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Abstract Interferon-beta (IFN-{3) is a cytokine with anti-
viral, anti-proliferative, and immunomodulatory effects. In
this study, we investigated the effects of IFN- on the
induction of autophagy and the relationships among autoph-
agy, growth inhibition, and apoptosis induced by IFN-{ in
human glioma cells. We found that IFN-f3 induced autopha-
gosome formation and conversion of microtubule associated
protein 1 light chain 3 (LC3) protein, whereas it inhibited
cell growth through caspase-dependent cell apoptosis. The
Akt/mTOR signaling pathway was involved in autophagy
induced by IFN-f3. A dose- and time-dependent increase of
p-ERK 1/2 expression was also observed in human glioma
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cells treated with IFN-[3. Autophagy induced by IFN-[3 was
suppressed when p-ERK1/2 was impaired by treatment with
U0126. We also demonstrated that suppression of autoph-
agy significantly enhanced growth inhibition and cell apo-
ptosis induced by IFN-{3, whereas inhibition of caspase-
dependent cell apoptosis impaired autophagy induced by
IFN-3. Collectively, these findings indicated that autophagy
induced by IFN-3 was associated with the Akt/mTOR and
ERK 1/2 signaling pathways, and inhibition of autophagy
could enhance the growth inhibitory effects of IFN-3 and
increase apoptosis in human glioma cells. Together, these
findings support the possibility that autophagy inhibitors
may improve IFN-f3 therapy for gliomas.

Keywords Autophagy - IFN-f3 - Glioma cells - Growth
inhibition - Apoptosis

Introduction

Malignant gliomas are the most common and lethal primary
brain tumors in the central nervous system, and account for
30 % of adult primary brain tumors [1]. Even though multi-
modality treatments—including surgery, radiotherapy, and
chemotherapy—have been developed to improve therapeu-
tic efficacy, over the past 30 years, no significant improve-
ments in the survival of patients suffering from this disease
have been achieved [2]. Because malignant glioma cells
usually infiltrate deeply into normal tissues, and the com-
plete removal of glioma is almost impossible, leading to a
high incidence of tumor recurrence [3], the median survival
time from diagnosis for those with a glioma is still only
14.5 months [4]. Therefore, the development of novel ther-
apeutic approaches is urgently needed.
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IFN-f is a type I interferon that exhibits anti-viral, immu-
nomodulating, and anti-tumor activities. It is widely used
alone or in combination with other anti-tumor agents, such
as nitrosoureas and temozolomide, in the treatment of ma-
lignant gliomas [5]. Although IFN-3 can inhibit growth or
induce apoptosis in human glioma cells [6], its therapeutic
efficacy is still limited. Increasing evidence suggests that
malignant glioma cells can be resistant to chemotherapy and
radiotherapy because of resistance to apoptosis [7]. Studies
of multi-drug resistance in chronic lymphocytic leukemia
and breast cancer cells suggested that autophagy plays a key
role in tumor resistance [8, 9].

In the present investigation, we hypothesized that autoph-
agy could partly explain the resistance of glioma cells to
IFN-f3 therapy, and that abrogation of autophagy induced by
IFN-3 may restore drug sensitivity and enhance the effects
of IFN-3 on growth inhibition and apoptosis in human
glioma cells. Autophagy is an evolutionarily conserved pro-
cess that is involved in aging, neurodegenerative diseases,
and cancer [10]. It is characterized by the formation of
double membranes, and is often activated during cell star-
vation and other stresses [11]. The triggering of autophagy
is mostly associated with inhibition of the mammalian target
of rapamycin complex 1 (mTORCI1), which causes the
activation of autophagy-related proteins (Atgs) and signal-
ing pathways [12, 13]. Though activation of the autophagy
can either protect cells or initiate type II programmed cell
death [14, 15], greater evidence supports the idea that
autophagy is cytoprotective, particularly in cancer therapy
[16-18].

In this study, we first demonstrated IFN-(3-induced
autophagy in U251MG and US87MG glioma cells. The
Akt/mTOR and MEK 1/2 signaling pathways were in-
volved in autophagy induced by IFN-. Suppression of
autophagy significantly enhanced growth inhibition and
cell apoptosis induced by IFN-3, whereas inhibition of
caspase-dependent cell apoptosis impaired autophagy
induced by IFN-{3. This is the first report showing that
autophagy induced by IFN-f3 plays a critical cytoprotec-
tive role in the inhibition of glioma cell growth and cell
apoptosis. This finding may contribute to the application
of autophagy inhibitors for the improvement of IFN-f3
therapy for gliomas in clinic.

Materials and Methods

Cell Culture

The human glioma cell lines U251MG and U87MG were
obtained from the Cell Bank of the Shanghai Institutes for

Biological Sciences, Chinese Academy of Science (Shang-
hai, China). Both cells were cultured in Dulbecco's modified

eagle's medium (DMEM) (Invitrogen, San Diego, CA,
USA) supplemented with 10 % heat-inactivated fetal bovine
serum (Invitrogen, San Diego, CA, USA), 2 mM L-gluta-
mine, 100 U/ml penicillin, and 100 pg/ml streptomycin at
37 °C in air containing 5 % CO,.

Reagents and Antibodies

IFN-3 was purchased from Bayer Sharing Pharma AG
(Leverkusen, Germany). The specific activity of the pro-
tein was 8x10°IU/ml. The PI3K inhibitor 3-methyladenine
(3-MA) was obtained from EMD Chemicals, Inc. (San Diego,
CA, USA). The lysosomal inhibitor chloroquine (CQ) was
obtained from Sigma (St Louis, MO, USA). For experimental
use, IFN-f3, 3-MA, and CQ were prepared and diluted with
DMEM. Cyto-ID Green dye was purchased from ENZO Life
Sciences, Inc. (Farmingdale, NY, USA). Z-VAD-fmk was
provided by Beyotime Institute of Biotechnology (Haimen,
China), and the MEK 1/2 inhibitor U0126 was obtained from
Cell Signaling Technology (Danvers, MA, USA). The anti-
bodies anti-LC3B, anti-caspase-3, anti-cleaved caspase-3,
anti-phospho-Akt (Ser473), anti-Aktl, anti-phospho-mTOR
(Ser2448), anti-mTOR, anti-phospho-p44/42 MAPK (Erk
1/2) (Thr202/Tyr204), anti-p44/42 MAPK (Erkl1/2), anti-(3-
actin, and anti-tubulin were obtained from Cell Signaling
Technology. Anti-p70 S6 Kinase Phospho (pS371) was
purchased from Epitomics (Burlingame, CA, USA). The
secondary antibodies horseradish peroxidase (HRP)-con-
jugated goat anti-mouse and anti-rabbit immunoglobulin
G (IgG) were obtained from MR Biotech (Shanghai,
China).

Cell Proliferation Assay

Cells were plated in 96-well flat bottom plates at a density of
1x10* cells/ml. After 24 h of incubation, different concen-
trations of IFN-3 were added for additional time periods.
The cell proliferation assay was performed using a 3-(4.5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (0.5 mg/ml). The plates were incubated in
a humidified incubator at 37 °C for 4 h, then the medium
was removed and formazan dye was solubilized with
DMSO; the optical density (OD) was measured at an absor-
bance wavelength of 570 nm.

Western Blot Analysis

U251MG and U87MG cells were harvested, washed in cold
phosphate-buffered saline (PBS) twice, and re-suspended in
lysis buffer (Beyotime Biotechnology, China) for 30 min on
ice. The lysate was then centrifuged at 13,000x g for 5 min at
4 °C. Protein concentrations were determined by the bicin-
choninic acid (BCA) method. Equivalent amounts of protein
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were loaded onto gels and separated by SDS—PAGE, and then
electro-transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked in TBST contain-
ing 5 % nonfat milk and incubated with an appropriate
antibody at 4 °C overnight. After incubation with the
second antibody conjugated with horseradish peroxidase,
membranes were visualized using an enhanced chemilu-
minescent detection kit (Pierce, Rockford, IL, USA).
Densitometric values of protein bands were quantified
by the IQuantTL software (GE Healthcare, USA).

Transmission Electron Microscopy Analysis

U25IMG and U87MG cells were fixed with 2 % glu-
taraldehyde in DMEM medium for 15 min, and then
fixed in 2 % glutaraldehyde with 0.1 M Na cacodyla-
te/HCl (pH7.4) for 30 min. After extensive wash in
0.2 M Na cacodylate/HCI (pH7.4) for three times, cells
were fixed with 1 % 0sO4—0.15 M Na cacodylate/HCI1
(pH7.4) for 30 min. The cells were then dehydrated in
an increasing gradient of ethanol and polymerized at
60 °C for 48 h [19]. Samples were prepared and ana-
lyzed with a JEM 1230 transmission electron micro-
scope (JEOL, USA, Inc.) at 60 kV. Micrographs were
taken atx5,000 orx10,000 magnification.

Confocal Immunofluorescence

U251MG and US7MG cells were plated in cell culture
dishes with glass bottoms. After 24 h of incubation, cells
were treated with 2,000 IU/ml of IFN-f3 for another
48 h. Positive controls were treated with the autophagy
inducer rapamycin at 50 nM for 18 h. The cells were
disposed with Cyto-ID® Autophagy Detection Kit
according to the manufacturer’s protocol [20]. Briefly,
cells were washed twice with 1x assay buffer, and then
treated with Cyto-ID® Green dye and Hoechst 33342 at
37 °C for 30 min. After incubation, cells were washed
with 1x assay buffer and immediately analyzed with an
Olympus fluorescence microscope.

Flow Cytometry Analysis

Apoptosis was detected using the Annexin V-FITC/PI Ap-
optosis Detection Kit (BD Biosciences, San Diego, CA,
USA). U251MG and U87MG cells were treated with
IFN-3 and different autophagy inhibitors for 48 h, then
adherent and floating cells were harvested and washed with
cold PBS, and re-suspended in 1x binding buffer at a con-
centration of 1x10° cells/ml. Cells were incubated with
Annexin V—fluorescein isothiocyanate in the dark for
30 min, and then incubated with propidium iodide for
2 min and immediately analyzed by flow cytometry
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according to the manufacturer’s instructions. Analysis was
performed using a FACSCalibur flow cytometer (Becton-
Dickinson, Fullerton, CA, USA).

siRNA Transfection

U251MG and US7MG cells were seeded in 6-well plate or
96-well plate at 1x105/ml. After 24h of incubation, cells
were transfected with 50nM siRNA using X-tremeGENE
siRNA Transfection Reagent (Roche). Forty-eight hours
post-transfection cells were treated with control medium,
IFN-3 for 48h as indicated, and the relevant assays per-
formed. The siRNA used were all synthesized by Ribobio
(Guangzhou, China). The sequences were as follows:
ATG5a: 5'-GTGAGATATGGTTTGAATA-3'; ATG5b: 5'-
GCAACTCTGGATGGGATTG-3"; ATG5c: 5'-GGAACAT-
CACAGTACATTT-3".

Statistical Analysis

GraphPad Prism 5 was used for all statistical analyses. All
data are presented as means + standard deviations (SD). All
comparisons were performed using the Student’s ¢ test (two-
tailed), and values of P <0.05 were considered statistically
significant.

Results
Autophagy Induced by IFN-f3 in Human Glioma Cells

To investigate the induction of autophagy by IFN-{3, we first
examined the morphology of U251MG and U87MG cells
after exposure to 2,000 IU/ml of IFN-f3 for 48 h by trans-
mission electron microscopy (TEM). As shown in Fig. la,
cells treated with IFN-f3 presented numerous vacuolizations
and electron-dense inclusions. Upon magnification, these
inclusions were clearly double-layered membrane structures
that appeared to be autophagosomes.

We also employed an autophagy detection kit to detect
autophagy by fluorescence microscopy [20]. As shown in
Fig. 1b, green fluorescence was detected in the cytoplasm of
the IFN-fB-treated U251MG and U87MG cells, but not in
the negative control samples. Cells treated with rapamycin
served as the positive controls.

In addition, we examined the expression of the microtubule-
associated protein 1 light chain 3 (LC3-I) and its membrane-
bound lipidated form LC3-II by Western blot analysis because
LC3-II is expressed on the membranes of autophagosomes.
The expression of LC3-II increased obviously in IFN-[3-
treated U251MG and U87MG cells (Fig. 1c), confirming the
induction of autophagy by IFN-f3. We also determined the
values of LC3-II/LC3-I by counting relative intensities of
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<« Fig. 1 Autophagy induced by IFN-f in human glioma cells. a IFN-{3-
induced formation of autophagosomes. U251MG and U87MG cells
were either untreated or treated with 2,000 IU/ml of IFN-3 for 48 h.
Cell samples were prepared for transmission electron microscopy
analysis as described in “Materials and Methods”. A magnified view
of the electron photomicrograph shows a characteristic autophago-
some. b U251MG or U87MG cells were treated with 2,000 TU/ml of
IFN-{ for 48 h or with 500 nM of rapamycin for 12 h, and then the
cells were stained with Cyto-ID® Green autophagy dye and analyzed
by confocal microscopy. ¢ IFN-f3 induced the accumulation of LC3-II.
U251MG and U87MG cells were treated with 2,000 IU/ml of IFN-3
for 48 h. Cell lysates were analyzed by Western blot. 3-Actin was used
as a protein-loading control. d Densitometric values of LC3-II and
LC3-I were quantified using the IQuantTL software, and the data are
presented as the means + SD of three samples. *P<0.05 vs. control

Suppression of Autophagy Enhanced Growth Inhibition
Induced by IFN-f3

To study the role of autophagy in the growth-inhibiting effects
of IFN- on human glioma cells, we used two autophagy
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Fig. 2 Suppression of autophagy enhanced growth inhibition induced by
IFN-3. a U251MG or U87MG cells were incubated with or without
2,000 IU/ml of TFN-f3 in the presence or absence of the autophagy inhibitors
3-MA or CQ for 48 h. The whole protein was extracted, and LC3 was
analyzed by Western blot. b U251 MG or US7MG cells were incubated with
or without 2,000 IU/ml of IFN-3 in the presence or absence of the autophagy
inhibitors 3-MA (1 mM) or CQ (5 uM) for 48 h. Cell growth inhibition was
analyzed by MTT. The data are presented as the means + SD of four samples.
*P<0.05 vs. IFN-f3. ¢ U251MG or US7MG cells were cultured for 24 h and
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inhibitors, 3-MA and CQ. 3-MA is a phosphatidylinositol 3-
phosphate kinase inhibitor and decreases autophagosomic
LC3 (LC3-II). CQ inhibits autophagy at a later stage by
inhibiting fusion between the autophagosome and lysosome,
which can significantly elevate the protein level of LC3-II[21,
22]. Western blot analysis showed that 3-MA inhibited
autophagy induced by IFN-f3 in U251MG and U87MG cells,
and decreased LC3-II formation. In contrast, the addition of
CQ to IFN-f significantly enhanced LC3-II protein levels
when compared with IFN-{3 alone (Fig. 2a). Compared with
IFN-{3 treatment alone, the combination of 2,000 IU/ml of
IFN-B with 1 mM of 3-MA or 5 uM of CQ significantly
enhanced growth inhibition in both U251MG and U8S87MG
cells (Fig. 2b).

We also used siRNA transfection to inhibiting autophagy
induced by IFN-[3 through against the key autophagy regu-
lator ATGS. To evaluate the impact of ATGS silencing on
autophagy induced by IFN-3, we compared IFN-f3
(2,000 IU/ml) induced autophagy in the face of nonsilencing
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transfected the next day with sSiRNA targeting core-autophagy protein ATGS.
Forty-eighthours post-transfection, control medium or 2,000 IU/ml of IFN-3
was added for another 48 h. The whole cell protein was extracted, and ATG5
and LC3 were analyzed by Western blot. d U251MG or US7MG cells were
cultured for 24 h and transfected the next day with siRNA targeting core-
autophagy proteins ATGS. Forty-eight hours post-transfection, control me-
dium or 2,000 TU/ml of IFN-[3 was added for another 48 h. The cell growth
inhibition was analyzed by MTT. The data were presented as the means + SD
of four samples. *P<0.05 vs. IFN-f3
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scrambled control (SCR) or ATGS5 siRNA transfection by
means of LC3 conversion. Western blot analysis showed
that ATGS protein levels were robust downregulated after
ATGS5 siRNA transfection compared with SCR siRNA trans-
fection (Fig. 2c). Meanwhile, compared with SCR trans-
fected cells treated by IFN-3, LC3-II protein levels were
strongly impaired after [FN-f3 treatment in ATGS depleted
glioma cells (Fig. 2c¢).

Compared with SCR transfected glioma cells, 2,000 TU/ml
of IFN-3 significantly enhanced growth inhibition in
U251IMG and U87MG cells transfected by A7G5 siRNA
(Fig. 2d).

Suppression of Autophagy Enhanced IFN-3-Induced
Apoptosis

To elucidate apoptotic effects of inhibiting autophagy by
IFN-{3, we analyzed apoptosis using the Annexin V/PI assay
with flow cytometry. As shown in Fig. 3a, the proportion of
Annexin V-positive U251MG and U87MG cells was mod-
erately increased after treated with 2,000 IU/ml of IFN-f3 for
96 h. Compared with cells treated with IFN-{3, the propor-
tion of Annexin V-positive cells was significantly higher in
cells treated with IFN-3 combined with 3-MA and CQ
(Fig. 3b).

We also assessed the expression of the autophagy-related
protein LC3 and the apoptosis-related protein caspase-3
after inhibition of IFN-{-induced autophagy by 3-MA or
CQ. We have previously found that the expression of
cleaved caspase-3 significantly increased in IFN-[{3-treated
U251MG and U87MG cells in a dose- and time-dependent
manner. In contrast, inhibition of caspase activity by Z-
VAD-fmk impaired the apoptotic effects of IFN-{3 (data
not shown). The activation of caspases plays a central role
in cell apoptosis. Apoptosis is known to require activation of
executioner caspases, such as caspase-3, -6, and —7, and
cleaved caspase-3 is therefore a marker of apoptosis [23].
Compared with U251MG cells treated with IFN-3, more
caspase-3 was cleaved in cells treated with IFN-3 combined
with 3-MA or CQ (Fig. 3c).

To further study the relationships between autophagy
induced by IFN-3 and apoptosis, we used the pan-caspase
inhibitor Z-VAD-fmk to inhibit caspase-dependent apopto-
sis. As shown in Fig. 3d, cleaved caspase-3 notably de-
creased in U251MG and U87MG cells treated with IFN-f3
in combination with 20 uM of Z-VAD-fmk when compared
with IFN-f3 treatment alone. The level of LC3-II was also
impaired after inhibition of apoptosis, suggesting sup-
pression of autophagy in U251MG and U87MG human
glioma cells. We also examined the autophagosome for-
mation after exposure to 20 uM of Z-VAD-fmk with or
without IFN-3 (2,000 IU/ml) by the TEM. As shown in
Fig. 3e, cells treated with IFN- presented numerous

Fig. 3 Suppression of autophagy enhanced IFN-(3-induced apoptosis. a p
U251MG or USTMG cells were incubated with or without 2,000 IU/ml of
IFN-f in the presence or absence of 3-MA (1 mM) or CQ (5 uM), cells
were stained with Annexin V/PI and analyzed by flow cytometry after
96 h, and the percentage of Annexin V-positive cells is shown in the bar
charts (b), *P<0.05 vs. control and #P<0.05 vs. IFN-f3. ¢ U251MG or
U87MG cells were incubated with or without 2,000 [U/ml of IFN-{3 in the
presence or absence of the autophagy inhibitors 3-MA or CQ for 48 h. The
whole protein was extracted, and LC3, caspase-3, and cleaved caspase-3
were analyzed by Western blot. d U251MG or US7MG cells were incu-
bated with or without 2,000 IU/ml of IFN-f3 in the presence or absence of
the pan-caspase inhibitor Z-VAD-fink for 48 h. Whole cell protein was
extracted, and LC3, caspase-3, and cleaved caspase-3 were analyzed by
Western blot. e U251MG or U87MG cells were incubated with or without
2,000 IU/ml of IFN-f3 in the presence or absence of pan-caspase inhibitor
Z-VAD-fink for 48 h. Cell samples were prepared for transmission electron
microscopy analysis as described in “Materials and Methods”. f U251MG
or US7MG cells were incubated with or without 2,000 IU/ml of IFN-f3 in
the presence or absence of pan-caspase inhibitor Z-VAD-fmk for 48 h;
cells were stained with Cyto-ID® Green autophagy dye and analyzed by
confocal microscopy

vacuolizations, which were similar to the results in
Fig. la, whereas cells pretreated with Z-VAD-fmk
showed less double-layered membrane structures after
exposure to 2,000 IU/ml of IFN-3 for 48 h. Meanwhile,
we used an autophagy detection kit to detect autophagy
after cells’ exposure to IFN-f with Z-VAD-fmk. Com-
pared with IFN-(3-treated glioma cells, green fluores-
cence was much less in the cytoplasm of IFN-3 and Z-
VAD-fmk-treated cells (Fig. 3f).

Taken together, these data indicate that inhibition of
autophagy enhances IFN-{3-induced apoptosis, and
autophagy may be a response to IFN-{3-induced apopto-
sis in human glioma cells.

Involvement of the Akt/mTOR Signaling Pathway
in Autophagy Induced by IFN-3 in Human Glioma Cells

The Akt/mTOR signaling pathway is one of the major
pathways regulating autophagy in eukaryotic cells. This
pathway plays a variety of physiological roles, including
regulation of cell growth and cell survival [24, 25].
AKT1 and mTOR signaling molecules are also major
regulators of autophagy [26, 27]. As shown in Fig. 4,
treatment with IFN-3 decreased phosphorylation (at
Ser473) of the Akt protein in U251MG cells in a dose-
and time-dependent manner. Similar responses were ob-
served in US7MG cells.

We also investigated the effects of IFN-f3 treatment on
mTOR activity in glioma cells. Exposure of U251MG and
U87MG cells to IFN-f3 resulted in diminished levels of the
phosphorylated form of mTOR (Ser2448) in a dose- and
time-dependent manner. IFN-3 treatment also decreased
phosphorylation of the mTOR targets p70 ribosomal protein
S6 kinase, revealing a potent inhibitory effect of IFN-(3
treatment on the Akt/mTOR signaling pathway. The basal
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Fig. 4 The Akt/mTOR
signaling pathway was involved
in autophagy induced by IFN-f3
in human glioma cells. a IFN-f3
inhibited the Akt/mTOR sig-
naling pathway in a dose-
dependent manner. U251MG or
U87MG cells were treated with
different concentrations of IFN-
3 for 48 h. Changes in LC3,
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cell protein was extracted, and
changes in LC3, pAkt, pmTOR,
and pP70S6K were examined
by Western blot

levels of AKT1 and MTOR phosphorylation decreased
along the U251MG and U87MG cells treated by IFN-{3 in
a dose- and time-dependent manner (Fig. 4). Because AKT1
and MTOR act as major autophagy inhibitors, their de-
creased activity leads to an increase in autophagy.

ERK 1/2 Signaling Pathway was Activated by Autophagy
Induced by IFN-{3 in Human Glioma Cells

Extracellular signal-regulated kinase 1/2 (ERK1/2,
MAPK1/3) activation has been previously reported to con-
tribute to autophagy effects that promote cell survival [28,
29]; furthermore, direct ERK activation by overexpression
of constitutively active MEK promotes autophagy even in
the absence of other stimuli [30]. In this study, we detected
an increase in ERK1/2 phosphorylation when U251MG and
U87MG cells were incubated in 2,000 IU/ml of IFN-f3 for
24 h, 48 h, 72 h, and 96 h or in 125 IU/ml, 250 IU/ml,
500 IU/ml, 1,000 IU/ml, and 2,000 IU/ml of IFN-{3 for 48 h
(Fig. 5a, b).

To further investigate the role of ERK1/2 in autophagy
induced by IFN-, we used U0126, an inhibitor of both
MEKI1 and MEK2, to block the phosphorylation of ERK
1/2. U251MG and U87MG cells were pretreated with
20 uM of U0126 for 2 h, and then incubated with 2,000 [U/ml
of IFN-f3 for 48 h. Western blot analysis showed that phos-
phorylation of ERK1/2 was inhibited by U0126. Inhibition of
phosphorylation of ERK1/2 significantly decreased the pro-
tein level of LC3-II, indicating that inhibition of ERK 1/2
signaling blocked autophagy induced by IFN-{3 (Fig. 5¢).
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Together, our experiments indicate that the ERK 1/2 sig-
naling pathway is involved in autophagy induced by IFN-f3.

Discussion

Previous studies demonstrated that IFN-f3 could reduce
proliferative activity in numerous cell lines, including
glioma, lung cancer, pancreatic cancer, and prostatic
tumors [3, 31-33]. In this study, we studied the effects
of IFN-f3 on the induction of autophagy and the rela-
tionships among autophagy, growth inhibition, and apo-
ptosis induced by IFN-f in U251MG and U87MG
human glioma cells. The major novel findings in this
study are that IFN-{3 induced significant autophagy in
U251MG and U87MG human glioma cells, the Akt/m-
TOR and ERK 1/2 signaling pathways were involved in
the autophagy induced by IFN-[3, and the inhibition of
autophagy significantly enhanced growth inhibition and
apoptosis induced by IFN-{3.

IFN-B is a type-l interferon exhibiting anti-virus,
anti-tumor, and immunomodulatory effects, and it is
widely used for treating multiple sclerosis [34]. It is
also one of the most commonly used cytokines for the
treatment for malignant gliomas [35], although IFN-f3
can inhibit growth and induce apoptosis in human glio-
ma cells when given alone or when combined with
other anti-tumor agents. However, apoptosis-resistant
glioma cells limit its therapeutic potential [6]. Increasing
evidence shows that autophagy plays a key role in the
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Fig. 5 The ERK 1/2 signaling pathway was activated during autoph-
agy induced by IFN-f3. a IFN-f3 induced ERK 1/2 phosphorylation in a
dose-dependent manner. U251MG or US7MG cells were treated with
different concentrations of IFN-3 for 48 h. Whole cell protein was
extracted, and Erk 1/2 and phospho-p44/42 MAPK (Erk 1/2) (Thr202/
Tyr204) were analyzed by Western blot. b IFN-f3 induced ERK 1/2
phosphorylation in a time-dependent manner. U251MG and U87MG
cells were treated with or without 2,000 IU/ml of IFN-f3 from 24 h to
96 h. Whole cell protein was extracted, and Erk 1/2 and phospho-p44/
42 MAPK (Erk 1/2) (Thr202/Tyr204) were analyzed by Western blot. ¢
Inhibition of MEK 1/2 signaling blocked autophagy induced by IFN-f3.
U251MG or US7MG cells were incubated with or without 2,000 IU/ml
of IFN- in the presence or absence of the MAPK 1/3 signaling
pathway inhibitor U0126 (20 uM) for 48 h. Whole protein was
extracted, conversion of LC3-I to LC3-II, Erk 1/2, and phospho-p44/
42 MAPK (Erk 1/2) (Thr202/Tyr204) was determined by Western blot

multi-drug resistance of tumor cells [36, 37]. In the
present investigation, we hypothesized that autophagy
may be the cause of glioma cell resistance to IFN-f3
therapy, and that abrogation of autophagy induced by
IFN-3 may restore drug sensitivity. IFN-3 has been
found to induce autophagy in hepatitis C virus-infected
hepatocytes and pancreatic cancer cells [32, 38, 39].
Previous investigations have demonstrated that activa-
tion of autophagy can either be cytoprotective or medi-
ate a type II form of programmed cell death [40, 41]. In
this study, we first reported that autophagy was

@ Springer

activated in U251MG and U87MG cells after IFN-f3
treatment. Some experimental procedures were undertak-
en to verify the presence of autophagy, including auto-
phagosome formation that was visualized on a
transmission electron microscopy in IFN-{3-treated cells
and fluorescent staining for LC3 protein by an autoph-
agy detection kit. Moreover, autophagy induced by
IFN-B in U251MG and U87MG cells affected the for-
mation of LC3-II protein in a dose- and time-dependent
manner. Together, these data indicate that autophagy is
induced by IFN-f3 in human glioma cells.

Signaling through the PI3K/Akt/mTOR pathway con-
trols proliferation and apoptosis of cancer cells [25],
whereas mTOR, PI3K, and AMPK directly regulate
components of the autophagic machinery [42]. In this
study, we showed that constitutive phosphorylation of
Akt in U251MG and U87MG cells was decreased by
IFN-f3 treatment in a dose- and time-dependent manner.
We also noticed decreased phosphorylation of mTOR
and its target p70 ribosomal protein S6 kinase. Because
AKT1 and MTOR act as major autophagy inhibitors,
their reduced activity leads to an increase in autophagy.
It has been shown that the activation of the MAPK
signaling pathway, which includes ERK 1/2, is involved
in the formation of autophagy [43]. As shown in Fig. 5,
the appearance of the LC3-II protein was correlated
with the activation of ERK 1/2 phosphorylation. Fur-
thermore, the levels of the LC3-II protein in IFN-f3
treated cells were lower after inhibition of ERK 1/2
phosphorylation with the specific MEK 1/2 inhibitor
U0126, suggesting that the MEK/ERK signaling path-
way is involved in IFN-f-induced autophagy.

It has been demonstrated that activation of autophagy
can either be cytoprotective or mediate a type II form of
programmed cell death in cancer chemotherapy, immu-
notherapy, and radiotherapy [15]. To explore the role of
autophagy in the growth-inhibiting and apoptotic effects
of IFN-3, we used two autophagy inhibitors, the PI3K
inhibitor 3-MA and the autophagolysosome inhibitor
CQ, to block IFN-f-induced autophagy. We found that
IFN-{3-induced cell growth inhibition was significantly
enhanced by combined treatment with the autophagy
inhibitors 3-MA and CQ, indicating that autophagy
played a cytoprotective role in IFN-{3-treated glioma
cells. To further investigate the relationships between
autophagy and apoptosis induced by IFN-f3, we used
FCM to detect cell apoptosis. Our data showed that
inhibition of autophagy enhanced IFN-B-induced cell
apoptosis, as reflected by an increased percentage of
Annexin V-positive cells and caspase-3 cleavage, where-
as 3-MA or CQ alone had little effect on glioma cells.
These findings confirm the cytoprotective role of
autophagy induced by IFN-3. We also found that
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inhibition of caspase-dependent apoptosis using the pan-
caspase inhibitor Z-VAD-fmk reduced the level of pro-
tein LC3-II, indicating that autophagy induced after
IFN-f3 treatment occurs as a response to IFN-f3-
induced apoptosis.

In summary, we found that significant autophagy was
induced in glioma cells treated by IFN-[3, and this autoph-
agy played a cytoprotective role. Inhibition of autophagy by
the autophagy inhibitors 3-MA and CQ can significantly
enhance growth inhibition and cell apoptosis in glioma cells.
This study provided a new strategy to enhance the efficacy
of IFN-f3 for cancer treatment and may encourage the de-
velopment of an autophagy inhibitor to improve IFN-f3
treatment for glioma.
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