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Oral administration of an HSP90 inhibitor, 17-DMAG, intervenes
tumor-cell infiltration into multiple organs and improves survival

period for ATL model mice
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INTRODUCTION

Nuclear factor kappaB (NF-xB) is a transcription factor that
regulates immune and .antiapoptotic responses to multiple
extracellular stresses.? Under normal conditions, most NF-xB
molecules are sequestered in the cytoplasm by the inhibitor | xB.
In response to cellular stress, | kB is rapidly phosphorylated by the
NF-xB activator I kB kinase (KK) and ubiquitylated for degradation
by the proteasome. This frees NF-xB for translocation into the
nucleus, where it dlrects the transcriptional activation of NF-xB-
respohsive genes.>* IKK is comprised of three different subunits,
IKKet, IKKB and IKKy/NEMO (NF-xB essential modulator). KKy is
also known as NF-kB essential modulator (NEMO).
trimerizes rapidly in response to extracellular stimuli, such as the
pro-inflammatory cytokine tumor necrosis factor-o. (TNF-¢), and
recruits the two catalytic subunits, lKKo«j[B to form a highly
phosphorylated active IKK holoenzyme.® Several genetic studies
have shown that cytokine-triggered activation of what is

NEMO

ransgenic model . -

termed the canonical NF-xB activation pathway is primarily
dependent on NEMO and IKKB,%” whereas IKKa activity is
required for the development of the skin, limbs and lymph
nodes.®® Upon stimulation, several accessory proteins are
recruited to IKK, and the molecular size of this active KK
complex reaches more than 1MDa.'®"" The molecular
chaperone heat-shock protein 90 (HSP90) and its co-
chaperone cell division cycle 37 (CDC37) are components of .
this high molecular weight (HMW)-IKK complex, and they play
crucial roles in maintaining the activity of the complex.' The
antibiotic geldanamycin (GA) specifically binds to the ATPase
domain of HSP90 and inhibits its function as a molecular
chaperone, resulting in the efficient inhibition of TNF-o-
mediated activation of NF-xB.'>'3

The human T-lymphotropic virus type-1 (HTLV-1), which is the
etiologic agent of adult T-cell leukemia (ATL), encodes the
oncoprotein  Tax.'*'® Tax activates NFxB by interacting
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physically with NEMO.'®'7 NF-xB activation mediated by this Tax-
NEMO interaction is similar to that of the TNF-a-triggered
‘canonical’ pathway. Tax induces IKK phosphorylation, ubiquitylation
and proteasome-dependent degradation of | kB, thereby inducing
the translocation of NF-xB into the nucleus.'™'® However, in contrast
to the TNF-a-triggered canonical pathway, which is transient
and mostly IKKB dependent, Tax-mediated NF-xB activation is
persistent and utilizes both the- IKKe. and IKKB subunits®**! From
these observations, we speculated that oncogenic Tax-mediated
activation of NF-«B is distinguishable from the canonical NF-xB
activation pathway, and indeed, we have succeeded in inhibiting
Tax-medlated NF-«B activation using selected sets of NEMO-mutant
peptides.'

Those earlier studies led us to ask whether GA can inhibit Tax-
mediated HMW-IKK formation and suppress NF-xB activation
as has been demonstrated in the TNF-a-triggered canonical
pathway. To address this, we treated ATL cell lines or HEK293 cells
transfected with a Tax expression vector with GA or its less toxic
derivative  17-dimethylaminoethylamino-17-démethoxygeldana-

mycin hydrochioride (17-DMAG).?? We found that these HSP9Q

inhibitors downregulated Tax-mediated intracellular activity
including the activation of NF-«B, activator protein 1 and HTLV-1
long terminal repeat (HTLV-1-LTR). These findings prompted us to
investigate the molecular mechanisms by which HSP90 inhibitors
disrupt Tax-mediated signaling in ATL cells. We found that the
stability of Tax in ATL cells is heavily dependent on the HSP90/
CDC37 chaperones and that Tax is rapidly degraded without these
chaperones following the addition of HSP90 inhibitors. Apoptosis
of ATL cells was also induced by GA and 17-DMAG. Finally, the oral
administration- of 17-DMAG to severe combined immunodeficient
(SCID)- mice transplanted with lymphomatous cells bearmg Lck
proximal promoter-driven Tax transgene (Lck-Tax) cells®® markedly
inhibited the aggressive infiltration of these Lck-Tax cells into
multiple organs. The same procedure to the humanized NOG
(huNOG) mice inoculated with HTLV-1-producing Jurkat cells also
resulted in the suppression of de novo viral production and
improved the survival period.

MATERIALS AND METHODS

Ethics statement

This study was carried out in strict accordance with the recommendations
in the Guidelines for Proper Conduct of Animal Experiments, Science
Council of Japan (http//www.scj.gojp/en/animal/index.html). All proce-

* dures involving animals and their care were approved by the Animal Care

Committee of Oita Univérsity, National Institute of Infectious Diseases and
Kansai Medical University in accordance with the Regulations for Animal
Experiments in Oita University (approval ID: 24-22).

Chemicals, cells and cell culture conditions

All chemicals used in this study including 17-DMAG™ and cell fines or
peripheral blood leukocytes (PBLs) were described in Supplementary
Information.

Coimmunoprecipitation and immunoblot

One million cells of MT4 and C8166 treated with or without 17-DMAG and
HEK293 cells transfected with each plasmid (maximum 1 pg) by FugeneHD
(Roche Applied Science, " Tokyo, .Japan) for 40h were lysed with
coimmunoprecipitation {Co-IP) buffer. Each 200ug of precleared (with
30 ul of protein G agarose, CalBiochem, Millipore Corporation, Billerica, MA,
USA) lysates was incubated with 2pg of rabbit polyclonal anti-HSP90
(Stressgen Bloreagents, Ann Arbor, M, USA) or rabbit anti-FLAG antibody
(Sigma-Aldrich, St Louis, MO, USA) for at least 3 h at 4° C. Antibody-protein
G complexes were washed, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane, and specific proteins were detected by monoclonal
anti-Tax, -HSP90 (Stressgen), -Flag, -tubulin (Sigma) or polycional antf 1KKb
(Cell Signaling Technology) antibodies, respectively.

Blood Cancer Journal

Real-time quantitative reverse transcriptase-PCR by the
LightCycler system :

Total RNA from MT4 cells treated with or without 17-DMAG was isolated
using ISOGEN (Wako Pure Chemical Industries, Ltd, Osaka, Japan), and
contaminated DNA was removed. cDNA was constructed by the Thermo-
script reverse transcriptase-PCR system (Invitrogen, Life Technologies
Japan Co., Tokyo, Japan), and real-time quantitative PCRs for Tax and
glucose-6-phosphate 1-dehydrogenase were performed on a Roche LC480
system (Roche) with indicated probe and primer sets.

Cell viability assay

Cell lines or PBLs from ATL patients or healthy donors were treated with
2.5 um of 17-DMAG for 1-4 days. After every 24 h incubation, cell viabilities
were counted with Cell Counting Kit {Dojindo Laboratories, Kumamoto,

Japan).

Caspase-3/7 assay
Cells used in the ‘cell viability assay’ were also subjected for apoptosis
activity with cappase-3/7 assay and GLOMAX 96 microplate luminometer

(Promega KK, Tokyo, Japan).

Plasmids

The details of plasmid pSG5-Tax** HSP90,* Cdc37® CMV-Tax or
LTR-Tax'! and CoralHue-Tax or — CD(C37 vectors (MBL Co. Lid., Nagoya,
Japan)® are deéscribed in Supplementary Information.

Luciferase assay :
HEK293 cells were transfected with plasmid DNA mixture containing the
reporter plasmids (NF-kB-Luc or HTLV-1-LTR-Luc'' and RSV-B-galactosidase
as a transfection indicator) and Tax expression vectors (pSG5-Tax, CMV-Tax
or LTR-Tax) by FugeneHD. After 24 h incubation of the transfection, where
indicated, 17-DMAG at concentrations listed in the figures was added, and
cells were further incubated for 16h. Cell lysates were subjected to the
luciferase assay kit and GLOMAX 96.

Microscopic observation of cells

HEK293 cells were transfected with phmKGN-MC-Tax and phmKGC-MN-
Cdc37 or its mutant — Cdc37(N200) or — Cde37(N180) for 48 h and then
treated with 1um of Hoechst 34442 (Sigma). Light and fluorescent (gréen
fluorescent protein (GFP) or Hoechst 34442) microscopic observation and
photography were performed by BZ-9000 Biorevo (Keyence Co. Lid,
Osaka, Japan). ’

Transfer of Lck-Tax transgenic cells to SCID mice and treatment
with 17-DMAG

SCID mice were injected intraperitoneally with 2 x 10° Lck-Tax cells®
17-DMAG was administered orally 5 days per week, with 5, 15 or 30 mg/kg
for 2-3 weeks, and then mice were sacrificed for patholagical -examination.

HTLV-1 infection to huNOG and flow cytometric analysis of
peripheral bloods

Suspension of irradiated 1x 10° HTLV-1-producing JEX cells was inocu-
lated intraperitoneally into huNOG mice® at the age between 24 and 28
weeks. Peripheral blood cells were routinely collected every 2 weeks after
infection. Spleen, bone marrow and lymph node were collected, and PBLs
were stained with florescent dye-conjugated antibodies against human
cellular surface markers.

DNA isolation and quantification of proviral load

Genomic DNA was extracted from single cell suspension of tissue or
peripheral blood followed by the conventional phenol extraction method.
Proviral load was measured by quantitative PCR as prewously described.?

Histopathological examination and immunohistochemistry
Tissues were directly fixed in the neutral buffered formalin (Sigma), .
embedded in paraffin, sectioned and stained with hematoxylin and eosin.
Peripheral blood smears were prepared using Giemsa staining and
examined by light microscopy.

For details, see Supplementary Information.

© 2013 Macmillan Publishers Limited



RESULTS

The NF-kB-activating Tax-HSP90-IKK ternary complex is
disaggregated by HSP90 inhibitors that induce Tax degradation .
The molecular chaperohe HSP90 and its co-chaperone CDC37 are
both recruited to IKK and play essential roles in TNF-u-triggered
HMW-IKK formation and subsequent NF-«B activation. The addition
of the HSP90-specific inhibitor GA completely suppresses NF-xB
signaling.’ As we previously demonstrated that the expression of
Tax also resulted in the formation of a HMW-KK complex for
activating NF-xB,'" we speculated that the inhibition of HSP90
function by GA would also affect Tax-mediated NF-xB signaling. First,
using Tax-expressing MT4 cells, we confirmed the interaction of Tax
with HSP90 in the same protein complex by Co-IP assays (Figure 1a).
We then treated MT4 cells for 24 h with a newly developed, less toxic
and water-soluble GA derivative, 17-DMAG,? to evaluate its effects
on the formation of a Tax-induced ternary complex, Tax-HSP90-IKK.
To our surprise, the amount of Tax in MT4 cells decreased
progressively with increasing doses of 17-DMAG (Figure 1b, upper
panel) despite no apparent changes in the amount of HSP90 in the
same lysate (data not shown). Under these conditions, the
interaction between HSP90 and IKKB was clearly reduced with
increasing doses of 17-DMAG (Figure 1b, middle panel), whereas the
amount of HSP90 immunoprecipitated throughout this range of
concentrations was unchanged (Figure 1b, lower panel).

We then examined the kinetics of Tax degradation in MT4 cells
treated with 17-DMAG. Reductions in Tax levels were observed in
cells treated for 12h and continued over time until by 48h,
when the level of Tax became undetectable (Figure 1c). This

a 1P: - HSPOD
1B: o-Tax

Jurkat MT4

b 17pmaG o0 01 0525 5 M)
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17-DMAG-induced Tax degradation stabilized | xBo, whereas
another NF-xB inhibitor dexamethasone had no effects
(Supplementary Figure 1). Tax degradation by 17-DMAG occurred
prior to mRNA suppression as the marked decrease of Tax mRNA
was not observed until 24h after treatment (Figure 1d), whereas
protein level of Tax was obvicusly decreased by 12h {compare
Figures 1c and d). Our previous study indicated that Tax
degradation is partly induced by caspase,® and polyubiquity-
lation had little effects on its cellular stability.?’ We therefore
re-evaluated which pathway is responsible for the 17-DMAG-
induced Tax degradation (Figure 1e). Tax degradation was partly
blocked by the caspase inhibitor 2VAD-fmk®® and by autophagy
inhibitors 3-methyladenine (3-MA)} and 5-aminoimidazole-4-
carboxamide-1-b-p-ribofuranoside (AICAR® but not by the
proteasome inhibitor MG132. Similar findings were obtained from
parallel studies using another ATL cell line, C8166 (data not shown),
although more investigation is needed for fully understanding of
Tax instability.

GA and its derivatives are known to suppress a variety of
intracellular signaling pathways, including NF-xB activation by
inhibiting IKK.">*® One of the most important functions of NF-«B is

“to protect cells from apoptotic stress. A portion of 25um of

17-DMAG is sufficient to induce Tax degradation (Figure 1c) and
I xBo stabilization (Supplementary Figure 1), which implies the
suppression of ATL cell growth; however, it is important to know
whether this concentration is toxic to normal PBLs. We, therefore,
confirmed the median inhibitory concentrations of 17-DMAG
for several ATL or non-ATL cell lines along with normal PBLs.
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Figure 1. 17-DMAG inhibits HSP90-Tax—IKK ternary complex formation and induces Tax degradation in ATL cells. (a) Co-IP of Tax and HSP90.
Four million Jurkat or MT4 cells were lysed with Co-IP buffer, and 50 pg total of cell lysates were subjected to IP with 2 pg of rabbit polyclonal
anti-HSP90 antibody, followed by immunoblot (IB) with mouse monoclonal anti-Tax antibody (upper panel). The amount of expressed Tax in
each cell line was verified by IB with anti-Tax against 10 pg of cell lysates (lower panel). (b) 17-DMAG's effects on Tax expression level and
physical interaction between HSP90 and IKKB in MT4 cells. Four million MT4 cells were treated with the indicated concentrations of 17-DMAG
for 16 h. Co-IP and 1B against immunoprecipitates or lysates were carried out as in panel a. (¢) Ten micrograms of each cell lysate from MT4
cells treated with or without 2.5 um of 17-DMAG for the indicated periods were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and Tax (upper panel), HSP90 (middle panel) or tubulin {lower panel) expression was detected using monoclonal anti-Tax,
anti-HSP90 or anti-tubulin antibodies. (d) Expression levels of Tax in 17-DMAG-treated MT4 cells. mRNAs were prepared from the same
aliquots of MT4 cells described in panel €. mRNAs from 17-DMAG-untreated fractions {(black bars) and 17-DMAG-treated fractions (2.5 pm,
white bars) with indicated time courses were analyzed with the universal probes (Roche) and primers through the LightCycler PCR method
according to the manufacturer’s direction. Comparison of Tax mRNAs with or without 17-DMAG was also indicated with a red line graph as a
division of Tax mRNA with 17-DMAG/without 17-DMAG at each time point. (e) Four million MT4 cells were treated with 2.5 um 17-DMAG for
24 h (lanes 2-6) and then additional 3 pm MG132 for 12 h (lane 3), 10 um zVAD-fmk (lane 4) and 3-MA (lane 5) and 1 mm AICAR (lane 6) for 24 h.

Lysates were prepared for IB of Tax and tubulin.
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The median inhibitory concentrations to ATL cells vary from 0.06
to 2.33 um, which is much lower than that of non-ATL Jurkat
cells (9.32 pum), and three PBLs did not show any significant growth
suppression” with 10um of 17-DMAG (Supplementary Figure 2).
We set the concentration of 17-DMAG at 2.5um and measured
the effects on the viability of ATL cells (cell lines established from
ATL patients’ PBLs or cord blood cocultured with ATL patients’
PBLs or primary PBLs of ATL patients) and other leukemic cells,
as well as PBLs from HTLV-1-negative controls. Most of the ATL cell
lines treated with 17-DMAG exhibited a rapid decrease in viability,

a 17DMAG-CCK8

~i Jurkat
~~ HL-60
=~ MOLT-4

~# 08166
e MT-4
o=~ Pati
|~ Pat2
-~ Pat3
| Pat4
|- PBL1
-~ PBL2
-+~ PBL3

0.1

0.01

0 1 2 3 4
Treatment term (Day)

Figure 2.

17-DMAG induces growth arrest and apoptosis in ATL cells, Two million cells from each ATL cell line established from ATL patients

whereas normal PBLs were unaffected by the drug (Figure 2a).
17-DMAG treatment also resulted in a marked increase in caspase-3/7
activity in most of the ATL cell lines while having no significant
caspase perturbation in control PBLs (Figure 2b).

Downregulation of Tax occurs at the post-transcriptional stage

We then proceeded to examine the details of 17-DMAG-dependent
inhibitory effects on the Tax-HSP90-IKK ternary’ complex by
transfection of two different Tax expression vectors into HEK293
cells. One was driven by the simian virus 40 early promoter and

17DMAG-Caspased/7

s+ Jurkat
= HL-60
= MOLT-4
x - HUT-78
- HUT-102

|- 8166
o MT-4
“|-% Pat1

0.1

0.01
0 1 2 3

Treatment term (Day)

;

PBLs (HUT-102, ED, S1T, SU9T, ATL4 and ATLY; red lines), ATL cell lines established by coculture of cord blood and ATL patients’ PBLs (C8166
and MT4; orange lines), PBLs from ATL patients (Pat1 to Pat4; purple lines), non-ATL leukemic cell lines (Jurkat, HL-60, MOLT-4 and HUT- 78
yellow lines) or healthy donors (PBL1, PBL2 and PBL3; blue lines) were treated with 2.5 um of 17-DMAG for 1-4 days. After each 24 h incubation, 10*
(@) or 5 x 10° (b) cells were transferred to each well of a 96-well plate. (a) One-tenth volume of Cell Counting Kit 8 solution (Dojindo) was added to
each fraction. Thirty minutes after incubation, the absorbance at 465 nm was measured using an E-max precision microplate reader (Molecular
Devices Japan Co. Ltd, Tokyo, Japan). (b) The same volume of Apo-ONE homogeneous Caspase-3/7 assay solution was added to cells, and chemical
luminescence was quantified with GloMax luminometer (Promega).
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Figure 3.  17-DMAG downregulates all the Tax-mediated signaling in HEK293 cells. Fifty thousand HEK293 cells in each well on a 12-well plate
were transfected with 0.5 ug of pSG-Tax (a, ¢} or pLTR-Tax along with 50 ng of NF-kB-luciferase (2, ¢) or HTLV-1-LTR-luciferase (d) and 50 ng of
RSV-B-galactosidase control plasmid. A portion of 0.1-5um of 17-DMAG was added as indicated for 16 h. (b) The expression levels of Tax,
HSP90 and tubulin in 10 ug of lysates from panel (a) were monitored by IB with monoclonal antibodies for each protein,
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B-globin intron Il (pSG5-Tax),** whereas the other was driven by the
HTLV-1-LTR (LTR-Tax). These lines were transfected with either a
NF-xB-responsive or a HTLV-1-LTR luciferase reporter (Figures 3a
and b and Figures 3¢ and d, respectively} and RSV-$-galactosidase
for readout normalization. 17-DMAG treatment was found to
suppress Tax-mediated NF-xB (Figures 3a, b and ¢) or HTLV-1-LTR

Therapeutic effects of 17-DMAG on ATL model mice
E lkebe et al

pSG5-Tax (Figures 3a and b) or LTR-Tax (Figures 3¢ and d). In these
experiments, the ectopically expressed Tax from transfected
plasmid was again downregulated by 17-DMAG (Figure 3b). The
same results were also obtained from the cell lysates transfected
with LTR-Tax or CMV-Tax (data not shown), In addition to these two
enhancers, activator protein 1 activation by Tax>* was also inhibited

activation (Figure 3d) regardless of whether Tax was expressed from by 17-DMAG (data not shown). As the three discrete pathways
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Figure 4. CBD of Cdc37 plays a crucial role for Tax stability in cells. (a) Co-transfection of LTR-Tax and pcDNA3-Flag-tagged Cdc37 (F-Cdc37)
mutants. Lane 1: control pcDNA3 1 pg; lane 2: LTR-Tax 0.5 pig + pcDNA3 0.5 pg; lane 3: LTR-Tax 0.5 pg + F-Cdc37(1-378) wild type 0.5 ug; lane 4:
LTR-Tax 0.5 pg + F-Cdc37(1-200) 0.5 ug; lane 5: LTR-Tax 0.5 ug + F-Cdc37(1-180) 0.5 pg; lane 6: LTR-Tax 0.5 pg + F-Cdc37(181-378) 0.5 ug; lane 7:
LTR-Tax 0.5 ug + F-Cdc37(201-378) 0.5 ug. After 40 h transfectlon, HEK293 cells were lysed with 100 pl of lysis buffer, and the NF-xB-dependent
luciferase activity was normalized with B-galactosidase value (upper panel). A portion of 10 ug of each lysate was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and the expression of Tax {middle panel) or Flag-tagged Cdc37s (lower panel) was detected by
specific monoclonal antibodies. (b) Dose-dependent degradation of Tax by F-Cdc37 mutants, Lane 1: control pcDNA3 1ug; lanes 2-11: 0.5 ug
of LTR-Tax; lanes 3-5: plus 0.125, 0.25 and 0.5 pg of F-Cdc37(1-200); lanes 6-8: plus 0.125, 0.25 and 0.5 ug of F-Cdc37(1-180); lanes 9-11: plus

0.125, 0.25 and 0.5 ug of F-Cdc37(181-378). pcDNA3 was added to normalize the DNA.amount. Tax (upper panel), Flag-tagged Cdc37s (mldd!e

panel) and tubulin (fower panel) were detected by specific monoclonal antibodies. (¢) Cdc37's CBD {amino-acid residues 181-200(ref. 26)) is
required for Tax interaction. A portion of 0.5 ug of control pcDNA3 (lane 1) or LTR-Tax (lanes 2-9) was transfected (lysate-1, middle panel) and
0.5 g of control pcDNA3 (lanes 1 and 2), F-HSP90 (lane 3), wild-type F-Cdc37(1-378, lane 4), F-Cdc37(1-278, lane 5), F-Cdc37(1-200, lane 6),
F-Cdc37(1-180, lane 7), F-Cdc37(181-378, lane 8) and F-Cdc37(201-378, lane 9) were transfected separately (lysate-2, lower panel).
The expression of each protein in cell lysates was detected by specific monoclonal antibodies {middle and bottom panels). A portion of 200 pg
. of each lane’s cell lysates was mixed and subjected to Co-IP with 2 g of rabbit anti-Flag antibodies, and each Co-IP complex was washed four
times_with Co-IP buffer, and following sodium dodecyl sulfate-polyacrylamide gel electrophoresis, Tax was detected by anti-Tax antibody
(upper panel). (d) GFP two-hybrid binding assay between Cdc37 and Tax. HEK293 cells seeded on the six-well platés were transfected with
phmKGN-MC-Tex and phmKGC-MN-Cdc37 or its mutant — Cdc37(N200) and — Cdc37(N180) by FugeneHD. After 48h incubation, the
transfected HEK293 cells were treated with Hoechst 34442 (Sigma) at the final concentration of 1 um. Light and fluorescent (GFP and Hoechst
34442) microscopic observation and photography were performed by BZ-9000 Biorevo all-in-one fluorescence microscope (Keyence).
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activated by Tax are inhibited by 17-DMAG treatment, the simplest
interpretation suggests that all these effects arise from 17-DMAG-
mediated destabilization of the Tax protein itself.

The client-binding domain of CDC37 piays crucial roles in Tax
stabilization a@nd Tax-mediated NF-xB activation

The molecular chaperone activity of HSP90 is usually exerted in
cooperation with various co-chaperones. CDC37 was identified along
with HSP30 as an essential component for a TNF-o-activated
HMW-IKK complex.'? As our current study shows the involvement
of HSP90 in Tax-mediated HMW-IKK formation and NF-«xB
activation,”"” we generated Flag-tagged serial deletion mutants of
HSP90 and CDC37 to examine their potential effects on Tax activity.

HSP30 has three distinct functional domains as described in
Supplementary Figure 3.3*737 We generated five deletion mutants,
N, N+M, M, M+C and C, and transduced each with a Tax
expression vector into HEK293 cells to determine any dominant-
negative effects. Surprisingly, none of these mutants showed
suppressive effects on Tax-mediated NF-xB activation or Tax
stabilization (data not shown).

We then investigated the possible involvement of CDC37 in
Tax stabilization and NF-«B signaling according to its functional
domains (Supplementary Figure 3), namely, an HSP90-binding
domain expanding through M164 to E221; % a kinase-binding
domain at amino-acid residues 40-1 1039 a client-binding
domain (CBD, aminoc-acid residues 181-200)%° and a self-
dimerization domain (aminc-acid residues 240-260)>° Although
overexpression of fulHength CDC37 slightly enhanced NF-xB

Saline

PBL (Gimsa)
%200

Spleen (HE)
x40

Liver (HE)
x40

Lung (HE)
x40

Figure 5.

17-DMAG(5mg/Kg)

activation (Figure 4a upper panel, lane 3), the mutants containing
CBD, CDC37(1-200) and CDC37(181-378), strongly suppressed
Tax-mediated NF-kB activation (Figure 4a upper panel, lanes 4
and 6) and induced extensive Tax degradation (Figure 4a middle

panel, lanes 4 and 6). The mutants CDC37(1-180) and CDC37
(201-378) lacking CBD had little effects on either NF-xB activation or
Tax stability (lanes 5 and 7). Tax degradation was reconfirmed by

titration of these mutants (Figure 4b). Both CCD37(1-200) and CCD37

(181-378) progressively promoted Tax degradation (lanes 3-5 and
9-11, respectively), but CDC37(1-180) had little effects (lanes 6-8).
Coexpression of certain sets of CDC37 mutants could promote
Tax degradation through impaired physical interaction with Tax.
We transfected HEK293 cells with Tax or Flag-CDC37 expression
vectors separately to avoid spontaneous Tax degradation, and each
cell lysate was mixed and applied for Co-IP experiments with anti-
Flag antibodies (Figure 4c). Each protein expression was confirmed
by immunoblotting for Tax (middle panel) or Flag (ower panel).
Although the immunoprecipitates from wild-type HSP20 (upper
panel, lane 3), CDC37 (lane 4) and Tax-degrading CDC37(1-200) and
CDC37(181+378) (lanes 6 and 8) contained Tax in the complex,
the immunoprecipitates from CDC37(1-180) and CDC37(201-378)
lacking Tax-degrading properties did not (lanes 7 and 9).

Finally, we examined direct interaction’ between the two
proteins using a GFP two-hybrid assay Tax, tagged with the
N-terminal portion of Kusabira-Green®” fluorescent protein, and
CDC37s (1-378, 1-200 and 1-180), tagged with the C-terminal
portion, were co-transfected into HEK293 cells. Consistent
with Co-IP results, co-transfectants of Tax and CDC37(1-378) or
CDC37(1-200) emitted green fluorescence but Tax plus CDC37

17-DMAG(15mg/Kg)

Oral administration of 17-DMAG blocks aggressive infiltration of Lck-Tax Tg cells into multiple organs of SCID mice. Two million

Lek-Tax Tg cells were injected intraperitoneally into SCID mice. 17-DMAG was administered orally 5 days per week, with 5 mg/kg body weight
(e-h) or 15 mg/kg body weight (i-1) or untreated (a-d). Mice were sacrificed after 21 days incubation, and organs were processed for Giemsa
(a, @, 1) or hematoxylin and eosin (HE, b-d, f-h and j-1) staining. Microscopic observations were performed and photographed with indicated

magnifications. Tg, transgenic.

Blood Cancer Journal

© 2013 Macmillan Publishers Limited



(1-180) did not. The Tax-CDC37(1-200) complex was translocated
to the nucleus, whereas Tax-CDC37(1-378; wild type) stayed in
the cytoplasm (Figure 4d), Collectively, these findings suggested
the direct involvement of CDC37 for Tax stabilization.

a Kaplan-Meier survival curve
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&

An oral administration of 17-DMAG to ATL model mice induced
blockade of aggressive proliferation and multiple tissue invasions
of transformed lymphocytes and improved survival rate
The demonstration that 17-DMAG has profound effects on
Tax stability and the fact that it is water soluble suggested that
this compound could be tested in a recently developed preclinical
model of ATL23%8

SCID mice were injected with 2x 10% Lck-Tax cells intra-
peritoneally and treated for 5 consecutive days per week for
2 weeks with saline alone or with 17-DMAG in saline at 5 or
15 mg/kg. Mice were euthanized 21 days after celt inoculation. The
blood smear indicated apparent reduction of Lck-Tax cells with
increasing doses of 17-DMAG to saline controls (Figures 5a, & and
i), although the quantitative cell counts were not obtained. The
white pulp in greatly enlarged spleens (splenomegaly) of control
mice was markedly expanded with red pulp compression
(Figure 5b), and the livers and lungs of saline control mice were
characterized by extensive perivascular infiltrations with Lek-Tax
cells (Figures 5¢ and d). These pathologies were progressively
reduced in mice treated with 17-DMAG (spleen, Figures 5f and j;

- liver, Figures 5g and k; and lung, Figures Sh and I).

We then determined the survival improvement through
17-DMAG oral administration with another preclinical ATL

" model (Figure 6). Each 7 (14 in total) huNOG mice®® were injected

with 1 x 10° HTLV-1-producing JEX cells (details are described
in Supplementary Information), and 2 weeks after inoculation,
each 4 of these mice (8 in total) were treated 20 times with 15 or
25mg/kg of 17-DMAG for 4 weeks (as shown in Supplementary
Figure 4), whereas the remaining 6 mice received saline only.
The percentage of CD25-positive T cells, proviral load and the
number of human leukocytes in peripheral blood were manitored.
Four of eight 17-DMAG-treated mice diéd within 8 weeks post
inoculation probably because of high drug dosage, but other
four mice (50%) survived more than 20 weeks, whereas all the
saline-treated controls died within 12 weeks post inoculation.
The average survival period of controls and 17-DMAG-treated
subjects were 833 and 14.75 weeks, respectively. However, the
survival periods of 17-DMAG-treated subjects could be extended
because four subjects were sacrificed at 24 weeks post inoculation
for pathological examination (Supplementary Figure 4). The numbers
of HILV-T-infected human leukocytes in peripheral blood of
17-DMAG-treated subjects were also 5-10 times fewer than those
of saline controls (Figures 6b and c).

Additive effects for growth arrest and apoptosis induction by

concomitant 17-DMAG/Nutlin-3a treatment against ATL cells

The standard chemotherapy against ATL, named as leukemia
study group 15 (LSG15), is currently employing the combination
of four different anticancer drugs that frequently brings
serious side effects to patients.*> We previously demonstrated that
a novel MDM-2-antagonizing/p53-stabilizing drug, Nuitlin-33, induces

<1

“«

Figure 6. lImproved survival and suppression of the growth of
HTLV-1-infected T cells by 17-DMAG oral treatment. (a) Kaplan-
Meifer survival curve of HTLV-1-infected huNOG mice. All mice have
reconstituted human. immune system by the transplantation of
hematopoietic stem cells (huNOG) and have received 1 million JEX
cells, which produce HTVL-1 infectious virus (see the details in
Supplementary Figure 4). JEX/huNOG mice received 17-DMAG by
oral administration for 4 weeks (2-6 weeks post inoculation,
five tmes/week) at the dosage of 25mg/kg (orange line) and
15mg/kg (pink line). Control mice received the same volume of PBS.
{b) The percentage of CD25-positive T cells, PVL and the number of
HTLV-1-infécted cells in peripheral blood of infected mice are shown,

. Upper panel represents the results from 17-DMAG-treated (25 mg/kg)

mice; lower panel represents those of control mice. (¢} Same
experiments with 17-DMAG (15 mg/kg, upper panel) and PBS control
(lower panel). PBS, phosphate buffered saline; PVL, proviral load.
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the senescent death to ATL cells*" We then examined the additive
ant-ATL effects of 17-DMAG and Nutlin-3a. Suboptimal dose of
17-DMAG (0.1 pm) or Nutlin-3a (1 pm) alone did not induce sufficient
apoptotic or growth-arrest activities to ATL cell lines. However, the
combined use of both induced significant growth suppressive and
apoptotic properties (Figure 7), suggesting the possible combina-
tional use of these drugs for further clinical studies.

DISCUSSION

HTLV-1 is the etiologic agent of ATL. Current studies indicate
that worldwide there are more than 20 million HTLV-1 carriers
and that 5% of these carriers will develop ATL.*? The current
standard for treatment of acute- or lymphoma-type ATL in
Japan is CHOP or its modified regimen LSG15; however, the
responses to this treatment reglmen are limited to 31.1% of
patients with 2-year survivals.*® As malignant cells from
relapsed patients are also resistant to other chemotherapeutic
interventions, novel strategies for treatment of ATL are urgently
required;

In this study, we demonstrated the significant inhibitory effects
of 17-DMAG on Tax-mediated NF-xB signaling in vitro and ex vivo.
The most striking observations obtained in vitro were
(@) 17-DMAG-induced Tax degradation that resulted from inhibit-
ing the formation of the Tax—IKK-HSP90/CDC37 ternary complex
(Figures 1a—d); (b} induction of growth suppression and apoptosis
of ATL cells while having little or no effect on normal PBLs
(Figures 2a and b). We also found that the stability of Tax was
heavily dependent on the CBD of CDC37 (Figures 4a and h).

a Caspase3/7

GA-dependent NF-xkB downregulation in ATL cells was reported,
and inhibition of autophagic activity seemed to affect
the conversion of p100 (NF-kB2 precursor) to active p52.32
We observed this time 17-DMAG-dependent Tax degradation
and its blockade by AICAR and 3-MA (autophagy inhibitors) but
not by the proteasome inhibitor MG-132 (Figure 1d), suggesting the
direct involvement of the autophagosome on Tax metabolism in
cells. This issue should further be investigated with ubxquntylatlon-
deficient mutants Tax***! or the autophagy-deficient cells.**

The CBD of CDC37 has been reported to bind preferentially to a
specific glycine-rich motif — GXGXXG.*® Indeed, Tax has a similar
motif in its N terminus. CBD played crucial roles in stabilizing
Tax and Tax-CDC37 complex formation (Figures 4c and d).
CBD-containing mutants of CDC37 seemed to enhance the
machinery responsible for Tax degradation as we did not detect
any decrease in Tax levels in response to an siRNA knockdown of
CDC37 (Supplementary Figure 5). Interestingly, the Tax-destabilizing
CDC37(N200) translocated Tax to the nucleus, whereas wild-type
CDC37 stayed with Tax in the cytoplasm (Figure 4d), and it implies
that this translocation could be related to the Tax destabilization.
For the future, it would be worth trying to identify a chemical
compound that mimics the structure of CBD and could function as
an inducer of Tax degradation. HSP90 and its co-chaperone’s
involvement in multiple signaling cascades, especially, in cancer cells,
has been reported***” Indeed, 17-DMAG also suppressed NF-xB
signaling mediated by other activators NIK, MEKK1, AKT, TAB2 and
IKKo/B (data not shown). We also found that 17—DMAG treatment
induced Tax degradation; potentially 17-DMAG treatment may also
have led to the destabilization of other NF-kB signaling activators.
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Figure 7. Additive anti-ATL cell effects by the combined dosage of 17-DMAG and Nutlin-3a. (a) ATL cell lines 8166, MT4, ED and ATL4 were
treated with either suboptimal single dose of 17-DMAG (0.1 um, black circles) and Nutlin-3a (1 pm, white circles)*! or both (white triangles) for 3
days and harvested for caspase-3/7 assays (a) or CCK-8 assays (b) as described in Figure 2. Each untreated cell’s value was set as 1. (c) Each
caspase-3/7 {apoptotic) value was divided by CCK-8 (growth arrest) value to manifest the additive effects (see the Discussion section). CCK-8,

Cell Counting Kit 8,
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We have determined the therapeutic effects of 17-DMAG on
two different ATL model systems through its oral administration.
First, we tested 17-DMAG induced prevention of Lck-Tax
infiltration in SCID mice, and 5 and 15mg/kg of oral
administration of 17-DMAG for 2 weeks reduced 74% and 83%
of Lck-Tax cells, respectively; splenomegaly or massive infiltration
of Lck-Tax cells into livers and fungs was also™ significantly
reduced (Figure 5). In all experiments, 17-DMAG mice did not
show any body weight losses or inactiveness compared with
saline controls.

We then switched to another ATL model experiment JEX/
huNOG, which has humanized immune environment in NOG
mice and has inoculated HTLV-1-producing Jurkat cells. With oral
administration of both 15 and 25mg/kg 17-DMAG to JEX/
huNOG, four of eight. mice survived more than 20 weeks,
whereas saline controls died within 12 weeks (Figure 6a).
17-DMAG treatment also reduced the number of HTLV-1-infected
cells in peripheral blood, suggesting that 17-DMAG treatment
could intervene the clonal T-cell development to ATL (Figure 6b).
Although this preliminary experiment did not provide statistically
significant survival rates, efficacy of this treatment is indeed highly
expected. It is necessary 10 find the optimized conditions suppres-
sing the ATL cell proliferation without any serious side effects.

Tax has pleiotropic effects on intra-cellular or inter-cellular

signalings mcludmg mfto’nc checkpoint dasruptxon, aberrant cell-
cycle progression*®*° and altered chemotaxis.®’ The present ATL
treatment protocols target the cytoskeletons or DNA replications
with multiple doses of anticancer drugs (called as LSG15), and
significant side effects hy this treatment have been frequently
‘recognized. % We have recently demonstrated the potential uses
of molecularly targeted inhibitors of ATL cell proliferation, such
as a MDM-2 ubiquitin ligase inhibitor Nutlin-3a*' or CXCR4
antagonist AMD3100.3" Nutlin-3a induces growth arrest and
senescent-cell death of ATL cells at the 10 um concentration, but
normal PBLs are also significantly affected.*’ The combined use of
17-DMAG (0.1 pum) and Nutlin-3a (1 um), suboptimal concentration
for single use, significantly enhanced both apoptotic and growth
suppressive effects (Figures 7a and b). This concurrent effects can
be manifested with the division of caspase-3/7 values by Cell
Counting Kit 8 values (Figure 7¢). Besides Nutlin-3a, we also tested
the efficacy of 17-DMAG plus LSG15 (without predonisolone;
Supplementary Figure 6). Unlike the results of 17-DMAG/Nutlin-3a,
17-DMAG/LSG15 did not show any clear additive effects probably
because LSG15 affects cell-cycle progression with a wide range of
spectrum, but the effects of Nuthn 3a are specifically restricted to
P33 stabilization.

It remains to be seen whether 17-DMAG is effecuve for ATL
patients” treatment; elsewhere Hertlein et al>* have reported
17-DMAG's clinical application against chronic lymphocytic
leukemia. Perhaps in future studies, 17-DMAG and other new
drugs with novel anti-ATL activities such as Nutlin-3a, AMD3100 or
a monoclonal anti-CCR4 antibody (KW-0761)>% will provide more
effective and less toxic ATL therapy.
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Increased Plasma Caveolin-1 Levels Are Associated with
Progression of Prostate Cancer among Japanese Men
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Abstract. Aim: Up-regulation of caveolin-1 (CAVI) is
assoctated with aggressive prostate cancer. Among Caucasian
and African-American patients, plasma CAVI levels are
elevated in patients with castration-resistant prostate cancer
(CRPC), but not in those with hormone-sensitive prostate
cancer (non-CRPC), which implies that CAVI could be a
therapeutic target for CRPC. Here, we evaluated associations
between plasma CAVI levels and these types of cancer in

Japanese men, and CAVI expression in PC3 (CRPC) and

LNCaP (non-CRPC) cell lines. Materials and Methods:

Plasma-samples were obtained from 58 patients with prostate -

cancer: 36 with CRPC and 22 with non-CRPC. Enzyme-linked
immuno sorbent assay (ELISA) kits were used 1o determine
CAV1 plasma levels; gRT-PCR and western blots were used to
evaluate the expression of CAVI mRNA and protein in cell
lines. Results: Plasma CAV1 levels in patients with CRPC
were greatly higher than in those with non-CRPC (146137
ng/ml in CRPC; 0.5620.32 ng/ml in non-CRPC, p<0.004).
Western blot and real-time qRT-PCR showed CAVI protein
and mRNA in PC3 cells to be significantly overexpressed
compared to its expression in LNCaP cells (p<0.0001).
. Conclusion: Our results showed a relationship between CAVI
expression and prostate cancer progression, and support the
possibility of CAVI as a therapeutic target for CRPC.

Prostate cancer is the sixth leading cause of cancer-related
death among Japanese men (1). In most cases, death from
prostate cancer results from metastatic disease. Understanding
the mechanisms underlying the progression of prostate cancer
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will facilitate the development of biomarkers and novel
therapeutic strategies to control this devastating malignancy.
Caveolin-1, encoded by CAV1, is a major structural component
of the caveolae, which are specialized plasma membrane
invaginations involved in multiple cellular processes such as
molecular transport, cell adhesion and signal transduction (2).
Although CAVI may suppress tumorigenesis under some
conditions (3), it is associated with, and contributes to,
malignant progression through various mechanisms (4, 5). .
The role of CAVI in cancer cells remains controversial. It
is down-regulated in tumors such as human ovarian
carcinoma (6) and head and neck squamous cell carcinoma
(SCC) (7), which implies a tumor-suppressor role. However,
CAVI] overexpression is associated with more aggressive
behavior, increased recurrence and poorer prognosis in
prostate cancer in Caucasian patients (8) and in
hepatocel]u'lar carcinoma (9). As these discrepancies show,

. whether CAVI up- or down-regulation is an optimistic sign

in tumorigenesis, is unclear.

Emerging evidence of a role for CAVI in prostate cancer
prompted us to investigate its activity in different prostate
cancer types, such as castration-resistant prostate cancer
(CRPC) and hormone-sensitive prostate cancer. We, therefore,
aimed to determine the plasma CAV/] levels and their
association with prostate cancer progression. We also
analyzed CAVI expression in the PC3 (CRPC model) and
LNCaP (non-CRPC model) cell lines. To the best of our
knowledge, this is the first study to evaluate the contribution
of plasma CAV] levels to different types of prostate cancer
among Japanese patients.

Materials and Methods

Study participants. The study population consisted of 58 Japanese
men with prostate cancer, including 36 with CRPC and 22 with non-
CRPC, such as organ-confinied tumors. These patients were treated
at the Department of Urology, in the Miyazaki Medical University
Hospital and its related hospitals between August 2011 and October
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2012, Tumor grade was evaluated in these samples using the
Gleason scoring system. All participants were informed of the
details, procedures and objectives of this study. This study was
approved by the Ethics Committee of Miyazaki Medical University
and related hospitals (Approved number 847, August 2011).

Enzyme-Linked Immuno Sorbent Assay (ELISA) protocols. Blood
(5 ml in EDTA;Na) were collected by venipuncture and
immediately after blood sampling, plasma was obtained by
centrifugation at 12,000 ref xg for 15 min at 4°C and stored at
—80°C until later analysis. To determine plasma CAVI levels, the
Human Caveolin-1 ELISA Kit (Uscn Life Science, Inc., Wuhan,
China; detection range=0.24-15 ng/ml) was used according to the
manufacturer’s instructions. To detect the concentration of plasma
CAVI levels using this ELISA kit, the 60 ng/m} CAVI standard was
diluted to a concentration.range of 0.24-16 ng/ml in duplicate
experiments and the absorption was measured '

Cell cultures. The androgen-dependent LNCaP and androgen-
independent PC3 cancer cell lines (ATCC, Manassas, VA, USA)
were grown in Dulbecco’s modified Eagle’s medium (DMEM;
Gibcq, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco). Cells were grown in 9.6-cm? cell culture
dishes at 37°C in a humidified atmosphere of 5% CO,. Cells were
grown to 80% confluence and harvested between passages four and
six by trypsinization for analysis. For western blots, cells were
seeded in 9.6 cm? dishes into 2.5 ml of culture medium for LNCaP
cells and PC3 cells respectively, Media were changed every day for
five days; cells grown to 90% confluence were passaged by
trypsinization. After centrifugation, the cell pellet was resuspended
in 1 ml of protease inhibitor, and the cells were counted on a
hemocytometer. Aliquots containing 50x103 cells in protease
inhibitor were frozen at —80°C until used.

Western blot analysis. To analyze protein expression, a western
blot method was used. Briefly, samples of protein of 50x103 cells
were separated on a 12% polyacrylamide gel and the proteins
transferred to a polyvinylidene fluoride (PVDF) membrane
(transblot transfer medium; BioRad, Hercules, CA, USA). The
membrane was probed with rabbit anti-cavl (Cell Signaling Co.,
Boston, MA, USA), 1:1,000 diluted in Phosphate Buffered Saline
(PBS) with 0.02% (v/v) Tween-20 and 3% (w/v) milk powder.
Membranes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulins (Dako, Glostrup,
Denmark), before detection of antibody binding by
chemiluminescence (GE, Tokyo, Japan). Band intensity was
measured using a LAS3000 (FUJIFILM, Tokyo, Japan) imaging
densitometer and quantified by densitometry using the Image J
software (National Institutes of Health, Bethesda, MD, USA).

Real time gRT-PCR. Total RNA was extracted from cells using the
RNA Mini kit (Ambion, Paisley, OR, USA) according to the
manufacturer’s instructions. Genes of interest were amplified from
2 mg DNase I-treated total RNAs using Thunderbird Reverse
Transcriptase (ToYoBo, Tokyo, Japan) and random primer. The
primers used for real time qRT-PCR were as follows: CAV/:
forward: 3’-CGCGACCCTAAACACCTCAA-3’, reverse: 5°-
GCCGTCAAAACTGTGTGTCC-3’ (63°C, 40 cycles); and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH): forward: 5’-
ACCACAGTCCATGCCATCAC-3’, reverse: 5’-TCCACCACCC
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Table I. Clinicopathological fearures.

p-Value*

CRPC Non-CRPC
Age, years mean+SD 68.7+7.7 66.2+5.2 0.18
PSA (ng/ml) mean+SD 41.8+28.4 8.8+4.1 <0.001
Gleason grade n (%)
Low=6 2 (5.6) 4(18.2) 0.045
Intermediate=7 8(22.2) 9 (40.9)
High=8 25 (72.2) 9 (40.9)"
T-grade n (%)
LowsT2 7(194) 13 (59.1) <0.004
High=>T3 29 (80.6) 9 (40.9)
Nu (%)
Negative 16 (44.4) 22 (100) <0.001
Positive 20 (55.6) 0(0)
M n (%)
Negative 7(194) 22 (100) - <0.001
Positive 29 (80.6) 0 (0)
Plasma CAV1 (ng/ml) 1.46+1.37 0.56£032  <0.004
mean+=SD .
Total 36 22

PSA: Prostate-specific antigen; CAV1: caveolin-1; M: metastasis. based
on Student’s {-test and Pearson’s %2 test.

TGTTGCTGTA-3" (63°C, 40 cycles). For real-time qRT-PCR,
transcripts were quantified using Applied Biosystems 7300 Real-
Time PCR System (Life Technologies, Carlsbad, CA, USA) and
Thunderbird SYBR ¢qPCR Mix (ToYoBo, Tokyo, Japan).
Experiments were repeated at least three times in triplicate; GAPDH
was used as an internal control.

Statistical analysis. Statistical analysis was performed using the R
1386 2.15.1 software package (Wirtschaftsuniversitit Wien, Vienna .
University of Economics and Business, Vienna, Austria). The
significance of differences in plasma CAV/ levels among CRPC and
non-CRPC patients were determined by Student’s r-tests. p<0.05
was considered statistically significant.

Results

Patients’  Dbackgrounds and plasma CAVI  levels.
Clinicopathological characteristics of patients with CRPC and
non-CRPC are summarized in Table I. The mean ages (in
years) of patients in the CRPC and non-CRPC groups were
68.3x7.4 (range=61-75) years and 66.9+8.3 (range=59-75)
years, respectively. There were no significant differences
between the two groups in terms of mean age distribution
(p=0.18). The mean serum prostate-specific antigen (PSA)
levels of the CRPC and non-CRPC groups differed
significantly (41.8£28.4 ng/ml and 8.8x4.1 ng/ml,
respectively; p<0.001). In addition, patients in CRPC and non-
CRPC groups differed significantly in clinicopathological
characteristics such as Gleason grade, T grade and metastasis
(extent, lymph node and bone) (Table I). Mean plasma CAV/
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Plasma CAV1 levels. (ng/ml)

I

Non-CRPC CRPC
Figure 1. Plasma Caveolin-1 (CAVI) levels (ng/ml). Plasma CAVI levels
were significantly higher in the CRPC group (1.46+1.37 nglml; n=36)
than in the non-CRPC group {0.56+0.32 ng/ml; n=22, p<0.004).
Boxplot; The boundary of the box closest to zero indicates the 25th
percentile, a line within the box marks the median, and the boundary of
the box farthest from zero indicates the 75th percentile. Error bars
abové and below the boxes indicate the 90th and 10th perceniiles,
respectively.

levels in the CRPC group were much higher than in the non-
CRPC group (CRPC=1.46+1.37 ng/ml, non-CRPC=0.56+0.32
ng/ml; p<0.004; Figure 1).

Western blot analysis. Western blot showed a single
immunoreactive band for the CAV1 protein expression at 22
kDa. The loading control, B-Actin at 42 kDa, confirmed that
there was equal protein loading (Figure 2). Western blot
analysis showed that CAV1 expression was significantly
. greater in PC3 cells than in LNCaP cells.

Real-time qRT-PCR. Real-time gRT-PCR was performed by
prostate cancer cells to examine the CAV/ mRNA

expression, which was found to be significantly greater in-

PC3 cells than in LNCaP cells (CAVI/GAPDH, PC3 vs.
LNCaP=1 vs. 0.002; p<0.001).

Discussion

This study investigated whether CAVI expression varied
between Japanese patients with CRPC and in patients with
androgen-sensitive prostate cancer. We also investigated
differences in CAV1 protein and mRNA expressién between
PC3 cells (CRPC model) and LNCaP cells (non-CRPC
model). Our data showed increasing levels of plasma CAVI
to have prognostic potential for prostate cancer progression.

B-fctin {42 kiay .
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Figure 2. Western blot analysis showed significantly greater expression
of Caveolin-1 (CAVI) in PC3 cells than in LNCaP cells.

CAVI has been linked with various types of cancers over
the past decade, during which it was most extensively
studied in breast and prostate cancer. It. was found that
CAVI levels in tumor tissue and in plasma may be
associated with tumor protection or progression (10). In
prostate cancer; in particular, elevated CAV] expression was
observed in tumor tissues in hamans and in a mouse model,

_ compared to non-tumor tissues (11-13). Another study

implied that CAVI and cancer-promoting growth factors
collaborate in prostate cancer progression, although more
evidence is needed (14). CAV1 is thought to suppress tumor
growth and metastasis in human breast and colon cancer
(15, 16). However, CAV1 function may differ among
different organs., and CAV1 could thus exert opposing
effects, resulting in promotion or suppression of tumor
progression. For example, CAV1 expression increased in
tumor samples from the kidney, prostate and stomach, and
re-expression has been found in some advanced
adenocarcinomas (17). Elevated CAV1 expression is
associated with progression of some adenocarcinomas, such
as prostate carcinoma (18), and in adult T-cell leukemia
(19). Interestingly, activated CAV1 expression is associated
with higher grades of prostate cancer, although few
significant relationships have been identified between
CAV1 expression and tumor multiplicity, recurrence,
progression, or overall survival (16).

Li et al. showed that CAV1 was secreted by mouse and
human prostate cancer cell lines, and that secreted CAV1
promoted cancer cell survival and clonal growth in virro (20,
21). They further showed that tumor cell-secreted CAV1
promoted pro-angiogenic activities in prostate cancer through
the phosphoinositol-3-kinase (PI3K)-protein kinase B
(AKT)-endothelial nitric oxide synthase (eNOS) signaling
pathway (22). Regarding the mechanisms through which
CAV1 mediates oncogenic activities, they showed CAV1 to
hold AKT in an activated form in prostate cancer cells by
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binding to and inhibiting the serine/threonine protein
phosphatases PP1 and PP2A (14). Thus, engagement of

CAV1 as a tumor metastasis promoter depends on the -

cellular context, and at the molecular level, by the signaling
molecules and signaling pathways affected and regulated by
CAV1. We hypothesize that altered CAV1 expression
interferes with homeostasis, and increases the frequency of
prostate cancer. ' .

Our results also show that CAVI is associated with tumor
progression and metastasis, and is distinctly elevated in
androgen-resistant tumors. Therefore, CAVI could be a
marker for an aggressive form of cancer (18, 22, 23-27).

Suppression of CAV1 expression has been shown to
restore sensitivity to androgens in androgen-insensitive
tumors (13). Our findings, together with data from other
studies, suggest that CAV] is involved in disease
pathogenesis and progression. Further study of its role in
prostate cancer can contribute to the understanding of this
disease, and possibly offer novel targeted therapeutic
approaches. Although associations between CAV/ and high-
. risk tumors were identified in this study, we still cannot
confirm CAVI to be a marker for high-risk aggressive
tumors, even at the phase when tumors are localized in the
prostate and thus are still curable. To do so would require
monitoring CAV! levels in a follow-up study over the course
of prostate cancer progression from its initial stages. Our
results should also be verified in a larger group of patients,
including those with disseminated disease.
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Genistein induces apoptotic cell death associated with inhibition of
the NF-kB pathway in adult T-cell leukemia cells
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Abstract

We have shown that genistein inhibits the growth of adult T-cell leukemia (ATL) cells in vitro and in vivo, and this leads to
pronounced G2/M arrest. This report shows that genistein induces apoptotic death in ATL cells. Although the pan-caspase
inhibitor, Z-VAD-fmk, did not inhibit genistein-induced apoptosis, release of apoptosis-inducing factor (AIF) into the cytosol
occurred. Poly-ADP ribose polymerase inhibition also abrogated genistein-induced apoptosis. Genistein decreased nuclear
p65 translocation and IkBa phosphorylation, and downregulated the anti-apoptotic proteins, XIAP, cIAP and survivin, NF-kB-
responsive gene products. Thus, genistein is a promising agent for ATL that induces caspase-independent apoptosis through

inhibition of the NF-«kB pathway.

1

Keywords: adult T-cell leukemia; apoptosis inducing factor; caspase; genistein; isoflavone; NF-kB pathway

Local cofactors, such as food culture, play an important role
in ATL occurrence. In Japan in particular, ATL develops ~50
Southwestern Kyushu in Japan is known for its high  years after infection, which is comparatively longer than in
prevalence of human T-lymphotropic virus type I (HTLV-  other areas of the world. Some components from natural
I). HTLV-I is the etiologic agent of the CD4" T-cell  foods, for example as curcumin, capsaicin and fucoidan, are
malignancy adult T-cell leukemia (ATL). Therefore, ATL is  effective in ATL treatment (Zhang et al, 2003; Haneji
designated as ari endemic disease particularly in certain et al, 2005; Tomita et al., 2006a, b). Soybean isoflavone
pockets of the Japanese population. Among infected  inhibits the proliferation or induces cell death in different
individuals, only 1-5% develop ATL, and it is well established types of cancers, including those involving non-ATL leukemia
that this process requires 20-50 years after HTLV-Iinfection.-  cells (Hewitt and Singletary, 2003; Su et al., 2003; Chang
ATL is categorised into four types according to its clinical et al., 2004; Liao et al., 2004). We previously showed that soy
phenotypes: acute, chronic, smoldering and lymphoma.  isoflavones potently inhibited the proliferation of ATL cells in
The acute type constitutes 55-75% of all ATL cases vitro and in vivo (Yamasaki et al, 2007). Genistein
(Hanchard et al., 1990; Yamaguchi et al., 1990). Acute ATL ~ demonstrated a striking ability to induce the accumulation
is aggressively malignant and fatal, as it is accompanied by ~ of p53 protein and stimulate its phosphorylation at ser-15, 20
pulmonary complications, opportunistic infections and  and 37 in ATL cells. This effect was accompanied by growth
uncontrolled hypercalcemia. Aggressive forms of ATL are  inhibition and G2/M arrest. Genistein also induced cell death
resistant to conventional chemotherapy. Therefore, it is in ATL cells, but the molecular mechanisms remain unclear.
important to identify appropriate therapeutic methods to ~ Here, we have examined the apoptosis inducing activity and
_prevent the development of ATL or prolong survival after its  role of the NF-kB pathway in the cytotox1c effect of genistein
on ATL cells.

Introduction

occurrence.

*Corresponding author: e-mail: nishiyam@cc.miyazaki-u.ac.jp
Abbreviations: HTLV-, human T-lymphotropic virus type I; ATL, adult T-cell Ieukemla, TSP/HAM, tropical spastic paraparesis/HTLV-l-associated

myelopathy; TTBS, Tris-buffered saline with 0.1% Tween-20; PBS, phosphate-buffered saline; PFT, pifithrin-; 3-AB, 3-aminobenzamide; PARP, poly-ADP
ribose polymerase; AlF, apoptosis-inducing factor; clAP-2, cellular inhibitor of apoptosis protein-2; XIAP, X-linked inhibitor of apoptosis protein
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Materials and methods

Maﬁerials

Genistein was obtained from Fujicco (Kobe, Japan). 3-
Aminobenzamide (3-AB) (Enzo Life Sciences), Z-VAD-fmk
(Peptide Institute, Osaka, Japan) and Bay11-7082 (Cayman
Chemical, Ann Arbor, MI) were used to inhibit poly-ADP
ribose polymerase (PARP), pan-caspase and IkB-a respec-
tively. Peroxidasé-conjugated anti-mouse IgG, peroxidase-
conjugated anti-rabbit IgG and anti-COX4 were obtained
from Santa Cruz Biotechnology, Santa Cruz, CA). Anti-B-
actin clone AC-15.was obtained from Sigma (St. Louis, MO);
anti-histone H1was obtained from Acris Antibodies (Herford,
Germany), and other antibodies (against NF-kB pé5,
phosphorylated IkBea, IkBa, apoptosis-inducing factor
(AIF), cellular inhibitor of apoptosis protein-2 (cIAP-2), X-

linked inhibitor of apoptosis protein (XIAP) and survivin were

purchased from Cell Signaling Techn_ology (Beverly, MA).

Cell culture

Hut102 cells provided by Hayashibara Biochemical Labora-
tories, Inc. (Okayama, Japan) were maintained in RPMI1640
medium supplemented with 10% fetal bovine serum con-
taining 100 units/mL penicillin G and 100 pg/mL strepto-
mycin. The cells were subcultured twice a week. For
experiments, the cells were adjusted to 1 x 10° per mL
“and cultured with 0-30 M isoflavones for 24 and 48 h.

Cell cycle analysis

The cells were fixed in ice-cold methanol for 30 min before
treatment with 10 pg/mL propidium iodide and 10 pg/mL
RNase. Cycle analysis involved a Coulter, Epics XL flow
cytometer (Beckman Coulter, Inc., Fullerton, CA) equipped
with MultiCycle software (San Diego, CA).

Annexin-V staining

Annexin-V positive cells were identified using a commercial
kit (Bender MedSystems, Vienna, Austria). After staining, the
ratio of annexin-V positive cells among all cells was detected
by flow cytometry.

Western blot analysis

At the end of the culture period, cells were lysed in 50 mM
Tris—HCl (pH 7.5) containing 150 mM NaCl, 2% Triton
X-100,2 mM EDTA, 50 mM NaF, 30 mM Na,P,0; and 1/50
volume protease inhibitor cocktail (NacalaiTesque, Kyoto,
Japan) for the analysis of total cell lysate. Nuclear and
cytoplasmic extracts was separated and prepared using the
NE-PER' Nuclear and Cytoplasmic Extraction Reagents

Cell Biol Int 37 (2013) 742-747 © 2013 International Federation for Cell Biology
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(Pierce, Rockford, IL). For the detection of cytosolic AIF,
cells were treated with ice-cold cytosol recovery buffer
(0.025% digitonin, 5 mM MgCl,, 1 mM EDTA, 10 mM Kdcl,
250 mM sucrose, 25 mM NaF, 1 mM sodium orthovana-
date/20 mM HEPES-KOH at pH 7.2) for 5 min. After
centrifugation at 8,500¢ for 5 min, the supernatant was used
as cytosolic fraction. Protein concentration was measured
using the BCA protein assay reagent (Pierce). Lysates
containing 10 g of protein were separated by electrophore-
sis on a 10% SDS-polyacrylamide gel and transferred
to PVDE Hybond-P membrane (Amersham-Pharmacia
Biotech; Buckinghamshire, UK). Blocking used 5% defatted
milk or 5% bovine serum albumin fraction V (for the
detection of phosphorylated protein) in Tris-buffered saline
with 0.1% Tween-20 (TTBS). Antibodies were diluted in Can
Get Signal solutions 1 and 2 (Toyobo, Tokyo, Japan). The
membrane was washed with TTBS after each antibody
binding reaction. Detection of each protein was performed
using the ECL Plus kit (Amersham Pharmacia). The band
intensity was quantified using the Image J software and data
shown are representative blot patterns. Mean values were
determined for at least three independent experiments.

Statistical analysis

Data were analysed using Student's. t-test and the Tukey—
Kramer test to evaluate the significance of differences.
Significance was defined as P < 0.05.

Results

Genistein inhibits growth and induces apoptosis of ATL
cells

Genistein strongly inhibited the growth of ATL cells in vitro
and in vivo, as previously known (Figure 1A). In particular,
30 wM genistein completely inhibited the growth of Hut102
cells at 24, 48 and 72 h, inducing the accumulation of the
G2/M population (Figure 1B). At 10 M, genistein signifi-

“cantly inhibited growth at 48 and 72 h, but did not increase

the G2/M phase population. Genistein (30 pM) significantly
increased the su-G1 population and annexin V-positive cells
at 48 h (Figures 1B and 1C), which suggest that cell cycle
arrest and the induction of apoptotic cell death both
contributed to the growth inhibition of ATL cells. The
mitochondrial membrane potential was strongly impaired at
30 UM treatment, but not by 10 uM t at 24 and 48 h
(Figure 1D).

Genistein induces caspase-independent apoptosis
To determine the molecular mechanism underlying genis-

tein-induced apoptosis, cells were treated with Z-VAD-fmk
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Figure 1 Induction of apoptotic cell death and G2/M cell cycle arrest of Hut102 cells by genistein. (A) Cells were treated with 0, 3, 10and 30 pM
genistein for 24-72 h and viable cells were counted using the trypan blue dye exclusion method. (B) Cells were treated with 0, 10 and 30 pM genistein for
48 hand cell cycle analysis was performed. (C,D) Cells were treated with 0, 10 and 30 uM genistein for 24 or 48 h and the number of Annexin-V-positive
cells (C) and the mitochondria membrane potential (D) were determined by flow cytometry. Data are shown as the mean + SE of three independent
experiments. Bars marked with asterisks are significant with respect to the control at *P < 0.05 and **0.01.

to assess the involvement of a caspase-dependent pathway. Z-
VAD-fmk had no effect on the number of viable cells
(Figure 2A). Western blot analysis showed that genistein did
not activate caspase-3 (data not shown), which implies the

~ involvement of a caspase-independent pathway. Cytosolic
ATF levels were increased by 30 M genistein treatment for
24 h (Figure 2B). COX4, a mitochondrial marker protein,
was not detected in cytosolic fraction, showing no
contamination of mitochondrial protein into cytosolic
fraction (Figure 2C). AIF release from mitochondria is
known to be stimulated by poly-ADP ribése which is a
product of PARP overactivation. Thus, the cells treated with
3-AB, inhibitor of PARP, and genistein showed that the
former partially abrogated the cytotoxic activity of the latter
(Figure 2D).

744

Genistein decreases NF-kB activity

Finally, the effect of genistein on the activity of NF-kB was
examined. Although 30 uWM genistein significantly reduced
the number of viable cells and impaired thev* mitochondrial
membrane potential after 24 h of treatment, nuclear p65
and phosphorylated IxBa levels were unchanged. However,
the levels of nuclear p65 and phosphorylated IxBa
decreased significantly after 48 h (Figure 3A). GAPDH
was not detected in nuclear fraction, and a strong signal of
histone HI expression was detected in nuclear fraction
(Figure 3B), showing no contamination of cytosol. protein
into nuclear fraction. Although this data indicate that
cytosolic fraction contains histone HI1, we did not use
cytosolic fraction for analysis. NF-kB miediates  the

Cell Biol Int 37 (2013) 742~747 © 2013 International Federation for Cell Biology
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Figure 2 Genistein induces caspase independent apoptosis. (A,C) Cells were treated with 0 and 30 wM genistein with 0 and 20 WM Z-VAD-fmk (A)
or 0 and 20 mM 3-AB (D) for 24 h and viable cells were counted using the trypan blue dye exclusion method. (A) Cells were treated with 0, 10 and 30 pM
genistein for 24 h, and cytosolic AIF and GAPDH were then detected usinig Western blot analysis. Data in (A) and (D) are shown as means = SE of three
independent experiments and the numbers in (B) show the mean values of the quantified band intensities for three independent experiments. The
representative blot patterns are shown. Numbers marked with asterisks are significant with respect to the control at *P < 0.05 and **0.01. Values that do
not sharing any alphabetic letters are significantly different from each other, P < 0.05. (C) COX4 and GAPDH detection in cytosalic fraction to confirm no

contamination between subcellular fractions. Cyt, cytosolic fraction.

transcription of several anti-apoptotic proteins (Figure 3C).
Bay11-7082 was. used as a positive control for NF-xB
inhibition. After 48 h treatment with 10 and 30 wM
genistein, the levels of cIAP-2, XIAP and survivin were
significantly decreased.

Discussion

Having shown that genistein strongly inhibits the growth of

ATL cells in vitro and in vivo via G2/M cell cycle arrest
(Figures 1A and 1B), we found that 30 uM genistein
significantly increased the sub-Gl population and the
number of annexin V-positive cells, suggesting that cell cycle
arrest and induction of apoptotic cell death both contribute
to the growth inhibition of ATL cells. In contrast to extrinsic
death signals, cellular stresses (DNA damage) induce an
intrinsic apoptotic program regulated predominantly by the
mitochondria. Because these stimuli induce permeabilisation
of the mitochondrial outer membrane, the findings in
Figures 1B-D suggest that genistein-induced mitochondria-
mediated apoptosis in Hutl02 cells. Soy-bean isoflavone
induced apoptotic cell death in xenografted ATL cells in non-

Cell Biol Int 37 (2013) 742-747 © 2013 International Federation for Cell Biology

obese diabetic/SCID/gammac null (NOG) mice (Yamasaki
et al., 2007). Thus, mitochondria-mediated apoptotic cell
death may be involved in the growth inhibitory effect of
genistein on ATL cells.

Genistein can induce apoptotic cell death in different types
of cells (Hewitt and Singletary, 2003; Su et al., 2003; Chang
et al, 2004; Liao et al, 2004). It also induces caspase-
dependent apoptosis in ALL, multiple myeloma cells and
T-lymphoma cells (Baxa et al., 2005; Li et al.,, 2011). In
contrast, our data show that caspase activation is dispensable
for cell death, suggesting the importance of other apoptotic
pathways. AIF is a caspase-independent death effect that is
localised to the mitochondria under steady-state condi-
tions, but translocates to the cytosol and nucleus under
different apoptotic stimuli, including genistein administra-
tion (Karmakar et al., 2009; Mohan et al., 2009). Genistein
induces translocation of AIF to the cytosolic fraction, which

* implies that AIF-mediated apoptotic cell death. PARP-1

activation and the resulting poly-ADP ribose (PAR)
overproduction promotes to AIF translocation from mito-
chondria to nuclei (Yu et al, 2002, 2006). The PARP
inhibitor, 3-AB, partially abrogated the cytotoxicity of
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