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compounds. Therefore, ABCG2 may have a distinct role in
efflux transport at the BBB.

Several ABC transporters and organic anion transporters
are expressed at the abluminal and/or luminal membrane of
the BBB as well as ABCG2 (Gao et al. 1999; Virgintino
et al. 2002; Mon et al. 2003). Clarifying the transport
properties and the contribution of each transporter at the
BBB is an important issue for understanding the physiolo-
gical roles of these molecules. However, the substrate and
inhibitor specificities of these transporters sometimes over-
lap. For example, dehydroepiandrosterone sulfate (DHEAS)
is transported from brain to the circulating blood across the
BBB via organic anion transporting polypeptide 2 (Asaba
et al. 2000), while other transporters at the BBB, such as
ABCG2 and ABCC4 (Zhang et al. 2000; Cooray et al. 2002;
Hori et al. 2004), also accept DHEAS as a substrate (Suzuki
et al. 2003; Zelcer et al. 2003).

Three effective inhibitors of ABCG2 have been described
thus far. GF120918 was developed as a P-gp (ABCBI)
inhibitor (Hyafil ez al. 1993), but a later study found that it
also inhibits ABCG2 (de Bruin et al. 1999). Such a dual-
specificity inhibitor is unsuitable for clarifying the distinct
transport activity of each transporter. Fumitoremorgin C and
Ko143 are potent and selective inhibitors for ABCG2, being
much less active towards P-gp and ABCCs (Rabindran et al.
2000; Allen er al. 2002). Nevertheless, the specificity of
these inhibitors is concentration-dependent, and an influence
of these two inhibitors on unidentified transporters at the
BBB cannot be ruled out.

RNA interference is a conserved biological response to
double-stranded RNA, which results in sequence-specific
gene silencing (Hannon 2002). In mammalian cell cultures,
double-stranded RNA-mediated interference with gene
expression has also been accomplished by transfection of
synthetic RNA oligonucleotides composed of 21 or 22
base pairs (short interfering RNA, siRNA; Elbashir ef al.
2002). Sequence-specific silencing of transporter genes
using siRNA should make it possible to evaluate properly
the transport properties of a targeted transporter at the
BBB.

Conditionally immortalized BCEC lines are useful in vitro
BBB models which retain the in vivo transport properties
towards various compounds (Hosoya et al. 2000a, 2000b;
Terasaki et al. 2003). Endothelial cells are generally resistant
to the introduction of exogenous DNA, and molecular
analysis of endothelial cells has been hampered by the
difficulty of transiently transfecting genes with high effi-
ciency. Therefore, siRNA-induced specific knockdown of
target transporter genes in BCECs should allow us to
improve our understanding of the physiological and phar-
macological functions of the efflux transport systems at the
BBB.

The purpose of this study was therefore to specifically
silence rABCG2 gene by the introduction of siRNA into
BCECs, in order to clarify the role of ABCG2 at the BBB.

Materials and methods

Reagents

Endothelial cell growth factor (ECGF) was purchased from
Boechringer Mamnheim (Mannheim, Germany). Benzylpenicillin
potassium and streptomycin sulfate were purchased from Wako
Pure Chemical Industries (Osaka, Japan). Non-specific Control
Duplex XI (NC siRNA; Dharmacon, Lafayette, CO, USA) is
claimed by the manufacturer to show no RNAi effect, and its target
sequence is 5-NNATAGATAAGCAAGCCTTAC-3". No rat gene
sequences with homology to NC siRNA were found by Blast search.
B-Actin siRNA was purchased from Qiagen (Tokyo, Japan); its
target sequence is 5-AATGAAGATCAAGATCATTGC-3'. The
sequence of B-actin siRNA is identical at 20 bp out of 21 bp with
the corresponding sequence of rat B-actin (the underlined base in the
sequence of B-actin siRNA is changed to ‘C’ in that of rat B-actin).
All other chemicals were commercial products of analytical grade.

siRNA preparation

Four different siRNA duplexes were designed based on the coding
sequence of rABCG2 cDNA (GenBank accession number
AB105817). All 21-nucleotides (nt) siRNAs contained 3’-dTdT
extensions and their GC contents were less than 70%. The
sequences, positions and GC contents of siRNA targeting rat
ABCG2 are shown in Table 1. All of the siRNA duplexes were

Table 1 Sequences of rABCG2 short

Number of Sequences - interfering RNAs (siRNAS)
rABCG2 siRNA (upper, sense; lower, antisense) Positions*/GC (%)
(0] 5-CAGAGAAACAAGAACGGCCITAT 95-113/52.6%
dTdTGUCUCUUUGUUCUUGCCGG-5
5-UGUGCUAAGUUUUCAUCACATdT 160-178/36.8%
dTdTACACGAUUCAAAAGUAGUG-5’
5-CCCUGACAGUGAGAGAAAAATAT 450-468/47.4%
dTdTGGGACUGUCACUCUCUUUU-5
-GCAAACAAGACAGAAGAGCITdT 998-1016/47.4%

dTdTCGUUUGUUCUGUCUUCUCG-5

*GenBank accession number AB105817.
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chemically synthesized and HPLC-purified by Proligo (La Jolla,
CA, USA).

Cell culture

HEK293 cells (American Type Culture Collection, Rockville, MD,
USA) were grown i Dulbecco’s modified Eagle’s medium
(DMEM, Nissui Pharmaceutical, Tokyo, Japan) supplemented with
20 mMm sodium bicarbonate, 100 U/mL benzylpenicillin potassium,
100 pg/mL streptomycin sulfate and 10% fetal bovine serum
(Moregate, Bulimba, Australia; culture-medium A) at 37°C i a
humidified atmosphere of 95% air and 5% CO,. TR-BBB13 cells
are a conditionally immortalized BCEC cell line (Hosoya et al.
2000a) that has been used as an in vitro BBB model (Terasaki et al.
2003). TR-BBB13 cells were grown in culture-medium A with
15 ng/fml. ECGF. The cells were maintained at 33°C, which is a
permissive temperature at which temperature-sensitive SV40 large
T-antigen is activated, in a humidified atomosphere of 95% air and
5% COa.

Transfection of siRNA into HEK293 cells or TR-BBB13 cells

HEK293 cells were plated in six-well plates at 4 x 10° cells/well,
grown for 24 h then transfected with 3 pg of rABCG2 siRNA-01,
rABCG2 siRNA-02, rABCG2 siRNA-03, rABCG2 siRNA-04 or
NC siRNA using Lipofectamine 2000 and OPTI-MEM 1 reduced

serum medium (Invitrogen, Carlsbad, CA, USA). In some experi- -

ments, 1 ug of myc-tagged TABCG2 cDNA (pCMV-Tag3A/rAB-
CG2 (Hori etal 2004)) or a control plasmid (pCMV-Tag3A,
Stratagene, La Jolla, CA, USA) was co-transfected into HEK293
cells simultaneously with siRNA. The mRNA expression and the
transport activity were examined at 48 h after the transfection. The
protein expression was examined at 24, 48 and 72 h after the
transfection.

For quantitative real-time PCR analysis, TR-BBB13 cells were
plated in six-well plates at 4 x 10° cells/well, grown for 24 h at
33°C then transfected with 4 pg of TABCG2 siRNA-03, B-actin
siRNA or NC siRNA using Lipofectamine 2000 and OPTI-MEM 1
reduced serum medium (Invitrogen). At 24 h after siRNA transfec-
tion, TR-BBB13 cells were treated with or without 100 nm 178-
estradiol. Culture was continued for a further 24 h at 33°C. For
western blot analysis, TR-BBB13 cells were plated in six-well plates
at 4 x 10° cells/well, grown for 24 h at 33°C then transfected with
4 pug of tABCG2 siRNA-03 or NC siRNA using Lipofectamine
2000 and OPTI-MEM I reduced serum medium (Invitrogen). The
protein expression was examined at 36 h after the transfection.

Quantitative real-time PCR analysis

Total RNA was extracted from HEK293 cells or TR-BBB13 cells
with an RNeasy kit (Qiagen) according to the manufacturer’s
protocol. RNA integrity was checked by electrophoresis on an
agarose gel. Single-stranded cDNA was prepared from 1 pg of total
RNA by RT (ReverTraAce, Toyobo, Osaka, Japan) using oligo dT
primer. Quantitative real-time PCR analysis was performed using an
ABI PRISM 7700 sequence detector system (PE Applied Biosys-
tems, Foster City, CA, USA) with 2 x SYBR Green PCR Master
Mix (PE Applied Biosystems) according to the manufacturer’s
protocol. To quantify the amount of specific mRNA in the samples,
standards for each run were prepared using pGEM-T Easy Vector
containing ABCG2, ABCB1, ABCC1, ABCGl1, f-actin or GAPDH
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(dilution ranging from 0.1 fg/uL to 1 ng/uL). The standard curves of
each gene were obtained by linear regression between the logarithm
of the standards of each gene and the corresponding threshold cycle
(Ct) values. The Ct value indicates the cycle number at which the
reaction begins to be exponential AIl the plots showed high
linearity, and the Ct values of all samples were within the range of
the standard plots. The ABCG2, ABCB1, ABCCl or ABCGI
mRNA levels were normalized relative to the B-actin mRNA level
The B-actin mRNA level was normalized relative to the GAPDH
mRNA level. In Fig. 1, each rABCG2 mRNA level is indicated as a
percentage of the mean of those in HEK293 cells co-transfected with
NC siRNA and rABCG2 cDNA (n = 3; open column, NC+). In
Fig. 4, each mRNA level is indicated as a percentage of the mean of
mRNA levels in TR-BBB13 cells treated with non-siRNA (-) and
17B-estradiol (E2; n = 3; the leftmost column). The control lacking
the RT enzyme was assayed in parallel to monitor any possible
genomic contamination. The PCR was run for 40 cycles of 95°C for
30 s, 60°C for ! min, and 72°C for | min after pre-incubation at
95°C for 10 min, using specific primers. The sequences of primers
were as follows: sense primer 5-CAATGGGATCATGAAACC-
TG-3’, antisense primer 5-GAGGCTGATGAATGGAGAA-3’ for
ABCG2; sense primer 5-ACAGAAACAGAGGATCGC-3’ and
antisense primer 5"-CGTCTTGATCATGTGGCC-3" for ABCB1/
mdrla; sense primer 5-CTGGCTTGGTGTGAACTGAT-3’ and
antisense primer 5-AGGCTCTGGCTTGGCTCTAT-3’ for ABCC1;
sense primer 5-TGCCCGCCGGGTTGAAACTGTTC-3’ and anti-
sense primer 5-ACTGTCTGCATTGCGTTGCATTGC-3’ for
ABCGt; sense primer 5-TTTGAGACCTTCAACACCCC-3’ and
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Fig. 1 Effects of rABCG2 siRNAs on the exogenous rABCG2 mRNA
level in HEK293 cells co-transfected with myc-tagged rABCG2 cDNA.
HEK293 cells were transfected with siRNAs (rABCG2 siRNA-01,
rABCG2 siRNA-02, rABCG2 siRNA-03 and rABCG2 siRNA-04 (01,
02, 03 and 04) or non-specific control (NC) siRNA) with (+) or without
(=) co-transfection of myc-tagged rABCG2 cDNA. At 48 h after
transfection, the cells were collected for quantitative real-time PCR
analysis. The sequences of rABCG2 siRNAs are shown in Table 1.
Each column represents the mean + SEM (n = 3). The rABCG2
mRNA level was normalized relative to the B-actin mRNA level. Each
rABCG2 mRNA level is shown as percentage of the mean of the
rABCG2 mRNA level in the NC siRNA-treated HEK293 cells
cotransfected with myc-tagged rABCG2 cDNA (NC+). **p< 0.01,
significantly different from the NC+.
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antisense primer 5-ATAGCTCTTCTCCAGGGAGG-3’ for B-actin;
sense primer 5-TGATGACATCAAGAAGGTGGTGAAG-3" and
antisense primer 5-TCCTTGGAGGCCATGTAGGCCAT-3" for
GAPDH.

Western blot analysis

HEK293 cells were lysed with lysis buffer containing 10 mm Tris-
HCI1 (pH 7.4), 1 mm EDTA, 150 mm NaCl, 4% CHAPS, 1 mm
phenylmethylsulfonyl fluoride, and a protease-inhibitor cocktail
(Sigma Chemical Co., St Louis, MO, USA). The lysate was
centrifuged at 15 000 g for 30 min and the supernatants were
collected. TR-BBB13 cells were homogenized by mean of the
nitrogen cavitation technique (800 psi, 15 min, 4°C) in buffer
containing 10 mm HEPES-NaOH (pH 7.4), 250 mm sucrose, | mm
EDTA, | mM phenylmethylsulphonyl fluoride (PMSF). The homo-
genized samples were centrifuged at 10 000 g for 10 min and the
supernatants were collected. These supernatants were centrifuged at
100 000 g for 1 h, and a crude membrane fraction was obtained
from the pellets. The pellets were suspended in lysis buffer. The
protein concentration of samples was measured by the Bradford
method using Bio-Rad Protein Assay reagent (Bio-Rad, Hercules,
CA, USA). Protein samples (HEK293 cells, 12 ug; TR-BBB13
cells, 40 pg (for rABCG2) or 20 pg (for Na",K'-ATPase and
ABCBI) per lane) were resolved by 7.5% sodium dedecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad) and
subsequently electrotransferred to nitrocellulose membranes. Mem-
branes were treated with blocking buffer (4% skimmed milk in
25 mMm Tris-HCl (pH 8.0), 125 mm NaCl, 0.1% Tween-20 for 2 h
at 20°C and incubated with anti-c-myc antibody (0.1 pg/mL; Bethyl
Laboratories Inc., Montgomery, TX, USA), anti-B-actin antibody
(1 : 2000; Sigma), anti-Na*,K'-ATPase antibody (0.1 pg/mL;
Upstate Biotechnology, Lake Placid, NY, USA), anti-ABCBI1
antibody (C219) (1 : 100; Signet, Dedham, MA, USA), or anti-
ABCG?2 antibody (G2-Abl) (1.0 pg/mL) (Hori et al. 2004) as the
primary antibody at 4°C for 16 h after blocking. The membranes
were washed three times with blocking buffer and incubated with
horseradish peroxidase-conjugated second antibody. The bands were
visualized with an enhanced chemiluminescence kit (SuperSignal;
Pierce, Rockford, IL, USA). The relative densities of the bands were
measured using NIH image software (National Institutes of Health,
Bethesda, MD, USA).

Transport assay

For transport studies, HEK293 cells were incubated for 1 h at 37°C
in a medium containing 20 pum mitoxantrone. The cells were then
washed in ice-cold phosphate-buffered saline and placed on ice until
measurement. Relative cellular accumulation of mitoxantrone was
determined by flow cytometry with a 635 nm red diode laser and
661 nm bandpass filter (FACs Calibur, BD Biosciences, Lexington,
KY, USA). A total of 20 000 events were collected. Debris was
eliminated by gating on forward versus side scatter. The mean

channel number for each histogram was used as a measure of drug

fluorescence for calculation.

Data analysis

Unless otherwise indicated, all data represent the mean + SEM. An
unpaired, two-tailed Student’s t-test was used to determine the
significance of differences between two group means. One-way

ANova followed by the modified Fisher’s least-squares difference
method was used to assess the statistical significance of differences
among means of more than two groups.

Results

Silencing of exogenous rABCG2 gene in HEK293 cells

To determine the effects of four different siRNAs (tABCG2 siRNA-
01, rABCG2 siRNA-02, TABCG2 siRNA-03 and rABCG2 siRNA-
04; Table 1) on tABCG2 gene expression, quantitative real-time
PCR analysis was performed using HEK293 cells co-transfected
with myc-tagged TABCG2 cDNA. After treatment with rABCG2
siRNA-01, rABCG?2 siRNA-03 or rABCG2 siRNA-04 for 48 h, the
rABCG2 mRNA levels were suppressed in rABCG2-transfected
HEK293 cells by 71.8%, 78.8% or 54.7%, respectively (01+, 03+
and 04+, Fig. 1), compared with those in cells treated with non-
specific control (NC) siRNA (NC+, Fig. 1). In contrast, treatment
with rABCG2 siRNA-02 had no significant effect on the rABCG2
mRNA level (02+, Fig. 1).

Effects of siRNAs on rABCG2 protein level in HEK293 cells
To clarify whether rABCG?2 protein was reduced concomitantly with
the suppression of TABCG2 mRNA, the level of exogenous
rABCG2 protein was examined by westem blot analysis. The
protein was detected using anti-c-myc antibody, as rABCG2 protein
was fused with the myc epitope. Myc tagged-rABCG2 proteins were
detected at 80 kDa in HEK293 cells co-transfected with NC siRNA
and myc-tagged rABCG2 cDNA (NC+, Fig. 2a), while no band was
detected in HEK293 cells co-transfected with NC siRNA and the
vector alone (i.e. without the myc-tagged rABCG2 cDNA insert)
(NC-, Fig. 2a). TABCG2 siRNA-01, rtABCG2 siRNA-03 and
rABCG2 siRNA-04 each reduced the level of rABCG2 protein in
HEK293 cells co-transfected with myc-tagged TABCG2 cDNA
(01+, 03+ and 04+, Fig. 2a). rABCG2 siRNA-03 was the most
effective (03+, Fig. 2a), and it reduced the relative density of the
bands by 99.7 + 0.1% (mean + SEM; n = 3) compared with NC
siRNA. In contrast, the rABCG2 protein level was not affected by
rABCG?2 siRNA-02 (02+, Fig. 2a). The level of f-actin protein was
unchanged by any of the rABCG2 siRNAs (Fig. 2a). As shown in
Figs 2(b and c), western blot analysis at 24 h and 72 h after
transfection clearly demonstrated that co-transfection of rABCG2
siRNA-03, but not NC siRNA, significantly reduced the level of
rABCG2 protein.

Effects of rABCG2 siRNAs on mitoxantrone efflux transport
in rABCG2 cDNA-transfected HEK293 cells

Mean fluorescence intensity of mitoxantrone was significantly
reduced in HEK293 cells following co-transfection with NC siRNA
and myc-tagged rABCG2 cDNA (NC+, Fig. 3a) compared with NC
siRNA alone (NC—, Fig. 3a). The proportion of transiently rABCG2
cDNA-transfected cells was 25.7 = 0.4% (mean £ SEM; n = 3;
gated area, Fig. 3b). rABCG2 siRNA-01, rABCG2 siRNA-03 and
rABCG?2 siRNA-04 significantly increased the mean fluorescence
intensity of mitoxantrone (01+, 03+ and 04+, Fig. 3a), and indeed,
rABCG2 siRNA-03 completely reversed the reduction of the
mitoxantrone level. Representative histogram and dot plots showed
that the population of rABCG?2-transfected cells almost completely
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Fig. 2 Effects of rABCG2 siRNAs on exogenous rABCG2 protein in
HEK293 cells co-transfected with myc-tagged rABCG2 cDNA. HEK293
cells were transfected with siRNAs (rABCG2 siRNA-01, rABCG2
siRNA-02, rABCG2 siRNA-03 and rABCG2 siRNA-04 (01, 02, 03 and
04) or non-specific control (NC) siRNA) with (+) or without (-)
co-transfection of myc-tagged rABCG2 cDNA. The sequence of
rABCG2 siRNAs are shown in Table 1. At48 h (a), 24 h (b) or 72 h (c)
after transfection, the cells were collected for westemn blot analysis

using anti-c-myc and anti-p-actin antibodies. Typical results from
repeated experiments are shown.

p-actin

overlapped with that of non-transfected cells (03+, Fig. 3b).
In contrast, rABCG2 siRNA-02 had no significant effect on the
mean fluorescence intensity of mitoxantrone in HEK293 cells
(02+, Fig. 3a).

Selective inhibition of endogenous rABCG2 gene in a
conditionally immortalized BCEC line (TR-BBB13) by siRNA
rABCG?2 siRNA-03, which is the most potent siRNA for attenuating
rABCG2 function, was used to suppress endogenous rABCG2
expression in TR-BBB13 cells. At 24 h after siRNA transfection,
TR-BBBI13 cells were treated with 17p-estradiol, which has been
reported to induce ABCG2 mRNA expression in cancer cells (Ee
et al. 2004), or not treated. In the absence of 17B-estradiol, the
rABCG2 mRNA level was reduced by 42.2% by transfection of
rABCG2 siRNA-03 into TR-BBBI13 cells (G2-03), whereas
transfection of NC siRNA had no effect (NC)[E,(-), Fig. 4a]. The
rABCG2 mRNA level was significantly induced in non-siRNA-
transfected TR-BBB13 cells following treatment with 17-estradiol
(open columns, Fig. 4a). The rABCG2 mRNA level was reduced by
75.7% by transfection of rABCG2 siRNA-03 into TR-BBB13 cells
in the presence of 17p-estradiol (G2-03)[E,(+), Fig. 4a]. In contrast,
the transfection of NC siRNA did not affect the rABCG2 mRNA
level in TR-BBB13 cells (NC)[Ey(+), Fig. 4a]. Treatment with
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siRNA targeted to P-actin decreased the B-actin mRNA level by
57.9 + 2.2% (mean + SEM; n = 3) in TR-BBB13 cells, supporting
the view that siRNA was successfully transfected into TR-BBB13
cells.

To confirm the selectivity of the inhibitory effects of siRNA, the
expression levels of other ABC transporters expressed in BCECs
were examined. rABCG2 siRNA-03 did not significantly affect the
ABCBI1, ABCC1 and ABCG! mRNA levels in TR-BBB13 cells in
either the presence or absence of 17B-estradiol (Figs 4b-d).
Following the 17B-estradiol treatment, the ABCB1 mRNA level
was increased in TR-BBBI13 cells (Fig. 4b), whereas the ABCC1
mRNA level showed a tendency to decrease (Fig. 4c), and the
ABCG] mRNA level was unchanged (Fig. 4d).

Suppression of endogenous rABCG2 protein expression in
TR-BBB13 cells by siRNA

The rABCG2 protein expression was suppressed by transfection of
rABCG2 siRNA-03 into TR-BBBI3 cells (G2-03) compared with
untransfected (-) and NC siRNA-transfected (NC) TR-BBB13 cells
(Fig. 5a, upper panel). The expression of ABCB1 protein and
Na',K'-ATPase protein, used as a standard, was not changed by any
of the treatment conditions (Fig. 5a, middle and lower panel,
respectively). As shown in Fig. 5(b), the density ratio of rABCG2 to
Na’,K'-ATPase density was significantly decreased by 62.1% by
transfection of rABCG2 siRNA-03 into TR-BBB13 cells (G2-03)
compared with untransfected TR-BBB13 cells (-).

Discussion

The present study demonstrated that introduction of any of
three rABCG2 siRNAs efficiently decreased the expression
of rABCG2 and suppressed the apparent efflux function of
mitoxantrone, a substrate drug of rABCG2. Moreover,
rABCG2 siRNA selectively suppressed the mRNA and
protein expression of rABCG?2 in a conditionally immortal-
ized brain capillary endothelial cell line (TR-BBB), an
in vitro BBB model.

Three of the siRNAs designed to target the rABCG2 gene
induced sequence-specific suppression of the expression and
function of the rABCG2 transporter (Figs 1-3). None of the
siRNAs affected the B-actin protein levels (Fig. 2). This is
the first evidence that rABCG2 function can be suppressed
by siRNA-induced RNA interference. The differences in
efficacy among these three siRNAs could be due to altered
ability to silence the rABCG2 gene rather than altered
transfection efficiency, because rABCG2 siRNA was present
in about 900-fold molar excess over rABCG2-expression
plasmid (the amount/length of the rABCG2 siRNA and the
plasmid was 3 pg/21 bp and 1 pg/about 6300 bp, respect-
ively). The protein expression and the transport activity of
rABCG2 were completely suppressed at 48 h after rABCG2
siRNA-03 transfection (Figs 2 and 3), while reduction of the
mRNA expression was around 80% (Fig. 1). This apparent
difference may be because the protein level was below the
detection threshold of western blot analysis, and below the
level required for exerting its function. The expression of
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Fig. 3 Effects of rABCG2 siRNAs on mitoxantrone efflux transport in
HEK293 cells co-transfected with myc-tagged rABCG2 cDNA. (a)
HEK293 cells were transfected with siRNAs (rABCG2 siRNA-01,
rABCG2 siRNA-02, rABCG2 siRNA-03 and rABCG2 siRNA-04 (01,
02, 03 and 04) or non-specific control (NC) siRNA) with (+) or without
(~) cotransfection of myc-tagged rABCG2 cDNA. The sequences of
rABCG2 siRNAs are shown in Table 1. At 48 h after transfection, the
cells were incubated with 20 um mitoxantrone for 1 h at 37°C. Mitox-
antrone fluorescence in arbitrary units was determined by flow cy-
tometry with a 635 nm red diode laser and 661 nm bandpass filter.

exogenous rABCG2 protein was also completely suppressed
at 24 h and 72 h after rABCG2 siRNA-03 transfection
(Fig. 2), indicating that this siRNA remains effective at least
from 24 h to 72 h. The sequence of rABCG2 siRNA-03 is
100% identical with the corresponding sequence of mouse
ABCG2 (GenBank accession number NM011920). There-
fore, this siRNA could be also effective for suppressing the
function of mouse ABCG2.

The sequence locations of the effective rABCG2
siRNA-01, rABCG2 siRNA-03 and rABCG2 siRNA-04
(Table 1) were not limited to within 100-nucleotides down-
stream from the first ATG in contrast to the previous siRNA
design (Elbashir et al. 2002). This result is in agreement with
the recent report indicating that the major determinant of
siRNA activity is the target sequence itself, rather than its
location (Yoshinari ef al. 2004). Recently, eight criteria for
rational siRNA design for RNA interference were proposed
(Reynolds et al. 2004). Indeed, the most effective rABCG2
siRNA (tABCG2 siRNA-03) satisfied as many as six of the
criteria. For instance, this siRNA has moderate to low G/C
content (30-52%), low internal stability of the sense 3’-end
(at least three A/U bases at 15-19 nt) and a lack of intemal
repeats. Moreover, rABCG2 siRNA-03 has ‘A’ and ‘U’ at
positions 19 and 10, respectively. It has been reported that
these sequence-related criteria had a strong impact on
improved selection of highly potent siRNAs (the increase
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Each column represents the mean + SEM (n = 3). **p < 0.01, signi-
ficantly different from the NC siRNA-treated HEK293 cells co-trans-
fected with myc-tagged rABCG2 cDNA (NC +). (b) Representative
histogram plot and dot plot of HEK293 cells transfected with siRNAs
[NC siRNA or rABCG2 siRNA-03 (03)] with (+) or without (-) myc-
tagged rABCG2 cDNA, showing the mitoxantrone flucrescence vs. cell
number and side scattered light (SSC), respectively. The gated cell
population (solid line) identified the mitoxantrone-effiuxing cells. The
number shown is the proportion of total rABCG2-transfected cells
contained in the gated cell population (mean + SEM; n = 3).

in the probability of selecting siRNAs which induce more
than 95% gene silencing was 7.2% and 12.8% for A19 and
U10, respectively; Reynolds et al. 2004).

The present study has demonstrated that the delivery of
siRNA suppresses rABCG2 mRNA and protein expression
in TR-BBBI13 cells (Figs 4a and 5), which are an in vitro
BBB model expressing functional rABCG2 (Hori et al.
2004). There have been reports that the protein and function
of targeted transporters were suppressed concomitantly with
silencing of the corresponding genes (Wu et al. 2003;
Nabokina et al. 2004; Said et al. 2004). Indeed, the endog-
enous rABCG2 protein level was suppressed in TR-BBB13
cells concomitantly with its gene silencing. rABCG2 siRNA-
03 presumably suppresses transport activity of endogenous
rABCG2 in TR-BBB13 cells by the reduction of rABCG2
protein level. The rABCG2 siRNA suppressed the induction
of the rABCG2 mRNA level by 17p-estradiol to the same
level as in untreated cells (Fig. 4a). This result suggests that
this siRNA was efficiently delivered into TR-BBB13 cells
and blocked the induced gene expression of rABCG2.
Further study using labeled siRNA would be useful for
distinguishing the transfection efficiency of siRNA from the
efficacy of siRNA on endogenous rABCG2.

The rABCG2 mRNA level increased in TR-BBBI13 cells
following treatment with 100 nm 17P-estradiol (Fig. 4).
Estrogen is thought to reach a maximum concentration of
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Fig. 4 Selective gene silencing of rABCG2 in TR-BBB13 cells by
siRNA.TR-BBB13 cells were transfected with rABCG2 siRNA-03
(G2-03, W) or non-specific control siANA (NC, W), or untransfected
(-, 0). After 24 h transfection of siANAs, the culture medium was
changed to that with (+) or without (—) 17p-estradiol (Ez), and culture was
continued for another 24 h. The ABCG2 (a), ABCB1 (b), ABCCH1 (c), and
ABCG1 (d) mRNA levels were determined by quantitative real-time
PCR analysis. Each column represents the mean + SEM (n = 3).
Each mBNA level was normalized relative to the f-actin mRNA level.
Each mRNA level is shown as percentage of the mean of the mRNA
levels in TR-BBB13 cells treated with non-siRNA (=) and 17 p-estradiol
(E) (the leftmost column). *p < 0.05, significant difference.

150 nm during the third trimester of pregnancy (Clarke et al.
2001). Under such conditions, there is possibility that brain-
to-blood transport activity via ABCG2 would be induced.
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Fig. 5 Selective suppression of rABCG2 protein expression in
TR-BBB13 cells by siRNA.TR-BBB13 cells were transfected with
rABCG2 siRNA-03 (G2-03) or non-specific control siRNA (NC), or
untransfected (=). After 36 h transfection of siRNAs, the cells were
collected for western blot analysis using anti-ABCG2, anti-ABCB1 and
anti-Na* K*-ATPase antibodies.(a) Results from three independent
western blot analyses (samples 1-3) are shown. (b) The ratio
of ABCG2 (left panel) or ABCB1 (right panel) densities to Na*,K*-
ATPase density. Each column represents the mean + SEM (n = 3).
**p < 0.01, significantly different from untransfected cells (=).

17B-Estradiol also regulates the expression of ABCBI and
ABCC1 mRNAs in TR-BBBI13 cells, suggesting that these
ABC transporter-mediated transport systems may be affected
by exposure to 17p-estradiol. Recently, it has been reported
that the promoter region of human ABCG2 gene contains a
novel and functional estrogen response element (ERE) which
has 83.3% (10 aa/12 aa) homology with a classical consensus
ERE (Ee et al. 2004). A search of the rat genome sequence
revealed that the first intron of rABCG?2 also has a sequence
which shows 83.3% (10 aa/12 aa) homology with the classical
consensus ERE. It has been reported that 17B-estradiol
enhances the ABCG2 mRNA expression in estrogen receptor
(ER)-positive human cancer cell lines (Ee et al. 2004), and
that BCECs express multiple subtypes of ER-a (Stirone et al.
2003). Investigation of the sensitivity of the ERE-like
sequence should provide a better understanding of the
mechanism of rABCG2 induction by 17B-estradiol treatment.

Introduction of siRNA into TR-BBB13 cells would be a
promising approach to clarify the specific role of each
transporter at the BBB because the cells retain the in vivo
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transport properties towards various compounds (Terasaki
et al. 2003). The efficiency of a DNA vector-based transfec-
tion using cationic liposomes was less than 5% in
TR-BBB13 cells (unpublished data). The present study
suggests that oligonucleotide (siRNA)-based transfection is
far more effective than DNA vector-based transfection in the
case of TR-BBB13 cells. ABCG2 confers multidrug resist-
ance upon cancer cells, so ABCG2 siRNA-induced RNA
interference  may also be useful for overcoming drug
resistance.

The luminal localization of ABCG2 at the BBB has been
clearly demonstrated in humans (Cooray et al. 2002) and rats
(Hori et al. 2004). However, the functional contribution of
ABCG2 at the BBB in vivo remains unclear (Allen and
Schinkel 2002). Following rABCG2 siRNA-03 transfection
into TR-BBB13 cells, the mRNA level of ABCG1, which
has sequence homology with ABCG2, was unchanged
(Fig. 4d), and those of ABCBI and ABCCI, which can
transport some ABCG2 substrates, were unaffected for at
least 48 h after the siRNA transfection (Figs 4b.c). These
data suggest that the silencing effect of the siRNA is specific
for the ABCG2 gene in this in vitro BBB model. Because the
rABCG2 siRNA selectively suppressed rABCG2 mRNA and
protein, the siRNA study should allow us to clarify the
contribution of the transporter to the BBB efflux transport.
Indeed, it has recently been reported that siRNA designed to
distinguish thiamine transporter subtypes induced subtype-
specific gene silencing in Caco-2 cells, and that the
functional contribution of the subtypes to thiamine uptake
in the cells was clearly demonstrated by using the siRNA
(Said et al. 2004). Such a sequence-specific silencing by
siRNA may be a promising way to achieve a deeper
understanding of the physiological and pharmacological
roles of rABCG2 at the BBB. Regarding transporter gene
knockdown at the BBB, the siRNA transfection into BCECs
should be more specific than suppression by inhibitors, and
easier to carry out as compared with the development of
knockout mice. Moreover, the siRNA technique would be
useful for silencing plural transporter genes because mixtures
of siRNAs can be delivered.

In conclusion, the present study has demonstrated that
delivery of siRNA into this in vitro BBB model specifically
reduced endogenous rABCG2 protein level as well as its
mRNA level. Application of the siRNA technique to BBB
research should increase our understanding of ABCG2 role at
the BBB.
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introduction

Hepatitis C virus (HCV). which affects 170 million people world-

Abstract

Background and Aim: We have reported previously that synthetic small interfering RNA
(siRNA) and DNA-bascd siRNA expression vectors efficiently and specifically suppress
hepatitis C virus (HCV) replication in vitro. In this study, we investigated the effects of the
siRNA targeting HCV-RNA in vivo.

Methods: We constructed recombinant retrovirus and adenovirus expressing short hairpin
RNA (shRNA). and transfected into replicon-expressing cells in virro and transgenic mice
in vivo.

Results: Retroviral transduction of Huh7 cells to express shRNA and subsequent trans-
fection of an HCV replicon into the cells showed that the cells had acquired resistance to
HCV replication. Infection of cells expressing the HCV replicon with an adenovirus
expressing shRNA resulted in efficient vector delivery and expression of shRNA, leading
to suppression of the replicon in the cells by ~107. Intravenous delivery of the adenovirus
expressing shRNA into transgenic mice that can be induced to express HCV structural
proteins by the Cre/loxP switching system resulted in specific suppression of virus protein
svnthesis in the liver.

Conclusion: Taken together. our results suppont the feasibility of utilizing gene targeting
therapy based on siRNA and/or shRNA expression to counteract HCV replication, which
might prove valuable in the treatment of hepatitis C.

successiul suppression of various human pathogens by RNAI have
been reported. including human immunodeficiency viruses.>®
poliovirus.” influenza virus.® severe acute respiratory syndrome

wide. is one of the most important pathogens causing liver-related
morbidity and mortality.! The difficulty in eradicating HCV is
attributable to limited treatment options against the virus and their
unsatisfactory efficacies. Even with the most effective régimen
with pegvlated interferon (IFN) and ribavirin in combination, the
clficacies are limited to less than half of the patients treated.’
Given this situation. the development of safe and effective anti-
HCV therapies is one of our high-priority goals.

RNA interference (RNAI) is a process of sequence-specific,
post-transcriptional gene silencing that is initiated by double-
stranded RNA.* Because of its potency and specificity,. RNAI
rapidly has become a powerful tool for basic rescarch to analyze
gene functions and for potential therapeutic applications. Recently.

Journal of Gastioenterology and Hepatolagy 2007) © 2007 The Authors

(SARS) virus® and hepatitis B virus (HBV).!"* 1

We and other researchers have reported that appropriately
designed small interfering RNA (siRNA) targeting HCV genomic
RNA can efficiently and specifically suppress HCV replication
in vitro."1* We have tested siRNA designed to target the weli-
conserved S-untranslated region (5-UTR) of HCV-RNA. and
identified the most effective target. just upstream of the translation
initiation codon. Furthennore. transfection of DNA-based vectors
expressing siRNA was as effective as that of synthatic siRNA in
suppressing HCV replication.™

In this study. we explored the further possibility that efficient
delivery and expression of siRNA may be cffective in suppression
and elimination of HCV replication and that delivery of such
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Figure 1 Structures of HCV replicon plasmids. The pRep-Feo

expressed a chimeric reporter protein of firefly luciferase (Fluc) and
neomycin phosphotransferase (GenBank accession No. AB119282).14¢
The pRep-Fluc expressed the Fluc protein. The pRep-BSD expressed
the blasticidin S {BSD) resistance gene. pT7, T7 promoter; 5’'UTR, HCV
5’-untranslated region; AC, truncated HCV core region (nt. 342-377);
neo, neomycin phosphotransferase gene; EMCV, encephalomyocarditis
virus; NS3, NS4, NSB5A and NSbB, genes that encode HCV non-
structural proteins; 3'UTR, HCV 3’-untranslated region.

HCV-directed siRNA in vivo may be effective in silencing viral
protein expression in the liver. Here, we report that HCV replica-
tion was suppressed in vitro by recombinant retrovirus and aden-
ovirus vectors expressing short hairpin RNA (shRNA) and that the
delivery of the adenovirus vector to mice in vivo specifically inhib-
ited viral protein synthesis in the liver.

Methods

Celis and cell culture

Huh7 and Retro Pack PT67 cells (Clontech. Palo Alto, CA. USA)
were maintained in Dulbecco’s modified minimal essential
medium (Sigma. St. Louis. MO, USA) supplemented with 10
fetal calf serum at 37°C under 5% CO,. To maintain cell lines
carrying the HCV replicon, G418 (Wako. Osaka. Japan) was added
to the culture medium to a final concentration of 500 pg/ml..

HCV replicon constructs and transfection

HCV replicon plasmids, pRep-Feo. pRep-Fluc and pRep-BSD
were constructed from were constructed from a virus, HCV-N
strain, genotype 1b.>' The pRep-Feo expressed a chimeric reporter
protein of tirefly luciferase (Fluc) and neomycin phosphotrans-
ferase.'*? The pRep-Fluc and the pRep-BSD expressed the Fluc
and blasticidin 8§ (BSD) resistance genes. respectively (Fig. 1).
The replicon RNA synthesis and the transfection protocol have
been described previously.??

Synthetic siRNA and siRNA-expression plasmid

The design and construction of HCV-directed siRNA vectors have
been described.' Briefly, five siRNA targeting the 5’-UTR of HCV
RNA were tested for their efficiency to inhibit HCV replication.
and the most effective sequence. which targeted nucleotide posi-
tion of 331 though 351, was used in the present study. To construct
shRNA-expressing DNA cassettes. oligonucleotide inseits were
synthesized that contained the loop sequence (5-TTC AAG AGA-

N Sakamoto et al.

3) Ranked by sense and antisense siRNA sequences (Fig. 2a).
These were inserted immediately downstream of the human U6
promoter. To avoid a problem in transcribing shRNA because of
instability of the DNA strands arising from the tight palindrome
structure. several C-to-T point mutations. which retained com-
pletely the silencing activity of the shRNA. were introduced into
the sense strand of the shRNA sequences (referred to as *m’). %
A control plasmid. pUC19-shRNA-Control. expressed shRNA
directed towards the Machado—Joseph discase gene. which is a
mutant of ataxin-3 gene and is not nommally expressed. We have
previously described the sequence specific activity of the shRNA-
Control. >

Prior to construction of the virus vectors, we tested silencing
efficiency of five shRNA constructs of different lengths that
covered the target sequence (Fig. 2a). The shRNA-HCV-19,
shRNA-HCV-21 and shRNA-HCV-27 had target sequences of 19,
21 and 27 nucleotides, respectively. Transfection of these sShRNA
constructs into Huh7/pRep-Feo showed that shRNA with longer
target sequences had better suppressive effects (Fig. 2b). There-
fore. we used shRNA-HCV-27m (abbreviated as shRNA-HCV) in
the following study.

Recombinant retrovirus vectors

The U6-shRNA expression casseltes were inserted into the Stul/
Hindlll site of a retrovirus vector. pl.NCX2 (Clontech) to con-
struct pLNCshRNA-HCV and pLNCshRNA-Control (Fig. 2¢).
The plasmids were transfected into the packaging cells. Retro Pack
PT67. The culture supernatant was filtered and added onto Huh7
cells with 4 pg/mL. of polybrene. Huh7 cell lines stably expressing
shRNA were established by culture in the presence of 500 pg/mL
of G418.

Recombinant adenovirus

Recombinant adenoviruses expressing shRNA were constructed
using an Adenovirus Expression Vector Kit (Takara. Otsu, Japan).
The UG-shRNA expression DNA cassetie was inserted into
the Swal site of pAxew (o construct pAxshRNA-HCV and
pAxshRNA-Control.  The adenoviruses were  propagated
according to the manufacturer’s protocol (AxshRNA-HCV and
AxshRNA-Control; Fig. 2¢). A “multiplicity of infection® (MOI)
was used to standardize infecting doses of adenovirus. The MOI
stands for the ratio of infectious virus particles to the number of
cells being infected. An MOI =1 represents equivalent dose to
introduce one infectious virus particle to every host cell that is
present in the culture.

Plasmids for assays of interferon responses

pISRE-TA-Luc (Invitrogen. Carlsbad. CA, USA) contained five
copies of the consensus interferon stimulated response element
(ISRE) motifs upstream of the Fluc gene. pTA-Luc (Invitrogen),
which lacks the enhancer ¢clement. was used for background deter-
mination. The pcDNA3.1 (Invitrogen) was used as an empty
vector for mock transfection. pRL-CMV (Promega. Madison. W1,
USA). which expresses the Renilla luciferase protein. was used for
nonnalization of transfection efficiency.” A plasmid, peGFPneo
(Invitrogen). was used to monitor percentages of transduced cells.

Journal of Gaslreenterology and Hepatology {2007) © 2007 The Authors
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Figure 2 Structure of shRNA-expression constructs and shRNA sequences. (a) Structure of shRNA-expression cassette and shRNA sequences.

TT-Loop, the loop sequence. The shRNA-Control was directed toward an unrelated target, Machado-Joseph disease gene. Underlined letters indicate
C-to-T point mutations in the sense strand. (b) The shRNA-expression plasmids were transfected into Huh7/pRep-Feo cells, and internal luciferase
activities were measured at 48 h of transfection. Each assay was done in triplicate, and the values are displayed as mean + SD. *P<0.05. {c}
pLNCshRNA, structure of a recombinant retrovirus expressing shRNA. 'V, the retroviral packaging signal sequence. AxshRNA, structure of a

recombinant adenovirus expressing shRNA.
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Reatl-time RT-PCR analysis

Total cellular RNA was extracted from cultured cells or liver tissue
using ISOGEN (Nippon Gene. Tokyo. Japan). Total cellular RNA
(2 pug) was used to generate cDNA from each sample using the
SuperScript 1l reverse-transcriptase (Invitrogen). The mRNA
expression levels were measured using the Light Cycler PCR and
detection system (Roche. Mannheim. Germany} and Light Cycler
Fast Start DNA Master SYBR Green 1 mix (Roche).

Luciferase assays

Luciferase activity was measured using a luminometer. Lumat
LLB9501 (Promega) and the Bright-Glo Luciferase Assay System
{(Promega) or the Dual-Luciferase Reporter Assay System
(Promega).

Northern and western hybridization

Total cellular RNA was separated by denaturing agarose-
formaldehyde gel electrophoresis. and transferred to a nylon mem-
brane. The membrane was hybridized with a digoxigenin-labeled
probe specific for the full-length replicon sequence. and subse-
quently with a probe specific for beta-actin. The signals were
detected by chemiluminescence reaction using a Digoxigenin
Luminescent Detection Kit (Roche), and visualized by Fluoro-
Imager (Roche). For the western blotting. 10 pg of total cell lysate
was separated on NuPAGE 4.12% Bis-TrisGel (Invitrogen). and
blotted onto an Immobilon PVDF Membrane (Roche). The mem-
brane was incubated with monoclonal antibodies specific for
HCV-NS5A (BioDesign. Saco. ME. USA). NS4A (Virogen,
Watertown. MA. USA). or beta-actin (Sigma). and detected by a
chemiluminescence reaction (BM Chemiluminescence Blotting
Substrate; POD, Roche).

Transient-replicatfon aséays

A replicon. pRep-Fluc. was transfected into cells and the luciferase
activities of the cell lysates were measured serially. To correct the
transfection efficiency. each value was divided by the luciferase
activity at 4 h after the transfection.

Stable colony formation assays

Cells were transfected with a replicon. pRep-BSD. and were cul-
tured in the presence of 150 pg/mbL of BSD (Invitrogen). BSD-
resistant cell colonies appeared after ~3 weeks of culture, and were
counted.

HCV-JFH1 virus cell culture

An in-vitro transcribed HCV-JFHI RNA?® was transfected into
Huh7.5.1 cells.” Naive Huh7.5.1 cells were subsequently infected
by the culture supernatant of the JFHI-RNA transfected Huh-7.5.1
cells, and subjected to siRNA or drug treatments. Replication
levels of HCV-RNA were quantified by the realtime RT-PCR by
using primers that targeted HCV-NS3B region. HCV-1FH]1 sense:
5-TCA GAC AGA GCC TGA GTC CA-3’. and HCV-JFH1 anti-
sense: 5-AGT TGC TGG AGG GCT TCT GA-3".

N Sakamoto et al.

Mice and adenovirus infection

Transgenic mice, CN2-29, inducibly express mRNA for the HCV
structural proteins (genotypelb. nucleotides 294-3435) by the
Cre/loxP switching system.?® The transgene does not contain full-
length HCV 5-UTR, but shares the target sequence of the shRNA-
HCV. Although the transgenic mouse CN2 has been previously
reported as expressing higher levels of the viral proteins, the
expression levels of the viral core protein in the CN2-29 mice are
modest and similar to that in the liver of HCV patients. Thus. we
chose CN2-29 mice in the present study.

The mice were infected with AxshRNA-HCV or controls
(AxshRNA-Control or AXCAwl) in combination with AxCAN-
Cre. which expressed Cre recombinase. Three days after the
infection, the mice were killed and HCV core protein in the liver
was measured as described below. The BALB/c mice were
maintained in the Animal Care Facility of Tokyo Medial and
Dental University. and transgenic mice were in the Tokyo Met-
ropolitan Institute of Medical Science. Animal care was in accor-
dance with institutional guidelines. The review board of the
university approved our experimental animal studies and all
experiments were approved by the institutional animal study
committees.

Measurement of HCV core protein in
mouse liver

The amounts of HCV core protein in the liver tissue from the mice
was measured by a fluorescence enzyme immunoassay (FEIA)*
with a slight modification. Briefly. the 5F11 monoclonal anti-
HCV-core antibody was used as the first antibody on the solid
phase. and the 5E3 antibody conjugated with horseradish peroxi-
dase was the second antibody. This FEIA can detect as little as
4 pg/mL of recombinant HCV-core protein. Contents of the HCV
core protein in the liver samples were normalized by the total
protein contents and expressed as pg/mg total protein.

Immunohistochemical staining

Liver tissue was frozen with optimal cutting temperature (OTC)
compound (Tissue Tek; Sakura Finetechnical, Tokyo. lapan).
The sections (8 um thick) were fixed with a 1:1 solution of
acctone : methanol at —20°C for 10 min and then washed with
phosphate-buffered saline (PBS). Subsequently. the sections were
incubated with the IgG fraction of an anti-HCV core rabbit poly-
clonal antibody (RR8)® in blocking buffer or antialbumin rabbit
polyclonal antibody (Dako Cytomation, Glostrup, Denmark) in
PBS overnight at 4°C. The sections were incubated with secondary
antibody. Alexa-antirabbit IgG (Invitrogen) or TRITIC-antirabbit
IgG (Sigma). for 2h at room temperature. Fluorescence was
observed using a Auorescence microscope.

Statistical analyses

Statistical analyses were performed using Student’s  f-test;
P-values of less than 0.05 were considered to be statistically
significant.
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Results

Retrovirus transduction of shRNA can protect
from HCV replication

Retrovirus vectors propagated from  pl.NCshRNA-HCV  and
pl.NCshRNA-Control were used to infect Huh7 cells, and cell
lines were established that constitutively express shRNA-HCV
and shRNA-Control (Huh7/shRNA-HCV and Huh7/shRNA-
Control. respectively). There were no differences in the cell
morphology or growth rate between shRNA-transduced und non-
transduced Huh7 cells (data not shown). The HCV rephicon.
pRep-Fluc. was transfected into Huh7/shRNA-HCV, Huh7/
shRNA-Control and naive Huh7 cells by electroporation. In Huh7/
shRNA-Control and naive Huh7 cells, the imtial luciferase acuvity
at 4 h decreased temporanly. which represents decay of the trans-
fected replicon RNAL but increased again at 48 h and 72 h, which
demonstrate de novo synthesis of the HCV replicon RNAL In
contrast, transtection into Huh7/hRNA-HCV cells resulted in a
decrease in the initial luciferase activity, reaching background by
72 h (Fig. 3a). Similarly. transfection of the replicon. pRep-BSD.
into Huh7 cells and BSD sclection yiclded numerous BSD-
resistant colonies i the naive Huh7 (832 colonies) and Huh7/
shRNA-Control cell lines (740 colones). while transfection of
Huh7/shRNA-HCV., which expressed shRNA-HCV, yiclded obvi-
ously fewer colonies (hive colonies). indicating reduction of
colony forming units by ~10F (Fig. 3b). There was no difference in
shape. growth or viability between cells expressing the shRNA or
not. These results indicated that cells expressing HCV-directed
shRNA following retrovirus transduction acquired resistance o
HCV replication.

Effect of recombinant adenoviruses expressing
shRNA on in vitro HCV replication

We investigated subsequenty the effects of recombinant adenovi-
rus veetors expressing shRNAD AxshRNA-HCV and AxshRNA-
Control were used separately to infect Huh7/pRep-Feo cells. and
the intemal luciferase activities were measured  sequentially
t(lig. 4a). AxshRNA-HCV caused continuous suppression of HCV
RNA rephication. Six days postinfection. the luciferase activities
fell to background levels. In contrast. the luciferase activities of the
Huh7/pRep-Teo cells infected with AxshRNA-Control did not
show any significant changes compared with untreated Huh7/
pRep-Feo cells (Fig. 4a). The dimethylthiazol carboxymethox-
vphenyl  sulfophenyl  tetrazolium  (MTS)  assay showed  no
significant difference between cells that were infected by recom-
binant adenovirus and uninfected cells (Fig. 4b). In the northern
blotting analysis. the cells were harvested 6 days after infection
with the adenovirus at an MOL of 1. Feo-replicon RNA of 9.6 Kb,
which was detectable in the untreated Huh7/pRep-Feo cells and in
the cells infected with AxshRNA-Control, dimimished substan-
tally following infection with the AxshRNA-TICV (lig. 4¢). Den-
sitometries showed that the intracellular levels of the replicon
RNA n the Huh7/pRep-Feo cells correlated well with the internal
luciterase activities. Similarly in the western blotung. cells were
harvested 6 days after infection with adenovirus. Levels ol the
HOV NSAA and NSSA proteins that were translated from the HOV
rephicon deercased following infectuon with the AxshRNA-TICY
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Figure 3 HCV replication can be inhibited by shRNA-HCV which was
stably transfzcted into cells Huh7/shRNA-HCV and Huh7/shRNA-
Control stably express shRNA-HCV or shRNA-Control, respectively, fol-
lowing retrowviral transduction (a) Transient replication assay An HCV
replicon RNA, pRep-Fluc, was transfected into nave Huh7, Huh7/
shRNA-HCV and Huh7/shRNA-Control cells Luciferase activities of the
cell lysates were measured senally at the times indicated, and
the values were plotted as ratios relative to luciferase activities at 4 h
The luciferase activities at 4 h represent transfected replicon RNA. The
clata are mean ' SD An asterisk denotes a P-value of less than 0001
compared with the corresponding value of the naive Huh7 cells (b!
Stable colony formation assay. The HCV replicon, pRep-BSD, was trans-
fected into naive Huh7, Huh7/shBRNA-HCY and Huh7/shRNA-Control
cells. The cells were cultured in the presence of blasticidin S (BSD) in
the medium for ~3 weeks, and the BSD-resistant colonies were
counted These assays were repeated twice The colony-forming units
per microgram RNA (CFU/ug RNA) are shown at the bottom

(Fig. 4d). These results indicated that the decrease in luciferase
activities was due o specific suppressive effects of shRNA on
expression of HOV genomic RNA and the viral proteins. and not
due to non-specific effects caused by the delivery of shRNA or o
toxicity ol the adenovirus vectors,

Absence of interferon-stimulated gene
responses by siRNA delivery

[t has been reported that double-stranded RNA may induce
interleron-sumulated gene (1SG) responses which cause instability
of mRNA, tanslational suppression of proteins and apoptotie cell
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death. ™™ Therefore, we examined the effects of the shRNA-
expressing plasmids and adenoviruses on the activation of [SG
expression in cells. The ISRE-reporter plasmid, pISRE-TA-Luc.
and a control plasmid. peGEFPneo. were transfected into Huh7 cells
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with plasmid pUCTY-shRNA-HCV or pUC 19-shRNA-Control. or
adenovirus, AxshRNA-HCV or AxshRNA-Control. and the ISRE-
mediated luciferase activities were measured. On day 2. the [SRI:-
luciferase activities did not significantly change in cells in which

Journal of Gastroenterology and Hepatology 2007 © 2007 The Zuthors

Jaurmal cornplaton @ 2007 Journal ol Gastroenterology and Hepatology Foundanon and Blackwell Publishing A<ia Pry Lid



N Sakamoto et af. shRNA adenovirus inhibits HCV in vivo

Figure 4 Effect of a recombinant adenovirus expressing shRNA on HCV replicon. (a) Huh7/pRep-Feo cells were infected with AxshRNA-HCV or
shRNA-Control at a multiplicity of infection (MO} of 1. The cells were harvested, and internal luciferase activities were measured on day 0 though
day 9 after adenovirus infection. Each assay was done in triplicate, and the value is displayed as a percentage of no treatment and as mean * SO.
An asterisk indicates a Pvalue of less than 0.05. ‘b) Dimethylthiazol carboxymethoxyphenyl sulfophenyl tetrazolium (MTS) assay of Huh7/pRep-Feo
celis. Cells were infected with indicated recombinant adenoviruses at an MO of 1. The assay was done at day 5 of infection. Error bars indicate mean
+SD. (c) Northern blotting. The upper panel shows replicon RNA, and the lower panel shows beta-actin mRNA. (d) Western blotting. Total cell lysates
were separated on NUPAGE gel, blotted and incubated with monoclonal anti-NS4A or anti-NS5A antibodies. The membrane was re-blotted with
antibeta-actin antibodies. NT, untreated Huh7/pRep-Feo cells; Control, cells infected with AxshRNA-Control; HCV, cells treated with AxshRNA-HCV.
In panels (b} and (c), cells were harvested on day 8 after adenovirus infection at an MOI of 1.

«

(a) Figure5 Interferon-stimulated gene responses by transfection of
siRNA vectors. (a) Huh7 cells were seeded at 5 x 10° per well in 24-well

Tr plates on the day before transfection. As a positive control, 200 ng of

> _J_ pISRE-TA-Luc, or pTA-Luc, 1 ng of pRL-CMV, were transfected into a
2 6r well using FUGENE -6 Transfection Reagent (Roche), and the cells were
8 cultured with 1 U/mL of interferon {IFN) in the medium (lane 1). Lanes
% 5t 3-5: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of pRL-CMV were
@ cotransfected with {lane2) 300 ng of poly (I : C), or 200 ng of plasmids
E_’ 4t lane 3) pcDNA3.1, {lane 4) pUC19-shRNA-Control or {lane 5) pUC19-
‘5’ shRNA-HCV. Lanes 6-8: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of
Z, 3t pRL-CMV were transfected, and MOl =1 of adenoviruses, {lane 8)
2 ' AxLacZ, which expressed the betagalactosidase {LacZ) gene under
% 2t control of the chicken beta-actin {(CAG) promoter as a control, {lane 7)
x AxshRNA-Control or {lane 8) AxshRNA-HCV were infected. Dual
1+t luciferase assays were performed at 48 h after transfection. The Fluc
l_'—l H r‘ I_'_I l-'-l [—Ll activity of each sample was normalized by the respective Rluc activity,

0 s A and the respective pTA luciferase activity was subtracted from the

1 2 3 4 5 6 Z 8 pISRE luciferase activity. The experiment was done in triplicate, and the

g’ Q\ ﬂ;.\ @ é a’ ,9 a data are displayed as means + SD. {b) Huh7 cells were infected with

Q\ LA ¢ S’ > \’,v é ;2* indicated recombinant adenoviruses, AxLacZ, AxshRNA-Control and

N 6 Qe 00 ?: v‘? 00 e?' AxshRNA-HCV. RNA was extracted from each sample at day 5, and
Qe-« QO Qo v5 Qg v: Q mRNA expression lavels of an interferon-inducible MxA protein were
N Q§ r’f Q? (5 quantitied by the real-time RT-PCR analysis. Pnmers used were as
(;)Q Q’ ”Q v‘? follows: human MxA sense, 5’-CGA GGG AGA CAG GAC CAT CG-3’;

()' Q° v‘}' human MxA antisense, 5-TCT ATC AGG AAG AAC ATT TT-3’; human

beta-actin sense, 5-ACA ATG AAG ATC AAG ATC ATT GCT CCT CCT-3";
Q and human beta-actin antisense, 5-TTT GCG GTG GAC GAT GGA GGG
GCC GGA CTC-3".

(b) N
[}
% 108 ¢ negative- or positive-control shRNA plasmids was transfected.
> (Fig. Sa). Similarly. the expression levels of an interferon-
g 7 inducible MxA protein did not significantly change by transfection
© 1071 . of shRNA-expression vectors (Fig. 5b). These results demonstrate
@ that the shRNA used in the present study lack induction of the ISG
z 106 responses both in the form of the expression plasmids and the
pd - adenovirus veetors.
x
£ 105t -
<>(< Effect of siRNA and shRNA adenoviruses on
= 104 L N . . ) HCV-JFH1 cell culture
'é\ o 3’ ga a The effcets of HC V-targeted siRNA- and shRNA-expressing
Qg _\Q \;b § ’,z~ adenoviruses were confirmed by using HCV-IFH1 virus cell
o o ?‘5' © g culture system. Transfection of the siRNA #331% into HCV-
éz? Q g’ QQ‘ infected Huh7.5.1 cells resulted in substantial decrease of intra-
Q& :) cellular HCV RNA. while a control siRNA showed no effect
;"Q A\ 4 (Fig. 6a). Similarly. infection of AxshRNA-HCV into Huh7.5.1/
v‘y HCV-JFHIL cells specifically suppressed  expression of HCV
RNA (Fig. Gb).
Journal of Gastisenterolngy and Hepatology (2007 © 2007 The Authuss 7
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Figure 6 Effects of an siRNA and adenovirus expressing shRNA on
HCV-JFH1 cell culture. (a) The siRNA #331, the siRNA-Control*, (b)
AxshRNA-HCV or AxshRNA-Control were, respectively, transfected or
infected onto HV-JFH1-nfected Huh7.5.1 cells. Seventy-two hours of
the transfection or infection, expression level of HCV-RNA was quanti-
fied by real-time RT-PCR. The assays were repeated twice, and consis-
tent results were obtained. IFN, recombinant interferon-alpha 2b.

Suppression of HCV-IRES-mediated translation
in vivo by adenovirus expressing shRNA

The effects of the shRNA expression on the expression of the viral
structural proteins in vive were investigated using conditional
HCV  cDNA-ransgenic  mice. CN2-29.%  Adenoviruses.
AxshRNA-HCV. AxshRNA-Control or AXCAw] were injected
into CN2-29 mice in combination with AXCANCre. an adenovirus
expressing Cre DNA recombinase. The mice were killed on
the fourth day after the injection. and the hepatic expression of
the HCV core protein was measured. The expressed amounts
of the core protein were 143.0 * 56.2 pg/mg and 108.5 +
42 4 pg/myg in AXCAwl and AxshRNA-Control-infected mice.
respectively. and the expressed amount was significantly lower in
mice injected with AxshRNA-HCV (28.7 = 7.0 pg/mg. P <0.05.
Fig. 7a). Similarly, the induced expression of HCV core protein
was not detectable by immunohistochemistry in AxshRNA-HCV
infected liver tissue (Fig. 7¢). Staining of a host cellular protein,
albumin. was not obviously different between the liver infected
with AXCAw1, AxshRNA-HCV and AxshRNA-Control (Fig. 7d).
The expression levels of two 1SG. IFN-beta and Mx1. in the liver
tissue were not significantly different between individuals with

N Sakamoto et al.

and without injection of the adenovirus vectors (Fig. 7b). These
results indicate specific shRNA silencing of HCV structural
protein expression in the liver.

Discussion

The requirements to achieve a high efficiency using RNAI are: (i)
selection of target sequences that are the most susceplible to
RNAI; (i) persistence of siRNA activity; and (iii) efficient in vivo
delivery of siRNA to cells. We have used an shRNA sequence that
was derived from a highly efficient siRNA (siRNA331). and con-
structed a DNA-based shRNA expression cassette that showed
compelitive effects with the synthetic siRNA (Fig. 2)."* The
shRNA-expression cassette does not only allow extended half-life
of the RNAI. but also enables use of gene-delivery vectors. such as
virus vectors. As shown in the results, a retrovirus vector express-
ing shRNA-HCV could stably transduce cells to express HCV-
directed shRNA. and the cells acquired protection against HCV
subgenomic replication (Fig. 3). An adenovirus vector expressing
shRNA-HCYV resulied in suppression of HCV subgenomic and
protein expression by around three logs to almost background
levels (Fig. 4). Consistent results were obtained by using an HCV
cell culure (Fig. 6). More importantly. we have demonstrated
in-vivo effects on viral protein expression in the liver using a
conditional transgenic mouse model (Fig. 7). These results suggest
that efficient delivery of siRNA could be effective against HCV
infection in vivo.

An obstacle to applying siRNA technology to treat virus infec-
tions is that vituses are prone to mutate during their replication.*
HCV continuously produces mutated viral strains to escape
immune defense mechanisms. Even in a single patient. the circu-
lating HCV population comprises a large number of closely related
HCV sequence variants called quasispecies. Therefore. siRNA
targeting the protein-coding sequence of the HCV genome, which
have been reported by others.'™" may vary considerably among
different HC'V genotypes. and cven among strains of the same
genotype.® Our shRNA sequence targeted the 5-UTR of HCV
RNA, which is the most conserved region among various HCV
isolates.™” In addition. the structural constraints on the 5’-UTR. in
terms of its requirement to dircet internal ribosome entrv and
translation of viral proteins. might not permit the evolution of
escape mutations. Our preliminary results have shown that the
siRNA-HCV suppressed replication of an HCV genotype 2a
replicon™ to the same extent as the HCV 1b replicon.

Although the siRNA techniques rely on a high degree of speci-
ficity. several studies report siRNA-induced non-specific effect
that may result from induction of ISG responses.'®" These effects
may be mediated by activation of double-strand RNA-dependent
protein Kinase. toll-like receptor 3.% or possibly by a recenly
identified RNA helicase. RIG-1.* It remains to be determined
whether these effects are generally induced by every siRNA con-
struct. Sledz er al. have reported that transfection of two siRNA
induced cellular interferon responses.” while Bridge et al. vepont
that shRNA-expressing plasmids induced an interferon response
but transfection of synthetic siRNA did not.! Speculatively. these
effects on the interferon system might be construct dependent. Qur
shRNA-expression plasmids and adenoviruses did not activate
ISG responses in vitro (Fig. Sab) or in vivo (Fig. 7b). We have
preliminarily detected phosphorylated PKR (P-PKR) by western
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shRNA adenovirus inhibits HCV in vivo

Lfficiency and safety of genc transfer methods are the key
determinants of the clinical success of gene therapy and an unre-
solved problem. There are several reports of delivery of siRNA or
siRNA-expression vectors to cells in vivo;' > however, gene
delivery methods that are safe cnough to apply to clinical thera-
peutics are currently under development. Adenovirus vectors are
onc of the most commonly used carriers for human gene
therapies.*** Our present results demonstrate that the adenoviral
delivery of shRNA is effective in blocking HCV replication
in vitro and virus protein cxpression in vivo. Adenovirus vectors
have scveral advantages of efficient delivery of transgene both in
vitro and in vive and natural hepatotropism when administered in
vivo. The AxshRNA-HCV specifically blocked expression of HCV
structural proteins in a conditional transgenic mouse expressing
those proteins. The current adenovirus vectors may cause inflam-
matory reactions in the target organ,* however. and produce neu-
tralizing antibodies which make repeated administration difficult.
These problems may be overcome by the improved constructs of
virus vectors with attenuated immunogenicity or by the develop-
ment of non-viral carriers for gene delivery. ™

In conclusion, our results demonstrate the effectiveness and
feasibility of the siRNA expression system. The efficiency of aden-
ovirus expressing shRNA that target FICV suggests that delivery
and expression of siRNA in hepatocytes may eliminate the virus
and that this RNA-targeting approach might provide a potentially
cffective future therapeutic option for HCV infection,
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