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Resveratrol sensitizes glioblastoma-initiating cells to temozolomide
by inducing cell apoptosis and promoting differentiation
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Abstract. Glioblastoma-initiating cells play crucial roles
in the origin, growth, and recurrence of glioblastoma multi-
forme. The elimination of glioblastoma-initiating cells is
believed to be a key strategy for achieving long-term survival
of glioblastoma patients due to the highly resistant property
of glioblastoma-initiating cells to temozolomide. Resveratrol,
a naturally occurring polyphenol, has been widely studied
as a promising candidate for cancer prevention and treat-
ment. Whether resveratrol could enhance the sensitivity of
glioblastoma-initiating cells to temozolomide therapy has not
yet been reported. Here, using patient-derived glioblastoma-
initiating cell lines, we found that resveratrol sensitized
glioblastoma-initiating cells to temozolomide both in vitro
and in vivo. Furthermore, we showed that resveratrol enhanced
glioblastoma-initiating cells to temozolomide-induced apop-
tosis through DNA double-stranded breaks/pATM/pATR/p53
pathway activation, and promoted glioblastoma-initiating cell
differentiation involving p-STAT3 inactivation. Our results
propose that temozolomide and resveratrol combination
strategy may be effective in the management of glioblastoma
patients, particularly for those patients who have been present
with a high abundance of glioblastoma-initiating cells in their
tumors and show slight responsiveness to temozolomide.
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Introduction

Glioblastoma (GBM) is the most frequent primary brain
tumor in adults and presents a very aggressive course with few
therapeutic options. Recent studies have shown that GBM is
composed of cell populations that are heterogeneous in terms of
morphology and differentiation status (1). It has been proposed
that a small population of tumor cells, named glioblastoma-
initiating cells (GICs), plays a crucial role in the origin, growth,
recurrence and drug resistance of GBM (2). Studies suggest that
the limited therapeutic efficacy of conventional approaches to
GBM is due to the resistant nature of GICs to chemotherapy
and radiotherapy, allowing the survival of GICs to regenerate
the tumor (3). GICs are thus considered the major barrier to
GBM therapy, and elimination of GICs is considered to be
a key strategy for achieving the long-term survival of GBM
patients (1,4). At present, temozolomide (TMZ) is the standard
chemotherapy drug for GBM, yet significant GICs resistance
toward TMZ has been widely reported (5,6). Recent findings
have even noted the significant expansion of a newly converted
GIC population from differentiated GBM cells in vitro and
in vivo after long-term exposure to TMZ (7). Therefore, it is
vital to develop strategies to enhance the efficacy of TMZ in
treating GICs (8).

Resveratrol (RES) is a natural polyphenolic compound
that is widely present in plants and is enriched in red wine,
peanuts, and grapes. It has exhibited a broad range of chemo-
preventive and therapeutic properties in a variety of animal
models (9,10). As a potential candidate for treating cancer,
RES presents low toxicity and few adverse effects upon
administration at relatively high doses (11). It has been shown
that RES alters multiple signaling pathways, such as the JAK/
STAT, NF-xB/p50/p65 and p53 pathways, to induce cell cycle
arrest, apoptosis and autophagy in various types of tumor
cells (12-14). Specifically, RES potentiates the toxicity of TMZ
in GBM cell lines such as SHG44 and T98 (15,16). However, to
the best of our knowledge, little is known regarding the effect
of TMZ combined with RES on treating GICs which have
distinct properties when compared to GBM cell lines.
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The aim of the present study was to investigate whether
RES could enhance the antitumor effect of TMZ on GICs both
in vitro and in vivo, and the involved mechanisms in response
to the enhanced effects.

Materials and methods

GIC culture and cell immunofluorescence. GICs were derived
from neurosurgical samples of two GBM patients at the
Department of Neurosurgery, Beijing Tiantan Hospital, and
informed consent was obtained from the patients. The use
of human tissue specimens had been approved by the ethics
board in our hospital. The tumor tissues were dissociated into
single cells according to a previous study (6). To induce differ-
entiation, the GICs were cultured in DMEM/F12 medium
containing 10% fetal bovine serum (FBS) for two weeks. GICs
and differentiated cells were immunofluorescence-stained
with CD133, nestin, GFAP, NF, and CNP. The cell nuclei were
stained with DAPI (Sigma-Aldrich, USA).

Limiting dilution assay. A limiting dilution assay was used to
indicate the number of cells from a primary neurosphere (NS)
that was needed to form a secondary NS. The specific method
was described in a previous study (17).

Determination of GICs in NOD/SCID mice. The GICs
(2x10*/mouse, 6 mice) were injected stereotactically into the
right corpus striatum (2.5 mm anterior and 2.5 mm lateral to the
bregma and 3.0-mm deep) of 6-week-old female NOD/SCID
mice (VitalStar, China). Once the mice were incapable, the
brains were harvested. The brains were stained with hema-
toxylin and eosin (H&E), nestin (GTX39578), and glial acidic
fibrillary protein (GFAP, GTX84438) (both from GeneTex).
All animal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Cell viability, apoptosis and sphere counting assay. MTT
(Sigma-Aldrich, USA) assay was used to evaluate cell viability.
The calculation of the combination index value (CI) was based
on a previous study (18). Synergism, addition, and antagonism
were defined as Cl<1, CI=1, and CI>1, respectively. To analyze
apoptosis, the Annexin V/FITC and PI apoptosis detection kit
was used according to the instructions provided by the manu-
facturer (Becton-Dickinson, USA). Quantification of apoptotic
cells was performed using a FACScan flow cytometer. For the
sphere counting assay which evaluates the self-renewal ability
of GICs, colonies (>50 um in diameter) were counted after
GICs were exposed to drugs for 2 weeks, and the number of
colonies/number of cells in each well was calculated according
to a previous study (19) with minor revisions. Each assay was
repeated in three independent experiments.

Measurement of caspase-3 activity. Caspase-3 activity was
assayed spectrophotometrically via the detection of pNA
cleavage from caspase-3-specific substrates (Ac-LEVD-pNA)
according to a commercially available kit (Beyotime, China).

DNA double-strand break (DSB) assay. DSBs were confirmed
according to the OxiSelect™ DSB staining kit protocol. GICs
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exposed to etoposide at 100 uM were regarded as the positive
control. Cell images were acquired and analyzed under a Zeiss
fluorescence microscope.

Western blot analysis. The cells were lysed in buffer (Cell
Signaling Technology) containing 100 mM NaF, and 1:500
protease inhibitor mixture (Roche, USA). Equal amounts of
proteins were separated by 7-15% SDS-PAGE for electropho-
resis. The protein was hybridized by overnight incubation with
the primary antibodies. ChemiDoc XRS+ image analyzer
(Bio-Rad, USA) and ImagelJ software (http://rsb.info.nih.
gov/ij) were used to quantify the protein band density.

In vivo xenograft study and immunohistochemical study.
GICs (2x10°) were subcutaneously injected into the left hind
flank of the 6-week-old female NOD/SCID mice. When the
tumors grew to the 10th day, TMZ administration was began
by oral gavage at doses of 68 mg/kg, which corresponded to
the murine equivalent of the standard clinical dose of 200 mg/
m? and schedule as used by Yuan et al (15). TMZ was used
for 5 days and halted for 10 days, and then repeated again.
Meanwhile, 12.5 mg/kg RES was injected intraperitoneally
once a day. Animal body weight, hair color and appear-
ance were assessed every 5 days. The tumor sizes were
measured every 5 days with a caliper and were calculated as
1/2 x length x width? in mm?®. At day 40 of the inoculation,
the mice were sacrificed and tumor tissues were excised for
GFAP and nestin immunohistochemical study. Nestin-positive
cells and GFAP-positive cells were counted in 5 staining fields
chosen randomly.

Statistical analysis. The data are presented as the means + SD,
and the Student's t-test was used for comparing paired sample
sets. A P-value <0.05 was considered to indicate a statistically
significant result.

Results

Determination of GICs in vitro and in vivo. Using the
methods described above, we successfully isolated two
patient-derived GIC cell lines and named them GIC400 and
GIC411, respectively. The representative results of GIC400
determination are shown in Fig. 1 (similar results were also
determined for GIC411; data not shown). As shown in Fig. 1A,
these cells formed characteristic renewable neurospheres
and could proliferate indefinitely, and all the GICs exhibited
a high expression of nestin which is a neural progenitor cell
marker while a large portion of the cells were stained posi-
tive for CD133 by immunofluorescence. Furthermore, upon
serum exposure, GICs acquired the glial- and neurite-like cell
features with protrusions and adherence to the flask under
optical microscope, and the GICs showed a GFAP (astrocyte)-,
NF (neuron)-, and CNP (oligodendrocyte)-directed differen-
tiation morphology (Fig. 1B). The results were consistent with
previous literature (17), showing that GICs could be efficiently
induced into astrocytic, neural and partly induced into oligo-
dendrocytic lineages after incubation with serum-containing
DMEM/F12 media for 2 weeks. We then performed limiting
dilution assays to confirm the enrichment of GICs in the primary
cultures. GIC400 and GIC411 cells required a small number
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Figure 1. Determination of GICs in vitro and in vivo. (A) Morphology of tumor spheres in stem cell media (x40 magnification) and expression of stem cell
markers (nestin, CD133) by immunostaining (x100 magnification). DAPI staining was used to indicate the location of GICs. (B) Serum-induced differentia-
tion of GICs under a microscope (x40 magnification) and immunostaining of GFAP, NF and CNP (x200 magnification) expressed in differentiated GICs.
(C) Tumorigenesis of GICs in the brain of NOD/SCID mice as indicated by the blue arrow, and H&E staining (D) and nestin (E) and GFAP (F) immunostaining

of brain tumors derived from GICs; the arrow indicates the positive staining site.

of cells to generate a secondary neurosphere (7.6 cells for
GIC400, and 10.6 for GIC411) (data not shown). Furthermore,
the potential for tumorigenesis was determined through intra-
cranial tumor formation in the NOD/SCID mice for 2 months
after inoculation with only 2x10* GICs (Fig. 1C), while GBM
tumorigenesis generally requires 10° non-GICs such as U87
cells. The tumors histologically resembled the GBM in patients
through H&E staining with the aid of a qualified expert
pathologist in the brain tumor field, suggesting the successful
establishment of the xenograft model of GICs according to the
literature (20) (Fig. 1D). The xenograft samples also presented
high expression levels of nestin (Fig. 1E) and acicular expres-
sion of GFAP (Fig. 1F), implying that the xenograft samples
contained a high abundance of GICs.

RES has a synergistic effect with TMZ on GIC viability. The
cell viability of GIC400 and GIC411 cells to TMZ, RES and
the drug combination was evaluated after 6 days of expo-
sure (Fig. 2A). The GIC400 cell line exhibited high resistance
to TMZ while the half maximal inhibitory concentration
(ICyy) of TMZ was 578 uM and the ICs, of RES was 83 yM.
Compared with the GIC400 cell line, the GIC411 cell line
showed moderate resistant to TMZ; the ICs, of TMZ was
331 uM. To evaluate whether RES could enhance the TMZ
cytotoxicity on cell viability, we chose RES concentrations
of 20 and 40 uM (denoted R20 and R40 in short) and TMZ
concentrations of 200 and 400 yM (denoted T200 and T400

in short) for the combination treatment due to their moderate
toxicity toward GICs when used alone (Fig. 2B and C).
Synergistic effects on GIC400 and GIC411 cell viability were
observed with the combined usage of R20 and T200 (CI=0.88
for GIC400), R20 and T400 (CI=0.72 for GIC400; CI=0.94
for GIC411), R40 and T200 (CI=0.9 for GIC400; CI=0.93 for
GIC411), and R40 and T400 (CI=0.74 for GIC400; CI=0.9 for
GIC411). In addition, an additive effect was observed in the
combination of R20 and T200 for GIC411 cells (CI=1.03).
Thus, we chose GIC400 cells for the following studies due to
their highly resistant property to TMZ and a more obvious
synergism of drug combination observed.

RES enhances TMZ-induced apoptosis of GICs via activa-
tion of the DSBs/pATM/pATR/p53 pathway. The treatment is
shown in Fig. 2A, and the representative results of apoptosis
are demonstrated in Fig. 3A. The percentage of total apoptosis
of GICs was ~20% when exposed to T200 and increased to
~30% when exposed to T400. Combined with RES, TMZ
induced the apoptosis significantly (the percentage of apop-
tosis was 34.5% when T200 was combined with R20, 39%
when T200 was combined with R40, 41.7% when T400 was
combined with R20, 50.8% when T400 combined with R40).
The enhancement of apoptosis was evidenced by the
elevation of caspase-3 activity. TMZ-treated GICs presented
~2-to 3-fold higher caspase-3 activity than the control (P<0.05).
A 4- to 9-fold increase in caspase-3 activity compared with the
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Figure 2. Inhibition of the viability of GICs by TMZ, RES and their combinations in vitro. (A) Drug treatment protocol for assessment of cell viability and
apoptosis. (B) According to the treatment protocol as shown in Fig. 2A, the inhibitory effects of TMZ and RES alone or in combinations on cell viability of
GIC400 cells for 6 days were determined using the MTT assay. (C) Inhibition of GIC411 cell viability by TMZ, RES and their combinations was determined

by MTT assay. "P<0.05, “P<0.01; error bars indicate standard error.

control was observed in the groups treated with the TMZ and
RES combinations (Fig. 3B).

The presence of DSBs is determined by the elevation
of phosphorylated histone H2AX (yH2AX), which are
DNA-damage downstream effectors (21). A marked increase
in YH2AX expression was observed in the GICs exposed to
R20 and R40, whereas a moderate increase was detected in
the GICs exposed to T200 and T400. Furthermore, a signifi-
cant increase in YH2AX expression was observed in the GICs
exposed to the combination treatment with TMZ and RES
(especially for R40 and T400) compared with that obtained
with each agent alone (Fig. 3C and D).

Ku70 and MGMT which can repair DSBs and protect
cells from death (22,23), were moderately reduced in the
GICs exposed to R20 and R40 in a dose-dependent manner,
while the expression remained unchanged when GICs were
exposed to TMZ alone except T400 (T400 inhibited MGMT
expression). In addition, PARP1, another DSB repair protein,
was decreased following treatment with T400 rather than with
R20, R40 and T200. However, Ku70, MGMT and PARP1 were

markedly reduced in the GICs exposed to the drug combina-
tions compared with the levels obtained with each agent
alone (Fig. 3E).

Important sensors of DSBs are ATM (ataxia telangiectasia
mutated) and ATR (ataxia telangiectasia and Rad3 related)
proteins, which signal downstream to p53 (24). The level of
pATM was moderately upregulated while pATR, p53 and
pp33 were significantly increased when TMZ was combined
with RES. The representative graphics are shown in Fig. 3F.
Moreover, the ratio of Bcl-2 to Bax, which is regulated by p53
expression, was significantly reduced in the GICs exposed
to the combination treatment with TMZ and RES than the
control (P<0.01) (Fig. 3F and G).

Inhibition of self-renewal capacity and induction of cell
differentiation via STAT3 inactivation in GICs exposed to
the combinations with TMZ and RES. As demonstrated in
Fig. 4A, the sphere-formation ability of GICs was slightly
affected by T200, but a ~50% reduction in this ability was
induced by T400 (P<0.01, T400 vs. control). Combined with
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Figure 3. Cell apoptosis was induced in GICs and the DSB response was increased upon exposure to TMZ, RES and their combined usage. (A) Representative
graphs of the flow cytometric analysis and quantification of cell apoptosis by Annexin V/PI staining. (B) The caspase-3 activity was assayed spectrophoto-
metrically via the detection of pNA cleavage from caspase-3-specific substrates (Ac-LEVD-pNA). (C) Representative images of YH2AX expression. The
arrow indicates positive cells. (D) Quantifications of YH2AX expression (n=5). (E) Representative images of the western blot analysis of the DNA damage
repair proteins MGMT, PARPI and Ku70 in GICs exposed to TMZ and RES combinations or each agent alone. (F) Representative images of the western blot
analysis of the DSB response proteins pATM, pATR, p53, p53pSerl5, Bel-2 and Bax in GICs exposed to the TMZ and RES combinations or each agent alone.
(G) Data from three independent experiments used for the semi-quantification of Bcl-2/Bax in GICs are expressed as the means = SD. "P<0.05, “P<0.01; error

bars indicate standard error.

RES, the TMZ treatments significantly impaired the capacity
of GICs to form spheres, similar to the effects observed in the
GICs exposed to RES rather than TMZ (Fig. 4A).

Moreover, slight changes in the expression levels of CD133,
nestin and GFAP were observed in the GICs exposed to T200
and T400. When involved by RES, the drug combinations
significantly increased GFAP expression levels and decreased
CD133 and nestin levels.

pSTAT3 (Y705) rather than pSTAT3 (S727) and the
total STAT3 was found to be significantly suppressed when
the self-renewal capacity was lost and differentiation was
promoted in the GICs (Fig. 4C).

RES enhances TMZ-induced inhibition of the tumor growth
in a xenograft model of GICs and promotes differentiation. To
translate our findings into a clinically relevant approach, the
drug combination effects were determined in vivo. Compared
with an intracranial xenograft model, a subcutaneous xeno-
graft model of GICs makes it easier to observe the tumor
growth rate and measure tumor volume. Therefore, we adopted
a subcutaneous xenograft model as described in a previous
study (25). The results (Fig. 5A) showed that 68 mg/kg TMZ
treatment alone exhibited an antitumor effect in regards to
tumor volume growth inhibition (P=0.013, TMZ vs. control
at day 40). RES treatment alone did not significantly inhibit
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Figure 4. Inhibition of sphere-formation ability and induction of cell differentiation in GICs exposed to the combined treatments of TMZ and RES. (A) Assay
of the sphere-formation ability of GICs exposed to the combined treatments of TMZ and RES, or each agent alone (n=6). "P<0.05, “P<0.01; error bars indicate
standard error. (B) Representative images of the western blot analysis of CD133, nestin, GFAP, and f-actin in GICs exposed to the combined treatments of
TMZ and RES, or each agent alone. (C) Representative images of the western blot analysis of total STAT3, pSTAT3(Y705), pSTAT3(S727) and p-actin in GICs
exposed to the combined treatments of TMZ and RES, or each agent alone. Data are representative of three independent experiments.

the growth of the tumors at the dose of 12.5 mg/kg (P=0.113
vs. control at day 40). RES significantly potentiated TMZ in
inhibiting tumor volume growth (P=0.035, TMZ+RES vs.
TMZ). As shown in Fig. 5B, the combination of 68 mg/kg
TMZ and 12.5 mg/kg RES significantly reduced the excised
tumor volume by 77.1% compared with that observed in the
control group (P=0.034 vs. control). Animal body weight was
monitored serially to assess the tolerability of the regimens
tested in all mice (data not shown). In the course of treatment,
there was no significant difference in body weight between
the control group and RES group. Moreover, there was no
significant increase or decrease in the average mouse weight
in the TMZ alone and TMZ+RES groups between days 0
and 40, with the exception of day 15, where a decrease in
body weight was observed. However, the body weight was
15% and 17% lower compared with the control group in the
TMZ and TMZARES groups, respectively. Of note, there were
no deaths during the treatment course. The results indicated
that the combination therapy did not have increased toxicity
compared to TMZ alone.

Moreover, as shown in Fig. 5C, the density of the
nestin-immunoreactive ‘stemness’ cell surface in the TMZ
group was similar to that in the control group (P=0.15). TMZ
combined with RES robustly downregulated nestin expression
by 58.5% compared with the control group (P=0.005 TMZ+RES
vs. control). GFAP immunostaining was rare in the control
group and the TMZ group; treatment with RES combined with
TMZ greatly increased the GFAP-immunoreactive astrocytic
surface density by 116.1% (P=0.0009, TMZ+RES vs. control)
and 57.9% (P=0.002, TMZ+RES vs. TMZ).

Discussion

Using highly resistant GICs isolated from patient samples, the
present study demonstrated that RES enhanced the sensitivity
of TMZ by inducing the apoptosis of GICs via activation of the
DSBs/pATM/pATR/p53 pathway. Moreover, the involvement
of RES in TMZ therapy also reduced the self-renewal ability
and promoted the differentiation of GICs by the inactivation
of pSTATS3.

RES enhances TMZ-induced GIC apoptosis via activa-
tion of the DSBs/pATM/pATR/p53 pathway. A recent study
demonstrated that RES potentiated the efficacy of TMZ
by suppressing TMZ-induced autophagy and subsequently
increasing apoptotic cell death in glioma cell lines (26).
However, whether RES enhances the TMZ-induced apoptosis
in GICs from glioma cell lines due to their distinct properties
and the mechanism underlying the enhanced apoptosis induced
by TMZ and RES combination has not yet been reported.

In the present study, we found that RES significantly
enhanced TMZ-induced apoptosis of GICs. As an alkylating
agent, TMZ induces the OS-methylguanine lesion which
leads to DSBs via collapse of a replication fork at the site of
a blocking DNA lesion and results in cell death via apoptosis
and/or autophagy (27). In addition, several studies have shown
that RES poisons TOPOIIa thus inducing DSBs and activating
the DSB signaling pathway to induce apoptosis (28). Given
that TMZ or RES alone leads to tumor cell apoptosis through
DSB formation capacity, we found that their combinations
significantly induced DSBs underlying apoptosis, evidenced by
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vyH2AX focus formation. Furthermore, it has been suggested
that DNA damage repair proteins may prevent DSBs and protect
tumor cells from death and they are considered as important
determinants of chemoresistance in many tumors including
GBM (29,30). Thus, we assessed the expression levels of three
DNA damage repair proteins MGMT, PARPI and Ku70 due
to their important roles in removing DNA lesions, alterna-
tive end-joining (A-EJ) repair and the non-homologous end
joining (NHEJ) repair mechanism, respectively (22,31,32).
Our results showed that combined usage of TMZ and RES
markedly repressed MGMT, PARP1 and Ku70 compared with
that obtained with either chemical alone, suggesting that the
DSB repair system was broadly inhibited.

The signaling pathway orchestrated by the ATM and ATR
kinases is the central regulator in bridging DSBs to final apop-
tosis (24,33). Although ATM and ATR often work together
to signal DSBs, ATM is primarily activated through DSBs
caused by extrinsic stress such as irradiation and chemical

toxicity while ATR is considered mainly activated in response
to replication stress (34). Compared with slight increase in
pATM expression, there was a significant upregulation of
PATR when TMZ was combined with RES in our study. This
implies that p-ATR activation principally functions as the
bridge to pass down the DSB signal to downstream effectors,
and replication stress might be mainly responsible for DSB
formation induced by the current concentrations of TMZ, RES
and their combinations.

p53 contributes significantly to the maintenance of
genomic stability and is the core component of the network in
regulating apoptosis (35). ATM and ATR could both directly
phosphorylate p53 to activate and stabilize the protein. Thus,
the DSBs/pATM/pATR/p53 signaling pathway has been widely
reported to play key roles in regulating apoptosis induced by
DNA damage in previous studies (36,37). In accordance with
these results, we found that p53 and its phosphorylated form
were highly elevated accompanying the activation of pATM/
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PATR in the use of drug combinations. Furthermore, due to
the role of p53 activation in the regulation of Bcl-2/Bax both
transcriptionally and at the protein level (38), we also demon-
strated that the Bcl-2/Bax ratio was significantly decreased
when TMZ was combined with RES.

The involvement of RES in TMZ treatment reduces the
self-renewal ability and promotes differentiation of GICs
with the inactivation of pSTAT3. The ‘stemness’ of GICs is
commonly believed to be the significant property accounting
for therapeutic resistance and the capability of repopulation
for GBM (39). In our study, GICs exposed to TMZ exhibited
no change in their ‘stemness’ phenotype as shown in Fig. 4B,
which is in line with previous studies (6,7). The suppression
of sphere-formation ability of GICs by TMZ may be due to
increases in apoptosis and cell cycle arrest (data not shown)
induced by DNA damage.

Resveratrol was previously found to promote the acquisi-
tion of a long-lasting differentiated phenotype in human GBM
cells and to inhibit the tumorigenicity of GICs (40). In our
study, a marked decreased tendency of GIC expansion was
observed when TMZ was combined with RES as these cells
lost their self-renewal capacity and underwent a conversion
from ‘stemness’ to a differentiation phenotype, evidenced by
decreases in the expression levels of CD133 and nestin and an
increase in the expression of GFAP.

STAT3 is important in maintaining the self-renewal of
GICs and the inactivation of STAT3 in GICs is identified as
the onset signal for the conversion from a ‘stemness’ pheno-
type to a differentiation phenotype (19,41-43). For instance,
suppression of STAT3 with siRNA significantly induced GIC
differentiation with a decrease in CD133, increase in GFAP and
a decrease in capacity for GICs to initiated a tumor. STAT3 is
activated mainly by phosphorylation at Tyr705, which induces
dimerization, nuclear translocation, and DNA binding. In
addition, phosphorylation of STAT3 at Ser727 is usually
considered to be necessary for the maximal transcriptional
activity (44.,45). Moreover, constitutive activation of STAT3
at both Tyr705 and Ser727 has been observed in many human
malignancies including GBM (46). In the present study, we
found that STAT3-Tyr705 was significantly suppressed when
GICs were converting from a ‘stemness’ phenotype to a differ-
entiation status while STAT3-Ser727 and STAT3 remained
almost the same, suggesting that STAT3-Tyr705 suppression
by RES and drug combinations plays a key role in inhibition of
self-renewal ability and promotion of differentiation.

In summary, the present study introduces evidence that
RES may act in concert with TMZ to eradicate GICs, thereby
providing a foundation for the combined usage of RES and
TMZ on GBM patients, particularly those with abundant GICs
in their histopathological sections. This new strategy targeting
GICs may benefit patients who show slight responsiveness
to TMZ therapy and provide a promising long-term survival
effect compared with TMZ therapy alone.
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