1 M32865 -0.727 0.017 8 SDHA D30648 -0.613 0.015
4 useir - U44839 0725 0.027 9 PET112L AF026851 -0.598 0.024
5 ACTB X00351 ~0.715 0.020 10 DAD1 D15057 —0.593 0.025
6 YWHAZ M86400 —0.706 0.022 11 HSPBI1 X54079 —-0.588 0.013
7 IL-10 M57627 —0.694 0.018 12 PSMA6 X61972 —0.586 0.036
8 RFC4 M87339 —-0.677 0.016 13 KDELR1 X55885 —0.584 0.028
9 CRLF1 k AF059293 —0.644 0.033 14 B2M AB(021288 -0.581 0.023
10 RPS6 M20020 —0.619 0.042 15 M6PR M16985 -0.579 0.038
11 EMX1 X68879 —0.618 0.043 16 GCLC M90656 -0.576 0.015
12 TK2 U77088 -0.607 0.047 17 SPTBN1 M96803 -0.557 0.038
C. Stomach cancer 18 PACE X17094 -0.547 0.019
Sensitive 19 RPL24 M94314 -0.539 0.017
1 TEAD4 U63824 0.803 0.001 20 SPINT2 U78095 —0.538 0.039
2 NR2C2 U10990 0.713 0.001 21 STX4A U07158 -0.534 0.027
3 CSF1 M37435 - 0.711 0.004 22 SIAT8B U33551 -0.532 0.028
4 RAB28 X94703 0.695 0.008 23 CTSK " U13665 -0.529 0.029
5 CBR3 Ab004854 0.683 0.007 24 DCI 124774 ‘ —0.525 0.044
6 NFYC 774792 0.639- 0.019 25 MEL X56741 -0.525 0.045
7 PGF X54936 0.627 0.022 26 PITPNB D30037 -0.523 0.038
- 27 YY1 M76541 -0.512 0.043
NOTE: Column 2 shows the name of the gene according to HUGO database. 28 RABI M28209 —0495 0.037
Column 4 shows Pearson correlation coefficient between chemosensitivity to 2 UBE2L6 AF03114] ~0.492 0.045
drugs and gene expression. “Sensitive” indicates candidate genes sensitive 30 PSMB7 D38048 -0.484 0.049

to each drug. “Resistant” indicates genes resistant to each drug,.
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