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Introduction

The hypoxic nature of tumor environments is now recognized
as an important factor for tumor growth, angiogenesis, meta-
stasis, and response to chemotherapy and irradiation. Tumor
cells in hypoxic environments exhibit resistance to chemother-
apy and irradiation and promote angiogenesis.[1] In addition,
the hypoxic environment of a tumor is unlike that in normal
tissues. Therefore, compounds that selectively inhibit growth
of tumor cells in hypoxic environments are expected to pro-
vide promising new leads for anticancer drugs.

Regulation systems, such as hypoxia-inducible factor (HIF-1),
the kinase mammalian target of rapamycin (mTOR), and the
unfolded protein response (UPR), are involved in the adapta-
tion of cancer cells to hypoxia.[2] Among these, the heterodi-
meric transcription factor of HIF-1, which comprises an
oxygen-regulated a-subunit and a constitutively expressed b-
subunit, has been studied extensively as a mediator of the cel-
lular response to hypoxia. In addition, decreased HIF-1a activi-
ty is usually associated with a slower growing and less angio-
genic tumor phenotype.[3] Furthermore, a number of com-
pounds, such as echinomycin,[4] chetomin,[5] manassantin B,[6]

laurenditerpenol,[7] strongylophorines,[8] and PX-478,[9] have
been found to inhibit HIF-1a or its signaling pathway. Other
regulation systems for adaptation of cancer cells in hypoxic en-
vironments may exist, as the expression of an estimated 1000
genes is altered under hypoxic conditions.[10, 11]

The marine environment has rich chemical and biological di-
versity and, as such, has been a valuable source of drug lead
compounds. Bioactive compounds from marine organisms are
also useful tools for identifying novel drug targets. We have fo-
cused on the discovery of molecular-targeted anticancer natu-
ral products from marine organisms. This work has resulted in
the discovery of several active compounds, including cortista-
tins, anti-angiogenic new steroidal alkaloids;[12] aaptamine, a

benzonaphthyridine alkaloid activating p21 promoter ;[13] and
agosterol A, a polyhydroxylated sterol acetate that reverses
multidrug resistance (MDR) of cancer cells. Agosterol A has
been particularly useful for analysis of the drug transport func-
tion of multidrug resistance-associated protein 1 (MRP1).[14]

Following these findings, we established a new screening
system to identify hypoxia-selective growth inhibitors with po-
tential to become cancer drug leads that exhibit novel mecha-
nisms of action. Using bioassay-guided separation, we isolated
furospinosulin-1, a furanosesterterpene from the Indonesian
marine sponge Dactylospongia elegans.[15] Furospinosulin-1 has
been known to exhibit several biological activities, including
antiproliferative activity against colon cancer HCT-116 cells
(IC50 = 155 mm),[16] toxicity toward brine shrimp (IC50 =

10 mg mL�1),[17] and inhibitory activity toward Cdc25A (IC50 =

2.5 mm, using an enzymatic assay).[18] In this study, we describe
the hypoxia-selective growth inhibition and antitumor activity
of furospinosulin-1 in detail. Furthermore, we have elucidated
that insulin-like growth factor (IGF)-2 contributes strongly to
the growth of cancer cells in hypoxic environments via mecha-
nistic analysis of furospinosulin-1.

It is generally accepted that cancer cells, which have adapted
to the hypoxic environments in tumor tissues, aggravate
cancer pathology by promoting tumor growth, angiogenesis,
metastasis, and drug resistance. Therefore, compounds that se-
lectively inhibit the growth of tumor cells in hypoxic environ-
ments are expected to provide new leads for promising anti-
cancer drugs. Furospinosulin-1, a marine-sponge-derived fura-
nosesterterpene, exhibited selective antiproliferative activity
against DU145 human prostate cancer cells under hypoxic con-

ditions in concentrations ranging from 1 to 100 mm. Furospino-
sulin-1 also demonstrated antitumor activity at 10–50 mg kg�1

oral administration in a mouse model inoculated with sarcoma
S180 cells. Mechanistic analysis revealed that furospinosulin-1
suppresses transcription of the insulin-like growth factor-2
gene (IGF-2), which is selectively induced under hypoxic condi-
tions through prevention of the binding of nuclear proteins to
the Sp1 consensus sequence in the IGF-2 promoter region.
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Results

Hypoxia-selective growth inhibition of furospinosulin-1

In the course of our search for hypoxia-selective inhibitors of
cancer cell growth, we isolated the furanosesterterpene furo-
spinosulin-1 (Figure 1). Incubation of human prostate cancer

DU145 cells for 24 h in the presence of furospinosulin-1 under
normoxic or hypoxic conditions resulted in the selective inhibi-
tion of hypoxic cells in a dose-dependent manner at concen-
trations ranging from 1.0 to 100 mm. Maximal growth inhibition
of 60 % was achieved with 100 and 300 mm furospinosulin-1
under hypoxic conditions (Figure 2 A). In contrast, the conven-
tional antitumor drug cisplatin did not exhibit hypoxia-selec-
tive growth inhibition against DU145 cells (Figure 2 B). Furospi-
nosulin-1 also demonstrated hypoxia-selective inhibition
against growth of human cervical cancer HeLa cells and mouse
sarcoma S180 cells (Figure 2 C and 2 D).

Antitumor effect of furospinosulin-1 in a sarcoma S180
mouse model

We next evaluated the antitumor effect of furospinosulin-1. A
10 mg kg�1 oral dose of furospinosulin-1 slightly (30 %) sup-
pressed tumor growth relative to the control ; 74 % and 79 %

decreases in tumor weight were observed with 25
and 50 mg kg�1 furospinosulin-1 administrations, re-
spectively (Figure 3). Side effects, such as weight
loss, diarrhea, and changes in behavior and feeding,
were not observed during the experimental period.

Effects of furospinosulin-1 on the accumulation of
HIF-1a and the production of VEGF

The effects of furospinosulin-1 on the accumulation
of HIF-1a, an important transcription factor for adap-
tation of cancer cells to hypoxic environments, and
the production of vascular endothelial cells growth
factor (VEGF), which is regulated by HIF-1, were in-
vestigated by Western blotting analysis (Figure 4).
DU145 cells showed an increased accumulation of
HIF-1a and production of VEGF under hypoxic condi-
tions. However, 30–100 mm concentrations of furospi-
nosurin-1 did not decrease the levels of HIF-1a or
VEGF in hypoxic DU145 cells. At a higher concentra-
tion (300 mm), furospinosulin-1 slightly inhibited HIF-
1a accumulation and VEGF production. These results
suggest that the hypoxia-selective growth inhibition
of cancer cells by furospinosulin-1 is not derived
from inhibition of HIF-1a function.

Effects of furospinosulin-1 on hypoxia-related
genes

To elucidate the mechanism of action of furospinosu-
lin-1, we analyzed the gene expression profile of cul-

Figure 1. Chemical structure of furospinosulin-1. Figure 3. Antitumor effect of furospinosulin-1. S180 cells (1 � 106 cells per
mouse) were inoculated subcutaneously into ddY mice. One week after in-
oculation, furospinosulin-1 was administrated orally (Group 1, control ;
Group 2, 10 mg kg�1; Group 3, 25 mg kg�1; and Group 4, 50 mg kg�1) every
other day for two weeks. The tumors were then isolated and weighed to cal-
culate the ratio of inhibition. Data represent the tumor weight of each
group (A) and images of the isolated tumors (B), and are presented as mean
�SD.

Figure 2. Hypoxia-selective growth inhibition of furospinosulin-1. DU145 cells
(1 � 104 cells per well [200 mL]) were pre-incubated in a 96-well plate for 12 h under nor-
moxic or hypoxic conditions. The cells were then treated with the indicated concentra-
tions of furospinosulin-1 (A) or cisplatin (B) for 24 h under normoxic or hypoxic condi-
tions. The growth inhibition rate was calculated as a percentage relative to negative con-
trols. The effect of furospinosulin-1 on HeLa cells (C) and S180 cells (D) was also investi-
gated. Data are shown as mean �SD and represent the mean of four separate experi-
ments performed in triplicate.

1920 www.chemmedchem.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2010, 5, 1919 – 1926

MED M. Kobayashi, M. Arai, et al.

www.chemmedchem.org


tured DU145 cells under normoxic and hypoxic conditions in
the presence or absence of furospinosulin-1 (30 mm), using a
pathway-specific OligoGE array to detect 113 genes involved in
the hypoxia-signaling pathway. As shown in Supporting Infor-
mation table S1, 41 genes, comprised of 15 transcription fac-
tors and regulators, 12 metabolism (protein, lipid and nucleic
acid)-related genes, four cell growth-related genes, four signal
transduction-related genes, three apoptosis-related genes, and
three stress-response genes, were all up-regulated under hy-
poxic conditions in comparison to those under normoxic con-
ditions. Nine of the 113 genes, including six metabolism-relat-
ed genes, two apoptosis-related genes, and one stress–re-
sponse gene, were down-regulated under hypoxic conditions.

Among the 41 up-regulated genes, the expression levels of
four in particular: interleukin-8 (IL-8), insulin-like growth factor-2
(IGF-2), the 60 kDa HIV-1 Tat-interacting protein (HTATIP), and
Bcl2-associated X protein (BAX), were decreased following
treatment with furospinosulin-1 for 12 h under hypoxic condi-
tions. Additionally, further induction of KH-type splicing regula-
tory protein (KHSRP) was observed under hypoxic conditions
after furospinosulin-1 treatment (Figure 5). On the other hand,
expression of the nine genes that were down-regulated under
hypoxic conditions were not affected by treatment with furo-
spinosulin-1.

Furospinosulin-1 inhibits hypoxia-induced expression of
IGF-2

We next evaluated the protein expression levels of five genes
that were altered by furospinosulin-1 treatment under hypoxic
conditions. Although the induction of KHSRP and BAX genes
were suppressed by furospinosulin-1, the expression levels of
both KHSRP and BAX proteins did not change following treat-
ment (data not shown). In addition, HTATIP protein could not
be detected in the DU145 cells due to the detection limit of
chemiluminescence intensity. The expression level of IL-8 pro-
tein in the DU145 cell culture medium was slightly decreased
by furospinosulin-1 treatment under both normoxic and hy-
poxic conditions; however, no selectivity was observed be-
tween these conditions. Moreover, the amount of IL-8 protein

under normoxic conditions was higher than that under hypox-
ic conditions, as shown in Figure 6.

In contrast, variation in the protein level of IGF-2 correlated
with the gene expression profile of IGF-2. Indeed, IGF-2 protein
expression was elevated under hypoxic conditions as com-
pared with normoxic conditions. Treatment with furospinosu-
lin-1 (30–300 mm) diminished this protein expression, as shown
in Figure 7. Because IGF-2 protein enhances autophosphoryla-
tion of the IGF-1 receptor (IGF-1R) and insulin receptor (IR),
which correspond to the IGF-2 protein receptors,[19] we exam-
ined the effect of furospinosulin-1 on the phosphorylation

Figure 4. Effect of furospinosulin-1 on the accumulation of HIF-1a and pro-
duction of VEGF. DU145 cells were incubated in six-well plates for 24 h
under normoxic or hypoxic conditions in the presence or absence of the in-
dicated concentrations of furospinosulin-1. VEGF in the culture medium was
detected by immunoprecipitation with anti-VEGF antibody. To detect HIF-1a

and b-actin, cell lysates were resolved by SDS-PAGE and incubated with anti-
HIF-1a or anti-b-actin antibodies.

Figure 5. Effect of furospinosulin-1 on the expression of hypoxia-related
genes. Following analysis of the gene expression profile of DU145 cells, the
expression levels of each gene were quantified by the GEArray Expression
Analysis Suite (SuperArray Bioscience) with the background subtracted. Data
for genes whose expressions were altered by furospinosulin-1 treatment
under hypoxic conditions were reported as a ratio of the expression levels
under hypoxic conditions with and without furospinosulin-1.

Figure 6. Production of IL-8 from DU145 cells cultured with furospinosulin-1
under normoxic or hypoxic conditions. DU145 cells were incubated in six-
well plates for 12 h under normoxic or hypoxic conditions in the presence
or absence of 30 mm furospinosulin-1. IL-8 in the culture medium was quan-
tified using the human IL-8 ELISA kit, according to the manufacturer’s in-
structions. Data are shown as mean �SD and represent the mean of three
separate experiments performed in triplicate.
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levels of the IGF-1R and IR proteins. As expected, hypoxia-in-
duced autophosphorylation of IGF-1R and IR proteins was sup-
pressed by the furospinosulin-1 treatment. These findings indi-
cated that furospinosulin-1 suppressed the IGF-2 protein ex-
pression that was selectively induced under hypoxic
conditions, and that the mechanism of action of fu-
rospinosulin-1 may involve inhibition of IGF-2 gene
expression. We next examined whether IGF-2 protein
deficiency induces an antiproliferative effect on
DU145 cells under hypoxic conditions (Figure 8).
When DU145 cells were incubated for 24 h in the
presence of anti-IGF-2 antibody (0.3–100 mg mL�1)
under normoxic or hypoxic conditions, DU145 cellu-
lar proliferation was selectively inhibited under hy-
poxic conditions in a dose-dependent fashion. This
indicates that suppression of IGF-2 protein expres-
sion by furospinosulin-1 strongly contributes to the
hypoxia-specific inhibition of DU145 cell growth.

Effect of furospinosulin-1 on the promoter region
of the IGF-2 gene

It has been proposed that furospinosulin-1 selective-
ly inhibits the transcription of IGF-2 under hypoxic
conditions. A recent study indicated that human
hepatocarcinoma HepG2 cells in hypoxia showed in-
creased expression of IGF-2 mRNA.[20] Additionally,
the P3 region of the IGF-2 promoter, which contains
the consensus sequences of EGR-1, Sp1, and HIF-1, is
known to be important for transcription of IGF-2
under hypoxic conditions.[20] Therefore, we examined

the effect of furospinosulin-1 on the consensus sequences of
EGR-1, Sp1, and HIF-1 by electrophoretic mobility shift assay
(EMSA). As shown in Figure 9, the oligonucleotides containing
the consensus sequences of EGR-1, Sp1, or HIF-1 formed a
complex with nuclear proteins obtained from DU145 cells cul-
tured under hypoxic conditions (Figure 9; lanes 2, 6, and 10).
In contrast, nuclear proteins isolated from DU145 cells cultured
under normoxic condition did not unite with these oligonucle-

Figure 7. Inhibition of IGF-2 expression and autophosphorylation of the IGF-
1 and insulin receptors by furospinosulin-1. DU145 cells were incubated in a
six-well plate for 24 h under normoxic or hypoxic conditions in the presence
or absence of the indicated concentrations of furospinosulin-1. IGF-2 in cul-
ture medium was then detected by immunoprecipitation with anti-IGF-2 an-
tibody. Equal amounts of cell lysate were incubated with protein G agarose
beads following treatment of anti-IGF-1R, anti-IR, or anti-b-actin antibodies.
The immunoprecipitates were then resolved by 12 % SDS-PAGE, transferred
to PVDF membrane, and probed with appropriate antibodies.

Figure 8. Effect of anti-IGF-2 antibody on the proliferation of DU145 cells
under normoxic and hypoxic conditions. DU145 cells [1 � 104 cells per well
(200 mL)] were pre-incubated in a 96-well plate for 12 h under normoxic or
hypoxic conditions. Next, the cells were treated with the indicated concen-
trations of anti-IGF-2 antibody for 24 h under normoxic or hypoxic condi-
tions in RPMI 1640 supplemented with 1 % fetal bovine serum (FBS). The
growth inhibition rate was calculated as a percentage with respect to the
negative controls. Data are shown represent the mean �SD of three sepa-
rate experiments performed in triplicate.

Figure 9. Inhibitory effect of furospinosulin-1 on complex formation of nuclear proteins
with oligonucleotides containing consensus sequences of EGR-1, Sp1, and HIF-1. An elec-
trophoretic mobility shift assay (EMSA) was performed using biotinylated double-strand-
ed oligonucleotides containing the consensus sequence of EGR-1, Sp1, or HIF-1 with nu-
clear extracts derived from the DU145 cells under normoxic (N) or hypoxic conditions (H)
as described in the Experimental Section. Concentration of the nuclear proteins was de-
termined by an established BCA method and confirmed by Western blotting with anti-
proliferating cell nuclear antigen (PCNA) antibody. Arrowheads indicate specific retarded
and super-shifted bands.
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otides (Figure 9; lanes 4, 8, and 12). On the other hand, furo-
spinosulin-1 abrogated complex formation between nuclear
proteins and the oligonucleotide containing the consensus se-
quence of Sp1, whereas this compound did not affect complex
formation for those oligonucleotides containing the consensus
sequences of EGR-1 or HIF-1a. These data indicate that furospi-
nosulin-1 suppresses IGF-2 transcription by inhibiting complex
formation of nuclear proteins with the oligonucleotide contain-
ing the Sp1 consensus sequence.

Discussion

Recent studies have revealed that cancer cells adapt to hypox-
ic environments and aggravate cancer pathology. Therefore,
we attempted to search for hypoxia-selective growth inhibitors
for cancer cells from the metabolites of marine organisms. The
furanosesterterpene furospinosulin-1 was isolated from an In-
donesian marine sponge through bioassay-guided separation.
Administration of furospinosulin-1 showed a significant antitu-
mor effect in a mouse model inoculated with S180 sarcoma
cells, with no side effects (Figure 3). Therefore, we expected
that furospinosulin-1 will be a new lead for anticancer drugs
that target hypoxia-adapted cancer cells. Mechanistic analysis
of furospinosulin-1 strongly suggested that hypoxia-selective
growth inhibition by furospinosulin-1 stems from inhibition of
IGF-2 transcription, a gene that is selectively induced under hy-
poxic conditions, through inhibition of the complex formation
between nuclear proteins and the Sp1 consensus sequence in
the IGF-2 promoter region (Figure 7 and Figure 9).

The IGF system is comprised of two ligands (IGF-1 and IGF-
2), six high affinity binding proteins (IGFBP 1–6), and three cell-
surface receptors [IGF-1R, IGF-2 receptor (IGF-2R) and insulin
receptor (IR)] . Among these, IGF-1R and IR are members of the
tyrosine kinase family, while IGF-2R acts as a scavenger recep-
tor for IGF-2. The IGF-1 ligand binds IGF-1R with high affinity,
whereas the IGF-2 ligand binds to IGF-1R, IGF-2R, and IR with
an affinity similar to that of insulin.[19] IGF-1R is frequently over-
expressed in many types of cancer cells, mediates proliferation,
and protects from apoptosis.[21] Therefore, IGF-1R has become
a target for cancer chemotherapy. Although more than ten
small molecules that inhibit IGF-1R kinase activity are in various
stages of drug development, almost all of these inhibitors
have problems with toxicity, due to the high degree of homol-
ogy between IGF-1R and IR.[22] In contrast, the IGF-2 ligand is
known to be a potent mitogen and is expressed in various
human cancers.[23–26] However, the precise role of the IGF-2
ligand induced in cancer cells, particularly under hypoxic con-
ditions, remains unknown. In our study, mechanistic analysis of
furospinosulin-1 confirmed that this IGF-2 deficiency resulted
in the hypoxia-selective inhibition of DU145 cell growth
(Figure 8). As inhibition of IGF-2 expression is expected to have
a selective antiproliferative effect on the hypoxia-adapted
cancer cells that promote cancer pathology, furospinosulin-1,
which inhibits IGF-2 expression, may be a more promising lead
for anticancer drugs than current IGF-1R inhibitors.

The human IGF-2 gene contains four promoters (P1–P4),
which are expressed in a tissue-specific and development-de-

pendent way.[27] Exposure of HepG2 cells to hypoxic conditions
results in the overexpression of IGF-2 mRNA, which is 6.0 kb in
size and is transcribed under P3 promoter control.[20] The
genome sequence of P3 indicated that this is a complex pro-
moter with at least nine binding sites for transcription factors
such as HIF-1, Sp1, and EGR-1.[28–30] As shown in Figure 9, the
hypoxia-selective growth inhibition of DU145 cells by furospi-
nosulin-1 results from inhibition of the binding of nuclear pro-
teins to the consensus sequence of Sp1. Although Sp1 is
known to be a general transcription factor, several studies indi-
cate that it plays an important role in the up-regulation of
genes under hypoxic conditions. For instance, Sp1 regulates
expression of a disintegrin and metalloproteinase-17 (ADAM17)
in U87 brain tumor cells in hypoxia.[31] A hypoxic environment
increases nuclear localization of Sp1, with expression of the cy-
clooxygenese-2 gene activated in human umbilical vein endo-
thelial cells (HUVECs).[32] Hypoxia-induced up-regulation of de-
oxyribonuclease I (DNase I) expression in QGP-1 pancreatic
cancer cells appears to be HIF-independent, and may be par-
tially dependent on the Sp1 consensus sequence.[33] On the
other hand, there is contradictory evidence that IGF-2 tran-
scription in hypoxic HepG2 cells depends on EGR-1, rather
than Sp1.[29] Further studies are needed to clarify the relation-
ships between the mechanism of action of furospinosulin-1
and the IGF-2 transcription mechanism. In this regard, we pur-
sued studies to identify the protein target of furospinosulin-1
binding.

Conclusions

In this study, we established a new screening system to discov-
er compounds which can selectively inhibit proliferation of
cancer cells under hypoxic conditions. The marine natural
product furospinosulin-1 exhibited hypoxia-selective growth
inhibition of cancer cells in vitro and exhibited in vivo antitu-
mor activity without side effects upon oral administration.
Mechanistic analysis of furospinosulin-1 revealed that its hypo-
xia-selective growth inhibition is a result of inhibition of IGF-2
expression by prevention of complex formation between nu-
clear proteins and the Sp1 consensus sequence in the IGF-2
promoter region (Figure 10). Moreover, IGF-2 was found to
contribute significantly to the hypoxia-selective growth of
cancer cells. We therefore propose that furospinosulin-1 is a
new lead for anticancer drugs that target hypoxia-adapted
cancer cells.

Experimental Section

Materials

RPMI 1640 and DMEM were purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). Monoclonal anti-VEGF, anti-IGF-2, anti-phosphotyro-
sine, anti-b-actin, and anti-PCNA antibodies were purchased from
Abnova (Taipei, Taiwan), R&D systems (Minneapolis, MN, USA), Up-
state (Billerica, MA, USA), Applied Biological Materials, Inc. (Rich-
mond, BC, Canada), and Biolegend (San Diego, CA, USA), respec-
tively. Polyclonal anti-IGF-1R and anti-IR antibodies were purchased
from Signaling Antibody (Pearland, TX, USA) and Cell Signaling
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Technology (Danvers, MA, USA), respectively. Monoclonal anti-HIF-
1a antibody and protein G agarose beads were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Kanamycin, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and other chemicals were purchased from Sigma–Aldrich (St. Louis,
MO, USA) or Nacalai Tesque, Inc. (Kyoto, Japan).

Cell cultures

Human DU145 prostate cancer cells and S180 mouse sarcoma cells
were cultured in RPMI 1640 supplemented with heat-inactivated
10 % FBS and kanamycin (50 mg mL�1) in a humidified atmosphere
of 5 % CO2 at 37 8C. Human cervical cancer HeLa cells were grown
in DMEM supplemented with 10 % heat-inactivated FBS and kana-
mycin (50 mg mL�1). The growth curves of these cells under hypoxic
conditions were similar to those under normoxic conditions, re-
spectively (figure S1, Supporting Information).

Isolation of furospinosulin-1

The methanol extract of the dried marine sponge (370 g) Dactylo-
spongia elegans 01A10, which was collected in Indonesia in 2001,
showed hypoxia-selective growth inhibition against DU145 cells.
This methanol extract was partitioned into a H2O–EtOAc mixture,
with the EtOAc-soluble portion (54 g) further partitioned with a
mixture of n-hexane and 90 % MeOH. Based on bioassay guidance,
the n-hexane-soluble portion (28 g) was fractionated by silica gel
column chromatography (n-hexane/EtOAc) and ODS HPLC (Cosmo-
sil 5C18-MS-II, MeOH–H2O) to afford furospinosulin-1 (65 mg)
(Figure 1). Compound identification was confirmed by ESI-ToF-MS
and 2D NMR spectroscopic analysis and compared with original
spectral data.[15] Purity of the furospinosulin-1 used in biological
studies was >99 % (figure S2, Supporting Information).

Assay for antiproliferative activ-
ity under hypoxic conditions

Cells in the culture medium were
plated in 96-well plates [1 �
104 cells per well (200 mL)] for 4 h
in a humidified atmosphere of 5 %
CO2 at 37 8C (normoxic condi-
tions). The plates were incubated
for 12 h in 94 % N2, 5 % CO2, and
1 % O2 (hypoxic conditions), induc-
ing hypoxia-related genes such as
HIF-1a. After incubation, com-
pounds to be tested were added,
and the plates were incubated for
an additional 24 h under the same
conditions. When anti-IGF-2 anti-
body was used as a test com-
pound, DU145 cells were incubat-
ed for 24 h in RPMI 1640 supple-
mented with 1 % FBS. Cell prolifer-
ation was detected according to
an established MTT method, as
previously described.[34] The
growth inhibition rate was calcu-
lated as a percentage relative to
negative controls. The antiprolifer-

ative activity of the test compounds was also evaluated under nor-
moxic conditions using the MTT method.

In vivo antitumor effect of furospinosulin-1

All animal procedures were approved by the Committee on Animal
Experimentation of Osaka University. S180 mouse sarcoma cells
(1 � 106 cells per mouse) were implanted subcutaneously into the
right ventral flank of female ddY mice (six weeks old). One week
after implantation, furospinosulin-1 was administered orally every
other day for two weeks (seven times total) as a suspension in 1 %
sodium carboxymethyl cellulose (CMC-Na). The remaining tumor
was isolated and weighed to calculate the inhibition ratio. The con-
trol group and the group treated with furospinosulin-1 consisted
of six mice each.

Western blotting analysis

A 40 % confluent of DU145 cells in a six-well plate were pre-incu-
bated for 12 h in a humidified atmosphere of 5 % CO2 at 37 8C (nor-
moxic conditions) or 94 % N2, 5 % CO2, and 1 % O2 (hypoxic condi-
tions). The cells were then treated with the indicated concentra-
tions of furospinosulin-1 for 24 h under normoxic or hypoxic con-
ditions. Each culture medium was transferred to a new test tube
and incubated at 4 8C for 12 h in the presence of anti-VEGF anti-
body (1 mg mL�1) or anti-IGF-2 antibody (1 mg mL�1) to detect VEGF
and IGF-2. Protein G agarose beads (100 mL) were added and the
medium incubated for an additional 2 h at 4 8C. After removal of
the medium by centrifugation, the beads were washed four times
with lysis buffer [10 mm Tris·HCl (pH 7.5) containing 5 mm EDTA,
1 mm phenylmethylsulfonyl fluoride (PMSF), 1 mm NaF, 2 mm

sodium vanadate, 1 % SDS, 1 % protease inhibitor cocktail-DMSO
solution, and 1 % phosphatase inhibitor cocktail-DMSO solution]
and boiled in 2 � sample buffer [100 mm Tris·HCl buffer (pH 6.8),
4 % SDS, 10 % b-mercaptoethanol, 20 % glycerol, 0.005 % bromo-
phenol blue] for 5 min. A human IL-8 ELISA kit (Thermo Fisher Sci-

Figure 10. Proposed mechanism of action of furospinosulin-1.
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entific Inc. , Rockford, IL, USA) was used to quantify IL-8 in the
DU145 cell culture medium, according to the manufacturer’s in-
structions.

The cells were rinsed with ice cold PBS and lysed in lysis buffer. To
detect IGF-1R, phosphorylated IGF-1R, IR, and phosphorylated IR,
equal amounts of cell lysates were incubated at 4 8C for 12 h in the
presence of anti-IGF-1R antibody (1 mg mL�1) or anti-IR antibody
(1 mg mL�1). Aliquot of the immunoprecipitates, trapped with pro-
tein G agarose beads, were boiled in 2 � sample buffer for 5 min.
The immunoprecipitates were resolved by 12 % SDS-PAGE, trans-
ferred to PVDF membrane (GE Healthcare, Buckinghamshire, UK)
and probed with anti-IGF-1R, anti-IR, and anti-phosphotyrosine an-
tibodies to detect phosphorylated IGF-1R and IR. To detect HIF-1a

and b-actin, the cell lysates were subjected to SDS-PAGE and trans-
ferred to PVDF membranes. The membranes were probed with the
appropriate primary antibodies. Immunopositive bands were vi-
sualized using an ECL kit (GE Healthcare, Buckinghamshire, UK).

Analysis of gene expression profile

DU145 cells (2 � 105 cells) were pre-incubated in a six-well plate for
4 h under normoxic conditions. The cells were then incubated for
12 h under normoxic or hypoxic conditions and either treated or
not treated with 30 mm of furospinosulin-1 for an additional 12 h
under normoxic or hypoxic conditions. The total RNA for each
sample was isolated from the cells using an RNeasy Protect Mini
kit (Qiagen, Valencia, CA, USA), according to the manufacturer’s in-
structions. RNA integrity was determined by UV/Vis spectroscopy
and agarose gel electrophoresis.

A TrueLabeling-AMP 2.0 kit (SuperArray Bioscience Corp., Frederick,
MD, USA) was used to reverse-transcribe mRNA to obtain cDNA.
Each cDNA was then converted into biotinylated cRNA by in vitro
transcription using biotin-16-UTP (Roche, Mannheim, Germany).
Prior to hybridization, cRNA probes were purified with an Array-
Grade cRNA Cleanup kit (SuperArray Bioscience Corp.).

After purification, the 10 mg cRNA probes were hybridized with a
microarray membrane (Oligo GEArray Hypoxia Signaling Pathway
Microarray, SuperArray Bioscience Corp.). The expression levels of
each gene were detected by chemiluminescence, using a copalyl
diphosphate-star substrate (SuperArray Bioscience). Membranes
were exposed to an X-ray film, and the signals were analyzed by
using the GEArray Expression Analysis Suite (SuperArray Bioscience
Corp.) with background subtracted. In this study, the cutoff values
for determining altered gene expression as either up- or down-reg-
ulation were 1.5-fold and 0.65-fold, respectively.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from DU145 cells were prepared under normoxic
or hypoxic conditions according to the method described by Milo-
sevic et al.[35] Briefly, the DU145 cells were lysed in a hypotonic
buffer [10 mm HEPES (pH 7.9) containing 10 mm KCl, 0.1 mm EDTA,
0.5 mm PMSF, 2 mm sodium orthovanadate, 1 % protease inhibitor
cocktail, and 1 % phosphatase inhibitor cocktail] , then the lysate
was centrifuged at 2000 g for 5 min. The pelleted nuclei were re-
suspended in a hypertonic buffer [20 mm HEPES buffer (pH 7.9)
containing 400 mm NaCl, 1.0 mm EDTA, 1.0 mm PMSF, 2 mm

sodium orthovanadate, 1 % protease inhibitor cocktail, and 1 %
phosphatase inhibitor cocktail] , followed by incubated on ice for
30 min. After the debris was removed by centrifugation, the result-
ing nuclear extracts were frozen at �80 8C until use. Protein con-

centration was determined by BCA assay (Pierce, Cleveland, OH,
USA) and also confirmed by Western blotting with anti-PCNA anti-
body, which is a marker for nuclear proteins.

The 5’-biotinylated double-stranded oligonucleotides, which con-
tained the binding sites of EGR-1 (5’-CCA CCC AGC CT CGCCCCCGC
GCA CCC CCC A-3’), Sp1 (5’-CAG CCC GCA CC CCCCGCCCCG CTC
TTG GCT-3’), and HIF-1 (5’-TGC GGG ATT TTG TGCGT GGT TTT TGA
CTT G-3’), were synthesized by Hokkaido System Science Co. Ltd.
(Hokkaido, Japan) and used as probes. The underlined nucleotides
in each sequence are the consensus sequence of the correspond-
ing transcription factor.

EMSA was performed using a LightShift chemiluminescent EMSA
kit (Pierce Biotechnology, Rockford, IL, USA), according to the man-
ufacturer’s instructions. Briefly, the nuclear proteins (2 mg) were
pre-incubated on ice with binding buffer [10 mm Tris·HCl (pH 7.5),
50 mm KCl, 5 mm MgCl2, 1 mm dithiothreitol, 1 % (v/v) glycerol,
100 mg mL�1 BSA, and 50 mg mL�1 poly(deoxyinosine-deoxycyto-
sine)] in the presence or absence of furospinosulun-1 (300 mm) for
20 min, then incubated with the labeled probe (4 fmol per 20 mL
reaction mixture) for 15 min at room temperature. The reaction
mixtures were separated on a 5 % non-denaturing polyacrylamide
gel in 0.5 � Tris-borate-EDTA buffer at 100 V for 60 min, then trans-
ferred to a nylon membrane (Hybond-N + , GE Healthcare). The
membrane was incubated with LightShift-stabilized streptavidin–
horseradish peroxidase conjugate, and the probe–protein com-
plexes were visualized using an ECL kit.

Statistical analysis

Data are shown as the mean �SD and represent the mean of at
least three separate experiments performed in triplicate. Differen-
ces between data sets were determined by the Student’s t-test.
Those differences described as significant in the text correspond to
p<0.05.
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