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Purpose: Glioblastoma (GBM) is a malignant brain tumor with poor prognosis. Radioresistance is a major challenge in the treat-
ment of brain tumors. The development of several types of tumors, including GBM, involves the phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) signaling pathway. Upon activation, this pathway induces radioresistance. In this study, we investigated
whether additional use of selective inhibitors of PI3K isoforms would enhance radiosensitivity in GBM.

Materials and Methods: We evaluated whether radiation combined with PI3K isoform selective inhibitors can suppress radiore-
sistance in GBM. Glioma 261 expressing luciferase (GL261-luc) and LN229 were used to confirm the effect of combination of radi-
ation and PI3K isoform inhibitors in vitro. Cell viability was confirmed by clonogenic assay, and inhibition of PI3K/AKT signaling
activation was observed by Western blot. To confirm radiosensitivity, the expression of phospho-y-H2AX was observed by immu-
nofluorescence. In addition, to identify the effect of a combination of radiation and PI3K-a isoform inhibitor in vivo, an intracranial
mouse model was established by implanting GL261-/uc. Tumor growth was observed by IVIS imaging, and survival was analyzed
using Kaplan-Meier survival curves.

Results: Suppression of the PI3K/AKT signaling pathway increased radiosensitivity, and PI3K-o inhibition had similar effects on
PI3K-pan inhibition in vitro. The combination of radiotherapy and PI3K-o isoform inhibitor suppressed tumor growth and ex-
tended survival in vivo.

Conclusion: This study verified that PI3K-a isoform inhibition improves radiosensitivity, resulting in tumor growth suppression
and extended survival in GBM mice.

Key Words: Glioblastoma, radiosensitivity, radiation, PI3K-isoform, radioresistance

Received: September 13, 2022 Revised: December 19, 2022 INTRODUCTION
Accepted: December 20, 2022 Published online: January 18, 2023
Corresponding author: Hong In Yoon, MD, PhD, Department of Radiation Oncology,
Yonsei Cancer Center, Heavy lon Therapy Research Institute, Yonsei University College
of Medicine, 50-1 Yonsei-ro, Seodaemun-gu, Seoul 03722, Korea.

Glioblastoma (GBM) is a malignant grade four tumor, and the
most common type of malignant brain tumor in adults.! The
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benefits in large clinical trials.”” Innate radioresistance and
increased radioresistance, especially after recurrence, of GBM
tumors are considered the main causes of treatment failure.*®

Over the years, several studies have investigated the mecha-
nisms of GBM radioresistance.'”** Several key factors, including
tumor microenvironment, hypoxia, glioma stem cells, meta-
bolic alterations, and DNA damage and repair, have been sug-
gested as being involved in GBM radioresistance.”” Hyperactiva-
tion of the phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (AKT) pathway is one of the crucial pathways involved in tu-
mor growth, survival, and proliferation in a variety of cancers, in-
cluding GBM.? Furthermore, this pathway has been shown to
be correlated with mechanisms of tumor-specific radioresis-
tance.'>"® Various PI3K isoforms play different tumor type-spe-
cificroles."'®

The inhibition of the PI3K/AKT signaling pathway improves
radiosensitivity."*'"*®* However, first-generation pan-PI3K inhibi-
tors, which inhibit all PI3K isoforms, can cause side effects, such
as vomiting, diarrhea, neutropenia, and hyperglycemia.'**
PI3K isoform-selective inhibitors (p110c, p110f, p110y, and
p1108) can be effective alternatives for radioresistance regula-
tion. The combination of a PI3K isoform-selective inhibitor with
radiotherapy is expected to reduce the risk of side effects while
suppressing radioresistance. Recently, the effectiveness of PI3K
isoform-selective inhibitors in reducing radioresistance has
been studied in clinical trials."*** Our previous study demon-
strated that the selective inhibition of PI3K isoforms enhances
radiosensitivity in non-small cell lung cancer.”

In this study, we hypothesized that a combination of radio-
therapy and PI3K isoform-selective inhibitors would improve
radiotherapeutic response rates among GBM tumors by en-
hancing radiosensitivity. To develop an optimal treatment strat-
egy, we compared and evaluated the tumor growth inhibition
rates of several PI3K isoform-selective inhibitors in vitro and
in vivo.

MATERIALS AND METHODS

Cell lines and cell culture

The mouse-derived cell line GL261-luc (purchased from Perki-
nElmer, Waltham, MA, USA) and human-derived cell line
LN229 (purchased from ATCC, Manassas, VA, USA) were used
in the present study. GL261-luc and LN229 cell lines were cul-
tured in Dulbecco’s modified Eagle’s Medium (DMEM, Hy-
Clone, Darmstadt, Germany) with 10% fetal bovine serum (FBS,
HyClone) and 1% penicillin-streptomycin (PS, HyClone), and
then incubated at a controlled temperature of 37°C in a 5% CO-
humidified atmosphere.

Irradiation
Irradiation was performed on the GL261-luc and LN229 cell
lines using a X-rad 320 (Precision X-Ray, North Branford, CT,
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USA) system with a single dose of 1 Gy for the clonogenic as-
say. Irradiations of 2, 3, 4, and 6 Gy were applied with two, three,
four, and six repeated doses of 1 Gy, respectively. The radiation
fraction was emitted at 320 kVp and 12.5 mA with 2.0 mm Al
filtration at a dose rate of 4.76 cGy/sec.

Phosphoinositide 3-kinases (PI3K) isoform-selective
inhibitors

Pictilisib (GDC0941) is a potent PI3K class I pan-inhibitor with
modest selectivity against the isoform p110 ranging from 3 nM
(p110a) to 75 nM (p110y) in vitro. Taselisib (GDC0032) is a po-
tent PI3K-a inhibitor. Duvelisib (IP1145) is a potent PI3K-8/
y-specific inhibitor. Idelalisib (CAL101) is a p1103-specific in-
hibitor. We used the same doses of these inhibitors as used in
our previous study.” All chemicals were purchased from Sell-
eckchem (Houston, TX, USA).

MTT assays

The effect of the PI3K isoform-selective inhibitors on cell via-
bility was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide colorimetric assay (MTT; Sig-
ma-Aldrich, St. Louis, MO, USA). Cells were plated in 96-well
tissue culture plates (2000 cells per well) and treated with PI3K-
isoform inhibitors. Following 24 h of treatment, cells were in-
cubated for 4 h at 37°C in a CO; incubator with 10% of MTT
solution in complete medium (DMEM+10% FBS+1% PS). Sub-
sequently, formazan crystals were dissolved in 100 pL of Dimeth-
yl sulfoxide, and absorbance was confirmed at 590 nm using a
microplate reader (VERSA max, Molecular Devices, San Jose,
CA, USA).

Western blot

Protein expression was confirmed using Western blotting.
Cells were lysed using Cell Extraction Buffer (Thermo Fisher,
Waltham, MA, USA) with Halt Protease and Phosphatase In-
hibitor Cocktail (Thermo Fisher). Concentrations of whole-cell
lysate were measured using a BCA protein assay kit (Thermo
Fisher). Whole cell lysates were electrophoresed on SDS-PAGE
gels and transferred to polyvinylidene difluoride membranes
(Millipore, Burlington, MA, USA). The membrane was blocked
treating with 3% bovine serum albumin (BSA) in Tris-buffered
saline with 0.1% Tween 20 (TBST) for 2 h at 25°C. The mem-
branes were allowed to react overnight at 4°C with primary an-
tibodies and rinsed three times for 15 min each with TBST.
Subsequently, they were reacted with horseradish peroxidase-
conjugated secondary antibody for 1 h at 25°C and rinsed with
TBST for times for 15 min each. Protein expression was activat-
ed using ECL solution (WESTSAVE ECL Solution, AbFrontier,
Seoul, Korea) and exposed to X-ray film (AGFA, Mortsel, Bel-
gium). Information on the antibodies used is summarized in
Table 1.
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Table 1. Western Blot Antibodies

Antibody  Cat. No. Brand D|Iut_|on
ratio
AKT 9272 Cell signaling, Massachusetts, USA 1:1000

Phospho-AKT 9271 Cell signaling, Massachusetts, USA 1:1000

Phospho-y-H2AX 056361 Millipore, Massachusetts, USA 1:1000
B-actin sc-47778 Santa cruz, Dallas, Texas, USA 1:10000
Immunofluorescence

After seeding 2000 cells on a 4-well slide plate, the cells were
irradiated and treated with PI3K isoform-selective inhibitors.
After 3 h of irradiation, the cells were fixed with 100% chilled
methanol. To permeabilize the cells, they were incubated for
10 min with phosphate-buffered saline (PBS) containing 0.25%
Triton X-100. After washing with PBS three times for 5 min
each, the samples were then blocked with 1% BSA in PBS con-
taining 0.1% Tween 20 (PBST) for 1 h. The cells were allowed to
react overnight at 4°C at 1:100 in anti-phospho-y-H2AX anti-
body (Millipore, Burlington, MA, USA) and washed three times
for 5 min with PBST. The cells were then treated with an FITC-
labeled secondary antibody (Thermo Fisher) for 1 h at RT in the
dark at 1:300. Finally, the cells were mounted using VECTA-
SHIELD solution (Vector Laboratories, Burlingame, CA, USA).
Phosphor-y-H2AX foci fluorescence images were acquired
with a Zeiss LSM 700 confocal fluorescence microscope (Carl
Zeiss A. G., Baden-Wiirttemberg, Germany).

Clonogenic assay

The clonogenic assay is a radiosensitivity test. After irradiation,
cells were seeded in a 6-well plate in triplicate. After seeding,
the cells were treated with PI3K isoform inhibitors and incu-
bated for 9-14 days at 37°C in 5% CO, humidified atmosphere
for colony formation. The colonies were stained with a 0.5%
crystal violet solution.

The survival fractions after irradiation were calculated in ac-
cordance with the report of Chadwick and Leenhouts* and
drawn with GraphPad Prism 5.0 (GraphPad Software Inc., Bos-
ton, MA, USA) using a linear quadratic model with the formu-
la Y=exp[-1* (A*X+B*X?)], where X is the radiation dose and Y
is the survival fraction. An estimated survival fraction of 0.5 and
the sensitizer enhancement ratio of 50% inhibition (SER50) of
each PI3K isoform-selective inhibitor were calculated (Supple-
mentary Table 1, only online).

In vivo combination therapy of intracranial mice
model

An intracranial mouse model was established using BALB/
c-nu mice purchased from Orient Co. (Seongnam, Korea). Af-
ter placing a mouse on the ear bar of a stereotaxic frame (RWD
Life Science, San Diego, CA, USA), a burr hole was drilled 1.5
mm anterior and 2.5 mm lateral from the bregma using a drill
(SAESHIN PRECISION, Daegu, Korea). GL261-luc cells (3x10°
cells in 5 pL of Dulbecco’s PBS) were directly implanted into
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the brain 2.0 mm deep from the skull surface. Subsequently,
the mice were randomly assigned to four groups: vehicle con-
trol, radiation, PI3K-o isoform inhibitor (GDC0032) treated, and
PI3K-a isoform inhibitor (GDC0032)+radiation. Radiotherapy
was performed specifically on the brain at 2 Gy for 5 days, with
or without the PI3K-o isoform inhibitor (GDC0032). The PI3K-a
isoform inhibitor (GDC0032; 5 mg/kg) was injected intraperi-
toneally.

Statistical analysis

Student’s t-test was used to assess significant differences be-
tween two groups. We analyzed the survival periods of the
treatment groups using Kaplan-Meier survival curves. Surviv-
al differences between groups were compared using the log-
rank test. SPSS software (version 25.0; IBM Corp., Armonk, NY,
USA) was used to conduct all statistical analyses. GraphPad
Prism 5.0 (GraphPad Software Inc.) was used to create graphi-
cal representations. A two-sided p-value of less than 0.05 was
considered statistically significant.

RESULTS

Effects of irradiation and PI3K isoform-selective
inhibitors on human glioma cells

We performed a clonogenic assay to confirm the radiosensitiv-
ity of the human-derived glioma LN229 cells (Fig. 1A). After ir-
radiating LN229 cells with 2, 4, and 6 Gy, they were cultured for
9-12 days in growth medium. The viability of irradiated LN229
cells was 73.6%, 39.4%, and 11.1% at 2, 4, and 6 Gy, respective-
ly. To evaluate the ability to repair DNA double-strand breaks
(DSB), we observed the expression of phospho-y-H2AX using
immunofluorescence 3 h after irradiation (Fig. 1A). The ex-
pression of phospho-y-H2AX was upregulated with increasing
irradiation doses.

We performed an MTT assay to confirm the viability of
LN229 cells treated with PI3K isoform-selective inhibitors: PI3K
pan-inhibitor (GDC0941), PI3K a-isoform inhibitor (GDC0032),
PI3K §-isoform inhibitor (CAL101), and PI3K y/3-isoform in-
hibitor (IP1145) (Fig. 1B). LN229 cells were treated with doses
of 0.1, 1, and 10 pM for 24 h. PI3K isoform-selective inhibitors
decreased the viability of LN229 cells significantly at its higher
doses (all p<0.001). The average viabilities of LN229 cells treated
with PI3K isoform-selective inhibitors were as follows: 90.21%,
94.85%, 96.92%, and 93.39% at 0.1 pM; 83.07%, 87.37%, 96.55%,
and 90.86% at 1 pM; and 65.88%, 75.69%, 86.19%, and 85.83%
at 10 pM.

Furthermore, each PI3K isoform-selective inhibitor sup-
pressed the activity of AKT in LN229 cells (Fig. 1C, Supple-
mentary Fig. 1A, only online). The PI3K a-isoform inhibitor
(GDC0032) was the most effective among the isoform-selec-
tive PI3K inhibitors. Based on these results, the dose for test-
ing the combination therapeutic effect was determined as the
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Fig. 1. Effect of irradiation and PI3K isoform inhibitors in the LN229 human glioma cell line. (A) Dose versus clonogenic survival curves and immunoflu-
orescence images of phosphor-y-H2AX. LN229 cells were treated with PI3K isoform-selective inhibitors for 24 h (doses ranging from 0.1 to 10 uM).
Data are expressed as the percentage of (B) MTT cell proliferation assay. (C) Protein expression of AKT activation in LN229 cells. Statistical signifi-
cance was set at p<0.05. * p<0.05; ** p<0.01; *** p<0.001. PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

dose that minimized the cytotoxicity and activation of AKT.

PI3K isoform-selective inhibitors increase

radiosensitivity in human glioma cell lines

To confirm radiosensitivity using irradiation in combination
with PI3K isoform-selective inhibitors, we performed a clono-
genic assay. After combination therapy (treatment with irradi-
ation and isoform-selective inhibitors), LN229 cells were colo-
nized for 12-14 days. The combination therapy inhibited the
colonization of LN229 cells (Fig. 2A). The combination thera-
py using different inhibitors decreased the survival rate of
LN229 cells to approximately 29% (PI3K-pan), 27% (PI3K-a),
37% (PI3K-3), and 45% (PI3K-y/38) (p<0.001). In particular, the
PI3K a-isoform inhibitor GDCO0032 inhibited colony forma-
tion similar to the PI3K-pan inhibitor (GDC0941). PI3K-3 iso-
form inhibitor (CAL101) and PI3K-y/3 inhibitor (IP1145) also
decreased cell viability. In addition, the expression of phos-
phorylated AKT was suppressed by PI3K isoform-selective in-
hibitors (Fig. 2A, Supplementary Fig. 1B, only online). After
combination therapy, PI3K pan-inhibitor (GDC0941) and PI3K
a-isoform inhibitor (GDC0032) inhibited the expression of
phosphorylated AKT more strongly than the PI3K-3 isoform
inhibitor (CAL101) and PI3K-y/§ inhibitor (IP1145). To confirm
the inhibition of DNA DSB repair through the combination
therapy, we recorded the expression of phospho-y-H2AX using
immunofluorescence and Western blotting at 3 h after irradia-
tion (Fig. 2B). The expression of phospho-y-H2AX was increased
by the combination therapy including isoform-selective inhibi-
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tors, compared to that by irradiation alone. Particularly, the re-
pair of DNA DSB was suppressed while using a PI3K-a isoform
inhibitor, as observed in the case of using PI3K-pan inhibitor.

Effects of irradiation and PI3K isoform-selective
inhibitors on mouse glioma cells

Clonogenic assay confirmed the radiosensitivity of mouse-
derived glioma GL261-luc cells (Fig. 3A). Irradiated GL261-luc
cells were found to be 76.38% and 38.86% at 2 Gy and 9.65%
viable at 1, 2, and 3 Gy, respectively. In addition, we evaluated
the ability to repair DNA DSBs with expression profiling of
phospho-y-H2AX at 3 h after irradiation using immunofluores-
cence (Fig. 3A). The expression of phospho-y-H2AX increased
with increasing irradiation doses.

MTT assay confirmed the viability of GL261-luc cells treated
with the isoform-selective inhibitors (Fig. 3B). GL261-luc cells
treated with increasing doses of inhibitor (0.1, 1, and 10 pM)
for 24 h revealed that the viability of GL261-luc cells decreased
significantly with higher doses of PI3K isoform-selective inhib-
itors (p<0.001). The average viability of GL261-luc cells with
each PI3K isoform-selective inhibitor were as follows: 92.21%,
85.50%, 98.57%, and 94.95% at 0.1 uM; 62.42%, 67.37%, 96.68%,
and 90.00% at 1 uM; and 37.55%, 43.94%, 82.11%, and 66.12%
at 10 pM.

In addition, each isoform-selective PI3K inhibitor suppressed
the activity of AKT in GL261-luc cells (Fig. 3C, Supplementary
Fig. 1A, only online). The PI3K o-isoform inhibitor (GDC0032)
was the most effective among the isoform-selective PI3K in-
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Fig. 2. Combination effect of irradiation and PI3K isoform inhibitors in the LN229 human glioma cell line. (A) Clonogenic survival curves: LN229 were
treated with PI3K isoform-selective inhibitor at 1 h after 2 Gy irradiation. (B) Expression of phosphor-y-H2AX in GL261 cells after a combination of radia-
tion and PI3K isoform inhibitors (p: CON vs. IR+GDC0941; ***, CON vs. IR+GDC0032; ***). Treatment doses were GDC0941 0.1 uM, GDC0032 0.1 pM,
CAL101 1 uM, and IP1145 1 pMs. Statistical significance was set at p<0.05. ***p<0.001. PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.
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Fig. 3. Effect of irradiation and PI3K isoform inhibitors in the GL261 mouse glioma cell line. (A) Dose versus clonogenic survival curves and immunofluo-
rescence images of phosphor-y-H2AX. GL261-/uc cells were treated with PI3K isoform-selective inhibitors for 24 h (doses ranging from 0.1 to 10 uM).
Data are expressed as the percentage of (B) MTT cell proliferation assay. (C) Protein expression of AKT activation in GL261-/uc. Statistical significance
was set at p<0.05. **p<0.01; ***p<0.001. PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

hibitors. Based on these results, the dose for testing the com-
bination therapeutic effect was determined as the dose that
minimized the cytotoxicity and activation of AKT.

PI3K isoform-selective inhibitors increase
radiosensitivity in mouse glioma cell lines
The radiosensitivity of cells was confirmed with the combina-
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tion therapy followed by a clonogenic assay. GL261-luc cells
colonized for 13-14 days after combination therapy involving
irradiation and PI3K isoform-selective inhibitors revealed dis-
tinct inhibitory effect of the isoform-selective inhibitors on cell
colonization (Fig. 4A). The combination therapy reduced the
survival rate in GL261-luc cells to approximately 17% (PI3K-
pan, p<0.001), 19% (PI3K-0, p<0.001), 28% (PI3K-5, p<0.001),
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Fig. 4. Combination effect of irradiation and PI3K isoform inhibitors in the GL261 mouse glioma cell line. (A) Clonogenic survival curves: GL261-/uc were
treated with PI3K isoform-selective inhibitor at 1 h after 1 Gy irradiation. (B) Expression of phosphor-y-H2AX in GL261 cells after combination of radiation
and PI3K isoform inhibitors (CON vs. IR only; ***, CON vs. IR+GDC0941; ***, CON vs. IR+GDC0032; ***, CON vs. IR+CAL101; ***, CON vs. IR+IPI145; **).
Treatment doses were GDC0941 0.1 yM, GDC0032 0.1 pM, CAL101 1 uM, and IPI145 0.1 uM. Statistical significance was set at p<0.05. **p<0.01;

***n<0.001. PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

and 34% (PI3K-y/3, p<0.001). Specifically, the inhibitory effects
of the PI3K a-isoform inhibitor (GDC0032) and PI3K-pan in-
hibitor (GDC0941) were comparable. PI3K-3 isoform inhibitor
(CAL101) and PI3K-y/3 inhibitor (IP1145) also decreased cell
viability. In addition, the expression of phosphorylated AKT
was suppressed by the isoform-selective inhibitors (Fig. 4A,
Supplementary Fig. 1B, only online). In combination therapy,
PI3K-pan inhibitor (GDC0941) and PI3K y-isoform inhibitor
(GDCO0032) inhibited the expression of phosphorylated AKT
more strongly than that by PI3K-a isoform inhibitor (CAL101)
and PI3K-y/$ inhibitor (IP1145). To confirm this, we observed
phospho-y-H2AX expression through immunofluorescence
and Western blotting at 3 h after irradiation. The expression of
phospho-y-H2AX, indicating inhibition of DNA DSB repair was
increased to a greater extent with combination therapy involv-
ing isoform-selective inhibitors, compared to that induced by
irradiation alone (Fig. 4B). In particular, DNA DSB repair sup-
pressed using the PI3K-a isoform inhibitor was similar to that
by the PI3K-pan inhibitor.

PI3K-a isoform modulates radiosensitivity in glioma
tumor in vivo

To confirm the resultant radiosensitivity when inhibiting the
PI3K-a isoform in brain tumors, we performed combination ra-
diotherapy in a GL261-luc intracranial mice model. The tumor-
implanted brain was irradiated for 5 days with 2 Gy combined
with or without 5 mg/kg PI3K-a isoform inhibitor (GDC0032).
Inhibition of the PI3K-a isoform increased the radiosensitivity
of brain tumors and markedly suppressed tumor growth, com-
pared to that achieved without the PI3K-a isoform inhibitor in
vivo (p<0.05) (Fig. 5A). We also evaluated the correlation be-
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tween inhibition of the PI3K-a isoform and time required for
biochemical progression using Kaplan-Meier analysis (Fig. 5B).
When PI3K-a isoform inhibitor was administered, no signifi-
cant weight change or illness was found (Supplementary Fig. 2,
only online). Our data showed that combination therapy in-
cluding radiation and PI3K inhibition resulted in slower bio-
chemical progression than that in the control group. Moreover,
these data indicated that the PI3K-a isoform is strongly associ-
ated with improved radiosensitivity.

DISCUSSION

In this study, we confirmed that PI3K signaling activation is
associated with the acquisition of radioresistance in GBM.
PI3K isoform-selective inhibitors appear to be involved in the
regulation of the radiosensitivity of GBMs cells. Among these
inhibitors, the PI3K-a-isoform inhibitor most effectively sup-
pressed cell proliferation and radioresistance in this study. In
particular, combination radiotherapy with a PI3K-a isoform in-
hibitor suppressed tumor growth in GBM more effectively
compared to radiotherapy alone. We suggest that combination
radiotherapy with PI3K-o isoform inhibitors may help improve
radiosensitivity in patients with GBM.

Radioresistance is one of the central causes of failure of GBM
treatment." Various mechanisms have been proposed to ex-
plain radioresistance.”® Mechanisms of radioresistance in
GBM involve several key factors, including the tumor microenvi-
ronment, hypoxia, glioma stem cells, tumor heterogeneity, and
DNA damage and repair.' DSBs are considered a major cause of
radiation-induced cell death.?® DSBs are mainly produced by
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Fig. 5. Inhibition of the PI3K-a isoform increases radiosensitivity in brain tumor in vivo. After intracranial implant of GL261-/uc cells, 10 Gy irradiation
with or without GDC0032 (5 mg/kg). (A) IVIS imaging of mouse brain tumors from within 7-16 days post therapy. (B) Kaplan—Meier survival analysis (p:
CON vs. IR only; *, CON vs. IR+GDC0032; **). Statistical significance was set at p<0.05. * p<0.05; **p<0.01. PI3K, phosphoinositide 3-kinase; AKT, pro-

tein kinase B.

exogenous agents, such as irradiation.”” The yield of DSB starts
with low doses of irradiation and increases with the dose. DNA
repair is mediated by genes, such as BRCA1, which is induced
by AKT.*® In several papers on GBMs, researchers have dem-
onstrated that inhibition of AKT activity suppresses repairs of
radiation-induced DSB and increases radiation sensitivity and
survival.*'® In the present study, we confirmed that the inhibi-
tion of AKT activity by PI3K inhibitors increases the level of
phospho-y-H2AX (a biomarker of irradiation-induced DNA
DSBs). These results are consistent with those of other studies
showing that inhibition of AKT activation could increase the
effect of radiotherapy in GBM.'*'®

The PI3K signaling pathway has been demonstrated to be in-
volved in progression and radioresistance in several carcino-
mas.”** AKT, a key molecule in the PI3K signaling pathway, is
correlated with radioresistance in malignancies.*® Another ma-
jor factor is that the activation of AKT inhibits apoptosis, in-
creasing the survival rate of cancer cells after radiotherapy.*!
Therefore, the suppression of AKT can potentially overcome ra-
dioresistance. We selected a concentration that inhibited about
70% proliferation rate for the PI3K-isoform inhibitor to mini-
mize side effects. Additionally, several papers have revealed that
the recovery of radiation-induced DSB and radioresistance is
partially dependent on AKT activation in vitro and in vivo.'****

Considering our results, inhibition of PI3K isoforms could be
a potential strategy for overcoming radioresistance. In related
clinical trials, inhibition of all PI3K isoforms, using first-gener-
ation inhibitors, had limited efficacy and relatively severe side
effects.** The four p110 class I PI3K isoforms, including p110a,
p110pB, p110§, and p110y, have particular roles in several carci-
nomas.'® The p1103 and p110y isoforms, expressed most fre-
quently in carcinogenic solid tissues, play a role in stimulating
cell proliferation and invasive cell growth.'®* The p1105 and
p110y isoforms, expressed most frequently in hematopoietic
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lineage cells, are involved in the activation of AKT and drug
resistance in myeloid leukemia cells.’*'** However, the effect
of PI3K selective isoforms on radioresistance has not been
precisely elucidated in GBMs. We demonstrated that inhibi-
tion of individual PI3K isoforms in GBM impairs DNA DSBs
repair mechanisms and modulates radiosensitivity in vitro. In
particular, inhibition of the PI3K-a isoform improved radiosen-
sitivity over other isoforms, suggesting that the PI3K-o isoform
plays a major role in regulating radioresistance, compared to
the other isoforms in GBMs. Epithelial-mesenchymal transi-
tion (EMT) is known to be increased in tumors that have ac-
quired radioresistance.” Therefore, we confirmed that inhibi-
tion of the PI3K isoform inhibits GBM migration ability and
regulates EMT-related gene expression in vitro (Supplemen-
tary Fig. 3, only online). These results suggest that PI3K iso-
forms-selective inhibition is another factor that suppresses
tumor development. Additionally, we selected PI3K-o inhibi-
tors that increased radiosensitivity the most in vitro and per-
formed in vivo experiments in BALB/c nude mice for tumor
growth inhibition and survival analysis due to radiosensitivity
enhancement. Inhibition of the PI3K-a isoform increased the
radiosensitivity of brain tumors, suppressed tumor growth, and
extended the survival period in vivo. Our results are consistent
with previous findings on the effect of the PI3K-o isoform in
other types of cancers.'"”*”* In our previous study, we con-
firmed that the inhibition of the PI3K-o isoform in NSCLC im-
proves radiosensitivity, thereby increasing the radio-therapeu-
tic response of tumors and suppressing EMT.* This suggests
that PI3K-o inhibitors have promising safety and may be ef-
fective agents to increase the response rate to radiotherapy.
Based on preclinical results, clinical studies have been con-
ducted and published, and a few clinical trials are ongoing for
GBM. Paxalisib (GDC0084) is a potent selective, oral, brain-
penetrating, small-molecule inhibitor of class I PI3K that has
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been studied in preclinical and clinical trials.* The safety of
GDCO0084 in radiotherapy in patients with brain metastases or
leptomeningeal metastases with PI3K pathway mutations is
being evaluated in a phase 1 study (NCT04192981). An ongoing
phase I study is addressing the safety, tolerability, and pharma-
cokinetics of GDC0084 treatment applied in pediatric patients
with newly diagnosed diffuse midline glioma after radiotherapy
(NCT03696355). An ongoing phase II trial is trying to deter-
mine whether the combination of GDC0084 with other drugs
and radiation therapy would be effective in treating glioma
(NCT05009992). However, clinical studies on the combination
of PI3K isoform-selective inhibitors and radiotherapy for GBM
are still lacking.

We have identified several additional points that demand fur-
ther research. We could not confirm the effect of the inhibition
of other PI3K isoforms on GBM tumor in vivo. Also, this study
did not demonstrate the effect of PI3K-a inhibition on multiple
cellular processes other than the improvement of tumor ra-
diosensitivity. In addition, we could not demonstrate the mo-
lecular mechanism of how the inhibition of the PI3K-o-isoform
improves radiosensitivity in GBM cells. Since our study focused
on inhibiting tumor growth by improving the radiosensitivity
of the tumor, we selected the LN229 cell line with a fast prolif-
eration rate and low migration capacity.” However, since the
results could differ when used in patients, ultimately, it will
have to be proven in an experiment using patient-derived cells.
Finally, we did not elucidate how the inhibition of the PI3K-a-
isoform affected the tumor environment in addition to radio-
sensitivity. Further studies are needed to elucidate downstream
factors and validate our findings.

In conclusion, in this study, we demonstrated that activation
of PI3K signaling is associated with the development of radio-
resistance in GBM cells. Isoform-selective PI3K inhibitors are
involved in regulating the radiosensitivity of these cells. Among
them, inhibition of the PI3K-a-isoform was the most effective
for inhibiting cell proliferation and increasing radiosensitivity.
We believe that a combination of a PI3K-a isoform inhibitor
and radiotherapy could be a potential strategy to overcome ra-
dioresistance in patients with GBM.
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