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Materials and methods

Inhibitors. Efrapeptin F and Atpenin As were purified from
microbial culture extracts supplied by Meiji Seika Kaisha in our
laboratory [15-18]. Rotenone and antimycin A were obtained from
Sigma-Aldrich (St. Louis, MO).

Cell lines and culture conditions. Human pancreatic cancer PANC-
1 cells and prostate cancer PC-3 cells were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown at 37 °C with 5% CO, in Dulbecco’s modified Eagle medium
(DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA), 100,000 U/L
penicillin G, and 100 mg/L streptomycin. Nutrient starvation was
achieved by culturing cells in nutrient-deprived medium (NDM)
as previously described [9]. Briefly, the NDM composition was
265mg/L CaCl;H,0, 400mg/L KCl, 200 mg/L MgSO47H,0,
6400 mg/L NaCl, 163 mg/L NaH,PO42H,0, 0.1 mg/L Fe(NOs)s-
9H,0, 5 mg/L phenol red, 100,000 U/L penicillin G, 100 mg/L strep-
tomycin, 25 mmol/L HEPES buffer (pH 7.4), and MEM vitamin solu-
tion (Invitrogen, Carlsbad, CA); the final pH was adjusted to 7.4
with 10% NaHCOs.

Preferential cytotoxicity in nutrient-deprived conditions. PANC-1
cells (2.5 x 10* cells/well) in 96-well plates were cultured in
DMEM (10% FBS) for 24 h. The cells were washed with PBS and
the medium was replaced with either fresh DMEM (10% FBS) or
NDM (-). Test samples were added to the well and cells were cul-
tured for 24 h. Furthermore, the medium was replaced with DMEM
(10% FBS) containing 0.5 mg/mL thiazolyl blue tetr: bro-

was estimated using the following formula: tumor volume
(mm?) = (length x width?)/2.

Statistical analysis. All data are representative of three indepen-
dent experiments with similar results. The statistical data are ex-
pressed as mean+SD using descriptive statistics. Statistical
analysis was done by using Student’s t-test.

Results

Efrapeptin F is preferentially cytotoxic to cancer cells in nutrient-
deprived conditions

To identify cytotoxic agents that function preferentially on
nutrient-deprived cancer cells, we screened the cultured media
from various microorganisms. One extract of microbial cultured
media exhibited preferential cytotoxicity to PANC-1 cells in
nutrient-deprived medium (NDM (-)). The extract was subjected
to chromatography to obtain a pure compound. The NMR and MS
spectra data revealed its chemical structure to be efrapeptin F
(Fig. 1A) [15,16]. Efrapeptin F exhibited preferential cytotoxicity
to PANC-1 cells in NDM (-), but not in nutrient-sufficient
medium (DMEM (10% FBS)) (Fig. 1B). The cytotoxic effect of
efrapeptin F on PANC-1 cells in NDM (-) (ICso=0.052 pmol/L)
was more than 100 times stronger than in DMEM (10% FBS)
(ICsp =>10 pmol/L).

Mitochondrial inhibitors are preferentially cytotoxic to cancer cells in
nutrient-deprived conditions

mide (MTT; Sigma-Aldrich) and incubated for 3 h to determine
cytotoxicity using the MTT assay [19]. Hypoxia was achieved by
culturing cells with a mixture of 1% O, 5% CO, and 94% N,.

Measurement  of cellular ATP  content. PANC-1 cells
(2.5 x 10* cells/well) in 96-well plates were cultured in DMEM
(10% FBS) for 24 h. The cells were washed with PBS and cultured
in fresh DMEM (10% FBS) or NDM (—) with 0.25 pumol/L rotenone,
0.27 pmol/L atpenin As, 0.10 umol/L antimycin A or 0.06 pmol/L
efrapeptin F for 24 h. The ATP level in cells was determined using
the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Mad-
ison, WI).

Flow cytometric analysis. PANC-1 cells (5 x 10°) in 60-mm
dishes were incubated in DMEM (10% FBS) for 24 h. The cells were
washed with PBS and the medium was replaced with either fresh
DMEM (10% FBS) or NDM (-). Mitochondrial inhibitors
(0.1 pmol/L) were added to the well and the cells were cultured
for 24 h. The cells were incubated with annexin V-FITC and propi-
dium iodide according to an annexin V-FITC apoptosis detection kit
(Biovision Research Products, Mountain View, CA) and analyzed
using a flow cytometer (FACSCalibur; BD Biosciences, Franklin
Lakes, NJ)*

Animal experiments. Male severe combined immunodeficient
(SCID) mice, 6 weeks old, were purchased from Charles River Japan
(Yokohama, Japan) and maintained in a specific pathogen-free bar-
rier facility according to our institutional guidelines. PC-3 cells
(1 x 107) were subcutaneously injected into the SCID mouse in
the left lateral flank. Five days after inoculation, mice were divided
randomly into test groups (control n = 9, efrapeptin F-treated n = 7)
and efrapeptin F was intravenously administered twice weekly for
3 weeks to the efrapeptin F-treated group. Cisplatin was intrave-
nously administered once weekly for 3 weeks. Tumor volume

A

Efrapeptin F has been} previously reported to act as an inhibitor of
mitochondrial F;Fp-ATPase (complex V) [17]. Therefore, we exam-
ined whether mitochondrial complex V inhibitors function as cyto-
toxic agents preferentially on nutrient-deprived cells (Fig. 1B).
Interestingly, leucinostatin A and oligomycin (complex V inhibitors)
were more cytotoxic to PANC-1 cells in NDM (—) compared with
DMEM (10% FBS) [20,21]. In addition, rotenone and piericidin A,
(NADH-ubiquinone reductase (complex I) inhibitors), atpenin As (a
succinate-ubiquinone reductase (complex II) inhibitor), antimycin
A, stigmatellin and myxothiazol (ubiquinone-cytochrome ¢ (com-
plex III) inhibitors) also were more cytotoxic to PANC-1 cells in
NDM (—) compare to DMEM (10% FBS) (Fig. 1C) [20-22]. These re-
sults clearly demonstrate that mitochondrial inhibitors exhibit pref-
erential cytotoxicity to nutrient-deprived PANC-1 cells. Efrapeptin F
(a complex V inhibitor), rotenone (a complex I inhibitor), atpenin As
(a complex II inhibitor), and antimycin A (a complex IIl inhibitor)
were selected for further study. The mode of cell death caused by
mitochondrial inhibitors in nutrient-deprived conditions was exam-
ined using annexin V-FITC and propidium iodide double staining and
flow cytometry. Mitochondrial inhibitors significantly increased the
early-apoptotic and late-apoptotic cells in nutrient-deprived condi-
tions, but not to nutrient-sufficient conditions (Fig. 1D). These re-
sults suggested that these inhibitors induce apoptosis in nutrient-
deprived cells.

Mitochondrial inhibitors are preferentially cytotoxic to cancer cells
only under glucose-limiting conditions

To determine what nutrient component was responsible for
cytotoxicity of mitochondrial inhibitors, we examined the effect

<

Fig. 2. Effect of mitochondrial inhibitors on PANC-1 survival under glucose-starved conditions and hypoxic conditions. (A) Effect of nutrient starvation on cytotoxicity of
mitochondrial inhibitors. PANC-1 cells were incubated with inhibitors in nutrient-deprived medium containing glucose, amino acids and/or dialyzed FBS for 24 h. (B) Effect of
glucose levels on cytotoxicity of mitochondrial inhibitors. PANC-1 cells were incubated with inhibitors in DMEM (10% dialyzed FBS) containing the indicated concentrations
of glucose for 24 h. (C) Effect of hypoxia on cytotoxicity of mitochondrial inhibitors. PANC-1 cells were incubated with inhibitors in DMEM (10% FBS) (@) or NDM (=) (O)

under 1% O, for 24 h.
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Fig. 3. Effect of mitochondrial inhibitors on cellular ATP levels of PANC-1 cells
grown in nutrient-deprived medium. (A) Effect of nutrient starvation on PANC-1
cell growth. PANC-1 cells were incubated in DMEM (10% FBS) or NDM (—) for 24 h
and cell numbers were measured by cell counting. (B) Cellular ATP levels were
determined by the CellTiter-Glo Luminescent Cell Viability Assay after incubation in
DMEM (10% FBS) or NDM (-) for 24 h. (C) PANC-1 cells were incubated with
0.25 pmol/L rotenone, 0.27 pmol/L atpenin As, 0.10 pmol/L antimycin A and
0.06 pmol/L efrapeptin F in DMEM (10% FBS) or NDM (-) for 24 h and cellular
ATP levels were determined.

of these inhibitors on PANC-1 cell survival under various nutrient-
starved conditions (Fig. 2A). Mitochondrial inhibitors preferentially
induced cell death under glucose-deprived conditions, irrespective
of the presence or absence of amino acids and/or serum. We then
examined the effect of glucose levels on cytotoxicity of these inhib-
itors (Fig. 2B). The concentration of glucose in DMEM is 1000 mg/L.
Mitochondrial inhibitors did not induce cell death in the PANC-1
cells cultured with 1000 and 500 mg/L glucose, but in less than
100 mg/L glucose each inhibitor exhibited cytotoxicity. These re-
sults demonstrate clearly that glucose is the key component to
determine the sensitivity of cancer cells to mitochondrial
inhibitors.

Mitochondrial inhibitors are preferentially cytotoxic to nutrient-
deprived cells under hypoxic conditions

Because large areas of tumor are exposed not only to nutrient
starvation but also to hypoxic conditions, we examined preferen-
tial cytotoxicity of mitochondrial inhibitors to nutrient-deprived
cells in hypoxic conditions (Fig. 2C). These inhibitors were more
cytotoxic to nutrient-deprived PANC-1 cells in 1% O, as well as
21% 0,. Our results demonstrate that mitochondrial inhibitors
show preferentially cytotoxicity to nutrient-deprived cells not only
under normoxic conditions but also under hypoxic conditions.

Reduction of cellular ATP levels by mitochondrial inhibitors induces
preferential cell death to nutrient-deprived cells

To investigate why mitochondrial inhibitors exhibit preferential
cytotoxicity to nutrient-deprived cells, we examined the effect of
mitochondrial inhibitors on cellular ATP levels in nutrient-de-
prived cells. When PANC-1 cells were incubated in NDM (-) for
24 h, the cells grew less and the cellular ATP levels were markedly

392 (2010) 460-466

Table 1
Growth inhibitory activity of efrapeptin F against 39 human cancer cell lines in the
JFCR39 panel.

Cell line

HBC-4

BSY-1

HBC-5

MCF-7
MDA-MB-231

U251

SF-268
SF-295
SF-539
SNB-75
SNB-78

HCC2998
KM-12
HT-29
HCT-15
HCT-116
NCI-H23
NCI-H226
NCI-H522
NCI-H460
A549
DMS273
DMS114
LOX-IMVI
OVCAR-3
OVCAR-4
OVCAR-5
QOVCAR-8
SK-0V-3
RXF-631L
ACHN
St-4
MKN1
MKN7
MKN28
MKN45
MKN74
DU-145
PC-3

Origin of cancer

Log Glso (umol/L)*
-722
-6.73

Breast

Central nervous system

Colon

Lung

Melanoma
Ovary

Kidney

Stomach

Prostate

—-8.00
-6.87
113
283

MG-MID"
Delta“
Range?

? Log ion of in F for i

to control.
b Mean value of log Glso over all cell lines tested.
< The difference in log Glso value of the most sensitive cell and MG-MID value.
4 The difference in log Glso value of the most sensitive cell and the least sensitive

cell.

of cell growth at 50% compared

decreased (Fig. 3A and B). Since PANC-1 cells incubated in NDM (-)
for 24 h could hardly be stained by trypan blue, the cells were able
to survive in nutrient starvation in spite of lower ATP levels
(Fig. S1). When PANC-1 cells were exposed to mitochondrial inhib-
itors for 24 h, the amount of cellular ATP were slightly decreased in
DMEM (10% FBS), whereas in NDM (-) cellular ATP content de-
creased 100-fold compared to controls (Fig. 3C). These results indi-
cate that depletion of ATP exerts preferential cytotoxicity to
nutrient-starved cells.

Efrapeptin F inhibits tumor growth in vivo

PANC-1 cells are low tumorigenicity even in immunodeficient
mice. To explore the in vivo antitumor activity of mitochondrial
inhibitors, we examined the growth inhibitory activity of efrapep-
tin F against 39 human cancer cell lines of the JFCR39 panel (Ta-
ble 1) [23-25]. Efrapeptin F exhibited potent growth inhibitory
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Fig. 4. Antitumor effect of efrapeptin F on PC-3 cells in SCID mice. PC-3 cells (1 x 107) were subcutaneously inoculated into SCID mice on day 0. Efrapeptin F was
administrated intrayenously twjce weekly for 3 weeks from day 5. (A) Tumor volumes. Y axis, tumor volume (mm?®); X axis, time (day). (B) Tumor weight. The tumors were
excised on day 28. P<0.001; P<0.05, compared with control (Student’s t-test). (C) Body weight. Y axis, body weight (g); X axis, time (day). Points, mean values; bars, SD.

activity, and the mean value for log concentration for inhibition of
cell growth at 50% compared to control was —6.87 (135 pmol/L). In
particular, HBC-5, MCF-7, SF-295, NCI-H23, NCI-H522, DMS114,
OVCAR-8, MKN7, MKN28, MKN74 and PC-3 cells were sensitive
to efrapeptin F. Efrapeptin F showed preferential cytotoxicity to
PC-3 cells in nutrient-deprived conditions as well as to PANC-1
cells (Fig. S2). Therefore, xenograft models of PC-3 cells were used
to evaluate the in vivo antitumor activity of efrapeptin F. Efrapeptin
F was intravenously administered twice weekly for 3 weeks from
day 5 after the tumor inoculation. Efrapeptin F inhibited tumor
growth of the PC-3 xenograft (Fig. 4A and B). Efrapeptin F at
0.125 and 0.0625 mg/kg reduced tumor weight by 68% and 86%,
respectively (Tumor weight (g), control = 0.92 + 0.17 (mean * SD),
0.125 mg/kg efrapeptin F=0.63 +0.20, 0.0625 mg/kg efrapeptin
F=0.79 + 0.20) (Fig. 4B). To assess toxicity, we measured the body
weight of the tumor-bearing mice (Fig. 4C). Their weight was not
reduced by administration of efrapeptin F at these doses. However,
among seven mice that were administrated efrapeptin F at a high
dose (125 pg/kg), only one mouse died at day 23. Remaining mice
survived until the end of the experiment without a decrease of
body weight and anatomically without toxic effects in critical
organs.

Discussion

Tumor microenvironment strongly affects tumor development
and progression. Many aspects of physiology that differentiate so-
lid tumors from normal tissues arise from differences in vascula-
ture. Disorganized vascular systems in tumors result in large
areas of tumor exposed to nutrient starvation and hypoxic condi-
tions. In addition, due to the unregulated growth of tumor cells
caused by genetic and epigenetic alterations, tumor cells prolifer-

ate more rapidly than normal cells and nutrient and oxygen de-
mands often exceed supply [26-28]. In particular, highly
aggressive tumor cells such as pancreatic cancers that are rela-
tively hypovascular, are able to survive even in conditions of low
nutrients and low oxygen supply. Since chronic nutrient depriva-
tion seldom occurs in normal tissues, one strategy for anticancer
agent development is to target cancer cells growing in nutrient-de-
prived conditions. Thus, we screened to identify cytotoxic agents
that function preferentially in nutrient-deprived cancer cells.
Previous studies have shown that conventional chemotherapeu-
tic drugs and various small molecule inhibitors were only weakly
cytotoxic to cancer cells in nutrient-deprived conditions [9]. In this
study, we found that the small molecule efrapeptin F, which is pro-
duced by some fungi showed preferential cytotoxicity to PANC-1
cells grown in nutrient-deprived conditions compared with cells
in nutrient-sufficient conditions. Because efrapeptin F inhibits the
mitochondrial complex V, we examined whether mitochondrial
complex V inhibitors such as leucinostatin A and oligomycin act
as cytotoxic agents preferentially on nutrient-deprived cells. Inter-
estingly, these inhibitors were more cytotoxic to PANC-1 cells in
NDM (-) compared to DMEM (10% FBS). In addition, mitochondrial
complex I inhibitors (rotenone and piericidin A;), a complex II
inhibitor (atpenin As), and complex III inhibitors (antimycin A,
stigmatellin and myxothiazol) also were more cytotoxic to PANC-
1 cells in NDM (-). These results clearly demonstrate that mito-
chondrial inhibitors exhibit preferential cytotoxicity to nutrient-
deprived PANC-1 cells, suggesting that mitochondrial inhibitors
have unique and attractive characteristics in antitumor agent
development. These inhibitors induced cell death under glucose-
limiting conditions, irrespective of the presence or absence of ami-
no acids and/or serum. The glucose concentration in colon cancers
is only ~1 of 45 of typical plasma glucose concentration (1000 mg/L
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or 5.6 nmol/L) [13]. Mitochondrial inhibitors did not induce cell
death in 1000 mg/L glucose, but each inhibitors exhibited cytotox-
icity in less than 100 mg/L glucose levels. The cytotoxicity caused
by mitochondrial inhibitors depended on glucose levels in the cul-
ture medium and glucose was the key component to determine the
sensitivity of cancer cells to their inhibitors. However, it is unclear
how mitochondrial inhibitors exhibit preferential cytotoxicity to
nutrient-deprived cells. The cellular ATP level was markedly de-
creased in PANC-1 cells grown in nutrient starvation. Mitochondrial
inhibitors induced ATP depletion in nutrient-deprived cells at lower
concentrations of inhibitors compared with nutrient-sufficient
cells, thereby these inhibitors could exert preferential cytotoxicity
under nutrient-deprived conditions.

Large areas of tumor are exposed not only to nutrient starvation
but also hypoxic conditions. Therefore, we examined preferential
cytotoxicity of mitochondrial inhibitors to nutrient-deprived cells
in hypoxic conditions. Mitochondrial inhibitors showed preferen-
tial cytotoxicity to nutrient-deprived cells not only under hypoxic
conditions but also under normoxic conditions. Normal tissue uses
glycolysis to generate approximately 10% of the cellular ATP, with
mitochondria accounting for 90%. In tumor sections, however, over
50% of the cellular ATP is produced by glycolysis with the remain-
der being generated at the mitochondria [29]. In hypoxic condi-
tions (1% 0,), HIF-1oo was stabilized and accumulated in
nutrient-deprived PANC-1 cells, and the real-time PCR analysis re-
vealed that hexokinase 2 and glucose transporter-1 expression
were increased (data not shown). Despite PANC-1 cells grown in
nutrient-deprived and hypoxic conditions were represented acti-
vation of glycolysis and induction of glucose transporter-1, mito-
chondrial inhibitors exhibited strong cytotoxicity to these cells.
Therefore, ATP generation by mitochondria appeared to be essen-
tial for cell survival under hypoxic as well as normoxic conditions.

PANC-1 cells are low tumorigenicity even in SCID mice. To
examine the in vivo antitumor activity of mitochondrial inhibitors,
we explored cancer cell lines that were more sensitive to efrapep-
tin F. The growth inhibitory activity of efrapeptin F against 39 hu-
man cancer cell lines of the JFCR39 panel revealed that human
prostate cancer PC-3 cells were highly sensitive to efrapeptin F.
Thus, PC-3 cancer xenograft models were used to evaluate in vivo
antitumor activity, and efrapeptin F was found to induce regression
of PC-3 xenograft tumors. In this study, we demonstrated that
mitochondrial inhibitors showed preferential cytotoxicity to nutri-
ent-deprived cancer cells relative to nutrient-sufficient cells.
Therefore, the potent cytotoxicity of these inhibitors to cancer cells
deprived of nutrients (simulating a tumor microenvironment)
makes mitochondria a promising target for new drugs that may
be developed to treat a broad spectrum of malignant tumors.
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Leucinostatin A inhibits prostate cancer growth through
reduction of insulin-like growth factor-I expression in prostate

stromal cells

Manabu Kawada, Hiroyuki Inoue, Shun-ichi Ohba, Tohru Masuda, Isao Momose and Daishiro Ikeda

Numazu Bio-Medical Research Institute, Microbial Chemistry Research Center, 18-24 Miyamoto, Numazu-shi, Shizuoka 410-0301, Japan

Targeting stroma in tumor tissues is an attractive new strategy for cancer treatment. We developed in vitro coculture system,
in which the growth of human prostate cancer DU-145 cells is stimulated by prostate stromal cells (PrSC) through insulin-like
growth factor I (IGF-I). Using this system, we have been searching for small molecules that inhibit tumor growth through

modulation of tumor-stromal cell interactions. As a result, we have found that leucii and

natural

antibiotics, inhibit the growth of DU-145 cells cocultured with PrSC more strongly than that of DU-145 cells alone. In this
study we examined the antitumor effects of these small molecules in vitro and in vivo. When DU-145 cells were coinoculated
with PrSC subcutaneously in nude mice, leucinostatin A was found to significantly suppress the tumor growth more than
atpemn B. The antitumor effect of leucinostatin A in vivo was not obtained against the tumors of DU-145 cells alone. RT-PCR

led that leucii

A specifically inhibited IGF-1 expression in PrSC without effect on expressions of other

IGF axis molecules. Leucinostatins and atpenins are known to abrogate mitochondrial functions. However, when we used

mitochondrial DNA-depleted, pseudo-p° cells, we found that one of leuci

P ded
p on

in A actions

mitochondrial function, but it actually inhibited the growth of DU-145 cells more strongly in coculture with pseudo- p° PrsC

hibitad

and reduced IGF-I expression in pseudo-p® PrSC. Taken together, our results suggested that leuci inAi p

cancer cell growth through reduction of IGF-1 expression in PrSC.

Growing evidence indicates that the stroma plays a critical
role in the growth and metastasis of various cancers, includ-
ing colorectal,' breast pancreatic' and prostate cancer.®
The constituents of stroma vary in each tissue, but they
generally include fibroblasts, macrophages, endothelial cells
and extracellular matrix.*” Among these components, certain
types of fibroblasts appear to enhance tumor growth and
others suppress it>*"'® Fibroblasts that enhance tumor
growth are especially referred to as cancer-associated fibro-
blasts or activated fibroblasts,'!> and have distinct characters
from normal fibroblasts as they express both vimentin and
smooth muscle a-actin (SM o-actin), indicating a myofibro-
blast phenotype.® Theses cells secrete various factors favorable

Key words: prostate cancer, prostate stroma, natural compound,
IGF-I, tumor growth
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for tumor cell growth, such as growth factors, cytokines and
adhesion molecules.*'> Thus, tumor-stromal cell interactions
can promote tumor growth and metastasis through secreted
factors and cell-cell adhesion.>'®'>'> Although various kinds
of growth factors and cytokines are reported to be involved
in tumor-stromal cell interactions, many studies suggest that
insulin-like growth factor I (IGF-I) plays an important role
in prostate tumor development.'*'®

The fact that stromal cells can regulate tumor develop-
ment positively or negatively drives us to consider the modu-
lation of tumor-stromal cell interactions could be an attrac-
tive new strategy for the treatment of cancer.'®!” Some
growth factors and antibodies actually suppress the growth of
some cancers.'**° However, small molecules that modulate
tumor-stromal cell interactions are less reported. We there-
fore constructed an in vitro coculture system of prostate -
cancer cells and PrSC, designed to mimic characteristics of
tumors in vivo."**' Using this system, we have been search-
ing for small-molecule modulators of tumor-stromal cell
interactions. As a result, we found that phthoxazolin A inhib-
its growth of prostate cancer cells through reduction of IGF-I
secretion from PrSC by suppressing myofibroblast differentia-
tion of PrSC.*?

Moreover, we have recently found that atpenins along
with new congeners inhibit growth of prostate cancer cells
possibly through modulation of tumor-stromal cell interac-
tions. Further screening has brought about the finding that
leucinostatins, fungal metabolites, have great activities in our
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assay system. In this study, we examined the effects of leuci-
nostatins and atpenins in vitro and in vivo in respect to mod-
ulation of tumor-stromal cell interactions. Here we report
that leucinostatin A abrogates tumor-stromal cell interactions
through inhibition of IGF-I expression in PrSC and inhibits
the growth of prostate cancer cells in vitro and in vivo.

Material and Methods

Reagents

Rhodanile blue was purchased from Aldrich (Milwaukee,
WI). Insulin, hydrocortisone, rotenone, and antimycin Al
were obtained from Sigma (St. Louis, MO). Transferrin was
obtained from Wako Pure Chemical Industries (Tokyo, Ja-
pan). Recombinant human basic fibroblast growth factor
(bFGF) was purchased from Pepro Tech (London, United
Kingdom). Antibodies used were anti-IGF-IRP (sc-713)
(Santa Cruz Biotechnology, Santa Cruz, CA) and anti-phos-
photyrosine (05-321) (Upstate Biotechnology, Lake Placid,
NY). Leucinostatin A and B and atpenin A5 and B were
purified from microbial cultured broth in our laboratory.?

Cells

The human prostate cancer cell line DU-145 was obtained
from the American Type Culture Collection (Manassas, VA)
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS;
ICN Biomedicals, Aurora, OH), 100 U/ml penicillin G and
100 pg/ml streptomycin’ at 37°C with 5% CO,. The human
normal prostate stromal cells (PrSC) were obtained from Bio
Whittaker (Walkersville, MD) and maintained in DMEM
supplemented with 10% FBS, 100 U/ml penicillin G, 100 pg/
ml streptomycin, ITH (5 pg/ml insulin, 5 pg/ml transferrin,
and 1.4 pM hydrocortisone), and 5 ng/ml bFGF at 37°C with
5% CO,.

Coculture experiments

A microplate assay method for the selective measurement of
epithelial tumor cells in coculture with stromal cells using
rhodanile blue dye was performed as previously described.”!
PrSC were first inoculated into 96-well plates at 5,000 cells
per well in 100 pl DMEM supplemented with ITH and 0.1%
FBS in the presence of various concentrations of test com-
- pounds. After 2 days, 10 pl aliquots of DU-145 cell suspen-
sion (5,000 cells) in serum-free DMEM were inoculated onto
monolayers of PrSC, and the cells were cultured for further 3
days. For monoculture of DU-145 cells, assay medium alone
was first incubated in the presence of test compounds for 2
days at 37°C, DU-145 cells were then inoculated as described
above, and cultured for further 3 days. .

Antitumor effect in vivo

Male or female nude mice, 6-weeks old, were purchased from
Charles River Breeding Laboratories (Yokohama, Japan) and
maintained in a specific pathogen-free barrier facility accord-
ing to our institutional guidelines. DU-145 cells (8 x 10°)
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were trypsinized and resuspended with or without PrSC (8 x
10° in 0.3 ml of 10% FBS-DMEM and then combined with
0.5 ml of growth factor-reduced Matrigel (BD Biosciences).
One hundred microliters of the cell suspension (1 x 10°
cells) were injected subcutaneously in the left lateral flank of
mice. Five mice were used for each experimental set. Tumor
volume was estimated using the following formula: tumor
volume (mm®) = (length x width?)/2. After the indicated
times, tumors were surgically dissected.

Reverse transcription-PCR and real time PCR analyses

PISC (2.5 x 10%) or DU-145 cells (2.5 x 10°) were cultured
in DMEM supplemented with ITH and 0.1% FBS in the pres-
ence of various concentrations of test compounds for the
indicated times. Total RNA was isolated using the RNeasy
Minikit (Qiagen, Hilden, Germany). cDNAs were synthesized
using avian myeloblastosis virus reverse transcriptase (Prom-
ega, Madison, WI) from 1 pg aliquots of RNA and amplified
using Taqg DNA polymerase (Promega). The specific primers
used were: cytochrome b (334-bp), 5-GGCTTACTTCTCTT
CATTCTCTCCT-3' (sense) and 5'- GGTTGTCCTCCAATT
CATGTTA-3' (antisense)*’; and other primers as reported
elsewhere.!**> PCR were optimized for each set of primers
using different numbers of cycles to ensure that amplification
occurred in a linear range. After amplification, products were
electrophoresed in 2% agarose gels, stained with SYBR Green
1 (Cambrex Bio Science, Rockland, ME) and analyzed with a
FLA-5000 image analyzer (Fujifilm, Tokyo, Japan). For real
time PCR, gene expression was measured in a Thermal
Cycler Dice Real Time System (Takara, Shiga, Japan) with
SYBR Premix Ex Taq II (Takara).

Preparation of cell lysates and Western blotting

For preparation of PrSC-CM, PrSC (3 x 10°) were cultured
in DMEM supplemented with 0.1% dialyzed FBS in the pres-
ence of various concentrations of test compounds for 2 days.
DU-145 cells (5 x 10°) were cultured in serum-free DMEM
overnight and treated with PrSC-CM for 30 min at 37°C.
Cell lysates were prepared and applied to Western blotting
with antibodies as previously described.”

Preparation of Pseudo-p® cells

According to the method of Tartier ef al,?® PrSC or DU-145
cells were cultured for 7 days in the presence of 250 ng/ml
ethidium bromide in DMEM supplemented with 4.5 mg/ml
glucose, 50 pg/ml uridine and 2 mM pyruvate to compensate
for the respiratory metabolism deficit.

Statistical analysis

All data are representative of 2 or 3 independent experiments
with similar results. Statistical analysis was carried out using
Student’s t-test.
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Results

Leucinostatins and atpenins strongly inhibited growth of
DU-145 cells in coculture with PrSC

We have been screening for modulators of tumor-stromal
cell interactions of prostate cancer cells among natural com-
pounds in microbial cultured broths. We have recently found
that atpenins, which were originally reported as antifungal
antibiotics and specific inhibitors of mitochondrial complex
IL¥-% inhibited the growth of DU-145 cells in coculture
with PrSC more strongly than that of DU-145 cells cultured
alone (monoculture) (Fig. 1b).* Our further screening
resulted in the finding of another active microbial cultured
broth. We purified the active components and identified
them as leucinostatin A and B (Fig. 1a). Leucinostatins were
originally discovered as antifungal antibiotics.®*? As shown
in Figure la, leucinostatins marginally inhibited the growth
of DU-145 cells in monoculture, but they strongly inhibited
that of DU-145 cells when the cells were cocultured with
PrSC. Leucinostatin A did not affect the growth of PrSC (Fig.
1c) and leucinostatin B as well as atpenins did not show any
cytotoxic effects against PrSC under microscopic observation
(data not shown). Rhodanile blue that preferentially stained
epithelial cells showed selective decrease in cell numbers of
DU-145 cells by leucinostatin A in the coculture with PrSC
compared with DU-145 cells alone (Fig. 1d). On the other
hand, leucinostatin A equally inhibited the growth of NCI-
H460 human lung cancer cells in the presence or absence of
human lung fibroblasts (Supporting Information Fig. 1). It is
suggested that leucinostatin A selectively acts on a particular
interaction between tumor and stromal cells.

Leucinostatin A suppressed growth of DU-145

tumors in vivo

Since we obtained rather larger amounts of leucinostatin A
and atpenin B compared with the respective analogues, we
evaluated the antitumor effects of leucinostatin A and atpenin
B in vivo. To reflect the result in vitro, we inoculated DU-
145 cells along with PrSC subcutaneously in nude mice. As a
result, leucinostatin A was found to suppress the growth of
DU-145 tumors more significantly than atpenin B at lower
doses (Fig. 2a). Since antitumor effect of leucinostatin A was
more potent than atpenin B, we used leucinostatin A mainly
for further studies.

Antitumor effect of leucinostatin A depended on
coinoculation of PrSC

Because leucinostatin A inhibited the growth of DU-145 cells
in coculture with PrSC more strongly than that in monocul-
ture (Fig. 1), we next examined whether the antitumor effect
of leucinostatin A depends on the presence of PrSC in vivo.
As reported previously, coinoculation of PrSC increased the
growth of DU-145 tumors (Fig. 2b)."* Leucinostatin A sup-
pressed the growth of DU-145 tumors when the cells were
inoculated with PrSC, but it did not affect the growth of DU-

Leucinostain A inhibits prostate cancer growth

145 tumors without PrSC (Fig. 2b). This result indicated that
leucinostatin A virtually inhibited the additive growth of
DU-145 tumors stimulated by coinoculation of PrSC.

Leucinostatin A inhibited IGF-1 expression in PrSC

Growing evidence suggests that IGF-I plays a critical role
in the development of prostate cancer.'*'* As we previously
reported,'* PrSC are mixtures of fibroblasts and myofibro-
blasts and IGF-I secreted from PrSC enhances growth of
DU-145 cells in the coculture with PrSC (Supporting Infor-
mation Fig. 2). Furthermore, we have recently reported that
phthoxazolin A, another small molecule modulator of tumor-
stromal cell interactions, inhibited IGF-I expression in PrSC
through suppression of myofibroblast differentiation of
PrSC.** We therefore examined the effect of leucinostatin A
on IGF axis molecules in PrSC. As a result, leucinostatin A
was found to specifically inhibit IGF-1 expression in PrSC
among various IGF axis molecules (Fig. 3a). Real time RT-
PCR analysis also confirmed that leucinostatin A reduced
IGF-I mRNA in PrSC (Fig. 3b). Phthoxazolin A inhibits
expressions of IGF-1, several IGFBPs, and SM o-actin, a
marker of myofibroblast differentiation.” However, leucinos-
tatin A failed to inhibit SM a-actin expression and it only
slightly inhibited IGFBP-3 expression (Fig. 3a).

It is reported that DU-145 cells respond to IGF-I mito-
genic signal through IGF-IR.'* As shown in Figure 3¢ condi-
tioned medium of PrSC increased the phosphorylation of
IGF-IR in DU-145 cells due to secreted IGF-I in the condi-
tioned medium.”? In contrast, conditioned medium prepared
from leucinostatin A-treated PrSC actually failed to increase
the phosphorylation of IGF-IR in DU-145 cells, indicating
the decreased amounts of IGF-I in the conditioned medium
of PrSC. Furthermore, leucinostatin A-augmented inhibition
of DU-145 cell growth in coculture with PrSC was partially
recovered by the external addition of IGF-I (Supporting
Information Fig. 3).

Action of leucinostatin A on coculture of DU-145

cells and PrSC was irrespective of

mitochondrial function

It is reported that leucinostatins inhibit oxidative phosphoryl-
ation in mitochondria.® Atpenins are known to be specific
inhibitors of mitochondrial complex I1.?* Therefore, we next
examined whether the action of leucinostatin A depends on
mitochondrial function in cells. We use pseudo-p® cells that
lacked mitochondrial DNA.® To verify the status of mito-
chondrial DNA depletion, we examined the expression of
cytochrome b, a component of complex III, which is encoded
by mitochondrial DNA.** Exposure to ethidium bromide for
7 days resulted in the great reduction of cytochrome b
expression in PrSC and DU-145 cells (Fig. 4a). Thus, we
referred to these cells as pseudo-p” cells. Among IGF axis
molecules IGFBP-3 expression was significantly decreased in
pseudo-p® PrSC. SM a-actin expression was also reduced in

Int. J. Cancer: 126, 810-818 (2010) © 2009 UICC
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Figure 1. Effect of leucinostatins and atpenins on coculture of DU-145 cells and PrSC. (a) Effects of leucinostatin A (squares) and
leucinostatin B (circles) on the growth of DU-145 cells alone (open plots) and DU-145 cells cocultured with PrSC (closed plots) were
determined using rhodanile blue staining. Values are means *+ SD of triplicate determinations. (b) Effects of atpenin A5 (circles) and
atpenin B (squares) on the growth of DU-145 cells alone (open plots) and DU-145 cells cocultured with PrSC (closed plots) were
determined using rhodanile blue staining. Values are means of duplicate determinations [standard errors (SE) less than 10%]. () Effect of
leucinostatin A on the growth of PrSC was determined using MTT. PrSC were cultured alone with the indicated concentrations of
leucinostatin A for 2 days. Values are means = SD of triplicate inati (d) Rep ive photos of DU-145 cells cocultured with
PrSC and DU-145 cells cultured alone after staining with rhodanile blue. Cells were treated with the indicated concentrations of
leucinostatin A. Bar, 200 pm.

Int. ). Cancer: 126, 810-818 (2010) © 2009 UICC



814 Leucinostain A inhibits prostate cancer growth

a Leucinostatin A Atpenin B

700

—@— Saline

600 | | —3—1CS A 0.05 mg/kg ip|
500

400

—m—LCS A 0.25 mg/kg Ip
*P<0.01

Tumor volums (mm)

Tumor vokime {mwri)

N N . i "

_‘au [} 10 20 30 40 50 o 10 20 30 40 50
I After tumor Inoculation (day) After tumor inoculation (day)
=1 0.05 mghkg monm 0.5 mghkg i nee
& 0.25 mgkg ot 5 mgtg fm n
E
b —O— DU-148/saline

—@— DU-145/leucinostatin A

[} DU-145+PrSC/saline

—ili— DU-145+PrSCAeucinostatin A

Tumor volume (rmh

OE 10 2‘0 8‘0 40 5.0
After tumor inoculation (day)
0.1 mgkg T I i

Figure 2. Effects of leucinostatin A and atpenin B on tumor growth of DU-145 cells in vivo. (@) DU-145 cells were inoculated
subcutaneously with PrSC in female nude mice. Leucinostatin A or atpenin B was administered intraperitoneally at the indicated days
(arrows). The values are means + SD of 5 mice. *p < 0.01 versus the values with saline. (b) DU-145 cells were inoculated subcutaneously
with (squares) or without PrSC (circles) in male nude mice. Leucinostatin A at 0.1 mg/kg was administered intraperitoneally at the
indicated days (arrows). The values are means = SD of 5 mice. *p < 0.05 versus the values with saline.

pseudo-p” PrSC suggesting suppression of myofibroblast dif- PrSC more strongly than that in monoculture (Fig. 4c). In
ferentiation, but IGF-I expression was only slightly decreased. ~ contrast, the growth inhibitory effect of leucinostatin A sig-
Expressions of IGF axis molecules were not affected in nificantly weakened against pseudo-p® DU-145 cells suggest-
pseudo-p® DU-145 cells. Using these pseudo-p° cells, we ing that part of leucinostatin action actually depends on mi-
examined the effect of leucinostatin A on coculture of DU-  tochondrial function in DU-145 cells. However, leucinostatin
145 cells and PrSC. As a result, leucinostatin A also inhibited A apparently inhibited the growth of pseudo-p® DU-145 cells
the growth of DU-145 cells even cocultured with pseudo-p® in coculture with PrSC more strongly than that in
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Figure 3. Effect of leucinostatin A on expression of IGF axis
molecules in PrSC. (a) PrSC were cultured with leucinostatin A for 2
days. Total RNAs were collected and RT-PCR for the indicated
molecules was carried out using specific primers. (b) IGF-| mRNA
levels were analyzed by real time RT-PCR using GAPDH as a
reference. (¢) Conditioned medium was prepared from PrSC
cultured with the indicated concentrations of leucinostatin A for 2
days (PrSC/LSC). DU-145 cells were treated with the conditioned
medium or normal medium for 30 min (Medium changed). Cell
lysates were prepared and applied to immunoprecipitation of IGF-IR
for the detection of tyrosine-phosphorylated IGF-IR and total IGF-IR.
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monoculture. Furthermore, leucinostatin A specifically inhib-
ited IGF-I expression even in pseudo-p° PrSC (Fig. 4b).

Discussion

‘We have recently reported that atpenins including new con-
geners inhibited the growth of DU-145 cells in coculture
with PrSC more strongly than that in monoculture.”® By fur-
ther screening, we have found that leucinostatins also showed
the same activity as atpenins. These compounds are originally
reported as antifungal antibiotics, but they should act as
modulators of tumor-stromal cell interactions in our assay
system. We therefore examined the possibilities in this study.
For in vivo evaluation of antitumor activity, we inoculated
DU-145 cells along with PrSC subcutaneously, because DU-
145 tumors were stimulated by coinoculation of PrSC'* and
the screening system was carried out as coculture of DU-145
cells and PrSC. As a result, leucinostatin A was found to in-
hibit the tumors of DU-145 cells and PrSC more significantly
than atpenin B (Fig. 2a). However, the antitumor effect of
leucinostatin A in vivo was only seen against the coinocula-
tion of PrSC, and it failed to suppress the growth of tumors
of only DU-145 cells. In vitro leucinostatin A weakly inhib-
ited the growth of DU-145 cells in monoculture, but such
direct antitumor activity could not be obtained in the doses
used in this study. Although there is a possibility that higher
doses of leucinostatin A could suppress the growth of tumors
of only DU-145 cells, we could not test it due to its high tox-
icity in mice. It is previously reported that leucinostatins can-
not inhibit Ehrlich ascites tumors, but it weakly suppresses
Ehrlich subcutaneous tumors.® Thus, it is considered that
leucinostatins will show the antitumor effect in vivo in a cer-
tain condition such as presence of stromal cells. It is reported
that p53 mutations in stromal cells augment the sensitivity of
tumor cells against some antitumor drugs.® However, this is
less likely, because PrSC are normal primary cells harboring
wild type p53.%

DU-145 cells respond to mitogenic action of IGF-I, and
the growth of DU-145 cells in vitro and in vivo is stimulated
by IGF-I producing PrSC.**** Many reports showed that
IGF-I is one of critical mediators of tumor-stromal cell inter-
actions in prostate.'® Thus, there is a high possibility that
active compounds in our assay system act on the IGF-I sig-
nals. In fact, we have recently reported that phthoxazolin A,
another active compound in our assay system, inhibited the
IGF-1 expression in PrSC through suppression of myofibro-
blast differentiation of PrSC.2? Although the real contribution
of SM a-actin positive myofibroblasts to the tumor promo-
tion is still controversial, the production of IGF-I in stromal
cells is critical for growth of some tumors. Therefore, in
respect to the mechanism of leucinostatin action we focused
on IGF-I axis. As a result, we have found that leucinostatin
A specifically inhibited IGF-1 expression in PrSC (Fig. 3).
Because phthoxazolin A also inhibited expressions of various
IGFBPs and SM o-actin in addition to IGF-I, the mechanism
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Figure 4. Effect of leucinostatin A on pseudo-p° cells. (a) PrSC and DU-145 cells were cultured with (R) or without () ethidium bromide.
Total RNAs were collected and RT-PCR for the indicated molecules was carried out using specific primers. (b) PrSC or pseudo-p° PrSC
(Rho0) were cultured with leucinostatin A for 2 days. Total RNAs were collected and RT-PCR for the indicated molecules was carried out
using specific primers. (c) Effect of leucinostatin A on the growth of DU-145 cells (left) or pseudo-p® DU-145 cells (right) alone (open
squares) or cocultured with PrSC (closed citcles) or pseudo-p° PrSC (closed squares) was determined using rhodanile blue staining. Values
are means of triplicate determinations [standard errors (SE) less than 10%].

of lecinostatins action was considered to be different from
that of phthoxazolin A.

Leucinostatins are reported to inhibit oxidative phospho-
rylation in mitochondria® and atpenins are known as inhibi-
tors of mitochondrial complex I11.%° There is a possibility that

abrogation of mitochondrial functions could involve in the
activity in our assay system. To examine the possible involve-
ment of mitochondrial function in our assay system we
employed pseudo-p° cells. Abrogation of mitochondrial func-
tions resulted in reduction of the expression of SM a-actin

Int. ). Cancer: 126, 810-818 (2010) © 2009 UICC
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and IGFBP-3 in pseudo-p° PrSC, but it unexpectedly couldn’t
affect IGF-1 expression (Fig. 4). Furthermore, leucinostatin A
inhibited the growth of DU-145 cells cocultured with
pseudo-p°® PrSC more strongly than that in monoculture and
decreased IGF-I expression even in pseudo-p° PrSC (Fig. 4).
On the other hand, the growth inhibitory effect of leucinosta-
tin A was apparently weakened against pseudo-p® DU-145
cells, but the growth of pseudo-p® DU-145 cells in coculture
with PrSC was inhibited more strongly than that in monocul-
ture by leucinostatin A (Fig. 4). These results indicated that
one of leucinostatin action was actually inhibition of mito-
chondrial function. This result correlated well with the partial
recovery of leucinostatin A-inuduced growth inhibition by
the external IGF-1 (Supporting Information Fig. 3). However,
there is certainly another mechanism for the inhibition of
IGF-1 expression, which brought about the inhibition of
growth of DU-145 cells in coculture with PrSC. It is reported
that c-jun upregulates IGF-I production in prostate stroma.*”
We examined the effect of leucinostatin A on c-jun expres-
sion in PrSC, but found no change in response to leucinosta-
tin A (Supporting Information Fig. 3).

To extrapolate the in vitro finding to in vivo, we examined
whether leucinostatin A reduces IGF-I expression in the tumor
tissues. Our preliminary results revealed that DU-145 tumor
tissues contained significant amounts of SM o-actin positive
cells and IGF-I staining due to the coinoculation of PrSC, but
leucinostatin A treatment reduced the IGF-I staining without
effect on the amounts of SM a-actin positive cells (Supporting
Information Figure 4). Although more precise studies must be
needed, this result correlates well with the in vitro result.

Because leucinostatin A inhibited the growth of DU-145
tumors in the presence of PrSC, we have tried to evaluate its

References

1. Stahtea XN, Roussidis AE, Kanakis I, 5
Tzanakakis GN, Chalkiadakis G,

+ Mavroudis D, Kletsas D, K: NK.
Imatinib inhibits colorectal cancer cell 253-70.
growth and suppresses stromal-induced 6.

growth stimulation. MT1-MMP expression
and pro-MMP2 activation. Int | Cancer
2007;121:2808-14.

2. Wiseman BS, Werb Z. Stromal effects on
mammary gland development and breast

cancer. Science 2002;296:1046-9. 2912-23.

Tuxhorn JA, Ayala GE, Smith MJ,

Smith VC, Dang TD, Rowley DR.

Reactive stroma in human prostate 1
cancer: induction of myofibroblast

phenotype and extracellular matrix

remodeling. Clin Cancer Res 2002;8:

817

antitumor effect against orthotopic model of prostate tumors.
When we examined the effect of leucinostatin A on ortho-
topic implanted DU-145 xenograft in mice, we found that
leucinostatin A inhibited metastases of DU-145 tumors. Our
preliminary results showed that leucinostatin A unfortunately
failed to inhibit the growth of primary tumors in the mouse
prostate, but it possibly suppressed the metastases of DU-145
tumors. DU-145 tumors formed diaphragmatic metastases (4
mice out of 6 mice, 67%) and peritoneal metastases (5 out of
6, 83%) (Supporting Information Fig. 5), but leucinostatin A
treatment reduced the metastases as diaphragmatic metasta-
ses (1 out of 3, 33%) and peritoneal metastases (0 out of 3,
0%). Although further evaluation must be needed for the
orthotopic model of prostate tumors, there is a possibility
that modulators of tumor-stromal cell interactions could
apply for antimetastases of tumors.

In summary our results showed that leucinostatin A abro-
gated tumor-stromal cell interactions through inhibition of
IGF-1 expression from PrSC and inhibited the growth of
prostate cancer cells in vitro and in vivo. Although the pre-
cise mechanism of leucinostatin A on inhibition of IGF-I
expression in PrSC is needed further study, our results clearly
promote the notion that small molecule modulators of tu-
mor-stromal cell interactions can suppress tumor growth in
vivo. We are now continuing to search for more potent com-
pounds in our assay system.
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TP-110, a novel proteasome inhibitor, has been found
to possess potent growth inhibition in human multiple
myeloma cells. To enhance its therapeutic effects, we
established TP-110-resistant RPMI-8226 (RPMI-8226/
TP-110) cells and elucidated their resistance mecha-
nisms. The ICso value for TP-110 cytotoxicity in the
RPMI-8226/TP-110 cells was about 10-fold higher than
that of the parental sensitive cells. The RPMI-8226/TP-
110 cells exhibited distinct drug resi to other
proteasome inhibitors. Furthermore, they showed high
cross-resistance to the cytotoxic effects of doxorubicin,
etoposide, taxol, and vincristine. P-glycoprotein
(MDR1), encoded by ABCBI, was elevated in the
RPMI-8226/TP-110 cells, and the MDRI inhibitor
verapamil overcame their resistance to TP-110. The
results of DNA microarray and RT-PCR suggested that
the expression of ABCBL is significantly elevated in
RPMI-8226/TP-110 cells. This indicates that resistance
in RPMI-8226/TP-110 cells is involved in the expression
of P-glycoprotein, a drug-efflux pump.

Key words: proteasome inhibitor; ABCB1; TP-110

The ubiquitin-proteasome system is involved in the
cell cycle, signal transduction, the cellular stress
response, and the immune response.! Because cancer
cells are more highly proliferative than normal cells,
their protein translation and degradation is also higher.?
Accordingly, inhibitors of the proteasome represent a
promising group of chemotherapeutic agents for cancer
treatment.

Previous research has demonstrated that MG-132,
lactacystin, and bortezomib have proteasome inhibitory
activities.> Bortezomib, a dipeptide boronic acid, shows
significant anti-tumor activity in multiple myeloma
cells. In 2003, the U.S. Food and Drug Administration
(FDA) approved bortezomib (VELCADE™), formerly
known as PS-341, for the treatment of relapsed/
refractory multiple myeloma.9

We have reported the isolation of a new proteasome
inhibitor, tyropeptin A, produced by Kitasatospora sp.
MK993-dF2."'9 In an effort to enhance its inhibitory
potency, a structural model of tyropeptin A bound to the
site responsible for chymotrypsin-like activity of the
mammalian 20S proteasome was constructed. Based on
these modeling experiments, several derivatives were
synthesized. One of them, TP-110, specifically inhibits
chymotrypsin-like activity, but does not inhibit the post-

glutamyl-peptide hydrolyzing (PGPH) and trypsin-like
activities of the 20S proteasome.'” TP-110 strongly
inhibits the growth of human tumor cells and induces
apoptosis.!? One of the mechanisms of apoptosis
induction by TP-110 is down-regulation of inhibitors
of apoptosis proteins (IAPs) in multiple myeloma
cells.!¥

A loss of anti-tumor efficacy responsible for drug-
resistance in cells is known in cancer chemotherapy.
ABC (ATP binding cassette) transporters are well-known
multi-drug efflux transporters that depend on ATP.!9
One of these, ABCB1 (MDRI1), is a representative
transporter involved in human multi-drug resistant tumor
cells. In addition to ABCBI, expression of ABCCl
(MRP1) and ABCG2 (BCRP) has also been found in
tumor cell lines.'>'” To overcome multi-drug resistance
(MDR), MDR inhibitors have been developed. Verapa-
mil, cyclosporin A and tamoxifen are first-generation
MDR inhibitors,'® and the next generation of inhibitors
and antibodies for MDR are now being studied.'” These
inhibitors or antibodies might significantly contribute to
overcoming anticancer drug resistance.

‘We have been developing novel proteasome inhibitors
as candidate anti-tumor agents. To strengthen their
therapeutic effects, we have also been investigating
methods of overcoming resistance. Here we report the
involvement of ABCBI in the resistance mechanisms of
RPMI-8226/TP-110 cells.

Materials and Methods

Chemicals and antibodies. TP-110, a tyropeptin A derivative, was
synthesized at the Numazu Bio-Medical Research Institute, Numazu,
Japan.? It was dissolved in DMSO (10 mg/ml), stored at —20°C, and
diluted with PBS (pH 7.4). The chemical structure of TP-110 is shown
in Fig. 1. MG-132 and lactacystin were purchased from the Peptide
Institute (Osaka, Japan). ib was ized at the Microbial
Chemistry Research Institute (Tokyo, Japan). Anti-cancer drugs were
purchased from Sigma (St. Louis, MO). Antibodies were obtained as
follows: rabbit anti-caspase-3 (sc-7148) and rabbit anti-mdr (sc-8313)
(Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-cytochrome
¢ (7TH8.2C12) (BD BioScience, San Diego); mouse anti-a-tubulin
(B-5-1-2) (Sigma); and mouse anti-mrpl (QCRL-1) (Chemicon
International, Temecula, CA).

Cells and establishment of TP-110-resistant cells. Human multiple
myeloma RPMI-8226 cells were purchased from ATCC. Initial
induction of resistant cells were achieved by continuous exposure of
RPMI-8226 cells to TP-110 (10ng/ml) over 3 months. Growing
resistant cells were further treated with gradually increasing concen- -

* To whom correspondence should be

Fax: +81-55-922-6888; E-mail: iijimam@bikaken.or.jp

Abbreviations: ABC, ATP binding cassette; MDR, multidrug resistance; P-gp, P-glycoprotein; IAPs, intrinsic inhibitor of apoptosis proteins



1914 M. IuMA et al.

Fig. 1. Structure of TP-110.

trations of TP-110 (up to a final concentration of 100 ng/ml for RPMI-
8226 cells). The resistant RPMI-8226 cells that survived exposure to
TP-110 (100ng/ml) were cloned by the limiting dilution method.
Chronic leukemia K-562 cells and doxorubicin-resistant K-562
(K-562/DOX) cells were provided by Dr. Setsuko Kunimoto at our
laboratory. Cells were grown in RPMI1640 medium supplemented
with 10% FBS, 100U/ml of penicillin G, and 100pg/ml of
streptomycin at 37 °C with 5%. CO,.

Proteasome activity. The chymou’ypsm-hkc acnvlty of the 20S

was using a fh as described

previously.” The 20S proteasome was prepared from RPMI-8226 and
RPMI=8226/TP-110 cells.

Cytotoxicity. Cells (1 x 10%) were cultured in 96-well plates with a
test sample. Cells from 72h culture were pulsed with MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) for 4h,
and were incubated in the presence of 10% SDS for 20 h. Absorbance
was measured at 570nm using a spectrophotometer (Dainippon
Sumitomo Pharma, Osaka, Japan).

Cell cycle analysis. Cells (1 x 10%) were cultured with and without
0.1 pg/ml TP-110 for 24 h. Cells fixed using 70% ethanol were treated
with 0.1% RNase A at 37°C for 15min, and were then incubated
with propidium iodide (PI). DNA fluorescence was analyzed using

Table 1. Growth Inhibitory Activity of TP-110 on Established
Clones of RPMI-8226 Cells

Index of
1Cso (ug/ml) itance
RPMI-8226 0.020 1
RPMI-8226/TP-110 Clone 1 0.26 13
Clone 2 0.18 9
Clone 3 0.40 20
Clone 4 0.31 16
Clone 5 039 20
Clone 6 0.45 23
Clone 7 0.46 23
Clone 8 0.47 24
Clone 9 043 22
Clone 10 0.25 13

RT-PCR analysis. Total RNA was isolated from the cells using an
RNeasy Kit (Qiagen, Valencia, CA). cDNA was prepared from total
RNA using a Reverse Transcription System (Promega, Madison, WI).
PCR was conducted using Promega PCR Master Mix (Promega) and a
pair of specific primers. The primers used were as follows: ABCBI-
sense 5'-AGAGGATCGCCATTGCGCGT-3' and ABCBI-antisense
5'-CCTGCTGTCTGCATTGTGAC-3'; ABCCI-sense AGTGACCTC-
TGGTCCTTAAACAAGG-3' and ABCCl-antisense GAGGTAGAG-
AGCAAGGTAGACTTGC-3'; and GAPDH-sense 5'-GATGACATC-
AAGAAGGTGGTGAA-3' and GAPDH-antisense 5'-GTCTTACTCC-
TTGGAGGCCTAGT-3'. The PCR products were electrophoresed on
2% agarose gels, and were detected by SYBR Green I nucleic acid gel
staining (Molecular Probes, Eugene, OR).

¢DNA microarray analysis. Labeled antisense RNA was prepared
from the total RNA of the cells using of an RNA Transcript Sure
LABEL Core Kit (Takara Bio, Ohtsu, Japan) with Cy3- and Cy5-dUTP

a fluorescence-activated cell sorter (FACSCalibur; BD
Franklin Lakes, NJ).

Caspase-3 activity. Cells (5 x 10°) were cultured with TP-110 for
24h, washed twice with PBS, and lysed in cell extraction buffer
containing 50 mm HEPES (pH 7.4), 5mm CHAPS, and 5 mm DTT, and
were stored at —80°C. Cell extracts were centrifuged at 14,000 x g for
10min at 4°C, and the caspase-3 activity of the supernatant was
assessed with a caspase-3 assay kit (Sigma). This assay is based on the
hydrolysis of a peptide substrate, acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin (Ac-DEVD-AMC), by caspase-3. After incubation at
37°C for 30min, fluorescence intensity (excitation and emission
wavelengths of Ac-DEVD-AMC, 380 nm aud 460nm respectively)
was with II (Dai Pharma,
Osaka, Japan).

Western blot analysis. Cultured cells were harvested, washed twice
with PBS, and suspended in lysis buffer containing 20 mm HEPES
(pH 7.5), 150 mm NaCl, 1% Triton X-100, 10% glycerol, 1 mm EDTA,
50mM NaF, 50mm B-glycerophosphate, 1 mM Na3VOy, 25 pg/ml of
antipain, 25 pg/ml of leupeptin and 25 pg/ml of pepstatin at 4°C for
15min. After centrifugation at 15,000rpm, the supernatant was
assessed using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).
The cytosol fraction was extracted at 4°C for 5min using digitonin
lysis buffer containing 10 mM HEPES, 0.3 M mannitol 0.1% BSA, and
0.1 mM digitonin, and centrifuged at 8,500 x g for 5min at 4 °C. Equal
amounts of the protein extract were subjected to SDS-PAGE. The
isolated protein was then transferred onto an Immobion PVDF
membrane (Millipore, Bedford, MA). The membrane was blocked
with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween
20 (TBS-T) for 60 min. After washing with TBS-T, the membrane was
incubated with primary antibody in blocking solution for 60min at
room temperature. After further washing with TBS-T, the membrane
was then mcubawd with secondary antibody (anti-rabbit or anti-mouse

idase) for 30mm The protein
detected was visualized by the enh: d chemil reaction
(ECL) procedure (GE Healthcare UK, Chalfont, UK).

(GEF P , NJ). The cDNA microarray system used
the IntelliGene HS Human Expression CHIP, which contains 16,600
spots of cDNA sequences. Microarrays were scanned using a 428-
Array Scanner (Affymetrix, Santa Clara, CA).

Results

Establishment of RPMI-8226/TP-110 cells

RPMI-8226/TP-110 cells were developed over a
9-month period by continuous stepwise exposure to
increasing concentrations of TP-110, and 10 clones were
isolated by the limiting dilution method. The ICsq value
for TP-110 cytotoxicity in the RPMI-8226/TP-110 cells
showed a 9 to 24-fold increase as compared to the
parental sensitive cells. Among these, we selected three
strains (clone 2, clone 5, and clone 7), that exhibited
distinct indices of resistance (Table 1).

Characteristics of the RPMI-8226/TP-110 cells

The morphology of RPMI-8226/TP-110 cells did not
change as compared to the parent cells. Although the
endogenous proteasome activities of RPMI-8226/
TP-110 increased 1.4 to 1.6 fold, the sensitivity of the
proteasome to TP-110 in the RPMI-8226/TP-110 cells
were similar to that of the parent cells (Fig. 2A and B).
Previous studies have indicated that TP-110 induced
apoptosis in RPMI-8226 cells at 12nM.'" The effects of
TP-110 on the cell cycle of the parent and the resistant
cells are shown in Fig. 3A. Treatment with TP-110 for
24h increased the number of cells in sub-G; and
decreased the number of cells in G; and G,M on the
parent sensitive cells. However, the RPMI-8226/TP-110
cells were tolerant of TP-110 (Fig. 3A). Similarly, the
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10000 Table2. Cytotoxic Effects of Pi ibitors and Anti
A Agents on RPMI-8226/TP-110 Cells
g aul ICso (ng/ml)
s Compound RPMI-8226/TP-110
3 RPMI-8226
w o000 |- Clone 2 Clone 5 Clone 7
;‘§ TP-110 0.030 037 (12*) 034(11) 0.21(7.0)
'g MG-132 0.48 14 (2.9) 1.7 (35) 1.6 (3.3)
o 400 Bortezomib  0.0018 0.0025 (1.4) 0.0037 (2.1) 0.0031 (1.7)
g Lactacystin 1.0 0.71 (0.70)  0.53 (0.53) 0.76 (0.76)
'E 2000 - Doxorubicin  0.0080 032 (40) 092 (115) 0.84 (114)
o Mitomycin C ~ 0.16 042 (2.6) 054 (34) 0.77 (4.8)
Actinomycin D 0.0074 0.18 (24) 033 (44) 045 (61)
0 Taxol 0.0080 3.1(388) 4.0(500) 3.0 (375)
RPMI-8226 _ Clone 2 Clone 5 Clone 7 Vincristine 0.0017 043 (253) 036 (212) 0.42 (247)
RPMI-8226/TP-110 Vinblastine ~ 0.0078 017 (22)  0.14 (18)  0.19 (24)
Etoposide 0.048 97(202) 19(396) 17 (354)
B 5-Fl il 0.24 0.66 (2.8)  0.17 (0.71) 0.44 (1.8)
*Values in parentheses indicate index of resistance (fold).
g
5 DNA microarray analysis
2 DNA microarray analysis is informative in elucidat-
€ ing the mechanisms of drug action. Parent RPMI-8226
g cells and RPMI-8226/TP-110 cells were incubated in
2 fresh medium for 24h, and total RNA was then
3 )
2 extracted from the control (parent) and the experimental
@ (resistant) cells. The changes in mRNA expression in the

oLl
0.01 0.1 1
TP-110 (ug/mi)

Fig. 2. Proteasome Activity in RPMI-8226/TP-110 Cells.

A, Protein extracts from 1x 10° cells were assessed. The
chymotrypsin-like activity of 20S proteasome was measured as
described in “Materials and Methods.” B, Inhibition of 20S
proteasome by TP-110 in established resistant cells. TP-110 was
added to the various enzyme reaction mixture.

addition of TP-110 to the parent sensitive cells strongly
released cytochrome c¢ into the cytosol, induced the
active form of caspase-3, and increased caspase-3
activity, but the addition of TP-110 to RPMI-8226/
TP-110 cells did not produce similar results (Fig. 3B, C,
and D). This suggests that RPMI-8226/TP-110 cells are
tolerant TP-110.

Cross-resistance pattern of RPMI-8226/TP-110 cells

Drug-resistant cells often exhibit cross-resistance to
other drugs. First, we examined the cross-resistance to
other proteasome inhibitors of RPMI-8226/TP-110
cells. The RPMI-8226/TP-110 cells showed cross-
resistance to MG-132 (2.9 to 3.5 fold) and bortezomib
(1.4 to 2.1 fold), but these cells showed no cross-
resistance to lactacystin. Second, the cross-resistance to
several anticancer drugs of RPMI-8226/TP-110 cells
was examined. The RPMI-8226/TP-110 cells were also
cross-resistant to DNA-interacting drugs, mitosis block-
ing drugs, topo II inhibitors, and anti-metabolite drugs.
In particular, they showed potent cross-resistance to
doxorubicin (40 to 115 fold), taxol (375 to 500 fold),
vincristine (212 to 253 fold), and etoposide (202 to 396
fold) (Table 2).

RPMI-8226/TP-110 cells are shown in Table 3. ABCBI,
FLJ10178, HSPBS, CCL2, AUTS2, RPIB9, ZNF521,
CYP24Al1, CFCI1, and BTBD3 showed increased ex-
pression in the resistant cells, while FNI, SLC27A2,
TOMILI, EPDRI, CADPS2, KIAA0802, STARD3NL,
HMGA2, FLJ14564, and DMRT2 showed decreased
expression. Among those genes showing altered expres-
sion, ABCBI is known to be involved in MDR. The
expression levels of 44 ABC transporter genes are
shown in Table 4. Among the ABC transporters exam-
ined, only ABCBI showed higher expression. This
suggests that the ABCBI1 transporter is profoundly
involved in the mechanism of drug resistance in RPMI-
8226/TP-110 cells.

Expression of ABCBI1 in RPMI-8226/TP-110 cells

Expression of ABCBI1 in the RPMI-8226/TP-110
cells was confirmed by RT-PCR and Western blotting.
ABCBI1 expression was markedly elevated in these
cells, but the expression of ABCC1 (MRP1) was not
elevated as to mRNA and protein levels (Fig. 4A and B).

Effects of ABC transporter inhibitors on RPMI-8226/
TP-110 cells

In order to determine whether the ABCBI1 transporter
is involved in the resistance mechanism in the RPMI-
8226/TP-110 cells, we examined the effects of an ABC
transporter inhibitor. The addition of verapamil, well-
known to be an ABC transporter antagonist, reversed not
only TP-110 resistance, but also the MG-132, bortezo-
mib, and doxorubicin resistance in the RPMI-8226/
TP-110 cells (Table 5). Additionally, we examined the
effects of other MDRI1 inhibitors and other a Ca**
antagonists, because verapamil has the effect of a Ca®*
antagonist. In results, MDRI1 inhibitors (cyclosporin A
and qunidine) reversed TP-110 resistance, but Ca**
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Fig.3. Characteristics of the RPMI-8226/TP-110 Cells.

Cells were incubated with 0.1 pg/ml TP-110. A, After 24 h, the cells were examined by flow cytometry. B, Cells were incubated with 0.1 pg/
ml TP-110. After 10, 24, and 48 h, the cytosol fraction of the cells was extracted using digitonin lysis buffer. C, After 24 h, Western blot analysis
was performed using whole cell Iysates, as described in “Materials and Methods.” D, After 24 h, the caspase-3 activity of whole-cell lysates was

assessed as described in “Materials and Methods.”

antagonists (diltiazem and nifedipine) did not (Supple-
mental Table 1; see Biosci. Biotechnol. Biochem. Web
site). This suggests that resistance in RPMI-8226/
TP-110 cells depends on the expression of ABCB1.

Effects of TP-110 on the K-562/DOX cells

Resistance to TP-110 in another cell line that
expresses ABCB1 was then investigated. K-562/DOX
cells showed high expression of ABCBI1, but K-562
(parent) cells did not (Supplemental Fig. 1; see Biosci.
Biotechnol. Biochem. Web site). Predictably, the K-562/
DOX cells showed strong resistance to TP-110. With
regard to other proteasome inhibitors, K-562/DOX cells
showed resistance to MG-132 and bortezomib, similarly
to the RPMI-8226/TP-110 cells, while they were not
resistant to lactacystin (Tables 2 and 6).

Discussion

In cancer drug discovery, the proteasome is a
promising molecular target.”) In addition to the treat-
ment of relapsed or refractory multiple myeloma,
bortezomib is also undergoing clinical trials for the
treatment of several cancers (e.g., prostate).?® TP-110

(Fig. 1) strongly inhibits the growth of various human
cell lines and induces apoptosis in their cells.'? In order
to strengthen its therapeutic effects, we established
RPMI-8226/TP-110 cells and elucidated their resistance
mechanisms.

Our results suggest that the factor involved in
resistance of the RPMI-8226/TP-110 cells is ABCBI.
DNA microarray is a useful tool to estimate changes in
gene expression in cells. Our analytical results indicate
that ABCBI is overexpressed in RPMI-8226/TP-110
cells (Table 3). The results of Western blotting and RT-
PCR support the results of DNA microarray analysis.
The addition of verapamil (10pg/ml) reversed resist-
ance in RPMI-8226/TP-110 cells (Table 5). Further-
more, K-562/DOX cells expressing ABCBI also
showed strong resistance to TP-110 as compared to
MG-132 and bortezomib (Table 6). This suggests that
RPMI-8226/TP-110 cells expressing ABCB1 (MDR1)
are incidentally isolated in the exposure of TP-110 to
RPMI-8226 cells, and acquire cross-resistance to anti-
tumor drugs. K-562/DOX show similar cross-resistance
to TP-110 and doxorubicin, suggesting that TP-110 is
effluxed by the same mechanism as doxorubicin. Neither
the RPMI-8226/TP-110 cells nor the K-562/DOX cells
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Table 3. Gene Expression Changes in RPMI-8226/TP-110 Cells

Increased expression of mRNA in RPMI-8226/TP-110

Gene name Gene symbol log.z ot g
expression ratio
ATP-binding cassette, sub-family B (MDR/TAP), member 1 ABCB1 5.89
Hypothetical protein FLJ10178 FLJ10178 5.82
Heat shock 22 kDa protein 8 HSPB8 534
Chemokine (C-C motif) ligand 2 ccL2 528
Autism susceptibility candidate 2 AUTS2 497
Rap2 binding protein 9 RPIB9 4.87
Zinc finger protein 521 ZNF521 4.82
Cytochrome P450, family 24, subfamily A, polypeptide 1 CYP24A1 4.72
Crypto CFCI 4.41
BTB (POZ) domain containing 3 BTBD3 4.37
Decreased expression of mRNA in RPMI-8226/TP-110
Gene name Gene symbol log.z of 5
expression ratio

Fibronectin 1, transcript variant 1 FN1 —6.17
Soluble carrier family 27 (fatty acid transporter), member 2 SLC27A2 =579
Target of mybl-like 1 (chicken) TOMILI —5.66
Ependymin related protein 1 (zebrafish) EPDRI —5.47
Ca?*-dependent activator protein for secretion 2 CADPS2 —5.37
KIAA0802 KIAA0802 —5.09
STARD3 N-terminal like STARD3NL —5.04
High mobility group AT-hook2 HMGA2 —4.92
Hypotherical protein FLJ14564 FLJ14564 —4.91
Doublesex and meb-3 related transcription factor 2 DMRT2 —4.85

A RT-PCR:
ABCB1(MDR1) [
ABCC1(MRP1)
GAPDH
RPMI-8226 Clone2 Clone 5 Clone 7
RPMI-8226/TP-110
B
WB:

ABCB1 (MDR1)

ABCC1 (MRP1)

RPMI-8226 Clone 2 Clone 5 Clone 7

RPMI-8226/TP-110

Fig. 4. Expression of ABCB1 and ABCC1 in RPMI-8226/TP-110
Cells.

RPMI-8226 and RPMI-8226/TP-110 cells were incubated for
24h. A, ABCBI and ABCCI mRNA expression was assessed by RT-
PCR. B, ABCB1 and ABCC] protein expression was assessed by
Western blot analysis.

were resistant to lactacystin. This susceptibility depends
on the physico-chemical properties of the compound,
including its hydrophobicity and molecular weight.?!??

Resistance to chemotherapeutic agents is a significant
problem in the treatment of cancer.'” Colchicine,

doxorubicin, etoposide, vinblastin, and paclitaxel are
frequently effluxed by P-gp in resistant tumor cells.
RPMI-8226/TP-110 cells expressing ABCB1 (MDR1)
are incidentally isolated by the exposure of RPMI-8226
cells to TP-110, though their cells do not express
ABCC1 (MRPI1) (Table 4), and thus RPMI-8226/TP-
110 cells show cross-resistance to various anti-tumor
drugs. Accordingly, TP-110 exhibits potent anti-tumor
activity in vitro but continuous administration of TP-110
to mice is assumed to induce expression of P-gp.

On DNA microarray analysis, 44 ABC transporters
were investigated. As shown in Table 4, ABCBI was
strongly overexpressed and ABCGI was slightly over-
expressed in. RPMI-8226/TP-110 cells. Conversely,
ABCG8 was repressed in the RPMI-8226/TP-110 cells.
ABCG] is reported to regulate the functions of macro-
phage cholesterol and phospholipid transport in Droso-
phila,'® but the functions of these genes in humans are
not known.

Drug resistance can be avoided by inhibiting the
function of transporters induced by chemotherapy.
Verapamil in breast cancer and non-small cell lung
carcinoma and cyclosporin A in acute myeloid leukemia
have shown benefits in clinical trials.>® A third
generation of inhibitors, including PSC833 and MS-
209, are now being developed.'” Therefore, combina-
tion therapy with TP-110 and an ABCB1 inhibitor might
produce beneficial effects in vivo.

Inconsistent findings involving proteasome inhibitors
and P-gp have been reported. Bortezomib and MG-132,
proteasome inhibitors, reportedly reduced the degree of
the MDR in MCF-7/DOX cells,?? and MG-132 appa-
rently reversed the MDR of gastric cancer by inhibiting
P-gp.> These findings suggest that proteasome inhib-
itors attenuate the expression of P-gp and induce
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Table 4. Expression of ABC Transporter Genes in RPMI-8226/TP-
110 Cells

Table 6. Effects of TP-110 on Doxorubicin-Resistant K-562/DOX
Cells

Gene symbol Sub-family exprlossfa:frado
ABCAI ABC1 -0.19
ABCA2 ABC1 052
ABCA4 ABC1 0.00
ABCAS ABC1 0.06
ABCA6 ABC1 —024
ABCA7 ABC1 —028
ABCA8 ABC1 0.00
ABCA9 ABC1 053
ABCAI0 ABC1 —018
ABCAI2 ABC1 039
ABCBI MDR/TAP 5.89
T4P1 MDR/TAP 050
a2 MDR/TAP 045
ABCB4 MDR/TAP 059
ABCBS MDR/TAP 0.00
ABCBS MDR/TAP —004
ABCB7 MDR/TAP 013
ABCBS MDR/TAP 039
ABCB9 MDR/TAP —0.05
ABCBIO MDR/TAP 0.06
ABCBI1 MDR/TAP 019
ABCCI CFTR/MRP —031
ABCC2 CFTR/MRP 109
ABCC3 | CFTR/MRP 0.1
ABCCY CFTR/MRP 044
ABCCS CFTR/MRP o
ABCC6 CFTR/MRP =026
CFIR CFTR/MRP -022
ABCC8 CFTR/MRP 0.47
ABCC9 CFTR/MRP 0.80
ABCCIO CFTR/MRP 0.13
ABCClI CFTR/MRP —036
ABCCI2 CFTR/MRP 000
ABCCI3 CFTR/MRP 000
ABCD2 ALD 036
ABCD3 ALD —0.01
ABCEI OABP T034
ABCFI GCN20 057
ABCF2 GCN20 0.14
ABCGI WHITE 192
ABCG2 WHITE -0.55
PR WHITE 059
ABCGS WHITE 0.00
ABCG8 WHITE —3.02

Table 5. Effects of Verapamil on RPMI-8226/TP-110 Cells

ICso (ng/ml)
Verapamil
(10 pg/ml) RPMI-8226 RPMI-8226/TP-110 clone 5
- + - +

TP-110 0030 0028 037 (12.3%) 0.053 (1.8)
MG-132 0.50 0.28 1.9 (3.8) 0.48 (0.96)
Bortezomib  0.0019  0.0019  0.0030 (1.6) 0.0019 (1.0)
Doxorubicin  0.0037 0.014 1.1 (297) 0.11 (30)

*Values in parentheses indicate index of resistance (fold).

apoptosis in resistant tumor cells. On the other hand, the
proteasome inhibitors bortezomib and MLN273 are
substrates of P-gp in leukemic cells, and knockdown
of P-gp resensitizes cells against these inhibitors.®
Ohkawa et al. reported a possible role of calpain in P-gp
turnover.?” In the RPMI-8226/TP-110 cells, our results
clearly indicate that a proteasome inhibitor, TP-110, is
the substrate of ABCB1 (P-gp).

ICso (pg/ml)
K-562 K-562/DOX
TP-110 0.053 4.8 (91")
MG-132 16 5.1(3.0)
Bortezomib 0.0093 0.037 (4.0)
Lactacystin 0.44 0.40 (0.90)
Doxorubicin 0.046 2.8 (60)

*Values in parentheses indicate index of resistance (fold).

In conclusion, results of the present study indicate that
the resistance factor in established RPMI-8226/TP-110
cells is ABCBI. Overexpression of ABCB1 in the RPMI-
8226/TP-110 cells was indicated by the results of DNA
microarray analysis, and was supported by the results of
RT-PCR and Western blotting. Moreover, the addition
of an ABCBI1 inhibitor, verapamil, reversed resistance in
the RPMI-8226/TP-110 cells. These results suggest that
TP-110 therapy requires such inhibitors to overcome
resistance via P-gp. Chemical modification of TP-110
and/or combination therapy with an ABCBI1 inhibitor is
a promising approach in cancer chemotherapy.
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