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Abstract: Viral oncolytic therapy, involving the use of viruses that specifically target and kill cancer cells, is a promis-
ing new strategy for cancer treatment. Previous studies have demonstrated that VSV selectively infects tumor cells
due to defects of type | IFN pathway during their antiviral response. However, different cancer types display differen-
tial sensitivities to VSV oncolysis. In this study, we demonstrated that the resistance to VSV oncolysis was related to
the up-regulation of Mx1 expression in the tumor cells during VSV infection. Furthermore, down-regulation of Mx1
gene expression by siRNA could increase the oncolytic sensitivity of the tumor cells to VSV, indicating that targeting

MxZ1 in tumor cells may reverse the resistance of the tumor cells to VSV oncolytic therapy.
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Introduction

Oncolytic virotherapy is an emerging platform
for cancer therapy. Vesicular stomatitis virus
(VSV), a small unmodified RNA virus is
being developed as oncolytic agent for antitu-
mor therapies [1]. VSV specifically targets and
Kills tumor cells due in part to defective innate
antiviral host defense mechanisms in tumor
cells. Because of its high sensitivity to type |
interferon in host antiviral response, VSV is
safe for normal tissues [2]. When VSV infects
normal cells, interferon beta (IFN-B) is pro-
duced as an antiviral response by normal cells.
IFN-B, then, upregulates the expression of IFN-
stimulated antiviral genes (ISGs), such as Mx1
(myxovirus resistance 1), 2’5-0AS (2',5™-oligo-
adenylate-synthetase) and PKR (double-strand-
ed-RNA-dependent protein kinase) through
autocrine/paracrine manner and induces IFN-a
production in adjacent cells [2-4]. These pro-
teins inhibit viruses’ infection and replication
and protect adjacent normal cells from infec-
tion. However, most tumor cells have defects in
their type | interferon signaling network and as

a result are sensitive to killing by VSV and other
oncolytic viruses. VSV has shown therapeutic
promise in a variety of preclinical tumor mod-
els, such as breast cancer, hepatocelluar carci-
noma, leukemia, melanoma, ovarian cancer
and prostate cancer. However, some primary
human and murine tumor cells have been
shown to exhibit significant resistance to VSV
infection in vitro [5].

Myxovirus resistance 1 is a murine 78 kDa
GTPase protein belonging to the super family of
large GTPases, which accumulate in the cyto-
plasm in response to IFNa/B [6]. Mx1 protein is
able to inhibit a broad spectrum of negative-
stranded RNA viruses, including vesicular sto-
matitis virus, influenza virus, Thogoto virus,
measles virus, and bunya virus in vitro [7]. Mx1
is exclusively induced in a dose-dependent
manner by type | IFNs in 1-2 hours and reaches
the maximum level within 36 hours. The coun-
terpart of Mx1 is Myxovirus resistance protein A
(MxA) in human, which has been identified as a
marker correlated with resistance to oncolytic
adenovirus [8].
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Tumor cells resistance to oncolytic VSV could
also be due to the activation of the type | inter-
feron pathway and the down-stream proteins,
such as Mx1, could mediate this process. In the
current study, we confirmed that Mx1 expres-
sion was significantly induced in the resistant
tumor cell line during oncolytic VSV infection,
while the increase was relatively modest in the
sensitive cell lines. Moreover, we demonstrated
that siRNA mediated down-regulation of Mx1
gene expression in tumor cells could signifi-
cantly improve the sensitivity of tumor cells to
oncolytic VSV infection.

Materials and methods
Cell lines

RAW264.7 (murine leukemia virus-induced
macrophage tumor cell line), Hepal-6 (murine
hepatocellular carcinoma), B16 (murine mela-
noma), and BHK-21 (hamster kidney fibro-
blasts) were all obtained from Cell Bank,
Chinese Academy of Sciences (Shanghai,
China) and were cultured in RPMI1640 or
DMEM (Invitrogen, Carlsbad, CA) containing 50
mM 2-mercaptoethanol (2-ME), 1% penicillin,
streptomycin, and 10% FBS (HyClone, Thermo
Scientific, Tauranga, New Zealand) in a humidi-
fied atmosphere at 5% CO, and 37°C.

Virus amplification and quantification

The wild type VSV was amplified in BHK-21
cells. Briefly, the cells were infected with 100
ul-500 pl virus, and collected as 90% cyto-
pathogenic effect (CPE) appeared. The freeze-
thawed cells were then subjected to centrifuga-
tion at 12,000 rpm for 30 min. The virus-
containing supernatants were then collected
and stored at -80°C, and the virus titers were
determined with standard plaque assay. The
calculated virus titer used in the experiments
was 9.5x10° pfu/mL.

TCIDSO assay

Cells were seeded in 96-well plates at a density
of 5,000 cells per well. After 24 h, virus sam-
ples were serially diluted with basal DMEM and
the tumor cells were infected with 100 pL of
10-fold serial dilutions of the virus samples.
The cells were incubated at 37°C for 4 days.
The cytopathic effect on cells in each well was
observed using light microscopy. The TCID50
values were calculated by the Reed-Miench
method.
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MTT assay

RAW264.7, HEPA1-6 or B16 cells were seeded
in 96 well plate at a density of 5,000 cells per
well. Sets of 5-wells were used for each dose.
20 ul of MTT solution (5 mg/ml, Sigma Aldrich,
St. Louis, MO) was added to each well at 24 hr
and 48 hr. After cells were incubated at 37°C
for another 4 h, the medium was removed and
150 pyl DMSO was added to solubilize the
formazan. Finally, the absorbance (OD) was
measured at 490 nm using a multiwell plate
reader (Bio-Rad Benchmark Plus, BioRad
Laboratories, Gladesville, NSW, Australia).

RT-PCR assay

The total RNA of tumor cells were extracted
with Trizol reagent (Invitrogen, Carlsbad, CA)
and cDNA was synthesized by using Superscript
II® Reverse Transcription system (Invitrogen,
Carlsbad, CA). Primer sequences of Mx1 and
GAPDH were as follow: Mx1, 5-GTATTGACCT-
CATCGACACACTG-3’ (forward), 5'-CACTTGACTA-
TCATGTAGCCCTT-3’ (reverse); GAPDH, 5-TCAA-
CGGCACAGTCAAGG-3’ (forward) and 5-ACCAG-
TGGATGCAGGGAT-3’ (reverse). Amplification
conditions were as follows: a single cycle of
94°C for 5 min followed by 25 cycles of 94°C
for 30 s, 59°C for 30 s, and 72°C for 30 s, and
the final single cycle of 72°C extension for 7
min. PCR products were separated by electro-
phoresis in the 2% agarose gel.

SiRNA synthesis and transfection

Transfection of tumour cells with siRNA was
performed using Lipofectamine™ 2000 (Invi-
trogen, Carlsbad, CA). A siRNA Kit of Mx1 gene
was purchased from Shanghai GenePharma
Co, Ltd. siRNA duplexes used were as follows:
control siRNA was non-targeting siRNA (UU-
CUCCGAACGUGUCACGUTT and ACGUGACAC-
GUUCGGAGAATT) and were labeled with
FAM. siRNA sequences targeting Mx1 (NM_
010846.1) were designed by software, and 3
pairs of siRNA were synthesized by the
Genepharma (Shanghai, China). Sequence of
Mx1 siRNA_1 were CUAUUGGAAGAUCAA-
AUAATT and antisense, UUAUUUGAUCUUCCA-
AUAGTG; Mx1 siRNA_2 were GAAGUACGGU-
GCAGACAUATT and UAUGUCUGCACCGUACU-
UCTG, and Mx1 siRNA_3 were CAGGACCAGG-
UUUACAAGGAA, and UUCCUUGUAAACCUGGU-
CCUG, respectively. The transfection efficiency
was determined by Laser scanning cytometry
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Figure 1. Inducible Mx1 expression in tumor cells was correlated with the sensitivity to VSV oncolysis. Tumor cell
lines were treated with VSV for 48 h. A. The TCID50 was determined. B. The percent inhibition was calculated by
MTT assay. C. The expressions of Mx1 were determined by RT-PCR before and after 1x10* pfu/mL VSV infection.
GAPDH was used as the loading control. D. Quantification of Mx1 expressions normalized by GAPDH. The data were

the representatives of three experiments.

(CompuCyte Corp, Cambridge, MA). The trans-
fected nucleus was stained with DAPI.

Statistical analysis

Each experiment was repeated at least three
times, and the data were expressed as the
mean * SD. Analysis was conducted with
GraphPad Prism version 6.0 (GraphPad Sof-
tware). Significance between two groups was
analyzed using the unpaired two-tailed t test
(*P<0.05).

Results

Inducible Mx1 expression in tumor cells was
correlated with the sensitivity to VSV oncolysis

In order to identify the molecules critical for the
sensitivity to VSV oncolysis, we performed
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assays to screen tumor cell lines for different
sensitivities. The results showed that B16 cells
had the highest viral load and the cell prolifera-
tion was significantly reduced with VSV infec-
tion (Figure 1A, 1B). RAW264.7 cells showed
the lowest viral load and the cell proliferation
was not affected VSV infection, suggesting
strong resistance to VSV oncolysis. Hepal-6
was in the middle with the modest sensitivity to
VSV. Therefore, the three cell lines exhibited dif-
ferential sensitivity to VSV oncolysis. We then
analyzed the expressions of Mx1 gene during
VSV infection (Figure 1C, 1D). The results
showed that the Mx1 expressions were slightly
increased in B16 and Hepal-6 cells during VSV
oncolysis. However, there was a five-fold
increase of Mx1 expression in RAW264.7 cells
24 hours after VSV infection, suggesting the
up-regulation of Mx1 may be involved in the
resistance to VSV oncolysis.
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Figure 2. Down-regulation of Mx1 expression increased the oncolytic sensitivity of the tumor cells. A. Knockdown of
Mx1 expression in RAW264.7 cells by siRNA determined by RT-PCR. B. Quantification of Mx1 expressions normal-
ized by GAPDH. C. RAW264.7 cells with or without Mx1 knockdown were infected with 9.5%x10° pfu/mL VSV and the
cell viability was determined by MTT. D. B16 cells with or without Mx1 knockdown were infected with 9.5 pfu/mL VSV
and the cell viability was determined by MTT. The data were the representatives of three experiments.

Down-regulation of Mx1 expression increased
the oncolytic sensitivity of the tumor cells

In order to confirm the role of Mx1 in VSV oncol-
ysis resistance, we transfected to RAW264.7
cells with siRNAs designed to specifically knock
down Mx1. All 3 siRNAs have been successfully
transfected into the target cells, and the trans-
fection rate was about 70% as detected by the
reporter fluorescence expression (data not
shown). Two of the siRNAs could effectively
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knock down the Mx1 gene as detected by
RT-PCR (Figure 2A, 2B). SiRNA #3 was selected
in the following experiments. The RAW264.7
cells transfected with siRNA #3 or control siRNA
were challenged by VSV (Figure 2C) and the
MTT assay was performed to analyze the onco-
lytic sensitivity of the tumor cells. The results
showed that oncolytic sensitivity to VSV infec-
tion was increased about 35% by suppressing
Mx1 expression in RAW264.7 cells. To test
whether Mx1 down-regulation could also
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increase the oncolytic sensitivity of the tumor
cells which were already sensitive to VSV, the
B16 cells were also transfected with siRNA #3
and infected with lower dose of VSV (Figure
2D). The result showed that there was also a
30% increase of the sensitivity to VSV oncoly-
sis. Therefore, Mx1 was critically involved in the
resistance of VSV oncolysis of the tumor cells.
Down-regulation of Mx1 gene could be a feasi-
ble way to increase the tumor cell sensitivity to
VSV oncolysis.

Discussion

VSV is known to infect a wide range of cell
types. In normal cells, VSV replication is usually
thwarted by innate immune response mecha-
nisms. However, in tumor cells, VSV rapidly rep-
licates to very high levels, and eventually lyse
the tumor cells. This current study compared
the oncolytic activity of VSV in several murine
tumor cell lines, and investigated the relation-
ship between the oncolytic resistance and the
Mx1 expression in tumor cells. We found that
the oncolytic efficiencies of VSV varied in differ-
ent tumor cell types. This variation could be
due to the different degrees of defects in anti-
viral innate immune responses in tumor cells,
involving the IFN system or IFN-induced genes.

The Mx1 protein and its homologous protein in
human, called Myxovirus-resistance protein A
are induced specifically by type | IFN, which
were known to exert an antiviral effect by tar-
geting specific yet poorly defined steps of the
viral replication cycle [9, 10]. It has been shown
using the microarray analysis that MxA expres-
sion could be a marker correlating with resis-
tance to oncolytic adenovirus [8]. Our data
demonstrated that the basal level of Mx1
expression was not critical for the oncolytic
resistance. However, the inducible Mx1 expres-
sion level was closely related with the oncolytic
resistance of the tumor cells.

Many tumor cells exhibited significant resis-
tance to VSV oncolysis [11-14], and high titers
of VSV were needed for oncolytic therapy in
vivo. However, some neurologic complications
often appeared after high titers of VSV infec-
tion in vivo [15, 16]. Viral expansion in vitro is
also a challenge for human oncolytic therapy.
Therefore, increasing the tumor oncolytic sen-
sitivity and lowering the therapeutic viral titers
are necessary for future oncolytic treatment.
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Targeting Mx1 gene expression in tumor cells
could provide an effective way of increasing the
oncolytic sensitivity. Our results warrant further
studies for combined Mx1 silencing and VSV
oncolysis in animal tumor models.

Acknowledgements

This work has been supported by the grants
from National Natural Science Foundation of
China (81273268, 81471586), the project
funding from Suzhou city (SWG0904), Priority
Academic Program Development of Jiangsu
Higher Education Institutions.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Haiyan Liu, Im-
munology Programme, Life Sciences Institute and
Department of Microbiology, National University of
Singapore, Singapore 117456, Singapore. Tel: 65-
65166661; Fax: 65-67782684; E-mail: micliuh@
nus.edu.sg

References

[1]  Westcott MM, Liu J, Rajani K, D’Agostino R Jr,
Lyles DS and Porosnicu M. Interferon Beta and
Interferon Alpha 2a Differentially Protect Head
and Neck Cancer Cells from Vesicular Stomati-
tis Virus-Induced Oncolysis. J Virol 2015; 89:
7944-7954.,

[2] Choi UY, Kang JS, Hwang YS and Kim YJ. Oli-
goadenylate synthase-like (OASL) proteins:
dual functions and associations with diseases.
Exp Mol Med 2015; 47: e144.

[3] Verhelst J, Hulpiau P and Saelens X. Mx pro-
teins: antiviral gatekeepers that restrain the
uninvited. Microbiol Mol Biol Rev 2013; 77:
551-566.

[4] Dalet A, Gatti E and Pierre P. Integration of
PKR-dependent translation inhibition with in-
nate immunity is required for a coordinated
anti-viral response. FEBS Lett 2015; 589:
1539-1545.

[5] Moerdyk-Schauwecker M, Shah NR, Murphy
AM, Hastie E, Mukherjee P and Grdzelishvili
VZ. Resistance of pancreatic cancer cells to
oncolytic vesicular stomatitis virus: role of type
| interferon signaling. Virology 2013; 436: 221-
234.

[6] WuK, LiuP, Guo B, Zhang, Zhao L, Yang J and
Liu H. A monoclonal antibody specific to hu-
man myxovirus resistance protein A. Hybrid-
oma (Larchmt) 2010; 29: 31-36.

[71 Mundt E. Human MxA protein confers resis-
tance to double-stranded RNA viruses of two

Int J Clin Exp Med 2016;9(2):3741-3746


mailto:micliuh@nus.edu.sg
mailto:micliuh@nus.edu.sg

(8]

(9]

(10]

(11]

(12]

3746

Increased oncolytic sensitivity by Mx1-downregulation

virus families. J Gen Virol 2007; 88: 1319-
1323.

Liikanen |, Monsurro V, Ahtiainen L, Raki M,
Hakkarainen T, Diaconu |, Escutenaire S, Hem-
minki O, Dias JD, Cerullo V, Kanerva A, Pe-
sonen S, Marzioni D, Colombatti M and Hem-
minki A. Induction of interferon pathways
mediates in vivo resistance to oncolytic adeno-
virus. Mol Ther 2011; 19: 1858-1866.
Pavlovic J and Staeheli P. The antiviral poten-
tials of Mx proteins. J Interferon Res 1991; 11:
215-219.

Pavlovic J, Haller O and Staeheli P. Human and
mouse Mx proteins inhibit different steps of
the influenza virus multiplication cycle. J Virol
1992; 66: 2564-2569.

Samuel S, Beljanski V, Van Grevenynghe J,
Richards S, Ben Yebdri F, He Z, Nichols C, Belg-
naoui SM, Steel C, Goulet ML, Shamy A, Brown
D, Abesada G, Haddad EK and Hiscott J. BCL-2
inhibitors sensitize therapy-resistant chronic
lymphocytic leukemia cells to VSV oncolysis.
Mol Ther 2013; 21: 1413-1423.

Hastie E, Cataldi M, Steuerwald N and Grdzel-
ishvili VZ. An unexpected inhibition of antiviral
signaling by virus-encoded tumor suppressor
p53 in pancreatic cancer cells. Virology 2015;
483: 126-140.

(13]

(15]

(16]

Cronin M, Le Boeuf F, Murphy C, Roy DG, Falls
T, Bell JC and Tangney M. Bacterial-mediated
knockdown of tumor resistance to an oncolytic
virus enhances therapy. Mol Ther 2014; 22:
1188-1197.

Cataldi M, Shah NR, Felt SA and Grdzelishvili
VZ. Breaking resistance of pancreatic cancer
cells to an attenuated vesicular stomatitis vi-
rus through a novel activity of IKK inhibitor
TPCA-1. Virology 2015; 485: 340-354.

Reiss CS, Plakhov IV and Komatsu T. Viral rep-
lication in olfactory receptor neurons and entry
into the olfactory bulb and brain. Ann N Y Acad
Sci 1998; 855: 751-761.

Quiroz E, Moreno N, Peralta PH and Tesh RB. A
human case of encephalitis associated with
vesicular stomatitis virus (Indiana serotype) in-
fection. Am J Trop Med Hyg 1988; 39: 312-
314.

Int J Clin Exp Med 2016;9(2):3741-3746



