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Abstract

For metastatic bladder cancer patients, systemic cisplatin (CDDP)-based combination
chemotherapy is the first-line choice of treatment. Although up to 70% of advanced bladder cancer
patients initially show good tumor response to this form of combination chemotherapy, over 90%
of good responders relapse and eventually die of the disease. According to the cancer stem cell
theory, this phenomenon is attributable to the re-growth of bladder cancer-initiating cells (BCICs)
that have survived chemotherapy. In this study, the authors have isolated BCICs from cultured
human bladder cancer cells to analyze their sensitivity to CDDP and to investigate whether heat-
shock protein 90 (Hsp90) inhibitors potentiate the cytotoxicity of CDDP on BCICs. First, the
authors have confirmed that a CD44+ subpopulation of 5637 cells met the requirements to be
considered tumor-initiating cells. These BCICs were more resistant to CDDP and exhibited more
activity in the Akt and ERK oncogenic signaling pathways when compared with their CD44-
counterparts. The Hsp90 inhibitor 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin
(17-DMAG), which simultaneously inactivated both Akt and ERK signaling at noncytocidal
concentrations, synergistically potentiated the cytotoxicity of CDDP against BCICs by enhancing
CDDP-induced apoptosis in vitro. The potentiating effect of 17-DMAG was more effective than a
combination of the two inhibitors specific for the Akt and ERK pathways. Finally, the authors
have confirmed that, though human BCIC xenografts exhibited resistance to a single
administration of CDDP and the Hsp90 inhibitor 17-(allylamino)-17-demethoxygeldanamycin
(17-AAG), 17-AAG sensitized them to CDDP in a mouse model. These data encourage clinical
trials of Hsp90 inhibitors as they may improve therapeutic outcomes of CDDP-based combination
chemotherapy against advanced bladder cancer.
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Introduction

Bladder cancer is the fifth most common cancer in the United States. The estimated
incidence and mortality in 2010 were 70,530 and 14,680 cases, respectively.l One-third of
patients with bladder cancer are diagnosed with muscle-invasive bladder cancer, and up to
50% of these patients develop distant metastases.2 Once a patient develops distant or nodal
metastases, systemic cisplatin (CDDP)-based combination chemotherapy is given as the
treatment of choice. Although up to 70% of patients show an initially good tumor response
to systemic chemotherapy, more than 90% of patients develop recurrences and eventually die
from the disease.3 From the viewpoint of cancer stem cell biology, this phenomenon can be
explained as follows: although systemic chemotherapy kills the majority of bladder cancer
cells leading to the clinical result of tumor shrinkage, the most important target, a small
population of chemo-resistant cancer cells that possess tumorigenic capacity, is spared,
thereby, allowing tumor re-growth.*

Recently, emerging evidence supports the existence of a cellular hierarchy within epithelial
tumors. At the top of this hierarchy is a population of tumor-initiating cells (T-ICs) or cancer
stem cells. According to the American Association of Cancer Research Workshop, T-ICs are
defined as “cells within a tumor that possess the capacity for self-renewal and that can cause
the heterogeneous lineages of cancer cells that constitute the tumor.”> Several functional
studies have identified additional characteristics of T-ICs including sustaining growth
potential > spherical colony formation /n vitro” and inherent chemo- and radio-resistance.
8.9 T-ICs of the epithelial lineage often show mesenchymal features.10:11

The first evidence for T-1Cs came from acute myeloid leukemia,2 in which, a rare subset
comprising 0.01-1% of the total population induced leukemia, when transplanted into
immunodeficient mice. In solid tumors of various organs,11:13-16 3 subset of tumor cells
expressing surface markers such as CD133 and CD44 or those in a side population have
been reported to meet the requirements for classification as T-ICs.”"11 In bladder cancer
specifically, putative T-ICs have recently been isolated from clinical tumor samples based on
their expression of CD44 and CD47,17 but neither profiles of resistance to anti-cancer
therapy in bladder cancer-initiating cells (BCICs) nor the mechanisms underlying the
acquisition of such resistance nor BCIC-targeting strategies have been fully investigated.

Heat-shock protein 90 (Hsp90) is a molecular chaperone required for the stability and
function of numerous oncoproteins essential for the acquisition and maintenance of certain
cancer hallmarks including evasion of apoptosis and self-renewal.18:19 Hsp90 inhibitors,
now being evaluated in a number of clinical trials, 2% destabilize Hsp90 clients by
dissociating Hsp90-Hsp90 client complexes and thereby promoting antitumor activity.21:22
Hsp90 inhibitors can simultaneously inhibit multiple oncogenic pathways on which cancer
cells depend for their development of therapeutic resistance and self-renewal. Recent reports
suggest a potential role of Hsp90 in T-ICs: overexpression of the Hsp90 client oncoprotein
erbB2 increases the T-1C population among breast cancer cells both 77 vitroand in vivo?3
and Hsp90 inhibitors sensitize T-1Cs of the breast to DNA-damaging agents including
CDDP.24
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In this study, the authors have first isolated BCICs from human bladder cancer cell lines
based on their cell surface CD44 expression status, and demonstrated that they are more
resistant to CDDP than their non-BCIC counterparts are. Next, the authors have investigated
the potential role of Hsp90 inhibitors in overcoming the CDDP-resistance of BCICs.

Materials and Methods

Cell culture

Three human bladder cancer cell lines were used: JTC-30 (low-grade papillary, epithelial
morphology), 5637 (low-grade, epithelial morphology) and T24 (high-grade, mesenchymal
morphology). T24 cells were obtained from Japan Health Sciences Foundation on December
2, 2008. 5637 cells were obtained from the American Type Culture Collection on December
20, 2006. JTC-30 cells were established in our laboratory.2> The identities of 5637 and
JTC-30 were confirmed by STR-profiling using the Cell ID System (Promega K.K., Tokyo,
Japan). JTC-30 and T24 cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO,. 5637 cells were
maintained in RPMI 1640 supplemented with 10% FBS, 1% sodium pyruvate, 25 mmol/L
HEPES and 1% penicillin/streptomycin at 37°C and 5% CO-.

Antibodies and reagents

Antibodies for p44/42 extracellular signal-regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK), phospho-Thr202/Tyr204 p44/42 ERK/IMAPK, Akt, phospho-Ser473 Akt,
poly (ADP-ribose) polymerase (PARP), B-actin (Cell Signaling Technology, Danvers, MA)
and erbB2 (CB11; Progen Biotechnik, Heidelberg, Germany) were used for immunoblotting.
Anti-human CD44 mouse monoclonal antibody (BD Transduction Laboratories, Franklin
Lakes, NJ) was used for immunohistochemistry and immunoblotting. Fluorescein
isothiocyanate (FITC)-labeled mouse anti-human CD44 (BD Transduction Laboratories) and
phycoerythrin (PE)-labeled mouse anti-human CD133/2 (Miltenyi Biotec, Bergisch
Gladbach, Germany) were used for analysis of cell surface markers. The MAPK/ERK kinase
(MEK) inhibitor PD98059 and the phosphatidylinositol-3-kinase (P13K) inhibitor LY
294002 were purchased from Cell Signaling Technology. CDDP and DMSO were purchased
from Sigma-Aldrich (St. Louis, MO). The Hsp90 inhibitors 17-(allylamino)-17-
demethoxygeldanamycin (17-AAG) and 17-(dimethylaminoethylamino)-17-
demethoxygeldanamycin (17-DMAG) were obtained from the NIH and from Kosan
Biosciences (Hayward, CA).

Flow cytometry analysis and fluorescence-activated cell sorting

For surface marker analysis by flow cytometry, 70-80% confluent cells in 150-mm cell
dishes (0.5-1 x 107 cells per dish) were washed once with PBS, then dissociated from dishes
using Trypsin—EDTA and centrifuged. Cell pellets were re-suspended in 200 uL of
phosphate-buffered saline supplemented with 0.5% bovine serum albumin and incubated at
4°C in the dark for 10 min with 30 pL of FITC-labeled anti-CD44 antibody, or re-suspended
in 80 pL of the buffer with 20 uL of FcR Blocking Reagent (Miltenyi Biotec) and incubated
at 4°C in the dark for 10 min with 10 pL of PE-labeled anti-CD133/2 antibody. Cells binding
to the antibodies were re-suspended in 1,000 pL of serum-free RPMI and were sorted using
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a MoFlo cell sorter (Beckman Coulter, Brea, CA). Single cells were obtained by gating out
cellular aggregates and by excluding dead cells. The purity of sorted cells was estimated to
be >94% through re-analysis of a small sample of the collected cells. The results were
analyzed using Summit software v4.3 (Dako Colorado, Fort Collins, CO).

Spheroid colony formation assay

A single fluorescence-activated cell sorting (FACS)-sorted human bladder cancer cell was
incubated with 100 pL of RPMI-1640 medium supplemented with 1% sodium pyruvate,
human recombinant epidermal growth factor (EGF, R&D Systems, Minneapolis, MN) at 20
ng/mL and human recombinant basic fibroblast growth factor (0FGF, R&D Systems) at 10
ng/mL in a well of ultra-low attachment 96-well plates (Corning Life Sciences, Corning,
NY) in triplicate. EGF and bFGF were added every second day for 2 weeks. After 4 weeks,
each well was examined under a light microscope and total well numbers with spheroid
colonies were counted. Images of the spheroid colonies were recorded through an inverted
phase microscope (Olympus 1X70, Tokyo, Japan).

Immunohistochemistry

Immunostaining was performed as previously described.28 Briefly, 5-mm paraffin-embedded
sections of tissue specimens were deparaffinized in xylene and re-hydrated. Slides were then
incubated with 0.3% H,0, in methanol to inhibit endogenous peroxidase and microwaved at
550 W for 15 min in 10 mM citrate buffer (pH 6.0). After blocking nonspecific binding with
10% goat serum, the slides were incubated with a primary antibody against human CD44
(dilution 1:50) overnight at 4°C. After incubation with a horseradish peroxidase-labeled
secondary antibody (HISTOFINE Simple Stain MAX PO, Nichirei, Tokyo, Japan) for 30
min at room temperature, color was developed with 3,3-diaminobenzidine. The sections
were counterstained with hematoxylin.

Cell proliferation and cytotoxicity assay

The cell proliferative potential of bladder cancer cells and their viability after exposure to
CDDP, 17-DMAG, 17-AAG, PD98059 and LY 294002 were determined using the CellTiter
96 Aqueous One Solution Cell Proliferation Assay kit (Promega K.K.) according to the
manufacturer’s instructions. Cells (1-3 x 103) were suspended in 100 pL of medium with
10% FBS and plated in 96-well plates. Following exposure to reagents, these cells were
incubated with serum-free medium. Next, cell viability was colorimetrically measured
through a 3-(4,5-dimethylthiazol-2-yl)-5- (3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay. After 1 hr of incubation, the absorbance at 490 nm was recorded
using a Rainbow Thermo microtiter plate reader (TECAN, Ménnedrof, Switzerland).

Colony formation and clonogenic cell survival assay

For the colony formation assay, 1 x 102 cells were plated in 100-mm dishes. Following a 14-
day incubation, colonies were fixed with ethanol and stained with Giemsa. The number of
colonies composed of at least 50 cells was counted. The cytotoxic effects of various /n vitro
treatments were determined through a clonogenic assay. Briefly, cells at 70-80% confluence
were exposed to reagents at specified concentrations. The cells were trypsinized, and equal
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numbers of cells were seeded into 100-mm dishes at multiple concentrations in fresh
complete medium in duplicate. Following a 14-day incubation, the number of colonies that
had been stained was determined as described above. Data were averaged, normalized
against average survival rates of untreated samples and analyzed using CalcuSyn software
(Biosoft, Cambridge, UK) based on the multiple drug-effect equation by Chou and Talalay.
21 The combination index (CI) was calculated by the software to establish whether the drug
interaction was synergistic or not. A Cl of 1 indicates an additive effect whereas less than 1
indicates a synergistic effect.

Immunoblotting

Cells were lysed by scraping in TNESV lysis buffer (50 mmol/L Tris—=HCI (pH 7.4), 1%
NP40, 1 mmol/L EDTA, 100 mmol/L NaCl, 2 mmol/L NazVO,) supplemented with
complete proteinase inhibitors (Roche Applied Science, Basel, Switzerland). Following
clarification by centrifugation, protein concentration was measured by means of the
bicinchoninic acid assay (Pierce, Rockford, IL). Cell lysates were resolved by means of 5-
15% SDS-PAGE, transferred to a nitrocellulose membrane and probed with antibodies.
Protein expression was visualized through an enhanced chemiluminescence protein
detection system (Pierce) using a Fujifilm LAS-4000 imager (Fujifilm, Tokyo, Japan).

Xenograft model

All animal studies were conducted in accordance with the Animal Welfare Regulations of
our institution. To establish a FACS-sorted 5637 tumor xenograft model, a 1:1 mixture (by
volume) of RPMI 1640 with 10% FBS containing 1 x 103 to 1 x 10° 5637 cells and Matrigel
basement membrane matrix (BD Biosciences) was inoculated subcutaneously into the
dorsum of 4-6 week-old male ICR-severe combined immunodeficient (SCID) mice (CLEA
Japan, Tokyo, Japan). To obtain tumor growth curves, tumor volumes were measured twice
weekly with calipers and calculated according to the standard formula (length x width x
height)/2. Tumor latency and incidence were also recorded over the 6 months following
transplantation, but tumors were not allowed to grow beyond 4,000 mms3. For serial tumor
transplantation assay, tumors were removed, minced into approximately 1-mm pieces with
sterile scalpel blades and enzymatically dissociated by means of a 1-hr incubation with
Dispase Il (Sanko Junyaku, Tokyo, Japan) at 37°C in single-cell suspensions. Cells were
passed through a 40-um mesh screen and then incubated in complete medium at 37°C and
5% CO,. After propagation, 1 x 10* cells were inoculated into two other recipient mice. For
chemo-resistance experiments /n vivo, mice received the following treatments 7 days after
inoculation with 1 x 108 CD44+ cells: (a) vehicle (DMSO) alone (7= 5), (b) 17-AAG alone
(i.p., at 100 mg/kg, n=15), (c) CDDP alone (i.p., at 6 mg/kg, n=5) and (d) 17-AAG plus
CDDP (n=5).

Statistical analysis

Differences between groups were assessed using the Chi-square test for categorical data or
the Wilcoxon test for continuous variables. All statistical analyses and partition analyses
were performed using JMP 7.0 statistical software (SAS Institute, Cary, NC). Differences
were considered significant at p < 0.05.
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Results

Spheroid colony formation capacity of CD44+ bladder cancer cells

First, the expression patterns of CD44 and CD133, the candidate cell surface markers for
BCICs, were analyzed in three human bladder cancer cell lines, T24, 5637 and JTC30 using
FACS. All cell lines expressed CD44 to varying degrees; representative results are shown in
Figure 1a. T24 cells, derived from high-grade and invasive disease, expressed CD44 to a
high degree (98-100%), while 5637 and JTC30 cells, both derived from low-grade bladder
cancer, expressed it much less strongly (2.5 and 0.6-1.3%, respectively). In all three cell
lines, CD133 was expressed quite weakly (0.03-0.11%, data not shown).

The growth of spherical colonies is considered indicative of self-renewal capacity and would
be consistent with a T-IC phenotype.28 Indeed, spheroid colony formation has been used as a
means of identifying T-ICs /n vitro.>® To investigate whether CD44 and CD133 were
potential BCIC markers, spheroid colony formation assay was conducted. In all three of the
bladder cancer cell lines, the CD44+ cell fraction generated more spheroid colonies than the
CDA44~ cell fraction did (Fig. 1b). The CD133+ cell fraction was so small in all cell lines
that spheroid colony formation capacity could not be evaluated based on CD133 expression
status. These findings, at least, indicate that more BCICs exist in the CD44+ fraction than in
its CD44- counterpart. Since sufficient amounts of both CD44+ and CD44~ cells could be
consistently obtained only from 5637 cells and T24 cell line has no tumorigenicity when
injected subcutaneously into immunocompromised mice,29 the remaining experiments were
conducted using 5637 cell line.

Tumorigenicity of CD44+ bladder cancer cells

To examine the /n vivo tumorigenicity of 5637 cells based on their CD44 expression status, a
limiting dilution transplantation assay was performed. As shown in Figure 2a, when 1 x 10°
cells were inoculated, both CD44+ and CD44- cells showed 100% tumorigenicity (3/3
SCID mice for both). At 1 x 104 cells, tumorigenicity was 83% (5/6) for CD44+ cells but
only 17% (1/ 6) for CD44~ cells. At 5 x 103 cells or fewer, CD44~ cells did not form tumors
within 24 weeks (0/3 and 0/2 at 5 x 103 and 1 x 10 cells, respectively). In contrast, CD44+
cells were still tumorigenic in low numbers; tumor formation was observed in 2/3 (67%) and
1/2 mice (50%) at 5 x 103 and 1 x 103 cells, respectively. These indicate that the
tumorigenic potential of CD44+ bladder cancer cells is higher than that of CD44- cells by
10- to 100-fold. In addition, CD44+ tumors grew more rapidly than CD44~- tumors did when
1 x 10° cells were inoculated (Fig. 2b), despite the comparable /n vitro cell proliferative and
colony formation capacity of CD44+ and CD44- cells (Fig. 2c).

Self-renewal capacity of CD44+ bladder cancer cells

To examine the self-renewal properties of CD44+ 5637 cells /in vivo, a serial transplantation
assay was conducted. Tumor formation was observed 3 weeks after inoculation in secondary
recipient mice. The authors have repeated the transplantation assay up to the third generation
and confirmed the sustained tumorigenicity of CD44+ cells in tertiary recipients. In contrast,
CD44- cells did not generate tumors in either of two secondary recipients, when 1 x 104
cells were inoculated.
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Morphological features of CD44+ bladder cancer cells

Cultured parental and CD44- 5637 and JTC30 cells exhibited some epithelial features,
including a relatively round shape and the tendency to form small clusters, whereas CD44+
cells exhibited mesenchymal features, most commonly taking the form of isolated spindle-
shaped cells (Fig. 2d, upper). T24 cells, which abundantly express CD44, originally have
mesenchymal features.30 Histologically, CD44+ 5637 cell-derived tumor xenografts were
poorly differentiated, in clear contrast to CD44- tumor xenografts showing remarkable
keratinization, a feature of terminal squamous differentiation (Fig. 2d, middle). CD44+
tumor xenografts sustained CD44 expression, while CD44~- tumors tested negative for it
(Fig. 2d, lower). Given their high tumorigenic potential, self-renewal capacity and
mesenchymal features, CD44+ bladder cancer cells meet the requirements to be considered
T—|CS.1O’11

CDDP-resistance of bladder cancer-initiating cells

CDDRP is one of the most commonly used and most effective chemotherapeutic agents
against bladder cancer. The authors have compared sensitivity to CDDP between CD44+ and
CD44- 5637 cells. Cells were treated with various concentrations of CDDP for 24 hr.
CDA44+ cells, with an estimated 50% inhibitory concentration (1Csq) of 0.43 pg/mL, were
more resistant to CDDP than CD44 cells, with an estimated 1Cg of 0.25 pg/mL (Fig. 3a, left
panel). In a clonogenic cell-survival assay, CD44+ cells also proved more resistant to CDDP
than CD44~ cells (Fig. 3a, right panel).

To overcome the CDDP-resistance of BCICs, the authors have investigated the potential role
of Hsp90 inhibitors in sensitizing BCICs against CDDP. First, the authors have examined the
expression patterns of certain oncogenic proteins to which the chemoresistance of BCICs
could be attributed, including Akt, ERK, their phosphorylated forms and erbB2.31-33 As
shown in Figure 3b, expression levels of Akt, ERK and their phosphorylated forms were
higher in CD44+ BCICs than in CD44~ cells. Next, the authors have determined the
minimal concentrations at which the Hsp90 inhibitor 17-DMAG destabilizes Hsp90 client
proteins and inhibits oncogenic signaling but does not exert a significant cytotoxic effect in
CD44+ cells. 17-DMAG at 20 nmol/L destabilized Akt and erbB2 and attenuated Akt and
ERK activity by more than 90% (Fig. 3c). As shown in Fig. 3d, 72-hr treatment with 17-
DMAG at 20 nmol/L was cytostatic but not cytocidal. Therefore, 17-DMAG at 20 nmol/L
was applied in subsequent experiments.

Sensitization of bladder cancer-initiating cells to CDDP by Hsp90 inhibitors

To examine whether Hsp90 inhibitors at noncytocidal concentrations sensitize BCICs to
CDDP in vitro, a clonogenic assay was conducted in CD44+ 5637 cells. A CDDP
concentration of 0.4 ug/mL was used for /n vitro experiments since the serum concentration
of CDDP stabilizes at approximately 0.4 pg/mL, when approximately 20 mg is given to
patients intravenously.34 As shown in Figure 4a, 17-DMAG alone was less toxic to BCICs
than CDDP was, and a 24-hr pretreatment with 17-DMAG synergized the cytotoxic effect of
CDDP with a CI of 0.59.
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One potential mechanism that may be involved in the synergistic effect observed in BCICs is
the activation of apoptotic pathways. To test this hypothesis, cleaved PARP, a marker of
apoptosis, was measured in CD44+ cells treated with CDDP in the presence or absence of
17-DMAG (Fig. 4b). Treatment with 17-DMAG or CDDP alone induced PARP cleavage
weakly, while the combination induced it strongly, indicating that Hsp90 inhibitors
potentiate CDDP-induced activation of apoptotic pathways.

Since Hsp90 inhibitors simultaneously block multiple oncogenic pathways,18:19 the authors
have hypothesized that Hsp90 inhibitors potentiate the cytotoxic effects of CDDP on BCICs
more effectively than does the inhibition of one or both of the major oncogenic pathways,
Akt and ERK. To test this hypothesis, the authors have evaluated the CDDP-sensitizing
effects of the PI3K inhibitor LY294002 and the MEK inhibitor PD98059 applied singly or in
combination to BCICs /n vitro. Pretreatment with LY294002 and PD98059 at 5 umol/L for 1
hr inhibited the phosphorylation of Akt and ERK, respectively, by approximately 80%
(Supporting Information Figure S1a). Since even a 48-hr treatment with these agents at 5
umol/L was not cytocidal within a 96-hr observation period (Supporting Information Figure
S1b), treatment conditions for the clonogenic assay included a 24-hr pretreatment with
vehicle, LY 294002 alone, PD98059 alone, or LY294002 and PD98059 together, followed by
a 24-hr co-incubation with vehicle or CDDP. In contrast to the synergistic effect of 17-
DMAG, either LY294002 or PD98059 alone did not exhibit an additive effect on CDDP
cytotoxicity but their combination did (Supporting Information Figure S1c). These results
reveal that, in terms of sensitization of BCICs to CDDP, the effect of the simultaneous
inhibition of multiple oncogenic pathways by Hsp90 inhibitors surpasses that of dual
inhibition of the Akt and ERK pathways, both of which are activated in BCICs.

Finally, the authors have investigated the role of Hsp90 inhibitors in sensitizing BCICs
against CDDP /n vivo. 17-AAG has biological profiles similar to 17-DMAG in terms of
Hsp90 inhibition.3> As shown in Figure 4c, CD44+ cell-derived tumors were completely
resistant to a single administration of CDDP or 17-AAG throughout the observation period.
A combination of 17-AAG and CDDP suppressed tumor growth significantly more
powerfully than either drug alone did. Thus, Hsp90 inhibitors potentially enhance the anti-
tumor effect of CDDP on CDDP-resistant BCICs in a mouse model.

Discussion

In this study, the authors have isolated BCICs from human bladder cancer 5637 cells based
on their CD44 expression status and demonstrated that CD44+ BCICs have greater CDDP-
resistance and more abundant expression of oncogenic signaling proteins than CD44- cells
do. Hsp90 inhibitors at noncytocidal concentrations synergistically potentiated the cytotoxic
effects of CDDP on BCICs /n vitro and successfully sensitized CDDP-resistant BCIC-
derived tumor xenografts to CDDP. These data encourage clinical trials of Hsp90 inhibitors
as possible tools to improve therapeutic outcomes of CDDP-based combination
chemotherapy against advanced bladder cancer.

The mechanism responsible for the drug resistance of T-1Cs has not been fully elucidated.
Some T-ICs express higher levels of drug resistance-related proteins such as ATP-binding
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cassette half-transporter proteins and multidrug resistance protein 1 transporters.3¢ The
authors have found that BCICs express higher levels of Akt, ERK and their activated forms
than non-BCICs do. Although the mechanisms by which BCICs abundantly express these
oncogenic proteins remain to be elucidated, the current /n vitro data suggest that the impact
of Hsp90 inhibitors on CDDP resistance of BCICs is likely to be multimodal since more
specific inhibition of either Akt or ERK had minimal impact on the resistance.

Hsp90 client proteins include key components of multiple oncogenic pathways relevant to
growth and survival other than the Akt and ERK pathways,18 such as hypoxia-inducible
factor-la (HIF-1a), erbB2 and inhibitor of xB kinase B, which mediates nuclear factor
(NF)-xB activation. HIF-1a, which is commonly overexpressed in aggressive tumors, plays
roles in tumor progression and resistance to chemotherapy.3” The authors have previously
reported that low-dose Hsp90 inhibitors attenuate invasive and angiogenic potentials of
bladder cancer cells by interfering with the HIF-1 pathway.38 The authors have recently
reported that overexpression of erbB2 and activated NF-xB is relevant to chemoradiotherapy
resistance of bladder cancer in clinical settings and that low-dose Hsp90 inhibitors potentiate
the therapeutic effects by simultaneously blocking the erbB2 and NF-xB pathways.3?

To overcome the therapeutic resistance of T-1Cs by simultaneously abrogating multiple anti-
apoptotic pathways, a combination of Hsp90 inhibitors with cytotoxic therapies is an
attractive approach. Wright et a/24 have found that the use of 17-DMAG simultaneously
with or after chemotherapeutic agents sensitizes BRCA1 cancer stem cells to CDDP,
suggesting the effectiveness of Hsp90 inhibition not only in targeting the bulk of the tumor
but also in minimizing recurrences originating from T-ICs. The current study has
demonstrated that Hsp90 inhibitors sensitize BCICs to CDDP. In the attempt to clinically
develop a novel combination therapy involving Hsp90 inhibitors and CDDP, it is essential to
evaluate the toxic profiles of each component of the therapy in normal tissues. The authors
have shown that Hsp90 inhibitors sensitize bladder cancer cells but not primarily cultured
normal urothelial cells to CDDP,39 suggesting the tumor-selectivity of this combination
therapy.

The complete eradication of T-ICs is necessary to “cure” advanced cancer patients. Thus, a
preclinical model using T-1Cs would make drug discovery and the development of novel
anti-cancer strategies more efficient. In this respect, it is important to identify additional
markers for isolating T-ICs of higher purity.

Presently, various solid tumors share CD44 as a T-IC marker.11:14.18 The current study
clearly demonstrates that the CD44+ subpopulations isolated from our three human bladder
cancer cell lines meet the requirements to be considered T-ICs, confirming the previous
study by Chan et al. in which BCICs were isolated from clinical bladder cancer tissues.’
The CD44+ subpopulation of cancer cells is unlikely to consist of pure BCICs, however; for
example, pancreatic cancer cells that are triply positive for CD44/CD24/ epithelial-specific
antigen have twice the tumorigenic potential of the CD44+ subpopulation.1® The isolation of
BCICs of higher purity accomplished through recognition of a combination of several
markers would contribute to more efficient development of novel and curative strategies
against advanced bladder cancer.
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In the current study, BCICs showed much higher proliferative potential than non-BCICs did
in vivo, despite the two populations' comparable /n vitro cell proliferative capacities. CD44
is a cell surface receptor for hyaluronan (HA).40 Upon HA binding to CD44 expressed on
cancer cells, the complex interacts with transmembrane receptor kinases such as ErbB2,
EGF receptor and transforming growth factor-B,4%41 which mediates activation of Ras/
MAPK and Ras/phosphatidylinositol-3-kinase/Akt pathways and eventually promotes
proliferation, survival, matility, invasiveness and chemoresistance. Because of the presence
of HA in in vivo experiment#243 and accordingly potential activation of the above-
mentioned pathways, higher proliferative activity of BCICs in vivo is conceivable. Indeed,

the similar findings were reported for T-1Cs derived from gastric cancer and brain tumor.
28,44

After treatment with Hsp90 inhibitors, another mechanism conferring treatment resistance
may emerge: once heat shock factor (HSF)-1 is released from an Hsp90-containing
heterocomplex by abrogation of Hsp90 function,*> HSF-1 translocates to the nucleus, binds
to heat shock elements and transactivates Hsp90, 70 and 27.46 Since Hsp70 and 27 are
associated with treatment resistance,*”48 Hsp90 inhibition might potentiate CDDP
resistance, in part, by increasing expression of these chaperone proteins. In this respect,
simultaneous inhibition of Hsp70 and 27 might enhance the sensitizing effects of Hsp90
inhibitors on BCICs to CDDP. Reportedly, an antisense oligonucleotide OGX-427 targeting
Hsp27 sensitizes bladder cancer cells to paclitaxel in vitro.*?

The limitation of 5637 cell line as a model for BCICs might be that this cell line is derived
from grade Il bladder cancer and part of the current results may not represent aggressive
bladder cancer in the clinical setting, which typically consists of grade I11 bladder cancer. In
high-grade bladder cancer cells, Hsp90 inhibitors would be also expected to overcome
CDDRP resistance of BCICs. A couple of groups including us showed that Hsp90 inhibitors
efficiently attenuate oncogenic activities of T24 cells even at low and noncytotoxic
concentrations.38:50 The authors have confirmed that Hsp90 inhibitors sensitize CDDP-
resistant T24 cells to CDDP.3?

In conclusion, BCICs isolated based on their CD44 expression status were more resistant to
CDDP compared with their CD44- counterparts, but Hsp90 inhibitors efficiently sensitized
them to CDDP. These results encourage clinical trials of Hsp90 inhibitors as adjuncts to
CDDP-based systemic chemotherapy, as they may improve therapeutic outcomes of
advanced bladder cancer patients.
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Distributions of cells from three bladder cancer cell lines expressing CD44 analyzed by
fluorescence-activated cell sorter (FACS) and their spheroid colony formation capacity
according to CD44 expression status. (&) Distribution of CD44+ cells by FACS analysis for
T24 (/eft), 5637 (middle) and JTC30 cells (right). (b) CD44+ subpopulations of bladder
cancer cells exhibit higher spheroid colony formation capacity than their CD44—
counterparts do. A single cell was isolated through FACS sorting, identified as CD44+, and
incubated with serum-free medium containing human epidermal growth factor (20 ng/mL)
and basic fibroblast growth factor (10 ng/mL) in a well of ultra-low-attachment 96-well
plates. Average percentages of colony-forming cells after 4 weeks of culture were calculated
for T24 (/ef?), 5637 (middle) and JTC30 cells (right). Each experiment was conducted in
triplicate. Bars, SE. Photomicrograph of spheroid colony formation from a single CD44+
5637 cell (lower middle) and a single JTC30 cell (fower right) in serum-free media x400.
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Figure 2.
Tumorigenicity, proliferative capacity and morphological characteristics of 5637 cells

according to CD44 expression status. (&) Higher tumorigenic potential of CD44+ 5637 cells
when compared with their CD44~ counterparts as demonstrated by a limiting dilution
transplantation assay. Percentages of tumor formation per inoculation at 1 x 103, 5 x 103, 1
x 10*and 1 x 10° cells in SCID mice were recorded throughout the 24 weeks following
inoculation. Data are expressed as % calculated as number of tumors formed/number of
inoculations according to CD44 expression status. (&) Higher proliferative capacity of
CD44+ 5637 cells for tumor xenografts compared with their CD44~- counterparts. Average
tumor volumes were calculated at the indicated time points after inoculation of 1 x 10°
CDA44+ or CD44- 5637 cells into three SCID mice (/eff). Bars, SE. A representative
photogram depicting tumor formation in a SCID mouse at the injection sites 3 months after
inoculation of 1 x 104 CD44+ and CD44~ cells (righd). (¢) Similar cell proliferative and
colony formation capacity of 5637 cells irrespective of CD44 expression status /7 vitro. Cell
proliferative capacity according to CD44 expression status was analyzed by MTS assay
(/ef?). A thousand cells were incubated with complete medium for 72 hr before the assay.
Colony formation capacity was analyzed according to CD44 expression status by clonogenic
assay (right). One hundred CD44+ or CD44~ cells were seeded into 100-mm tissue culture
dishes. Following a 14-day incubation, average number of colonies was calculated.
Individual assays were conducted in duplicate. Bars, SE. NS, not significant. (d)
Morphological features of 5637 cells in vitroand in vivo according to CD44 expression
status. Cultured cells that are positive for CD44 show stromal features, appearing as isolated
spindle-shaped cells, while those that are negative for CD44 have epithelial features,
appearing as approximately round cells that form small clusters (upper). Histologically,

Int J Cancer. Author manuscript; available in PMC 2020 August 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tatokoro et al.

Page 17

CD44+ tumor xenografts were poorly differentiated, in clear contrast to CD44- tumor
xenografts showing remarkable keratinization, a feature of terminal squamous differentiation
(middle;, H&E staining, reduced from x400). Tumor xenografts of CD44+ cells showed
sustained CD44 expression while those of CD44- cells were negative for it (/ower; reduced
from x400).

Int J Cancer. Author manuscript; available in PMC 2020 August 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tatokoro et al.

Page 18

= 100 Y 0.4 08 b
e '] ‘ ' CD44+  CD44-
— -CD44- CD44
% 75 5 erbB2 [ == ]
8 B 0.1 pAKt [ ]
g = Akt [
2 50 = PERK ———
8 : ERK [(=——"13
(“ -
> ) 30" B-actin ===
5 25
< g CD44+
CD44-
0 0.001-
0.1 1
CDDP (ug/mL) CDDP (pg/mL)
¢ d
©
17-DMAG ‘E 500
(nmol/L) O 20 60 100 8 400
N
pAkt | - | 3300
Ak | - | 3 200
PERK L=— % 100-B--B-B-B-§
ERK 3 '
ti e T 0
fracin 10 20 60 100 200 500
17-DMAG
(nmol/L)
Figure 3.

BCICs are more resistant to CDDP and have higher activity of Akt and ERK than their non-
BCIC counterparts /n vitro. (4) Cell viability according to CD44 expression status was
analyzed by MTS assay for 1 x 103 5637 cells simultaneously treated with various
concentrations of CDDP for 24 hr followed by treatment with CDDP-free fresh medium for
48 hr (/ef?). Bars, SE. Colony-forming efficacy according to CD44 expression status was
analyzed by clonogenic assay for 5637 cells treated with CDDP at 0.4 and 0.8 pg/mL for 24
hr (righi). () A CD44+ subpopulation expresses higher levels of Akt, ERK and their
phosphorylated forms than its CD44- counterpart expresses. Equal amounts of protein
extracted from CD44+ or CD44- subsets of 5637 cells, which were incubated and
propagated for 8 hr after isolation by FACS, were loaded to measure expression levels of
indicated proteins by immunoblot. (¢) Dose-dependent inactivation of Akt and ERK
signaling pathways by 17-DMAG at a lower concentration range. A CD44+ subset of 5637
cells treated with 17-DMAG at the indicated concentrations for 48 hr was analyzed for
expression of Akt, ERK, their phosphorylated forms and p-actin. (@) 72-hr treatment with
17-DMAG at 20 nmol/L does not exert cytocidal effects on CD44+ cells. After 72-hr
exposure to 17-DMAG at indicated concentrations or vehicle, cell viability was analyzed by
MTS assay. Control indicates cell viability at time 0 of treatment. Bars, SE.
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Figure 4.
Hsp90 inhibitors potentiate the anti-tumor effects of CDDP on BCICs. (4) 17-DMAG

synergistically sensitizes BCICs to CDDP in vitro. A CD44+ subset of 5637 cells was
treated with or without 17-DMAG (20 nmol/L) for 24 hr followed by co-incubation with
CDDP (0.4 pg/mL) or vehicle for an additional 24 hr. One hundred cells thus treated were
seeded into 10-mm dishes, then incubated in complete medium for 14 days. Colonies formed
were visualized by means of Giemsa staining (ypper). The fraction surviving each treatment
was calculated (/fower). Bars, SE. (b) 17-DMAG at a noncytocidal concentration potentiates
CDDP-induced apoptosis in BCICs. A CD44+ subset of 5637 cells treated as described
above were subjected to immunoblot for measurement of cleaved PARP. (¢) 17-AAG
sensitizes BCIC xenografts, which are otherwise CDDP-resistant, to CDDP in a mouse
model. Mice were treated with vehicle alone, 17-AAG alone (6 mg/kg, i.p.), CDDP alone
(100 mg/Kg, i.p.) or a combination of 17-AAG and CDDP (=5 for each treatment) 7 days
after inoculation with 1 x 106 CD44+ 5637 cells. Representative photographs of mice in
each treatment group on day 30 after tumor inoculation (ypper). Average tumor volumes at
the indicated time points for each treatment were plotted (/ower). Bars, SE.
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