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ABSTRACT Oncolytic virotherapy is an emerging treatment modality that uses
replication-competent viruses to destroy cancer cells. M1 is a naturally occurring al-
phavirus (Togaviridae) which shows potent oncolytic activities against many cancers.
Accumulation of unfolded proteins during virus replication leads to a transcriptional/
translational response known as the unfolded protein response (UPR), which might
counteract the antitumor effect of the oncolytic virus. In this report, we show that
either pharmacological or biological inhibition of IRE1� or PERK, but not ATF6, sub-
stantially increases the oncolytic effects of the M1 virus. Moreover, inhibition of
IRE1� blocks M1 virus-induced autophagy, which restricts the antitumor effects of
the M1 virus through degradation of viral protein, in glioma cells. In addition, IRE1�

suppression significantly increases the oncolytic effect of M1 virus in an orthotopic
glioma model. From a molecular pathology study, we found that IRE1� is expressed
at lower levels in higher-grade gliomas, suggesting greater antitumor efficacy of the
oncolytic virus M1. Taken together, these findings illustrate a defensive mechanism
of glioma cells against the oncolytic virus M1 and identify possible approaches to
enhance the oncolytic viral protein accumulation and the subsequent lysis of tumor
cells.

IMPORTANCE Although oncolytic virotherapy is showing great promise in clinical
applications, not all patients are benefiting. Identifying inhibitory signals in refractory
cancer cells for each oncolytic virus would provide a good chance to increase the
therapeutic effect. Here we describe that infection with the oncolytic virus M1 trig-
gers the unfolded protein response (UPR) and subsequent autophagy, while block-
ing the UPR-autophagy axis significantly potentiates the antitumor efficacy of M1 in
vitro and in vivo. A survey of cancer tissue banks revealed that IRE1�, a key element
in the UPR pathway, is commonly downregulated in higher-grade human gliomas,
suggesting favorable prospects for the application of M1. Our work provides a po-
tential predictor and target for enhancement of the therapeutic effectiveness of the
M1 virus. We predict that the mechanism-based combination therapy will promote
cancer virotherapy in the future.

Received 2 August 2017 Accepted 20
November 2017

Accepted manuscript posted online 20
December 2017

Citation Li K, Hu C, Xing F, Gao M, Liang J, Xiao
X, Cai J, Tan Y, Hu J, Zhu W, Yin W, Li Y, Chen W,
Lu B, Mai J, Qiu P, Su X, Yan G, Zhang H, Lin Y.
2018. Deficiency of the IRE1α-autophagy axis
enhances the antitumor effects of the
oncolytic virus M1. J Virol 92:e01331-17. https://
doi.org/10.1128/JVI.01331-17.

Editor Bryan R. G. Williams, Hudson Institute of
Medical Research

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Haipeng Zhang,
zhanghaip@mail.sysu.edu.cn, or Yuan Lin,
liny96@mail.sysu.edu.cn.

* Present address: Haipeng Zhang, School of
Medicine, Jinan University, Guangzhou, China.

K.L., C.H., and F.X. contributed equally to this
article.

VIRUS-CELL INTERACTIONS

crossm

March 2018 Volume 92 Issue 6 e01331-17 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.01331-17
https://doi.org/10.1128/JVI.01331-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:zhanghaip@mail.sysu.edu.cn
mailto:liny96@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01331-17&domain=pdf&date_stamp=2017-12-20
http://jvi.asm.org


KEYWORDS IRE1�, autophagy, glioblastoma, oncolytic viruses, unfolded protein
response

Oncolytic viruses (OVs) are multimodal antitumor agents advancing deeply into
clinical trials, and talimogene laherparepvec (T-VEC) has been approved by the U.S.

Food and Drug Administration (FDA) (1, 2). OVs are designed to exploit unique
attributes of the tumor microenvironment because many of the pathways subverted by
cancer cells are involved in the ability of cancer cells to combat virus infection (3).
However, after systemic or intratumoral injection of an oncolytic virus, many processes
are critical for efficient elimination and clearance of the neoplasm, such as viral entry,
induction of inflammatory factors, viral replication, viral protein accumulation, cell lysis,
and release of progeny virions to surrounding tumor cells (4). These processes against
cancer cells can be impeded by several host factors that limit efficient tumor elimina-
tion (5–10).

One cellular process, the unfolded protein response (UPR), may lead to restricted
oncolytic viral protein translation and accumulation. The UPR is an evolutionarily
conserved cellular process that is used to cope with protein folding stress (11).
Accumulation of misfolded proteins in the endoplasmic reticulum (ER) lumen activates
three major pathways: the IRE1�-XBP1 pathway, the protein kinase-like endoplasmic
reticulum kinase (PERK)-eIF2� pathway, and the ATF6 pathway. The IRE1 pathway is the
most ancient branch of the UPR, being conserved from yeast to mammals (12). The ER
stress response to misfolded proteins slows protein translation, increases ER chaperone
production, and enhances ER-associated protein degradation (ERAD), which together
serve to restore cellular homeostasis (13). PERK phosphorylates the translation initiation
factor eIF2�, leading to attenuation of global protein synthesis. Finally, ATF6� belongs
to a family of transcriptional factors that translocate to the nucleus and activate the
ERAD pathway in response to unfolded proteins. When ER stress levels become
insurmountable after activation of the UPR, downstream pathways are initiated, leading
to cell apoptosis.

Autophagy is an evolutionarily conserved process involving the formation of
double-membrane vesicles called autophagosomes (14). Autophagy plays key roles in
maintaining cellular homeostasis by eliminating unwanted proteins and damaged
organelles through self-digestion in cell lysosomes, thereby promoting cell survival.
Moreover, autophagy activation protects cells against certain pathogens (15). Recent
reports have revealed that the ER serves as a subcellular platform for autophagy
initiation (16–18). Several lines of evidence have suggested that the UPR pathway
regulates autophagy through the PERK-eIF2� pathway and the IRE1�-XBP1 pathway
(14, 19–22).

As a group, the genus Alphavirus has a very wide geographic distribution (23–25).
Many alphaviruses show potential anticancer activities. Semliki Forest virus has been
reported as a novel candidate against unresectable osteosarcoma and prolongs survival
in experimental lung cancer. Sindbis virus also shows an oncolytic effect in various
cancers (26–29). The M1 virus, isolated in the 1960s from Hainan Province in China,
belongs to the Togavirus family of viruses, which are arthropod borne and have
mosquitoes as the usual vector. The genome of M1 virus is 11,690 nucleotides (nt) in
length and contains two open reading frames encoding four nonstructural proteins
(nsP1, nsP2, nsP3, and nsP4) and five structural proteins (C, E3, E2, 6K, and E1) (9, 24).
For a group of patients with fever of unknown cause in Hainan Province, complement
fixation tests showed that 26% of serum specimens from those patients had comple-
ment fixation antibody to M1 virus (30). However, there has been no further report
about the pathology of M1 virus as far as we know. In addition, the M1 virus is very
similar to Getah virus, which is a mosquito-borne pathogen that can cause a mild,
self-limited illness in horses and reproductive losses in pigs but is not pathogenic in
humans. We have previously identified that the alphavirus M1 is a potent potential
oncolytic virus targeting many cancers (31–33) but not normal cells. Nevertheless, the
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oncolytic effect of M1 on glioma is not definite, and the mechanism of the antitumor
effect is not fully understood.

In this study, we sought to investigate the oncolytic efficacy of M1 in glioma and
uncover the host anti-M1 mechanisms, aiming to identify predictors and targets for
personalized and intensified oncolytic virotherapy.

RESULTS
Oncolytic virus M1 inhibits glioma in vitro and in vivo. We previously have found

that the alphavirus M1 selectively kills a diverse range of cancer cells, such as hepato-
cellular carcinoma, colorectal cancer, and bladder cancer cells, while the oncolytic
effects of M1 on glioma are not clearly identified (33). To investigate the sensitivity of
glioma cells to the oncolytic virus M1, we screened eight glioma cell lines, two primary
glioma cell lines, and one glioma stem cell (GSC) line. We found that the M1 virus
efficiently inhibited the viability of most of these cancer cells (Fig. 1A). Next, we used
the M1-GFP virus, which can express green fluorescent protein (GFP) during replication
in host cells, to infect representatives from each class (very resistant, with average
resistance, or very sensitive to M1) and detected the susceptibilities of these cancer
cells. The data in Fig. 1B show that the M1 virus can infect a higher percentage of
sensitive cell lines, whereas it can barely infect very resistant cells. Similar results are
observed in viral replication curves for three glioma cell lines with different respon-
siveness (Fig. 1C). We speculated that glioma cell lines with average responsiveness and
permissiveness may possess greater chances for potentiation than very resistant or
sensitive ones, and we thus focused on investigating this class of cells. Figure 1D shows
representative virus infections in the U87 and U251 cell lines at a multiplicity of
infection (MOI) of 10. Caspase-3/7 and caspase-9 are critical innate apoptotic pathway
executors. In caspase activity assays, the data show that M1 virus infection activated
caspase-3 and caspase-9 in the relatively sensitive cell lines U87 and U251 (Fig. 1E).
These data suggest that infection by the M1 virus induces apoptosis in glioma cells
in vitro.

To confirm the oncolytic effect on glioma cells in vivo, we next sought to determine
whether the M1 virus also kills glioma cells in an orthotropic xenograft model. We used
the human malignant glioma cell line U87 and injected the cells into the brains of nude
mice. To determine whether this translated into a significant anticancer effect, the M1
virus was intravenously injected 7 days after cancer implantation for a total of 6 times.
With a survival analysis, we found that the M1 virus slightly but significantly prolonged
the survival of the glioma-bearing mice (Fig. 1F). We also detected the virus titers and
viral proteins in the same orthotropic model and found that the M1 virus is enriched in
tumor sites (Fig. 1G and H). The sum of these results suggested that although the M1
virus prolongs the survival of glioma-bearing mice, the antitumor effects remain
unsatisfying. Thus, we next studied the mechanism following infection with the M1
virus and sought to improve the antitumor effects.

The UPR pathway is activated in M1-infected glioma cells. During the study of
the antitumor effect of M1 virus in various cancers, such as hepatocellular carcinoma,
colorectal cancer, and bladder cancer cells, we found that M1 virus induced ER
stress-mediated apoptosis in very sensitive cancer cell lines (33). In this study, we
found that the UPR pathway effectors were defective in M1-sensitive glioma cells (Fig.
2A). Therefore, we hypothesized that the UPR pathway-mediated protein degradation
can maintain cellular homeostasis and protect cells from viral protein overload, which
results in irreversible ER stress-mediated apoptosis. We detected the UPR effectors
during M1 virus infection in glioma cells and found that UPR pathways were signifi-
cantly activated by the M1 virus in a time-dependent manner in both the U87 and U251
cell lines (Fig. 2B and C). IRE1� is an endoribonuclease that initiates an unconventional
splicing of the XBP1 mRNA, excising a 26-nt sequence, and shifts the reading frame to
produce a functional activating isoform, XBP1(s), from XBP1(u). By detecting the spliced
XBP1 variant, we observed that M1 virus infection activates IRE1� in U251 glioma cells
(Fig. 2D).
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To identify pathways in the UPR that might render glioma cells refractory to
oncolytic virus infection, we employed small interfering RNAs (siRNAs) or inhibitors to
block the UPR pathway. Cells were transfected with siRNA targeting ATF6 for 24 h and
were then infected with the M1 virus. As shown in Fig. 2E, knockdown of ATF6 did not

FIG 1 Oncolytic effects of the M1 virus in vitro and in vivo. (A) A panel of glioma cell lines and primary glioma cells from patients
(1 and 2) were infected with the M1 virus at 10, 0.1, 0.001, and 0 PFU/cell. Cell viabilities were determined at 48 h postinfection.
MOI, multiplicity of infection. (B) Cells were infected with the M1-GFP virus at 0.1 PFU/cell, and GFP positive cells were analyzed
by flow cytometry at 48 h postinfection. (C) M1 virus replication in different glioma cell lines. Cells were infected with the M1
virus (0.1 PFU/cell), and supernatants were collected to determine the viral replication. (D) Representative photographs of U87
and U251 cells infected with the M1-GFP virus (10 PFU/cell) at 72 h postinfection. (E) U87 and U251 cells were infected with the
M1 virus for 24 h, and caspase-3/7/9 activities were determined. (F) Timeline of treatment for in vivo experiment and survival
analysis of glioma-bearing mice. Mice were orthotopically inoculated with 3 � 105 U87 cells. After 1 week, the M1 virus was
injected through the tail vein. (G and H) Virus titer and expression of E1 viral protein from tissues derived from U87 orthotopic
glioma model mice. N.D., not detectable. *, P � 0.05; **, P � 0.01.
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FIG 2 M1 virus infection induces the unfolded protein response in glioma cells. (A) UPR pathway protein expression levels in M1-sensitive and M1-refractory
glioma cell lines. M1-sensitive and M1-refractory cancer cells were collected, and the protein expression levels were determined by Western blotting. (B and
C) UPR pathway protein expression during M1 virus infection in malignant glioma cell lines. U251 (B) and U87 (C) cells were infected with M1 (1 PFU/cell), and
protein expression levels were determined by Western blotting. The right panels show the gray scale analysis result. (D) XBP1(s) expression is increased during
M1 virus infection. Actin was used as a loading control. (E) Knockdown of ATF6 does not affect the oncolytic effects of the M1 virus. Cell viabilities were
determined using MTT assays (upper panel), and protein expression was determined by Western blotting (lower panel). (F and G) U251 cells were treated with
PERK inhibitor GSK2606414 (4 �M) and then infected with the M1 virus at the indicated MOI. Cell viabilities were determined at 48 h postinfection (F), and
protein expression was determined at 24 h postinfection (G). (H and I) Inhibition of IRE1� endonuclease activity increases the oncolytic effect of the M1 virus.
Cells were pretreated with STF083010 (10 �M) for 1 h and then infected with the M1 virus. Cell viabilities were determined at 48 h postinfection (H), and XBP1(s)
expression was determined at 24 h postinfection (I).
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affect the viability of glioma cells during M1 virus infection. However, we found that
pharmacological inhibition of PERK with GSK2606414 inhibited the phosphorylation of
eIF2� induced by the M1 virus and significantly enhanced the oncolytic effect of M1
(Fig. 2F and G). The third branch of the UPR pathway, the IRE1�-XBP1 pathway, is also
an important effector during virus infection. The data show that STF083010, an IRE1�

nuclease inhibitor, significantly increased the oncolytic effects of the M1 virus in cancer
cells (Fig. 2H). The inhibition of IRE1� endonuclease activity was determined by
detecting spliced XBP1 (Fig. 2I). These data demonstrate that direct inhibition of IRE1�

shows greater potential for sensitizing glioma cells to the oncolytic virus M1.
Inhibition of IRE1� increases the oncolytic effects of the M1 virus. We next

chose another glioma cell line, U87, to validate the combined antitumor effect of IRE1�

inhibition and M1 virus. Consistent with the above findings, we observed that pretreat-
ment with an IRE1� inhibitor significantly increased the antitumor effects of M1 virus
(Fig. 3A). With caspase activity detection, we found that IRE1� inhibition increased
oncolytic virus-induced apoptosis (1 PFU/cell) (Fig. 3B and C). To study the functional
role of IRE1�, we first detected the viral protein expression and found that inhibition of
IRE1� increased viral protein accumulation (Fig. 3D). To determine whether IRE1�

inhibition affects type I interferon (IFN) signaling, we first tested the STAT1 phosphor-
ylation and found that inhibition of IRE1� cannot abrogate the STAT1 phosphorylation
induced by M1 virus (Fig. 3E). We further studied whether IRE1� inhibition can
counteract the effects of type I IFN signaling. We found that IFN-� can significantly
suppress the virus replication in U251 and U87 glioma cell lines, but IRE1� inhibition did
not overcome the antiviral effects of IFN-� (Fig. 3F). Consistently, with titer determi-
nation, we found that IRE1� inhibition did not affect M1 viral replication (Fig. 3G). Based
on these observations, we concluded that IRE1� inhibition did not affect the innate
antiviral response and thus that IRE1� inhibition likely does not compromise the
antitumor immunity induced by the virus.

To confirm the specificity of the IRE1� inhibitor, we used siRNAs to knock down
IRE1� expression. Consistent with the above results, we found that knockdown of IRE1�

also increased the sensitivity to the oncolytic virus M1 compared with transfection with
nontargeting RNA or low-efficiency siRNA (1) (Fig. 3H). The knockdown efficiency and
viral protein expression are shown in Fig. 3I. Additionally, with titer determination, we
found that knockdown of IRE1� did not affect viral replication in glioma cells (Fig. 3J).
Taken together, these results suggested that activation of IRE1� can inhibit the viral
protein load and subsequent oncolysis in glioma cells with average sensitivity.
Inhibition of IRE1� increases the oncolytic effects of the M1 virus by overcoming
this limitation.

IRE1� mediates M1 virus-induced autophagy. Autophagy is a self-digestion
process, whose activation protects cells against certain pathogens through direct
phagocytosis. Relationships between the UPR and autophagy have been extensively
studied (34). Thus, we sought to determine if M1 virus infection induces autophagy in
glioma cell lines. With LysoTracker staining to specifically indicate late-phase autopha-
gosomes, we observed that M1 virus infection induced punctum formation in glioma
cell lines (Fig. 4A). To validate this result, we used transmission electron microscopy to
observe glioma cells after the M1 virus infection (Fig. 4B). Furthermore, M1 virus
infection induced LC3B-II expression, which is commonly used as an autophagy marker,
in glioma cancer cell lines (Fig. 4C and D).

The IRE1�-XBP1 pathway has been reported to induce autophagy under various
conditions. Next, we sought to determine if induction of autophagy by the M1 virus is
mediated by IRE1� (15). In accordance with the above results, M1 infection induced
LC3B-II expression in glioma cell lines. However, with knockdown of IRE1� expression,
the M1 virus-induced autophagy was also inhibited (Fig. 4E to G). To confirm this result,
glioma cells were pretreated with the IRE1� inhibitor STF083010, and this abrogated
the M1 virus infection-induced autophagy (Fig. 4H and I). These results strongly suggest
that the IRE1�-autophagy axis plays critical roles during M1 virus infection.
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FIG 3 Inhibition of IRE1� increases the oncolytic effects of the M1 virus. (A) Determination of the antitumor effect of the M1 virus during IRE1� inhibition. U87
malignant glioma cells were pretreated with STF083010 (10 �M) for 1 h and were then infected with the M1 virus. Cell viabilities were determined at 48 h
postinfection. (B and C) Caspase activities were determined in U87 (B) and U251 (C) cells treated with a combination of the M1 virus and STF083010. (D) Viral
protein expression levels after STF083010 treatment. U87 and U251 cells were pretreated with STF083010 (10 �M) for 1 h and then infected with the M1 virus.
Protein expression levels were determined 4 h later. STF, STF083010. (E) Phosphorylation of STAT1 during M1 virus infection (1 PFU/cell) with or without
STF083010 treatment (10 �M) at 48 h postinfection. (F) Viral replication (10 PFU/cell) with or without IFN-� (1000 U/ml) treatment during STF083010 treatment
(10 �M) at 48 h postinfection. (G) Viral titer determination in glioma cells after STF083010 treatment. Supernatants were collected at 24 or 48 h postinfection.
(H) Cell viability assay after knockdown of IRE1�. Cells were transfected with scramble RNA or IRE1� siRNAs for 24 h and were then infected with the M1 virus
(1 PFU/cell); cell viabilities were determined at 48 h postinfection. NC, negative control. (I) Knockdown efficiency determination and viral protein detection. Cells

(Continued on next page)
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IRE1�-induced autophagy restricts oncolytic effects of M1. Given that IRE1�

inhibition substantially increased the oncolytic effects and viral protein load of M1 virus,
we sought to find out whether autophagy mediates the inhibition of oncolysis. ATG7
has been reported as a critical autophagy initiation factor (35). To clarify the role of
autophagy, we used siRNAs targeting ATG7 and found that knockdown of ATG7 inhibits
autophagy induction during M1 virus infection (Fig. 5A). Moreover, like IRE1� inhibition,
we found with a cell viability assay that ATG7 knockdown significantly increased the
oncolytic effects of M1 in glioma cell lines (Fig. 5B and C). Also, in accordance with
IRE1� inhibition, knockdown of ATG7 does not affect the viral titer (Fig. 5D). To further
validate the results, we used the autophagy inhibitor LY294002 to block the induction
of autophagy (Fig. 5E). We found that inhibition of autophagy with LY294002 increases
viral protein expression and cell viability inhibition (Fig. 5E to G). Taken together, these
results support our previous observation that inhibition of autophagic degradation of
viral protein increases the oncolytic effect of the M1 virus, and IRE1� coordinately
regulates the autophagy in response to viral infection.

Inhibition of IRE1� facilitates the oncolytic effects of M1 virus in vivo. Since
IRE1� activation renders tumor cells refractory to M1 virus infection via induction of
autophagy signaling, we predicted that blocking IRE1�-autophagy signaling would in-
crease the viral protein load and the oncolytic effect. We established an orthotopic glioma
model with U87 cells in nude mice. Following implantation of U87 tumors into mice, we
administered STF083010 or dimethyl sulfoxide (DMSO) and 24 h later injected the mice
with the M1 virus 6 times. The data show that 50% survival improved from 27 days (no
treatment) to 31 days (M1 alone), to 41 days (M1 plus STF083010) (Fig. 6A). To validate the
antitumor effect, we detected cleaved caspase-3 and Ki67 expression in the tumor mass
with immunohistochemistry staining. The data show that the M1 virus, together with the
IRE1� inhibitor, significantly increased the level of cleaved caspase-3 and downregulated
Ki67 expression (Fig. 6B). Quantification of the protein expression is shown in Fig. 6C. Taken
together, our data demonstrate the fundamental importance of the IRE1�-autophagy axis
in modulating the responsiveness of glioma cells to the oncolytic virus M1.

IRE1� is downregulated during malignant progression of glioma. To determine
the clinical relevance of IRE1� with respect to the M1 virus, we performed primary
glioma cell culture and found that M1 virus infection significantly induced the UPR in
primary malignant glioma cells (Fig. 7A). By using cell viability assays, we found that M1
infection alone inhibited primary glioma cell viability in a dose-dependent manner, and
inhibition of IRE1� increased the oncolytic effect (Fig. 7B).

Next, we sought to explore the IRE1� expression levels in glioma specimens. To
identify if IRE1� is correlated with malignant progression of glioma in patients, we
analyzed the IRE1� expression profiles of glioma tissues and normal brain tissues
resected from 60 glioma patients. As shown in Fig. 7C and D, we observed that the
IRE1� expression levels were reduced during malignant progression of glioma, sug-
gesting that IRE1� is negatively correlated with glioma progression. These data strongly
suggest that M1 virus may be applicable for treatment of high-grade malignant glioma.

DISCUSSION

Glioblastoma has the highest incidence and mortality rate among primary brain
cancer patients. Despite current therapies, the survival benefits are measured in months
(36). Based on previous reports, oncolytic virotherapy possesses the potential to repress
glioblastoma (37–39). Here we found that the oncolytic virus M1 kills a diverse range of
glioblastoma cell lines and exhibits therapeutic potential in vivo. However, although the
antitumor effect shows significance in vivo, the results remain unsatisfying with M1
virus treatment alone, and the mechanism needs to be further investigated.

FIG 3 Legend (Continued)
were transfected with scramble RNA or IRE1� siRNAs for 48 h and then infected with the M1 virus (1 PFU/cell) for 8 h. Protein expression levels were determined
using Western blots. (J) Viral titer determination after knockdown of IRE1�. Cells were treated as described for panel H, and supernatants were collected at 48
h postinfection to determine viral titer. **, P � 0.01.
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FIG 4 M1 virus infection induces autophagy through IRE1�. (A) LysoTracker staining was used to visualize intracellular
later-phase autophagosomes. Cells were infected with the M1 virus (1 PFU/cell) for 24 h, and LysoTracker staining was
performed according to the manufacturer’s procedure. Hoechst 33342 staining was performed 10 min before capture of
photographs. Scale bars, 0.25 �m. (B) Ultrastructural observation of cancer cells after infection with the M1 virus. U87 and U251
malignant glioma cells were infected with the M1 virus (1 PFU/cell) and observed with a transmission electron microscope. ER,
endoplasmic reticulum. N, Nucleus. The red arrows indicate autophagosomes. Scale bars, 500 nm. (C) Expression of the
autophagy marker LC3B using Western blotting. (D) Quantification of the data from panel C. (E) LC3B detection after

(Continued on next page)
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Many viruses have specific tissue tropisms which can be exploited to kill cancer cells
while replicating and spreading within disease foci (40). For instance, recombinant
measles virus particles that express a retargeted hemagglutinin can be reliably gener-
ated and efficiently enter CD46-negative rodent cells expressing the human epidermal
growth factor (EGF) or the IGF1 receptor, respectively (41). The principles of tumor
targeting strategies vary a lot in different oncolytic viruses (40, 42). It is of interest to
identify the interaction of M1 virus with malignant glioma cells. Here, we identified that
low expression of IRE1� in malignant glioma cells may lead to increased oncolytic
activity of the M1 virus. The major UPR pathways are the IRE1�, ATF6, and PERK
pathways. IRE1� is a transmembrane protein that senses the accumulation of proteins
in the ER and induces various pathways to address misfolded proteins. Here, we
determined that IRE1� is downregulated during glioma tumorigenesis, which may

FIG 4 Legend (Continued)
knockdown of IRE1�. U87 and U251 malignant glioma cells were transfected with scramble RNA or IRE1� siRNAs (50 nM) for
48 h. The indicated protein expression levels were determined 8 h after viral infection. (F and G) Quantification of the data from
panel E. (H and I) LC3B expression after STF083010 treatment for 24 h. Whole-cell lysates were collected, and Western blotting
was performed. *, P � 0.05; **, P � 0.01.

FIG 5 IRE1�-mediated autophagy restricts the oncolytic effects of the M1 virus. (A) LC3B detection after knockdown of ATG7. Cells were
transfected with scramble RNA or siATG7 (50 nM) for 48 h. The indicated protein expression levels were determined at 8 h postinfection.
(B and C) Cell viability determination after knockdown of ATG7. U87 and U251 cells were transfected with siRNA for 24 h. Cell viabilities were
determined at 48 h postinfection. (D) Viral titer assay after ATG7 knockdown. Cells were treated as described for panel B, and supernatants
were collected at 48 h postinfection. (E) Viral protein detection after treatment with the autophagy inhibitor LY294002. U87 cells were
pretreated with LY294002 (20 �M) for 1 h and then infected with the M1 virus (1 PFU/cell). E1 and LC3B protein expression levels were
determined with a Western blot. (F and G) Cell viability assay of the oncolytic effect of the M1 virus after LY294002 treatment. Cells
were pretreated with LY294002 for 1 h and infected with the M1 virus for 48 h. *, P � 0.05; **, P � 0.01.
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open a gate for M1 virus infection. It is reported that IRE1� inhibition promotes
oncolytic virus-induced cell death without increasing the accumulation of viral protein
in vitro in a caspase-2-dependent manner (8), while we here identified a different
mechanism downstream of IRE1�. Moreover, we determined the expression of IRE1� in
clinical glioma specimens and found that it is negatively correlated with malignant
glioma progression. However, the relationships and underlying mechanisms between
IRE1� and malignant progression of glioma remain to be further explored.

PERK phosphorylates eIF2� at Ser51 and reduces global protein translation to
restrict invading viruses. GSK2606414 is a recently reported PERK-selective inhibitor (43)
that can partially inhibit M1 virus-induced phosphorylation of eIF2�. However, the
increase in the oncolytic effect of the M1 virus with GSK2606414 is limited. We
speculate that there are two possibilities. First, IRE1� might play central roles in
restricting oncolytic virus M1 infection. Second, there are three other eIF2� kinases that
might compensate for the function of PERK (44, 45). ATF6 regulates the expression of
diverse genes during ER stress, whereas to our knowledge, there is still a lack of efficient
and selective inhibitors to target ATF6.

Autophagy is a vesicular process that results in the degradation of the sequestered
component, which can then be recycled by the cell (15). Here we identify that IRE1�

mediates viral protein degradation through induction of autophagy, which implies that
autophagic inhibitors can also enhance the oncolytic effects of M1 virus. From au-

FIG 6 IRE1� inhibition increases the oncolytic effects of the M1 virus in vivo. (A) Survival of tumor-bearing mice after treatment with STF083010, the M1 virus,
or both. A U87 orthotopic glioma model was established, and mice were pretreated or not with STF083010 (20 mg/kg/day) 7 times through intraperitoneal
injection 1 week after tumor inoculation. Mice were also treated or not with the M1 virus (2 � 107 PFU) 6 times through tail vein injections 1 week after tumor
inoculation. (B) Expression of cleaved caspase-3 and Ki67 in orthotopic glioma tissue. Tissues derived from U87 orthotopic glioma model mice after treatment
for 3 days are shown. (C) Quantification of data from panel B. **, P � 0.01.
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tophagy induction and maturation, the processes are complex, and several autophagy-
related genes are induced. Hence, the detailed relationships between autophagy and
the oncolytic effect of M1 virus are also interesting subjects.

Above all, we found the mechanism by which malignant progression of glioma may
result in IRE1� loss and in turn render glioma cells permissive and sensitive to the
oncolytic virus M1. On the other hand, the oncolytic virus M1 synergizes with IRE1�

inhibitor to kill glioma cells. As inhibition of IRE1� does not affect the IFN antiviral
signaling and the viral replication, this combination strategy is a relatively safe ap-
proach. Thus, our findings may bring new insights into the relationships between UPR
and oncolytic viruses, and the combination of UPR pathway inhibitors with the M1 virus
may be a promising strategy for glioblastoma therapeutics.

MATERIALS AND METHODS
The alphavirus M1 used in this study was described previously (33). Briefly, M1 viruses were

propagated in Vero cells (OptiPRO SFM, 12309-019; Thermo Fisher, Waltham, MA) for 60 to 72 h after
virus infection at an MOI of 0.001. The supernatant was collected and centrifuged to remove the cell
debris. Virus titers were determined by 50% tissue culture infective dose (TCID50) in the BHK-21 cell line.
Cell lines were maintained at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and 100 �g/ml penicillin-streptomycin. Cell lines were
purchased from the American Type Culture Collection or the Shanghai Institute of Cell Biology. Primary
glioma stem cells (GSCs) were cultured in nonadhesive flasks containing DMEM-F12 supplemented with
B27 (17504044; Thermo Fisher), 20 �g/ml of both human EGF and fibroblast growth factor 2 (FGF-2)
(PHG0311 and 13256029; Thermo Fisher), and 100 �g/ml penicillin-streptomycin. The reagents used in

FIG 7 IRE1� expression in clinical glioma samples. (A) Expression of UPR pathway proteins in primary glioma cancer cells after infection with the
M1 virus. Primary glioma cells were isolated and cultured from clinical specimens. Cells were infected with the M1 virus (0.1 PFU/cell), and protein
expression levels were determined with Western blots. (B) Cell viability assay of primary glioma cells. Primary glioma cells were pretreated with
STF083010 for 1 h and then infected with the M1 virus for 48 h. (C) IRE1� expression in various stages of glioma and in normal brain. (D)
Representative images of IRE1� expression in various stages of glioma and in normal brain. *, P � 0.05; **, P � 0.01.
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this study were STF083010 (10 mM in DMSO) (S7771; Selleck), LY294002 (10 mM in DMSO) (S1105;
Selleck), and GSK2606414 (10 mM in DMSO) (S7303; Selleck).

Cell viability assay. Cells were seeded in 96-well plates at 3,000 cells per well. Cells were treated with
20 �M STF083010 or 10 �M LY294002 and then infected with the M1 virus as described in the relevant
figure legends.

Cells were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a
concentration of 1 mg/ml, and plates were further cultured at 37°C for another 3 h. The medium was
removed, and the precipitate was dissolved in 100 �l of DMSO. The optical absorbance was determined
at 570 nm using an iMark microplate reader (Bio-Rad).

RNA interference experiments. Specific siRNAs and nontargeting siRNA were synthesized by and
obtained from RiboBio, China. Cells were placed in DMEM with 10% FBS but without penicillin-
streptomycin and transfected with siRNAs using Lipofectamine RNAiMAX (Life Technologies) with
Opti-MEM (Life Technologies).

Transmission electron microscopy. U87 and U251 cells were infected with the M1 virus at 1
PFU/cell for 0, 12, 24, and 36 h. Briefly, cells were scraped from the culture flask and pelleted at 400 �
g for 5 min at room temperature. They were then resuspended and washed with phosphate-buffered
saline (PBS) once, pelleted at 600 � g for 5 min, and fixed on ice for 4 h in 0.1 M PBS (pH 7.4) containing
2.5% glutaraldehyde and 2% paraformaldehyde (PFA). Samples were then submitted to the Zhongshan
School of Medicine (Sun Yat-sen University) Electron Microscopy Facility for standard transmission
electron microscopy ultrastructural analysis.

Antibodies and Western blots. Cells were lysed, and SDS-PAGE was performed. Antibodies were
used against the following proteins: IRE1� (ab96481; Abcam), PERK (5683; Cell Signaling Technology),
ATF6� (65880; Cell Signaling Technology), eIF-2� (5324; Cell Signaling Technology), phosphorylated
eIF-2� (3398; Cell Signaling Technology), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (AP0060;
Bioworld), �-actin (AP0063; Bioworld), �-tubulin (2144; Cell Signaling Technology), phosphorylated JNK
(9255; Cell Signaling Technology), LC3B (3868; Cell Signaling Technology), ATG7 (2631; Cell Signaling
Technology), M1 E1 and NS3 (produced by Beijing Protein Innovation), Ki-67 (9449s; Cell Signaling
Technology), and cleaved caspase-3 (9664s; Cell Signaling Technology).

Caspase activity detection. The apoptosis cascade caspase-3/7 and caspase-9 activities were
determined using a Caspase-Glo assay system (Promega) according to the manufacturer’s protocols. The
results were normalized to cell viability (MTT assay).

Animal models. This study was approved by the Animal Ethical and Welfare Committee of Sun
Yat-sen University. U87 cells were inoculated orthotopically into 4-week-old female BALB/c-nu/nu mice
after intraperitoneal injection of chloral hydrate. After 5 to 7 days, mice were randomly divided into
groups. These groups were injected with vehicle, M1 (by tail vein), STF083010 (by intraperitoneal
injection), or STF083010 plus M1.

Immunohistochemistry staining. The cleaved caspase-3 and Ki-67 protein expression was charac-
terized by immunohistochemistry using specific antibodies. Briefly, tumor sections (4 �m) were dewaxed
in xylene, dehydrated in descending concentrations of ethanol, immersed in 0.3% H2O2–methanol for 30
min, washed with PBS, and probed with monoclonal antibodies (1:100) or an isotype control at 4°C
overnight. After washing, the sections were incubated with biotinylated goat anti-rabbit or anti-mouse
IgG at room temperature for 2 h. Immunostaining was visualized with streptavidin/peroxidase complex
and diaminobenzidine, and sections were then counterstained with hematoxylin. Photographs were
captured in a double-blinded fashion. We then quantified the relative protein expression with Image-Pro
Plus 6.0 software (Media Cybernetics) for at least three samples. The data were subjected to Student’s t
test for comparison with the indicated group.

Statistical analysis. All statistical analyses were performed using SPSS 13.0 software. Most of the
data were analyzed with Student’s t test or one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple post hoc tests. Unless otherwise indicated, the error bars indicate standard deviation (SD).
Significance was defined as a P value of �0.05.
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