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An RNA Molecule Derived From Sendai Virus DI
Particles Induces Antitumor Immunity and Cancer

Cell-selective Apoptosis

Li-Wen Liu', Tomoyuki Nishikawa' and Yasufumi Kaneda'

'Division of Gene Therapy Science, Graduate School of Medicine, Osaka University, Osaka, Japan

Inactivated Sendai virus (hemagglutinating virus of
Japan; HVJ]) envelope (HVJ-E) induces anticancer immu-
nity and cancer cell-selective apoptosis through the
recognition of viral RNA genome fragments by retinoic
acid-inducible gene-l (RIG-I). Here, we discovered that
the “copy-back” type of defective-interfering (DI) par-
ticles that exist in the Cantell strain of HV) induced the
human PC3 prostate cancer cell death more effectively
than the Sendai/52 strain or Cantell strain, which con-
tain fewer DI particles. DI particle genomic RNA (~550
bases) activated proapoptotic genes such as Noxa and/or
TNF-related apoptosis-inducing ligand (TRAIL) in human
prostate cancer cells to induce cancer cell-selective apop-
tosis. DI particle-derived RNA was synthesized by in vitro
transcription (in vitro transcribed (IVT)-B2). IVT-B2 RNA,
which has a double-stranded region in its secondary
structure, promoted a stronger anticancer effect than
IVT-HN RNA, which does not have a double-stranded
region in its secondary structure. The intratumoral trans-
fection of IVT-B2 significantly reduced the volume of a
human prostate tumor and induced tumor cell apoptosis
in the xenograft mouse model. Moreover, the involve-
ment of natural killer (NK) cells in IVT-B2-RNA-induced
anticancer effects was also suggested. These findings
provide a novel nucleic acid medicine for the treatment
of cancer.
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INTRODUCTION
Cancer therapy has been widely explored for many years. However,
the commonly used cancer treatments such as chemotherapy and
radiation therapy occasionally induce severe side effects and/or
drug resistance. The systemic administration of anticancer drugs
occasionally attacks not only neoplastic cells but also somatic
cells. Therefore, the development of a novel treatment that is more
efficient in suppressing cancer cells with minimal side effects is an
extremely important issue.

Prostate cancer is the most prevalent cancer among males
in the United States. The current treatments for prostate cancer
induce various urinary and systemic side effects.! Moreover, in its

initial stages, prostate cancer is responsive to androgen depriva-
tion therapy, which is accomplished by surgical or medical cas-
tration. However, subsequent to androgen deprivation therapy,
prostate cancers relapse and become castration resistant in many
cases despite reduced circulating testosterone levels.?

Currently, various types of oncolytic virotherapy have been
developed. Some viruses, such as Newcastle disease virus (NDV)
and human reovirus, revealed that tumor cells were preferen-
tially infected®*; other genetically engineered viruses, for exam-
ple, adenoviruses with E1B-55-kDa or E1A-CR2 deletions, have
also been investigated for cancer treatment.”” However, live and
attenuated virus treatments in cancer still have safety problems.
We have already reported that a nonreplicating Sendai virus
(hemagglutinating virus of Japan) envelope (HV]-E) stimulates
anticancer immunity and cancer cell-selective apoptosis.®!
HVJ-E treatment induced anticancer immunity through the
inactivation of Tregs (regulatory T cells) and the promotion of
natural killer (NK) cell activation, which is mediated by cytokines
and chemokines such as IL6 and CXCL10.%° In cancer cells, the
mechanism of the anticancer effect was that HV]-E RNA genome
fragments are recognized by the cytoplasmic RNA receptor reti-
noic acid-inducible gene-I (RIG-I) and trigger the downstream
mitochondrial antiviral signaling (MAVS) protein to activate
various transcription factors, such as interferon regulatory fac-
tor (IRF) 3 and 7. Through this signaling pathway, cancer cell-
selective apoptosis was induced by activating proapoptotic genes
such as TNF-related apoptosis-inducing ligand (TRAIL) and
Noxa."'? RIG-I is a cytoplasmic pattern recognition receptor
that is responsible for the detection of pathogenic nucleic acids.
Previous studies demonstrated that RIG-I is essential for inter-
feron (IFN) production in innate antiviral responses to several
RNA viruses, including the paramyxoviruses, influenza virus,
and Japanese encephalitis virus."** HV] Cantell strain-mediated
dendritic cell (DC) maturation requires signaling through RIG-1.”
In addition, a study has demonstrated that RIG-I mainly recog-
nizes shorter double-stranded RNA (dsRNA; ~300bp to 1kb),
while Melanoma Differentiation-Associated protein 5 (MDA5)
is responsible for recognizing longer dsRNA (>1kb) trigger-
ing downstream type-I IFNs during antiviral responses.'® It has
been proven that the carboxy-terminal domain of RIG-I binds to
5’-triphosphate dsRNA or ssRNA. Compared with the overhangs
of dsRNA and ssRNA with 5’-triphosphate, the blunt dsRNA
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with 5’-triphosphate displays the highest affinity for RIG-I and is
a very effective activator of RIG-1.17*

The virus RNA pathogen-associated molecular patterns
characteristics of oncolytic virotherapy are not well under-
stood. In a previous study, the Cantell strain of HV] promoted
greater DC maturation and type-I IFN production than the
Sendai/52 strain (Z strain) of HVJ or a dose of influenza virus.
It has been proven that viral defective-interfering (DI) particles
in the Cantell strain of HV] contribute to the Toll-like recep-
tor (TLR)-independent immunostimulatory ability."”* Cantell DI
particles contain incomplete viral genomes and are generated
through errors in viral replication.” During viral replication,
Cantell strain HV] DI genomes, which replace the weaker 3" end
genomic replication promoter in their minus strands with the
stronger antigenomic promoter, are known as a “copy-back”
type of DI genome.” The copy-back type of DI particle RNA
genome in the Cantell strain of HVJ has complementary ter-
mini (~100 bases), which forms the stem region of the frying
pan-shaped secondary RNA structure and exhibits the highest
binding affinity to RIG-1.2*

In this study, the virus RNA pathogen-associated molecu-
lar patterns characteristics of those in cancer treatment were
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clarified through investigating the DI particle RNA genome
with respect to its anticancer effect. The DI RNA genome
of the Cantell strain of HV] played an important role in the
induction of IFN-B, the expression of proapoptotic proteins,
and the promotion of cancer cell death. We also demonstrated
that IVT DI RNA with 5’-triphosphate according to the Cantell
HV] DI genome sequence would be an effective anticancer
reagent by inducing both antitumor immunity and cancer-cell
apoptosis.

RESULTS

B-Propiolactone-treated Cantell strain HV) induced
the RIG-I/MAVS signaling pathway and proapoptotic
proteins expression in cancer cells

To determine the RNA genomic component of inactivated
HVJ particles, isolated viral RNAs were examined via elec-
trophoresis. The viral replication of HV] was inactivated by
B-propiolactone (BPL) treatment without breaking down the
RNA genome. The complete viral genome RNA (~15kb) was
found in both the BPL-Neo-Z strain HV] (BPL-Neo-Z-HVJ)
and BPL-Cantell strain HV] (BPL-Cantell-HVJ), but only
the BPL-Cantell-HV] presented the DI RNA genome, which
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Figure 1 Inactivated-Cantell strain HV) stimulated the RIG-I/MAVS signal pathway and proapoptotic proteins expression in cancer cells.
(a) Inactivated-HV) RNAs were isolated from UV-irradiated Z strain HV| (Z-HVJ-E), B-propiolactone (BPL)-treated Neo-Z or Cantell strain HVJ]. The
upper arrow indicates the HV] genome RNA (~15,000 nucleotides); the lower arrow indicates the DI genome RNA (~500 nucleotides). (b) Mouse
splenocytes were stimulated with Z-HVJ-E, BPL-Neo-Z, or BPL-Cantell strain HV) at a multiplicity of infection (MOI) of 1,000. Mouse IFN-f secretion
was detected via an ELISA at 72 hours after inactivated HV| treatment. “NC"” indicates cells that were treated with phosphate-buffered saline only.
(c) PC3 cells were treated with inactivated HVJ at 1,000 MOI. IFN-f secretion was detected via an ELISA 24 hours later. The mean values + SD are
shown (n=4). *P<0.05. **P < 0.01. (d) RIG-I, MAVS, Noxa, and TRAIL expression in PC3 cells was examined by western blot analysis. ELISA, enzyme-

linked immunosorbent assay.
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had a much lower molecular weight than the genomic RNA  The viral RNA from the DI particle-rich fraction was
(Figure 1a, ~500 nucleotides). The Z strain HVJ-E (Z-HVJ-E)  more efficient than Z-HVJ-E or Cantell strain BPL-HV])
was treated with UV irradiation, and the genomic RNA frag- RNA for cancer cell-selective induction of Noxa and
ments of various sizes are depicted in Figure 1a. The expression =~ TRAIL

of IFN-f in mouse splenocytes was analyzed (Figure 1b). BPL-  The BPL-Cantell-HV] (BPL-Can-total) was purified from Cantell
Cantell-HV]J treated splenocytes induced a significantly higher  strain HVJ-infected chorioallantoic fluid by centrifugation after
level of IFN-B production than that observed in UV-irradiated  the inactivation of viral replication. Because DI particles have a
Z-HV]J-E- and BPL-Neo-Z-HV]-treated splenocytes. In addi- lower density than the standard HVJ particles, the supernatant
tion, the BPL-Cantell-HV] treatment promoted a higher level  fraction of the chorioallantoic fluid contained a higher DI particle/
of IFN-f secretion in PC3 prostate cancer cells (Figure 1c) and  standard viral particle ratio (BPL-Can-DI-rich) after the centrifu-
A549 lung cancer cells (Supplementary Figure S1) than treat-  gation.'">** Viral RNA was isolated from the BPL-Can-total or BPL-
ment of the cells with Z-HV]J-E or BPL-Neo-Z-HV]. The protein  Can-DI-rich viral fractions; a higher ratio of DI/complete genomic
expression levels of RIG, MAVS, TRAIL, and Noxa in PC3 cells  RNA was observed in the BPL-Can-DI-rich fraction (Figure 2a).
were evaluated. As shown in Figure 1d, RIG-I and MAVS were A smaller amount of RNA was contained in the BPL-Can-DI-rich
upregulated by treatment with Z-HVJ-E, BPL-Neo-Z-HVJ, or  group than in the BPL-Can-total and Z-HVJ-E samples because
BPL-Cantell-HVJ. BPL-Cantell-HV] induced significantly more =~ more DI particles were present in the Can-DI-rich fraction than
Noxa and TRAIL expression than Z-HVJ-E or PL-Neo-Z-HV]  the standard HV] fractions (Supplementary Figure S2). The
in PC3 cells. Previous studies proved that RNA fragments of = BPL-Cantell strain HV] RNAs or UV-irradiated Z HVJ-E RNA
UV-irradiated Z strain HVJ-E promote cell apoptosis via the  was transfected into PC3 cells (Figure 2a,b). The induction of
cytoplasmic RNA receptor, RIG-1."* Additionally, HV] DIRNA  PC3 cell death that was caused by the viral RNA transfection
was observed to preferentially associate with RIG-I in the con-  from the BPL-Can-DI-rich fraction was more effective than the
text of infections.”® Then, we examined whether the DI RNA  Z-HVJ-E or BPL-Can-total RNA treatment groups. In addition,
genome in the Cantell strain of HV] could be the primary  cancer cell-specific induction of proapoptotic protein was exam-

inducer of proapoptotic protein expression in cancer cells. ined (Figure 2c). In the PC3 cells, transfection with HV] RNA
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Figure 2 The HV] RNA from the DI particle-rich fraction was more efficient than Z or Cantell stain HV] RNA for promoting cancer cell death
and cancer cell-selective induction of Noxa and TRAIL. (a) HV) RNAs were isolated from Z-HV]J-E, B-propiolactone (BPL)-treated Cantell strain HV|
(BPL-Can-total), or the Cantell strain DI particle-rich fraction (BPL-Can-DI-rich). The upper arrow indicates the size of the HV] genome RNA; the lower
arrow indicates the size of the DI genome RNA. (b) The HV] RNAs (0.067 ng/ml) were transfected into PC3 cells. Cell survival was assessed with a MTS
assay at 48 hours after RNA transfection. (c) HV] RNAs were transfected into PC3, DU145, or PNT2 cells. The expression levels of Noxa and TRAIL were
then assessed by western blot analysis 24 hours after RNA transfection. “Lipo” indicates cells that were treated with Lipofectamine RNAIMAX without
RNA. *P < 0.05; **P < 0.01. MTS, 3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt.
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from the BPL-Can-DI-rich fraction increased TRAIL expression;
and Noxa was upregulated to a higher degree in both the PC3 and
DU145 prostate cancer cells that were transfected with RNA from
the BPL-Can-DI-rich fraction. However, neither of the proapop-
totic proteins, Noxa and TRAIL, was induced in noncancerous
prostate epithelial PNT2 cells after transfection with the same
inactivated HV] RNAs (Figure 2c). These results suggest that DI
RNA genome from the Cantell strain of HV] could play a role
in promoting cancer cell death and inducing cancer cell-specific
expression of proapototic proteins.

The effect of gel-extracted Cantell strain HV] DI RNA
on cancer cells

Next, the role of the DI RNA genome in the anticancer effect
was confirmed with gel-extracted DI RNA. Cantell strain HV]
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DI RNA (DI) and whole genomic RNA (G) were separated by
agarose gel electrophoresis to purify each RNA (Figure 3a).
DI RNA-transfected PC3 cells expressed a significantly higher
level of IFN-B than the liposome control and whole-genome
RNA-transfected cells (Figure 3b). Moreover, transfection with
the gel-extracted DI RNA significantly induced cell death com-
pared with the Cantell whole-genome RNA transfected PC3 cells
(Figure 3c). The expression levels of RIG-I/MAVS-related pro-
apoptotic proteins were evaluated in PC3 cells (Figure 3d). Higher
levels of Noxa and TRAIL expression were induced by transfection
with the gel-extracted DI RNA. Furthermore, caspase-3 expres-
sion, a critical apoptosis executioner, was also analyzed in PC3
cells. The expression of the active form of caspase-3 was signifi-
cantly upregulated by transfection with the gel-extracted DI RNA
(Figure 3d). Similar results were observed in MDA-MB-231 cells
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Figure 3 Gel-extracted DI RNA was more efficient than Cantell strain HV] whole-genome RNA for cancer cell killing and the induction of apop-
tosis-related proteins expression. (a) HV) RNA was isolated from B-propiolactone (BPL)-treated Cantell strain HV] and was separated by RNase-free
agarose gel electrophoresis. The Cantell HV] whole genome RNA or DI genome RNA was extracted from the agarose gel and was confirmed by
RNase-free agarose gel electrophoresis. Lane 1: gel-extracted Cantell HV] whole genome RNA (G); lane 2: gel-extracted Cantell HV| DI genome
RNA (DI). The upper arrow indicates the size of the HV] whole-genome RNA; the lower arrow indicates the size of the DI genome RNA. (b) The gel-
extracted Cantell HV] whole genome or the DI RNA (0.067 ng/ml) was transfected into PC3 cells. IFN-B secretion was detected in the cell culture
medium with an ELISA 48 hours after RNA transfection. The mean + SD is shown (n = 3). (c) The gel-extracted Cantell HV] whole genome or the DI
RNA (0.067 ng/ml) was transfected into PC3 cells. The cell survival was assessed with a MTS assay 48 hours after RNA transfection. The mean + SD
is shown (n = 3). *P < 0.05; **P < 0.01. (d) Expression levels of RIG-I, MAVS, Noxa, TRAIL, and caspase-3 in the PC3 cells were measured by western
blot analysis 24 hours after RNA transfection. ELISA, enzyme-linked immunosorbent assay. MTS, 3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt.

138

www.moleculartherapy.org vol. 24 no. 1 jan. 2016



© The American Society of Gene & Cell Therapy

that were transfected with the gel-extracted Cantell strain HV]
DI and whole genomic RNA (Supplementary Figure S3). The
same amount of gel-extracted DI RNA induced a higher level of
expression of those apoptosis-related proteins and more cell death
than the whole-genome RNA did. These results suggest that in the
Cantell strain HVJ, the DI RNA genome rather than the standard
whole genomic RNA plays a predominant role in the induction
of IFN-f and RIG/MAVS signal-related proapoptotic proteins
expression in cancer cells.

IVT-DI RNA-induced cancer cell death and the
expression of apoptosis-related proteins in PC3 cells
Next, we examined whether the specific secondary structure of the
DI RNA genome stimulates the RIG-I/MAVS downstream-related
cancer suppressive pathways using HVJ-derived IVT RNAs. DI
RNA (IVT-B2) and control RNA (IVT-HN) with 5’-triphosphate
were produced by in vitro transcription. As shown in
Supplementary Figure S4, the IVT-RNA secondary structures
were predicted according to the RNA sequences. IVT-B2 had
a nearly inverted repeat sequence at each end, which formed a
secondary structure with a dsRNA terminus and an ssRNA loop;
the IVT-HN sequence, which was from part of the Z strain HV]
HN gene, had no specific secondary structure. In Figure 4a,
both IVT-B2 and IVT-HN were the same size as the viral DI
RNA genome of the Cantell strain HV] (BPL-Can-total). When
the IVT-HN control RNA was transfected into PC3 cells using
the same amount as with the IVT-B2 transfection, the cell death
was not significantly up-regulated compared with the liposome
only control (Figure 4b). In contrast, the transfection of IVT-B2
into the PC3 cells resulted in significant induction of cell death
(Figure 4b), but IVT-B2 had no impact on cell viability in PNT2
cells, human keratinocyte cell line, and bovine aortic endothe-
lial cell line (Figure 5a and Supplementary Figure S5). RIG-1/
MAVS-related downstream proapoptotic protein expression was
evaluated in the PC3 cells transfected with the IVT RNAs or HV]
RNAs (Figure 4c). TRAIL, Noxa, and the active form of caspase-3
were significantly upregulated in IVT-B2-transfected PC3 cells
compared with the IVT-HN-transfected cells, a similar result
was observed in MDA-MB-231 and A549 cells (Supplementary
Figure S6). As shown in Figure 4d, the IVT-B2-induced expres-
sion of TRAIL, Noxa, the active form of caspase-3, and IFN-3
was attenuated by the transfection of RIG-I siRNA. These results
indicated that the IVT-B2 RNA, which was derived from the HV]
copy-back DI sequence, induced proapoptotic proteins expression
in prostate cancer cells through the RIG-I pathway.

In addition, whether IVT-B2 RNA triggers chemoattrac-
tion and immunostimulation was examined in dendritic cells.
After the transfection of IVT-B2 or IVT-HN into murine bone
marrow dendritic cells (BM-DCs), the secretion of IFN-f and
CXCL10 was evaluated. As illustrated in Figure 4e, the secre-
tion of both IFN- and CXCL10 were significantly increased
in the IVT-B2-transfected BM-DCs compared with the
IVT-HN-transfected cells. These results suggested that IVT-B2
RNA had the potential to promote chemoattraction and immu-
nostimulatory capabilities of BM-DCs as previously reported
using HVJ-E.? Next, we analyzed the RNA structure required for
cancer-cell killing.

Molecular Therapy vol. 24 no. 1 jan. 2016
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The double-stranded stem region of IVT-B2 was
essential for selective cytotoxicity to cancer cells

HV] DI-derived IVT RNA was modified to generate smaller sized
IVT RNAs, IVT-R6 and IVT-L2, by deleting 3" (nucleotides 95-
272) or 5" (nucleotides 273-450) portions of the ssRNA region
in IVT-B2 (Supplementary Figure S4). The IVT-R6 and IVT-L2
RNAs transfection also resulted in the selective cancer cell killing
effect (Figure 5a); additionally, RIG-I-dependent IFN- secretion
was stimulated by transfecting IVT-R6 and IVT-L2 into PC3 cells
(Figure 5b). On the other hand, IVT-SB26 and IVT-SB17 with
shorter dsRNA regions (26bp and 17bp long) and the identical
ssRNA loop region of IVT-B2 (Supplementary Figure S4) were
constructed and synthesized in vitro. As shown in Figure 5¢,d,
IVT-SB17 had no activity of cancer cell killing and hardly upreg-
ulated the expression of proapoptotic genes such as Noxa and
TRAIL. Transfection of IVT-SB26 showed a partial response
in the induction of cancer cell death and proapoptotic proteins
expression compared with IVT-B2.

The 5’-triphosphate of RNA plays a role in the recognition
of pathogenic RNA genomes by RIG-1.* We confirmed that calf
intestinal alkaline phosphatase (CIAP)-treated IVT-B2 RNA
lost the capability of inducing RIG-I/MAVS-related downstream
Noxa and TRAIL expression (Supplementary Figure S7a) and
IFN-f secretion in PC3 cells (Supplementary Figure S7b). These
results suggested that both the double-stranded stem region and
5’-triphosphate of IVT-B2 are crucial in inducing the RIG-1/
MAVS-related downstream anticancer effects. In addition, we
investigated whether the structure of HVJ-E RNA fragments
are responsible for RIG-I-mediated IFN-B secretion. When total
Z-HV]J-E RNA fragments were transfected to PC3 cells, IFN-f3 was
produced in a dose-dependent manner, but with CIAP treatment,
no IFN-B was detected (Supplementary Figure S8a). This sug-
gests that a part of UV-irradiated Z-HVJ-E RNA fragments had
5’-triphosphates. Since, theoretically, the 5’ terminal sequence
should have 5'-triphosphate, the RNA secondary structure of 5’
terminal sequence of Z strain HVJ] genome (nucleotides 1-544)
was predicted by CentroidFold. As shown in Supplementary
Figure S8b, the RNA was estimated to have double-strand stems
(18, 24, and 36bp long) in the 5" terminal sequence of HVJ
genome. The in vitro transcribed 5’ terminal 544 base RNA (IVT-
7544) induced RIG-I dependent IFN-B secretion in PC3 cells
(Supplementary Figure S8¢c).

IVT-B2 suppressed PC3 xenograft tumors and
induced intratumoral apoptosis in immunodeficient
mice

To demonstrate the in vivo anticancer effect of IVT-B2, a xeno-
graft prostate cancer model in immunodeficient CB.17-SCID
mice was established. IVT-B2 or IVT-HN RNA was intratumor-
ally transfected into xenograft PC3 tumors via in vivo electropora-
tion. As depicted in Figure 6a, the IVT-B2-transfected xenograft
PC3 tumors expressed higher levels of TRAIL than the IVT-HN-
transfected tumors. A significant increase in terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL)-positive
apoptotic cells was detected in the IVT-B2-transfected PC3
tumor (Figure 6b). The PC3 tumor growth was extensively sup-
pressed by three doses of IVT-B2 RNA (Figure 6¢). Thus, the
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3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt.

in vivo induction of intratumoral apoptosis and tumor suppres-
sion by IVT-B2 RNA in an immunodeficient mouse model were
confirmed.

Furthermore, the immunostimulatory capacity of IVT-B2
in vivo was also investigated to confirm the involvement of NK
cells in the IVT-B2-induced in vivo anticancer effect. To deplete
NK cell activity, anti-asialo-GM1 antibodies were administered to

140

CB.17-SCID mice via i.p. injections. As shown in Figure 6d, in
the control IgG antibody-treated CB.17-SCID mice, intratumoral
transfection of IVT-B2 decreased the PC3 tumor volume; in con-
trast, the IVT-B2-induced tumor suppression was significantly
impaired by anti-asialo-GM1 antibody treatment. This result sug-
gested that IVT-B2 RNA was effective in inducing anticancer NK
activity in vivo in an immunodeficient mouse model.

www.moleculartherapy.org vol. 24 no. 1 jan. 2016
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DISCUSSION

In this study, we demonstrated that HV] DI particle-derived
IVT-DI RNA induced cancer cell apoptosis through RIG-I
downstream signaling. In previous studies, viral replication was
essential in most of the oncolytic virotherapies.” However, in
our recent studies, the UV-irradiated HVJ-E without viral rep-
lication activity exhibited anticancer effects through the induc-
tion of anticancer immunity and oncolysis.** Previous studies
demonstrated that HV] encoded C proteins counteracting the
antiviral action of IFNs.?”?* The apoptosis of HVJ-infected cells
were prevented by C-protein presence through inhibition of sig-
nal transducer and activator of transcription.””* Cancer cell kill-
ing activity of live Z strain HV]J is less than that of inactivated
HVJ-E presumably due to the expression of C protein in live
HVJ-infected cells.'” The HVJ-E genomic RNA fragments pro-
moted cancer cell apoptosis by triggering RIG-I/MAVS signaling
and inducing the downstream expression of Noxa and TRAIL.
It has been reported that RIG-I preferentially recognizes shorter
dsRNA (~300bp to 1kb)."* The UV-irradiated Z-HVJ-E RNA was
a mixture that had RNA fragments of various sizes (100-8,000
nucleotides) (Figure 1a); the viral RNA fragments with shorter
sizes might be the primary inducers of RIG-I-dependent apop-
tosis. HV] Cantell strain-derived DI particles include a smaller
sized RNA genome with ~550 nucleotides, and it is reported that
the DI RNA genome is a strong inducer of RIG-I downstream
type-I IFN expression in DCs." Similarly, BPL-Cantell-HV]
without viral replication activity can induce RIG-I-related
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proapoptotic proteins expression in cancer cells (to even higher
levels than UV-irradiated Z-HVJ-E) (Figure 1d). The RNA from
the DI-rich fraction of BPL-Cantell-HV] was able to induce more
Noxa expression in both the PC3 and DU145 hormone-resistant
human prostate cancer cell lines but not in noncancerous PNT2
cells (Figure 2c). Moreover, it was confirmed that gel-extracted
DI RNA promoted cancer cell death more effectively than the
gel-extracted HV] genomic RNA. Although the gel-extracted
HVJ genomic RNA had a fractional effect on the induction of
apoptosis in PC3 cells, the DI RNA was likely the main source
of the RIG-I-dependent cancer cell death (Figure 3). Z HVJ-E-
or BPL-Cantell HV]-treated PC3 cells secreted IFN-B. In con-
trast, MDA-MB-231 cells did not secret IFN-f but transfection
with the gel-extracted DI RNA induced a significant cell death
in MDA-MB-231 cells (Supplementary Figure S3), as did
treatment with HVJ-E or BPL-Cantell HVTJ; this result was also
observed with DU145 cells (data not shown). It is suggested that
IFN- secretion in cancer cells magnifies the viral RNA-induced
cancer cell death, although this relationship is not indispensable
for leading to apoptosis. The direct induction of cancer cell apop-
tosis was attributed to the DI RNA.

Either reovirus infection or the transfection of segments of
the reovirus genome stimulates RIG-I-dependent type-I IFN
production in cells.'®** Through studying reovirus, it was clari-
fied that the viral RNA with 5'-diphosphate is sufficient to trig-
ger the IFN-B promoter, whereas RNA with 5'-triphosphate
more effectively augments the production of type-I IFNs through
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Figure 6 Transfection of IVT-B2 RNA by in vivo electroporation suppressed PC3 xenograft tumor and induced intratumoral apoptosis in immu-
nodeficient mice. A total of 5 pg of IVT-B2, IVT-HN RNA, or ddH,O only (NC) was transfected into PC3 xenograft tumors by in vivo electroporation
in CB-17/SCID mice. (a) The expression levels of RIG-I and TRAIL were evaluated by western blot analysis (right panel), and the transcription of TRAIL
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Tumor volumes are shown (mean + SD) for the IVT-B2 (n = 4), IVT-HN (n =

RIG-I recognition.® Our study proved that the 5'-triphosphate
in the HVJ-derived IVT-DI RNA was also crucial in the induc-
tion of IFN-f secretion from PC3 cells; moreover, the presence of
5’-triphosphate in the IVT-DI RNA was positively correlated with
the RIG-I-dependent expression of Noxa and TRAIL in prostate
cancer cells (Supplementary Figure S7a). Moreover, previous
studies have shown that RIG-I is activated by both 5'-triphosphate
dsRNA and ssRNA." In this study, IVT-R6 and IVT-L2 (Figure 5a)
with shorter ssRNA regions and an identical dsSRNA stem region
of IVT-B2 were constructed to determine the effective part of the
DI RNA fragment. IFN-f secretion and cancer cell-specific apop-
tosis were not affected by losing the 3" or 5" terminal ssRNA region
of the IVT-DI RNA (Figure 5a,b). The dsRNA stem region of the
IVT-DI RNA could be the most important part in triggering the
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4), and NC group (n = 3). N.S., no significant difference. *P < 0.05.

RIG-I-related anticancer effect, whereas IVT-HN with 5’-triphos-
phate failed to induce cancer cell apoptosis. Previous study reported
that a 25bp chemically synthesized dsRNA (siRNA) with blunt end
induces the expression of [FN-induced protein with tetratricopep-
tide repeats 1 (IFT1/P56) in human fibroblast cells.** In our study,
IVT-SB26 transfection induced PC3 cell death, but the effect was
less than IVT-B2 while no cell killing was seen with IVT-SB17
(Figure 5¢,d). It is likely that the minimal length of the dsRNA
stem of HV] DI-derived IVT-RNA required for RIG-I downstream
cancer cell death is between 17 and 26 bp. Taken together, both the
double-stranded stem and presence of 5'-triphosphate in the DI
RNA are essential for the induction of cancer cell-specific apoptosis.

Our prior studies have demonstrated that HVJ-E induced
the secretion of CXCL10 in DCs.” CXCL10 contributes to the

www.moleculartherapy.org vol. 24 no. 1 jan. 2016
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chemoattraction of NK cells, monocytes/macrophages, T cells,
and DCs.**** In this study, IVT-B2 transfection induced CXCL10
and IFN-f secretion in BM-DCs. The involvement of NK cells in
the IVT-B2 RNA-induced anticancer effects were proved in an NK
cell-depleted immunodeficient mouse that was transplanted with
human PC3 cancer cells (Figure 6d). Taken together, our findings
suggest that after the administration of IVT-B2 RNA, active NK
cells may be attracted to the tumor by CXCL10, and the IFN-
may enhance NK cell activity in the tumor microenvironment.

In our study, a small amount (0.067 or 1.16 ng/ml) of isolated viral
RNA or IVT-DI RNAs induced cancer cell death and RIG-I-related
apoptotic proteins expression, whereas treatment with UV-irradiated
HVJ-E or inactivated BPL-HV] required more than a hundred times
that amount of viral RNA. Moreover, DI-RNA induced apoptosis in
cancer cells but not in noncancerous cells and suppressed the growth
of xenograft tumors in vivo. DI particles of Cantell strain HV]J
contribute to the TLR-independent immunostimulatory ability.”®
Antitumor effect may be enhanced by combination of DI-RNA or
similar reagents that induce RIG-related anticancer effect with other
therapeutic drugs such as Toll-like receptor agonists.

Through studying the DI genome of the Sendai virus, the RNA
characteristics that induce cancer cell-selective apoptosis were clar-
ified. Significant tumor-suppressive effects caused by copy-back
DI genomic RNA were demonstrated. In addition, a large amount
of IVT-DI RNA could be efficiently produced in vitro. Therefore,
these findings provide an alternative way to develop a novel nucleic
acid medicine for the treatment of cancer and infectious diseases.

MATERIALS AND METHODS
Cells and mice. The hormone-resistant human prostate cancer cell
lines PC3 and DU145, the A549 human lung cancer cell line, the
MDA-MB-231 human breast cancer cell line, immortalized human epi-
dermal keratinocyte, and bovine aortic endothelial cells were purchased
from the American Type Culture Collection (ATCC, Manassas, VA). The
human normal prostate epithelial cell line PNT2 was purchased from the
European Collection of Animal Cell Cultures (Salisbury, UK). The cell
lines were maintained in Dulbecco’s modified Eagle’s medium (Nacalai
Tesque, Kyoto, Japan), with 10% fetal bovine serum (Biowest, Nuaill¢,
France), 100 U/ml penicillin, and 100mg/ml streptomycin (penicillin-
streptomycin mixed solution; Nacalai Tesque, Kyoto, Japan). Mouse sple-
nocytes and murine BM-DCs were isolated from C57BL/6N mice. The
BM-DCs were generated as previously described.” All of the cells were
incubated at 37 °C in a humidified atmosphere of 95% air and 5% CO,.
Severe combined immunodeficient (C.B-17 SCID) mice, aged 8
weeks, and C57BL/6N mice, aged 6-8 weeks, were purchased from Clea
Japan (Tokyo, Japan) and were maintained in a temperature-controlled,
pathogen-free room. All of the animals were handled according to the
approved protocols and guidelines of the Animal Committee of Osaka
University (Osaka, Japan).

Preparation of inactivated HVJs. The Z strain of HV] (VR-105 parain-
fluenza 1 Sendai/52 strain from the ATCC) was amplified in the chorio-
allantoic fluid of 10- to 14-day-old chick eggs. The Z-HV] viral particles
were then purified by centrifugation from the chorioallantoic fluid. The
purified viruses were inactivated by UV irradiation (99 mJ/cm?), as previ-
ously described.*

The PBPL-Noe-Z and PBPL-Cantell HV] were purchased from
Ishihara Sangyo, (Osaka, Japan). BPL-Noe-Z-HV] was obtained from
GenomONE-Neo Transfection Reagent (GN001). BPL-Cantell-HV] was
from GenomONE Transfection Reagent (GE001). In these Transfection
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Kits, the viral replication activity in both BPL-Noe-Z-HV] and BPL-
Cantell-HV] were inactivated by BPL.

Preparation of the inactivated HV| RNAs. Inactivated Cantell strain
HVJ (VR-907 parainfluenza 1 Cantell, Cantell strain from the ATCC)
was amplified by the same protocol as the Z strain HV] described above.
Instead of UV irradiation, the chorioallantoic fluid that contained Cantell
strain HV] was treated with 0.008% [-propiolactone for 1 hour at room
temperature to inactivate the viral replication. The supernatant of the cho-
rioallantoic fluid was retained after the purification by centrifugation of the
inactivated Cantell strain HVJ. Thus, the Cantell strain HV] DI particle-
rich fraction was generated from the supernatant of the chorioallantoic
fluid by high-speed centrifugation (~73,000 x g, 75 minutes, 4 °C).

The inactivated-HV] RNAs were isolated from UV-irradiated Z stain
HV]J (Z-HVJ-E), BPL-treated Cantell strain HV] (Can-total), or Cantell
strain HV] DI particle-rich fraction (Can-DI-rich) with ISOGEN (311-
02501; Nippon Gene, Toyama, Japan).

Preparation of agarose gel-extracted Cantell strain RNA. The
ISOGEN-isolated Cantell HV] RNA was separated into the Cantell HV]
whole-genome RNA and Cantell HV] DI genome RNA fractions using an
RNase-free electrophoresis agarose gel kit (N726-KIT; Amresco, Solon,
OH) and SeaKem GCG Agarose (50070; Cambrex Bio Science Rockland,
Rockland, ME). The RNA fractions were extracted with thermostable
(-Agarase (311-07121; Nippon Gene) and ISOGEN.

IVT RNAs. IVT RNA was produced using the T7 Quick High Yield RNA
synthesis Kit (E2050S; New England BioLabs, Ipswich, MA) according
to the manufacturer’s instructions. The RNeasy mini kit (74106; Qiagen,
Hilden, Germany) was used to clean up the produced IVT RNAs. A
template plasmid that expressed IVT-B2 RNA was constructed by PCR
amplification of the Cantell HV] DI genome sequence of Cantell HVJ-
infected A549 cells. The template plasmids that expressed IVT-HN and
IVT-Z544 RNAs were constructed from the Z strain HV] HN gene mRNA
sequence and L gene sequence, respectively, by the protocol described
above. Template plasmids that expressed IVT-R6, IVT-L2, IVT-SB26, and
IVT-SB17 RNAs were produced from the IVT-B2 plasmid by PCR ampli-
fication and the In-Fusion HD Cloning Kit (63964; Clontech Laboratories,
Tokyo, Japan). The DNA template sequences of the IVT RNA plasmids
were confirmed by Sanger dideoxy chain termination sequencing analy-
sis, and the fluorescent bases were detected with a 3100 Genetic Analyzer
(Applied Biosystems, Waltham, MA).

The template DNA sequences for the IVT RNAs were as follows:

IVT-B2: taatacgactcactataACCAGACAAGAGTTTAAGAGATATCC
ATTCTTCCAAATTTTCTTGTCTCCCTGCAAGTTCCACTTACC
ATTGTCATATGGACAAGTCCAAGACTTCCAGGTACCGCGG
AGCTTCGATCGTTCTGCACGACAGGGACTAATTATTACGAGCT
GTCATATGGCTCGATATCACCCAGTGATCCATCATCAATCACG
GTCGTGTATTCATTCTGCCTGGCCCCGAACATCCTGACCG
CCCCTAAAATCTTCATCAAAATCTTCATTTCTTTGGTGAG
GAATCCATACGTTATACTATGTATAATCCTCAAACCTGTCC
AATAAAGTTTTTGTGATAACCCTCAGGTTCCTGATCTCACG
GGATGACAATGAAACCACTCCCAATTGAAGTCTTGCCTC
AAACTTCTGGTCAGGGAATGACCCAGCCACCAATCCTGTGG
ACATAGATAAAGATAGTCTTGGACTTATCCACATGACAACAGC
AAGAAAAACTCACAAGAAGACAAGAAAATTCAAAAGAATC
AATATCTCCCAAACTCTTGTCTGGT

IVT-HN: taatacgactcactataGGGTGATACAAAATGTAGGACCCAA
GGATGCCAACAGGTGTCGCAAGACACATGCAATGAGGCTCTG
AAAATTACATGGCTAGGAGGGAAACAGGTGGTCAGCGTGATC
ATCCAGGTCAATGACTATCTCTCAGAGAGGCCAAAGATAA
GAGTCACAACCATTCCAATCACTGAAAACTATCTCGGGGCGG
AAGGTAGATTATTAAAATTGGGTGATCGGGTGTACATCTATAC
AAGATCATCAGGCTGGCACTCTCAACTGCAGATAGGAGTACTTG
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ATGTCAGCCACCCTTTGACTATCAACTGGACACCTCATG
AAGCCTTGTCTAGACCAGGAAATAAAGAGTGCAATTGGTAC
AATAAGTGTCCGAAGGAATGCATATCAGGCGTATACACTGATG
CTTATCCATTGTCCCCTGATGCAGCTAACGTCGCTACCGTC
ACGCTATATGCCAATACATCGCGTGTCAACCCAACAATCATGT
ATTCTAACACTACTAACATTATAAATATGTTAAGGATAAAGGATG
TTCAATTAGAGGCT

IVT-L2: taatacgactcactataACCAGACAAGAGTTTAAGAGATATCC
ATTCTTCCAAATTTTCTTGTCTCCCTGCAAGTTCCACTTACC
ATTGTCATATGGACAAGTCCAAGACTTCCAGGTACCGCGG
AGCTTCGATCGTTCTGCACGACAGGGACTAATTATTAC
GAGCTGTCATATGGCTCGATATCACCCAGTGATCCATCATC
AATCACGGTCGTGTATTCATTCTGCCTGGCCCCGAACATCCTG
ACCGCCCCTAAAATCTTCATCAAAATCTTCATTTCTTTGG
TGAGTCTTGGACTTATCCACATGACAACAGCAAGAA
AAACTCACAAGAAGACAAGAAAATTCAAAAGAATC
AATATCTCCCAAACTCTTGTCTGGT

IVT-R6: taatacgactcactataACCAGACAAGAGTTTAAGAGATATC
CATTCTTCCAAATTTTCTTGTCTCCCTGCAAGTTCCACTTAC
CATTGTCATATGGACAAGTCCAAGACTAGGAATCCATACGTT
ATACTATGTATAATCCTCAAACCTGTCCAATAAAGTTTTTGTG
ATAACCCTCAGGTTCCTGATCTCACGGGATGACAATGAAACC
ACTCCCAATTGAAGTCTTGCCTCAAACTTCTGGTCAGGGAAT
GACCCAGCCACCAATCCTGTGGACATAGATAAAGATAGTCTTG
GACTTATCCACATGACAACAGCAAGAAAAACTCACAAGAAGAC
AAGAAAATTCAAAAGAATCAATATCTCCCAAACTCTTGTCTGGT

IVT-SB26:

taatacgactcactataGTTGTCATATGGACAAGTCCAAGACTTCC
AGGTACCGCGGAGCTTCGATCGTTCTGCACGACAGGGACT
AATTATTACGAGCTGTCATATGGCTCGATATCACCCAGTG
ATCCATCATCAATCACGGTCGTGTATTCATTCTGCCTGG
CCCCGAACATCCTGACCGCCCCTAAAATCTTCATC
AAAATCTTCATTTCTTTGGTGAGGAATCCATACGTTATACT
ATGTATAATCCTCAAACCTGTCCAATAAAGTTTTTGTGATAA
CCCTCAGGTTCCTGATCTCACGGGATGACAATGAAACC
ACTCCCAATTGAAGTCTTGCCTCAAACTTCTGGTCAGGGAATG
ACCCAGCCACCAATCCTGTGGACATAGATAAAGATAGTCTTGG
ACTTATCCACATGACAAC

IVT-SB17:

taatacgactcactatalGGACAAGTCCAAGACTTCCAGGTACC
GCGGAGCTTCGATCGTTCTGCACGACAGGGACTAATTATT
ACGAGCTGTCATATGGCTCGATATCACCCAGTGATCCATCATC
AATCACGGTCGTGTATTCATTCTGCCTGGCCCCGAACATCCTG
ACCGCCCCTAAAATCTTCATCAAAATCTTCATTTCTTTGGTG
AGGAATCCATACGTTATACTATGTATAATCCTCAAACCTGTCC
AATAAAGTTTTTGTGATAACCCTCAGGTTCCTGATCTCACG
GGATGACAATGAAACCACTCCCAATTGAAGTCTTGCCTC
AAACTTCTGGTCAGGGAATGACCCAGCCACCAATCCTGTGGAC
ATAGATAAAGATAGTCTTGGACTTATCCA

IVT-Z544:

taatacgactcactataACCAGACAAGAGTTTAAGAGATATGT
ATTCTTTTAAATTTTCTTGTCTTCTTGTAAGTTTTTCTTACT
ATTGTCATATGGATAAGTCCAAGACTTCCAGGTACCGCGG
AGCTTCGATCGTTCTGCACGATAGGGACTAATTATTACGAGCTG
TCATATGGCTCGATATCACCTAGTGATCCATCATCAATCACG
GTCGTGTATTCATTTTGCCTGGCCCCGAACATCTTGACTG
CCCCTAAAATCTTCATCAAAATCTTTATTTCTTTGGTGAGG
AATCTATACGTTATACTATGTATAATATCCTCAAACCTGTCT
AATAAAGTTTTTGTGATAACCCTCAGGTTCCTGATCTC
ACGGGATGATAATGAAACTATTCCCAATTGAAGTCTTG
CTTCAAACTTCTGGTCAGGGAATGACCCAGTTACCAATCTTG
TGGACATAGATAAAGATATCCAAGATAGCACAAGTCTTCT
AGAAATTGTCTTCAACTTGCCTGAATCTCTCACAGGATACAGG
TCATACTTACCAGTTAGTTTGAGCCT
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The sequence of the T7 promotor is shown in lowercase letters, and
the sequence of transcript RNA is shown in capital letters.

Transfection of the HV] RNAs and IVT RNAs into cells. HV]-E RNAs
or IVT RNAs were transfected into cancer cells by using Lipofectamine
RNAIMAX reagent (Invitrogen, Waltham, MA). The IVT RNA concen-
tration was 0.067 or 1.16 ng/ml. The medium was changed to Dulbeccos
modified Eagle’s medium 5 hours after the RNA transfection. IVT RNAs
(2.18 ng/ml) were transfected into BM-DCs (2 x 10° cells) with an in vitro
electroporation kit, Neon Transfection System kit (MPK5000; Invitrogen).

Evaluation of IFN-B and CXCL10 secretion levels in cell culture medium.
The secretion of IFN-$ by mouse splenocytes and BM-DCs was evalu-
ated by a VeriKine Mouse IFN-f3 ELISA Kit (42400; pbl interferon source,
Piscataway, NJ) in cell culture medium. The secretion of CXCLI0 by
BM-DCs was evaluated using the VeriKine Mouse CXCL10 Quantikine
ELISA Kit (MCX100; R&D Systems, Minneapolis, MN) in culture medium
24 hours after transfection with IVT RNAs. The IFN-[ secretion of cancer
cell lines was evaluated by a VeriKine Human IFN-3 ELISA Kit (41410; pbl
interferon source) in cell culture medium.

Preparation of CIAP-treated IVT RNA. The 5’-phosphate groups of IVT-B2
RNA or HVJ-E RNA were hydrolyzed using a calf intestinal alkaline phos-
phatase kit (18009-019; Invitrogen). IVT-B2 RNA or HVJ-E RNA was
treated with CIAP (0-1U/ug or 1U/pg) for 30 minutes at 37 °C. After
CIAP hydrolyzation, the CIAP-treated RNA was extracted with an RNeasy
mini kit (74106; Qiagen).

Antibodies and western blotting. The anti-MAVS antibody (ab25084)
and anti-Noxa antibody (ab13654) were purchased from Abcam, while
the anti-TRAIL (C92B9) antibody (#3219) and the anti-caspase-3 anti-
body (#9662S) were purchased from Cell Signaling (Danvers, MA).
Anti-RIG-T (C-15) antibody (sc-48929) was purchased from Santa Cruz
Biotechnology (Dallas, TX). The anti-B-actin (AC-15) antibody (A5441)
was purchased from Sigma-Aldrich Japan (Tokyo, Japan). The cell lysates
were separated by 10-20% gradient polyacrylamide gel electrophore-
sis and transferred onto polyvinylidene difluoride membranes. Signals
were detected with Chemi-Lumi one (Nacalai Tesque Kyoto, Japan) and
ImmunoStar LD (290-69904; Wako Pure Chemical Industries, Osaka,
Japan) following the manufacturer’s instructions.

RIG-1 siRNA transfection into cells. RIG-I siRNA (DDX58-HSS177513;
Invitrogen) and scrambled siRNA (46-2001, Negative control medium
GC; Invitrogen) were transfected into cells with Lipofectamine RNAIMAX
reagent (Invitrogen) following the manufacturer’s protocol. The concentra-
tion of siRNA was 100 pmol/well.

3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS) cell proliferation assay. A CellTiter 96
AQueous One Solution Cell Proliferation Assay Kit (Promega) was used
to evaluate the cell survival. After transfection with the HVJ-E RNA or
IVT RNAs, 100 ul of CellTiter 96 Aqueous One Solution was added to
1ml of medium. The absorbance at 490 nm was measured in each well
with a 96-well Mithras LB 940 Multimode Microplate Reader (Berthold
Technologies, Bad Wildbad, Germany).

Treatment with IVT-B2 RNA in a prostate cancer xenograft tumor mouse
model. A PC3 xenograft tumor was established on the back of immunode-
ficient mice (C.B-17 SCID, female, 8 weeks old) by intradermal injection
with 5x 10° cells/50 pl phosphate-buffered saline per mouse. IVT RNA was
transfected in the xenograft PC3 tumor on days 0, 3, and 6 via in vivo elec-
troporation. In each treatment, 5 ug of IVT-B2 or IVT-HN RNA in a volume
of 50 pl double-distilled water (ddH,O) was injected intratumorally. Then,
the IVT-RNA-injected PC3 tumor was treated with in vivo electropora-
tion by a 5-mm diameter electrode (CUY650-5; Nepa Gene, Chiba, Japan)
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and Electro Square Porator (ECM830; BTX Harvard Apparatus, Holliston,
MA). The in vivo electroporation parameters were five square pulses of
50-ms duration and 70 V. The tumor volumes were calculated according to
the following formula: tumor volume (mm?®) = length x (width)?/2.

Treatment with IVT-B2 RNA of NK cell-depleted model mice bearing a
prostate cancer xenograft tumor. PC3-tumor-bearing mice (C.B-17 SCID,
female, 8 weeks old) were treated with antiasialo GM1 antibody (014-09801;
Wako Pure Chemical industries) for NK cell depletion or control IgG antibody
(IgG from rabbit serum, 15006; Sigma-Aldrich Japan) by i.p. injection on days
-1,0,1,2,4,6,9, and 12. The IVT RNA was transfected in the xenograft PC3
tumor on days 0, 3, and 6 by in vivo electroporation, as described above.

TUNEL assay. A PC3 xenograft tumor was established on the back of immu-
nodeficient mice (C.B-17 SCID, female, 8-10 weeks old); 5 ug of IVT-B2,
IVT-HN RNA, or ddH,0 was transfected into the xenograft PC3 tumor by
in vivo electroporation. The apoptotic cells in the PC3 xenograft tumors
were evaluated using the DeadEnd™ Fluorometric TUNEL System (TB235,
Promega, Madison, WI) 48 hours after transfection with the IVT RNAs.

RNA extraction and quantification. A PC3 xenograft tumor was estab-
lished on the back of immunodeficient mice (C.B-17 SCID, female, 8-10
weeks old); 5 ug of IVI-B2, IVT-HN RNA, or ddHZO (NC) was trans-
fected into the xenograft PC3 tumor by in vivo electroporation. RNA
was extracted from PC3 xenograft tumor with ISOGEN, 48 hours after
transfection with the IVT RNAs. One microgram of total RNA was con-
verted to cDNA with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, MA). The human TRAIL and GAPDH
were amplified by SYBR Premix Ex Taq (Takara Bio, Shiga, Japan). TRAIL
and GAPDH primers (Hs00234356_m1, Hs99999905_m]1; Thermo Fisher
Scientific, Waltham, MA) were used. All procedures were carried out
according to the manufacturer’s instructions.

Statistical analyses. The results are reported as the mean * SD. The sta-
tistical significance of differences between two groups was detected by a
two-tailed unpaired Student’s ¢-test. Differences were considered to be sig-
nificant at the probability value (P) < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Inactivated-Cantell strain HV| stimulated IFN-B secretion
in A549 cells.

Figure $2. The RNA amount of inactivated-HVJs.

Figure $3. Gel-extracted DI RNA was more efficient than Cantell
strain HV] whole-genome RNA for cancer cell killing and the induction
of apoptosis-related proteins expression in MDA-MB-231 cells.
Figure S4. The secondary structure of IVT-RNAs.

Figure S5. Survival of non-cancerous cells by IVT-B2 transfection.
Figure $6. IVT-B2 RNA induced proapoptotic proteins expression in
MDA-MB-231 and A549 cells.

Figure S7. Dephosphorylated IVT-B2 RNA lost the capability of induc-
ing RIG-I/MAVS-related downstream proapoptotic proteins expression.
Figure $8. The in vitro transcription produced Z strain HV) genome 5’
end RNA (IVT-Z544) induced RIG-I dependent IFN-f secretion in PC3 cells.
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