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Glioma is the commmon primary craniocerebral malignancy with unfavorable prognosis. It is
currently treated by surgical resection supplemented by radiotherapy, although the
resistance of glioma cells to radiation limits the therapeutic outcomes. The aim of
the present study was to determine the potential radiosensitizing effects of borneol and
the underlying mechanisms. We found that borneol administration along with radiotherapy
significantly inhibited the growth of primary glioma cells in vitro and in vivo. Furthermore,
borneol markedly increased the number of autophagosomes in the glioma cells, which
coincided with increased expression of beclin-1 and LC3. And the combination of borneal
and radiation exposure significantly decreased the expression levels of HIF-1a, mTORCH
and elF4E. In addition, silencing mTORC1 and elF4E upregulated Beclin-1 and LC3 and
decreased the expression of HIF-1a, thereby inhibiting tumor cell proliferation. Our
findings suggest that borneol sensitizes glioma cells to radiation by inducing autophagy
via inhibition of the mTORC1/elF4E/HIF-1a regulatory axis.

Keywords: natural product, borneol, malignant glioma, autophagy, HIF-1a

1 INTRODUCTION

Glioma accounts for about 60% of all brain tumors and is the most common primary craniocerebral
malignancy originating from glial cells of the brain and spinal cord (1-3). Currently, gliomas are
classified by the World Health Organization (WHO) into low and high-grade neurogliomas (4).
Glioblastoma (GBM) is the most aggressive and common form of adult brain cancer, and is
characterized by high recurrence and mortality, and low cure rates (5). In addition, most malignant
gliomas infiltrate into the surrounding tissues resulting in lack of clearly demarcated boundaries.
The average survival duration of GBM patients is only 14 months, and the five-year mortality rate
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exceeds 95% (6-8). Currently, surgical resection, radiotherapy and
adjuvant chemotherapy are the primary treatment strategies for
GBM, although radiation tolerance often leads to tumor recurrence.

Hypoxia-inducible factor-lo. (HIF-1ar) is activated in the
hypoxic tumor microenvironment and promotes the transcription
of genes associated with tumor invasion, proliferation and radio-
resistance (9-13). The tumor cells often develop resistance to
hypoxia via autophagy, a lysosome-dependent mechanism of
degrading damaged proteins and organelles that ensures nutrient
recycling, protein synthesis, cellular homeostasis and survival
during stress (14-16). Autophagy is initiated with the formation
of a “bubble” of lipid bilayer around the proteins/organelles, which
is then elongated to vesicles known as autophagosomes in the
presence of LC3 (17, 18). Beclin-1 also plays a crucial role in the
induction of autophagy, and is an established tumor suppressor that
inhibits the genesis and progression of tumors by promoting
autophagy and apoptosis. It is aberrantly expressed in various
tumors, and is regulated by HIF-1o. Studies show that Beclin-1
downregulation and HIF-1o overexpression are conducive to tumor
progression and metastasis, and therefore portend poor prognosis
(19, 20).

The mammalian target of rapamycin (mTOR) pathway is the
key regulator of autophagy, and is activated in response to
growth factors, metabolic stress, low energy levels, hypoxia and
nutrient deficiency (21-23). In a previous study, we found that
the natural terpene derivative borneol inhibited HIF-1lot in
primary glioma cells by regulating the mTORCI1/eIF4E
pathway, and induced autophagy and apoptosis. The aim of
the present study was to evaluate the potential radio-sensitizing
effect of borneol on glioma cells and explore the role
of autophagy.

2 EXPERIMENTAL METHODS

2.1 Establishment of Rodent C6
Intracranial Tumor Transplantation Model
and Treatment Regimen

SPF male SD rats were provided by Shanghai Sipur Bikai
Experimental Animal Co. Ltd. After 2 weeks of acclimatization,
the animals were divided into the control, radiotherapy, borneol
and combination therapy groups (n=6 each). Glioma cells were
inoculated to establishment the tumor model as previously
described (24). Two weeks later, the animals from the
appropriate groups were anesthetized with pentobarbital and
irradiated once with 15Gy dosage. Borneol (16 mg/kg) was
administered for 7 days before and 3 days after radiotherapy.
The general condition and survival of the animals were recorded,
and the relative tumor volume was measured.

2.2 Immunohistochemistry (IHC)

The tumor tissues were fixed in formalin, dehydrated, embedded in
paraffin and cut into ultra-thin sections. After rehydration and
antigen retrieval, the sections were incubated overnight with the
specific primary antibody at 4°C, followed by biotinylated secondary

antibody. The sections were then washed with PBS, probed with
avidin-horseradish peroxidase complex, developed with the DAB
chromogenic agent, rinsed with water, and counterstained with
hematoxylin. The stained sections were dehydrated, cleared with
xylene, sealed with neutral gum, and observed under a light
microscope. The positively stained cells were counted in 6
random non-overlapping fields at 10x-40x magnification.

2.3 Transmission Electron Microscopy

The glioma tissues were washed with 0.ImM phosphate buffer,
fixed with 1% osmium acid for 2 hours, rinsed again with the
same solution, and dehydrated through an alcohol gradient.
After drying to critical point, the tissues were coated with
platinum for 10 minutes, and observed by transmission
electron microscopy (TEM).

2.4 Human Primary Glioma Cell Culture
and CCK-8 Assay

Human primary glioma cells were isolated as previously
described (24). The cells in the logarithmic growth phase were
seeded into 96-well plates, and incubated for 24h. After
irradiating with X-ray at the dose of 5Gy, the cells were
cultured in the presence of varying concentrations of borneol
(10, 20, 40 and 80pg/ml) for 48h. Untreated and non-irradiated
controls were included. Ten microliters CCK-8 solution was
added to each well and after a 2h incubation, the absorbance at
450nm was measured using a microplate analyzer. Each
condition was tested in triplicates.

2.5 SiRNA/Gene Transfection

HIF-1o. overexpression siRNA vectors were designed and
synthesized as in our previous study (24), and the primary
glioma cells were transfected with the respective constructs
with Opti-MEM and Oligofectamine according to the
manufacturer’s instructions. The stably transfected cells were
irradiated (5Gy) and cultured with 20pg/ml borneol for 48h. Cell
viability was evaluated as described in section Human primary
glioma cell culture and CCK-8 assay.

2.6 Immunofluorescence and

Western Blotting

The expression levels of HIF-1c,, mTORCI, eIF4E, LC3 and
Beclinl proteins in the suitably transfected/treated cells were
evaluated by immunofluorescence and western blotting with
specific antibodies as previously described (24).

2.7 Statistical Analysis

SPSS22.0 was used for statistical analysis. All data were expressed
as mean * standard deviation (x £ s). T-test (homogeneity of
variance) or Kruskal-Wallish test (heterogeneity of variance) was
used to compare the means of two experimental groups. P<0.05
was considered statistically significant.
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3 RESULTS

3.1 The Combination of Borneol and
Radiotherapy Inhibited Glioma Growth by
Inducing Autophagy

Compared to the untreated controls and the borneol group,
borneol combined with radiotherapy group significantly
decreased the tumor volume (P<0.05, P<0.05), and the tumor
inhibition rate of the combination therapy was higher than the
radiotherapy alone (Figure 1). As shown in Figure 2, the
expression levels of HIF-1a,, mTORCI and eIF4E in glioma
tissues was markedly lower in the animals treated with borneol
and/or radiation compared to the untreated tumor-bearing
group (P<0.05 or P<0.01). Furthermore, the different therapies
increased the expression of LC3 and Beclin-1 in the gliomas
(P<0.01). Consistent with this, TEM examination of the glioma
tissues (Figure 3A) showed numerous autophagosomes in the
borneol, radiotherapy and combination therapy groups
compared to the untreated controls (Figure 3B). Taken
together, borneol induced autophagy in the glioma cells and
augmented radiation-mediated tumor inhibition.

3.2 Borneol Sensitized Glioma Cells to
Radiation by Targeting the mTORC1/
elF4E/HIF-1o Pathway

As shown in Figure 4, borneol significantly decreased the
viability of the glioma cells in vitro in a dose-dependent

Tumor Volumn
150 -

FIGURE 1 | Tumor volume of brain glioma in rats after borneol and
radiotherapy treatment(x + S, n=6). Compared with the control group,
Ap_0.05; Compared with borneol group, *P<0.05.

manner when combined with 5Gy irradiation compared to
cells subjected to either treatment (P < 0.05 for 20pg/ml and
40ug/ml borneol and p < 0.01 for 80pg/ml borneol).

HIF-1o. knockdown decreased the percentage of viable
glioma cells, whereas ectopic expression of HIF-lo. had the
opposite effect (P > 0.05). However, the survival rate of the
HIF-1a-overexpressing cells decreased significantly when
treated with borneol and/or 5Gy radiation (P<0.05 or P<0.01),
and the inhibitory effect of the combination treatment was
greater. In the HIF-1a-silenced cells, borneol and radiotherapy
further inhibited the proliferation rates (Figure 5).

Furthermore, the combination of borneol and radiation
exposure significantly decreased the expression levels of HIF-
lo,, mTORCLI and eIF4E proteins (Figures 6, 7) in the glioma
cells compared to the untreated controls (p < 0.05 or p < 0.01).
Compared to radiotherapy alone, the combination treatment had
a stronger inhibitory effect (p< 0.05 or p < 0.01).

As shown in Figure 8A, mTORCI1 knockdown significantly
decreased HIF-1ot expression in glioma cells (P < 0.01), and
increased that of LC3 and Beclin-1 (P <0.01). Furthermore, the
expression levels of LC3 and Beclin-1 were also upregulated in
the eIF4E-silenced glioma cells (P <0.01)(Figure 8B). Taken
together, borneol sensitized glioma cells to radiation by targeting
the mTORCI1/eIF4E/HIF-10. pathway.

4 DISCUSSION

Glioblastoma accounts for 50% of all gliomas, and is the most
aggressive tumor of the central nervous system in adults, with
high recurrence and low cure rates. Despite advances in
neurosurgery and the widespread use of chemotherapy and
radiotherapy against newly diagnosed GBM, patient survival
has improved only marginally. Radiotherapy is the primary
treatment strategy for advanced glioma (25, 26), although its
outcomes are limited due to hypoxia-induced resistance. HIF-1o
is activated in the hypoxic microenvironment of solid tumors,
and promotes tumor cell survival by increasing glucose uptake
and utilization. In a previous study, we showed that borneol
inhibited HIF-1a in primary human glioma cells and rat glioma
tissues by targeting the mTORCI1/eIF4E pathway, which is also
involved in autophagy regulation. Although autophagy generally
ensures cell survival and homeostasis by recycling damaged
organelles and proteins, excessive autophagy may induce cell
death. Therefore, we hypothesized that borneol induces
autophagy in glioma cells by targeting the mTORCI1/eIF4E
signaling pathway, which in turn downregulates HIF-1o: and
sensitizes the cells to radiotherapy.

HIF-10 activation promotes glioma cell survival, proliferation
and metastasis under hypoxic conditions, and is therefore a
promising therapeutic target. We found that HIF-1o silencing
significantly decreased the proliferation rate of the irradiated
glioma cells whereas HIF-10. overexpression had the opposite
effect, which confirmed the crucial role of HIF-1a in the
response to radiotherapy. Borneol significantly augmented the
tumor cell killing effect of radiation in vitro and in vivo, which
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FIGURE 2 | Immunohistochemical detection of HIF-1o,, mTOR, elF4E, LC3 and Beclin1 expression levels in glioma tissues treated by borneol and radiotherapy
(n=3, x200 times). (A) Control group (B) Borneol 16mg/Kg (C) Radiotherapy 15Gy group (D) Borneol 16mg/Kg combined radiotherapy 15Gy group. Compared with
control group, 4P<0.05, A4p< 0.01; Compared with the radiation 5Gy group, *P<0.05, **P< 0.01.

A Ultrastructure of glioma cells B autophagosomes

FIGURE 3 | (A) Ultrastructure of glioma tissues observed by transmission electron microscopy (x60000 times); (B) Observation of the formation of autophagosomes
in glioma tissues by transmission electron microscopy (x60000 times). The red arrows are autophagosomes. (a) Control group (b) Borneol 16mg/Kg (c)
Radiotherapy 15Gy group (d) Borneol 16mg/Kg combined radiotherapy 15Gy group.
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FIGURE 4 | Effects of different concentrations of borneol on the growth of human glioma primary cultured cells under the radiation dose of 5Gy (x + S,n=3).
Compared with control group, A4P< 0.01; Compared with the radiation 5Gy group, *P<0.05, **P< 0.01.
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FIGURE 5 | Cell growth Of borneol and radiotherapy treatment on HIF-1¢ silence (A) or overexpressing (B) cell (x + S,n=3). Compared with the control group,
AAp 001,
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FIGURE 6 | Expression of HIF-1c, mTORC1 and elF4E in each group after borneol and radiotherapy treatment (200x) (x + S,n=5). (A) Control group
(B) Radiotherapy 5Gy group (C) Borneol 20ug/ml 24h group (D) Borneol 20ug/ml 48h group (E) Borneol 20 ug/ml combined radiotherapy 5Gy group (F) Borneol
20ug/ml 48h combined radiotherapy 5Gy group. Compared with the control group, Ap 005 AAPL001; Compared with radiotherapy group, *P<0.05, **P< 0.01.

coincided with an increase in the number of autophagosomes in
the glioma cells/tissues, along with upregulation in LC3 and
Beclinl levels. Beclinl initiates the process of autophagy by
regulating autophagosome formation and maturity. LC3 is a
structural component of autophagosomes and a marker of
autophagy flux. These results indicate that borneol accelerates
autophagy in the irradiated glioma cells, resulting in increased
cell death and tumor inhibition. Akt/mTOR inhibitors induce
autophagic death in radiation-resistant and radiation-sensitive
U87 glioma cell lines, but have no effect on the apoptosis rates
and radiosensitivity of glioma cells (27). Consistent with this,

borneol significantly downregulated HIF-1o,, mTORCI and
eIF4E in the irradiated human glioma primary culture cells,
and the inhibitory effect of the combination therapy was stronger
compared to radiotherapy alone. Thus, borneol sensitizes glioma
cells to radiation by inducing autophagy via the inhibition of the
mTORCI1/eIF4E/HIF-1A pathway. Other studies have shown
that inhibition of PI3K/Akt/mTOR pathway and HIF-1a can
inhibit the migration and invasion of human glioblastoma U87
cells (28). Consistent with this, silencing of either mTORC1 or
eIF4E significantly decreased the levels of HIF-10 in glioma cells,
and increased that of LC3 and Beclin-1. This suggests that
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inhibition of the mTORC1/eIF4E pathway promotes
radiosensitivity by inducing autophagy and inactivating HIF-1oL.

In conclusion, borneol sensitized glioma cells to radiation by
accelerating autophagic cell death through the mTORC1/eIF4E/HIF-
1o axis, and should be considered for the treatment of advanced gliomas.
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