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Figure 4 Specific binding of Fra-2, JunB and JunD to the AP-1 site in the CCR4 promoter. (a) NoShift assay. Nuclear extracts were
prepared from two control T-cell lines (MOLT-4 and Jurkat) and two adult T-cell leukemia (ATL) cell lines (HUT102 and STI1).
Nuclear proteins that bound to the biotinylated AP-1 site oligonucleotide (TGGGAAATGACTAAGAATCAT) were captured on an
avidin-coated plate and detected by anti-c-Fos, anti-FosB, anti-Fra-1, anti-Fra-2, anti-c-Jun, anti-JunB or anti-JunD, as indicated.
Specificity was determined by adding unlabeled probe (competitor; TGGGAAATGACTAAGAATCAT) or mutant probe (mut
competitor; TGGGAAATGTCAAAGAATCAT; differences underlined). Each bar represents the mean +s.e.m. from three separate
experiments. (b) Chromatin immunoprecipitation (ChIP) assay. Chromatins from normal CD4* T cells from healthy donors (purity,
>96%) and primary ATL cells from two patients (leukemic cells, >90%) were immunoprecipitated with anti-Fra-2, anti-JunD or
controt IgG. The amounts of precipitated DNA relative to total input DNA were quantified by real-time PCR for the CCR4 promoter
region containing the AP-1 site. Each bar represents the mean £s.e.m. from three separate experiments.

Hdentification of downstream target genes of the Fra-2{
JunD heterodimer in ATL cells

To identify the target genes of Fra-2 in ATL cells, we
compared the gene expression profiles of ATL-derived
ST cells transfected with Fra-2 siRNA or control
siRNA using the Affymetrix high-density oligonucleo-
tide microarray. As summarized in Figure 6a, at least 49
genes were downregulated more than threefold by Fra-2
siRNA. The classification of these genes according to
their biological functions shows that Fra-2 promotes the
expression of genes involved in signal transduction
(10 genes), protein biosynthesis and modification
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(8 genes) and transcription {6 genes); it also stimulates
the expression of 10 genes of unknown function. Most
notably, the list includes the proto-oncogenes c-Myb,
BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci
et al., 2003; Vargas et al., 2003). As shown in Figure 6b,
RT-PCR analysis verified that not only Fra-2 siRNA
but also JunD siRNA downregulated these proto-
oncogenes in two ATL cell lines. Therefore, c-Myb,
BCL-6 and MDM2 are the downstream target genes of
the Fra-2/JunD heterodimer in both cell lines. This
prompted us to examine the expression of c-Myb, BCL-
6 and MDM2 in freshly isolated primary ATL cells by
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Figure 5 Dominant role of Fra-2/JunD in CCR4 expression and cell proliferation in adult T-cell leukemia (ATL). (a) Reverse
transeription (RT)-PCR analysis to determine the effect of siRNAs. HUT102 and ST} were transfected with control siRNA or siRNA
for Fra-2, JunB or JunD. After 48h, total RNA was prepared. The representative results from three separate experiments are shown,
(b) Real-time RT-PCR analysis for CCR4 expression. HUT102 and ST1 were transfected with control siRNA or siRNA for Fra-2,
JunB or JunD. After 48h, total RNA was prepared and real-time RT-PCR was performed for CCR4 and 18S ribosomal RNA (an
internal control). Data are presented as the mean + s.e.m. of three separate experiments. (¢} Effect of siRNAs on cell growth. HUT102,
ST1, MOLT-4 and Jurkat were transfected with control, Fra-2, JunB and JunD siRNAs and cultured in a 96-well plate at 0.5 x 10°
cells per well. At the indicated time points, viable cell numbers were determined using 2 FACSCalibur by gating out cells stained with
propidium iodide. Data are shown as the mean +s.e.m. of three separate experiments. (d) Effect of double knockdown of Fra-2 and
JunD on cell growth. HUT102 and ST1 were transfected with control, Fra-2 and JunD siRNAs as indicated and cultured in a 96-well
plate at 0.5 x 10* cells per well. At 4 days, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with
propidium iodide. Data are shown as the mean + s.e.m. of three separate experiments. {€) Effect of stable expression of Fra-2 and JunD
on cell growth. Jurkat cells were transfected with a control IRES-EGFP expression vector or an IRES-EGFP expression vector for
Fra-2 or JunD. Stable transfectants expressing green fluorescence protein were sorted and cultured in a 96-well plate at 0.5 x 10* cells
per well, At the indicated time points, viable cell numbers were determined on a FACSCalibur by gating out dead cells stained with
propidium iodide. Data are shown as the mean *s.e.m. of three separate experiments.
RT-PCR. As shown in Figure 6c, we indeed detected is known to be involved in cellular proliferation,
the constitutive expression of c-Myb, BCL-6 and  oncogenesis and even tumor suppression, depending
MDM?2 at high levels in primary ATL cells. In sharp  on the combination of AP-1 proteins and the cellular
contrast, normal resting CD4* T cells hardly expressed  context (Shaulian and Karin, 2002; Efer] and Wagner,
these proto-oncogenes. 2003). Previously, by using the AP-1 site of the IL-8
promoter, Mori et al. demonstrated a strong Tax-
independent expression of JunD in primary ATL cells
(Mori et al., 2000). In the present study, we have shown
Discussion that Fra-2 is constitutively expressed at high levels in
primary ATL cells (Figure 2a). Furthermore, except for
The AP-1 transcription factors function as homodimers  JunB and JunD, other members of the AP-1 family are
or heterodimers formed by Jun (c-Jun, JunB and JunD),  mostly negative in primary ATL cells (Figure 2a).
Fos (c-Fos, FosB, Fra-1 and Fra-2) and the ATF family = Therefore, as demonstrated in the present study, the
proteins (Shaulian and Karin, 2002; Eferl and Wagner, Fra-2/JunD and Fra-2/JunB heterodimers may .be the
2003). Most of them are rapidly and transiently induced  major AP-1 factors constitutively active in primary ATL
by extracellular stimuli that trigger the activation of the  cells.
Janus kinase (JNK), extracellular signal regulated It has been shown that HTLV-1 Tax induces the
protein kinases 1 and 2 (ERKI/2) or p38 mitogen-  expression of various AP-1 family members such as
activated protein (MAP) kinase pathways (Shaulian and  c¢-Fos, Fra-1, c-Jun and JunD (Nagata et /., 1989; Iwai
Karin, 2002; Efer] and Wagner, 2003). The AP-1 family  er al.,, 2001). We indeed observed the expression of
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Figure 6 Identification of downstream target genes of Fra-2 in adult T-cell leukemia (ATL). (a) Microarray analysis. ST1 cells were
transfected with control siRNA or Fra-2 siRNA. After 48h, microarray analysis was performed using the Affymetrix GeneChip
HG-U133 Plus 2.0 array. Four independent transfection samples were analysed for each group. Each column represents the expression
level of a given gene in an individual sample. Red represents increased expression and blue represents decreased expression relative to
the normalized expression of the gene across all samples. We computed the statistical significance level for each gene between the Fra-2-
knockdown group and the control group with a mean fold change of >3 by the r-test (P<10~%). (b) Reverse transcription (RT)-PCR
analysis. HUT102 and ST1 cells were transfected with control siRNA or siRNA for Fra-2 or JunD. After 48h, the expression of
¢~-Myb, BCL-6, MDM2 and GAPDH was determined by RT-PCR. The representative results from three separate experiments are
shown. (¢) RT-PCR analysis. Normal CD4* T cells from healthy donors (»=3; purity, >96%) and PBMC from ATL patients (1 =6;
leukemic cells, >90%) were examined for the expression of c-Myb, BCL-6 and MDM2 by RT-PCR. The representative results from
two separate experiments are shown.
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various AP-1 family members in primary ATL cells
(patient nos. 1 and 5) and in some ATL cell lines
expressing Tax (Figures 2a and b). However, the
constitutive expression of Fra-2, JunD and JunB in
freshly isolated primary ATL cells and ATL cell lines is
apparently independent from Tax expression (Figures
2a and b). This is further supported by the finding that
CCR4-expressing HTLV-1-negative CTCL cell lines
also constitutively express Fra-2, JunB and JunD at
high levels (Figure 2). By using JPX-9, which is a subline
of Jurkat carrying the HTLV-1 Tax gene under the
control of the metallothionein gene promoter (Nagata
et al., 1989), we have also confirmed that Fra-2 is not
inducible by Tax (data not shown).

The CCR4 promoter was potently activated by the
Fra-2/JunB and Fra-2/JunD heterodimers (Figure 3a).
Fra-2, JunB and JunD were also shown to bind
specifically to the AP-1 site in the CCR4 promoter
in vitro by the NoShift binding assays and in vivo by the
ChIP assays (Figures 4a and b). By using the siRNA
knockdown technique, however, only Fra-2 siRNA and
JunD siRNA efficiently suppressed CCR4 expression
and cell growth in ATL cell lines (Figure 5). On the
other hand, JunB siRNA showed little such effect
(Figure 5). Therefore, it is likely that, at least in terms
of CCR4 expression and cell proliferation, the Fra-2/
JunD heterodimer plays a more dominant role than the
Fra-2/JunB heterodimer in ATL cells. It thus remains to
be determined whether the Fra-2/JunB heterodimer has
any specific functions in ATL.

The most striking finding in the present study is the
aberrant expression of Fra-2 in primary ATL cells. Fra-2
expression is essentially absent in normal CD4+ T cells
under various conditions thus far examined (Figures 2a
and c). Physiologically, Fra-2 is known to be expressed
by various epithelial cells and in cartilaginous structures
and has been shown to be required for efficient cartilage
development (Karreth et al, 2004). With regard to
lymphoid cells, developing murine thymocytes were
reported to express Fra-2 (Chen et al., 1999). Previous
studies have shown that individual homodimeric and
heterodimeric AP-1 proteins have different functional
properties and target genes (Shaulian and Karin, 2002;
Eferl and Wagner, 2003). However, little is known about
the target genes of Fra-2 and even less is known about
the oncogenic role of Fra-2 in human malignancies. In
this study, we have shown that CCR4 is the direct target
gene of Fra-2 in association with JunD in ATL cells.
Furthermore, we have shown that at least 49 genes are
downregulated more than threefold in the ATL cell line
ST-1 by Fra-2 siRNA (Figure 6). Among these genes, the
proto-oncogenes c-Myb, BCL-6 and MDM2 (Oh and
Reddy, 1999; Pasqualucci es al, 2003; Vargas et al.,
2003) are further confirmed to be dependent on the
Fra-2/JunD heterodimer and to be expressed at high
levels in primary ATL cells (Figure 6). It remains to be
seen whether the Fra-2/JunD heterodimer directly
induces these proto-oncogenes or indirectly maintains
their expression by promoting cell growth.

c-Myb is the genomic homologue of the avian
myeloblastosis virus oncogene v-Myb. c-Myb is widely
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expressed in immature hematopoietic cells and also in
various leukemias and carcinomas (Oh and Reddy,
1999; Shetzline et al., 2004; Hess er al., 2006). The target
genes of c-Myb include the anti-apoptotic genes BCL-2
and BCL-Xy and also c-Myc (Ramsay et al., 2003).
Thus, c-Myb may promote the survival of ATL cells via
BCL-2 and BCL-X,_ {(Galonek and Hardwick, 2006) and
also cell cycle progression via c-Myc (Dang, 1999).
BCL-6 was originally identified as the target gene of
recurrent chromosomal translocations affecting 327 in
non-Hodgkin’s lymphoma. The expression of BCL-6 is
frequently upregulated in diffuse large-cell lymphoma
and follicular lymphoma through promoter substjtution
or somatic promoter point mutations (Ye er al., 1993;
Migliazza et al., 1995; Chang et al., 1996). Frequent
expression of BCL-6 has also been reported in some
T-cell lymphomas (Kerl ef al., 2001). The BCL-6 protein
has been shown to exert cell-immortalizing and anti-
senescence activities (Shvarts e al., 2002; Pasqualucci
et al., 2003). Thus, BCL-6 may also inhibit apoptosis
and promote cell cycle progression in ATL. The MDM2
protein is a negative regulator of p53 and suppresses
pS53-mediated cell cycle arrest and apoptosis (Vargas
et al., 2003). Elevated expression of MDM2 has been
demonstrated in various types of human cancer
(Rayburn et al., 2005). Given that only a minor fraction
of ATL cases have mutations affecting p53 (Cesarman
et al.,, 1992), the elevated expression of MDM2 may
contribute to the functional downregulation of p53 in
the majority of ATL cases.

CTCLs are a group of T-cell lymphomas derived from
skin-homing memory T cells. CTCLs. are not associated
with HTLV-1 infection but resemble ATL and frequently
express CCR4 (Ferenczi et al., 2002; Kim et al., 2005).
Furthermore, CCR4 expression has been shown to be a
consistent feature of the large-cell transformation of
mycosis fungoides (Jones e al., 2000). In the present study,
we have shown that CTCL cell lines also express Fra-2,
JunB and JunD at high levels (Figure 2b). Therefore, it is
likely that aberrantly expressed Fra-2 in association with
Jun proteins, particularly JunD, is also involved in CCR4-
expression and cell proliferation in CTCLs.

In conclusion, we have shown that aberrantly
expressed Fra-2 in association with JunD is responsible
for CCR4 expression in ATL and is also likely to play
an important role in ATL oncogenesis in part by
inducing the expression of the proto-oncogenes c-Myb,
BCL-6 and MDM2. Future studies are necessary to
elucidate how the Fra-2/JunD heterodimer induces the
expression of these proto-oncogenes and their individual
roles in ATL oncogenesis. It also remains to be seen how
ATL cells aberrantly express Fra-2 at high levels.
Furthermore, the expression and function of Fra-2 in
CTCLs remain to be determined.

Materials and methods

Cells
All the human T-cell lines used were described previously

(Nagata et al., 1989; Yamada et al., 1996; Hata e¢ al., 1999;

Ww
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Yoshie et al, 2002). Peripheral blood mononuclear
cells (PBMC) were isolated from heparinized blood samples
obtained from heaithy adult donors and acute ATL patients
with a high leukemic cell count (> 90%) by using Ficoll-Paque
(Amersham Biosciences Corp, Piscataway, NJ, USA). Normal
CD4* T cells (purity, >96%) were further prepared from
PBMC by negative selection using an IMagnet system (BD
Pharmingen, San Diego, CA, USA). Activated CD4* T cells
were prepared by stimulating CD4* T cells with anti-CD3
(ctone HIT3a; BD Pharmingen) and anti-CD28 (clone CD28.2;
BD Pharmingen) for 24h. The preparation of naive
CD4+CD45RA* T cells and their polarization into Thl and
Th2 cells were performed as described previously (Imai et al.,
1999). Primary ATL cells and normal resting CD4* T cells
were used without culture for the experiments. This study was
approved by the local ethical committee and written informed
consent was obtained from each patient.

Transfection and luciferase assay

The major transcriptional start site (+ 1) of the human CCR4
gene was determined by the method of rapid amplification of
¢cDNA 5-ends and was found to be located 1797 bases
upstream from the translation start codon (data not shown).
To generate a promoter-reporter construct, the 1-kb promoter
region of the human CCR4 gene (~983 to + 25) was amplified
from the genomic DNA by PCR using primers based on a
GenBank genomic DNA sequence (accession no. NC_000003)

" and inserted into the reporter plasmid pGL3-Basic (Promega,

Madison, WI, USA). Deletions and site-directed mutations
were also performed using PCR. pGL3-2xAP-1 was con-
structed by introducing a sequence containing two copies of
the AP-1 consensus binding site (TGATGACTCAGCCG-
GAATGATGACTCAGCC) in front of a minimal CCR4
promoter pGL3 (—96/ + 25; Figure 1b). The coding regions of
human FosB and GATA-3 were amplified from a cDNA
library generated from phytohemagglutinin (PHA)-stimulated
PBMC by PCR and cloned into the expression vector pSGS
(Stratagene, La Jolla, CA, USA). The coding region of HTLV-
1 HBZ was amplified from a cDNA library generated from the
HTLV-1* T-cell line C8166 by PCR and cloned into the
expression vector pEF4/myc-His A (Invitrogen, Carlsbad, CA,
USA). The expression vectors for c-Fos, Fra-1, Fra-2, c-Jun,
JunB, JunD and Tax were described previously (Iwai ez al.,
2001). Cells (5 x 10%) were transfected with 2 pg of reporter
plasmid, 0.5 ug of expression plasmids for various transcrip-
tion factors and 1ug of pSV-B-galactosidase using DMRIE-C
(Invitrogen). After 24-27h, luciferase assays were performed
using a Luciferase Assay kit (Promega). Luciferase activity was
normalized by B-galactosidase activity that served as an
internal control for transfection efficiency.

RT-PCR

RT-PCR was carried out as described previously (Yoshie
et al., 2002). The primers used were as follows: + 5-AAGAA
GAACAAGGCGGTGAAGATG-3 and -5-AGGCCCC
TGCAGGTTTTGAAG-3' for CCR4; + ¥-TACTACCACTC
ACCCGCAGACTC-3¥ and —-5-CTTTTCCCTTCGGATTCT
CCTITTT-3 for c-Fos; +5-TAGCAGCAGCTAAATGC
AGGAAC-3Y and -5-CCAGCTGAAGCCATCTTCCTT
AG-3' for FosB; +5-CAGTGGATGGTACAGCCTCA
TTT-3' and ~5-GCCCAGATTTCTCATCTTCCAGT-¥ for
Fra-1; +5-CCAGCAGAAATTCCGGGTAGATA-3 and
—5-TCTCCTCCTCTTCAGGAGACAGC-3 for Fra-2;
+ 5'-AAACAGAGCATGACCCTGAACCT-3/ and —5-CTC
CTGCTCATCTGTCACGTTCT-3 for c-Jun; +5-AAAAT
GGAACAGCCCTTCTACCA-3 and —5-AGCCCTGACCA
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GAAAAGTAGCTG-3 for JunB; +5-AACACCCTTCT
ACGGCGATGAG-¥ and —5-GGGTAGAGGAACTGTG
AGCTCGT-3' for JunD; +5-GAATTGGTGGACGGG
CTATTATC-¥ and -5-TAGCACTATGCTGTITCGCCT
TC-3 for HBZ; +5'-CCGGCGCTGCTCTCATCCCGGT-¥
and —-5-GGCCGAACATAGTCCCCCAGAG-3' for Tax;
+ 5“AAGGCATCCAGACCAGAAACCG-¥ and —5-AGC
ATCGAGCAGGGCTCTAACC-3' for GATA-3; + 5'-CAGT
GACGAGGATGATGAGGACT-3' and —5-AACGTITCG
GACCGTATTTCTGT-3 for c¢-Myb; +5-ATTCCAGCTT
CGGAACAAGAGAC-¥ and —-5-GTCCTTTTGATCAC
TCCCACCTT-3' for MDM2; +5-CAAGAAGTTTCTAGG
AAAGGCCGG-3 and ~5-GATTGATCACACTAA
GGTTGCATT-3 for BCL-6 and +5-GCCAAGGTCATCC
ATGACAACTTTGG-3’ and -5-GCCTGCTTCACCA
CCTTCTTGATGTC-3 for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The amplification conditions were
denaturation at 94°C for 30s (Smin for the first cycle),
annealing at 60°C for 30s and extension at 72°C for 30s
(5min for the last cycle) for 34 cycles for CCR4; 35 cycles for
c-Fos, FosB, Fra-1, Fra-2, ¢-Jun, JunB, JunD, HBZ, Tax,
c-Myb, BCL-6 and MDM2; 29 cycles for GATA-3 and 27 cycles
for GAPDH. Amplification products were electrophoretically
run on a 2% agarose gel and stained with ethidium bromide.

Quantitative real-time PCR was carried out using the
TaqgMan assay and a 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The conditions
for PCR were 50°C for 2min, 95°C for 10 min and then 50
cycles of 95°C for 15s (denaturation) and 60°C for 1min
(annealing extension). The primers and fluorogenic probes for
CCR4 and 18S ribosomal RNA were obtained from a
TaqMan kit (Applied Biosystems). Quantification of CCR4
expression was performed using the Sequence Detector System
Software (Applied Biosystems).

NoShift transcription factor assay

Anti-c-Fos (sc-52), anti-FosB (sc-7203), anti-Fra-1 (sc-22794),
anti-Fra-2 (sc-604), anti-c-Fun (sc-1694), anti-JunB (sc-73) and
anti-JunD (sc-74) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Transcription factors bound
to specific DNA sequences were identified using the NoShift
Transcription Factor Assay Kit (EMD Biosciences, Madison,
‘WI, USA). Nuclear extracts were prepared from human T-cell
lines by using the NucBuster Protein Extraction Kit (EMD
Biosciences). The oligonucleotides used were as follows
(differences underlined): TGGGAAATGACTAAGAATCAT
for the biotinylated probe and unlabeled competitor of the
AP-1 site and TGGGAAATGTCAAAGAATCAT for the
mutated AP-1 site.

ChIP assay

This assay was performed using a ChIP assay kit (Upstate
Biotechnology, Lake Placid, NY, USA) following the manu-
facturer’s instructions. In brief, cells (1 x 10% were cross-linked
with 1% formaldehyde for 10 min at room temperature. The
cell pellets were lysed with sodium dodecyl suifate (SDS) lysis
buffer and sonicated to shear DNA to a size range between 200
and 1000 bp. After centrifugation, the supernatant was diluted
10-fold in ChIP dilution buffer and incubated overnight at 4°C
with 4 g of anti-Fra-2 (sc-604), anti-JunB (sc-73), anti-JunD
(sc-74) or mnormal rabbit IgG (DAKO, Kyoto, Japan).
Immunocomplexes were collected by adding protein A-agarose
beads. The immune complexes were incubated at 65°C for 4h
to reverse the protein/DNA cross-links. DNAs were then
purified by phenol/chloroform extraction and used as
templates for quantitative real-time PCR. The primers and



the fluorogenic probe for the AP-1 site of the CCR4 promoter
were as follows: primers: + 5-GGTCTTGGGAAATGACT
AAGAATCA-3' and -5-TCTCCCTCACCCAACTGTACT
AAGT-3"; probe: 5-TCTGCTTCCTACTTCTATCAAA
AAACCCCACTTG-3'.

Immunological staining

Cells were spotted on a glass slide and fixed with 4%
paraformaldehyde. Tissue sections were prepared from
formalin-fixed and paraffin-embedded biopsy tissue samples
and subjected to microwave irradiation for Smin three times
in Target Retrieval Solution (DAKO). Slides and tissue sections
were incubated for 1h at room temperature with anti-Fra-2
(sc-604), "anti-JunB (sc-73), anti-JunD (sc-74) or mouse
monoclonal anti-CCR4 (KM-2160; Kyowa Hakko, Tokyo,
Japan). Normal rabbit IgG and control mouse I1gG, (DAKQ)
were used as negative controls. After washing, the slides and
tissue sections were incubated with biotin-labeled goat anti-
rabbit IgG or biotin-labeled horse anti-mouse IgG followed by
detection using the Vectastain ABC/HRP kit (Vector Labora-
tories, Burlingame, CA, USA). Finally, cells and sections
were counterstained with Gill’s hematoxylin (Polysciences,
Warrington, PA, USA), dehydrated and mounted.

Transfection of siRNA

siRNAs for Fra-2 (S100420455), JunB (S103077445), JunD
(SI00075985) and the negative control (1022064) were
obtained from Qiagen (Hilden, Germany). Transfection
experiments were performed using Amaxa Nucleofector
(Amaxa, Cologne, Germany). Cells (1 x 10%) were resuspended
in 100 pl of Nucleofector solution (T solution for MOLT-4,
HUT102 and ST1 and V solution for Jurkat) and transfected
with 2.5pug of siRNA using program O-17 for MOLT-4,
HUTI102 and ST1 and program S-18 for Jurkat. The
transfection efficiency was ~95% as determined using
fluorescent siRNA (Qiagen).

Cell proliferation assay
Cells were seeded in a 96-well plate at a density of 0.5 x 10 per
well and cultured. The number of viable cells was determined
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addition of anti-«vf3 integrin antibody. Taken together, these results suggest that OPN plays a
crucial role for tumor growth and angiogenesis of human lung cancer cells in vivo by interacting
with avp3 integrin. Targeting the interaction between OPN and «v33 integrin could be effective
for future development of anti-angiogenic therapeutic agents for patients with lung cancer.

© 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lung cancer is one of the most frequently diagnosed solid
tumors in the world, and is the leading cause of cancer-
related deaths in Japan [1]. Despite advancement and
improvements in surgical and medical treatments, the prog-
nosis of lung cancer patients remains extremely poor [2].
These facts indicate how important it is to identify novel
target molecules for the development of new anticancer
therapies for human lung cancer.

Tumor growth and metastasis depend on blood suppty
and vessel formation. Therefore, anti-angiogenic therapy
appears to be an attractive and rational approach for
the treatment of solid tumors including lung cancer [3,4].
One approach to anti-angiogenic therapy is to inhibit the
adhesive interactions required for tumor angiogenesis. The
migration and proliferation of vascular endothelial cells is
dependent on their adhesiveness to extracellular matrix
(ECM) proteins through a variety of cell adhesion receptor
including avp3 integrin {5,6). Thus, the interaction between
ECM and avp3 integrin may be a therapeutic target for lung
cancer patients.

Osteopontin (OPN) is a multifunctional phosphoprotein
that binds to av integrin at the arginine-glycine-asparatic
acid (RGD) motif of the central portion and exerts cell-
adhesion and migration activity [7,8). OPN is one of the ECM
proteins produced by cancer cells, and is revealed to be
overexpressed in various human tumors including the lung,
breast, coton, ovary, and gastric cancers [9—14]. Previous
studies suggested that OPN may be involved in the angio-
genesis of cancer cells. For example, Senger et al. reported
that OPN promotes vascular endothelial cell migration via
av integrin in cooperation with vascular endothelial growth
factor (VEGF), suggesting that OPN may be involved in angio-
genesis {15]. Shijubo et al. demonstrated that coexpression
of OPN and VEGF is closely associated with angiogenesis and
poor prognosis in stage | lung adenocarcinoma (16]. Thus,
OPN is postulated to be related with tumor progression and
angiogenesis in various cancers.

Recently, much interest has been focused on OPN expres-
sion in human lung cancer. Donati et al. investigated on
the correlation between OPN expression in tumor tissues
and survival of 136 patients with stage | non-smatt cell lung
cancer (NSCLC), and indicated that OPN expression is a sig-
nificant unfavorable prognostic factor for survival among
patients with stage | NSCLC [17]. Hu et al. also reported that
OPN expression was associated with tumor growth, tumor
_staging, and tymph node invasion of patients with NSCLC.
They further analyzed OPN levels in plasma, and suggest
that plasma OPN levets may serve as a biomarker for diagnos-
ing or monitoring patients with NSCLC [18]. These findings
from these clinicat studies imply that OPN may be a thera-
peutic target and useful biomarker for human lung cancer.

However, the biological and functional role of OPN in lung
cancer animal model and therapeutic trials targeting OPN
and its receptor, avp3 integrin, have not yet been reported.

in this study, we first developed stable transfectants from
human small cell lung cancer (SCLC) cell line SBC-3 that
constitutively secrete mouse OPN. We demonstrated that
OPN transfected SBC-3 cells significantly increased in vivo
tumorigenecity and neovascularization in comparison with
the control cells in mice. in addition, we evaluated the
therapeutic efficacy of anti-mouse av3 integrin antibody
(RMV-7) against OPN-overexpressing SBC-3 cells inoculated
mice. The biological significance of OPN in tumor growth and
angiogenesis of lung cancer and potential treatment using
RMV-7 antibody are also discussed.

2. Materials and methods

2.1. Cell lines and reagents

Human small cell lung cancer cell line, SBC-3 cells, was
kindly provided by Dr. |. Kimura (Okayama University,
Okayama), and cultured in RPMI1640 (Koujin Bio, Saitama,
Japan) medium containing 10% (v/v) fetal calf serum.
HUVEC were purchased from Clonetics (San Diego, CA) and
maintained with EGM-2 medium (Clonetics) on cotlagen-
coated plastic flasks. The anti-mouse avB3 antibody (RMV-7)
was kindly provided by Prof. Okumura (Department of
Immunology, Juntendo University), and has been proven
to interfere with OPN-mediated cell migration, adhesion,
and proliferation {19,20]). Anti-human avB3 monoclonal
antibody (LM609) was purchased from Chemicon Interna-
tional (Australia). The monoclonal antibody against murine
CD31 was purchased from Phammingen (San Diego, CA). The
monoclonal antibody against murine OPN was purchased
from Immuno-Biological Laboratories (Gunma, Japan). The
polyclonal rabbit anti-single stranded DNA (ssDNA) was
purchased from Dakocytomation (Tokyo, Japan). TNP-470 (6-
0-(N-chloroacethyl-carbamoyl)-fumagillol), a semisynthetic
analog of fumagillin derived from Aspergillus fumigatus,
was kindly provided by Takeda Chemical Industries (Osaka,
Japan).

2.2, Transfection

5 x 10° SBC-3 cells were transfected with Lipofectamine

" Reagent (Invitrogen) using 8 ug of purified murine OPN cDNA
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cloned into the eukaryotic cDNA expression vector BMGneo
as previously described [21]. This plasmid was designated
as BMGneo-mOPN. Two days later, the cells were placed in
G418 sulfate (Geneticin; Invitrogen) at 1mg/ml for selec-
tion. Four weeks after transfection, G418-resistant colonies
were expanded and isolated with limiting dilution. The
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resulting selected and isolated SBC-3 cells transfected with
BMGneo-mOPN and BMGneo were designated as SBC-3/0PN
and SBC-3/NEO, respectively.

2.3. Detection of OPN and VEGF transcription by
RT-PCR

Expression of OPN and VEGF mRNA were assessed by RT-
PCR. Total RNAs were extracted from cultured cell lines
with TRIzol reagent (Invitrogen). The primers for the RT-
PCR were: OPN sense primer (5-AGTCGACATGAGATT-
GGCAGTGATTTGC-3'), OPN anti-sense primer (5'-ACTCG-
AGGCCTCTTCTTTAGTTGACCTC-3'), VEGF sense primer
(5'-TGCACCCATGGCAGAAGGAGG-3'), and VEGF anti-sense
primer (5 -TCACCGCCTCGGCTTGTCACA-3). RT-PCR was
conducted using a Gene Amp RNA PCR kit (Applied Biosys-
tems, Branchburg, NJ) according to the manufacture’s
instructions.

2.4. Determination of OPN protein secretion by
ELISA

5 x 105SBC-3/0PN transfectants were cultured in 6-well
plates with 2% FCS in RPMI 1640 medium ovemight, fol-
lowed by incubation in 3ml serum free medium for an
additional 24 h. Secreted murine OPN protein level in cutture
supernatant was measured with the commercial ELISA kit
(Immuno-Biclogical Laboratories, Gunma, Japan) according
to the manufacturer’s instruction.

2.5. Western blot analysis

Conditioned medium from SBC-3/0PN and SBC-3/NEQO cells
were subjected to western blot analysis. Samples were
separated on 10% acrylamide gels and transferred to a
nitrocellulose filter with electroblotting at 4°C. The filters
were blocked in phosphate-buffered saline (PBS) contain-
ing 10% dry milk, washed in PBS containing 1% dry milk
and 0.5% Tween-20, and then incubated with polyclonal
rabbit anti-mouse OPN antibody (Immuno-Biclogical Labora-
tories, Gunma, Japan) at room temperature for 1h. Filters
were again washed and then incubated with horseradish-
peroxidase-conjugated anti-rabbit antibody (Amersham
Pharmacia Biotech) for 1h. Filters were then washed with
TBST (150 mM NaCl, 10mMm Tris, pH 8.0, 0.05% Tween-20),
and specific proteins were detected using the enhanced
chemiluminescence system (Amersham Pharmacia Biotech).

2.6. Invitro cell growth rates

SBC-3/NEQ and SBC-3/0PN were placed onto 96-well plates
at 2 x 10° cells/well in triplicate. At designated time points,

the number of cells were quantified using a colormetric MTT

assay as described previously {22].

2.7, In vitro cell migration assay

SBC-3/0PN and SBC-3/NEO were transfered to 6-well cul-
ture plates at 5 x 10° celis/well and incubated with 2% FCS in
RPMI 1640 medium ovemight. The cells were washed in PBS,
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and 3ml of serum free medium were added to each well.
After 24h, 3ml of conditioned serum-free medium were
collected and subjected to in vitro cell migration assay. In
vitro cell migration was performed using a cell culture insert
with 8 um micropore membrane (Falcon; Becton Dickinson,
Franklin Lake, NJ) as previously described [21]. Briefly, the
suspension of HUVEC (5 x 10% cells/200 1 in RPMI 1640 con-
taining 0.1% BSA) was added to the upper chamber and
the collected medium was added to the lower chamber. In
order to confirm cell migration mediated by OPN, we con-
ducted additional experiments by treating the cells with
GRGDS peptide (Sigma) at the concentration of 100 uM or
anti-human avB3 antibody at the concentration of 10 ug/ml.
After incubation at 37°C for 8h, the filters were fixed with
10% formalin, and stained with crystal violet. The cells on
the upper surface of the filters were removed by swab-
bing with a cotton swab, and the cells that had migrated
to the lower surface were counted under a microscope at
the magnification of 200x. All assays were performed in
triplicate and at least three independent experiments were
performed.

2.8, Soft agar colony formation assay

Six-well cutture plates were covered with a layer of 0.5%
agar in RPMI 1640 medium containing 20% (v/v) fetal calf
serum to prevent the attachment of the cells to plastic
substratum. Cell suspensions (5 x 10° cells/well) of the SBC-
3/0PN or SBC-3/NEO cells were prepared with 0.3% agar and
poured into 6-well plates. After 2 weeks of incubation at
37°C, the colonies containing at least 50 cells were counted.
All assays were performed in triplicate.

2.9. Mice

Female athymic BALB/c nude mice, 6—7 weeks old, were
purchased from Charlsriver Co., Ltd. {Tokyo, Japan) and
maintained in our animal facilities under specific pathogen-
free conditions. All animal experiments were performed
according to the Guidelines on Animat Experimentation as
established by Juntendo University, School of Medicine.

2.10. In vivo tumorigenicity

SBC-3/0PN and SBC-3/NEO cells were harvested from the
culture flask with 0.05% Trypsin-EDTA (Invitrogen), washed
three times, resuspended in PBS. Cell viability was deter-
mined by trypan blue dye exclusion test and cells were
inoculated subcutaneously (s.c.) into the left flank of
nude mice (1x 107 cells/mouse). To investigate whether
tumor growth is mediated by the interaction between
OPN and its receptor, the RMV-7 antibody was adminis-
tered to SBC-3/0PN or SBC-3/NEO inoculated mice. Briefly,
RMV-7 (200 wg/mouse) and control isotype-matched IgG
(200 ng/mouse) were administered intraperitoneally from
day 3 after inoculation three times a week for 3 weeks.
TNP-470 (30mg/kg) was also administered subcutaneously
from day 7 twice a week for 3 weeks to reveal the involve-
ment of angiogenesis in in vivo tumor growth. Tumor growth
was measured with a digital caliper in two perpendicular
diameters every week. Tumar volumes were calculated from
the length (a) and width (b) by using the following formula:



Role of osteopontin in lung cancer

volume (mm3)=ab?/2. Each group consisted of 10 mice. All
experiments were performed twice,

2.11. immunohistochemical staining

Histological sections were obtained from SBC-3/0PN and
SBC-3/NEO tumor tissues resected from mice. After resec-
tion, tumor tissues were immediately embedded and frozen
in Tissue-Tek OCD compound (Miles Laboratories, Elkhart,
TN}, and sections were cut at 4 um thickness. iImmunohisto-
chemical staining for murine OPN and CD31 was performed
as previously described {23]. To quantify apoptotic cett
number in the tumor, we performed immunohistochem-
jcal staining for ssDNA. Briefly, the sections were fixed
with 4% paraformaldehyde (PFA) and then incubated at
4°C overnight with rabbit anti-ssDNA antibody diluted to
1:400. Specific binding was detected through avidin-biotin
peroxidase complex formation with biotin conjugated goat
anti-rabbit 1gG (Vectastain ABC kit, Vector, Burlingame,
CA}) and diaminobendizine (DAB) (Sigma, 5t. Louis, MI) as
the substrate. Staining was absent when isotype-matched
immunoglobulin was used as the control.

2.12. HUVEC proliferation assay

A 96-well flat bottom plastic assay plate (Corning, NY) was
coated with recombinant mouse OPN (RD systems, Inc.,
CA; 10 pg/ml), polylysine (100 ng/ml) or BSA (10mg/ml) in
PBS and incubated overight at 4°C. The plate was washed
with PBS and non-specific adhesion sites were blocked with
1% BSA in PBS for 1h at 37°C. After washing the wells
with PBS, 5x 10° cells in 100 ul of EGM-2 medium diluted
with OPTI-MEM (Invitrogen) to 1/5 were seeded to each
wetl. For some experiments, the HUVEC suspensions were
pretreated with GRGDS peptide at the concentration of
100 uM or anti-human avf3 antibody at the concentration
of 10ug/ml for 1h at 37°C. Then after 48h incubation,
10l of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl}-2H-tetrazolium monosodium salt (WST-
8, Dojindo, Kumamoto, Japan) was added to each well. The
plate was further incubated at 37 °C for 6 h for color develop-
ment. Absorbance was measured at 450 nm on a microplate
reader with microplate manager (Bio-Rad, Richmond, CA).
All experiments were performed in triplicate.

2.13. Statistics

Statistical analysis was performed with analysis of vari-
ance (ANOVA). All data are presented as mean + standard
deviation. Differences between means were considered sta-
tistically significant at P<0.05.

3. Results

3.1. Generation of stable transfectants that
secretes murine OPN

BMGneo-mOPN or BMGneo were transfected into SBC-3
cells. Two OPN transfected SBC-3 clones (SBC-3/0PN#5 and
SBC-3/0PN#6) and two control clones (SBC-3/NEO#1 and
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Fig. 1 {A) Expression of OPN and VEGF mRNA determined with

RT-PCR analysis. Total RNAs were extracted from each clone
and 1ug of RNAs were subjected to RT-PCR analysis for OPN
(top panel), VEGF (middle panel) and B-actin (bottom panetl)
expression. (B} Western blot analysis of secreted mouse OPN
protein. Conditioned mediums from SBC-3/0PN and SBC-3/NEO
clones were subjected to western blot analysis using potyclonal
antibody against OPN. The arrow indicates the expression of
OPN, and molecular standards are shown on the left in KD.
(C) Secretion of OPN protein from SBC-3/0PN and SBC-3/NEQ
cells. Conditioned medium from each clones were collected and
subjected to ELISA analysis. Note that the clone SBC-3/0PN#5
secreted the highest level of OPN protein into the culture
medium. “P<0.05 vs. SBC-3/NEO#1 and SBC-3/NEO#3.

SBC-3/NEO#3) were constructed. To verify the expression
of OPN and VEGF mRNA in transfectants, we conducted RT-
PCR for OPN and VEGF, respectively. As shown in Fig. 1A,
high levels of OPN mRNA expression were detected in the
SBC-3/0PN cells, while there were no detectable expres-
sion levels observed in the SBC-3/NEQ cells. For VEGF mRNA,
there was na difference in the level of expression between
SBC-3/0PN and SBC-3/NEQ cells. Thus, transfection with
OPN gene into SBC-3 cells does not affect the expression
of other angiogenic inducers like VEGF mRNA. Secreted OPN
protein from transfectants was confirmed with both westem
blot analysis and ELISA kit {Fig. 1B and C). OPN-transfected
clones secreted significant amounts of OPN, while control
clones did not. The clone SBC-3/0PN#5 secreted the high-
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est level of OPN protein into the culture medium. Therefore,
we utilized this clone in the subsequential experiments.

3.2, Invitro cell growth rate of stable
OPN-transfectant

Cells were seeded onto 96-well plates and the number of
cells was quantified at specific time intervals with MTT assay.
Cultured SBC-3/0PN and SBC-3/NEO cells displayed similar
in vitro growth rates (data not shown).

3.3. Biological activity of OPN protein secreted
from the transfectant

Since endothelial cell migration is essential for tumor
angiogenesis, we conducted migration assay using HUVEC.
Conditioned medium from SBC-3/0PN cells significantly
stimulated HUVEC migration as compared with conditioned
medium from SBC-3/NEO cells. Moreover, HUVEC migration
- toward the culture medium of SBC-3/0PN cells was almost
completely suppressed with the addition of GRGDS peptide
and anti-human avf3 antibody (Fig. 2). These results sug-
gest that OPN secreted from SBC-3/0PN is actually biological
active and stimulates HUVEC migration by interacting with
avP3 integrin.

3.4, Effect of OPN transfection on colony
formation

We evaluated whether transfection with OPN gene affects
colony formation of SBC-3 cells in vitro with soft agar colony
formation assay. As shown in Fig. 2B, there was no significant
difference in the number of colonies between SBC-3/0PN
and SBC-3/NEO cells. Thus, colony formation of SBC-3 cells
in vitro was not affected by transfection with the OPN gene.

3.5. In vivo tumorigenecity of OPN transfectant

To investigate whether OPN has any role in tumor growth
in vivo, SBC-3/0PN#5 clone and SBC-3/NEO#1 clone were
injected subcutaneously into the left flank of the nude mice.
As shown in Fig. 3 A and B, in contrast to the absence of any
significant changes in in vitro cell growth, the in vivo growth
rate of SBC-3/0PN#5 was significantly faster than that of
the SBC-3/NEO#1 cells. We also tested in vivo tumor growth
of the other SBC-3/0PN clone, SBC-3/0PN#6, to confirm its
enhanced in vivo tumorigenecity. As expected, SBC-3/0PN#6
demonstrated enhanced in vivo tumor growth compared to
SBC-3/NEO#1 (data not shown).

3.6. Expression of OPN protein in SBC-3/0PN and
SBC-3/NEO tumors

To investigate whether enhanced tumor growth of SBC-
3/0PN clones in vivo was mediated by secreted OPN,
immunohistochemical staining for OPN was conducted. The
OPN-positive cell number was significantly greater in the
SBC-3/0PN induced tumor in comparison with that of the
SBC-3/NEO tumor (Fig. 3C). These results suggest that
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Fig. 2 (A) Migration of HUVEC toward conditioned medium

from OPN-transfected cells. Cells weré placed in the upper
chamber and culture medium from SBC-3/NEO and SBC-3/0PN
were added to the lower chamber. After 8h incubation, cells
that migrated through the porous filter were counted at x200
magnification. Enhanced migratfon of HUVEC toward the cul- -
ture medium from SBC-3/0PN was abrogated with the addition
of either GRGDS peptide (100uM) or anti-human avp3 anti-
body (10 ug/ml) to the upper chambers. Data are presented as
mean+S.D. "P<0.0001 vs. 1% BSA and SBC-3/NEQ; “P<0.001
vs. SBC-3/0PN. (B) Soft-agar colony formation by SBC-3/0PN
and SBC-3/NEO cells. Cells were seeded at an initial density of
5 x 10° cells into 6-well culture plates in triplicate in 0.3% agar.
Colonies containing at least 50 cells were scored after 2 weeks
of growth. Total colony per well were counted and presented as
the mean+S.D.

secreted OPN from SBC-3/0PN transfectants enhanced in
vivo tumorigenesis.

3.7. Effect of OPN transfection on tumor
angiogenesis

To investigate whether transfection with OPN gene results
in increased tumor angiogenesis in vivo, we performed
immunohistochemistry for CD31 and counted the microves-
sels in the SBC-3/0PN#5 and SBC-3/NEO#1 induced tumors
of the nude mice. As shown in Fig. 4A, the number of CD31-
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Fig. 3  Effect of OPN gene transfer into SBC-3 cells on tumor
growth in mice. The SBC-3/OPN#5 and SBC-3/NEO#1 cells were
inoculated s.c. into the left flanks of nude mice. (A) Represen-
tative photographs of the tumors at day 35 after inoculation
with either the SBC-3/0PN#5 cells or the SBC-3/NEO#1 cells.
(B) Tumors were measured with a digital caliper in two per-
pendicutar diameters every week. The tumor volumes were
calculated as described in Section 2. Each group consisted of
10 mice. ‘P <0.05 vs. SBC-3/NEO#1. (C) Representative sections
of OPN expression in tumors derived from SBC-3/0PN and SBC-
3/NEO. Cryostat sections of tumors developing in nude mice
were stained with anti-mouse OPN monoclonal antibody (origi-
nal magnification x400).

positive vascular endothelial cells was markedly increased
in the SBC-3/0PN#5 induced tumor compared to that of the
SBC-3/NEO#1 induced tumor. As shown in Fig. 4B, greater
than tenfold the number of microvessels was identified in
the SBC-3/0PN#5 induced tumor compared with the SBC-
3/NEO#1 induced tumor. These results strongly imply that
OPN upregulates tumor angiogenesis of SBC-3 cells in mice.

3.8. Effect of OPN transfection on tumor cell
apoptosis

We evaluated whether transfection with OPN gene affects
tumor cell apoptosis of SBC-3 cells in vivo with immunohisto-
chemical staining for ssDNA. As shown in Fig. 4C, the number
of apoptotic cells in the SBC-3/0OPN induced tumor was not
significantly different from that of the SBC-3/NEO induced
tumor. These results suggest the apoptosis of SBC-3 cells in
vivo was not affected by transfection with the OPN gene.
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Fig. 4 (A and B) Vascularization of tumors derived from SBC-

3/0PN#5 and SBC-3/NEO#1 cells. Cryostat sections of tumors
developing in nude mice were stained with anti-CD31 mon-
oclonal antibody. (A} Representative sections were depicted
(x200). (B) Quantification of microvessel density in tumors. The
number of CD31-positive microvessels in five fields of tumors
that demonstrated the highest vascularity was counted at x200
and presented as mean+S.D. "P<0.001 vs. SBC-3/NEO#1. (C)
Quantification of ss DNA staining in SBC-3/0PN and SBC-3/NEO
cells developed in nude mice. The number of ss DNA positive
cells in SBC-3/0PN#5 tumor was not significantly different from
that of SBC-3/NEO#1 tumor.

3.9. Effect of OPN on in vitro HUVEC proliferation

The endothelial cell proliferation is essential for tumor
angiogenesis. Therefore, we performed HUVEC proliferation
assay using recombinant mouse OPN protein. As shown in
Fig. 5, immobilized OPN significantly stimulated HUVEC pro-
liferation compared with immobilized polylysine and BSA.
Interestingly, this enhanced HUVEC protiferation mediated
by immobilized OPN was significantly inhibited with the
addition of anti-human avB3 antibody or GRGDS peptide.
These results are consistent with our finding that migration
of HUVEC to OPN was mediated by avp3 integrin as shown
in Fig. 2. Taken together, these findings imply the interac-
tion between OPN and av3 integrins on vascular endothelial
cells may play an important role in tumor angiogenesis.
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Fig. 5 Inhibitory effect of anti-avf3 antibody or RGD peptide

on HUVEC proliferation mediated by OPN. (A—C) Representative
microphotographs were depicted (x100). {D) Immobitized OPN
significantly enhanced HUVEC proliferation and this enhance-
ment was markedly suppressed by treatment with anti-avg3
antibody or RGD peptide. Data are presented as meanS5.D.
‘P<0.0001 vs. coated with BSA, soluble (—); “P<0.001 vs.
coated with OPN, soluble {—).

3.10. Effect of RMV-7 antibody or TNP-470 on
growth of SBC-3/0PN tumor in vivo

Since the SBC-3/0PN#5 induced tumors revealed strong
neovascularization and tumor growth, the SBC-3/0PN#5
induced tumors were treated with RMV-7 or anti-angiogenic
agent, TNP-470, to investigate whether the accelerated
SBC-3/0PN#5 tumor growth in vivo was directly associ-
ated with neovascularization mediated by the interaction
between OPN and its receptor, avf3 integrin. As shown
in Table 1, TNP-470 and RMV-7 administration significantly
reduced in vivo tumor growth against SBC-3/0PN#5 cells
with growth-inhibitory ratio (GIR) values (%) of 83.8% and
85.6%, respectively. In contrast to strong antitumor activity
against SBC-3/0PN tumor, RMV-7 did not reveal any anti-
tumor activity against the SBC-3/NEQ tumor. These results
suggest that the abrogation of the interaction between OPN
and avB3 integrin could be an effective therapeutic modal-
ity in OPN-overexpressing lung cancer.

4, Discussion

OPN is a secreted multifunctional glycosylated phosphopro-
tein that is involved in tumor progression and metastasis
through interaction with adhesion molecules such as inte-
grins avp3, avB5, and avp1, and CD44 variants in a RGD
sequence dependent or independent manner [24,25]. Angio-
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Table 1 Antitumor activity of RMV-7 or TNP-470 against
SBC-3/0PN and 58C-3/NEO inoculated into nude mice

Cell line Agent Tumor volume (mm’} GIR (%)
SBC-3/0PN#5 THNP-470 (-} 506.9 + 246.28 83.8
TNP-470 (+)° 81,79 4 34.4°
RMV-7 ()  2272.45 £ 112673  85.6
RMV-7 (+)2 326.35 + 157.18"
SBC-3/NEO#1 TNP-470 (-} 126.7 4 27.98 27.1
TNP-470 (+)° 92.36 + 12.64
RMV-7 (-) 464.76 + 167.49 3.6
RMV-7 (+)? 448.17 & 177.68

Antitumor activity was evaluated in term of growth-inhibitory

ratio (GIR, %), defined as [1-(mean tumor volume of

treated/mean tumor volume of control)} x 100 at day 32* after

the first administration of RMV-7 or day 28" after the first

administration of TNP-470. Data are presented as mean % S.D.
* P<0.05 vs. TNP-470 ().

“ P<0.05 vs. RMV-7 (—).

genesis plays a central role in the growth and metastasis of
various cancers. The endothelial cell migration is dependent
on their adhesive to extracellular matrix protein such as OPN
through a variety of cell adhesion receptor including avg3
integrins [26]. It has been reported that overexpression of
the av3 integrin on tumor vasculature is associated with an
aggressive phenotype of several solid tumor types [27,28].
Recent clinical studies also revealed that OPN, a ligand for
avB3, overexpression is associated with tumor progression
and poor survival of patients with lung cancer {17,18].

In this study, we conducted in vivo tumorigenicity exper-
iments using human lung cancer cell line, SBC-3 cells, to
reveal whether interaction between OPN and its receptor
av33 plays a key role in tumor growth mediated by angiogen-
esis. The SBC-3 cell line was originally established from bone
marrow aspirate of the 24-year-old male patient with small
cell lung cancer [29]. Its subcutaneous implantability has
been approved by Fukumoto et al. [30]. OPN-overexpressing
SBC-3 cells significantly enhanced in vivo tumor growth com-
pared to the control cells. Interestingly, in vitro cell growth
rate and VEGF mRNA expression levels were similar among
these cells. In contrast, transfection of SBC-3 cells with OPN
gene significantly induced neovascularization in vivo. Apop-
tosis of SBC-3 cells in vivo and colony formation of SBC-3
cells in vitro were not affected by transfection with the
OPN gene. These results imply that promotion of the tumor
growth of SBC-3/OPN cells in vivo may be attributed to
the hypervascularization induced by secreted OPN. In fact,
recombinant human OPN protein enhanced HUVEC prolifer-
ation in vitro, and these effects of OPN were significantly
suppressed with the addition of anti-av83 integrin mono-
clonal antibody or RGD peptide. These results suggest that
OPN is implicated in the process of angiogenesis by inter-
acting with the avB3 integrin. In addition, we performed in
vivo experiment to evaluate the metastatic effect of OPN.
The cell suspensions of SBC-3/0PN or SBC-3/NEQ cells were
injected into a lateral tail vein of BALB/¢ nude mice: Unfor-
tunately, we did not observe metastatic colonies in lungs.
Although liver and kidney metastasis were observed, there
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was no significant difference in the number of metastatic
cotonies in livers and kidneys between in SBC-3/0PN and
SBC-3/NEO injected mice (data not shown).

The sustained growth of solid tumors is dependent on
the vascular network, making tumor blood vessels a poten-
tial therapeutic target [3]. Since previous reports confirmed
that OPN plays an important role in tumor progression and
metastasis, various therapeutical trials targeting the inter-
action between OPN and its receptors have been proposed.
Thalmann et al. reported that anti-OPN antibody inhibits
the growth stimulatory effect of endogenous OPN for human
prostate carcinoma cells [31]. In addition, a murine anti-
human OPN antibody, which recognizes the RGD/thrombin
cleavage region, inhibits the adhesion of MDA-MB-435 breast
cancer cells to OPN [32]. Recent trials have used the siRNA
technique to knock down OPN mRNA expression. Shevde et
al. have demonstrated that suppression of OPN mRNA with
siRNA reduced tumorigenecity of MDA-MB-435 breast cancer
cells [33]. In addition, Wai et al. revealed that inhibition
of OPN mRNA reduced metastatic potential in murine colon
carcinoma cells [34]. Regarding anti-OPN receptor antibod-
ies, Brooks et al. have reported that monoclonal antibody
(LM609) against avB3 integrin induces apoptosis of the pro-
liferative angiogenic blood vessel cells and leads to tumor
regression in breast cancer [35]. However, there are no stud-
ies with regard to the therapeutic trials targeting OPN and
its receptor in lung cancer animal models.

In the present study, we evaluated therapeutic efficacy of
anti-avf83 integrin antibody (RMV-7) in OPN-overexpressing
human lung cancer cells inoculated mice model. Treatment
of mice with RMV-7 completely suppressed the in vivo tumor
growth of SBC-3/0PN with GIR value of 85.6%, while growth
rate of SBC-3/NEO in vivo was not attenuated by treatment
with RMV-7. In the same way, anti-angiogenic agent, TNP-
470, exhibited strong anti-tumor activity against SBC-3/0PN
tumor with GIR value of 83.8%. These results suggest that
interaction between OPN and avp3 integrin plays a crucial
role for tumor growth induced by up-regulated angiogenesis
of human lung cancer cells in mice and anti-avB3 antibody
could be useful in anti-angiogenic treatment of human lung
cancer.

Phase | study using vitaxin (humanized monoclonal anti-
avp3 integrin antibody) has demonstrated its safety and
potential activity in some human cancers. This study
revealed that one patient demonstrated partial response
and seven patients exhibited stable disease course among
the 14 patients evaluated [36]. Recently, McNeel et al.
reported phase | trial of a monoclonal antibody specific for
avp3 integrin (MEDI-522) in patient with advanced multi-
ple malignhancies including lung cancer [37]. In their study,
three patients with renal carcinoma demonstrated a pro-
longed and stable disease course among the 25 patients
investigated. However, none of the patients with lung cancer
revealed favorable therapeutic response. According to our
previous report, OPN is predominantly expressed in NSCLC,
but its expression level is variable [38). In both phase | tri-
als, they did not mention the issue of OPN expression in
NSCLC. The reason why none of the patients with NSCLC
revealed any response to treatment with anti-avp3 anti-
body might have been due to the low expression of OPN in
NSCLC cells in these patients. In fact, administration of RMV-
7 antibody did not reduce in vivo tumor growth in SBC-3/NEC
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cells inoculated mice in our study. These results suggest that
intratumoral OPN expression could be a surrogate marker in
the prediction of therapeutic response for treatment with
anti-avp3 integrin antibody in lung cancer.

Conclusively, our study revealed that OPN is involved
in tumor growth and angiogenesis of lung cancer by
up-regulating vascular endothelial cell migration and pro-
liferation via interacting with avB3 integrin. OPN and its
receptor could be effective target motecules in the future
for anti-angiogenic therapy of patients with lung cancer.
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Akt-dependent nuclear locahization of Y-box-binding protein 1 in
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Y-hox-binding profcin 1 (YB-1), which is a memhcer of the
DNA-binding profein family containing a cold-shock
domain, has pleiofropic functions in response fo varions
environmental stimuli. As we previously showed that YB-3
is a global marker of multidrug resistance fn ovarian
cancer and other tnmor types. To idendify YR-I-regulated
genes in ovarian cancers, we investigated the expression
profile of YB-1 small-interfering RNA (siIRNA)-trans-
fecled evarian cancer cells using a high-density oligonu-
cleotide array. YB-1 knockdown by siRNA upregulated
344 gpenes, including MDRI, rhymidylate synthetase,
S100 calcium binding protein and cyclin B, and down-
regulated 534 genes, including CYCR4, N-mye down-
stream vegulated gene 1, E-cadlerin and phospholipase C.
Exogenous seram addition stimulated YB-1 translocation
from the cytoplasm 1o the mmcleus, and treatment with Akt
inhibitors as wel as Akt siRNA and integrin-linked kinase
(LK) siRNA specifically blocked YB-1 nuclear localiza-
tion. Jubibition of Akt activation dewnregilated CXCR4
and upregulated MDR] (ABCBI) gene  expression.
Administration of Akt inhibitor resuited in decrcase in
nuclear YB-1-positive cancer cells in a xepograft animal
model. Akt activation (hus regulates the nuclear translo-
cation of YB-J, affecting the expression of drug-resistance
penes and other genes associnfed with the malignant
characteristics in ovarian cancer cells. Therefore, the Akt
pathway could be a novel target of disrupting the nucear
translocation of ¥R-1 that has important implications for
further  development  of therapentic  strategy  against
ovavian cancers.
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The Y-box-binding protein } (YB-1), which is a DNA/
RNA-binding protein also known as dbpB, regulates
transcription, translation, DNA damage repair and
other biological processes in both the nucleus and
cytoplasm (Matsomoto and Wolffe, 1998; Kohno et al.,
2003). In the cytoplasm, YB-| repulates mRNA stability
and translational regulation (Evdokimova er al., 2004;
Ashizuka ef al., 2002; Fukuda ¢r al., 2004), while in the
nucleus, it plays a pivotal role in transcriptional
regulation through specific yccognition of the Y-box
promoler elenient (Ladomery and Sommerville, 1995;
Kohno et al., 2003). Interaction of YB-1 with ils cognate
Y-box-binding site (inverted CCAAT box) is promoted
by cytatoxic stimuli, including actinomycin 13, cisplatin,
ctoposide, ultraviolet (V) and heat shock, leading to
the activation of a representative ABC  transporter
MDRIABCEI and DNA topoisomerase Jlo gencs
(Asakuno of al, 1994; Furukawa ¢ ol., 1998, Ohga
¢ al, 1998). YB-1 also sclectively interacts with
damaged DNA or RNA, and protects from cylotoxic
effeets following cellular exposurce to cisplatin, mitomy-
cin C, UV and oxygen radicals {Ohga ¢t ol., 1996; Isc
et al,, 1999),

Royer and co-workers were the first 1o report that
nuclear localization of YB-1 is associated with intrinsic
MIRI expression in human primary breast cancer
(Bargou ef al., 1997). Immunostaining analysis of various
human cancers also supported this result, and showed
that nuclear expression of activated YB-1 was closely
associated  with  the acquisiion of P-glycoprotein-
mediated multidrug resistance (Kuwano e o, 2004).
YB-1 has also been shown o induce basal and 5-
fluorouracil-induced expression of the major vault protein
(MVYPILRP) pene, the promater of which contains o Y-
bax (Slein ef al, 2009). Tn human malignancies, vault
proteins are involved in acquiring  drug vesistunce
(Mossink er al.,, 2003). Taken together, these findings
sugpest that nuclear focatization of YB-1 mipht play a key
role in the zequisition of globsl drog resistance through
transariptional activation of relevant genes and the repair
of damaged DNA (Kuwano er al., 2004).
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The nuclear locatization of YB-I s requied for
transcription and DNA repatr in respense (o various

cavironmental stimuli. such as adenoviros wleclion
(Holm e «of., 2002), DNA-damaging agents, UV

irradiiation. hyperthermia (Stein ef of. 2001) and senmm
stimubttion (Eo-Nia ¢r of., 200%). However, as a
nucleocyloplasmic shutding pretein, it is smporlant (o
understand which signalling molecules are involved in
the translocation of YB-1 inle the nuckus, Koike ¢f al.
(1997) first reported the possible role of protein kinase C
in YB-1 nuclear translocation in cancer cells expesed (o
IV dreadiniion, and highlighied the importinee of the
YB-[ C-terminal region in eytoplasmic retention. Other
studics have suggested the involvement of additional
molecufes: thrombin-medicted YB-1 puclear transloca-
tion was shown (o be inhibifed by profein tyrosine
phosphatase inhibitor in endothehial cells (Steniog ¢r of..
2000), while Dooley ¢f al. (2006} demonstrated the
volvement of Jakl in YB-1 nuclear translocation.
Sutherland e al. (2003) recently reported that phos-
pharylation of YB-1 by Akt at serine 102 in the cold-
shock domay is required for YB-1 nuclear transfocation
m cancer cells. Another mechanisin for nuclear trinslo-
ction of YB-1 was shown to be promoted by various
eylotoxic anticancer agents, which trigger the proteo-
Ivtic cleavage by the 208 protcasome of the YB-1
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Ceterminal fragment containing the cytoplasmie reten-
tion signal (Sovokin e ai., 2005). In our present stady,
we have provided evideoce that AR activition is one of
the mechanisms for nuclear teanslocalization of YB-1,
and also thay VB-1 regulates expression of varions ceoll
growth and malignant progression-related genes as well
as global drug resistance-related geaes including MDR/.

Results

Supipression of Y B-1 leaddy 1a e enbancernent of MIYR-1
expression and decvease of CXCR-4 expression

We previously reported that YB-1 was expressed i the
nucleus i almost 0% of seraus ovarian cineers, ind
that Y B-1 nudlear-positive patients had 0 poor prog-
nosis {Kamura of af.. 1999). As suclear translocation of
Y B-1is highly susceptible to cavironmental stimuli, we
Arst examined whether the stress-inducing exogenous
addition of sern could stinuddate ouclear ranslocation
ol YB-1 in scven scrum-deprived human ovarian cancer
cell lines. Among the seven cell lines, nuckenr YVB-)
translocation wag stimakited more than iwolold in fwo:
RMG-HI and SKOV-3 (Figure 1a). In these (wo hnes,
serum incibation markedly enhanced Akt phosphoryla-
tion and incrcascd  transtocation of YR-1 into the
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nucleus, as shown by immunofluorescense  analysis

{Figure Ib and ).

Although Y B-1 is known fo regulate the expression of

several genes at the transeriptional level, the complele
network of genes associnted with YB-1 has not been
clucidated. We therefore, explored the expression profile
of ¥ B-1 sikRNA-treated SKOV-2 celis and mock-treated
SKQV-3 cells using o high-density  obgonucleotide
miicroarray. We tnmsfectd YB-1 siRNA into SKOV-3
cells at a concentration of 200 and 400 nM. Transfection
of 200nM YB-1 siRNA decrcased expression of YB-1
MRNA by only 45%, whercas 400 nnM YB-1 siRNA
decreased by 0% (Figure 2). OC the 54675 RNA
transcripts and variants in the microarray, we identificd
A4 genes that were increased more than twalold and
534 genes thal were decreased 0.5-fold or less in both
200 and 400 6M Y B siRNA-transfected cells (Supple-
mentary rdblt S1). Upregulated genes were classified
mto celt evele” (P2 0.0001), (ym.\l\d(lon organization
and biagenesis™ (P =0.0003), ‘cel growth andfor main-
tenanee” (P =0.0005). and GO SLIMS  Biological
Process” (7= 0.0013). Downregulated genes were classi-
lied into “catalytic activity™ (/2= 0.0007) and “transferase’
{1 0.0010). We sclected 46 genes that we expected to
be .|\xnu.1[cd with drag resistance, cell growth. cancer
ant progression and cell signalling (Table 1), and
chose three of these Tor further .\llld). MDRI. M¥P;
LRP and chemokine (C-X-C' motil}  receplor 4
(CXCRA).

We nsed gquantitative real-time PCR (QRT-PCR) w0
confirm whethier expression of these three penes was
modulated in YB-1 siRNA-transfected cells. Expression
ol CYCRY decreased by 67%. whereas express
MIEPILRD was unaflected by the siRNA {Figure 2).
AMDRI expression was increascd approximaicty 20-folkd
in 400nM YB-1 siRNA-transfected  cells compared
with control siRNA-transfeoed cells,
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QRT-PCR are broadly consistent with those of the

micraarray analysis.

Pearsan correfation aned hierarchical clisier anaysis of
selected NCROO genes

We next examined a database containing the expression
profile of the National Cancer Institute (T\( 1)-60 panci
from the Developmental Therapeutics Program (htip:7
veww.dip. nci.nih.gov/), shown as a log of mRNA
expression level in (e NCE sereen. When the Pearson
corrclation  coctficients were  calenlated, YB-1
negatively correluted with M DRI expression. positively
correlated with CYCRA expression and showed Jittle
corrclation with M PLRP (Jigure 3). Morcover, the
hierarchical dendrogram ol gene expression revealed
that YB-J and CYCRS belong to the same cluster,
whereas MDRI and AV PHLREP are clustered in oa
scparate group (Figure 4). Together, these NCI-60
pancls sugpest that cellufar levels of YB-1 negatively
modulate expression of MDRI and positively repulate
cxpression of CYCRA. In this clusier analysis, six
ovarian cancer cell fines ncluding SKOV-3 showed
varions correlation cocfficicncies with Y B-1 expression,
Qur oligonuclectide asray analysis was performed only
with SKOV-3, und corrclation cocfliciencies among
ovarian cancer cell lines wonid depend upon which ccll
line was analysed,

Akt acrivity is prevequisite for naclear traislocation of
Y- daned transerviptional vegulation by Y B-1
Phosphovviation  of  YB-1 by Akt is o nceessary
nquucmml for its translocation frond the cytoplasm
into the nucleus (Sutherland or ol 20058). We therefore
investigated the effect of (wo ishibitors of AkL activi-
ton (1LY 294002 and 1h-6-hydroxymethyl-chiro-inositol
2 R)-2-O-methyl-3-O-octadeeylearhonite) on serun-sti-
mulited SKOV-3 cells. Both AKU inhibitors markedly
blocked the nuclear accumulation of Y1B3-1 whereas
treatment with inhibitors of MEK (L10126). pASMAPK
(SB20358M) and INK (SP6O0125) had no cffcet on
nuclear ronstocation (Fipure Sa). In addition, phos-
phoryvlation of Akt was inhibited by 1,Y294002 aod
actadecylearbonate, hut not by 10126, SB203580 and
SPONOI125. Tmmunofluorescence analysis with a YB-1
antibody wse demonstrated the predominant acawnaula-
tion of YB-1 in the cytoplasm when treated with
LY 204002 and octadecyvicrbonate (Figure Shoand ¢).
As Akt inhibitors bocked (he suclear transtocation of
YB-1, we examined whether they coukl also aflect
expression of YB-Loegolated penes. CVCRS expression
wis found to be downrcgulated o dase-dependent
munner following treatment wilh the Akt inhibitors
when determined by QRT-POR aaadysis (Figere Sid).
Treatment with Akt inhibitors npregulated the CNpres-
ston ol AR, but not MITPLRP.

SKOV-3 cells \\]nwxx.f high fevel of Akt protein.
very dow level of Ak p-n(um and no AR protein
when assityed by mmnmuh.t Hting analyuis (igure 6a).
We intreduced sIRNA - Gurgeting Ak or ILK o
SKOV-3 cells ot a tion of 100 and 10nn,
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Table |

List ol prenes diffesentially exprossed in ¥B-1 siRNA-tansfected SKOV-R cells

itz Aveessicn Symhol Description

Moan joli
chanye

HERLDIRK WNM_(00927 ARCBI MBDRT, ATP-binding cisseite, sub-Guaily B (MDRATAPY membe § 246
e 369762 ABDTT20R TYMS Fhymidytate synthetase 1.71
Pls 1983063 NN D888 MUMIN MOMED ainickromosome maintenance delicient 10 1.3
Ha 05958 LITPMY <CPCo CCO celb division oyale 6 homolog (8, corevisiens) 1 00
Hasfd2 AR B AURKDE Aurorn kinase B 165
He 81648 NM_00597R SI0DA2 S cdcum-bimding protein A2 1 as
s 23900 NAL_031900 CONBI Cyclin B 1.}
I 460184 AAGDMGD] MOMA MOMY minichrososmne maitenance defic 1 40
T A3720 AF279900 MOM7 MOM7 misichtomosome maintesmge de 1.30
HeA33168  NIM_002960 SHIDAR ST ealeium hinding protein A3 143
s 115474 NM_8D2915 RIFC3 Replicidion fictor C (activator £) 3, 38kDa 1.28
115122908 NM_030928 CHT) DINA rephication factos 128
NAM_005620 PLKT Pola-tike kinase | (Drosophik) 121

NM_OMT7E0 CRe: Celi division eyele 2, GLo S and G2 1o M 1.2

8. 140 NM_001753 CAVI Caveolin 1, cavaeolac protein, 22Kk Y
s A77451 ° NM_04526 MOM2 MOM2 minichromosome maintenance deficient 2, mstotin Lto
15, 284244 M27908 JGI2 Fibroblast growth factor 2 {hasicl 110
He 179565 NN _B023RE MOM2 MOM3 snichromosome maintenance deficient 38, corevion) 108
[RENRA PR NN _G04701 CONNR2 Cyelin 32 1Ot
115, 506984 BCDOIRGH RICS Repleation facior C {activator 1) 3, 36,5k b2
Hs A71589¢ NAM_004-131 EPHA2 B receptor A2 X4
Hs 164133 NM_07294 BRCAL Breast cancer |, early onset 0.75
Hs 156346 NNM__106T TOP2A Fopoisomrase (DNAY H alpha 170D 0.6:1
Bsa73163 NN _001719 BNP7 Bone morphogenctic prefein 7 (osteegenic prtem 1} 0.51
15301464 NM_(049¢6 ABCCH MRP-TATP-hinding cassetie. sub-Fontly C (CEFTRANMRPY member 1 020
s T26MH NN 192459 MGCET0 Mutidrug resistance-related protein 015
(I S13488 INM RITISK MYP Major vaull protein .05
135482520 NM_Gdih0 TINDL TGE beta-mducible mchsn protein .13
15 328585875 NN _GON24GS SERPINAI Serpin peptidass inhibitor, clade A Gdpla- [ antiproteinase. anidtrypsin), member 1ol
8500460 B0 PN Phosphatase and tensin homolop (mnteted in multiple advanced coancers 1) 1.05
525292 RNAL GO2229 TUINR Tun b proto-ancogenc 1.06
Hs 132 APPIALTS PUCIR Phaosphoinositide-Y-kinase, regubatory subusnit. polypeplide 1 116

NS alpha)

Hs 83169 NNt MNP Mantrix metalloproteinase | {imterstitial collageniise) 1L
Hs 308999 NM (02742 PRRKUM Protein kinase L nw : 1.29
306028 NN_n0E964 ILGRE Earty growth response 1 1y
823 MA_002423 MMP7 Marix metilioproteinase 7 {ovarilbysi £.32
s JUio22 NN OISSSS CaME D Nalpha Calciumfealmodudin-dependent protcin kinase 1 1.30
T 132960 AADOSES MIET Met profo-oncogene (hepatoeyte grewth factor receptor) 1.39
PR INI B NM a8 LSRR Estrogen reeeptor | I 20
[BERAYLN MIT2RI VI Vixcudr endothelial growth fuctor 3
B 3STI?T  AWIT696 SERPINBE Serine (o eyataing} proteinase mhibitor, clade B (ovalbuming, 1.0

wember

HsA13111 NM_R02661 PLLG2
Hed63086  NM o04360 (DI
NsAT2793 AIB3IROS SGK2
Ha372004 NM_O06D96  NDRGI

HA21086 NM_ 001008540 CNCRE

Phosphalipase C, panma 2 (phosphatidylinositol-speciicd
Cadbenin 1, type 1, E-cacdherin (epithedind)
Serumighicovoticoid regubinted Xinase 2
Nemve downstream regulated gene |
Chemokine {C-X-C motil) veeeptor 4

-

Hioh-density ofizonucleatide wriy was performed on d00nx Y H-E @ RNA-rcsted SKOV-2 eolls and mock-treated ocll
2000 with Opti-MUEM mediums, A4S h aftor SSRNA transfestion, tdal RNA ways props
hesis siad i visen transeription. The fabeled CRNA wac applicd 1o the uligonucleatidde mivron

transtected nsing Lipolcct AMINI
danbic-standed eIHNA s

respectively, and sifencing effects of SIRNA - ware
amlysed by immunoblotting (Fignre 6a). In AKUSIRNA
almost completely silenced both Akil and Ak and
SRNA for 11K, the upstream kinase for Ak siienced
LK on protein Jevel, Trestment with Akt siIRNA nd
ILK siRNA resulted in o marked decrease in both pAki
cxpression  and  nuclear accumulaton of 0 YB-1
Figure 6a). As both Akt and 11K SIRNA Blockad ihe
suclear franslocmion of YB- 1. we exansined their effects
VRB-facputated penes (Figure Hh)
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FRNA chuplexes wene
i, and subjectal 1o

atment with Aktand 1HK siRNA downregulated the
expression of  CYORS pene. and  opregulated  the
expression of ADRT gene. By contrast there appcarad
no marked effect an the expression of MEFP/LRP and
8- 4 genes when treated with borh siRINAS (Figire 6b).

Jeation

Effect of 1LY 294002 reaimeni on Akt phosphors
and Y B-1 miclear focalization it SKOV-3 xenoprail

To further wvestigaie the ivolement of Ak
tmaural Y B-1 nnclear localizadion, an i v xenopraft



