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Mechanisms regulating radiosensitivity of glioma stem cells
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Malignant glioblastoma (GBM) has become a very common and difficult brain tumor given its low cure rate and high
recurrence rate. GBM:s are resistant to treatments because glioma stem cells (GSCs)/glioma-initiating cells (GICs), a specific
subpopulation of GBM, possess properties of tumor stem cells, such as unlimited proficiency, self-renewal, differentiation
and resistance to chemotherapy and radiotherapy, and exhibit a very strong DNA repair capability. Radiotherapy has become
a preponderant treatment, and researchers have found many significant tumor microenvironmental factors and valuable
signaling pathways regulating the GSC radioresistance, including NOTCH, Wnt/f-catenin, Hedgehog, STAT3, and PI3K/
AKT/mTOR. Therefore, we seek to boost GSC radiosensitivity through activating or inactivating pathways alone or together
to eliminate the likely source of glioma and prolong survival of patients.
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Malignant glioblastoma (GBM) has become a very com-
mon and lethal brain tumor given its low cure rate and high
recurrence rate. According to World Health Organization
(WHO) classification, GBM can be divided into 4 types. The
median survival period of glioma patients with malignant
supreme (WHO grade 4) is only 12 to 15 months [1]. This
rate continues to decrease although adjuvant radiotherapy
and chemotherapy are used in addition to surgical opera-
tion. One of the reasons for the poor outcomes might be
the existence of a fraction of chemoresistant and radiore-
sistant cells called glioma stem cells (GSCs) in glioma. To
date, some experts support the notion that GSCs are partly
derived from initiating oncogenic mutations and micro-
environment changes [2]. However, glioblastoma cells can
dedifferentiate to a stem-like phenotype through ionizing
radiations (IR) induction [3] or some signaling pathway
mutations [4]. Just as their name implies, GSCs exhibit the
properties of tumor stem cells, such as high expression of
stem cell markers, capacity of self-renewal and long-term

proliferation, formation of neurospheres, multi-lineage
differentiation and resistance to chemotherapy and radio-
therapy.

Surgical resection of GBM is limited by the diversity
of tumor sites and shapes, which is a main reason for un-
satisfactory therapeutic effects. However, recent studies
suggested that radiation therapy might be a novel target
treatment strategy although GSCs possesses the character-
istics of radiation resistance [5]. GSCs can improve DNA
damage repair (DDR) via direct or indirect methods [5].
Therefore, we can achieve our treatment aim by blocking
repair and inducing GSCs apoptosis. The tumor micro-
environment, such as hypoxia, plays an important role in
GSCs stemness and radioresistance. Moreover, numerous
signaling pathways are activated or restrained, and some
microRNAs (miRs) are aberrantly expressed in GSCs [6].
In this review, we summarize the current knowledge of
GSC resistance to radiotherapy and discuss potential radio-
therapeutic approaches to target GSCs.
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GSCs markers

It is necessary to identify the specific surface markers of
GSCs for isolating GSCs and designing GSCs-targeted thera-
pies. CD133 is one of the earliest and best characterized GSCs
makers [7-10]. To date, various candidate GSCs markers have
been discovered, including Nestin [8, 11, 12], Musashi-1 [11,
13], CD44 [13], L1 cell adhesion molecular (L1ICAM) [14, 15],
the polycomb protein B-cell-specific moloney murine leukemia
virus insertion site-1 (Bmi-1) [16], A2B5 [17], and SRY-related
high-mobility-group (HMG)-box protein-2 (Sox2) [18]. These
candidate markers are summarized in Table 1.

The effect of radiation type and irradiation manner on
GSCs radiosensitivity

The effect of radiation type on GSCs radiosensitivity.
According to the difference of linear-energy-transfer (LET),
the energy transferred per unit length of the track, radiation
can be divided into two categories. one category is high LET
radiation, such as a-particles, neutrons, protons, and heavy
ions; another category involves low LET radiation, including
X-rays, y-rays, and p-particles.

DNA is the principal target for the biologic effects of radia-
tion. Radiation can induce DNA single/double strand break
(SSB/DSB). GSCs treated with low LET radiation had strong
repair capacity for DSBs, whereas GSCs could not restore
available function after treated with high LET radiation [19].
A previous study demonstrated that GSCs resistance to low
LET radiation was attributed to the preferential activation
of the DNA damage checkpoint response and an increase in
DNA repair capacity, because the phosphorylation of check-
point kinase (Chk) 1, Chk2 and ataxia-telangiectasia-mutated
(ATM) proteins were significantly increased in CD133+ GSCs
compared with CD133- cells [20]. In addition, y-rays induce
autophagy in glioma cells, and autophagy inhibitors signifi-
cantly enhance the radiosensitivity of glioma cells [21]. Thus,
some experts put forward the question of whether y-radiation-

Table 1. Overview of specific surface markers of GSCs recently identified.

induced autophagy contributes to the GSCs radioresistance.
Further investigations confirmed that the induction of au-
tophagy by low LET y-rays indeed facilitated CD133+ GSCs
radioresistance. In addition, autophagy inhibitors might
be employed to enhance GSCs radiosensitivity because au-
tophagy might protect cancer cells against radiation damage
by reducing cytoplasmic acidification, providing catabolites
that are required for the repair processes and removing toxic
molecules [22-24]. Although the relation between checkpoint
activation and autophagy induced by low LET radiation in
GSCs is currently not understood, a recent report suggested
that the activation of ATM following y-radiation could lead to
the phosphorylation of liver kinase B1 (LKB1) and inhibition
of the mammalian target of rapamycin (mTOR) pathway via
the ATM/LKB-1/adenosine monophosphate-activated protein
kinase (AMPK) pathway, which might contribute to autophagy
induction [22].

High LET radiation can kill tumor cells more effectively
than low LET radiation [25, 26]. The superiority of high LET
radiation includes the formation of clustered DNA damage
in target cells, cell killing with equal effectiveness regardless
of the cell cycle stage and oxygen content, and the ability to
cause biological damage by direct action. These actions are
responsible for the increased relative biological effectiveness
(RBE) compared with low LET radiation. Alan et al. reported
that proton therapy might be more efficient than conventional
X-ray photon therapy for eliminating GSCs in GBM patients
because proton therapy could overcome GSCs radioresistance
by inducing increased DNA damage and cell apoptosis via
producing large amounts of reactive oxygen species (ROS)
[27]. With the increase in treatment-resistant patients, these
findings are promising for the development of novel treatment
regimens using high LET radiation to treat cancer patients.

The effect of irradiation manner on GSCs radiosensi-
tivity. In cancer radiotherapy, the treatment effect of acute
irradiation is quite different from that of fractionated ir-
radiation. Fractionated irradiation induces CD133+ GSCs
enrichment and treatment resistance compared with acute
irradiation [28-30]. Gao et al. found that acute and fraction-

Markers  Effect on radiosensitivity of GSCs References

CD133 Oge of tl.1e m(?st primary stem cell markers. Reduces survival time and seriously affects the patient’s prognosis. Positively correlated [7-10]
with radioresistance.

CD44 Positively correlated with radioresistance. [13]

Nestin One of the most primary stem cell markers. A strong prognostic marker for decreased overall survival. Negatively correlated (8, 11-13]
with radioresistance.

Musashi-1  Negatively correlated with GSCs radioresistance. [11,13]

LICAM LlCAM knockdown suppresses grc.)wth and enhances GSCs radioresistance via regulating DNA damage checkpoint response. (14, 15]
Negatively correlated with radioresistance. >

Sox2 Sox2 is fundamental for the maintenance of the self—rer%ewal capacity of neural stem cells wheg they have acquired cancer properties. (13, 18]
Sox2 promotes proliferation and induces tumorigenicity. Negatively correlated with radioresistance.

Bmi-1 An independent marker for poor prognosis. Its relation with radioresistance is unclear. [16]

A2B5 A2B5 expression is required for brain tumor initiation and maintenance, but its relation with radioresistance is unclear. [17]
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ated irradiation differentially modulated glioma stem cell
division kinetics. Fractionated irradiation-induced GSCs
enrichment might result from a shift from asymmetric to
symmetric cell division or a fast cell cycle [28]. The frequency
of GSCs symmetric division is regulated by growth factors,
including insulin growth factor (IGF), epidermal growth
factor (EGF) and fibroblast growth factor (FGF) [31]. In the
presence of growth factors, the symmetrical division rate
increased significantly. Fractionated radiation could generate
vast amounts of IGF1 and upregulate IGF1 receptor (IGF1R)
expression in quiescent GSCs. High-level IGF1R expression
had a dual radio-protective effect because it could not only
negatively regulate protein kinase B (AKT)/extracellular
signal-regulated kinase (ERK) signal but also induce forkhead
box O3a (FoxO3a) activation [31]. Kim and his colleagues
reported that cellular signaling from Abelson murine leukemia
viral oncogene homolog (Abl) to protein kinase C§ (PKCS)
is crucial for fractionated irradiation-induced expansion of
GSCs populations and acquisition of resistance to anticancer
treatments [29]. Moreover, it was demonstrated that fraction-
ated ionizing radiation (2 Gy/day for 3 days) promotes GSCs
expansion and resistance to acute irradiation (10 Gy) in both
glioma cell lines and patient-derived glioma cells through up-
regulation of radiation- inducible nitric oxide synthase (iNOS).
The results suggested that targeting iNOS in combination with
ionizing radiation might increase the efficacy of radiotherapy
for glioma treatment [32].

The effect of tumor microenvironmental factors on GSCs
radiosensitivity

GSCs radioresistance was partly attributed to the property
of stemness and the reciprocity with other cells in tumor
microenvironment. Jamal and his coworkers compared the
response of GSCs and non-GSCs irradiated under in vitro
and orthotopic transplantation conditions. Under in vitro
conditions, no difference was detected between CD133+ and
CD133- cells in YH2AX and 53BP1 foci induction or dispersal
after irradiation. However, irradiation of orthotopic xeno-
grafts initiated from GSCs resulted in fewer foci in CD133+
cells compared with their CD133- counterparts within the
same tumor [33]. These results not only illustrated that the
brain microenvironment could preferentially enhance the
radioresistance of CD133+ GSCs but also suggested that mi-
croenvironment played a vital role in GSCs radioresistance.
This finding serves as a reminder that the tumor microen-
vironment should be taken into account when studying the
radiosensitivity of GSCs.

Reciprocity between GSCs and other cells. After cocul-
ture with astrocytes, the initial level of radiation-induced
YH2AX foci in GSCs was reduced, and foci dispersal was
enhanced. These results suggested that the presence of
astrocytes influenced the induction and repair of DNA
double-strand breaks. These data indicated that astrocytes

could decrease the radiosensitivity of GSCs in vitro via
a paracrine-based mechanism and further supported a role
for the microenvironment as a determinant of the GBM
radioresponse. Chemokine profiling of coculture media
identified a number of bioactive molecules, such as IL-4, IL-6,
monocyte chemotactic protein (MCP) 3, epithelial neutro-
phil activating peptide (ENA)-78, insulin-like growth factor
binding protein (IGFBP) 3, and osteoprotegerin, which are
responsible for GSC phenotype and radioresistance and are
not present under standard culture conditions. In addition,
coculture also activated the signal transducer and activator
of transcription 3 (STAT3) signal pathway to reduce the
radiosensitivity of GSCs [34].

Hypoxic microenvironment. The speed of blood vessel
formation is reduced compared with the rapid proliferation
of solid tumor cells, which creates a hypoxic environment in
a region far away from blood vessels. The immediate cellular
reaction to this event is the induction of angiogenesis to supply
oxygen to the tumor cells, a process mediated by hypoxia-
inducible factors (HIFs). However, the new capillary system is
not efficient to maintain proper oxygen supply to the growing
tumor mass; therefore, an O, gradient within the neoplastic
zone is present in all solid tumors. O, concentrations are
significantly reduced in many human cancers compared with
the surrounding normal tissue. The median pO, in glioma is
0.75 to 20 mmHg compared with 100 to 200 mmHg in healthy
brain tissue [35].

A hypoxic microenvironment promotes reprogramming
towards a cancer stem cell phenotype in non-stem sub-
population, maintains the stemness of GSCs, and induces
the expression of stem cells factors, i.e., octamer-binding
transcription factor-4 (OCT4) and cellular-myelocytomatosis
viral oncogene (c-MYC) [36]. Hypoxia plays a key role in the
regulation of the tumor stem cell phenotype through HIF-2a
and subsequent induction of special stem cell marker genes,
such as mastermind-like protein 3 (Notch pathway), nuclear
factor of activated T cells 2 (calcineurin pathway) and aspartate
beta-hydroxylase domain-containing protein 2, which belong
to pathways regulating the stem cell phenotype [37]. The iden-
tification of novel molecular regulators of cancer stem cells in
the hypoxic niche may be used to target the glioblastoma stem
cell population. HIF-1a and HIF-2a proteins and miR-210
expression increased as hypoxic time increased in GSCs [38].
More significantly, knockdown of miR-210 decreases stemness
and enhances the radiosensitivity of hypoxic GSCs, suggest-
ing that miR-210 might be a potential therapeutic target to
eliminate GSCs located in hypoxic niches [39].

Mesenchymal differentiation. Proneural (PN) and mesen-
chymal (MES) GSC subtypes differ significantly in biological
characteristics and treatment responsiveness. A shift in a sub-
set of PN GSCs to MES GSCs occurred in long-term serum
culture conditions in a tumor necrosis factor (TNF)a/nuclear
factor-k-gene binding (NF-kB)-dependent manner and was
associated with an enrichment in CD44-expressing subpopu-
lations [40, 41]. Given that NF-kB enhances radiosensitivity
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of several glioblastoma cell lines by inducing apoptosis [42],
MES subtypes in GSCs might be more radiosensitive than PN
GSCs. However, Bhat et al. concluded that MES GSCs were
more radioresistant due to stronger restorative function than
PN GSCs [41]. Hence, the aberrant mesenchymal differentia-
tion makes GSCs therapy more difficult. To our surprise, an
antibody against the MES gene YKL40, an angiogenic fac-
tor, combined with irradiation inhibits vascularization and
malignancy progression in glioblastoma [43]. In addition,
mixed lineage kinase 4 (MLK4) is overexpressed in MES but
not PN, which could also enhance radioresistance by acting
as an upstream regulator of NF-kB signaling in GSCs [44].
Therefore, MLK4 inhibitor treatment combined with irradia-
tion might be an ideal therapeutic regimen. In summary, to
improve treatment effect, we should inhibit the switch from PN
to MES GSCs by using some inhibitors of the signal pathways
or other methods.

Signaling pathways involved in GSCs radiosensitivity

MELK-FOXM1-EZH2 axis. Maternal embryonic leucine-
zipper kinase (MELK) is a member of the snfl/AMPK family
of serine/threonine kinases and a direct target of oncoprotein
¢-JUN in GSCs. MELK reduces radiation-induced apoptosis
via binding and phosphorylating the oncogenic transcrip-
tion factor forkhead box protein M (FOXM) 1 to form the
MELK-FOXM1 protein complex in GSCs in a p53-dependent
manner [45]. Moreover, enhancer of Zeste homolog 2 (EZH2),
the catalytic subunit of Polycomb repressive complex 2, was
targeted by the MELK-FOXM1 complex, which subsequently
promotes resistance to radiation in GSCs [46]. EZH2 and
MELK are co-expressed in GBM, and MELK or FOXM1
contributes to GSC radioresistance by regulation of EZH2.
Furthermore, apoptosis in GSCs pretreated with an EZH2
inhibitor was notably increased [46]. Collectively, these find-
ings suggested that the MELK-FOXM1-EZH2 signaling axis
might be essential for GSC radioresistance and that MELK-
FOXM1-driven EZH2 signaling might serve as a therapeutic
target in radiation-resistant GBM tumors.

Notch signaling pathway. The Notch signaling pathway
plays a crucial part in maintenance and self-renewal of many
cancer stem cells, including breast cancer stem cells [47, 48]
and GSCs [49-57]. The Notch receptor and its ligands are
transmembrane proteins with large extracellular domains that
consist primarily of epidermal growth factor (EGF)-like repeat
domains [53-55]. Transmembrane ligands activate Notch re-
ceptors in neighboring cells via ligand-dependent proteolysis
[58]. Ligands can accelerate two proteolytic cleavage events
through binding in the Notch receptor (including Notch 1-4).
The first event is catalyzed by a disintegrin and metalloprotease
(ADAM)-family metalloprotease, whereas the other event is
mediated by y-secretase, which is an enzyme complex that
contains presenilin, nicastrin, encoding multipass transmem-
brane proteins [53-55]. A study demonstrated that proliferation
and self-renewal capacity of GSCs obviously decreased after

inhibiting the Notch signaling pathway with y-secretase inhibi-
tors (GSI) [51]. Moreover, HIF-1a and HIF-2a also maintain
characteristics of GSCs through competitively binding to the in-
tracellular domain of Notch (NICD) to dynamically regulate the
activation of Notch signaling in GSCs depending on different
oxygen tensions [50, 56]. HIF-2a facilitated the maintenance
of GSCs through other stemness-related molecules, in which
a downstream gene of HIF-2a, OCT-4, is critically involved
[57]. Previous studies have revealed that GSCs promoted
radioresistance by preferential activation of the DNA damage
response [24], but recent studies found that Notch signaling
could also enhance radioresistance of glioma stem/progenitor
cells [49, 59], by impairing radiation-induced protein kinase
B (AKT) activation and upregulating levels of Mcl-1 (a member
of Bcl-2 family) proteins [59], rather than altering the DNA
damage response of GSCs following radiation. Taken together,
using specific inhibitors of the Notch pathway might be a logical
therapeutic strategy to decrease GSCs radioresistance.

Wnt-f-catenin signaling pathway. The Wnt-f-catenin
signaling pathway plays a significant role in regulating multiple
biological processes in stem cells and non-stem cells, including
human amniotic mesenchymal stem cells [60], keratinocytes
[61], and adipose tissue-derived stromal cells [62]. The path-
way is also vital in brain tumors [63]. A study demonstrated
the radioresistance role of the Wnt-p-catenin pathway in
mouse mammary progenitor cells [64]. Kim et al. reported that
Wnt/B-catenin signaling was a pivotal downstream mediator
of receptor tyrosine kinase (MET) signaling in GSCs. MET
overexpression not only maintained the stemness of GSCs
and induced radioresistance by itself but is also associated
with Wnt/B-catenin signaling to sustain GSCs stemness [65].
Nevertheless, Bacco et al. demonstrated that although MET
inhibition decreased GSCs radioresistance, the restrain is
achieved by reducing AKT-dependent ATM and p21 activity
rather than inhibiting Wnt/p-catenin signaling [66]. To date,
reports about GSCs radioresistance regulated by the Wnt/(3-
catenin signaling pathway are lacking. Therefore, its molecular
mechanism must be further explored.

Hedgehog signaling pathway. Hedgehog signaling
regulates proliferation and tumorigenesis of various cancers,
including medulloblastoma, neuroblastoma and glioblastoma
[67]. In mammals, there are three Hedgehog homologues:
desert hedgehog (Dhh), Indian hedgehog (Ihh) and sonic
hedgehog (Shh). The Shh signal transduction cascade
involves membrane proteins PATCHEDI1 (PTCH1) and
SMOOTHENED (SMOH), which can activate glucagon-like
immunoreactivity (Gli) transcription factor, the only reliable
marker of pathway activity [68]. Furthermore, the hh-Gli
signaling pathway is indispensable for proliferation, survival
and tumorigenesis of CD133-politive GSCs by acting on its
downstream factor cell division cycle (Cdc) 2 [69, 70]. How-
ever, whether the pathway has a direct or indirect impact on
GSCs radioresistance remains ambiguous.

STAT3 signaling pathway. Signal transducer and activator of
transcription 3 (STAT3) participates in various cellular process
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and tumorigenesis as a transcriptional regulator. STAT3 associ-
ated with C/EBP (a transcriptional regulator) synergistically
induces the shift from proneural GSCs to mesenchymal GSCs
[71], thus malignant levels increase. In addition, STAT3 is re-
quired for maintenance of GSCs [72, 73]. The above evidence
suggests that the pathway is a novel treatment target. Thus, the
activity of STAT3 should be suppressed using specific inhibitors.
Yang et al. demonstrated that STAT3 inhibitor a polyphenol
AG490 resveratrol (RV) or knockdown therapy with lentivirus
carrying ShRNA-STAT3 increases survival rates and improves
prognosis and radiosensitivity of GSCs through reducing the
repair of radiation-induced DNA damage [74, 75].

The DNA-dependent protein kinase catalytic subunit
(DNA-PKcs). DNA-PKcs is important in the repair of DNA
DSBs induced by IR. Evidence indicates that DNA-PKcs
are expressed at high levels in surviving and that prolif-
erating GSCs and its knockdown radiosensitizes GSCs by
inducing cell autophagy [76]. In addition, another research
team elucidated that DNA-PKcs knockdown also induced
differentiation and enhanced the radiosensitivity of GSCs
[77]. Kang et al. reported that the inhibitor of the epidermal
growth factor receptor (EGFR)-AKT-DNA-PKcs pathway
Gefitinib enchances radiosensitivity of GSCs via increasing
DNA DSBs and disturbing its repair [78]. Taken together,
these findings suggested that we could also achieve our treat-
ment goal through suppressing DNA-PKcs activity in GSCs.

Cathepsin L, a lysosomal cysteine proteinase. Cathepsin
L is expressed at high levles in malignant glioma cells, and the
Cathepsin L inhibitor radiosensitizes U251 cells by influenc-
ing cell cycle and DNA damage via NF-kB signaling [79, 80].
Furthermore, recent research demonstrated that knockdown
of Cathepsin L promoted radiosensitivity of GSCs through
inactivation of the DNA damage response (DDR) checkpoints
in vitro and in vivo [81]. Thus, targeting Cathepsin L is a novel
attractive therapeutic regimen.

PI3K/AKT/mTOR signaling pathway. The phosphati-
dylinositol 3-kinase (PI3K)/AKT pathway is activated
frequently, leading to radioresistance in glioblastoma cells.
Therefore, inhibition of the pathway enhances radiosensitiv-
ity by weakening the repair of radiation-induced DNA DSBs/
SSBs in glioblastoma cell lines [82, 83]. To date, reports about
the link between this pathway and GSCs radioresistance are
limited. A low-dose AKT inhibitor in combination with frac-
tional radiation therapy induces apoptosis and reduces GSCs
tumorigenesis through targeting the PI3K-AKT signaling
pathway, indicating that the PI3K-AKT pathway had profound
meaning and influence on GSCs radiosensitivity [84]. Fur-
thermore, the signaling pathway in combination with another
pathway, mTOR, collectively resolved the radioresistance
challenge. mTOR is a core molecule in autophagy regulation,
and its inactivation initiates autophagy [85, 86]. Zhuang and
his colleague confirmed that rapamycin-induced autophagy
promoted GSCs differentiation and radiosensitivity in vitro
[87]. Many inhibitors of this signaling have been reported,
for example, AZD2014 (mTORc1/mTORc2 inhibitor) [88]

and NVP-BEZ235 (PI3k/mTOR inhibitor) [89-91], which
could significantly enhance radiosensitivity of GSCs through
impairing DSB repair, increasing apoptosis and inducing cell
cycle arrest in the radiosensitive phase. Thus, the PI3K/AKT/
mTOR signaling pathway is also a fascinating treatment target
for radioresistant glioma in combination with various chemical
agents to obstruct this pathway.

Signaling pathways targeted by miRs. With the excep-
tion of the above mentioned miR-210, two miRs, miR-153
and miR-146b-5p, are involved in regulating stemness and
radiosensitivity of GSCs [92, 93]. We found that miR-153 was
downregulated but its target gene nuclear factor-erythroid
2-related factor-2 (Nrf-2) was upregulated in GSCs. Under
low miR-153 expression conditions, the Nrf-2 overexpression
could increase glutathione peroxidase 1 (GPx1) transcription
and reduces ROS levels, which leading to GSCs radioresist-
ance. miR-153 overexpression increased ROS production
and radiosensitization of GSCs, decreased neurosphere
formation capacity and stem cell marker expression, and
induced differentiation through ROS-mediated activation
of p38 mitogen-activated protein kinase (MAPK) in GSCs
[92]. Our recent study demonstrated that overexpression
of miR-146b-5p regulates the HuR/lincRNAp21/p-catenin
pathway to reduce the stemness and GSCs radioresist-
ance. LincRNA-p21, a novel regulator of cell proliferation,
apoptosis and DNA damage response, is downregulated in
several tumor types. LincRNA-p21 negatively regulates the
expression and activity of f-catenin in GSCs. Downregula-
tion of lincRNA-p21 in GSCs resulted from upregulation
of Hu antigen R (HuR) expression caused by miR-146b-5p
downregulation. MiR-146b-5p overexpression increased
apoptosis and radiosensitivity, decreased neurosphere forma-
tion capacity and stem cell marker expression, and induced
differentiation in GSCs [93]. These findings suggest that
these miRNA-mediated pathways play an important role in
regulating radiosensitivity and stemness of GSCs. Thus, we
predict that targeted therapy of the signaling axis could serve
as anovel approach in development of therapeutic strategies
against glioma. In addition to the above mentioned miRNAs,
numerous additional miRNAs regulating stemness, self-
renewal and differentiation of GSCs were reported, including
miR-21 [94], miR-451 [95], miR-152 [96], miR-124 and
miR-137 [97]. Whether these miRNAs play a role in GSCs
radioresistance should be further investigated.

The radiosensitizing effect of specific inhibitors on GSCs

DNA damage caused by IR potently activates phosphoryla-
tion of checkpoint proteins, such as ATM, Rad17, Chkl, and
Chk2, which are responsible for repairing damaged DNA by
inducing cell-cycle arrest [20]. Thus, we can take advantage
of special inhibitors to interfere with the repair process.
A previous study suggested that the radiosensitizing effect
was not the same in different cell populations by utilizing
the inhibitor debromohymenialdisine to enhance radiation
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sensitivity. For instance, the radiosensitizing effect on the
radioresistant CD133+ population was enhanced compared
with the CD133- population [76, 98]. Another study demon-
strated that GSCs was more sensitive to knockdown of chkl,
whereas the radiosensitizing effect of chk2 knockdown did
not exhibit a distinct change between GSCs and non-stem
glioma cells [99]. GSCs pretreated with KU55933 (an ATM
inhibitor) also relieved G1 phase arrest and extended the G2
phase in response to radiation [100]. The specific ATM in-
hibitor KU-60019 potentially effectively and safely increases
radiosensitivity of GSCs with low TP53 expression and PI3K
expression [101]. Two mechanisms are involved in DDR after
IR; homologous recombination (HR) and non-homologous
end joining (NHE]). Lim et al. utilized the ATM inhibitor to
deplete HR and the DNA-PK inhibitor to block NHE] in GSCs
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to compare the radiosensitizing effect of these two inhibitors,
and the outcome indicated that the former exhibited a stronger
radiosensitizing effect than the later [102].

Conclusion and future perspectives

After decades of study, malignant glioblastoma remains
a challenging disease. A large number of clinical trials proved
that surgical resection and drug treatment were not effective
to overcome the tumor, but adjuvant radiation therapy might
be promising for an increasing number of glioma patients.
Nevertheless, glioma cells exhibited strong radiation resistance,
which was mainly determined by the properties of glioma
stem cells. Hence, the real key for the treatment of malignant
glioma is to reduce GSCs stemness and radioresistance and
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induce GSCs differentiation. Although GSCs is only a subtle
subpopulation of glioma cells, the status of GSCs is decisive
and irreplaceable. GSCs radiosensitivity is regulated by
multiple signaling pathways, microenvironment factors, and
miRNAs. The pathways and regulating factors exhibit mutual
communication, not independent communication. In some
cases, the synergistic effect of combining radiotherapy with
signaling pathway inhibitors exhibited a satisfactory outcome
for glioma treatment.

To date, high LET radiation treatment effectiveness for
cancer has been recognized by consensus. Therefore, many
countries, such as China, Japan and the USA, are now focused
on proton and heavy ion research and clinical application.
A study reported that proton therapy could improve radio-
sensitivity in a variety of cancer stem cells (CSCs), including
GSCs [22]. Although the therapeutic effect of heavy ion beam
on GSCs has not been reported to date, heavy ion beam treat-
ment effectiveness has been confirmed in pancreatic CSCs
[103] and breast CSCs [104]. In addition to the high-LET
character that exerts increased RBE in tumor cells, proton
and heavy ion beams are characterized by an inverse dose-
depth profile with a maximal dose deposition in a predefined
depth in tissues (Bragg-peak). Thus, the surrounding organs
can be spared as much as possible. Therefore, proton and
heavy ion beams offer promising physical and biological
characteristics and present an alternative treatment option
for glioma patients.

Although numerous regulating factors and pathways have
been discovered to date (Figure 1), glioma treatment effects
remain limited. Thus, we need to identify more updated and
more effective therapeutic targets. As long as we wholeheart-
edly committed to the study of this field, we will elucidate
mechanisms regulating the radiosensitivity of GSCs to obtain
better treatment outcomes.
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