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Abstract: In spite of radio- and chemotherapy, glioblastoma (GBM) develops therapeutic resistance leading to re-
currence and poor prognosis. Therefore, understanding the underlying mechanisms of resistance is important to
improve the treatment of GBM. To this end, we developed a radiation-resistant cell model by exposure to consecu-
tive periods of irradiation. Simultaneously, single high-dose irradiation was introduced to determine “when” GBM de-
veloped consecutive irradiation-induced resistance (CIIR). We found that CIIR promoted TGF-( secretion, activated
pro-survival Akt, and downregulated p21 in a p53-independent manner. Furthermore, CIIR upregulated multidrug-
resistant proteins, resulting in temozolomide resistance. CIIR GBM also enhanced cell mobility and accelerated
cell proliferation. The big-conductance calcium-activated potassium channel (BK channel) is highly expressed and
activated in GBM. However, CIIR diminishes BK channel activity in an expression-independent manner. Cilostazol is
a phosphodiesterase-3 inhibitor for the treatment of intermittent claudication and was able to reverse ClIR-induced
BK channel inactivation. Paxilline, a BK channel blocker, promoted cell migration and proliferation in parental GBM
cells. In contrast, Cilostazol inhibited ClIR-induced cell motility, proliferation, and the ability to form tumor spheres.
Moreover, we established a radiation-resistant GBM in vivo model by intracranially injecting CIIR GBM cells into the
brains of NOD/SCID mice. We found that Cilostazol delayed tumor in vivo growth and prolonged survival. As such,
inactivation of the BK channel assists GBM in developing radiation resistance. Accordingly, restoring BK channel ac-
tivity may be an effective strategy to improve therapeutic efficacy, and cilostazol could be repurposed to treat GBM.
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Introduction pro-survival mediators in the residual cancer
cells [4, 6, 7]. However, the complexity of cellu-
lar responses to irradiation enhances radiation-

induced malignancy, such as cell proliferation,

Glioblastoma (GBM) is the most aggressive
primary brain tumor. The current standard of

treatment consists of gross total surgical re-
moval of the tumor mass with adjuvant radia-
tion therapy alone, chemotherapy alone, or
combined radiochemotherapy [1]. The World
Health Organization reported that the post-
treatment median survival of GBM patients is
15-18 months [2, 3]. Although radiation is a
powerful approach in local tumor control, which
can significantly improve patient survival, the
benefit of radiochemotherapy is marginal [4, 5].
Mechanistically, radiation not only leads to ce-
Il death, but activates intrinsic anti-death and

migration, and invasion [8]. As such, radiation
resistance is a critical indicator to explain why
treatment fails and cancers recur [9].

Calcium-activated potassium channels are abu-
ndantly expressed and activated in GBM [10].
These channels modulate potassium current
to regulate a variety of cell behaviors pertinent
to morphology and consist of three kinds of
potassium channels, namely big-conductance
(BK), intermediate-conductance (IK), and small-
conductance (SK) channels [11-13]. Calcium-
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activated potassium channels also regulate ra-
diation response in cancers, such as activation
or up-regulation of IK and BK channels promot-
ing cell migration after radiation therapy [6, 14,
15].

However, little is known about how calcium-
activated potassium channels contribute to the
development of radiation resistance in GBM.
Therefore, we mimicked the radiotherapy pro-
cedure and modified Yan’'s method to develop
radiation-resistant GBM in vitro and in vivo [16].
The influences of consecutive periods of irradi-
ation on calcium-activated potassium channels
were investigated. In addition, Cilostazol, a se-
lective phosphodiesterase-3 inhibitor, is used
for the treatment of intermittent claudication.
A previous study reported that Cilostazol is
able to specifically activate BK channels by
directly binding to them without the presence
of cytoplasmic factors [17]. In the present stu-
dy, we investigated the role of calcium-activat-
ed potassium channels in radiation resistance
and the therapeutic potential of Cilostazol for
radiation-resistant GBM assessed in both in
vitro and in vivo models.

Material and methods
Cell culture

The human glioblastoma (GBM) cell line
1306MG was obtained from Dr. Carol A. Kruse,
a professor of Department of Neurosurgery,
UCLA Medical Center, US, while the human
GBM cell line US7MG was obtained from Dr.
Shur-Tzu Chen, a professor of Department of
Cell Biology and Anatomy, NCKU, Taiwan. The
GBM cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Simply) with
10% fetal bovine serum (FBS, Gibco), penicillin
(100 U/mly/streptomycin (100 pg/ml) (Simply),
and 50 pg/ml gentamycin (Thermo). Cells were
incubated under a humidified atmosphere of
5% CO, at 37°C.

Developing radiation-resistant glioblastoma
cell lines

GBM cells were subjected to y-ray irradiation
by a clinical-use accelerator in the Department
of Radiation Oncology of Kuo General Hos-
pital in Tainan, Taiwan, with a radiation dose
ranging from 2 to 10 Gy. At 24 hours post-irradi-
ation, the cells were suspended, and the rela-
tive living cell number was calculated by per-
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forming Trypan blue exclusion assay. Cell vi-
ability was analyzed by Microsoft Excel 2013.
In order to establish radiation-resistant human
GBM cell lines, the median effective dose of
irradiation was selected to develop consecu-
tive irradiation-induced resistance. The cell via-
bility of a single high dose of irradiation was
used as the positive control. When the viability
of the GBM cells under consecutive irradiation
was higher than that of a single high dose of
irradiation, the GBM cell line was defined as
radiation-resistant.

Western blotting

The cells were collected and lysed in a buffer
containing 20 mM Tris, 150 mM Sodium Chlo-
ride, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM Sodium Pyrophosphate, 1 mM 2-
Glycerophosphate, 1 mM Sodium Orthovana-
date, and 1 tab/100 ml Protease inhibitor
(Roche). The protein expression was evaluated
by semi-quantitative Western blotting. Rabbit
anti-rabbit pAkt (Ser473), rabbit anti-Akt, rabbit
anti-p21, rabbit anti-pp53 (Cell Signaling Tech-
nology), mouse anti-BKp, mouse anti-GAPDH,
goat anti-p53, mouse anti-ABCG2, mouse anti-
MRP5 (Santa cruz), rabbit anti-BK channel, and
mouse anti-B-actin (Sigma) were used along
with horseradish peroxidase-conjugated sec-
ondary antibody (Jackson ImmunoResearch).
The band intensities were quantified by a
BioSpectrum® Imaging System.

Enzyme-linked immunosorbent assay (ELISA)

At 24 hours post-cell seeding, the cultured
medium was refreshed. After culturing for 48
hours, the cultured medium was collected. The
condition medium was separated from the
insoluble material by centrifugation (5000 x g,
10 min, 4°C). The total TGF-B1 concentration
was then measured by standard ELISA protocol
(Invitrogen # 88-8350-88).

Temozolomide cytotoxicity

At 24 hours post-cell seeding, the cells were
synchronized by treating with a serum-free
medium for 24 hours. After that, cells was
treated with 50, 100, 150, and 200 yM temo-
zolomide in a medium containing 10% FBS for
24 hours. Trypan blue exclusion assay was per-
formed to calculate the relative living cell num-
ber. Cell viability was analyzed by Microsoft
Excel 2013.

Am J Cancer Res 2021;11(4):1148-1169



Cilostazol for treating radiation-resistant GBM

Cell proliferation rate

At 24 hours post-cell seeding, GBM cells were
collected for counting (O hour), and other plates
were treated with DMSO as the vehicle, 1 yM
Paxilline, or 10 uM Cilostazol for 24, 48, or 72
hours. Trypan blue exclusion assay was then
performed to calculate the exact cell number.

Electrophysiological measurements

After trypsinization, cells were bathed in normal
Tyrode’s solution and transferred to a recording
chamber mounted on the stage of a CKX-41
microscope (Olympus). The patch electrodes
were made of Kimax-51 glass capillaries (Kim-
ble) with a PP-830 electrode puller (Narishige)
or a P-97 Flaming/Brown micropipette puller
(Sutter), the tips of which were fire-polished
with an MF-83 microforge (Narishige). The
pipettes had a resistance of 3-5 MW. Patch-
clamp recordings were made with the standard
patch-clamp technique using an RK-400 ampli-
fier (Biologic). The offset potential between the
pipette and the bath solution was compensat-
ed with the amplifier.

Data recordings

The signals for both voltage and current trac-
ings were stored on line in a TravelMate-6253
laptop computer (Acer) at 10 kHz through a
Digidata-1322A (Molecular Devices). The latter
device was equipped with an Adapter SIimSCSI
card (Milpitas) and controlled by a pCLAMP 9.2
(Molecular Devices). Current signals were low-
pass filtered at 1 or 3 kHZ. pCLAMP-created
profiles for rectangular or ramp pulses were fre-
quently used to evaluate current-voltage (I-V)
relationships for ion currents. The data were
exported to either Origin 8.0 (OriginLab) or a
spreadsheet embedded in Microsoft Excel.

Data analysis

Single-channel currents of the BK or IK chan-
nels were analyzed by pClamp 9.2 (Molecular
Devices). Single-channel amplitudes were de-
termined by fitting Gaussian distributions to the
histogram amplitudes of the closed state and
open state. The channel activity was defined as
N x P, which is estimated by the following
equation:

A F2A,*+3A et nA)
N-P = Ay tA A TA A+t A
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where N is the number of active channels in the
patch, A, is the area under the curve of an all-
points histogram corresponding to the closed
state, and A,, ..., A represent the histogram
areas indicating the levels of distinct open
state for channel 1 to channel n in the patch
examined. The single-channel conductance of
either the BK or IK channels was calculated by
linear regression using the mean values of the
current amplitudes measured at different lev-
els of the holding potentials. Averaged results
are presented as means with standard error
of the mean (SEM). The Student’s t-test and
Duncan’s multiple-range test for multiple com-
parisons were performed to articulate the sta-
tistical difference among the two or four treat-
ment groups.

Wound healing assay

GBM cells were seeded in 2-chamber culture
inserts (ibidi). After the cells reached 90% con-
fluence, the inserts and cultured medium were
removed to create a wound. Cells were subject-
ed to different treatments, including 1 uM
Paxilline, 10 uM Cilostazol, 1 mM EDTA, and 1
mM KCI (Sigma). The wound area was observed
from O to 24 hours. Images of the wounds were
taken at hour O and at different timepoints, the
wound areas of which were measured using
Imagel. The migration rate was calculated by
the equation: percentage of wound closure =
[(wound area at 24 hours)/(wound area at O
hour)] x 100%.

Transwell assay

GBM cells were seeded in the upper chambers
of the Transwell inserts (CORNING), and DMEM
with 10% FBS was added into the lower well.
After the cells formed a monolayer, serum-free
medium with DMSO as the vehicle, 1 uM Pa-
xilline, or 10 uM Cilostazol, was added into the
upper chambers to replace the culture medium,
and the DMEM with 10% FBS in the lower well
was refreshed. The cells were subjected to
treatment for nine hours, after which the medi-
um in the upper chamber was discarded and
the Transwell inserts were removed from the
well. The cells in the upper surface of the
Transwell inserts were then removed. The filter
was fixed in 4% paraformaldehyde, and the
nuclei were stained with hematoxylin (Sigma).
The numbers of migratory cells for each filter
were then counted.
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Tumor sphere formation assay

A low count of cells was suspended in serum-
free medium with 1% methyl cellulose, 10 ng/
ml EGF, 10 ng/ml bFGF, and B27 supplement.
Cells were seeded into 400 pl, non-coating
24-well plates (NEST). Treatments were repeat-
ed ten times (1 uM Paxilline or 10 uM Cilostazol)
with 10 ng/ml EGF, 10 ng/ml bFGF, and B27
supplement in 40 pl added twice weekly. The
cells were treated with Paxilline or Cilostazol for
21 days. The spheres were observed by us-
ing an Olympus microscope, the diameters of
which were measured by ImageJ software.

Animals

The NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID)
mice were purchased from the Laboratory
Animal Center, College of Medicine, National
Cheng Kung University (NCKU). Five mice were
housed in a cage with controlled temperature
(224£2°C), humidity (55+£5%), and a 12 hours
light/dark cycle. The mice were given free ac-
cess to water and food. Care and use of labo-
ratory animals were in accordance with the
National Institutes of Health (NIH) guidelines,
and all experimental procedures were approv-
ed by the Institutional Animal Care and Use
Committee of the College of Medicine, NCKU,
with project approval number (#107106 and
#109022).

In vivo intracranial xenograft animal model
and bioluminescence imaging

1306MG 3.5GR6 and US7MG 2GR4 radiation-
resistant human GBM cell lines were trans-
duced with lentiviral vector expressing green
fluorescent protein (GFP) and firefly luciferase
(Luc). In order to stably express GFP/Luc, antibi-
otics selection was conducted seven times,
after which single cell clones were collected
and amplified for further study. The expression
of GFP/Luc was checked by immunofluorescent
staining for GFP and IVIS for the biolumines-
cence of luciferase. For tumorigenesis in vivo, 5
x 10° Luc-expressing cells in 2 ul were inocu-
lated intracranially into the 8 to 10-week-old
male NOD/SCID mice. Mice were anesthetized
and placed on a stereotaxic device. A Hamilton
syringe with a 30-gauge needle was mounted
on a stereotaxic device, and Luc-expressing
GBM cells were injected into the right brain
(anterioposterior = 0.5 mm, mediolateral = 2.0
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mm, and dorsoventral = 3.0 mm from the Bre-
gma). Cilostazol (Cayman) was injected intra-
peritoneally at a dose of 10 mg/kg twice weekly
[18, 19]. Vehicle and Cilostazol treatment start-
ed from post-transplantation day 7 to day 52.
Tumor growth was monitored by IVIS spectrum
Live Imaging System (IVIS-200, Xenogen) twice
weekly. Before monitoring, mice were injected
with 150 mg/kg D-luciferin (PerkinElmer) and
anesthetized with isoflurane. The results of
luciferase radiance were quantitated by Live
Imaging Software (Xenogen) and the results
analyzed using GraphPad Prism software.

Hematoxylin and eosin staining

At the endpoint, whole mice brains were fixed
with paraformaldehyde for 3 days at 4°C and
processed by standard procedure for paraffin
embedding. The paraffin embedded tissues
were de-paraffinized by Xylene, followed by
rehydration with sequentially reduced ethanol
and water. Nuclei and tissue slides were stain-
ed by hematoxylin and eosin, respectively. After
H&E staining, the slides were dehydrated by
ethanol and Xylene, and sealed by mounting
medium. These slides were examined using an
Olympus Microscope.

Statistics

Each experiment was repeated at least three
times. All results are presented as means +
standard error of the mean (SEM). Independent
experiments were analyzed by unpaired two-
tailed Student’s t-test; two-way ANOVA was
used to analyze the differences in intracranial
tumor growth in vivo at different times of treat-
ment. A p-value less than 0.05 was considered
significant. Microsoft Excel 2013 and GraphPad
Prism software were used for statistical calcu-
lation and analyses.

Results

Developing radiation resistance in glioblasto-
ma and the potential mechanisms contributing
to radiation resistance

Glioblastoma (GBM) cells were irradiated with
a dose ranging from 2 to 10 Gy. The median
effective dose of radiation (dose of 50% cell
viability, ED_ ) for 1306MG and U87MG were
3.5 Gy and 2 Qy, respectively. On the other
hand, the post-irradiated viability was positive-
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Figure 1. Developing radiation-resistant glioblastoma. A. Cell viability of the post-irradiated 1306MG and US87MG
was evaluated by trypan blue exclusion assay; B. The graphs representing the morphology of the 1306MG and
U87MG cells. The arrows indicating the altered morphology of the post-irradiated 1306MG and U87MG; C. A sche-
matic presentation indicating a cell model of the developing consecutive irradiation induced resistance in GBM; D.
Cell viabilities of the single high-dose irradiated and consecutive irradiated 1306MG and U87MG were evaluated by
trypan blue exclusion assay; means + standard error of the mean (SEM).

ly correlated with increasing dosage, while diation also altered cell morphology, such as
the irradiation dose was higher than 4 Gy in irregular shape, enlarged size, multi-nuclei, and
1306MG or 2 Gy in US7TMG (Figure 1A). Irra- loss of processes (Figure 1B). Based on the

1152 Am J Cancer Res 2021;11(4):1148-1169



Cilostazol for treating radiation-resistant GBM

A B (@) ¥ © <]
LLE1500 ok D& oy S é? ‘%'J ~
o 21000 PAKE - ~ -57 kDa pAkt . .. +% - -57kDa
508 AKE e o o o _56 kDa AKt o s o = 56 kDa
© & © GAPDH # s s e e 37 kDa  GAPDH s s s 88 -37 kDa
S © o)
> > - 3 o
g = T
1500 . g 28 15 o
& E 1000 2 g o 22
2 2 500 12 azos
= s
0 e £ o P
O N o O A
¥ & & KRR Lge L
AR < AR
C Y v w ©
= & oo v 3
© O OO N o @
S8 &
N cg) ™ oy oy \g? f<\'? ‘%’
p21 = o o -21kDa p21 W 8 . . -21kDa
B-actin e e - e - -42 kDa B-actin s we s - -42 kDa
@\1.5 . ?2"1-5 .
cE * * £5
g3 | # o go #
&2 @
S 205 I I I S 205 I
Q.E Qg
I £
©) 3 % ) o o 3 9 )
& ¢ & & & oW F

-
(6]

7
6,
%

3
pp53/p53
(relative to control)

o -
: |
p53/B-actin
(relative to control)
o -

1.5

pp53 #ws wwe s -53 kDa

0.5 0.5

p53 #= www s -53 kDa

-actin G o -42 kDa (&) ©
N \2) N \2)
NS > NG >
1.5 15
O
c'b\% < cg‘?
N LYY

PPS3 g wm w -53 kDa
P53 mew wew e -53 kDa

B-actin QN WD W 42 kDa

0.5

pp53/p53
(relative to control)
p53/B-actin
(relative to control)
©
o (&) -

0
(‘5\ Q.P‘ C’? O‘\ Q_?‘
OQ,J\\\‘ < \)q;\w\‘ S

Figure 2. The potential mechanisms confer radiation resistance in GBM. A. The concentration of the total TGF-§ in
condition medium was measured by enzyme-linked immunosorbent assay (ELISA). Radiation resistance promoted
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TGF-B secretion; B. Western blotting (WB) and the histogram showing the ratio of phosphorylated Akt to Akt; C. WB
and the histogram showing p21 protein expression; D. WB and the histogram showing the expression of total and
phosphorylated p53; means + SEM; * means comparison with parental GBM; # means comparison with a single
high-dose irradiated GBM; $ means comparison with consecutive irradiation induced-resistant GBM; *, P<0.05; **,

P<0.01; ***, ###, and $$$, P<0.001.
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Figure 3. Developing radiation resistance induces drug resistance in GBM. A. WB and the histogram showing the
expression of MRP-5 and ABCG2. Developing radiation resistance in 1306MG and U87MG upregulated MRP5 and
ABCG2, respectively; B. Cytotoxicity of temozolomide (TMZ) to 1306MG and U87MG was evaluated by trypan blue
exclusion. Radiation resistance enhanced resistance against TMZ; means + SEM; * means comparison with paren-

tal GBM; *, P<0.05; **, P<0.01; ***, P<0.001.

post-irradiated viability and modified method
from Yan et al., ED,, was selected for deve-
loping the consecutive irradiation-induced re-
sistance (CIIR) [16]. The cells subjected to a
single high-dose of irradiation (6 Gy for 1306MG
and 4 Gy for UB7MG) were selected to evaluate
“when” CIIR was established. When the viability
of the consecutive-irradiation group was higher
than that of the single high-dose irradiation
group, it was defined as radiation-resistant
GBM (Figure 1C). Accordingly, in order to devel-
op CIIR, six exposures to 3.5 Gy irradiation were
required for 1306MG (referred to as 3.5GR6),
and four exposures of 2 Gy irradiation were
required for USTMG (referred to as 2GR4)
(Figure 1D).
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Various mechanisms are involved in radiation
resistance, including evoking anti-death/pro-
survival pathways, DNA damage repair, senes-
cence, inflammatory cytokines, and epithelial-
mesenchymal transition (EMT) [20]. Transfor-
ming growth factor-B (TGF-B) contributes to
cancer progression via regulating apoptosis,
modulating the immune system, inducing EMT,
and promoting metastasis [21-23]. Also, cancer
cells develop resistance against radiotherapy
by increasing and activating TGF-B signaling
[24-26]. Akt is one of the key pro-survival medi-
ators in radiation response. Tumors survive the
radiation damage and cell death via activating
Akt signaling [4, 27]. In our approach, CIIR and
single high-dose irradiation enhanced TGF-3

Am J Cancer Res 2021;11(4):1148-1169
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a combined therapy proce-
dure, chemotherapy produc-
ed a good response initially;
however, when cancers de-
velop radiation resistance, th-
ey also gain drug resistance
by enhancing the expressi-
on of multidrug-resistant pro-
teins [29]. Specifically, we fo-
und that CIIR significantly in-
| creased the multidrug-resis-
tant proteins MRP5 and AB-
CG2 in 1306MG and US7MG,
respectively (Figure 3A). Mo-
reover, compared with paren-
tal GBM, the CIIR GBM be-
come resistant to temozolo-
mide (Figure 3B). These ob-
servations confirmed that our
model could be utilized to fur-
ther investigate radiation res-
istance.

Ho+

Consecutive irradiation-
induced resistance dimin-
ishes BK channel activity in
an expression-independent
manner

Due to a strong correlati-
on between calcium-activat-
ed potassium channels and
cancer progression, we first
detected and recorded calci-
um-activated potassium ch-
annels by patch clamp with

™ <
X o
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N N

Figure 4. Developing consecutive irradiation-induced resistance reduces
BK channel activity. A. The currents and open probability of BK channels in
parental, single high-dose irradiated, and consecutive irradiated 1306MG.
Developing radiation resistance in 1306MG significantly reduced BK chan-
nel activity; B. The currents and open probability of BK channels in parental,
single high-dose irradiated, and consecutive irradiated US7MG. Developing
radiation resistance in UB7MG decreased BK channel activity; * means com-
parison with parental GBM; # means comparison with single high-dose irra-

single-channel and whole-cell
recording simultaneously. A
single high-dose of irradiation
enhanced BK channel activi-
ty; by contrast, in consecutive
irradiation groups, irradiation

diated GBM; means + SEM; * and #, P<0.05.

secretion (Figure 2A) and Akt activation (Fi-
gure 2B). p21 is a well-establish factor that
participates in regulating cell growth, genomic
stability, and senescence. p21 also exerts func-
tions in a p53-dependent or independent man-
ner [28]. In our model, CIIR downregulated p21
expression (Figure 2C) without changing the
expression of total and phosphorylated p53
(Figure 2D). Thus, the roles of p21 in radiation
resistance is p53-independent. Additionally, in
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did not alter BK channel activ-
ity initially (1306MG 3.5GR2
and U87MG 2GR3). However,
BK channel activity was significantly reduced
when GBM developed CIIR (Figure 4A, 4B). On
the other hand, the dose and frequency of irra-
diation did not affect the activity of the IK chan-
nels (Figure 5); meanwhile, SK channel activity
was not detected.

A BK channel consists of a channel subunits
(BK channel) and B regulatory subunits (BKp),
the latter of which regulate BK-channel activity

Am J Cancer Res 2021;11(4):1148-1169
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by modulating calcium sensitivity or via cyto-
solic signaling [30]. In single high-dose irradia-
tion, BK channel expression was significantly
upregulated. Intriguingly, the expression of BK
channels was increased before GBM develop-
ed CIIR (1306MG 3.5GR1 to 3.5GR5 and
U87MG 2GR1 to 2GR3). When GBM developed
ClIR, the BK channel expression remained un-
changed or slightly decreased (Figure 6A). On-
ly in single high-dose irradiated 1306MG did
BKB increase, whereas CIIR did not alter BK(3
expression (Figure 6B).

Paxilline is a BK channel-specific inhibitor that
does not affect the IK and SK channels. Cilo-
stazol, a type lll phosphodiesterase inhibitor,
is able to activate the BK channel. Accordingly,
we used Cilostazol and Paxilline to activate and
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inhibit BK channel activity, respectively. In Fi-
gure 7, Cilostazol was able to re-activate BK
channels, while Paxilline inhibited Cilostazol-
induced BK channel activity.

Cilostazol inhibits radiation resistance-induced
cell migration

Radiation resistance promotes tumor malig-
nancy, including enhancing migration, invasion,
and proliferation. Wound healing assay is a
convenient approach to evaluating two-dimen-
sional (2D) migration. Compared with parental
GBM cells, CIIR promoted cell migration in
1306MG (71.3+3.5% vs. 53.3+4.3%, P =
0.0012) and U87TMG (85.7+1.5% vs. 81.8+%
1.5%, P = 0.0480). In the parental GBM cells,
the blockade of BK channels induced by Paxilli-
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Figure 6. Developing radiation resistance does not alter protein expression of the BK channel and its cytoplasmic
regulatory subunit BKB. A. WB and the histogram showing the protein expression of the BK channel; B. WB and the
histogram showing the protein expression of the regulatory B subunit of the BK channel (BKB); means + SEM; *
means comparison with parental GBM; *, P<0.05.
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P<0.01. GBM cells (52.2+1.8%, P =
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Figure 8. Re-evoking the BK channels inhibits the migration ability of radiation-resistant GBM. A. Paxilline and Ci-
lostazol were used to inhibit and activate the BK channels, respectively. Two-dimension (2D) migration ability was
evaluated by wound-healing assay. The histogram showing the proportion of wound closure of 1306MG. N = 4; B.
The graphs and the histogram showing the ability of 2D migration of US7MG. N = 4; C. Three-dimension migration
ability was evaluated by transwell assay. The histogram indicating the number of migratory cells in differential BK
channel activity. N = 5; means + SEM; * means comparison with control; # means comparison with the control of

parental GBM; * and #, P<0.05.

0.7670 for 1306MG 3.5GR6; 80.5£2.3%, P =
0.5452 for USTMG 2GR4) (Figure 8A, 8B).

Three-dimensional (3D) migration was evaluat-
ed by transwell assay. The results of 3D migra-
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tion were similar to those of 2D migration,
namely CIIR increased the 3D migratory ability
(55.7+5.6 vs. 69.5+5.6, P = 0.0489). Although
Paxilline only slightly increased the cell mobility
of the parental US87TMG cells (55.7+5.6 vs.
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Figure 9. Inhibiting BK channels by modulating the extracellular potassium and calcium concentration affects GBM
migration. A. Potassium Chloride (KCI) and Ethylenediaminetetraacetic acid (EDTA) were used to increase and che-
late calcium, respectively. The 2D migration ability was evaluated by wound-healing assay. The histogram showing
the proportion of wound closure for the 1306MG. N = 3; B. The graphs and histogram showing the ability of 2D
migration for the US7MG. N = 4; means + SEM; * means comparison with control; *, P<0.05.

59.5+3.9, P = 0.2922), it significantly enhanc-
ed the cell mobility of radiation-resistant U87-
MG 2GR4 (69.5+5.6 vs. 82.4+4.8, p = 0.0494).
Meanwhile, Cilostazol inhibited only ClIR-indu-
ced cell migration (69.5+5.6 vs. 56.8+4.6, P =
0.0480) (Figure 8C).

BK channels can be activated by calcium flux
and allow for potassium to flow outward. Th-
erefore, in order to elucidate the role of potas-
sium currents via BK channels in cell migration,
potassium chloride (KCl) and Ethylenediamine-
tetraacetic acid (EDTA) were utilized to increa-
se extracellular potassium and chelate calci-
um, respectively, to inhibit outward potassium
currents. In our 2D migration model, chelating
calcium by EDTA promoted only cell migration
of the parental 1306MG (64.8+2.6% vs. 53.8+
4.5%, P = 0.0334) (Figure 9A); EDTA did not
affect the 2D migration of the parental US7MG
(55.442.0% vs. 59.3+2.8%, P =0.2227) (Figure
9B). Increasing extracellular potassium by KClI
to block the outward potassium current pro-
moted the cell motility of parental 1306MG
and U87TMG (64.8+2.6% vs. 56.9+2.6% for
1306MG; 55.4+2.0% vs. 50.0+1.8% for U87-
MG) (Figure 9A, 9B). These findings indicate
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that BK channel inactivation confers radiation
resistance in GBM via promoting cell mobility.
On the other hand, Cilostazol suppresses CIIR-
induced cell migration by re-evoking BK ch-
annels.

Cilostazol reduces cell proliferation and inhib-
its tumor sphere formation

Acquisition of resistance not only allows GBM
to survive treatment, but also leads to uncon-
trolled tumor growth and induces cancer stem-
cell properties. Compared with parental cells,
GBM cells with CIIR significantly accelerated
the cell-proliferation rate. In parental 1306MG
cells, although the Paxilline-induced blockade
of BK channels increased cell proliferation, Pa-
xilline did not change the cell proliferation of
the parental US7MG cells. In addition, Cilostazol
did not affect the cell proliferation of parental
GBM cells. In the CIIR 1306MG and U87MG,
Paxilline did not affect cell proliferation; how-
ever, Cilostazol significantly inhibited radiation
resistance-induced cell proliferation (Figure
10A, 10B). Furthermore, Cilostazol attenuated
the ability to form CIIR tumor spheres by reduc-
ing their diameter (122.846.8 ym vs. 82.1+£3.9

Am J Cancer Res 2021;11(4):1148-1169
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Accordingly, the decrement of
BK channel activity in GBM
not only contributes to the
facilitation of radiation-resis-
tant cell migration, it also le-
ads to accelerated cell pro-
liferation and induced cancer
stemness.

r ®=1306MG

m 3.5GR6

Paxilline
Cilostazol

Cilostazol suppresses radia-
tion-resistant GBM growth in
an intracranial model

~
N

We further clarified the anti-
tumor effects of Cilostazol
on radiation-resistant GBM
under in vivo conditions by
using an intracranial injecti-
on model. Luciferase-expre-
ssing radiation-resistant U87-
MG 2GR4 cells (5 x 10° cells
in 2 pl) were injected intrac-
ranially into NOD/SCID mice.
The tumor growth was moni-
tored by an IVIS-200 biolumi-
nescence image system. At
day 7 post-transplantation,
Cilostazol (10 mg/kg) or Di-
methyl sulfoxide (DMSO) as a
vehicle was injected intraperi-
" toneally twice per week into
. the mice and tumor growth

. Aaassy was observed for 47 days.

g u Compared with the vehicle

groups, Figure 11A shows

« mUBTMG

m2GR4
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Figure 10. Effects of modulating BK channel activity on cell growth. A, B. Pax-
illine and Cilostazol were used to inhibit and activate BK channels, respec-
tively. The histogram showing the alternation of the cell proliferation rate of
1306MG and U87MG; means + SEM; * means comparison with control; #
means comparison with parental GBM; * and #, P<0.05; ** and ##, P<0.01;
*** and ###, P<0.001; C. The graphs indicating tumor-sphere formation of
radiation-resistant 1306MG 3.5GR6 cells. The histogram showing the diam-
eter of the tumor spheres. Cilostazol significantly inhibited the capacity of
tumor-sphere formation. * means comparison with control; ***, P<0.001.

um, P<0.0001), while Paxilline had no effect
on the diameter of the CIIR tumor spheres
(122.846.8 ym vs. 117.8+5.4 ym, P = 0.7267)
(Figure 10C).
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Paline Cilostazol that Cilgstazol delayed radia-
(=87)  (n=109) tion-resistant US7MG 2GR4
growth. A two-way ANOVA re-
vealed a main effect of Cilo-
stazol vs. vehicle (F(1,103) =
19.36, P<0.0001), interacti-
on (F(13,103) = 2.738, P =
0.0023) and days after tre-
atment (F(13,103) 7.131,
P<0.0001) (Figure 11B). A
Kaplan-Meier analysis of the
survival of the vehicle- and
Cilostazol-treated mice is dis-
played in Figure 11C. The
median survival of the vehicle
control was 46.5 days while the median surviv-
al of the Cilostazol-treated group was unde-
fined. As shown in Figure 11D, compared with
the vehicle control, the Cilostazol treatment did
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Figure 11. Cilostazol delays radiation-resistant U87MG 2GR4 growth and prolongs survival in an intracranial tumor
model. A. Luciferase (Luc)-expressing radiation-resistant U87MG 2GR4 cells (5 x 10° cells) were injected intracrani-
ally into the striatum of the NOD-SCID mice. Tumor growth was monitored by using the IVIS-200 imaging system;
B. The histogram indicating tumor growth by evaluating bioluminescent photons. Tumor growth was slower in the
Cilostazol-treated mice than in the vehicle-control mice; means + SEM; n = 6 in vehicle and Cilostazol groups; *
means comparison with vehicle control, *, P<0.05; **, P<0.01; ***, P<0.001; C. Kaplan-Meier survival curve of
the vehicle- and Cilostazol-treated mice; D. The histogram indicating the changes of body weight. As seen, Cilostazol
did not alter the body weight; E. Hematoxylin and eosin staining showing the morphology of the GBM. Tumors of the
vehicle-treated mice were significantly larger than those of the Cilostazol-treated mice.

not affect the body weight of the mice. A two-
way ANOVA indicated a main effect of Cilostazol
vs. vehicle (F(1,104) = 0.3055, P = 0.5816),
interaction (F(13,104) = 0.1809, P = 0.9993)
and days after treatment (F(13,104) = 3.083, P
= 0.0007). The tumor growth in the brain was
analyzed in coronal brain slices by hematoxylin
and eosin staining. The slices revealed that the
tumor size of the Cilostazol-treated mice was
smaller than that of the vehicle-treated mice
(Figure 11E). In order to confirm that the anti-
tumor effects of Cilostazol was not cell-line
specific, luciferase-expressing radiation-resis-
tant 1306MG 3.5GR6 cells (5 x 10° cells in 2
ul) were injected intracranially into the NOD/
SCID mice. The same procedures of vehicle and
Cilostazol treatment and tumor-growth moni-
toring by IVIS were applied to the 1306MG
3.5GR6 in vivo growth. As shown in Figure 12A
and 12B, Cilostazol inhibited tumor growth.
Also, Cilostazol did not affect the body weight of
the 1306MG 3.5GR6 transplanted mice (Figure
12C).

Discussion

The underlying mechanisms of developing
radiation-resistance

Radiation therapy is the first-line adjuvant ther-
apy following surgical debulking in GBM thera-
py. Consecutive irradiation with 1.8 to 2.2 Gy
radiation and a total dose of up to 60 Gy is
therapeutic [31]. However, radiotherapy only
shows moderate efficacy. Developing radiation
resistance is a complicated process involving
activating adaptive pathways, evoking anti-de-
ath/pro-survival pathways, DNA damage repair,
senescence, inflammatory cytokines, EMT, and
inducing the properties of cancer stem cells.
Furthermore, radiation resistance might en-
hance drug resistance. Irradiation leads to cell
death primarily via causing DNA double-strand
breaks. Under consecutive treatments, tumor
cells accumulate gene mutations and acceler-
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ate the DNA repair rate, which results in genom-
ic instability and resistance [7]. Conventionally,
p21 is regarded as a tumor suppressor by sus-
taining genomic stability and controlling cell-
cycle arrest. p21 exerts as a p53 downstream
effector to assist DNA repair. By inhibiting cy-
clin-dependent kinase, p21 determines cell
fate to apoptosis or senescence [32, 33]. In
general, in order to proliferate, cancers over-
come cell-cycle arrest by attenuating p21 ex-
pression [34]. In well-differentiated tissues,
p53 is required for stress responses by p21,
such as post-irradiated DNA repair or apoptosis
[28, 35]. However, accumulated evidence has
shown that p21 is able to regulate biological
processes in a pb53-independent manner. The
expression of p21 is higher in differentiated
tissues than in embryonic tissues. When cells
exert differentiation, the cell cycle slows down
and is accompanied by upregulated p21 in a
p53-independent manner. For instance, myo-
blast differentiation occurs with p21 induction
[36]. Otherwise, under a p53-absent condition,
p21 was reported to respond to starvation/
serum release, and tissue differentiation [36].
EMT is an important process in cancer progres-
sion. It enhances the abilities of tumor migra-
tion, invasion, and cancer stemness. That is,
EMT is similar to the process of de-differentia-
tion. TGF-B is a multifunctional cytokine con-
tributing to cancer progression and is a well-
known inducer of EMT. Cancer cells developing
radioresistance typically feature incremental
activation of TGF-B signaling [24-26]. As GBM
is irradiated, the accumulating TGF-B confers
resistance [21-23, 37]. Also, blocking TGF-B
enhances the radiation efficacy for GBM [26,
38]. Accordingly, in a p53-independent situa-
tion, by downregulating p21 expression and
facilitating TGF-f signaling, the radiation re-
sistance developed in GBM is able to promote
EMT, de-differentiate into cancer stem cells,
and enhance various malignancies. On the oth-
er hand, under irradiation, tumor cells activate
Akt signaling to prevent cell death by facilitat-
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Figure 12. Cilostazol inhibits radiation-resistant 1306MG 3.5GR6 growth in an intracranial tumor model. A. Luc-
expressing radiation-resistant 1306MG 3.5GR6 cells (5 x 10° cells) were injected intracranially into the striatum of
NOD-SCID mice. Tumor growth was monitored using an IVIS-200 imaging system; B. The histogram indicating tumor
growth by evaluating bioluminescent photons. Tumor growth was slower in the Cilostazol-treated mice than in the
vehicle-control mice; means + SEM; n = 3 in vehicle and Cilostazol groups; * means comparison with vehicle control;
** P<0.01; C. The histogram indicating the changes of body weight. Cilostazol did not alter the body weight.

ing cell proliferation and invasion [4, 7, 39]. In
contrast, inhibition of Akt promotes the radia-
tion response [40]. Furthermore, after radiation
therapy, the efficacy of chemotherapy lessens
[29]. Drug resistance can be intrinsic or induc-
ible, but these two pathways share the com-
mon feather of highly-expressed or upregulated
multidrug-resistant proteins (MRPs). Inducible
drug resistance results from long-term drug
treatment or other external stimulation, such
as traditional radiotherapy and hypoxic condi-
tion. Gradually, tumors may enhance the ex-
pression of MRPs leading to a loss of sensitivity
to anti-tumor agents [41]. In our model, devel-
oping radiation resistance by consecutive irra-
diation of GBM is accompanied by enhanced
TGF-B secretion, reduced p21 expression in a
p53-independent manner, activated pro-surviv-
al Akt signaling, and promoted temozolomide
resistance by upregulating MRPs. Also, radia-
tion resistance in GBM increases the post-irra-
diation viability, enhances cell mobility, and
facilitates cell proliferation. Based on this evi-
dence, our model displayed various character-
istics of radiation resistance. Accordingly, it is
possible to display the authentic status of radi-
ation resistance in GBM.

The role of BK channels in radiation resistance

Calcium-activated potassium channels with big
conductance (BK channels) are not only ubiqui-
tously expressed in normal tissues, but highly
expressed in various cancers. The main func-
tion of BK channels is to control the outward
flow of potassium, which modulates cell mem-
brane potential, cell volume, shape, migration,
invasion, and proliferation [42]. BK channels
can be activated by calcium flux, cytoplasmic
signaling, and the alternation of membrane
potential. However, the role of BK channels in
tumor biology remains controversial. BK chan-
nels are highly expressed in breast cancers,
where the BK channel opener induces cas-
pase-3 dependent apoptosis in triple-negative
breast cancer cells [43]. lonizing irradiation
immediately activates BK channels, which may
lead to cell shrinkage; afterward however, cells
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swell back to normal or a larger size [44].
Irradiation-induced BK channel activation pro-
motes cancer mobility, leading to radiotherapy
failure [14, 45]. Additionally, blocking BK chan-
nels enhances radiation responses leading to
cell death in GBM [46]. However, Kraft et al.
demonstrated that enhanced BK channel activ-
ity decreases cell mobility. BKB regulates the
channel activity by sensitizing calcium, BK ch-
annel trafficking, or their interplay with cytosol-
ic factors [47, 48]. Steinle et al. showed that
ionizing radiation activates BK channels, in
which the entry of calcium was increased or
decreased to affect the cell mobility [14]. BK
channel-regulating cell migration may even be
calcium-independent [49]. The effects of BK-
channel activity on migration are varied; that
is, it may increase, decrease, or not change,
depending on the types of cells, tissues, and
stimuli [50-52]. Stimuli facilitate the activation
of BK channels while the expression is instead
unchanged [53]. Additionally, the expression
of BK channels inversely correlates with drug
resistance. Compared with drug-sensitive tu-
mor cells, the expression of BK channels is low
in resistant tumors. A knockdown of BK chan-
nels or blocking BK channels with Paxiline is
able to enhance cisplatin resistance in ovarian
cancers [54]. These findings indicated that BK
channels may not only contribute to cell migra-
tion, but they might also confer therapeutic
resistance. However, the role of BK channels in
different cancers may be tissue- and cell-spe-
cific. As such, further studies are needed, espe-
cially in therapeutic-induced resistance.

While cells are stimulated or require to increa-
se proliferation rate, it enhances fermentative
metabolism (glycolysis) to generate more ATP
and lactate. This metabolic shift from mito-
chondrial oxidative phosphorylation to cytosolic
aerobic glycolysis is known as Warburg effect
[55, 56]. Otherwise, the microenvironment of
tumors presents hypoxic. Hypoxia is able to pro-
mote glycolysis which produce more lactate to
acidify the microenvironment [57]. In return,
glycolysis stabilizes hypoxia responding protein
HIF1la. It appears positive feedback to promote
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tumor progression. In addition, BK channels
can be inhibited by extracellular acidification
[58]. In our findings, consecutive irradiation-
induced resistance accelerated cell proliferate
rate. The requirement of ATP for faster prolifera-
tion may prefer Warburg effect instead of oxida-
tive phosphorylation which leads to extracellu-
lar acidification. Consequently, the activity BK
channels was blocked in protein expression-
independent and cytoplasmic regulation-inde-
pendent manners.

The anti-tumor effects of cilostazol

Cilostazol, a selective cyclic AMP (cCAMP) phos-
phodiesterase inhibitor, is a common drug for
treating vascular diseases, such as stroke and
peripheral vascular disease. The anti-platelet
and anti-thrombotic effects of Cilostazol result
from inhibiting CAMP degradation. Protein kin-
ase A (PKA) is a well-known intracellular cAMP
receptor. Elevating cAMP activates PKA to regu-
late various biological processes, including cell
metabolism, gene expression, and intracellular
calcium; however, cAMP suppression leads to
brain tumor initiation and progression. Xinget
al. reported that elevating cAMP production by
activating adenyl cyclase or inhibiting phospho-
diesterases forces GBM cell differentiation into
normal-like glia cells and attenuates cancer
stemness. Furthermore, increasing cAMP ef-
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fectively inhibits GBM in vivo growth [59]. On
the other hand, depending on the cell type,
Cilostazol can open BK channels by directly ac-
tivating them or regulating cytoplasmic cAMP/
PKA signaling, with Cilostazol-induced vasodi-
lation able to occur via endothelial and smooth
muscle cells. Cilostazol activates BK channels
through the production of nitric oxide in endo-
thelial cells, while in smooth muscle cells, it
opens BK channels via cAMP/PKA signaling
[60]. In addition, electrophysiological observa-
tion revealed that Cilostazol was able to acti-
vate BK channels immediately without increas-
ing intracellular calcium and cytosolic sub-
stance. That is, the stimulatory effects of Ci-
lostazol might directly bind to the intracellular
gating site of the BK channels [17, 61]. Based
on previous studies and our findings, Cilostazol
holds high potential to function as a coadjuvant
therapy with conventional radio-, chemo-, or
radiochemotherapy. Mechanically, Cilostazol is
able to eradicate radiation-resistant GBM via
directly activating BK channels or via cAMP
signaling.

Conclusion

Radiation is a common therapy for cancers,
especially for GBM. However, despite the good
initial response, cancers eventually overcome
radiation damage and develop resistance. In
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summary, we established a reliable experimen-
tal model to monitor the development of radia-
tion resistance in GBM. In addition, our findings
revealed that developing radiation resistance
diminishes BK-channel activity in a protein
expression-independent manner. Re-evoking
BK channel activity by Cilostazol can inhibit
radiation resistance-induced cell migration,
proliferation, tumor-sphere formation, and in
vivo growth (Figure 13). That is, Cilostazol has
the potential to improve the therapeutic ef-
ficacy for GBM. Furthermore, combining con-
ventional radiation therapy or radiochemother-
apy with Cilostazol or other BK channel activa-
tors (such as anti-asthmatic agent Adolast,
BMS-191011, NS19504, and NS11021) may
overcome therapeutic resistance and be an
effective strategy for GBM therapy.
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