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Figure 1. TSP-1 and TSP-T mRNA expression induced by 5-FU in human
colon cancer cell lines. A, effect of 5-FU on TSP-1 protein levels in human colon
cancer cell lines. Cells were treated with' 5-FU at 0.5 and 1 umol/L for 4 d.

An immunoblot analysis was performed using an antibody against TSP-1.
a-Tubulin was used as a loading control. B, quantification of relative TSP-1
protein levels. The staining intensities of the bands for TSP-1 and «-tubulin were
quantified using NIH image. Protein levels of TSP-1 were normalized to a-tubulin
protein levels. Expression fevels of TSP-1 are shown relative to that in the
untreated cells. Columns, average of three independent experiments; bars, SD.
* P<0.05*, P < 0.01, significantly different from untreated cells. C, effect of
5-FU on TSP-1'mRNA levels in'KM12C cells. Cells were treated with 5-FU

at 1 and 2 pmol/L for 1, 3, and 5 d. The relative: expression levels of. TSP-1
mRNA in KM12C cells were measured using real-time PCR. The expression of
the GAPDH gene was used to normalize the values of TSP-1. Data are
expressed relative to the: TSP-T mRNA 5-FU-untreated cells at day: 1
(considered 1). Columns, average of three independent experiments; bars, SD.
* P < 0.05; **, P < 0.01, significantly different from untreated cells on the
same day.

according to the manufacturer’s instructions. RNA (2 pg) was reverse-
transcribed using a ReverTra Ace kit (Toyobo).

Reverse transcription-PCR. The expression levels of Egr-1 and TSP-1
were detected using reverse transcription-PCR (RT-PCR). Primer sequerices
are given in Supplementary Table S1.

Real-time RT-PCR quantification. Expression levels of 7SP-1 and Egr-1
were determined using real-time PCR (PRISM 7900HT, Applied Biosystems),
according to the manufacture’s protocol. The sets of primers and TagMan
probes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), TS8P-1 and
Egr-1° (4310884E, Hs00170236, ‘and Hs00152928, respectively) were pur-
chased from Applied Biosystems. Human GAPDH was used for normaliza-
tion. Target gene expression was quantified using the comparative cycle
threshold methad, according to the manufacturer’s instructions.

Protein extraction and immunoblotting. KM12C and LOVO cells were
plated at a density of 1 X 10° per well in a six-well plate and were treated for
4'd in the absence or presence of 5-FU (0.5 and 1 pmol/L). The cells were

{
harvested and resuspended in lysis buffer {10 mmol/L Tris-HCI (pH 7.5),
25 mmol/L NaCl, 1 mmol/L EDTA, 0.25% Triton X-100, 2 pg/mL aprotinin,
0.5 mmol/L (p-amidinophenyl) methanesulfonyl fluoride, 1 mmol/L
DTT, and 2 pg/mL leupeptin]. After lysis, the cell debris was removed by
centrifugation at 14,000 X g for 15 min at 4°C.

The proteins in the whole cell lysate (200 ug) were separated using SDS-
PAGE. After electrophoresis, the proteins were transferred to polyvinylidene
difluoride membrane and reacted with primary antibodies against TSP-1,
Egr-1, phosphorylated HSP27, o-tubulin, and HSP27. After incubation,
membranes were washed and incubated with antimouse or antirabbit
secondary antibodies (GE Health Science). The membranes were developed
using the enhanced chemiluminescence detection system (Amersham
Biosciences).

Inhibition of Egr-1 expression by Egr-1 small interfering RNA. Egr-
1-specific small interfering RNA (siRNA) was purchased from Santa Cruz
Biotechnology. Transfections (40 nmol/L Egr-1 siRNA) were accomplished
using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
protocol. As a control, the cells were treated with an equal amount of GFP
(eGFP) siRNA. (Ambion). After transfection, the cells were exposed to 5-FU
(1 and 2 umol/L) for 5 d and then harvested, and the effect of the siRNA on
the expression of TSP-1 and Egr-1 was assessed using real-time PCR,
RT-PCR; and immunoblotting, as described above.

TSP-1 promoter-reporter constructs. Three deletion mutants of pGL3-
TSP-1, namely (—1,210/+750), (—267/+750), and (—71/+750), were prepared
as described previously (10).

The pGL3-TSP-1 (—2,033/+750) plasmid was constructed as follows. The
TSP-1 promoter, ranging from —2,033 to +750, was amplified using PCR with
KOD plus polymerase (Toyobo) from the genomic DNA of KMI2C cells using
a sense primer (5-CGGCTAGCCGTCTGCAGAGGCATTCCTACAATCCCTA-
CAATCCCTCAGC-3) and an antisense primer (5-CCGCTCGAGATCCTG-
TAGCAGGAAGCACAAGAGCCGAGG-3'). These primers contained an Nhel
or an Xhol site at the 5 end, respectively.

The pGL3-TSP-1 (—2,033/+750 AEgr-1) plasmid was derived from pGL3-
TSP-1 (-2,033/+750) plasmid, deleting the StyI-NotI region, including the
Egr-1 binding site.

Transient transfection and dual luciferase reporter assay. KM12C
cells were plated at a density of 1 X 10° per well in.24-well plates and
pretreated with various concentrations of 5-FU for 3 d before transfection.
Transfection - and dual-luciferase assay were performed as. described
previously (11).

Chromatin immunoprecipitation assay, Cells treated with 5-FU, as
described above, were fixed with 1% formaldehyde for 10 min at 37°C to
cross-link protein to DNA. A chromatin immunoprecipitation (ChIP) assay
was carried out using a ChIP assay kit (Upstate Biotechnology), according to
the manufacturer’s instructions. The soluble DNA fraction was mixed with
an anti~Egr-1 antibody “or nonimmunized ' mouse IgG " (Santa Cruz
Biotechnology), and the precipitated DNA was amplified with primers
for the TSP-1 promoter [5-AACGAATGGCTCTCTTGGTGT-3 (sense) and
5-CTTTCCAGCTAGAAAGTAAG -3’ (antisense)).

Confocal flioréscence microscopy. KMI2C cells' (7.5 X 10%) were
cultured’ in the medium: with ‘or without 2 pymol/L 5-FU for 5 d on
coverslips, fixed: with ' 3% formaldehyde in: PBS for 10 -min at'room
temperature, and permeabilized with 100% methanol for 10 min. Cells were
incubated with an antibody against Egr-1 at 4°C overnight. After washing
thrice in PBS; the cells were incubated with 200-fold diluted Alexa Fluor
546-labeled antirabbit IgG (Invitrogen). Nuclei were stained by incubating
cells with 6 pmol/L 4',6-diamidino-2-phenylindole (DAPI). The cells were
observed using confocal flurorescence microscopy (FV500, Olympus
Corporation).

Statistical analysis. Statistical comparisons were performed using
the Student’s ¢ test. Quantitative data were expressed as the means + SD.
P < 0.05 was considered significant.

Resuits

Expression of TSP-1 protein induced by 5-FU in human
colon cancer cell lines. Our recent results have shown that the
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5-FU-based drug, S-1, at sub-MTD concentration has antiangio-
genic function through up-regulation of TSP-1 in colorectal cancer
xenografts (5). To investigate possible mechanisms underlying the
specificity of this effect, human colon cancer cells were treated
with 5-FU at concentrations near or below ICs, for 4 days
(Supplementary Fig. S1). The expression of TSP-1 in two human
colon cancer cell lines was then determined by immunoblot
analysis using an antibody against TSP-1. When KM12C and LOVO
cells were treated with 5-FU at 1 pmol/L, the expression levels of
TSP-1 were 3-fold and 2-fold increased, compared with counterpart
untreated cells, respectively (Fig. 14 and B). Meanwhile, treatment
of the cells with 10 pmol/L 5-FU for 1 day also increased the
expression of TSP-1 protein in KM12C cells (data not shown).
In this study, we focused on the molecular basis for the induction
of TSP-1 by low-dose 5-FU. Because the TSP-1 protein level in
KM12C cells treated with 5-FU was considerably higher than that
in 5-FU-treated LOVO cells, we used KM12C cells for further study.
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Figure 2, Effect of 5-FU on TSP-1 promoter activity. A, schematic
representation of a series of TSP-1 promoter deletion’ constructs. The
Egr-1-binding site is indicated by the closed square. B, KM12C cells were
pretreated for 3 d with 5-FU, and these constructs were transiently transfected to
the cells using Lipofectamine. The cells were further Incubated with or

without 2 pmol/L. 5-FU for 48 h and harvested, and their luciferase activities were
determined. The luciferase activities were corrected for differences in
transfection efficiency among wells, as estimated using the Renifla luciferase
aclivities. Columns, representative of triplicaté independent experiments; bars,
8D. *; P. < 0.05; significantly different from untreated cells transfected with

the same construct, C, binding of Egr-1 to TSP-1. promotor in KM12C cells.
KM12C cells were treated with 5-FU at 1 and 2 ymol/L for 1, 3, and 5 d. The cells
were fixed with formaldehyde to forma DNA-protem comp!ex and were
subjected to a ChIP assay, as described in the Materials and Methods. PCR for
the core promoter region of the TSP-1 gene was performed usmg DNA
extracted from the DNA-protein complex immunoprecipitated using an anti-Egr-1
antibody or nonimmune IgG:

Effect of 5-FU on the expression of the TSP-1 gene in KM12C
cells. The levels of TSP-] mRNA in KM12C cells incubated in
the absence or presence of 5-FU were determined using real-
time RT-PCR. Treatment of the KM12C cells with 5-FU at 1 and
2 pmol/L for 1, 3, and 5 days increased the TSP-I mRNA levels in a
dose-dependent and time-depenident manrier compared with those
in untreated cells. (Fig.: 1C). Furthermore, the expression level of
T8P-1 mRNA in human umbilical vein endothelial cells treated
with 5-FU was ~ 2-fold higher than in the untreated cells (data not
shown). These data suggested that 5-FU enhanced TSP-1 protein
expression in both cancer and endothelial cells by activating
transcription of TS§P-1 gene.

Identification of the transcriptional regulatory element
necessary for transcriptional activation of the TSP-1 gene by
5-FU. To investigate which transcriptional regulatory elements in
the TSP-1 promoter contribute to the transcriptional activation of
the TSP-1 gene by 5-FU, we made wild-type and various deletion
constructs of the 78P-1 promoter (Fig. 24). The 5-flanking region
up to —2,033 from the transcription initiation site contained
several putative binding sites for known transcription factors,
including an Egr-1 site and Sp-1 sites (GC boxes; Fig. 24). The
longest construct (—2,033/+750) showed the highest promoter
activity among the constructs in the cells treated with 5-FU, and
the activity was conisiderably decreased when the constructs lacked
the region including both the Egr-1 and Sp-1 binding sites (Fig. 2B).
These findings suggested that Egr-1 or Sp-1 transcription factors
might enhance the expression of the TSP-I gene.

ISP-1 promoter and its in vivo Egr-1 recruitment. DNA-
damaging agents can up-regulate the expression of the tumor
suppressor gene FEgr-1 in both normal and cancer cells (12),
whereas Sp-1 plays a role in the EGF-indiiced activation of the
TSP-1 gene (10). We thus focused our study on Egr-1. To confirm
the recruitment of Egr-1 to the TSP-1 promoter in vivo, a ChIP
assay was performed (Fig. 2C). The Egr-1 recruitment was dose-
dependently and time-dependently enhanced by 5-FU in KM12C
cells. This enhancement was hardly detected when nonimmune
1gG was used- (Fig. 2C~ bottom). These results indicated the
enhanced binding of Egr-1 to the TSP-I promoter in cells treated
with 5-FU.

Effect of 5-FU on Egr-1 expression in' KM12C cells. The
expression of ‘Fgr-I' mRNA was  also verified using RT-PCR and
real-time PCR' (Fig. 3). It was dose-dependently and time-
dependently increased by 5-FU (Fig. 34 and B). To identify the
subcellular localization of 'Egr-1 induced by 5-FU; Egr-1 was
observed - using confocal fluorescence microscopy. Egr-1 was
mainly localized in the nuclei of KM12C cells treated with 5-FU
but was not detected in the control cells (Fig; 3C).

Effect of Egr-I knockdown on the induction of 7§P-1 by
5-FU. To confirm that Egr-1 is involved in the enhanced expression
of TSP-1 by 5-FU, Egr-1 siRNAs were used to knockdown the
expression of Egr-1. The induction ‘of Egr-I mRNA and protein
expression by 5-FU was considerably suppressed by Egr-1 siRNA,
but xiot by GFP siRNA. Fgr-1 knockdown resulted in the decreased
expression of TSP-I'mBNA and protein (Fig. 44~D). These results
show that Egr-1 is required for the 5-FU-mediated induction of
TSP-1. .

To examine whether Egr-1 is required for the 5-FU-mediated
induction- of TSP-1 inother tumor  cells, we determined the
expression levels of Egr-1 and TSP-1 in MCF7 cells. When MCF7
cells were treated with:1 and 2 pmol/L 5-FU at concentrations
near ICg, (Supplementary Fig. $24), the expressions of Egr-1 and
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Figure 3. Effect of 5-FU on Egr-1 expression in
KM12C cells. A and B, cells were treated with 5-FU
at 1 and 2 pmol/L for 1, 3, and 5 d, and the

* Egr-1 mRNA was analyzed using RT-PCR. A,
semiquantitative RT-PCRs performed with primers
specific for the indicated genes. B, relative
expression levels of Egr-1 mRNA in KM12C cells
were meastred using real-time PCR. The expression
of the GAPDH gene was used to normalize the
values of Egr-1. Data are expressed relative o the
Egr-1 mRNA level in untreated cells at day 1
(considered 1). Columns, representative of triplicate
independent experiments; bars, SD. *, P < 0.05;

**, P < 0.01, significantly different fram untreated
cells. C, nuclear localization of Egr-1 protein induced
by 5-FU in KM12C cells. The intracellular

5 localization of Egr-1 was analyzed using confocal
flurorescence microscopy. The cells were treated
with 2 pmol/L 5-FU for 5 d and stained with DAPI
(blue) and an anti~Egr-1 antibody (green). Top,
KM12C cells treated with 2 aumol/L 5-FU; bottom,
untreated cells.

TSP-1 were also increased compared with those of untreated
cells (Supplementary Fig. S2B-D). TSP-1 protein levels in. the
5-FU-treated MCF7 cells were. suppressed when Egr-1 was
down-regulated by Egr-1 siRNA (data not shown). These results
suggest that our findings are not limited to KM12C cells,

Effect of 5-FU on the activation of the p38 MAPK pathway.
Several studies have indicated the activation of one. or more
members of the MAPK family of intracellular signaling kinases by
cytotoxic agents (13). Among them, p38 often transmits the signal
generated by diverse stimuli (14). The. p38 MAPK  inhibitor
SB203580 attenuated the TSP-1. up-regulation induced by trastu-
zumab and transforming growth factor-pl (TGF-BL refs, 10, 15).
We thus focused our study on p38 MAPK. To examine. whether
5-FU is involved in the activation of the MAPK pathways, the effect
of 5-FU on the phosphorylation of proteins involved in p38 MAPK
pathways was studied. The treatment of KM12C cells with. 1 and
2 pmol/L 5-FU for 5 days increased the phosphorylation of p38,
whereas the expression level of p38 remained unchanged (Fig. 54).
This indicated that the p38 MAPK pathway is activated by 5-FU.

Effect of p38 MAPK inhibitor on 5-FU~induced Egr-1 and
78P-1 expression. To confirm that the activation of p38 MAPK
contributes to 5-FU-induced Egr-1 and TSP-1 expression, we
examined the effect of a p38 MAPK inhibitor on the expression of
Egr-1 and TSP-1. As shown in Fig. 5, the p38 MAPK inhibitor
SB203580 remarkably suppressed the expression of Egr-1, TSP-1
mRNA, and Egr-1 (Fig. 5B-D). The p38 MAPK signaling pathway

might play an important role in the 5-FU-induced expression of
Egr-1 and 78P-1 in KM12C cells. In accordance with these findings,
SB203580 attenuated the 5-FU-induced phosphorylation of HSP27,
one of the downstream molecules of p38 MAPK. However, it had no
effect on 5-FU-induced HSP27 expression (Fig. 5D).

Discussion

Previous studies indicated that TSP-1 induced by low-dose
cyclophosphamide is implicated in the suppression of fumor
growth (16). Furthermore, our recent study showed that
5-FU-based drugs have antitumor function partially through
up-regulation of TSP-1 in colorectal cancer xenografts (5). In
accordance with these results, we also found that 5-FU enhanced
the expression. of TSP-1 in human colon. cancer (KM12C-and
LOVO: cells)’ and' breast cancer MCF7 cells: (Fig. 1 and
Supplementary Fig: S2B and D). The expression level of 7SP-1
mRNA in. human umbilical . vascular. endothelial cell- was: also
increased by 5-FU (data not shown). Various extracellular stimuli
and compounds altered TSP-1 gene expression (17). It is generally
accepted: that TSP-1- expression levels: are: tightly regulated at
the transcriptional level. Donoviel and colleagues (18) identified
the TSP-1 promoter region and found that the 5-flanking region
between —234 and’' +750 was important for the basal transcrip-
tional activity (19). The promoter region of mouse TSP-I contains
one Egr-1 binding site, and TSP-1 transcription is enhanced by
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Figure 4. Effect of Egr-1 knockdown on the induction of TSP-1 in KM12C cells treated with 5-FU. KM12C cells were transfected with 40 nmol/L. Egr-1 siRNA for 6 h and
then subjected to 5-FU at 2 pmol/L for 5 d. A, semiquantitative RT-PCRs performed with primers specific for the indicated genes. B, the levels of Egr-1 (feft) and
TSP-1 (right) mRNA were measured using real-time RT-PCR. The GAPDH gene was used to normalize the values of TSP-1 and Egr-1 mRNAs. Data are expressed
relative to the Egr-1 or TSP-1 mRNA level in GFP siRNA-transfected and 5-FU-untreated cells. Columns, an average of three independent experiments; bars, SD.

*, P <0.05; **, P < 0.01, significantly different from GFP siRNA-transfected cells treated with the same concentrations of 5-FU. C, the expression leve! of Egr-1 and
TSP-1 in 5-FU-treated KM12C cells transfected with GFP or Egr-1 siRNA was analyzed. The cell lysates were subjected to SDS-PAGE, and the expressions of Egr-1 and
TSP-1 were detected using immunoblotting with the antibodies indicated in Materials and Methods. D, Egr-1 (léff) and TSP-1 (right) protein levels wete determined as
described in Fig. 1B. Data are expressed relative to the levels of Egr-1 or TSP-1 in GFP siRNA-transfected and 5-FU-untreated cells. Columns, an average of three
independent experiments; bars, SD.*, P < 0.05; **, P < 0.01, significantly different from GFP siRNA-transfected cells untreated with 5-FU.

Egr-1 (20). In human hepatic HuH-7 cells, the 7SP-I promoter studies, we also showed that 7SP-I promoter region (—267/—71)
region between —267 and —71 contained two GC boxes to which is needed for the augmentation TSP-1 promoter activity by 5-FU,
Sp-1bound. These boxes were found to be responsible for the and the deletion of the region in which the Egr-1 and SP-1
promoter ‘activity enhanced by EGF (10). Consistent with these binding sites reside almost completely blocked the TSP-I
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Figure 5. Activation of p38 MAPK pathway by 5:FU: and the effect of the activated p38 MAPK pathway on the 5-FU-induced expression of TSP-1 mRNA levels
and Egr-1 expression in KM12C cells. A, KM12C cells were exposed to 1 or 2 pmol/L of 5-FU for 5 d, and an immunoblot analysis was performed using an antibody
against phosphorylated p38 kinase. The blot was reprobed with an antibody against p38. KM12C cells were treated as described above, and 5-FU-induced. Egr-1
and TSP-1 mRNA levels were measured using semiquantitative:RT-PCR and real-time RT-PCR. B, semiquantitative RT-PCRs performed with primers specific for the
indicated genes. C; relative expression levels of Egr-1 (lefty and TSP-1 (right) mRNAs in KM12C cells were measured using real-time RT-PCR. The expression

of the GAPDH gene was used to normalize the values of Egr-1-and TSP-1. Data are expressed relative to the Egr-1 or. TSP-1 mRNA in the untreated cells. Columns,
an average of three independent experiments; bars; 8D. *; P < 0.05; **, P < 0.01, significantly different compared with the cells treated with 2 umol/L 5-FU alone.
D, KM12C celis were exposed to 2 pmol/L: 5-FU with or without MAPK inhibitor for 5 d, and an immuncblot analysis was performed using the indicated antibodies.
o-Tubulin was 'used as an internal control.
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Figure 6. Schematic pathway for 5-FU-induced TSP-1 expression in KM12C
human colon cancer cells. In this model, 5-FU calses the activation of

the p38 MAP kinase pathway, leading to the increased expression of Egr-1.
Egr-1 binds to the promoter of TSP-1 and enhances the transcription of the
TSP-1 gene and subsequently the expression of Egr-1.

promoter activity (Fig. 2B). Furthermore, the increased binding of
Egr-1 to the TSP-1 promoter in cells treated with 5-FU was also
observed (Fig. 2C).

Egr-1 is a Cys2-His2-type zinc-finger transcription factor and
binds te GC-rich, cis-acting promoter elements, controlling the
expression of a wide variety of pathogenesis-relevant genes,
encoding growth factors, cytokines, receptors, adhesion molecules,
and proteases, many of which are involved in angiogenesis,
tumorigenesis (21), the response to ischemia (22), and the progress
of several vascular diseases (23). A number of reports also indicate
that Egr-1 acts as a tumor suppressor gene. Egr-1 is down-
regulated in several types of neoplasia, as well as an array of tumor
cell lines. Egr-1 is induced very early in the apoptotic process,
where it mediates the activation of downstream regulators, such as
p53 (24). Egr-1. also activates. phosphatase and tensin homologue
tumor suppressor gene during UV irradiation (25), suppressing the
growth of transformed cells in both soft agar and athymic nude
mice (26). Sustained Egr-1 expression may cause the induction of
multiple pathways of antiangiogenesis, growth arrest, and apopto-
sis induction in proliferating cells leading to preferential inhibition
of angiogenesis and tumor growth. Egr-1 possesses a strong
inhibitory effect on the angiogenic activity of VEGF in vivo (27).
Our resulis showed that Egr-1 induced by 5-FU was needed for the
increased expression of TSP-1 in KM12C cells treated with 5-FU
(Figs. 3 and 4).

MAPK "pathways ‘have been implicated in the response to
chemotherapeutic drugs (28). c-Jun amino-terminal kinase and p38
kinase are important for controlling cell growth and apoptosis in
response to chemical stress, radiation; and growth factors (29). Our
results showed that 5-FU activated p38 MAPK (Fig. 54). Activated

p38 MAPK phosphorylates MAPKAP kinase 2, which in turn
phosphorylates HSP27 (30). SB203580 attenuated the 5-FU-
enhanced phosphorylation of HSP27, indicating that SB203580
effectively inhibited the activation of p38 pathway in 5-FU-treated
KMI12C cells. $B203580: suppressed. the expression of both Egr-1
and TSP-1 mRNAs, suggesting that the activation of the p38 MAPK
pathway by 5-FU is responsible. for the induction of Egr-1 and
TSP-1 (Fig. 5B-D). Trastuzumab also stimulated sustained p38
activation, and SB203580 attenuated the TSP-1 up-regulation
induced by trastuzumab (15). SB203580 partially inhibited TGF-
p1-induced TSP-1 expression (10). These findings suggest that the
activation of p38 MAPK plays an important role in the induction of
TSP-1 by some anticancer agents and growth factors, Further study
is needed to determine the detailed mechanisms underlying the
regulation of the p38 MAPK pathway by 5-FU.

Several transcription factors are regulated by p38 MAPK, and
this kinase is involved in the control of the expression of various
genes. In vitro studies show that the transcription factor ATF2 is
phosphorylated and activated by p38 MAPK. In addition, p38
MAPK activates the Elk-1, CHOP, MEF2C, and SAP-1 transcription
factors (31). Our finding that 5-FU activated p38 MAPK and then
increased the expression of Egr-1 may be useful for elucidating the
molecular basis for the chemopreventive and antitumor effects of
5-FU and its prodrugs.

HSP27 is a molecular chaperone that is constitutively expressed
in several mammalian cells, particularly during pathologic
conditions. This protein protects cells- against toxicity mediated
by aberrantly folded proteins or oxidative inflammatory conditions.
In addition, this protein has antiapoptotic properties and is
tumorigenic when expressed in cancer cells (32). Some anticancer
agents, particularly cisplatin (33), vincristine, and colchicines (34),
also enhanced HSP27 expression. It is as yet unknown whether the
induced HSP27 affects the antitumor activity of these anticancer
agents.

A schematic representation of a proposed molecular basis for
the up-regulation of TSP-1 by 5-FU.in KM12C cells is shown in
Fig, 6. Our findings show that 5-FU activated p38 MAPK and then
up-regulated Egr-1 expression, resulting in the expression of an
endogeneous antiangiogenic factor, TSP-1. Recently, we have
found that the expression. of VEGF mRNA was suppressed by
5-FU using Genechip analysis (11). VEGF is produced in varying
quantities in tumors and seems to be an important modulator of
TSP function. Relative ratios of TSPs to VEGF might determine
whether vessels regress or proliferate (17). Further study is
needed to elucidate whether TSP-1 induced by 5-FU is involved in
the antitumor effect of 5-FU. A better understanding about the
mechanisms of the antiangiogenic and the antitumor effect of
5-FU might provide new approaches for the treatment of colon
and breast cancers.
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Attention has recently focused on the critical role of inflammatory
responses in the tumor stroma that provide favorable conditions for
cancer-cell growth and invasion/metastasis. In particular, macrophages
recruited into the tumor stroma and activated, known as tumor-
associated macrophages, are suggested to promote tumorigenesis,
In this study, we examined the effect of a decrease in the number of
monocytes/macrophages in peripheral blood and the tumor stroma
on the development of bone and muscle metastases by lung cancer
cells.. Treatment with clodronate encapsulated by liposomes
(CLMDP-LIP) has been developed for the depletion of monacytes/
macrophages in an animal model. Subcutaneous administration of
C1,MDP-LIP markedly reduced the number of monocytes in peripheral
blood, resulting in efficient suppression of both bone metastasis
and muscle metastasis when lung cancer HARA-B cells were injected
into the left cardiac ventricle of mice. Treatment with Cl,MDP-LIP
significantly reduced the number of macrophages in tumots and the
number of osteoclasts in bone marrow, as well as peripheral
monocytes in mice harboring lung cancer cells. In contrast,
treatment with an osteoclast-targeting antibiotic, reveromycin A,
inhibited bone metastasis by lung cancer cells, but not muscle
metastasis. The survival of human macrophages in culture was found
to be specifically blocked by CL,MDP-LIP, but not by reveromycin A.
CI,MDP-LIP thus exerted antimetastatic effects in both bone and
muscle whereas reveromycin A did so only in bone. Liposome-
encapsulated bisphosphonate may modulate metastasis through
decreasing the number of monocytes/macrophages in both
peripheral blood and the tumor stroma, suggesting that tumor-
associated macrophages might be suitable targets for antime-
tastatic therapy. (Cancer Sci 2008; 99: 1595-1602)

M etastases of several malignant cancers including those of
the breast, lung, prostate, and kidney have high-affinity
for bone. Bone metastasis is - often accompanied by serious
complications such as pathological fractures, bone pain; spinal
cord - compression, - and " hypercalcemia. - Organ - metastasis,
including that affécting bone, is a multistep process mediated
through mutual interaction between cancer cells and the host
microenvironment. In bone metastasis, cancer cells reach the
bone via hematogenous spread, followed by osteoclastic bone
resorption, ~and " finally proliferate’ in “the bone  matrix.!"?
Moteover, osteoclast-stimulating cytokines such as PTHrP have
been shown to promote bone metastasis.®

Inflammatory responses in the tumor stroma play an important
role by providing favorable conditions for cancer cell growth,
invasion/metastasis, and angiogenesis as well as malignant pro-
gression.*9 In particular, monocytes/macrophages are recruited
into the tumor stroma, and activated macrophages known as

doi: 10.1111/1,1349-7006.2008.00880.x
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TAMSs produce potent angiogenic factors, as well as inflammatory
cytokines, growth factors, and proteases, resulting in a promotion
of angiogenesis and invasion/metastasis.® Infiltrating TAMs
are often closely associated with poor prognosis and tumor
angiogenesis in patients with various tumor types.®'V A pre-
paration of CLMDP-LIP has been reported to markedly inhibit
angiogenesis in cormeas in response to inflammatory cytokines
through depletion of macrophages.!® A recent study has dem-
onstrated that administration of clodronate-liposomes depleted
TAMs in mouse models resulting in significant inhibition of
tumor growth and tumor angiogenesis, whereas free clodronate
along did not."® Clodronate-liposomes were also found to inhibit
both tumor growth and tumor angiogenesis by lung cancer cells
in a xenograft model when stimulated by inflammatory stimuli.(*9
Angiogenesis in a tumor microenvironment in bone marrow also
played a critical role in the induction of an angiogenic response
and invasion/metastasis by cancer cells."" Furthermore, mono-
cyte/macrophage precursor cells entered the osteoclastic lineage
and expressed the osteoclastic marker TRAP under the influence
of the RANK/RNAKL signaling pathway.'® Tumor burden at
bone metastatic sites was markedly decreased in preclinical
models on treatment with inhibitors of the RANK/RANKL
pathway and neutralizing antibodies against PTHrP as well as
bisphosphonate, suggesting a central role for osteoclasts in
bone metastasis.™1 Together, one can expect a decrease in the
number of the monocyte/macrophage-lineage by clodronate-
liposomes to attenuate the bone metastasis and growth by cancer
cells.

In the present study, using an animal model of bone metastasis
with the human lung cancer cell line HARA-B, we investigated
whether the administration of clodronate-liposomes was able to
modulate bone metastasis by lung cancer cells.®* On the basis
of our results, we discuss whether liposome-encapsulated bispho-
sphonate may be useful for treating not ‘only bone metastasis
from lung cancer, but also metastasis in other tissues/organs.

Materials and Methods

Cell culture. HARA-B - cells - were established from bone
metastasis of human lung cancer in nude mice and cultured
in' RPMI-1640 supplemented with 10% FBS and 10-U/mL

"To whom correspondence should be addressed.

E-mail: khiraoka@med.kurume-u.ac.jp

Abbreviations: Ab, antibody; BSA, bovine serum albumin; Cl,MDP-LIP, clodronate
encapsulated by liposomes; DAPI, 4',6-diamidino-2-phenylindole; FITC, fluorescein-
isothiocyanate; HRP, horseradish peroxidase; OCT, optimal cutting temperature;
PBS, phosphate-buffered saline; PE, phycoerythrin; PTHrP, parathyroid hormone-
related protein; RT, room temperature; TAMs, tumor-associated macrophages; TRAP,
tartrate-resistant acid phasphatase,
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penicillin-streptomycin.®?® The cells were incubated at 37°C
in a humidified atmosphere of 5% CO, in air. Human
macrophage-like cell line U937 was purchased from the
American Type Culture collection (Manassas, VA, USA) and
cultured in RPMI supplemented with 10% FBS.

Reagents, FITC-conjugated anti-F4/80 mAb and PE-conjugated
anti-CD11b mAb were obtained from CALTAG Laboratories
(Burlingame, CA, USA). Rat antimouse F4/80 Ab (MAC497R)
was obtained from Serotec (Raleigh, NC, USA). Rat antimouse
Gr-1 was purchased from R&D Systems (Minneapolis, MN,
USA). Phosphatidylcholine, cholesterol, and clodronate (dichloro-
methylene diphosphate; CLMDP) were from Sigma-Aldrich
(St Louis, MO, USA). Reveromycin A was a gift from Riken
(Saitama, Japan).

Preparation of CI2MDP-LIP. CLMDP-LIP was prepared as
described previously.t»?) A total of 11 mg of cholesterol and
75 mg of phosphatidylcholine were combined with 10 mL of
0.7-M CLMDP solution and sonicated gently. The resulting
liposomes were washed three times to eliminate any free drug.
Empty liposomes were prepared as a control under the same
conditions using PBS instead of CI,MDP.

Animals. Female S-week-old BALB/C nude mice were
obtained from Clea Japan (Tokyo, Japan) and maintained in a
specific pathogen-free environment throughout the experiment.

Flow cytometry. Blood samples were obtained from the left
cardiac ventricle in mice under anesthesia at day 0, 1, and 2
after stimulation with CLMDP-LIP. A total of 50 mL of each
sample was stained for 15 min in a dark doom with FITC-
anti-F4/80 mAb (1:50) to label macrophages, and with PE-
anti-CD11b mAb (1:50) to label macrophages and neutrophils.
Positive cells were measured using a FACScan (Becton Dickinson,
USA).4»

Bone and muscle metastasis by cancer cells, and antimetastatic
therapeutic protocol. HARA-B cells (2 X 10°%/100 pL) were injected
into the left cardiac ventricle of mice on day O under anesthesia
with pentobarbital (0.05 mg/g body weight; Dainippon Phar-
maceutical, Osaka, Japan).”Y To assess the inhibitory effect of
CLMDP-LIP on the formation of bone and muscle metastasis,
CLMDP-LIP at 200 ulL, or 400 1L was subcutaneously (s.c.)
administered into the base of the tail once every 3 days for 6
weeks after the inoculation of HARA-B cells. A subcutaneous
administration of reveromycin A (10 mg/kg) was also performed
every day for 6 weeks after the inoculation of HARA-B cells.
Bone metastases were determined on X-ray photographs at 4 or
6 weeks. Osteolytic bone metastasis on X-ray photographs was
evaluated independently. Mice were sacrificed under anesthesia
with pentobarbital (0.5 mg/g body weight) at 5 or 6 weeks after
inoculation. The extremities and spine were harvested and fixed
in 10% formalin.  The bone specimens were decalcified in
10% EDTA solution for 1 week and then embedded in paraffin.
Tumor metastases were histologically evaluated by the number
of colonies and the tumor area in bone and muscle after
hematoxylin—eosin staining.®

Immunohistochemical and immunofluorescence analysis. Macr-
ophages in bone marrow and tumors were determined using
immunohistochemistry for F4/80. Slides were deparaffinized
and hydrated, and then rinsed twice with PBS. After 1 h of
blocking with 2% goat serum, the sections were incubated
overnight with rat antimouse F4/80 (1:200) at 4°C in. 1% BSA
in PBS. They were then rinsed three times with PBS and treated
with HRP-conjugated goat antirat IgG (DakoCytomation, CA,
USA) aund stained using the DakoCytomation LSAB2 SYSTEM
HRP kit, according to. the instructions. The sections were
counterstained with diluted hematoxylin according to the
manufacturer’s. directions.

For: the detection of osteoclasts, TRAP staining: was: done
using a Sigma Diagnostics Acid Phosphatase kit. The number of
TRAP-positive cells in bone marrow was counted by micros-
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copy in five random fields in each of three sections at x200
magnification.

To determine the macrophages and neutrophils in HARA-B
tumors, immunofluorescence staining was performed. The
tumor samples from bone or muscle were excised and immersed
in OCT compound, and immediately frozen in liquid mitrogen.
Frozen sections 5-im thick were prepared. The sections were
rinsed with PBS and briefly fixed in 4% paraformaldehyde/PBS
for 20 min at RT, followed by two further rinses in PBS. After
1 h of blocking with 2% goat serum, the sections were incubated
overnight with rat antimouse F,,, (1:200) or rat antimouse Gr-1
(1:200) at 4°C in 1% BSA in PBS. They were then rinsed three
times with PBS and incubated with goat antirat IgG; 1-mg/mL
Alexa Fluor 488 for F4/80 (Molecular Probes, Eugene, OR,
USA) in 1% BSA in PBS for 60 min at RT. Nuclear staining
was carried out using DAPI (1:1000; Dojindo, Japan). Cover-
slips were mounted on sections using gel mount and viewed
using an Olympus BX51 florescence microscope (Olympus,
Tokyo, Japan) fitted with an Olympus DP-70 digital camera
(Olympus). For quantification, the number of stained cells was
counted in five random fields in each of three tumors at x200
magnification.

Cell survival assay. Cell survival assay was carried out using
a Cell Counting Kit (Wako Pure Chemical Industries, Osaka,
Japan). In brief, HARA-B cells and human monocytes were
plated in triplicate in 96-well plates at a density of 5000 cells/
well in basal medium. Following overnight culture, PBS-LIP,
CI,MDP-LIP, ot reveromycin A was added to each concentration,
and the cells were incubated for 48 h. After 48 h, WST-1 was
added and the cells were incubated for a further 1 h. The plates
were read at a wavelength of 450 nm using a microplate reader
(Model 3550; Bio-Rad, Richmond, CA, USA). Results are
presented as the mean + 8D,

Statistical analysis. The significance of tumor incidence was
determined by y*-test. The significance of differences in the
number of metastases was determined by the Mann—Whitney
U-test. The significance of differences in the numbers of TRAP-
positive cells and tumor area was estimated using the unpaired
Student’s r-test. P-values of <0.05 were considered statistically
significant,

Results

Decrease in the number of monocytes/macrophages by CI,MDP-LIP
in'vitro and in vive. Blood samples were harvested from the left
cardiac ventricles of mice under anesthesia as a control.
Subsequernitly, CLMDP-LIP at 200 uL and 400 pL. was s.c.
administered” into the base of the tail, and a 100-uL blood
sample was obtained after 24 and 48 h. Bach sample was stained
with FITC-anti-F4/80 mAb and PE-anti-CD11b mAb to label
macrophages, and double~positive cells were measured using a
FACScan. The rate of double-positive staining was about 5-7%
before stimulation with CLLMDP-LIP. The number of double-
positive cells in peripheral blood was decreased significantly at
24 h. after stimulation with. 400 uI, of CLMDP-LIP but had
recovered slightly after 48 h. Although stimulation with 200 uL.
of CLLMDP-LIP also suppressed the percentage of monocytes at
24 h, the effect was. less marked than that of 400 uL. of CL, MDP-
LIP (Fig. 1a,b). PBS-LIP and reveromycin A did not decrease
the number of monocytes in peripheral blood (Fig. 1¢). We also
compared the effects of CLMDP-LIP and reveromycin A on
the survival of lung cancer HARA-B cells and macrophage
U937 cells in culture. Survival of cancer cells was specifically
inhibited by reveromycin A at both 5 and 10 {g/mL, but
CLMDP-LIP had no effect up to 200 pM (Table 1). By contrast,
survival of macrophages was blocked only by 20-200 pM
CLMDP-LIP, but not by reveromycin A at up to 10 pg/mL
(Table 1). Thus, CLMDP-LIP had a more specific effect on

doi: 10.1111/].1349-7006.2008.00880.x
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Fig. 1. The decrease in the number of monocytes in peripheral blood by treatment with clodronate encapsulated by liposomes (CI,MDP-LIP). (a)
FACS analysis of macrophages on days 0, 1, and 2 in peripheral blood of nude mice untreated or treated with CI,MDP-LIP. Each blood sample
(100 ulL) was harvested from the left cardiac ventricle under anesthesia before stimulation. Subsequently, blocd samples were taken on days 1 and
2 after the subcutaneous administration of CI,MDP-LIP at 200 pL or 400 pL/mouse. Cells were stained with fluorescein-isothiocyanate (FITC)-anti-
- FA/80 monoclonal antibody (mAb) (1:50) and phycoerythrin (PE)-anti-CD11b mAb (1:50). F4/80- and CD11b-positive cells were measured by
FACScan, Upper lane, CI,MDP-LIP 200 pL; lower lane, Cl,MDP-LIP 400 pL. Quantification of the number of monocytes in peripheral blood of nude
mice treated with (b) Cl,MDP-LIP at 200 pl or 400 pL, and (c) PBS-LIP (400 ul) or reveromycin A (10 mg/kg). Each value represents the mean number

of monocytes/macrophages + SD {n = 4). *P < 0.05.

Table 1. Effect of clodronate, CI,MDP-LIP, and reveromycin A on the
survival of macrophages and lung cancer cells

Drug Dose Lung cancer cells* Macrophages*
PBS-LIP 0 100.0+4.0 100.0 £5.9
Clodronate 2 93.3+5.6 98.3+6.6

20 93.8+7.1 99.9+ 11.5

200 (M) 99.1+1.8 92.7+8.9
CI,MDP-LIP 2 100.0+2.6 94.0 9.1

20 100.0+£ 04 74.7+2.4

200 (uM) 100.0+5.7 26,4+ 3.7
Reveromycin A 1 100.0+5.6 101.2£1.6

5 33.1+25 100.7 £ 2.4

10 (ug/ml) 12,2+ 0.4 (%) 105.3 £ 1.5 (%)

HARA-B cells (5 x 10%/well) and macrophages (5 x 103/well) were
incubated for 2 days in the absence or presence of various doses of
drugs, and surviving fractions were determined.

Each value was the average of triplicate dishes, and presented as a
relative percentage, the cell number in the absence of any drug being
taken as 100%. *Mean + SD.

macrophage survival than reveromycin A in both in vitro and
in vivo. :

Inhibition of bone and muscle metastases by CI2MDP-LIP. Bone
and muscle metastases in mice were followed using X-ray
photographs at 4 or 6 weeks after inoculation of 2 x 10° cancer
cells (Fig. 2a). Colonies of abundant proliferating cancer cells
were observed in both bone and muscle when both regions were

Hiraoka et al.

histologically examined at 6 weeks after cancer cell inoculation
(Fig. 2b). We first examined the inhibitory effect of CLMDP-LIP
on bone and muscle metastases of cancer cells in comparison
with PBS-LIP (control). Based on. the effects of CI,MDP-LIP
(Fig. 1), we determined the protocols shown in Fig. 3a.
CLMDP-LIP was administered s.c. at 200 pL. and 400 pL once
every 3 days for 6 weeks just after the inoculation of cancer
cells (Fig. 3a). All of the mice treated with PBS-LIP showed
destructive bone changes in X-ray photographs or paralysis in
the hind limbs at 6 weeks. By contrast, treatment with CLMDP-LIP
at 200 pL. and 400 pL inhibited the development of bone
metastases by cancer cells (Fig. 3b). Fig.3b also shows the
therapeutic effects of reveromycin A on bone metastasis when
administered s.c. at 10 mg/kg daily after cancer cell inoculation.
Treatment with reveromycin A markedly inhibited bone
metastasis by lung cancer cells. Quantitative analysis showed
that both the incidence of bone metastasis and the number of
metastatic foci were significantly decreased by treatment with
CLMDP-LIP at 200 pL. and 400 pL, and reveromycin A
(Table 2). The inhibitory effect of CLMDP-LIP at 400 uL. was
strongest among those agents (Table 2).

We also compared the therapeutic effects of various agents on
both muscle metastasis and bone metastasis by histological analysis.
Treatment with CLLMDP-LIP at 400 pL. and reveromycin A
significantly decreased the number of tumor colonies in bone
(Table 3). We also observed a marked decrease of tumor colony
numbers in: muscle by CLMDP-LIP ‘at 400 pL. (P < 0.05) but
not by reveromycin A. Furthermore, CIL,MDP-LIP at 400 puL.
significantly (P < 0.05) inhibited tumor area in bone as compared

CancerSci | August2008 | vol.99 | no.8 | 1597
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Table 2. Radiological analysis of inhibitory effects. of clodronate-
liposomes and reveromycin A on bone metastasis

Treatment Incidence of bone metastasis No. of metastatic foci*
PBS-LIP. 8/9 6.6+4.2
Cl,MDP-LIP (200 pb) 3/7t 09+1.2¢
CI,MDP-LIP (400 pul) 1/9* 0.1+£0.3*%
Reveromycin A 1/9* 0.3+1.0*

overomyon AMA AL coocione 4444

CL,MDP-LIP (200 1))

Reveromycin A

HARA-B cells {2 x 10° per mouse) were injected into the left cardiac
ventricle of nude mice on day 0. The mice were s.c. administered
PBS-LIP, CI,MDP-LIP (200 and 400 pl/mouse once every three days), or
reveromycin A (10 mg/kg daily) from day 0 to 6 weeks. Bone metastases
were determined by radiographs at 4 and 6 weeks after inoculation.
+Mean +SD, 'P < 0.05, *P < 0.01.
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Fig. 2. Radiographic and histological analysis of
untreated mice. The human lung cancer cell line
HARA-B (2x 10° cells per mouse) was injected
into the left cardiac ventricle of nude mice. (a)
Bone metastases were determined by
radiography on the indicated days after
inoculation. Arrows indicate osteolytic bone
metastases. (b) The mice were sacrificed at 6
weeks, and bone and muscle metastases were
examined histologically. Bar, 200 um; T, tumor; B,
bone; M, muscle,

X-P, autopsy '

42 days

Fig. 3. Clodronate-liposomes and reveromycin A
decreased the frequency of bone metastasis by
lung cancer cells. (a) Experimental protocol of the
treatment with clodronate encapsulated by
liposomes (CI,MDP-LIP) and reveromycin A on
bone or muscle metastases of HARA-B cells. (b)
Radiographs of the hind limbs of nude mice
treated with PBS-LIiP (400 pb), CIL,MDP-LIP
(200 ut), CL,MDP-LIP (400 pul), and reveromycin A
(10 mg/kg). HARA-B cells (2x 10° per mouse)
were injected into the left cardiac ventricle. At 6
weeks after the subcutaneous administration of
PBS-LIP, ' CI,MDP-LIP (200 ut. and 400 pl/mouse
once every 3 days), and reveromycin A (every day)
the extent of bone and muscle metastases was
determined by radiography and autopsy. Arrows
indicate osteolytic bone metastases.

with' the control, whereas reveromycin A or CLMDP-LIP at
200 pL. decreased the tumor: area by only 30-50% compared
with the control. In contrast, there was no significant difference
in the inhibitory effect on tumor area in muscle between the
untreated control and treated groups. Of the various treatments
against tumor area in muscle, only CLMDP-LIP at 400 ul had
an inhibitory effect, although the inhibition was not statistically
significant (Table 3).

Decrease in the number of both macrophages in tumor and
osteoclasts in bone by CI2MDP-LIP. We examined whether the
number_of macrophages was affected by treatment with
CL,MDP-LIP. The number of macrophages in tumors was also
estimated by immunofluorescence analysis with a rat antimouse
F4/80 antibody. The immunofluorescence analysis of mice

doi: 10.1111/1.1349-7006.2008.00880.x
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Fig. 4. - Reduced infiltration of macrophages in tumors by clodronate encapsulated:by liposomes (CI,MDP-LIP). (a) Immunofluorescence analysis of
F4/80-positive cells in HARA-B tumors. The tumors derived from mice treated with PBS-LIP, CI,MDP-LIP (400 pL), and reveromycin A (10 mg/kg) were
excised at 6 weeks after inoculation as described in the experiment protocol. The samples were stained with rat anti-F4/80 antibody (1:200), and
ant-rat Alexa-Fluor-488 (1:1000) was used as secondary antibody to detect the F4/80-positive macrophages. Nuclear staining was carried out using
4',6-diamidino-2-phenylindole (DAPI) (1:1000) to present profiles of tumor masses, and the merged figures were used to localize the F4/80-positive
cells:in tumor masses. (b) Some sections weré incubated with rat anti-F4/80 antibody and horseradish pefoxidase (HRP)-conjugated goat antirat
IgG was used as secondary antibody. Bar, 100 um: (c) Quantification of macrophages in HARA-B tumors. The number of stained cells was counted
in five random fields for each of three tumors derived from mice treated with PBS-LIP-and CI;,MDP-LIP at x200 magnification. Each value represents
the mean number of macrophages £ SD. *P < 0.05. (d). Some sections were incubated with rat anti-Gr-1 antibody. Bar, 100 um. (e) Quantification
of neutrophiles in HARA-B tumors. The number of stained cells was counted in five random fields for each of three tumors at x200 magnification.
Each value represents the mean number of neutrophiles + SD.

Table 3. Histological analysis of inhibitory effects of clodronate-liposomes and reveromycin A on bone metastasis

. No. of tumor colonies* Tumor area (mm?)*
Treatment Incidence of metastasis
bone muscle bone muscle
PBS-LIP 8/9 4.7+4.1 13.2+ 14.1 8.1+£6.9 16.4 £20.2
CI,MDP-LIP (200 pl) 577 2.0+3.0 7.9£13.1 56%+93 101+ 11.3
CL,MDP-LIP (400 pl) 5/9 0.4+0.7* 1.2+1.2¢ 0.4 £0.8° 2.0+£33
Reveromycin A 6/9 0.7 +1.3' 43+46 3.7+9.2 149+ 13.9

HARA-B cells {2 x 10° per mouse) were injected into the left cardiac ventricle of nude mice on day 0. The mice were s.c. administered PBS-LIP,
CLMDP-LIP (200'and 400 pl/mouse once every three days), or reveromycin A (10 mg/kg daily) from day 0 to 6 weeks. The mice were sacrificed at
6 weeks and the formation of metastasis in bone or muscle was examined: The tumor area is represented as the sum of the individual tumor areas
in bone or muscle of each mouse calculated as nd%4, where d is the diameter of each tumor in mm, *Mean = SD, 1P < 0.05.
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PBS-LIP
(b)

No. of TRAP+ cells/HPF in bone marrow

Fig. 5.

Reveromycin A

Reduced number of osteoclasts in bone marrow by clodronate encapsulated by liposomes (CI,MDP-LIP). (a) Tartrate-resistant acid

phosphatase (TRAP) staining was done using a Sigma Diagnostics Acid Phosphatase kit. The hind limbs of mice treated with PBS-LIP, Cl,MDP-LIP
(200 pb. and 400 pl), and reveromycin A in the experiment protocol were taken and fixed in 10% formalin. The specimens were decalcified in a
10% EDTA solution for 1 week and then embedded in paraffin. Arrows. indicate TRAP-positive osteoclasts in bone marrow. Bar, 100 um. (b)
Quantification of osteoclasts in bone marrow. The number of TRAP-pasitive cells in bone marrow was counted under a microscope in five random
fields in each of three sections at %200 magnification. The statistical significance of differences between the controls and other groups was

analyzed using the unpaired Student’s t-test, *P <.0.05; **P < 0.01.

treated with PBS-LIP revealed numerous macrophages stained
with F4/80 in tumors, whereas infiltrating macrophages in
tumors were decreased in mice treated with CLMDP-LIP (Fig. 4a).
Immunostaining of macrophages also showed a marked
decrease in the number of infiltrating macrophages in tumors on
treatment with CLMDP-LIP in comparison with the untreated
control (Fig. 4b). By contrast, the number of macrophages in
bone marrow was: not affected by treatment with: CLMDP-LIP
(data ‘not 'shown). Quantitative analysis showed asignificant
decrease of infiltrating macrophages’ in tumors: after treatment
with "CLMDP-LIP (Fig. 4c). The number of neutrophils. in
tumors. was. not. affected by. treatment with CLMDP-LIP: in
comparison with the untreated control (Fig. 4d.e).

We further examined whether treatment with CLMDP-LIP at
400 UL as well as reveromycin' A-affécted the number of osteo-
clasts in bone marrow. The hind limbs 'of mice treated with
PBS-LIP, CLMDP-LIP, and reveromycin A were harvested at 6
weeks after inoculation, and osteoclasts were identified by
TRAP staining (Fig. 5a). We observed many TRAP-positive
osteoclasts in control mice with bone metastasis. By contrast,
the number of osteoclasts was decreased in reveromycin A— and
CLMDP-LIP-treated mice. Quantitative analysis: demonstrated
that the number of osteoclasts was significantly decreased in
bone marrow by CLMDP-LIP at 400 pL and by reveromycin A
in comparison with the controls (Fig. 5b).

Discussion

In the present study, we assessed the effect of a decreasing
number of monocytes/macrophages in peripheral blood and
the tumor stroma on bone and muscle metastases using an
experimental bone: metastasis model in nude mice inoculated

1600

with human: lung cancer cells: which showed strong bone
metastasis  activity.®? - Clodronate-liposomes reduced the
number of monocytes in peripheral blood as well as the number
of osteoclasts' in bone marrow, accompanied by marked
inhibition of metastasis to both bone and skeletal muscle by
lung cancer cells. Clodronate is a -bisphosphonate, and
bisphosphonates targeting osteoclast-mediated bone metastasis
have: been used to treat bone metastasis.®® The underlying
mechanism: of their effects is inhibition of a key enzyme in the
mevalonate pathway, farnesyl diphosphate synthase, resulting-in
prevention of protein phenylation and Ras activation, and also
producing - a unique adenosine triphosphate. analog: (Apppi),
resulting. in: induction of apoptosis - of both osteoclasts and
cancer cells.® Clodronate encapsulated by liposomes has been
developed “and ' successfully “applied in several “studies for
depletion of macrophages.d*1*2) Although free clodronate is not
ingested by macrophages and is rapidly removed from
circulation,® the liposome-encapsulated form is phagocytosed,
and intracellular release of clodronate promotes apoptosis.®!
Treatment with the osteoclast-targeting agent reveromycin A
also significantly decreased bone metastasis by lung cancer
cells. Reveromycin A, a novel antibiotic, inhibits bone resorption
by inducing the specific apoptosis of activated osteoclasts,
possibly because reveromycin A is specifically transported into
osteoclasts at acidic pH.®>?? In this study, histological analyses
showed that reveromycin A markedly decreased the number of
osteoclasts in bone lesions, suggesting that reveromycin A
specifically inhibits osteolytic bone metastasis by targeting oste-
oclasts in bone lesions. Reveromycin A only slightly inhibited
the number of muscle metastases, perhaps through its direct
inhibition. of cancer cell survival. By contrast, clodronate-
liposomes inhibited the survival of macrophages in culture,

doi: 10.1111/j.1349-7006.2008.00880.x
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whereas reveromycin A did not. These findings suggest that the
clodronate-liposome-induced inhibition of both bone and muscle
metastasis may be due to a reduction the number of not only
osteoclasts, but also macrophages infiltrating the metastatic
lesions in both bone and muscle.

Monocytes in peripheral blood are versatile precursors with
the potential to differentiate into the various types of specialized
macrophages.”® Macrophages in the tumor environment are
activated by inflammatory responses during the acquisition of
malignant characteristics in both the primary tumor and bone
metastases.® Infiltrating macrophages under conditions of
inflammation are derived mainly from peripheral blood monocytes,
and create conditions in the tumor stroma and bone metastases
that favor metastasis/invasion and angiogenesis through the
production of various chemokines, cytokines, growth factors,
proteases, and hypoxia.™® Clodronate-liposomes have been
shown to significantly reduce the number of monocytes in
peripheral blood in vivo"? (see also Fig. 1), and the survival of
macrophages in vitro. Treatment with clodronate-liposomes also
markedly inhibits inflammatory cytokine-induced angiogenesis
and infiltration of monocytes/macrophages in the cornea,"® and
also tumor growth by lung cancer cells.!"® Thus, a decrease in
the number of macrophages by clodronate-liposomes might also
block the metastasis of cancer cells to bone.

Tumor angiogenesis is often closely associated with bone
metastasis by cancer cells,** possibly through angiogenesis in
the tumor stroma and also in the metastases themselves. Activation
of the VEGF, IL-8, bFGF, and cyclooxygenase-2 genes in both
tumor cells and macrophages in the tumor stroma by inflammatory
cytokines induces angiogenesis.!** Tt has been reported that
synergistic interaction between macrophages and tumor cells is
required for tumor cell migration through a paracrine loop
involving reciprocal signaling of EGF and colony-stimulating
factor-1.°" Inflammatory cytokines produced by macrophages
affect tumor invasion and angiogenesis, suggesting that the
recruitment of macrophages into the tumor stroma is prerequisite
for the acquisition of malignant characteristics.*%® Previous
studies have demonstrated the apparent involvement of macro-
phages in inflammatory cytokine-induced angiogenesis"? and
also in tumor-induced angiogenesis.> The blocking of bone
metastasis from lung cancer might be due in part to decreased
macrophage-induced angiogenesis. However it still remains to
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be clarified how bone metastasis is linked to angiogenesis in
metastatic lesions.

Treatment with clodronate-liposomes markedly inhibited the
metastasis of cancer cells to muscle as well as bone. However,
whether a decrease in the number of macrophages by this drug
is directly involved in its inhibitory effect on the metastasis to
muscle needs to be further studied. Jones ef al. have recently
reported that bone metastasis after the intracardiac injection of
melanoma cells is dependent on RANK/RANKL signaling.®?
However, in our present study, the role of RANK/RANKL
signaling was not examined. Regarding the pleiotropic mecha-
nisms of bone metastasis by cancer cells, we consider it likely
that macrophage lineages provide a microenvironment that is
favorable for metastasis and tumor growth not only in bone
but also in muscle.®® The inhibition of metastasis in both
bone and muscle by clodronate-liposomes might be due to
depletion of osteoclasts precursors as well as tumor-associated
macrophages.

In conclusion, osteoclasts are well known to play pivotal roles
in bone metastasis by cancer cells, and osteoclasts are derived
from monocytes/macrophages. Bisphosphonates are most fre-
quently used to treat bone metastasis in cancer patients, and act
by possibly targeting osteoclasts and cancer cells.®® The present
study demonstrated that treatment with a bisphosphonate encap-
sulated by liposomes markedly decreased both bone and muscle
metastases by lung cancer cells. In contrast, treatment with the
osteoclast-targeting drug, reveromycin A, specifically inhibited
bone metastasis, but not muscle metastasis, by lung cancer cells.
These findings suggest that bisphosphonates encapsulated by
liposomes may be a novel and potent therapeutic agent against
not only bone metastasis but also other organ metastases of lung
cancer cells in humans.
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Abstract

In our present study, we examined whether nuclear localiza-
tion of Y-box binding protein-1 (YB-1) is associated with the
expression of epidermal growth factor receptors (EGFR),
hormone receptors, and other molecules affecting breast
cancer proguosis. The expression of nuclear YB-1, clinico-
pathologic findings, and molecular markers' [EGFR, HER2,
estrogen receptor (ER)oi, ERB, progesterone receptor; chemo-
kine (C-X-C muotif) receptor 4 (CXCR4), phosphorylated Akt,
and major vault protein/lung resistance protein] were
immunohistochemically analyzed. The association of the
expression of nuclear YB-1 and the molecular markers was
examined in breast cancer cell lines using microarrays,
quantitative real-time PCR, and Western blot. analyses.
Knockdown: of YB-1 with: siRNA significantly reduced EGFR,
HER2,.and ERo. expression in ERo-positive, but not ERa-
negative; breast cancer cell lines. Nuclear YB-1 expression was
positively correlated with HER2 (P = 0.0153) and negatively
correlated with ERo (P = 0.0122) and CXCR4 (P =0.0166) in
human breast cancer clinical specimens but was not corre-
lated with EGFR expression. Niuclear YB-1 expression was an
independent prognostic factor for. overall (P = 0.0139) and
progression-free (P = 0.0280) survival. In conclusion, nuclear
YB-1. expression might. be essential for the acquisition of
malignant characteristics via HER2-Akt-dependent pathways
in breast cancer patients. The nuclear-localization of YB-1
could ‘be an important therapeutic target against not only
multidrug resistance but also tumor growth dependent on
HER2 and ERc. [Cancer Res 2008;68(5):1504-12]

Introduction

Nuclear localization of Y-box binding protein-1 (YB-1) is required
for its transcriptional ‘control of multidrug resistance-related genes
and for its action in repairing DNA damage induced by anticancer
agents and radiation in cancer cells; as a result of these actions, it is
responsible for the acquisition of global drug resistance to'a wide

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals,org/).

T. Fujii, A. Kawahara, Y. Basaki, and S. Hattori contributed equally to this work.

Requests for reprints: Masayoshi Kage, Department of Pathology, Kurume
University Hospital, Kurume 830-0011, Japan: Phone; 81-942-31-7651; Fax: 81-942-31-
7651; E-mail: masakage@med.kurume-w.ac.jp.

©2008 American Association for Cancer Research,

doi:10.1158/0008-5472.CAN-07-2362

range of anticancer agents (1, 2). Immunohistochemical analyses
have shown that nuclear YB-1 localization is a target marker of
intrinsic importance for global drug resistance in cancer (2). Bargou
et al. (3) reported that nuclear localization of YB-1 was associated
with P-glycoprotein expression in human primary breast cancers,
and other immunohistochemical studies have shown an association
between YB-1 and P-glycoprotein in osteosarcoma, synovial
sarcoma, breast cancer, ovarian cancer, and prostate cancer
(4-12). Fujita et al. (13) reported that the increase in P-glycoprotein
expression when patients. were treated with paclitaxel was
accompanied by nuclear YB-1 localization in breast cancers.

Nuclear expression of YB-1 is often associated with poor prognosis
in various human malignancies, including breast cancer (3, 6),
ovarian cancer (8, 11), synovial sarcoma (5), and lung cancer (14). In
a study using molecular profiling, Faury et al. (15) recently showed
that overexpression of YB-1 is a novel prognostic target for pediatric
glioblastoma; however, the intracellular localization of YB-1 was not
determined. These clinical studies suggest the close involvement of
YB-1 in the acquisition of global drug resistance (2); however, it
remains . unclear. whether the. association of YB-1 with poor
prognosis is due to this effect; as YB-1 nuclear localization is also
a prognostic marker irrespective of P-glycoprotein expression (8, 14,
16).- This- suggests: that other factors affecting  tumor growth,
invasion, and metastasis could also be involved in the association
of YB-1 'with poor prognosis in malignant cancers (8, 14).

YB-1 gene induced the development of breast cancers of many
histologic types in an experimental animal model (17), suggesting
that YB-1 is oncogenic (18). YB-1 overexpression in human
mammary._epithelial cells induced epidermal growth factor
(EGF)-independent growth by activating the EGF receptor (EGFR)
pathway (18). Jurchott et al, (19) reported that nuclear localization
of YB-1 was induced during G;-S phase transition, accompanied by
increased expression of cyclin:A: and. B. These studies suggest a
close link betwéen YB-1 expression’ and the growth potential of
breast cancer cells, which might contribute to poor prognosis. Wu
and colleagues (20) established a close correlation between YB-1
expression and the expression of EGFR and HER2 in breast cancer
patients (n = 389).using tumor tissue arrays. Knock-out of YB-1 in
mice caused some embryonic lethality, severe growth retardation,
and exencephaly (21, 22). Moreover, fibroblasts derived from YB-1~/~
knockout embryos had slower growth rates than those from wild-
type embryos, and failed to undergo morphologic transformation
in vitro (22, 23). Sutherland et al. (24) have also shown that breast
cancer cells with defective nuclear localization of YB-1 multiply
slowly in monolayers and during anchorage-independent growth.
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Taken together, these findings suggest that YB-1 plays a key role in
the expression of not only drug resistance-related genes but also
cell growth-related genes.

In the present study, we determined whether nuclear YB-1
localization influenced the expression of growth factor and
hormone receptors, EGFR, HER2, estrogen receptor (ER)a, and
ERB, in human breast cancers. In addition, we used molecular
profiling to examine whether nuclear YB-1 localization affected
the expressions of major vault protein/lung resistance protein
(MVP/LRP), phosphorylated Akt (p-Akt), progesterone receptor
(PgR), and chemokine (C_X_C motif) receptor 4 (CXCR4).

Materials and Methods

Cell lines, protein extraction, and immunobletting. Human breast
cancer cell lines, T-47D, MCF-7, KPL-1, MDA-MB231, and SKBR-3 were
obtained from the American Type Culture Collection and were grown as
described elsewhere (25). Anti-YB-1 was generated as described previously
(26). Anti-EGFR and anti-PTEN antibodies were obtained from Cell
Signaling Technology. Anti-HER2 was purchased from Upstate, Inc. Anti-
ERa was obtained from Santa Cruz Biotechnology, Inc, Anti-CXCR4 was
obtained from Abcam plc. Anti- glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was purchased from Trevigen, Inc. Anti-MVP/LRP was a
kind gift from Professor S. Akiyama (Kagoshima University, Kagoshima,
Japan). LY294002 was obtained from Sigma Co. Trastuzumab was purchased
from Chugai Pharmaceutical Company. Cells were lysed in cold protein
extraction reagent (M-PER; Pierce) with protease inhibitors and phospha-
tase inhibitors. Nuclear and cytoplasmic fractions:were prepared as
described previously (27). Lysates were subjected to SDS-PAGE and blotted
onto Immobilon membrane (Millipore Corp.). After transfer, the membrane
was incubated with: the primary antibody and visnalized with secondary
antibody coupled to horseradish peroxidase and Supersignal West Pico
Chemiluminescent Substrate (Pierce). Bands on Western blots were
analyzed densitometrically using Scion Image software (version 4.0.2; Scion
Corp.).

Microarray analysis. The small interfering RNA (siRNA) corresponding
to nucleotide sequences of YB-1 (5-GGU UCC CAC CUU ACU ACA U-3)
was purchased from QIAGEN Inc. SiRNA duplexes were transfected using
Lipofectamine and Opti-MEM- medium" (Invitrogen)" according" to the
manufacturer’s recommendations. Duplicate samples were  prepared for
microarray hybridization. Forty-eight hours after siRNA transfection, total
RNA was extracted from cell cultures using ISOGEN (Nippon Gene Co. Ltd.).
Two micrograms of total RNA were reverse transcribed using GeneChip 3-
Amplification Reagents One-Cycle cDNA Synthesis kit (Affymetrix, Inc.) and
then labeled with Cy5 or Cy3. The labeled cRNA was applied to the
oligonucleotide microarray (Human Genome U133 Plus 2.0 Array;
Affymetrix). The microarray was scanned on a GeneChip Scanner3000,
and the image was analyzed using a GeneChip Operating Software verl.

Quantitative real-time PCR. RNA was reverse transcribed from random
hexamiers using avian myeloblastosis virus reverse transcriptase (Promega).
Real-time quantitative PCR was performed using the Real-tinie PCR system
7300 (Applied Biosystems). In:brief, the PCR amplification reaction mixtures
(20 pL) contained ¢cDNA, primer pairs; the dual-labeled fluorogenic probe,
and Taq Man Universal PCR Master Mix (Applied Biosystems). The thermal
cycle conditions included maintaining the reactions at 50°C for 2 min and
at 95°C for 10 min, and then alternating for 40 cycles between 95°C for 15 s
and 60°C for 1 min. The primer pairs and probe were obtained from
Applied Biosystems. The relative gene expression for each sample was
determined using the formula 2 8 = 2 (Ct (GAPDH)-Ct' (target)) ‘(i hich
reflected the target gene expression normalized to GAPDH levels.

Immunohistochemistry. Anti-EGFR, anti-HER2, anti-ERa, and anti-PgR
were obtained from Ventana Medical Systems. Anti-CXCR4 was purchased
from: Prosci; Inc. Anti-MVP/LRP was obtained from Chemicon. Tissue
sections were taken from 73 breast cancer patients who underwent radical
surgery in the Department of Surgery, Kurume University Hospital, Japan,
between 1993 and 1999. The 4-um tissue sections were deparaffinized, and

kS

the slides were heated in a Cell Conditionirg Solution buffer for 60 min at
100°C. The sections were stained using the BenchMark XT (IHC Automated
System) and ChemMate ENVISION method (Dako Corporation). BenchMark
XT was used for staining anti-YB-1, anti-ERa, anti-EGFR, anti-HER2, and
anti-PgR. The ChemMate ENVISION method was used for immunochemical
staining of anti-ERP, anti-p-Akt, anti-CXCR4, and anti-MVP/LRP. The
samples were viewed using an Olympus BX51 fluorescence microscope
{Olympus). The extent of staining of YB-1, ERo, ERP, and PgR proteins was
classified based on the percentage of cells with strongly stained nuclei:
=10% indicated that a gland was positive for YB-1, and <9% indicated that
it was negative. EGFR and HER2 expressions were classified into four
categories: score 0, no staining at all or membrane staining in <10% of
tumor cells; score 1+, faint/barely perceptible partial membrane staining in
>10% of tumor cells; score 2+, weak to moderate staining of the entire
membrane in >10% of tumor cells; and score 3+, strong staining of the entire
membrane in >10% of tumor cells. The extent of immunohistologic staining
for EGFR was defined as follows: scores of 2+ or 3+ were regarded as
positive, and scores of 0 or 1+ were regarded as negative, The extent of
immunohistologic staining for HER2 was defined as follows: scores of
3+ were regarded as positive, and scores of 0 or 1+ or 2+ were regarded as
negative. Immunchistochemical staining of p-Akt and CXCR4 was defined
based on the percentage of cells with strong cytoplasmic staining as follows:
210% indicated that a gland was positive, whereas <9% indicated that it
was negative. MVP/LRP staining was defined as follows: 250% of cells with
a strongly stained cytoplasm indicated that a gland was positive, whereas
<49% indicated that it was negative. All immunchistochemical studies were
evaluated by two experienced observers who were blind to the conditions of
the patients.

Statistical analysis, The associations between YB-1 and clinicopatho-
logic findings (age, tumor size, menopausal status, histologic grade, and
Iymph node metastasis) and molecular markers were tested by Fisher's
exact test, the %> test, or the Wilcoxon rank-sum test, depending on the type
of data. A P value of <0.05 was regarded as significant unless otherwise
iridicated. The relationships between YB-1 expression and overall sutvival/
progression-free survival; as well as other clinicopathologic' findings-and
molecular markers; were examined by the Kaplan-Meier method ‘and the
log-rank test. Hazard ratios (HR) were estimated by Cox regressions.

As YB-1 and the expression of receptors of the EGFR family and hormone
receptors, as well as the clinicopathologic findings, were all correlated, we
summarized them by means of their principal components and investigated
the relationship between these components and overall survival/progres-
sion-free survival by Cox regression. The relationship between the principal
components was found to be related to overall survival/progression-free
survival, and the clinicopathologic findings and molecular markers were
investigated by studying their correlations. In addition; to obtain a’direct
representation of the relationship between molecular markers, we used a
graphical modeling technique incorporating logistic regressions; a path was
drawn between. two. markers. only. if .these. markers were. conditionally
associated with a significance level of 0.1, given the other markers. The data
on overall survival and progression-free survival in_this analysis. were
updated on February 27, 2007. .

Results

The knock-down of YB-1 alters the expression of EGFR,
HER2, ERo, CXCR4, and MVP/LRP genes, We initially compared
the expressions, of YB-1 siRNA-treated and control MCF-7 breast
cancer cells using a high-density oligonucleotide microarray. Of
the 54,675 RNA transcripts and variants in the microarray, we
identified differentially expressed genes containing 43 genes that
were up-regulated >2-fold and 203 genes that were down-
regulated 0.5-fold or less (Supplementary Table S1). It has been
reported that the activity. of PI3K/Akt was. required for
translocation of YB-1 into the nucleus (24, 27). We therefore
investigated the effect of LY294002, a selective inhibitor of PI3K,
in both T-47D and MDA-MB231  cells. LY294002 inhibited the
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Figure 1. Effect of YB knock-down on expression of EGFR, HER2, ER«, CXCR4, and MVP/LRP in ERa-positive and ERa-negative breast cancer cells. A, YB-1
knock-down by treatment of YB:1'siRNA for 48 h. Relative mRNA expression was measured by qRT-PCR. Columns, mean of three independent experiments;
bars, SD. B, levels of EGFR, HER2, ERa, ERp, PgR, CXCR4, and MVP/LRP mRNA expression in YB-1 siRNA-treated cells. Changes of mRNA expression.were
expressed as the log of relative expression. ND, not detected. C, T-47D and MDA-MB231 cells were incubated with YB-1 siRNA for. 72'h, and lysates were prepared.
D, levels of YB-1, EGFR, HER2, ER«, CXCR4, and MVP/LRP expression were measured by densitometry.

nuclear * expression of YB-1 in both ' cell lines (Supplementary
Fig.  §14), consistent” with previous reports (24, 27).- We also
examined whether PTEN status was correlated with nuclear YB-1
expression in breast cancer cells. Of the five hiiman breast cancer
cell lines used, cellular levels of the PTEN were not significantly
correlated with nuclear “expression levels of YB-1 protein
(Supplementary Fig. S1B and C).

The differentially expressed genes included” MVP/LRP and
CXCR4, consistent with our previous study on human ovarian
cancer cells (27). We next tested, by quantitative real-time PCR
(gRT-PCR), whether the expression” of CXCR4 and MVP/LRP was
affected by knock-down of YB-1 in various human breast cancer
cell lines:-We  also examined the expressions: of growth factor
receptors and hormone receptors, such as EGFR, HER2, ERo, and
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ERP, which are thought to be important target genes in breast
cancer. The five cell lines used were as follows: T-47D, MCF-7, and
KPL-1, which are ERa-positive; and MDA-MB231 and SKBR-3,
which are ERa-negative. Transfection of YB-1 siRNA decreased the

Figure 2, Histologic findings and expression-of YB-1, EGFR, HER2, ER«;
ERp; PgR, CXCR4, p-Akt, and MVP/LRP in.human breast cancer. YB-1
expression was recognized in two patterns: nuclear positive or negative, Cancer
cells showed strong expression of EGFR and HERZ in the membrane. Strong
expression of ERw; ERB; and PgR was found in the nucleus. Moderate-to-strong
expressions of CXCR4, p-Akt, and MVP/LRP were found in the cytoplasm,

expression of YB-1 mRNA by >70% in all five cell lines (Fig. 14).
Both EGFR and HER2 mRNA levels were found to be decreased in
YB-1 siRNA-treated T-47D and KPL-1 cells but not in MDA-MB231
and SKBR-3 cells (Fig. 1B). EGFR and HER2 mRNAs were not
detected in MCF-7 cells. It has been reported that the 5' regulatory
region of the ERa gene contains several Y-box-like sequences.
Cellular mRNA levels of ERa were reduced by YB-1 siRNA in T-47D,
KPL-1, and MCF-7 cells by 74%, 75%, and 40%, respectively,
(Fig. 1B). CXCR4 and MVP/LRP mRNA levels were also decreased
in YB-1 siRNA-treated T-47D and KPL-1 cells but not in MDA-
MB231 and SKBR-3 cells (Fig. 1B).

Western blot analysis showed that siRNA to YB-1 decreased
protein levels of EGFR, HER2, and ERa in T-47D cells; however, we
did not observe decreased expression of EGFR and HER? as a result
of YB-1 knock-down in MDA-MB231 cells (Fig. 1C and D). These
observations show that YB-1 only reduces the expression of EGFR
and HER2 when ERa is present. Moreover, the expression of ERa
was also affected by YB-1 knock-down. We next examined the
causal relationship between HER2, ERa, and nuclear YB-1 in breast
cancer cells in culture. Treatment with HER2-targeting trastuzu-
mab blocked the nuclear localization of YB-1 in both T-47D and
MDA-MB231, but the inhibitory effect was less in MDA-MB231
(Supplementary Fig. $24). By contrast, nuclear YB-1 expression was
not affected by ERa knock-down in T-47D cells in culture
(Supplementary Fig. S2B). HER2 might directly modulate the
cellular localization of YB-1 in breast cancer cells; however, ERa
might not directly affect nuclear YB-1 localization.

Immunostaining of EGFR, HER2, ERo, ER(3, CXCR4, p-Akt,
and MVP/LRP in human breast cancers. To examine which
genes are specifically associated with nuclear YB-1 localization in
human breast cancers, we selected eight molecular markers: EGFR,
HER2, ERa, ERP, PgR, CXCR4, p-Akt, and MVP/LRP. Representative
immunochistochemical staining patterns in-the presence and
absence of nuclear YB-1 are shown in Fig, 2. Expression of nuclear
YB-1:was detected in 30 of 73 patients (40%; nuclear YB-1 positive).
Clinical and pathologic characteristics at diagnosis of the 73
patients in this study are summarized in Supplementary Table 82,
There was no significant correlation between the expression of
nuclear YB-1 and age (P = 0.2562), histologic grade (2 = 0.1910),
menopausal status (P = 0.1508), tumor size (P = 0.1478), or lymph
node metastasis (P = 0.0620).

Figure 2 also shows representative examples of immunohisto-
chemical staining for EGFR, HER2, ERa, ERB, PgR, CXCR4, p-Akt,
and MVP/LRP. There were significant correlations between the
expression of nuclear YB-1 and HER2 (P = 0.0153), ERa (P = 0.0122),
and CXCR4 (P = 0.0166; Table 1). By contrast, there was no
significant correlation between nuclear YB-1 expression and the
expression of EGFR (P = 1.0000), PgR (P = 0.0944), ERB (P = 0.0576),
p-Akt (P = 0.0521), or MVP/LRP (P = 0.0577).

Effects: of nuclear YB-1 on-survival and other molecular
markers. The estimated product-limit survival functions of nuclear
YB-1 are shown in Fig. 34 (overall survival) and Fig. 3B (progression-
free survival), as well as the results of log-rank tests. Survival curves
for patients with nuclear YB-1 were significantly different from
those without nuclear expression (P = 0.0139 for overall survival;
P =0.0280 for progression-free survival). The results of log-rank tests
for other factors are given in Table 2, showing that the tests for
lymph node metastasis were significant (P = 0.0001 for overall
survival; P < 0.0001 for progression-free survival).

The first eight principal components were used in the
subsequent analysis, as their cumulative coefficients of variance
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Variables All patients Nuclear YB-1 P
Negative Positive
No. of patients %  No. of patients % No. of patients %

EGFR
Negative ‘ 58 79 34 79 24 80 1.0000
Positive 15 21 9 21 6 20

HER2
Negative 59 81 39 91 20 67 0.0153
Paositive 14 19 4 9 10 33

ERex
Negative 24 33 9 21 15 50 0.0122
Positive 49 67 34 79 15 50

ERpP
Negative 18 25 7 16 11 37 0.0576
Positive 55 75 36 84 19 63

PgR
Negative 39 53 19 44 20 67 0.0944
Paositive 34 47 24 56 10 33

CXCPR4
Negative 29 40 12 28 17 57 0.0166
Positive 4 60 31 72 13 43

p-Akt
Negative 27 37 20 47 7 23 0.0521
Positive 46 63 23 53 23 77

MVP/LRP
Negative 41 56 20 47 21 70 0.0577
Positive 32 44 23 53 9 30

were ~ 80%. Denoting the i-th principal component by PRINj, the Discussion

results of Cox regression analysis were as follows. For overall
survival, PRIN1 and PRIN7 were statistically significant [HR = 1.52
and P = 0.0090 (for PRIN1); HR = 2.06 and P = 0.0499 (for PRIN7);
Fig, 44]; and for progression-free survival, PRIN1, PRIN6, PRIN7, and
PRINS were significant [HR = 1.59 and P = 0.0009 (for PRIN1); HR =
1:86 and P = 0.0103 (for PRIN6); HR = 2.30 and P = 0.0078 (for
PRIN7); HR = 168 and P = 0.0508 (for PRIN8); data not shown],
PRIN1 was positively correlated with YB-1 [correlation coefficient
(r) = 0.593], HER2 (r = 0.397), histologic grade (» = 0.557), tumor
size (r = 0577), and lymph node metastasis (r = 0.522). PRIN1
was negatively correlated with ERx (r = —0.684), PgR (r = —0.453),
CXCR4 (r = —0.460), menopausal status (r = —0.618), and
age (n = —0.607). This might indicate that some effect shared by
YB-1, HER2, ERy, PgR, and CXCR4 leads to poor survival, PRIN7 was
positively correlated with tumor size and negatively correlated with
EGFR and p-Akt. Note that PRIN7 was not correlated with YB-1; this
points to the existence of different mechanisms that influence
survival apart from those involving PRIN1.

Stepwise variable selection was used to select the following
molecular markers for graphical modeling: YB-1, HER2, ERa, ERB,
and CXCR4. Figure 4B shows the results of graphical modeling of
these markers when two markers were positively correlated; a
plus symbol is shown on the path, otherwise a minus symbol is
shown. The relationships are indicated between markers; for
example, YB-1 is. related to CXCR4, ERP, and HER2 but not
directly to ERa. Note that HER2, YB-1,, CXCR4, and ERa are
correlated with PRIN1, emphasizing their important effects on
survival.

In this study, we assessed whether the expression of EGFR and
ErbB2/HER?2 was affected by YB-1 in breast cancers, as this might
influence prognosis. We developed two independent approaches to
identify which genes are under the control of YB-1 in human breast
cancer cells. One approach involved microarray analysis, qRT-PCR,
and immunoblotting to determine whether the expression of
EGFRs, ERq, and other YB-1-related proteins is controlled by YB-1
in culture, The other approach consisted of immunchistochemical
analysis of those protein molecules closely associated with nuclear
localization of YB-1 in patients with breast cancer.

The expression of EGFR and HER2 was down-regulated by YB-1
knock-down in ERa-positive, but not ERa-negative, breast cancer
cell lines, suggesting that YB-1 siRNA-induced suppression
depends upon the presence of ERa. By contrast, immunohisto-
chemical ' analysis showed that nuclear YB-1 expression was
significantly associated with the expression of HER2 but not of
EGFR. Janz et al. (6) have also reported a close association of YB-1
nuclear localization with the expression of HER2 in primary breast
cancers. Moreover, Wu et al. (20) found that the introduction of a
p-Akt-insensitive mutation into YB-1 markedly decreased the
expressions of both EGFR and HER2, suggesting a close linkage
between YB-1 and EGFR/HER2 expression in breast cancer cells in
culture, YB-1 overexpression in human breast epithelial cells did
not affect HER2 but caused up-regulation of EGFR, with
concomitant EGF-independent phosphorylation of EGFR (18).
The effect of YB-1 on EGFR and/or HER2 might depend in part
on the particular cell line examined.
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Oda et al. (11) found a highly significant association of p-Akt
with nuclear YB-1 expression in human ovarian cancers, and both
p-Akt and nuclear YB-1 expression were independent prognostic
biomarkers; however, we observed no statistically significant
association of p-Akt expression with nuclear YB-1 expression in
our immunohistochemical analysis (Table 1). Cross-talk between
growth factor receptors, such as EGFR, insulin-like growth factor
(IGF) receptar, and estrogen signaling cascades occurs at the level
of ERa (28, 29); this leads to activation of PI3K/Akt and ultimately

to activation of ERa (30, 31). Thus, activation of ERo as well as
YB-1 and its translocation to the nucleus seem to be coordinately
controlled in breast cancer cells by the PI3K/Akt pathway in
response to growth factors such as EGF/transforming growth
factor o and IGF. PI3K/Akt activation could therefore be primarily
dependent on the active state of ERat, which seems to play a major
role in the nuclear translocation of activated YB-1 in ERa-positive
breast cancer cells. In relation to a possible association of hormone
receptors with nuclear YB-1 localization, we found that the
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