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Abstract Successful development of sequence-specific
siRNA (small interfering RNA)-based drugs requires an
siRNA design that functions consistently in different
organisms. Utilizing the CAPSID program previously
developed by our group, we here designed siRNAs against
mammalian target of rapamycin (mTOR) that are entirely
complementary among various species and investigated
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their multispecies-compatible gene-silencing properties.
The mTOR siRNAs markedly reduced mTOR expression
at both the mRNA and protein levels in human, mouse, and
monkey cell lines. The reduction in mTOR expression
resulted in inactivation of both mTOR complex I and II
signaling pathways, as confirmed by reduced phosphory-
lation of p70S6K (70-kDa ribosomal protein S6 kinase),
4EBP1 (elF4E-binding protein 1), and AKT, and nuclear
accumulation of FOXOI1 (forkhead box O1), with conse-
quent cell-cycle arrest, proliferation inhibition, and
autophagy activation. Moreover, interfering with mTOR
activity in vivo using mTOR small-hairpin RNA-express-
ing recombinant adeno-associated virus led to significant
antitumor effects in xenograft and allograft models. Thus,
the present study demonstrates that cross-species siRNA
successfully silences its target and readily produces mul-
tispecies-compatible phenotypic alterations—antitumor
effects in the case of mTOR siRNA. Application of cross-
species siRNA should greatly facilitate the development of
siRNA-based therapeutic agents.

Keywords: Small-interfering RNA - Cross-species
activity - Mammalian target of rapamycin - CAPSID -
Tumor therapeutics

Introduction

RNA interference (RNAi) is a post-transcriptional,
sequence-specific mechanism by which small-interfering
RNAs (siRNAs) comprising 19- to 26-nucleotide RNA
duplexes knock down the expression of target genes [1, 2].
The potential of siRNA-based agents as a next-generation
therapeutic modality has been extensively investigated in a
wide variety of human diseases, including cancer, ocular
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degeneration, and virus-associated diseases [3-5]. In theory,
any target gene can be modulated to achieve therapeutic
efficacy by applying a properly designed siRNA.

Validating the therapeutic potential of siRNA in various
cell-culture systems and animal models remains a pre-
requisite for clinical application. In this context, the strict
sequence-specific property of siRNA would limit the
clinical applicability of siRNAs designed and tested to
work in non-human models; thus, designing single siRNA
molecules with cross-species activity is crucial for efficient
preclinical and clinical testing. Recently, we developed the
novel program, CAPSID (Convenient Application Program
for siRNA Design), to design siRNAs by primarily iden-
tifying highly conserved sequences across multiple targets
[6]. Using the CAPSID program simultaneously running
multiple viral genome sequences, we successfully designed
siRNAs that were universally effective against different
serotypes of enteroviruses with sequence variations [6, 7].
The nature of CAPSID—an siRNA design based on con-
served patterns-optimization from multiple sequences—
thus allows extraction of siRNAs with multispecies-com-
patible gene-silencing activity.

Mammalian target of rapamycin (mTOR) has been
identified as an attractive target for several human diseases,
including cancer, diabetes, aging, and pain [§—11]. mTOR
function is mediated by two distinct multimeric com-
plexes in which mTOR is the common major player:
mTOR complex 1 (mMTORC1) and mTORC2; the available
evidence indicates that mTORCs are differentially regu-
lated [12, 13]. Activation of mTORCI1 following mTOR
phosphorylation at Ser2448 leads to subsequent phos-
phorylation of 4EBP1 (elF4E-binding protein 1) and
p70S6K (70-kDa ribosomal protein S6 kinase), resulting in
cap-dependent translation. Additionally, mTORC1 inter-
rupts autophagy induction by inactivating Ulkl (unc-51
[C. elegans]-like kinase 1) through phosphorylation [14].
In contrast, mMTORC?2 is activated through phosphorylation
of mTOR at Ser2481, leading to subsequent phosphoryla-
tion of AKT at Ser473. Phosphorylation of FOXOl1
(forkhead box O1), also a downstream event, leads to the
translocation of FOXO1 from the nucleus to the cytosol.
Thus, activation of the mTOR-signaling pathway is closely
associated with multiple cellular responses, including cell
growth, cell survival, and cell motility [12, 13]. Indeed, the
mTOR-mediated signaling pathway was found to be con-
stitutively upregulated in a broad spectrum of tumors [9,
10, 13]. Rapamycin and its analogues, temsirolimus and
everolimus, which inhibit mTORCI1 via FK507-binding
protein 12 (FKBP12), have recently been developed as
anticancer drugs for clinical use. However, these drugs
block only mTORC1 and actually promote mTORC2
activity because of negative feedback loop inactivation,
thus limiting their antitumor potency. Overcoming this
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limitation requires simultaneous inactivation of both mTORC
activities, making mTOR itself an excellent target.

Recombinant adeno-associated virus (rAAV) has been
identified as one of the most promising tools for in vivo
delivery of gene-based drugs. The advantages of rAAV are
well characterized, and include a lack of pathogenicity and
toxicity, the ability to infect both dividing and non-dividing
cells, low host immune response, and long-lasting trans-
gene expression [15-17]. rAAV vectors have been
approved by the Food and Drug administration for Phase
I/II clinical trials in various types of human diseases [18].
By incorporating siRNA sequence information as short-
hairpin RNA (shRNA) into the rAAV genome, the corre-
sponding siRNAs can be readily expressed by rAAV
vectors.

In this study, we sought to improve the efficacy of
siRNA-based drugs and aid the development process by
designing siRNA with cross-species activity. Utilizing
CAPSID, which extracts siRNAs from conserved sequence
patterns in a multi-sequence information context, we
designed siRNAs targeting mTOR and determined their
multispecies-compatible RNAi potency and underlying
mechanisms. The cross-species antitumor effects of mTOR
siRNA were further investigated in vivo in xenograft and
allograft models using rAAV-mediated expression of
mTOR shRNA.

Materials and methods
Cell culture

HeLa, SK-Hepl, A549, NCI-H292, MDA-MB231, B16-
F10, SCC7, Cos7, and OMK cells were obtained from the
American Type Culture Collection (Manassas, VA, USA).
The cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA, USA) with 10 % fetal
bovine serum (Gibco, Middleton, WI, USA), GlutaMAX-1
(2 mM), and penicillin (100 IU/ml)/streptomycin (50 pg/
ml), and maintained at 37 °C under a humidified 5 %
carbon dioxide atmosphere.

siRNA/shRNA preparation and treatment

siRNAs targeting mTOR were designed from a set of
human (NM_004958), monkey (XR_014791), mouse
(NM_020009), and rat (NM_019906) mTOR sequences
using the CAPSID program (http://cms.ulsan.ac.kr/capsid).
The siRNA score for each siRNA was calculated based on
the number of siRNA design criteria described in the pre-
vious study [6]. siRNAs were synthesized by Dharmacon
Inc. (Lafayette, CO, USA). As a negative control, control
siRNA (5-AUUCUAUCACUAGCGUGAC-3") provided
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from Dharmacon Inc. was hired. Either control or mTOR
siRNAs seemed unlikely to induce off-target effects, which
were confirmed by limited NCBI BLAST search, no
cytotoxicity in all the cell lines examined in the present
study, and no induction of immunostimulatory gene
(interferon-f§; oligoadenylate synthetase) expressions in
HeLa cells (data not shown). Recombinant adeno-associ-
ated virus 2 (rAAV2) vectors expressing mTOR no. 4 or
control mall-hairpin RNA (shRNA) driven by an H1 pro-
moter was constructed as described previously [19]. The
shRNA sequences against mTOR (derived from mTOR
siRNA no. 4) were 5-GAT CCG AAT GTT GAC CAA
TGC TAT TTC AAG AGA ATA GCA TTG GTC AAC
ATT CTT TTT TGG AAA AGC T-3' (sense) with a
BamHI linker, and 5'-AGC TTT TCC AAA AAA GAA
TGT TGA CCA ATG CTA TTC TCT TGA AAT AGC
ATT GGT CAA CAT TCG-3' (antisense) with a HindlIIl
linker. Nucleotides specific for mTOR are underlined. The
shRNA sequences against control were identical with the
sense/antisense shRNAs for mTOR except the shRNA
portions corresponding to control siRNA sequences. rAAV
production and titration were carried out as described in a
previous report [19].

Real-time reverse transcription-polymerase chain
reaction

Total RNA was extracted using the TRIzol reagent
(Invitrogen) and reverse-transcribed with Superscript III
(Invitrogen) using oligo-dT primers (Invitrogen) at 55 °C.
A real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) was performed using SyBr Green I and the
following primers: mouse-mTOR, 5'-CCA CTG TGC CAG
AAT CCA TC-3' (sense) and 5'-GAG AAA TCC CGA CCA
GTG AG-3' (antisense); human/monkey-mTOR, 5'-CCA
CAG TGC CAG AAT CTA TT-3’ (sense) and 5'-GAG AAG
TCC CGA CCA GTG AG-3' (antisense); and f-actin (uni-
versal), 5-TGA AGA TCA AGA TCA TTG CTC-3’ (sense)
and 5'-TGA AGA TCA AGA TCA TTG CTC-3' (antisense).
Cycling conditions consisted of 3 min at 95 °C (initial dena-
turation/polymerase activation), followed by 39 cyclesof 15 s
at 95 °C, 30 s at 60 °C, and 30 s at 72 °C.

5" Rapid amplification of cDNA ends and DNA
sequencing

To detect specific target mMTOR mRNA cleavage, 5’ rapid
amplification of cDNA ends (RACE) was performed
according to the GeneRacer manual (Invitrogen) with some
modifications. When sequence-specific mRNA cleavage by
mTOR siRNA occurs, a PCR product of 210 bp in size
would be obtained. Briefly, 5 ng of total RNA was ligated
to 250 ng of GeneRACER RNA adaptor using T4 ligase

(NEB, Ipswich, MA, USA). RT was carried out using
mTOR siRNA no. 4 specific antisense primers (5'-GAT
GAG CAG CTC AAC TTG CGT TGG-3'). The RT
product was amplified using a GeneRACER-specific sense
primer (5-CGA CTG GAG CAC GAG GAC ACT G-3))
and an mTOR-specific antisense primer (5'-TCC TCG TTC
GGG ATC GCT TGT TGC TGC C-3'). A second round of
nested PCR employed a GeneRACER-specific nested sense
primer (5-GGA CAC TGA CAT GGA CTG AAG G-3')
and an mTOR-specific nested antisense primer (5'-GTG
TCC ATC AGC CTC CAG TTC AGC-3'). PCR was per-
formed with HighFidelity Taq polymerase using the
following cycling conditions: 95 °C for 3 min, followed by
20 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for
30 s, with a final extension step of 72 °C for 10 min. PCR
products were cloned and sequenced.

Immunoblot analyses

Proteins were resolved on sodium dodecyl sulfate (SDS)-
polyacrylamide gels and then transferred to polyvinylidene
fluoride (PVDF) membranes. After blocking with Tris-buf-
fered saline (TBS) containing 0.1 % Tween-20and 5 % (w/v)
bovine serum albumin, membranes were incubated with var-
ious primary antibodies and appropriate secondary antibodies
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Bands were detected using an enhanced chemilumi-
nescence (ECL) system. mTOR, phospho-mTOR(S2448),
p70S6K, phospho-S6K(T389), 4EBP1, phospho-4EBP1
(T37/46), AKT, and phospho-AKT(S473) antibodies were
obtained from Cell Signaling (Boston, MA, USA). The
f-actin antibody was from Sigma (St. Louis, MO, USA).

Translocation of GFP-FOXO1

Subcellular localization of FOXO1 was determined by mon-
itoring the green fluorescent protein (GFP) signal of GFP-
FOXOI1 as described previously [20]. HeLa cells were
cotransfected using Lipofectamine plus (Invitrogen) with a
GFP-FOXOL1 expression plasmid (1 pg; Addgene plasmid
17551) and 100 nM of either control siRNA or mTOR siRNA.
Seventeen hours after transfection, cells were stained with
Hoechest 33342 (1 pg/ml) for 10 min and observed under the
fluorescence microscope. The degree of the relocalization of
GFP-FOXOI1 from cytosols to nuclei was quantified by
determining the GFP signals in each compartment.

Evaluation of cap-dependent translation
Cap-dependent translation was determined using a bicis-
tronic reporter system, in which the activity of the firefly

luciferase gene (under the control of cap-dependent trans-
lation) relative to that of the Renilla luciferase gene (under
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the control of an internal ribosome entry site) was calcu-
lated and expressed as a ratio.

Transmission electron microscopy

HeLa cells transfected with siRNAs were harvested and
embedded in 2 % agar containing 10 mM MgCl,. The
solidified cell pellet was fixed in 4 % glutaraldehyde at 4 °C,
sectioned, and stained with 1 % uranyl acetate and/or lead
citrate. Stained sections were imaged and photographed with a
JEOL 100CX transmission electron microscope.

Cell cycle and cell index analysis

HeLa cells were transfected with either control siRNA or
mTOR siRNA. For cell cycle analysis, the cells were
trypsinized at 48 h and fixed with ice-cold ethanol. The
cells were then incubated with 0.05 % propidium iodide
and analyzed using a Becton-Dickinson FACSCalibur flow
cytometer with CellQuest software.

For cell index analysis, the cells transfected with
siRNAs were plated on an E-Plate96 after 48 h and incu-
bated for 30 min at room temperature. The cells were then
placed in a Real-Time Cell Analyzer Station. The dynamic
cell index was monitored using the xCELLigence System
(Roche Applied Science, Mannheim, Germany), according
to the supplier’s instructions. Dynamic cell index values
were calculated and plotted graphically.

In vivo tumor models

Male, 5- to 7-week-old BLAB/c nude mice from Orient Bio
Inc. (Seongnam, Korea) were utilized. All animal proce-
dures were approved by the Institutional Animal Care and
Use Committee of this Institution. HeLa or B16-F10 cells
were infected with rAAV-mTOR shRNA or rAAV-control
shRNA at a multiplicity of infection (MOI) or 300 (HeLa) or
1000 (B16-F10). After incubating for 1 day, 200 pl of trans-
duced HeLa (5 x 10° or B16-F10 (1 x 10°% cells was
subcutaneously injected into nude mice. For systemic
administration of rAAV2-shRNAs, NCI-H292 cells
(1 x 10) were implanted into the shoulders. After 11 days,
mice were intravenously administered viruses [1.5 x 10"
vector genomes (v.g.)/mouse]. Tumor diameter and body
weight were measured every 1-3 days; tumor volume was

calculated by the formula (length x width x height) x (7/6).
Afterkilling animals at designated times, tumors were collected
and subjected to further analysis.

Statistical analysis

Statistics were performed using GraphPad Instat (Graph-
Pad Software, La Jolla, CA, USA). “n” indicated how
many independent assays were carried out for each study.
Standard deviation (SD) was calculated from the values of
these independent assays. The data were reported as the
mean £ SD. Statistical analyses between the experimental
groups were performed using a Student’s ¢ test and two-
way analysis of variance. Values of p < 0.05 were con-
sidered to indicate statistical significance. *p < 0.05,
**p < 0.01.

Results

Efficient multispecies-compatible gene-silencing
by mTOR siRNAs designed for cross-species activity

To design single siRNA molecules exhibiting cross-species
activity, we used the CAPSID program to screen siRNA
candidates from completely conserved sequence (CCS)
patterns in multiple species scores [6]. The CAPSID
employed hierarchical filters based on sequence specifici-
ties and thermodynamic properties of the queries, and
yielded possible siRNA candidates. A total of seven CCS
patterns were extracted in a set of mTOR genes from
human, monkey, mouse, and rat. On the basis of siRNA
scores and RNA secondary structure (data not shown) in
the target regions, we initially selected four candidates
(mTOR siRNA no. 1-4) and ultimately employed siRNA
no. 4 of the highest siRNA score for further studies
(Table 1). All mTOR siRNAs (nos. 1-4) sharply down-
regulated both mRNA and protein levels of mTOR in HeLa
cells compared to control siRNA (Fig. 1a). The mTOR
siRNA-mediated decrease in mTOR protein was clearly
noticed at both 24 and 48 h following siRNA treatment,
and there was no non-specific response over time in the
presence of control siRNA (Fig. 1b). Utilizing modified 5
RACE and sequencing techniques, we further verified that
target mRNA was specifically cleaved through RNAi

Table 1 Sequences of cross-

species SIRNA candidates Name Target sequence (5" — 3') E;)jétlle(z)r;des) Target ELROEA_
mTOR siRNA no. 1 GGAGUCUACUCGCUUCUAU 253 HEAT 9.5
mTOR siRNA no. 2 GAAGAAGGUCACUGAGGAU 5677 FAT 9
mTOR siRNA no. 3 ACAACCUCCAGGAUACACU 5772 FAT 8.5
mTOR siRNA no. 4 GAAUGUUGACCAAUGCUAU 7221 Kinase 13

@ Springer



Antitumor activity of a mTOR siRNA with cross-species activity

3151

N 3 5
e‘*& &% e‘*% e‘y
¥ . & &
L& % % % %
& & & & F
& L L O L
a ¢ N N N & b
= 1.00
[S)
= c
< 0.75 )
<3 " 5
Z5 o
P2 g 0.50 = - % -
Es o
= 025
§ £
< 0.00
MTOR | -
P-mTOR | wees
actin |ee— c—— . S— —
\'of
c
€210 bp

Fig. 1 Gene-silencing effects of siRNA candidates targeting mTOR
in HeLa cells. a mTOR mRNA and protein levels were measured by
real-time RT-PCR (upper panel) and immunoblot analysis (lower
panel). HeLa cells were transfected with mTOR-targeting siRNA or
control siRNA at 100 nM using Oligofectamine. After 24 h, total
RNA was isolated for RT, or whole-cell lysates were prepared for
immunoblot analyses (n = 3). Real-time PCR was carried out using
iQ SYBR Green Supermix as described in “Materials and methods.”
b mTOR protein levels were monitored at 24 and 48 h. Band densities

between positions 10 and 11 of the siRNA guide strand to
generate a 210-bp PCR product (Fig. 1¢) [21]. The cross-
species activity of mTOR siRNA was examined in several
cell lines of human, primate, and murine origin. mTOR
siRNA treatment markedly reduced target gene expression
at both mRNA and protein levels in all cell lines originated
from various species (Fig. 2). Collectively, the data pro-
vide clear evidence that mTOR siRNAs designed to be
cross-species reactive indeed induced multispecies-com-
patible target gene-silencing through RNAi.

Significant interference of the mTOR signaling
pathway by mTOR siRNA

To investigate the effects of mTOR siRNA on the
mTORCT1 signaling pathway, we examined the expression

(fraction of Mock)

1.2 3
*%
1.0 T
0.8
0.6
0.4
0.2 |
0 - T T T
Cont mTOR Cont mTOR
siRNA siRNA siRNA siRNA
24 48 (Hrs)
Cleavage site
RACER seq imTOR seq

100
GGAGTAG

110 120
CC. IGCTATGG

were analyzed with a densitometer (LAS-4000, n = 3). ¢ To detect
specific target mMTOR mRNA cleavage, modified 5’'RACE designed to
amplify cleaved mTOR mRNA as final PCR product was performed
(n = 2). Total RNA from cells transfected with the corresponding
siRNAs was ligated to the GeneRACER RNA adaptor. Sequence-
specific mRNA cleavage by mTOR siRNA was confirmed by both the
presence of 210-bp PCR products as indicated by arrow and
sequencing analysis for this PCR product. Each value represents the
mean + SD. *p < 0.05, **p < 0.01

of mTOR protein and the activities of downstream sub-
strates by immunoblot analysis. mTOR siRNA treatment
decreased the levels of both Ser2448-phosphorylated
mTOR and total mTOR (Fig. 3a). mTOR siRNA dramat-
ically reduced the levels of phospho-p70S6K(Thr389) and
phospho-4EBP1(Thr37/46)—the active forms of mTORC1
downstream signaling substrates—without affecting total
levels of the corresponding proteins (Fig. 3a). The activa-
tion of the mTORCI1 pathway has also been identified to
promote the cap-dependent translation through 4EBP1
regulation [8]. Cap-dependent translation by mTORC1 was
decreased by 84 £ 8 % compared to the control following
mTOR siRNA treatment (Fig. 3b). The decrease in the rate
of cap-dependent translation induced by mTOR siRNA was
similar to that caused by rapamycin (89 + 4 %), a well-
known mTORCT inhibitor.
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Fig. 2 Cross-species activity of mTOR siRNA in cell lines. Cross-
species effects of mTOR siRNA on mTOR gene expression were
determined by real-time RT-PCR (upper panel graph; n = 3) and
immunoblot analysis (lower panel; n > 2) in cell lines of human (a),

The interfering effect of mTOR siRNA on mTORC2
signaling was investigated by determining the degree
of phospho-mTOR(S2481) and phospho-AKT(S473) by
immunoblot analysis. As shown in Fig. 4a, mTOR siRNA
treatment decreased both phospho-mTOR and the
resultant levels of phospho-AKT. The total amount
of AKT protein remained unchanged, as was the case
for mTORC1 downstream substrates. Another typi-
cal mTOR2 downstream phenotype, accumulation of
phospho-FOXO1 in the cytosol, was determined by
monitoring GFP signals after transfecting an expression
vector for GFP-FOXO1 fusion protein. As expected,
most GFP signal was observed in the cytosol in the
presence of control siRNA (Fig. 4b). By contrast, GFP-
FOXO1 was mostly located in nuclei after mTOR siRNA
treatment, indicating inhibition of FOXO1 phosphoryla-
tion because of inactivation of mTORC?2 signaling. The
ratio of nuclear to cytosolic FOXO1 was 16 + 7 % in
control siRNA-transfected cells and 72 £ 14 % in
mTOR siRNA transfected cells. Taken together with the
results shown in Fig. 3, the data presented in Fig. 4
indicate that the knockdown of mTOR expression by
mTOR siRNA profoundly interferes with the entire
mTOR signaling pathway, composed of mTORCI1 and
mTORC2.
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murine (b), and monkey (c) origin. Experimental details are provided
in Fig. la. Lane I mock-treated, lane 2 control siRNA-treated, lane 3
mTOR siRNA no. 4-treated. Each value represents the mean £ SD.
*p < 0.05, **p < 0.01

Altered mTOR-associated cellular responses following
mTOR siRNA treatment

The effect of mTOR siRNA-mediated inhibition of mTOR
signaling on cellular properties was initially determined by
examining cell-cycle distribution by flow cytometry.
mTOR siRNA treatment markedly increased the proportion
of cells in G1 phase and decreased those in S/M phase; the
proportion of Gl-phase cells was increased by 20 + 3 %
and that of S/M-phase cells was decreased by 19 &+ 9 % in
mTOR siRNA-transfected cells compared to the corre-
sponding proportions in the control group (Fig. Sa,
Supplemental Fig. 1). The extent of the G1 arrest induced
by mTOR siRNA seemed to be similar or somewhat higher
than that induced by rapamycin [22, 23]. Cell growth and
cytotoxicity were also monitored by real-time using the
xCELLigence System and expressed as cell indexes. Fol-
lowing mTOR siRNA treatment, cell indexes were
gradually reduced and only reached 49 + 6 % of those in
control siRNA-treated cells 140 h post-transfection
(Fig. 5b). The effect of mTOR siRNA treatment on
autophagy was examined by observing autophagic vesicle
formation by transmission electron microscopy. Typical
autophagic vesicles of distinct size with double-layered
membranes were readily detectable in cells treated with
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Fig. 3 Inhibition of the mTORCI signaling pathway in HeLa cells
transfected with mTOR siRNA. a HeLa cells were transfected with
mTOR siRNA no. 4, and experiments were performed as detailed in
Fig. la. Immunoblot analyses were carried out to determine the
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Fig. 4 Inhibition of the mTORC?2 signaling pathway in HeLa cells
transfected with mTOR siRNA. a The expression levels of phos-
phorylated mTOR(S2481) and AKT(S473) as well as the total amount
of the corresponding proteins were examined in cells treated as
described in Fig. 3a (n = 3). b FOXO1 distribution was evaluated in
HeLa cells by monitoring the GFP signal 17 h after transfecting with
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proteins (n = 3). b Cap-dependent translation was determined in
HeLa cells transfected with both siRNA and a bicistronic reporter
plasmid expressing firefly luciferase (cap-dependent translation) and
Renilla luciferase (under the control of an internal ribosome entry
site), as described in “Materials and methods” (n = 3). Each value
represents the mean & SD. *p < 0.05
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Cont siRNA mTOR siRNA

a GFP-FOXOI1 fusion protein expression vector and corresponding
siRNA (n = 2). Nuclei were stained with Hoechst 33258, and images
were observed by fluorescence microscopy using excitation wave-
lengths of 490 nm (for GFP) and 360 nm (for Hoechst). Each value
represents the mean £+ SD. **p < 0.01
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Fig. 5 Changes in cell growth and autophagy induced by mTOR
siRNA treatment. HelLa cells were transfected with siRNAs, as
described in Fig. la, and analyzed after 48 h. a Cells were fixed in
cold ethanol, stained with 0.05 % propidium iodide, and analyzed by
flow cytometry with the aid of the CellQuest Program (n = 3).
b Cells in 96-well plates were continuously monitored with an

mTOR siRNA, but not in those treated with control siRNA
(Fig. 5¢). Thus, these data strongly suggest that mTOR
siRNA treatment significantly interferes with mTOR-
associated cellular responses, namely cell growth and
autophagy, because of inactivation of the mTOR signaling
pathway.

Multispecies-compatible antitumor effects of mTOR
shRNA-expressing rAAV in vivo

To verify the antitumor effects of mTOR siRNA in vivo,
we first generated rAAVs expressing mTOR shRNA along
with GFP as a reporter gene (rAAV-mTOR shRNA)
(Supplemental Fig. 2a, b). rAAV-mTOR shRNA decreased
mTOR mRNA levels by 33 % at 2 days and 72 % at
4 days post-infection compared to rAAV-Cont shRNA

@ Springer

mTOR siRNA

xCELLigence real-time cell analyzer system for 140 h (n = 2). Y axis
means cell index that represents the properties of cell proliferation
and viability. ¢ Cells were prepared for transmission electron
microscopy analysis and examined for the presence of autophagic
vesicles. Black arrows indicate autophagic vesicles

(Supplemental Fig. 2c). Similarly, mTOR protein expres-
sion was substantially decreased, and inactivation for
mTORC1 and mTORC?2 was also confirmed by a reduction
in both phospho-mTORs and phospho-p70S6K levels
(Supplemental Fig. 2d).

The cross-species antitumor activity of mTOR siRNA
was determined in the human-origin HeLa xenograft model
and the mouse-origin B16-F10 allograft model. Tumor
growth rates were greatly retarded in tumor cells trans-
duced with rAAV-mTOR shRNA regardless of cell origin
(Fig. 6a, c). Final tumor volumes in HeLa and B16-F10
models with rAAV-mTOR shRNA were reduced by
50 &£ 18 % and 51 £ 24 %, respectively, compared to
shRNA control group. Actual tumor weights with rAAV-
mTOR shRNA treatment were decreased by approximately
36 £ 9 % in HeLa-xenografted animals and by 60 + 27 %
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in B16-F10-xenografted animals (Fig. 6b, d). Moreover,
mTOR protein levels were reduced in cells of both rAAV-
mTOR shRNA-transduced cell lines (data not shown), as
further confirmed by analysis of tumors at the end of the
experimental period (Supplemental Fig. 3a, b). Target-
specific mMTOR mRNA cleavage was also confirmed using
xenografted HeLa tumors by modified 5 RACE (Supple-
mental Fig. 3c) and sequencing analysis for this PCR
product (data not shown).

The therapeutic potential of mTOR siRNA was addi-
tionally investigated by intravenously administering
rAAV-mTOR shRNA in the H292 xenograft model. With
only a single administration of virus, tumor growth was
significantly delayed, as reflected in the estimated
49 + 11 % decrease in tumor volume (Fig. 6e). Inhibition
of tumor growth by rAAV-mTOR shRNA was similar to
that induced by administration of the anti-cancer drug
paclitaxel (data not shown). Notably, there was no signif-
icant change in body weight after rAAV injection. Plus,
H&E staining analysis indicated that the normal hepatic
architecture was well preserved in virus-experienced ani-
mals (Supplemental Fig. 3d). Also, other tissues of these

animals, such as heart, kidney, spleen, and lung, did not
show any sign of histological alteration (data not shown),
indicating that this treatment is minimally toxic. Collec-
tively, the results suggest that administration of cross-
species mTOR siRNA via rAAV can induce potent
multispecies-compatible antitumor activities.

Discussion

This study provides clear evidence that (1) an mTOR
siRNA sequence extracted by CAPSID efficiently silences
gene expression through a RNAi mechanism in a multi-
species-compatible manner; (2) mTOR siRNA treatment
establishes a cytostatic status in cancer cells by interfering
with both mTORC1 and mTORC?2 activities; and (3) cross-
species antitumor effects can be achieved in vivo by
introducing mTOR siRNA via rAAV. Collectively, our
data thus demonstrate that acquiring cross-species siRNA
assures a universally effective RNAi response among
species as the first step in the development of siRNA-based
agents.
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Unlike chemical drugs, siRNA therapeutics were limited
by the sequence specificity of siRNA targeting mecha-
nisms. One of the essential features of siRNA designed by
CAPSID is that the siRNA sequence is entirely comple-
mentary to multiple target genes [6, 24]. In theory, siRNAs
with cross-species activity would be extracted by simulta-
neously screening RNA sequence information from various
species, including human, monkey, and mouse. However,
prior to this report, no available software allowed for the
simultaneous selection of siRNA candidates that targeted
conserved regions from multiple sequences. Without this
capability, there is a high likelihood that siRNA selected
based on the sequence information of one species would
have target sequence mismatches in other species. siRNA
target sequence mismatches can demolish RNAI activity or
induce off-target effects, both of which are major problems
in siRNA applications [25, 26]. However, cross-species
siRNA overcomes this limitation. Because it is based on a
simultaneous sequence analysis of multiple species,
including humans, a single siRNA designed by CAPSID
can be readily utilized throughout all phases of drug
development, from cell- and animal-based evaluation sys-
tems to clinical trials. Moreover, off-target effects by cross-
species siRNA in one species would be more applicable to
predicting off-target effects in another species. Thus, cross-
species siRNA should facilitate the development of siRNA
therapeutics.

Several previous reports have directly addressed the
application of cross-species RNAi. To understand gene
expression profiling associated with anhydrobiosis of the
nematode Aphelenchus avenae, which is refractile to the
RNAIi technique, researchers treated another nematode,
Panagrolaimus superbus, with siRNAs designed based on
A. avenae [27]. In addition, a universal method for cross-
species RNAi rescue in Drosophila was also developed as a
feasible means for validating large-scale RNAi screening
results [28]. Similar to our previous studies [7], Kumar
et al. [29] also reported that a single siRNA induced anti-
viral activities against two different flaviviruses.

The cross-species activity of mTOR siRNA was clearly
noticed at both the mRNA and protein levels across all cell
lines originated from various species. Yet, the degree of
gene knockdown varied among different cells. The degree
of gene knockdown analyzed by real-time PCR varied
among different cells, ranging from a high of 92 + 4 % in
human MDA-MB231 cells to a low of 47 £ 10 % in
monkey OMK cells at the mRNA level. We believe there
are several explanations for these differences in silencing
efficacy. One of the major reasons for this discrepancy
could be the accessibility of target RNA; this could be due
to the difference in ordered structure of target RNA itself or
in complexed architecture with accessory proteins. In
addition, it would be possibly due to the difference in the
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endogenous expression level of mTOR mRNA among
various cell lines. Plus, knockdown efficacy could be
influenced by experimental factors, such as transfection
efficiency or culture condition.

In the present study, we further expanded and confirmed
the application of cross-species RNAi using mTOR as a
target of therapeutic siRNA in cancer models. Achieving
strong antitumor potency through modulation of the mTOR
signaling pathway requires inactivation of both mTORCI1
and mTORC2. Cross-species mTOR siRNAs markedly
silenced mTOR, which is an essential positive regulator in
both mTORC complexes. As a result, mTOR signaling in
its entirety was interrupted, as evidenced by cell-cycle
arrest, growth retardation, and induction of autophagy.
Knocking down the entire mTOR signaling pathway fur-
ther led to antitumor effects in vivo with minimal toxicity.
In agreement with our results, several reports have con-
sistently shown that inhibition of both mTORCI1 and
mTORC?2 signaling by siRNA or inhibitors can induce
potent antitumor activity [30, 31]. PP242, an inhibitor of
the active site of mMTOR in mTORCI1/2, was shown to
cause the death of human leukemia cells and delay the
onset of leukemia [32]. AZD8055, a novel ATP-competi-
tive inhibitor of mTOR, induced antitumor activity in vitro
and in vivo [33]. Treatment with siRNA against mTOR
resulted in downregulation of the mTOR signaling pathway
and exerted antitumor activity in a human colorectal cancer
model [34].

Given their distinct roles, other components of
mTORC1 and mTORC2 complexes could be excellent
targets of cross-species siRNAs, designed as part of efforts
to develop siRNA-based therapeutic agents in various
human diseases, such as diabetes and muscular disorders.
For example, specific inhibition of mMTORC]1 using siRNA
against Raptor, a component of mMTORC1, has been shown
to increase lipolysis and decrease fat accumulation in cells
[35]. siRNA targeting Rictor, a component of mTORC2,
was reported to regulate myoblast differentiation [36]. In
this regard, cross-species siRNAs for other mMTORC com-
ponents would expand the potential range of the mTOR
signaling pathway as a target in the development of ther-
apeutic agents. Moreover, cross-species siRNAs offer
potential therapeutic strategies for many other pathological
conditions considered amenable to the application of siRNA
therapeutics [5].

We found that a single systemic administration of
mTOR shRNA-expressing rAAV induced efficient antitu-
mor effects, producing results comparable to those
achieved by multiple administrations of paclitaxel (data not
shown). This suggests that mTOR downregulation by
mTOR shRNA-expressing rAAV effectively induces pro-
longed inhibition of mTORCI1/2 function and further
implies that rAAV efficiently delivers mTOR shRNA in
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vivo. We also recently reported persistent antitumor effects
of rAAV-delivered siRNA, monitored using micro-PET
imaging [37]. Kota et al. [38] demonstrated that systemic
administration of micro RNA-26a using rAAV induced
antitumor effects in liver cancer. Sun et al. [39] showed
that rAAV encoding shRNA specific for the androgen
receptor exerted strong gene-silencing activity in prostate
cancer models. Furthermore, exciting progress has been
reported for rAAV vectors used against other disease
modalities, such as retinal disorders, muscular dystrophy,
and neuronal disorders [18, 40-42]. We also demonstrated
that decreased levels of GTP cyclohydrolase I (GCHI1)
induced by shGCH1-expressing rAAV relieved pain in an
animal model [19]. Taken together, these observations
suggest the promise of rAAV in therapeutic applications of
RNAI technology.

In conclusion, we provide evidence that a single, mul-
tispecies-compatible mTOR siRNA can establish anti-
mTOR activity by directly interfering with the mTOR
signaling pathway and show that delivering mTOR siRNA
via rAAV leads to potent cross-species antitumor effects in
vivo. Because they can be universally utilized throughout
the entire siRNA-based drug development process, from
the first preliminary testing step to clinical trials, cross-
species siRNAs could greatly facilitate the development of
siRNA-based therapeutic agents.
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