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Autophagy activation promotes bevacizumab resistance in
glioblastoma by suppressing Akt/mTOR signaling pathway
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Abstract. Glioblastomas are the most common primary
and malignant brain tumors. The standard therapy includes
surgery and radiotherapy plus chemotherapy, with additional
bevacizumab to block the angiogenesis in tumors. However,
the ever-growing tolerance of glioblastomas to chemothera-
peutic drugs impairs the clinical outputs of tumor treatment.
The present study investigated the tolerance of glioblastomas
to bevacizumab. Although bevacizumab resulted in direct
anti-proliferation and pro-apoptosis effects on glioblastoma
cells via downregulating the anti-apoptotic proteins and
upregulating the pro-apoptotic proteins, tolerance was also
encountered that was mainly caused by autophagy induction
in tumor cells. The suppressed Akt-mTOR signaling pathway
led to the upregulated autophagy process. Blockade of the
autophagy process significantly increased the tumor-suppres-
sive effect of bevacizumab on glioblastoma cells. To our
knowledge, the present study is the first to report the involve-
ment of autophagy in the tolerance of glioblastomas to
bevacizumab. Therefore, autophagy inhibition may be consid-
ered a novel way to overcome the tolerance of glioblastomas to
anti-angiogenic agents.

Introduction

Malignant glioblastoma is an aggressive and incurable tumor,
with an annual incidence of 5.26 per 100,000 population or
17,000 new diagnoses per year (1), which represents nearly
80% of diagnosed primary brain tumors. In children, glioblas-
toma accounts for about one-fifth of all childhood cancers (2).
Glioblastoma is among the most feared types of cancers which
are usually associated with poor prognosis and profoundly
impaired life quality. Glioblastoma originates from glial cells
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in central nervous system, and previous work demonstrated
that chromosome 10 loss, pl6INK4a deletion, pl4ARF, PTEN
and p53 mutation, RB1 and MGMT methylation, EGFR ampli-
fication contributed to the pathogenesis of glioblastoma (3.4).
The current standard cure for newly diagnosed glioblastoma
patients is surgical removal combined with radiotherapy and
then chemotherapy with the temozolomide if the tumor is
high-grade. However, the exact molecular cause of glioblas-
toma is hard to decipher. In addition, many glioblastoma
patients show high resistances to these therapeutic treatments,
especially for the standard chemo drugs-temozolomide and
carmustine (BCNU), and thus tumor recurrences are frequent.
For example, intensive studies found that the overexpression
of MGMT (O6-methylguanine methyl transferase) and inac-
tivation mutations in the mismatch repair gene MSH6 (mutS
homolog 6) were closely related with glioblastoma recurrent
post-temozolomide treatment (5,6), and the resistance mecha-
nisms should have equal effects for carmustine in that they
shared the same alkylating effect of DNA (7). Therefore,
clearly revealing the underlying mechanisms of chemo-drug
tolerance is the most urgent issue of improving the therapies
of glioblastoma.

As is known to all, rapidly-proliferated and metastatic
tumor cells consume lots of nutrients through adequate blood
supply, so anti-angiogenic therapy has become an important
method in the treatment of many solid tumors. Glioblastomas
is highly vascularized (8) and overexpresses vascular endo-
thelial growth factor A (VEGF-A) that is responsible for the
angiogenesis (9). As the first available anti-angiogenic drug,
bevacizumab was granted accelerated approval by FDA in
2009 for the treatment of recurrent multiform glioblastoma.
Bevacizumab is one kind of recombinant humanized mono-
clonal antibody that targets for VEGF-A and blocks its binding
to VEGEF receptor, which thus inhibits the angiogenesis in a
variety of diseases, especially for cancers, such as colorectal
cancer, lung cancer, cervical cancer, ovarian cancer and renal
cell carcinoma (Avastin Prescribing Information; Genentech,
Inc., December 2016). In preclinical experiments and early
clinical trials, bevacizumab had some efficacies on prolonging
progression-free survival, possibly improving quality of
life and decreasing steroid usage. However, it did not show
an overall-survival benefit in a late clinical trial of patients
with glioblastoma (10,11). Some studies were performed
to explore the reason of low efficacy of bevacizumab for
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glioblastoma patients. Several mechanisms, including receptor
tyrosine kinase c-Met upregulation, myeloid cell infiltration
and stem cell accumulation, were identified to be associ-
ated with the resistance of glioblastomas to anti-angiogenic
therapy (12,13). In colorectal cancer cells, people found that
the prolonged activation of autocrine VEGF signaling might
contribute to the bevacizumab resistance (14). To improve
the efficacy of bevacizumab, additional researches are still
required to explore the mechanisms of resistance, other
pro-angiogenic pathways and new combination strategies.

Autophagy is a highly conserved system responsible for the
removal of damaged organelles or misfolded proteins by lyso-
somal degradation, which contributes to maintain intercellular
homeostasis. Previous studies demonstrated that autophagy
could play significant roles in antigen presentation, cell death,
bacterial and viral infection (15,16). Dysfunction of autophagy
is associated with the pathogenesis of metabolic and neurode-
generative diseases, viral infection, muscle diseases, cancer,
and hepatic inflammation (17-19). Autophagy process consists
of a series of steps: i) The initiation of the isolated membrane;
il) cargo recognition and nucleation; iii) elongation of the
isolated membrane; iv) enclosure of membrane structures and
formation of autophagosome; and v) maturation and degrada-
tion of engulfed proteins (20). During autophagy, microtubule
associated protein 1-light chain 3 (LC3, one homolog of
ATGS) is firstly loaded onto the membrane by conjugating
with phosphatidylethanolamine (POPE) in the membrane,
which will modify the curvature of membrane and promote
the maturation of autophagosome. Then, the cargo is loaded
into the autophagosome by the interaction between the specific
receptors on cargo proteins and LC3 on the autophagosome
membrane, in which the first identified selective receptor is
SQSTM1(p62) (21). After formation, autophagosome will fuse
with the lysosome to digest the loaded cargo proteins (22).
Previous studies found that autophagy could either support
or suppress the tumor cell growth depending on the cell
context (23). In normal tissues and cells, autophagy serves as a
tumor-suppressive process (24). However, once the malignant
phenotype has been established, autophagy is often harnessed
to facilitate tumor cell survival under metabolic stresses caused
by antitumor agents (25). It was also reported that autophagy
could be induced in response to chemotherapeutics, promoting
the formation of drug-tolerance and the impairment of tumor
therapy (26-28). Therefore, targeting autophagy is an attractive
and promising therapeutic strategy to potentiate the effects of
chemotherapy and improve clinical outputs in the treatment of
cancer patients (29).

Until now, there are no available reports about the autophagy
involved in the tolerance of glioblastomas to bevacizumab.
Here, we used a glioblastoma cell line, U87-MG cells, to
systematically study the anti-proliferation and pro-apoptosis
effects of bevacizumab on glioblastoma cells. We found that
bevacizumab could induce the downregulate the anti-apoptotic
proteins and upregulate the pro-apoptotic proteins in glioblas-
tomas cells to promote their apoptosis. However, glioblastomas
cells were able to enhance their autophagy to tolerant beva-
cizumab through attenuating Akt-mTOR signaling pathway,
while blockade of the autophagy process by its inhibitor could
significantly increase the tumor-suppressive effect of bevaci-
zumab on glioblastomas.
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Materials and methods

Cell culture and reagents. The human glioblastoma cell line,
U87-MG was bought from ATCC and maintained in Dulbecco's
modified Eagle's medium (DMEM) (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and supplemented with
10% fetal bovine serum at 37°C in a humidified 5% CO, incu-
bator. Although one research published in Science Translational
Medicine revealed that glioma cell line U87-MG from ATCC
was likely to be a bona fide human glioblastoma cell line of
unknown origin (30), there was a research also declared that
studies of U87 still reflected brain-cancer biology and didn't
need to be tossed out (31). So, we still used the U87-MG
cell line to study the glioblastoma just like this research (32)
Chloroquine (CQ) was obtained from Sigma-Aldrich; Merck
KGaA (Darmstadt, Germany). Bevacizumab was obtained
from Roche Diagnostics (Basel, Switzerland). Anti-Bim,
anti-Bcl-2, anti-Bax, anti-survivin, anti-cleaved caspase-3,
anti-cleaved caspase-8, anti-cleaved caspase-9, anti-PARP,
anti-LC3B-1I, anti-LC3B-II, anti-SQSTM1 (p62), anti-Akt,
anti-p70S6K, anti-mTOR, anti-GAPDH, anti-p-Akt (T308),
anti-p-Akt (S473), anti-p-p70S6K (T389) and anti-p-mTOR
(S2448) antibodies were from Cell Signaling Technology,
Inc. (Danvers, MA, USA). MTT kit was from Thermo Fisher
Scientific, Inc. Annexin V/PI kit was from Nanjing KeyGen
Biotech Co., Ltd. (Nanjing, China).

Cell proliferation measurements by MTT. Before experiments,
US87-MG cells growing in logarithmic phase were digested
with 0.25% Trypsin-EDTA and pipetted into single cells.
Cells were carefully counted by TC20™ Automated Cell
Counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and 5x10° cells in 100 pl medium per well were seeded into
96-well plate supplemented with different concentrations (0,
0.5,1,2,4,8, 16, 32 mg/ml) of bevacizumab. For each concen-
tration, five repeated wells were prepared and a blank control
group with culture medium only was also set, and then they
were cultured in the incubator for 24 or 48 h, respectively.
After that, the cell viability was measured with MTT kit
following the manufacturer's instructions. Briefly, the medium
was removed and replaced by 100 pl of fresh phenol red-free
culture medium. 10 ul (10% of the volume of the culture
medium) MTT reagent was gently loaded into the medium in
each well, and then cultured in the incubator at 37°C for 4 h.
75 pl of medium was removed from each well and then 50 ul
DMSO was added into each well and mixed thoroughly with
the pipette. The 96-well plate was then incubated at 37°C for
10 min. Then the samples were mixed again and the optical
density (OD) was measured at 540 nm for each well by a plate
reader (EON; BioTek Instruments, Inc., Winooski, VT, USA).

Cell apoptosis measurements by Annexin V/PI. Cells for
Annexin V-FITC/PI staining were harvested at the same time
points and with the same methods mentioned above. However,
to avoid the cell damage due to trypsinization, trypsin without
EDTA was used to digest the cells. Then the cells were stained
with Annexin V-FITC/PI following the manufacturer's instruc-
tion. Briefly, 2x10° U87-MG cells were pooled and washed
twice with cold PBS, and then re-suspended in 500 pl binding
buffer. After that, 5 ul Annexin V-FITC and 5 pl propidium
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Figure 1. The anti-proliferation effect of bevacizumab on glioblastoma cells. U87-MG cells were treated with different concentrations of bevacizumab for
24 h (A) and 48 h (B), and then the cell viability was measured with MTT kit. Error bars represented mean + SD. P-values were determined by one-way
ANOVA followed by Tukey's post hoc test. ““P<0.001, “P<0.01, and "P<0.05 vs. control group. ANOVA, analysis of variance.

iodide (PI) were added into the cell suspension and mixed
equally by gently pipetting. Then the cell samples were incu-
bated at room temperature for 5-15 min and protected from
light during this process. Subsequently, the cell samples were
analyzed by flow cytometry (FACSCalibur; BD Biosciences)
to check the apoptosis within 1 h. All experiments were
performed in triplicate and repeated at least 3 times.

Protein extraction and western blot analysis. 5x10° U87-MG
cells were seeded into 6-well plate supplemented with 5 ml
fresh DMEM medium and different concentrations of bevaci-
zumab (0, 1, 2, 4 mg/ml) for 48 h. In the autophagy blocking
experiment, 4 mg/ml bevacizumab with or without 10 yuM
chloroquine were added into the medium for 48 h. Then the
cells were pooled and washed with PBS twice, then lysed by
RIPA buffer. The same volume of cell lysates was mixed with
4X reducing loading buffer and then the mixtures were boiled
for 10 min. And the proteins were subjected for SDS-PAGE
electrophoresis, and then the separated proteins in gel were
transferred to PVDF membrane, which was subsequently
blocked by 10% BSA and incubated with the indicated primary
antibodies for the target proteins. After TBST washing for
three times, the membrane was then incubated with the corre-
sponding HRP-conjugated secondary antibodies. After TBST
washing, the PVDF membrane was then incubated with ECL
substrate and used for film exposure in dark room.

Data analysis. All experiments were performed at least for
three times in triplicate, data were expressed as mean + stan-
dard deviation (SD). Statistical analyses were performed using
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical significance was determined as indicated in
the figure legends. P<0.05 was considered significant. One-way
analysis of variance (ANOVA) followed by Tukey's post hoc
test was used to test for multiple comparison.

Results

Bevacizumab suppressed the proliferation of glioblastoma
cells. In clinic, bevacizumab is used as an angiogenesis
inhibitor. However, whether it can directly suppress the prolif-
eration of tumor cells is not clear. To study the effects of
bevacizumab on glioblastoma cells, we firstly administered
U87-MG cells with various concentrations of bevacizumab for

24 and 48 h respectively, and then checked the cell prolifera-
tion and viability by MTT kit. To our surprise, the cell viability
was getting lower down with the increasing concentration
of bevacizumab (Fig. 1A), and the proliferation suppression
was further enhanced if the treatment time was expanded for
48 h (Fig. 1B). When treated with 4 mg/ml bevacizumab for
48 h, glioblastoma cells showed only about 50% of prolif-
eration compared to those without bevacizumab treatment.
According to this result, we mainly used 0, 1, 2,4 mg/ml doses
of bevacizumab for 48 h in later experiments. Taken together,
this result demonstrated that bevacizumab could directly
suppress the proliferation of glioblastoma cells in a dose and
time dependent manner.

Bevacizumab promoted the apoptosis of glioblastoma cells.
Besides the anti-proliferation effect, we also want to know
whether bevacizumab can promote the apoptosis of glioblas-
toma cells. To address this question, we cultured U87-MG cells
with various concentrations of bevacizumab for 48 h, and then
performed the cell apoptosis measurements using Annexin
V/PI method. Without bevacizumab, U87-MG cells showed
very low percentage of apoptosis (2.52 and 6.03% for early and
late stages of apoptosis, respectively). However, even low dose
(1 mg/ml) of bevacizumab was able to induce significantly high
level of apoptosis, both the early and late stages of apoptosis
(15.97 and 11.14%, respectively) (Fig. 2). More importantly,
glioblastoma cells showed similar (~30%) apoptosis with 1 or
2 mg/ml concentrations of bevacizumab (Fig. 2B), that meant
some glioblastoma cells could still survive under high dose
of bevacizumab, which thus reflected that the tolerance of
glioblastoma cells to bevacizumab occurred.

Bevacizumab downregulated anti-apoptotic protein level
and augmented pro-apoptotic protein level of glioblas-
toma cells. To uncover the mechanism of bevacizumab on
directly inhibiting proliferation and promoting apoptosis of
tumor cells, we firstly treated U87-MG cells with different
concentrations of bevacizumab for 48 h, and then performed
new biochemical experiments to assess the protein contents
of Bcl-2 and survivin, which were typical anti-apoptotic
markers. At the same time, we measured the expression
levels of Bim, Bax and cleaved caspase -3, -8, and -9 which
belonged to pro-apoptotic markers. PARP, which is involved
in DNA damage repair in its full-length form, will be cleaved
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Figure 2. The pro-apoptosis effect of bevacizumab on glioblastoma cells. U87-MG cells were treated with different concentrations of bevacizumab for 48 h,
and then the cell apoptosis was assessed by Annexin V/PI staining and flow cytometry analysis. (A) One representative FACS result from three independent
experiments. (B) The rate of apoptosis for cells in A. Error bars represented mean + SD. P-values were determined by one-way ANOVA followed by Tukey's
post hoc test. “P<0.01, "P<0.05 and ns, not significant. ANOVA, analysis of variance.
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Figure 3. The attenuated anti-apoptotic protein level and augmented pro-apoptotic protein level of glioblastoma cells by bevacizumab treatment. (A) U87-MG
cells were treated with different concentrations of bevacizumab for 48 h, and then the anti-apoptotic protein contents of Bcl-2 and surviving, and the pro-apop-
totic protein contents of Bim, Bax and cleaved caspase-3, -8, and -9, as well as the uncleaved PARP, were assessed by western blot analysis, respectively.
GAPDH was used as the loading control. The result was a representative of three independent experiments. (B) The quantification of Bcl-2/Bax ratio and the
expression levels of other proteins normalized to GAPDH for result in A. Error bars represented mean + SD. P-values were determined by one-way ANOVA
followed by Tukey's post hoc test. ““P<0.001, “P<0.01. ANOVA, analysis of variance.

into two parts by caspase-3, and the cleavage of PARP will
hinder the DNA repair and therefore serves as an apoptosis
marker. Herein we blotted the full length of PARP to reflect
its cleavage status. The results clearly demonstrated that
bevacizumab could significantly reduce the expression levels
of anti-apoptotic proteins, including Bcl-2, survivin and full
length of PARP (Fig. 3). Meanwhile, bevacizumab upregulated
the expression levels of pro-apoptotic proteins, such as Bim,

Bax and cleaved caspase-3, -8 and -9, which also promoted the
cleavage of PARP (Fig. 3). Both mechanisms synergistically
led to the decreased proliferation and increased apoptosis of
glioblastoma cells with the treatment of bevacizumab.

Bevacizumab enhanced the autophagy of glioblastoma
cells. In previous clinical application, there were obvious
chemo-tolerance developed during glioblastoma treatment
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Figure 4. Enhanced autophagy of glioblastoma cells by bevacizumab treatment. (A) U87-MG cells were treated with different concentrations of bevacizumab
for 48 h, and then the cells were lysed for western blot analysis for indicative hallmarks of autophagy. GAPDH was used as the loading control. The result was
arepresentative of three independent experiments. (B) The quantification of LC3B-II/LC3B-I ratio and SQSTM1(p62)/GAPDH ratio for result in A, both were
taken as hallmarks to assess the autophagy level. Error bars represented mean + SD. P-values were determined by the one-way analysis of variance (ANOVA)
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Figure 5. Bevacizumab can suppress the Akt-mTOR signaling pathway of glioblastoma cells to enhance their autophagy. (A) U87-MG cells were treated with
different concentrations of bevacizumab for 48 h, and then the cells were lysed for western blot analysis to assess the phosphorylation of indicative hallmarks
in Akt-mTOR signaling pathway that involved in autophagy. GAPDH was used as the loading control. The result was a representative of three independent
experiments. (B) The quantification of phosphorylated Akt (S473), Akt (T308), phosphorylated mTOR (S2448) and phosphorylated p70S6K those normalized
to their corresponding total proteins, respectively, for result in A, all of them can be used to reflect the mTOR activity. Error bars represented mean + SD.
P-values were determined by the one-way ANOVA followed by Tukey post hoc test. ““P<0.001, “P<0.01. "P<0.05. ANOVA, analysis of variance.

with bevacizumab, but the underlying mechanism was still
elusive. As is mentioned before, the autophagy process was
found to be involved in the chemo-drug tolerance. To explore
the relationship between bevacizumab-tolerance and autophagy,
we used varying doses of bevacizumab to treat glioblastoma
cells for 48 h, and then assessed two hallmarks of autophagy,
the LC3B-II/LC3B-I ratio and SQSTMI1(p62) degradation by
biochemical approaches. During autophagy, a cytosolic form
of LC3B-I can be converted to a membrane-associated form
LC3B-II by conjugating LC3B-I to phosphatidylethanolamine
in the pre-autophagosomal and autophagosomal membranes
through a ubiquitin like system (33). Thus, the relative contents
of LC3B-II and the ratio of LC3B-II/LC3B-I were reliable
indicators for monitoring the autophagy and autophagy-related
processes in tumor cells. In addition, the level of SQSTM1
(p62) has also been used for monitoring autophagy, which
is down-regulated when autophagy occurs (34). Meanwhile,
SQSTMI directly binds to LC3-II and mediates the targeted
degradation of ubiquitinated protein aggregates (35). As is
expected, glioblastoma cells showed gradually decreased
LC3B-I, increased LC3B-II and thus upward LC3B-II/LC3B-I

ratio as well as remarkable degradation of SQSTMI1 (p62) upon
bevacizumab treatment (Fig. 4). These results clearly proved
that bevacizumab could enhance the autophagy of glioblastoma
cells on a dose dependent manner, for which probably contrib-
uted to the formation of chemo-tolerance of glioblastoma cells.

Bevacizumab induced autophagy by suppressing Akt-mTOR
signaling pathway. Previous studies have revealed that tumor
cells could suppress Akt-mTOR signaling pathway to induce
autophagy (36). In order to understand the detailed mechanism
of enhanced autophagy in glioblastoma cells after bevacizumab
treatment, we further performed some biochemical experiments
to assess the Akt-mTOR signaling pathway by measuring the
phosphorylation levels of Akt (T308 and S473), mTOR (S2448)
and p70 ribosomal protein S6 kinase (p70S6K, Thr389). p70S6K
is a direct substrate of mTOR and an established marker for
mTOR signaling. Previous studies showed that mTOR was
critical for autophagy induction, and the upstream PI3K-Akt
signaling could activate mTOR thus suppressed autophagy,
while repressed mTOR in the absence of growth factors could
active autophagy (37). After treated with varying doses of
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bevacizumab for 48 h, as expected, glioblastoma cells showed
dramatically decreased phosphorylation levels of Akt, mMTOR
and p70S6K in a dose dependent manner (Fig. 5), which indi-
cated that the Akt-mTOR signaling pathway was impaired. It
has been proved that attenuated Akt-mTOR signaling pathway
can result in autophagy (38). Based on our results, we concluded
that bevacizumab could indeed suppress Akt-mTOR signaling
pathway to induce high level of autophagy in glioblastoma cells,
which was also consistent with previous results reported in other
tumor cells (39).

Bevacizumab induced autophagy can be blocked by chloroquine
in glioblastoma cells. In the later stage of autophagy, autopha-
gosomes fuse with lysosomes to form autolysosomes, and the
sequestered intra-autophagosomal components will be degraded
by lysosomal hydrolases. Chloroquine (CQ), a well-known
lysosome inhibitor, is therefore often used to inhibit autophagy
process as it can accumulate in lysosome and raise the lysosomal
pH, which results in robust inhibition of lysosomal proteases

that require an acidic pH, the fusion of autophagosome with
lysosome and lysosomal protein degradation (40). Here, we also
treated glioblastoma cells with bevacizumab in the presence of
CQ, western blotting showed that sole bevacizumab treatment
could upregulate the LC3B-II/LC3B-I ratio and downregulate
SQSTMI1 (p62) when compared with those without bevaci-
zumab treatment (Fig. 6), which confirmed that autophagy was
indeed induced by bevacizumab. Moreover, bevacizumab plus
CQ further increased the levels of LC3-II and SQSTMI1 when
compared with those treated by bevacizumab alone (Fig. 6).
The significantly accumulated LC3-II and SQSTMI1 (p62)
caused by inhibiting lysosomal protein degradation indicated
that bevacizumab induced autophagy was severely blocked by
CQ in glioblastoma cells.

Blocking the autophagy process enhanced the cytotoxicity
of bevacizumab on glioblastoma cells. To verify whether
bevacizumab resistance of glioblastoma cells was autophagy
dependent, we further utilized CQ to inhibit the autophagy
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process to examine the apoptosis of glioblastoma cells
under bevacizumab administration. As expected, the FACS
results clearly demonstrated that combined treatment with
bevacizumab and CQ displayed remarkably increased
cytotoxicity on glioblastoma cells when compared to the
sole treatment with either drug alone, from almost 54.22 to
25.46% (bevacizumab alone) or 11.24% (CQ alone) of cell
apoptosis (Fig. 7). And the apoptosis result of bevacizumab
treatment alone was consistent with that shown in Fig. 2.
Meanwhile, the data in Fig. 2 demonstrated that 2 mg/ml
and 4 mg/ml bevacizumab could cause distinct tolerance of
glioblastoma cells, therefore, the augmented cell apoptosis
resulted from the combination of CQ and the same dose of
bevacizumab further proved that autophagy was a leading
cause of drug-tolerance. Moreover, the tolerance of glioblas-
toma cells was relieved by blocking their autophagy process.
As stated above, the tolerance occurred during bevacizumab
administration was principally caused by autophagy induc-
tion in glioblastoma cells, and thus blocking the autophagy
process was able to break the tolerance and enhance the
cytotoxicity of bevacizumab.

Discussion

In recent clinical treatments, there are ever growing obstacles
occurred in the therapy of glioblastoma patients, such as low
efficacy, various side effects and knotty chemo-tolerance.
All these problems lead to low cure rate, high mortality
and high recurrence of glioblastoma. Despite we have made
great progresses in developing new chemotherapeutic agents,
chemo-tolerance is still the crucial issue for both clinicians
and drug developers, which could severely dampen the efficacy
of anticancer drugs in clinical application. To overcome this
difficulty, many efforts have been put into the related study,
however, the complexities of mechanisms of resistance that
caused by tumor heterogeneity and microenvironment have
seemingly hindered our steps to solve this problem.

In this study, we explored the effect of bevacizumab, one
anti-angiogenic reagent, not a traditional chemo-drug, on the
tolerance induction of glioblastoma from different angles.
We firstly found that bevacizumab could directly suppress
the proliferation of glioblastoma cells with a dose and time
dependent manner. Meanwhile, bevacizumab was able to
promote the apoptosis of tumor cells. The downregulated
anti-apoptotic protein level and upregulated pro-apoptotic
protein level synergistically lead to this striking effect of
bevacizumab. Nevertheless, the apoptosis of glioblastoma
cells reached a plateau under high dose of bevacizumab,
which reflected that some glioblastoma cells could tolerate
bevacizumab. The reasons behind this phenomenon were
complex, and multiple changes were utilized by tumor cells
to survive under metabolic stress in the microenvironment,
which include the elevated autophagy. Interestingly, we also
revealed that high dose of bevacizumab would induce the
autophagy in glioblastoma cells, indicated by the increased
LC3B-II/LC3B-I ratio and remarkable degradation of
SQSTMI1, which therefore counteracted the cytotoxicity
of bevacizumab on tumor cells. In other related reports,
hepatocellular carcinoma (HCC) cells treated with beva-
cizumab also showed inhibited cell growth, reduced new
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vessel developments and upregulated autophagy (41), which
suggested that bevacizumab induced autophagy might be a
general phenomenon in solid tumors.

Previous work has shown that autophagy can constrain
tumor initiation in normal tissues by regulating DNA damage
and oxidative stress. However, some established tumors also
rely on autophagy for tumor promotion and maintenance (42).
Mechanistic study further confirmed that bevacizumab
treatment could induce autophagy of glioblastoma cells by
suppressing the Akt-mTOR signaling pathway via reducing the
phosphorylation of Akt, mMTOR and mTOR's direct substrates
p70S6K. Besides, AMPK signaling pathway was also shown
to be involved in the autophagy induction (39). In other work,
people also found that chemo-tolerance of non-small cell lung
cancer could be contributed by autophagy in hypoxic condi-
tions (43). Therefore, blocking autophagy process became an
appealing tumor therapy and extensive biomedical studies were
carried out to test the antitumor effect of various autophagy
inhibitors (44-46). Furthermore, CQ was administered in
combination with trastuzumab (Herceptin) in clinic to solve
the drug tolerance in Her2 positive breast cancer patients,
which successfully improved the efficacy of trastuzumab (27).
In our study, we used CQ to block autophagy in glioblastoma
cells. Significantly accumulated LC3B-II and SQSTM1
proteins clearly demonstrated that the autophagy process
was severely blocked. Thus, we found the tumor-suppressive
effect of bevacizumab was significantly enhanced, indicated
by the remarkably increased tumor cell apoptosis after
bevacizumab and CQ combination treatment. In some related
reports, people also found that other autophagy inhibitors also
had similar functions in different cancers (44,45). Nevertheless,
these encouraging improvements need further confirmation
in human glioblastoma treatment when combined autophagy
inhibitors with radiotherapy and chemotherapy. Moreover, the
detailed mechanism of CQ on tumor cells may be complicated,
not solely depending on the blocking of autophagy.

In summary, our study revealed that bevacizumab could
induce the chemo-tolerance of glioblastoma cells by upregu-
lating their autophagy level through inhibiting the Akt-mTOR
signaling pathway. This novel mechanism will help us better
understand the functional relevance of autophagy within the
tumor microenvironment. Therefore, pharmacological or
genetic inhibition of autophagy is a reasonable and promising
way to enhance the efficacy of chemotherapy for glioblastoma
and to improve clinical treatment of cancer patients. In future,
more cooperation between laboratory and clinical research is
still needed to design other therapeutic strategies to overcome
the chemo-tolerance and to enhance the outcomes of anti-
cancer therapies for cancer patients.
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