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Abstract. The present study examined the radiosensitization
induced by a heat shock protein 90 inhibitor, N-vinylpyrrolidone
(NVP)-AUY922, in CD133-positive cells in a hypoxic area
of T98G spheroids. CD133-positive cells that are induced in
the hypoxic microenvironment of spheroids have previously
been reported to exhibit cancer stem cell-like properties. The
present study used CD133-positive cells from a glioblastoma
cell line (T98G) as cancer stem cell-like cells. CD133-positive
and negative cells were sorted from T98G spheroids using
fluorescence-activated cell sorting and used for colony forma-
tion assay. Colony formation assay results indicated that
NVP-AUY922 enhanced radiosensitivity more strongly in
CDI133-positive cells compared with CD133-negative cells.
This result showed that NVP-AUY922 was a preferential
radiosensitization candidate targeting glioblastoma cancer
stem cells. The mechanisms underlying radiosensitization by
NVP-AUY922 are discussed in relation to the properties of
cancer stem cells. Overall, HIF-1a. inhibition by NVP-AUY922
may induce higher sensitization of cancer stem cells to radiation.

Introduction

Glioblastoma multiforme (GBM) is particularly refractory
among tumors and is highly resistant to radiation, with a
5-year survival rate of 10% or less (1). The average life expec-
tancy of GBM patients is 1-2 years. GBM diffuses and invades
the normal brain tissue; therefore, it is difficult to surgically
remove the tumor completely. Some cell fractions have been
reported to be highly resistant to cancer therapy. Some of these
cells are categorized as cancer stem cells (CSCs). Even if the
tumor shrunk or seemingly disappeared after treatment with
radiation or powerful anti-cancer drugs, surviving CSCs are
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thought to cause recurrence or metastasis. Additionally, CSCs
have been reported to cause difficulty in GBM therapy (2-6).

Our previous report (7) showed that cells immuno-
fluorescently positive for CD133, a marker of glioblastoma
stem cells, are induced in the hypoxic microenvironment of
spheroids, which are three-dimensional culture models (8).
Furthermore, we revealed that spheroid CD133-positive cells
(SCPCs) exhibit some CSC-like characteristics, including
increased migration and inversion abilities and resistance to
radiation and anti-cancer agents (9). Based on these results, we
propose that SCPCs are glioblastoma CSC-like cells, as shown
in Fig. 1. Using SCPCs, the present study examined whether
the sensitivity of CSC-like cells to radiation was enhanced by
N-vinylpyrrolidone (NVP)-AUY922.

Heat shock protein 90 (Hsp90) is a well-known chaperone
protein that protects against the degradation of numerous
client proteins that contribute to the maintenance of cancer
cells (10). Inhibition of Hsp90 function may lead to the loss of
cancer cell malignancy. Thus, targeting Hsp90 using Hsp90
inhibitors provides a promising strategy to develop anti-cancer
agents (11) or radiosensitizers (12,13). Geldanamycin and its
derivative 17-allylamino-17-demethoxygeldanamcyin (17-A AG)
are commonly used Hsp90 inhibitors (14). However, it has
been reported that Hsp90 inhibitors cause severe side effects
concerning the kidney and liver and chemoresistance in some
tumors, including GBM (15-17). NVP-AU Y922 is a purine-scaf-
fold derivative and non-geldanamycin analog of 17-AAG (18).
NVP-AUY922 mimics the ATP/adenosine diphosphate
(ADP)-binding interface of the Hsp90 N-terminus, thereby
inhibiting client proteins. NVP-AUY922 effectively overcomes
17-AAG resistance in glioblastoma cells with less pronounced
side effects, even at low doses (19). In the present study, we
examined the radiosensitizing effects of NVP-AUY922 on
SCPCs and spheroid CD133-negative cells (SCNCs) derived
from spheroids cultured from T98G cells. Radiosensitization
by Hsp90 inhibitors has not yet been examined in preclinical
studies targeting cancer stem cells. The novelty of the present
study is to compare effects of NVP-AUY922 on radiosensitivity
between cancer cells and cancer stem cell-like cells.

Materials and methods

Cell culture. We used the human glioblastoma cell line,
T98G (provided by JCRB, Setagaya, Tokyo), in the present
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study. T98G cells were cultured in o-minimum essential
medium (a-MEM) supplemented with 20 mM 4-(2-hydroxy-
ethyl) piperazine ethane sulfonic acid, 8 mM NaHCOs;,
50 pug/ml streptomycin, 50 U/ml penicillin, and 10% fetal
calf serum and maintained in a humidified incubator at 37°C
containing a mixture of 98% air and 2% CO,.

Spheroid culture. T98G cells were seeded onto non-adherent
U-shaped bottom 96-well plates (PrimeSurface 96U,
MS-9096U, Sumitomo Bakelite Co.,Ltd.). The seeded cells were
cultured in a-MEM at a density of 5,000 or 10,000 cells/well
for 3 days at 37°C under conditions of 98% air and 2% CO,. The
seeded cells aggregated and formed a cell mass at the bottom
of the nonadherent U-shaped wells on the plates. The spher-
oids formed were transferred to non-adherent 100-mm dishes
(PrimeSurface 100®, MS-9090X, Sumitomo Bakelite Co.,
Ltd.) at a density of 96 spheroids/dish after 3 days of culture.
The transferred spheroids were then successively cultured for
7-10 days until they reached a diameter of 300-500 pm.

Preparation of frozen cryostat sections. After the spheroids
were fixed with a solution containing 10% formalin and 10%
sucrose for 1 h, the spheroids were rinsed with phosphate-
buffered saline (PBS) (-). The spheroids were then embedded
in Tissue-Tek O.C.T. Compound (Sakura Finetechnical Co.,
Ltd.) and sliced into frozen sections 10-20 um in thickness
using a cryostat.

Immunofluorescence staining. Cryostat sections on glass
slides were incubated for double immunofluorescent staining
using anti-CD133%¢!'* monoclonal antibody (Miltenyi
Biotechnology; 1:10 dilution), anti-HIF-1a polyclonal anti-
body (Novus Biologicals; 1:100 dilution), or anti-nestin
polyclonal antibody (Santa Cruz Biotechnology; 1:50 dilu-
tion) for 1 h at room temperature. Subsequently, the sections
were washed thrice using PBS (-) and then incubated with
Alexa Fluor 488 anti-rabbit and Alexa Fluor 546 anti-mouse
secondary antibodies (Nacalai Tesque; 1:1,000 dilution) for
1 h at 37°C. After washing with PBS (-), the sections were
embedded with SlowFade Gold antifade reagent containing
4,6-diamidino-2-phenylindole (Invitrogen; Thermo Fisher
Scientific, Inc.), and covered with a glass coverslip. For immu-
nofluorescent staining of monolayer cultured cells, cells were
seeded onto a glass slide and cultured for 1 day at 37°C with
a mixture of 98% air and 2% CO,. After 1 day, the cells were
washed with PBS (-), fixed with 10% formalin for 1 h, and
then incubated for double immunofluorescent staining using
the same method used for cryostat section staining.

Fluorescence-activated cell sorting. After culturing the spher-
oids for 7-10 days, the spheroids were rinsed once with PBS
(-) and then treated with 0.025% trypsin for 5 min at 37°C.
Trypsin-treated spheroids were dispersed into single cells
via pipetting. The single cells were centrifuged at 1,200 x g
for 5 min, rinsed thrice using PBS (-), and treated for
10 min with a PE-labeled anti-CD133 monoclonal antibody
(Miltenyi Biotechnology 1:10 dilution) and 7-aminoactino-
mycin D (7-AAD; 1:10 dilution) for dead cell-labeling. PBS
containing 1% bovine serum albumin (BSA) was used for
dilution. Subsequently, the single cells were centrifuged,

rinsed thrice with PBS (-), and suspended in PBS containing
1% BSA. BD FACSJazz cell sorter (BD Biosciences) was
used for flow cytometry analysis. Finally, CD133-positive and
7-AAD-negative cells or CD133-negative and 7-A AD-negative
cells were sorted as SCPCs and SCNCs, respectively,
according to the manufacturer's protocol (BD Biosciences).
The clonogenic cell survival assay was performed within 1 h
of sorting the cells.

Clonogenic cell survival assay. The proportion of surviving
cells was measured using a colony formation assay.
Exponentially growing cells were plated at a density of
1.0x10° or 3.0x10° cells in three replicate 6-well plates. These
cells were then incubated at 37°C for 3 h in a CO, incubator.
Subsequently, the cells were irradiated in o-MEM with 150 kV
X-rays emitted by an irradiator (Softex, M-150ME) at a dose
rate of 1.1 Gy/min under normoxia at room temperature.
Non-irradiated cells were treated with 0, 10, and 50 nM of
NVP-AUY922 (Novartis) or dimethyl sulfoxide (DMSO) for
24 h, following which the medium containing NVP-AU Y922 or
DMSO was replaced with a NVP-AUY922-free or DMSO-free
medium. We used doses of 10 and 50 nM of NVP-AUY922
on the basis of pre-experiments. Under combined treatment
with X-rays and NVP-AUY922, the cells were irradiated
in a-MEM containing NVP-AUY922 or DMSO. a-MEM
containing NVP-AUY922 or DMSO was replaced with a
NVP-AUY922- or DMSO-free medium 24 h after irradiation.
The cells were subsequently incubated at 37°C for 10-14 days
in a CO, incubator. The colonies formed were stained with
crystal violet and dissolved in 20% methanol. Colonies
containing more than 50 cells were counted as survivors.
Three independent experiments were performed.

Statistical analysis. To analyze a significant interaction effect,
two-way ANOVA followed by a post hoc Tukey's HSD test
was conducted. Paired Student's t-test was also used for
confirmation of the difference between CD133-positive and
CD133-negative cells. P<0.01 was considered to indicate a
statistically significant difference.

Results

Immunofluorescent double-staining of CDI133"%* and
HIF-1a. Fig. 2A-F shows anti-CD133%¢'% and anti-HIF-1a
antibody immunofluorescence double-stained images. In
monolayer cultured cells (Fig. 2A-C), only a few CD133-or
HIF-1a-positive cells were observed occasionally. In contrast,
in the cryostat sections from spheroids (Fig. 2D-F), CD133
positive or HIF-1a positive cells were observed. CD133
positive cells were also positive for HIF-1a in the hypoxic
region, as suggested by HIF-1a positivity (Fig. 2F).
Immunofluorescent double-staining of CDI133"%* and
nestin. Fig. 2G-L shows CD133%“"** and nestin (a marker
for undifferentiated neural cell) antibodies double-stained
immunofluorescence images. In monolayer cultured cells
(Fig. 2G-I), only a few CD133- and nestin-positive cells
were observed occasionally. In contrast, CD133 positive or
nestin-positive cells were observed in the cryostat sections
from spheroids (Fig. 2J-L). CD133 positive cells were also
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Figure 1. A schema on significance of CD-133 positive cells. The figure
shows cancer stem cell-like properties in CD133-positive cells in T98G cell
line-derived spheroids.
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Figure 2. Images of CD133/HIF-lo. immunofluorescent double staining.
Monolayer cultured cells staining for (A) CD133, (B) HIF-la and
(C) CDI133/HIF-1a; spheroid sections on day 10 after cell seeding
for (D) CDI133 (red-colored), (E) HIF-la (green-colored) and
(F) CDI133/HIF-1a (yellow-colored). Images of CD133/nestin immunofluo-
rescence double staining: Monolayer cultured cells staining for (G) CD133,
(H) nestin and (I) CD133/nestin; spheroid sections on day 10 after cell seeding
for (J) CD133 (red-colored), (K) nestin (green-colored) and (L) CD133/nestin
(yellow-colored). HIF, hypoxia-inducible factor-1a.

positive for nestin and were observed in the central region of
spheroids (Fig. 2L).

Cell sorting of the CDI133-positive and CDI133-negative cells
of spheroids. Single cells that were dispersed from spheroids
and stained immunofluorescently with anti-CD133AC133 anti-
bodies were analyzed. CD133-positive and 7-A AD-negative
cells (red-colored gating) represented ~0.8% of all measured
single cells in monolayer cultured cells (negative control;
Fig. 3A and C) and ~15% in the cells from spheroids
(Fig. 3B and D). Sorted CD133-positive and 7-A AD-negative
cells or CDI33-negative and 7-AAD-negative cells
(blue-colored gating) from spheroids were used for the cell
viability assay.

Viability of SCPCs and SCNCs as determined using
colony-formation assay. SCPCs and SCNCs sensitivity
to X-rays (6 Gy), NVP-AUY922 (10 and 50 nM), or X-rays

Monolayer Spheroid
@
75
100
- 50
c
-
[e]
O 50
25
0 oﬁ"}
100 10" 102 10° 100 10" 102 10°

7-AAD

10° 10" 102 108 10 10" 102 108
CD133 (PE)

Figure 3. Gating of CDI133-positive and CD133-negative cells. Histograms
on PE (labeled to CD133 antibody) signals of (A) monolayer-cultured cells
and (B) spheroid-cultured cells. Cell distributions based on PE and 7-AAD
signals from (C) monolayer-cultured cells and (D) spheroid-cultured cells.
Spheroid or monolayer CD133-positive cells (red-colored) and spheroid
CD133-negative cells (blue-colored) were sorted from the gating shown
in (C and D), respectively. The gating was set on the basis of micro-
scopic observation of PE signals in living cells (7-AAD-negative cells).
7-AAD, 7-aminoactinomycin D.

combined with NVP-AUY922 was examined using a
colony-formation assay. As shown in Fig. 4, the survival frac-
tions among SCPCs groups (X-ray 6 Gy (0.41+0.021) vs. AUY
10 nM (0.53+0.025) or 50 nM (0.57+0.035), X-ray 6 Gy vs.
X-ray 6 Gy + AUY 10 nM (0.26+0.015) or 50 nM (0.15+0.040),
AUY 10 or 50 nM vs. X-ray 6 Gy + AUY 10 or 50 nM) were
significantly different (P<0.01, Tukey's HSD) except for the
survival fraction between groups of AUY 10 nM and AUY
50 nM with no significant difference (P>0.05). In the case
of SCNCs, the survival fractions among groups (X-ray 6 Gy
(0.24+0.006) vs. X-ray 6 Gy + AUY 10 nM (0.12+0.006) or
50 nM (0.11£0.040), AUY 10 nM (0.27+0.025) or 50 nM
(0.28+0.010) vs. X-ray 6 Gy + AUY 10 or 50 nM) were signifi-
cantly different (P<0.01) but those among groups (X-ray 6 Gy
vs. AUY 10 or 50 nM, AUY 10 nM vs. AUY 50 nM, X-ray
6 Gy + AUY10 nM vs. X-ray 6 Gy + AUY 50 nM) were not
significantly different (P>0.05). The difference in the propor-
tion of surviving SCPCs between X-ray 6 Gy and X-ray 6 Gy +
AUY 50 nM (Cohen's d=6.22, effect size) was larger compared
with that of surviving SCNCs between X-ray 6 Gy and X-ray
6 Gy + AUY 50 nM (d=4.50). In addition, the difference in the
proportion of surviving SCPCs between AUY 10 nM (d=8.79)
or 50 nM (d=8.54) and X-ray 6 Gy + AUY 50 nM was larger
compared with that of surviving SCNCs between AUY 10 nM
(d=4.85) or 50 nM (d=5.66) and X-ray 6 Gy + AUY 50 nM.
The larger Cohen's d values in SCPCs indicated that the sensi-
tivity of SCPCs to X-rays or NVP-AUY was more strongly
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Figure 4. Surviving fractions of SCPCs and SCNCs. SCPCs (CD133"; black
columns) and SCNCs (CD133"; white columns) sorted from T98G spheroids
were irradiated with X-rays, treated with N-vinylpyrrolidone-AUY922
alone or combined with X-rays. All plots represent the means and standard
deviations of at least three independent experiments. "P<0.01 (Tukey's HSD
test); “P<0.01 (Student's t-test). SCPCs, spheroid CD133-positive cells;
SCNCs, spheroid CD133-negative cells.

enhanced by combined treatment of X-rays and NVP-AUY than
that of SCNCs.

Since the interaction was significant, we also confirmed the
difference between CD133-positive and CD133-negative cells.
The survival fractions of SCPCs exposed to X-ray 6 Gy, AUY
10 nM, and AUY 50 nM were significantly larger (P<0.01,
Student's t-test) than those of SCNCs exposed to X-ray 6 Gy,
AUY 10 nM, and AUY 50 nM, respectively, under X-ray
irradiation or NVP-AUY922 treatment conditions, indicating
a lower sensitivity of SCPCs to X-rays and NVP-AUY922.
Under treatment with X-ray 6 Gy irradiation combined with a
low concentration of AUY (10 nM), a significant difference in
the proportion of surviving SCPCs and SCNCs was observed
(P<0.01) but that of surviving SCPCs and SCNCs was not
observed (P>0.05) under treatment with X-ray 6 Gy irradiation
combined with a high concentration of AUY (50 nM). We did
not use other HSP90 inhibitors because it was reported that
other inhibitors have high cell toxicity (15-17).

Discussion

The present study confirmed the findings of our previous study,
indicating that glioblastoma SCPCs are induced in the hypoxic
microenvironment of T98G cell line-derived spheroids, and they
are positive for nestin, which is a marker for undifferentiated
neural cells (7). The sensitivity of SCPCs to X-rays is lower than
that of SCNCs and migration and inversion abilities of SCPCs
are higher than those of SCNCs (9). Therefore, we used T98G
cell line-derived SCPCs as the CSC models in the present study.
We have not yet analyzed the CSC-like properties of SCPCs
in other glioblastoma cell lines. The significance of SCPCs is
shown in Fig. 1. In addition, we reported that CD133-positive
cells are not induced under hypoxia in monolayer cell culture
condition (9). It seems that a combined condition of two

dimensional culture and hypoxia is not enough for the induction
of stem cell-like cells.

Hsp90 protects against the degradation of numerous client
proteins that contribute to the maintenance of cancer cells.
Both SCPCs and SCNCs were sensitive to the Hsp90 inhibitor
NVP-AUY922, while the sensitivity of SCPCs to NVP-AUY922
was lower than that of SCNCs, as shown in Fig. 4. In general,
cancer stem cells are resistant to anti-cancer agents; thus, SCPCs
may show lower sensitivity to NVP-AUY922. The resistance of
cancer stem cells to NVP-AUY922 has not yet been reported
elsewhere.

Inhibition of Hsp90 by NVP-AUY922 has been reported to
induce radiosensitization of cancer cells (13,20-22). In the present
study, radiosensitization by NVP-AUY922 was observed in
glioblastoma SCPCs and SCNC:s. Interestingly, the sensitivity of
SCPCs to radiation was more strongly enhanced dose-depend-
ently by NVP-AUY922 than that of SCNCs, as shown in Fig. 4.
This result suggests that NVP-AUY922 may cause preferential
radiosensitization of glioblastoma cancer stem cells. The prefer-
ential radiosensitization has not yet been reported in other Hsp90
inhibitors. There are possible mechanisms for the preferential
radiosensitization of SCPCs by NVP-AUY922. NVP-AUY922
may inhibit some cancer stem cell properties, such as enhanced
DNA repair (3,5), removal of reactive oxygen species (23),
and activation of Akt-mediated cell survival signal transduc-
tion (24). In addition, NVP-AUY922 may inhibit client proteins
that maintain cancer cell stemness. Hypoxia-inducible factor-1 a
(HIF-10) is an Hsp90 client protein that plays important roles in
maintaining cancer cell stemness. Previous studies using tumor
cells in patients and established cancer cell lines showed that
HIF-1a maintains glioma stem cells (25,26), promotes glioma
stem cell expansion (27), and upregulates CD133 protein expres-
sion (28,29). Furthermore, HIF-1a. may mediate the expression
of chemoresistance markers in CSCs (30). From these reports,
it is assumed that HIF-1a inhibition by NVP-AUY922 might
induce higher sensitization of cancer stem cells to radiation. In
the present study, we did not examine effects of NVP-AUY922
on cancer stem cell markers such as HIF-1a,, CD133, nestin and
others. It is important to explore the mechanism of preferential
radiosensitization by NVP-AUY922 in glioblastoma cancer
stem cells through analyses of the location or expression of the
markers in spheroids.

In summary, NVP-AUY922 enhanced the sensitivity to
radiation more strongly in SCPCs than in SCNCs sorted from
T98G cell line-derived spheroids. The present study suggests
for the first time that an Hsp90 inhibitor, NVP-AUY922, is a
candidate for preferential radiosensitization in glioblastoma
cancer stem cells.
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