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Many autosomal dominant diseases such as familial amyotrophic
lateral sclerosis (ALS) with copper/zinc superoxide dismutase
(SOD1) mutation may be induced by missense point mutations that
result in the production of proteins with toxic properties. Reduction
in the encoding of proteins from such mutated genes can therefore
be expected to improve the disease phenotype. The duplex of 21-nu-
cleotide RNA, known as small interfering RNA (siRNA), has
recently emerged as a powerful gene silencing tool. We made trans-
genic (Tg) mice with modified siRNA, which had multiple mismatch
alternations within the sense strand, to prevent the “shutdown phe-
nomenon” of transgenic siRNA. Consequently, the in vivo knock-
down effect of siRNA on SOD1 expression did not diminish over
four generations. When we crossed these anti-SOD1 siRNA Tg mice
with SOD1¢%%4 Tg mice, a model for ALS, siRNA prevented the
development of disease by inhibiting mutant G93A SOD1 produc-
tion in the central nervous system. Our findings clearly proved the
principle that siRNA-mediated gene silencing can stop the develop-
ment of familial ALS with SOD1 mutation.

RNA interference is the process of sequence-specific, post-transcrip-
tional gene silencing, initiated by double-stranded RNA. RNA interfer-
ence is a multistep process that involves generation of 21-23-nucleotide
small interfering RNA (siRNA),? resulting in degradation of homolo-
gous RNA. One rational approach to therapy using siRNA is to elimi-
nate the aberrant protein encoded by mutant alleles in dominantly
inherited diseases.

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative dis-
ease characterized by the degeneration of motor neurons in the central
nervous system. Although most cases of ALS are sporadic, 5-10% of
ALS cases are familial, and of these, ~20% are due to missense point
mutations in the gene encoding copper/zinc superoxide dismutase
(SOD1) (1). Recent studies using transgenic (Tg) mice and cell culture
models of ALS with SOD1 mutations have indicated that SOD1 muta-
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tions induce the disease by their toxic properties, not by a loss of SOD1
activity (2). Therefore, inhibition of mutated allele expression is
expected to provide a direct approach to therapy for this type of familial
ALS. In cultured cells, siRNA can effectively inhibit the production of
mutant proteins in various neurodegenerative diseases including ALS
(3). Furthermore, virus-mediated siRNA delivered by direct injection of
viral vectors to the brain or muscle delays phenotypic expression in Tg
mice in vivo (4-7). However, it has not been proved in principle
whether inhibition of mutant genes with siRNA can truly stop domi-
nantly inherited diseases. The most difficult problem in in vivo therapy
with siRNA is that there is no sophisticated method of delivering siRNA
throughout the central nervous system. Therefore, to answer this ques-
tion, as a first step, we tried to make siRNA Tg mice in which siRNA was
ubiquitously expressed in the brain, and we then crossed these siRNA
Tg mice with SOD1%%** Tg mice to efficiently deliver siRNA through-
out the central nervous system.

Moreover, we utilized modified short hairpin RNA (shRNA), which
has mismatch alternations within the sense strand, to make Tg mice.
This method was able to enhance the genetic stability of the shRNA
expression cassette in the genome over generations.

MATERIALS AND METHODS

Construction of Anti-SOD1 shRNA Expression Vector—We gener-
ated an anti-SOD1 shRNA cassette as reported previously (3). We
inserted the anti-SOD1 shRNA cassette immediately downstream of
the human U6 promoter in pUC19 (Takara, Tokyo, Japan), with a PGK-
neo-poly(A) cassette (Fig. 1A4). Three G — A alternations were intro-
duced (denoted by asterisks below) in the sense strand:
5-GGUGG*AAAUG*AAGAAAG*UAC-3' (Fig. 1B). This sequence
was a good and common siRNA target region in both human and mouse
SOD1 mRNAs. To select this target site, we performed a BLAST simi-
larity search to minimize off-target effects.

Generation of Anti-SODI siRNA Tg Mice—To produce anti-SOD1
siRNA Tg mice, the anti-SOD1 shRNA expression vector was intro-
duced into 129/Sv embryonic stem (ES) cells (Chemicon, Temecula,
CA) by electroporation, and individual stable integrants were tested for
expression of SODI1 protein by Western blot analysis. ES cell clones that
exhibited greatly decreased SOD1 expression were injected into
C57BL/6 blastocysts (CLEA Japan, Tokyo, Japan), and the resulting chi-
meric male mice were mated with C57BL/6 females. The offspring, in
which germline transmission was determined by the following PCR
method, were referred to as anti-SOD1 siRNA Tg mice.

Double Tg mice were generated by crossing SOD1%%*4 Tg mice (G1H
line from Jackson Laboratories, backcrossed to C57BL/6 mice) with
anti-SOD1 siRNA Tg mice. Genotypes of these mice were determined
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by PCR analysis of tail DNA. PCR was carried out using the following
primer sets: 5-CTTGGGTAGTTTGCAG-3' and 5'-CAGGAAA-
CAGCTATGAC-3' for anti-SOD1 siRNA Tg mice and 5'-CATCAG-
CCCTAATCCATCTGA-3" and 5'-CGCGACTAACAATCAAAGT-
GA-3' for SOD1%%4 Tg mice. The mice were maintained under patho-
gen-free conditions and handled in accordance with the Guidelines for
Animal Experimentation of the Institute for Advanced Technology of
Kinki University and of Tokyo Medical and Dental University.
Northern Blot Analysis—Mice were deeply anesthetized with pento-
barbital sodium, sacrificed, and perfused with cold phosphate-buffered
saline. Total RNA was extracted from the brain and spinal cord by using
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FIGURE 1. Construction of anti-SOD1 shRNA expression vector. A, the anti-SOD1
shRNA expression vector included an anti-SOD1 shRNA cassette with human U6 pro-
moter and a PGK-neo-poly(A) cassette. B, predicted secondary structure of anti-SOD1
shRNA. Three G — A alternations were introduced, but only in the sense sequence of
shRNA (arrows).
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TRIzol (Invitrogen). Total RNA (20 pg) was fractionated on a 1% form-
aldehyde agarose gel and transferred to a Nytran membrane (Schleicher
& Schuell). The lower part of the membrane was hybridized with a
purified PCR fragment, corresponding to mouse SOD1 cDNA (bases
15-495); it was labeled with fluorescein by using a Gene Images ran-
dom-prime labeling kit (Amersham Biosciences). The upper part of the
membrane was hybridized with a probe specific for B-actin. The signals
were visualized with a Gene Images CDP-star detection kit (Amersham
Biosciences). For detection of small RNA, total RNA (25 ug) was sepa-
rated by electrophoresis on a 14% polyacrylamide-urea gel and trans-
ferred to a Hybond-N+ membrane (Amersham Biosciences). The blot
was hybridized with a probe of the non-mutated sense sequence of
shRNA, which was labeled with fluorescein by using a Gene Images
3'-Oligolabeling kit (Amersham Biosciences) and visualized as men-
tioned above.

Western Blot Analysis—ES cell lysates were prepared with radioim-
mune precipitation buffer (150 mm NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS). Protein samples were extracted from
tails, brains, and spinal cords and homogenized in buffer containing
0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 1 mm phen-
ylmethylsulfonyl fluoride. Equal amounts of extracted protein were
mixed with Laemmli sample buffer, denatured, and separated on 15%
SDS-PAGE. After transfer to a polyvinylidene difluoride membrane
(Bio-Rad), blots were probed with anti-SOD1 polyclonal antibody S-100
(1:7000, StressGen Biotechnologies, Victoria, British Columbia, Can-
ada) or anti-B-tubulin monoclonal antibody (1:500, BD Biosciences)
followed by the relevant horseradish peroxidase-conjugated immuno-
globulin (Amersham Biosciences). Immunoblots were detected using
ECL reagent (Amersham Biosciences).

Immunohistochemical and Histopathological Analyses—The lumbar
segments of the spinal cords were removed and fixed in 4% paraformalde-
hyde in phosphate-buffered saline, pH 7.4. They were cryoprotected with
sucrose solution and frozen in Tissue-Tek O.C.T. compound (Sakura Fine-
technical Co., Tokyo, Japan). For immunohistochemistry, sections (10 pm
thick) of the spinal cord at the level of the third lumbar (L3) vertebra from
anti-SOD1 siRNA Tg mice and wild-type littermates were mounted onto
the same gelatin-coated slide and incubated with anti-SOD1 polyclonal
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FIGURE 2. Efficient knockdown of SOD1 in anti-
SOD1 siRNA Tg mice. A, production of SOD1 pro-
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clones indicated by arrows showed marked reduc-
tion in SOD1 production. B, detection of the anti-
sense strand of sSiRNA in the brain on Northern blot
analysis. C, SOD1 mRNA on Northern blot analysis
in the brain. D, SOD1 protein on Western blot anal-
ysis in the brain. £, the presence of SOD1 in the
spinal cord, as detected by immunohistochemis-
try (upper panels). Lower panels, the same sections
stained with hematoxylin and eosin. Scale bar, 30
um. Tg, anti-SOD1 siRNA Tg mouse; Wt, wild-type
littermate.

Mouse SOD1

B-actin

E.

Mouse SOD1

B-tubulin

DECEMBER 30, 2005-VOLUME 280+-NUMBER 52

JOURNAL OF BIOLOGICAL CHEMISTRY 42827



Transgenic siRNA in ALS

Fl F3
Wit Tg Wt Tg

11 mo
Tg Wt Tg

1 mo
Wt

Mouse SOD1

B-tubulin (22 =5

.2 2
E E
B 3
IS &
g £
8 5
Z z
Wt Tg Wt Tg Wt Tg Wt Tg
1 mo 11 mo F1 F3
Age (months) Generation

FIGURE 3. The silencing effect of siRNA is stable. SOD1 protein levels with aging (left)
and from generation to generation (right) are shown. F1 and F3 mice were examined at
1 month (mo) of age. Values are the ratios to age-matched wild-type {Wt) littermates
(mean and S.E.). n = 3 for each group. ns = not significant (p > 0.05, Student's t test).

antibody S-100 (1:1000, StressGen Biotechnologies). Staining was visual-
ized by diaminobenzidine. For histopathological examination of the tissues
of double Tg mice, SOD1%%** Tg mice, and wild-type littermates, sections
10 pm thick were stained with hematoxylin and eosin.

L3 ventral roots were taken from the spinal cord and fixed in phos-
phate-buffered 2.5% glutaraldehyde, postfixed in 1% osmic acid, and
then embedded in Epon. Toluidine blue-stained semi-thin transverse
sections of these materials were used for evaluation of the density and
size distribution of myelinated fibers.

Determination of Disease Onset and Progression—We compared the
motor functions of double Tg mice with those of SOD19%* Tg mice
and wild-type littermates by using a rotating rod apparatus (accelerating
model, Ugo Basile Biological Research Apparatus, Varese, Italy). The
mice were placed on the rod for four trials. Each trial lasted a maximum
of 4 min, during which the rotating rod underwent linear acceleration
from 4 to 33 rpm over 4 min. Disease onset was determined by the
presence of hindlimb paresis on walking. Mortality was scored as date of
death or inability of the mouse to right itself within 30 s of being placed
on its side.
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FIGURE 4. Double Tg mice had a marked reduction in the amount of G93A SOD1 protein in the spinal cord and did not show the ALS phenotype. A, detection of the antisense
strand of siRNA in the spinal cord on Northern blot analysis. nt, nucleotides. B, levels of both mutant G93A SOD1 and mouse SOD1 proteins were similarly reduced in the spinal cords
of double Tg mice on Western blot analysis. The level of G93A SOD1 protein in double Tg mice was lower than that of the low copy strain of SOD 15934 Tg mice. Lane 7, SOD19%%A Tg
mouse; lane 2, low copy strain of SOD15%34 Tg mouse; lane 3, double Tg mouse; lane 4, wild-type mouse. C, this SOD1%%* Tg mouse at 130 days of age showed paralysis of both
hindlimbs. In contrast, the double Tg mouse at the same age walked well. D, cumulative probabilities of onset of disease signs (feft) and survival (right). There was a significant increase
in the life span of the double Tg mice (n = 6; closed circles) compared with the SOD15%3A Tg mice (n = 23; open circles). £, performances on the accelerating rotating rod apparatus.

F. growth curves of female mice. Values are means and S.E.
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FIGURE 5. Histological analysis of lumbar ven-
tral root and spinal cord. A, light micrographs of
transverse L3 ventral root sections stained with
toluidine blue (upper panels) and L3 spinal cords
stained with hematoxylin and eosin (fower panels).
The arrows indicate the anterior horn cells. Scale
bar, 30 pm. B, the number of large motor fibers
(=5 wm) in L3 ventral roots. Values are means and
S.E.n = 3 for wild-type littermates and SOD1°934
Tg mice; n = 1 for double Tg mice.
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Statistical Analysis—Statistical significance was assessed between
groups by using Student’s £ test. Significance was set at p < 0.05.

RESULTS

Anti-SOD1 siRNA Tg Mice—We obtained 3 of 50 G418-resistant ES
cell clones that showed an ~80% reduction in the level of endogenous
SOD1 protein by Western blot analysis (Fig. 24). Each ES cell clone was
injected into C57BL/6 blastocysts, and chimeric male mice with high
levels of ES cell descendants were obtained. These chimeras were out-
crossed, and germline transmission of the shRNA was noted in numer-
ous F1 progeny from one ES line (12/35) on PCR analysis. In the brains
of anti-SOD1 siRNA Tg mice, expression of siRNA was clearly detected
(Fig. 2B), and mouse SOD1 mRNA was strikingly reduced on Northern
blot analysis (Fig. 2C). The level of SOD1 protein was also suppressed by
about 80% on Western blot analysis (Fig. 2D). Anti-SOD1 siRNA Tg
mice did not show any obvious phenotype such as growth retardation or
motor signs, with the exception of infertility in females. In immunohis-
tochemical analysis, the SOD1 immunoreactivity of both the gray and
the white matter of the spinal cord in the anti-SOD1 siRNA Tg mice was
much lower than that in the wild-type littermates. In the anterior horn
of the spinal cord in anti-SOD1 siRNA Tg mice, the SOD1 immunore-
activity was reduced dominantly in the non-neuronal cells and neuro-
pils (Fig. 2E).

The Silencing Effect of siRNA Is Stable with Age and through to the F3
Generation—To analyze changes in SOD1 protein levels with age and
through the generations, we examined SOD1 protein levels in the tails of
anti-SOD1 siRNA Tg mice and age-matched wild-type littermates by
Western blot analysis. There was no obvious decrease in the effect of
siRNA on knockdown of SOD1 production at 1 and 11 months old or in
F1 and F3 mice (Fig. 3).
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Mutant G93A SOD1 Protein Production Is Decreased in Double Tg
Mice—By crossing anti-SOD1 siRNA Tg mice with SOD1°%** Tg mice,
we obtained six double Tg mice and 26 SOD1%%** Tg mice. In the spinal
cords of the double Tg mice, we clearly detected the expression of
siRNA (Fig. 44). Levels of both mutant human G93A SOD1 protein and
mouse wild-type SOD1 protein in the spinal cords of the double Tg mice
were similarly reduced. The percentage of reduction of mutant G93A
SOD1 in the spinal cord was estimated to be about 80%. The level of
mutant G93A SOD1 protein in the double Tg mice was about half that
in the low copy strain of SOD19%** Tg mice (G1L/+ from Jackson
Laboratories, backcrossed to C57BL/6 mice) in which disease onset
occurred at 280 days of age (Fig. 4B).

Phenotype of Double Tg Mice Is Normal—SOD1%%** Tg mice showed
the first signs of motor deficits at a mean age of 127.3 = 1.2 days. All of
these mice then deteriorated progressively, showing a lack of mobility,
failure to groom their fur, hindlimb dysfunction, breathing difficulties,
and muscle atrophy. All SOD1°%** Tg mice were dead by 157 days of
age (Fig. 4, Cand D).

In contrast, double Tg mice appeared normal and grew up similarly to
wild-type littermates. Their motor performance on the rotating rod test
did not differ from that of wild-type littermates over the entire 300-day
duration of the experiment (Fig. 4E). The weights of SOD19** Tg mice
declined just before the onset of disease, but double Tg mice did not lose
weight (Fig. 4F). The online supplemental movie dramatically shows
that the transgenic anti-SOD1 siRNA completely prevented the devel-
opment of the ALS phenotype seen in SOD1%%** Tg mice (see Supple-
mental Movie).

Histological analysis of the spinal cord was performed at the end of
disease in SOD1%%** Tg mice and at 6 months of age in double Tg mice
and the age-matched wild-type littermates. In the SOD1%** Tg mice,
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the spinal cord at L3 showed a severe loss of motor neurons with an
increase in the numbers of astrocytes (see Supplemental Figure), and
myelinated axons in the L3 ventral root were atrophic and less dense. In
contrast, the spinal motor neurons and axons in the double Tg mice
appeared normal (Fig. 5, A and B).

DiSCUSSION

One serious problem in using sShRNA to generate Tg mice is that
mutations can occur within the hairpin region of the shRNA sequence
during replication, leading to a reduction in silencing efficiency with age
and over generations. In fact, ~20% of our constructs without mismatch
alternation were mutated within the hairpin region of the constructs
upon introduction into Escherichia coli (8), and some anti-green fluo-
rescent protein Tg mice lost the knockdown effect in the F1 generation,

even with expression of siRNA (9). We previously showed that mis-

match alternation of a few nucleotides in only the sense strand pre-
vented mutation during replication without reducing the silencing
effect (8). Thus, we introduced three mismatch alternations in the sense
strand, and all of our anti-SOD1 Tg mice showed no decrease in siRNA
effect over four generations. The mismatch alternations in the sense
strand of our shRNA might have prevented a decrease in the siRNA
effect in vivo. In view of these results, we think that crossing of SIRNA Tg
mice could be a useful strategy for analyzing the effect of knockdown of
the gene of interest on the phenotype of the crossed mice.

Our results showed that development of the ALS phenotype in
SOD1%%34 Tg mice was completely suppressed by crossing with anti-
SOD1 siRNA Tg mice. In our double Tg mice, siRNA overexpressed
against the SODI gene in anti-SOD1 siRNA Tg mice cleaved the mRNA
of G93A SOD1 expressed in the crossed mice. We consider that pre-
vention of development of the ALS phenotype in the double Tg mice
was caused by the knockdown effect on SOD1 protein production. The
mouse wild-type SODI gene was similarly inhibited by the siRNA, but
elimination of wild-type SOD1 has been reported to have no effect on
the mutant SOD1-mediated ALS phenotype (10). An off-target effect of
the siRNA on other unidentified mouse genes is also improbable. This is
because 1) a BLAST search for our shRNA sequence showed no match
in other areas of the mouse genome and 2) the infertility observed in
female anti-SOD1 siRNA Tg mice has also been reported in mice with
knock-out of the SODI gene (11). Moreover, a close relationship
between the copy number of G93A SOD1 and time of onset of the ALS
phenotype is known to occur in SOD1%* Tg mice (12).

More recently, direct injection of an siRNA-expressing viral vector
into the spinal cord (5) or skeletal muscles (6, 7) is reported to reduce the
severity of the ALS phenotype in SOD1%%%** Tg mice. Although viral
vector-mediated siRNA delayed the onset of disease or the decrease in
grip strength, none of these vector-mediated siRNAs could prevent the
disease. In contrast, our double Tg mice did not show any motor dys-
function at 300 days and were expected to remain free of signs of disease
at 2 years of age, the time at which disease onset has been predicted from
the rate of reduction in the amount of mutant SOD1 in the spinal cord
(12). Most likely, this difference can be explained by the possibility that

42830 JOURNAL OF BIOLOGICAL CHEMISTRY

our transgenic siRNA had a greater knockdown effect than did the viral
vector-mediated siRNA. Alternatively, reduction in the amount of
mutant SOD1 in non-neuronal cells as well as neuronal cells in our
double Tg mice might have contributed to the better outcome; the
effects of siRNA were limited to the motoneurons when viral vectors
were injected into the skeletal muscles (6, 7). There are several lines of
evidence that production of mutant SOD1 in both neuronal and non-
neuronal cells is critical in the mechanism of the disease (13-16).

Our findings clearly demonstrated that siRNA halted familial ALS by
silencing the mutant gene. If a non-invasive method of delivery of
siRNA to both neuronal and non-neuronal cells throughout the central
nervous system can be developed, the concept of truly overcoming these
autosomal dominantly inherited neurodegenerative diseases will no
longer be an impossibility.
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Abstract

The aim of the present study was to specifically silence the
rat ATP-binding cassette transporter G2 (rABCG2) gene in
brain capillary endothelial cells by transfection of short
interfering RNA (siRNA). Four different siRNAs designed to
target rABCG2 were each transfected into HEK293 cells with
myc-tagged rABCG2 cDNA. Quantitative real-time PCR and
westermn blot analyses revealed that three of the siRNAs
were able to reduce exogenous rABCG2 mRNA and protein
levels in HEK293 cells. Moreover, rABCG2-mediated mitox-
antrone efflux transport was suppressed by the introduction
of these three siRNAs into HEK293 cells. In contrast, the
other siRNA and non-specific control siRNA did not signifi-
cantly affect the mRNA expression, the protein level or the
transport activity. Endogenous rABCG2 mRNA and protein

expression in a conditionally immortalized rat brain capillary
endothelial cell line (TR-BBB13) was suppressed by the
most potent siRNA among the four siRNAs tested. Further-
more, this siRNA did not affect the mRNA levels of other
ABC transporters, such as ABCB1, ABCC1 and ABCGH,
and the protein level of ABCB1 in TR-BBB13 cells, sug-
gesting that it can selectively silence rABCG2 at the blood—
brain barrier. This should be a useful and novel strategy for
clarifying the contribution of rABCG2 to brain-to-blood
transport of substrate drugs and endogenous compounds
across the blood—brain barrier.

Keywords: ABC transporter, ATP-binding cassette trans-
porter G2, 17f-estradiol, blood-brain barrier, in vitro blood—
brain barrier model, short interfering RNA.
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The blood-brain barrier (BBB), which is formed by the tight
intercellular junctions of brain capillary endothelial cells
(BCECs), strictly regulates the transfer of substances
between the circulating blood and the brain (Terasaki and
Hosoya 1999; Hosoya et «l. 2002). Therefore, the molecular
mechanisms of efflux transport from the brain have important
implications for drug delivery and CNS homeostasis.
ABCG2 (BCRP/MXR/ABCPI) is an ATP-binding cas-
sette (ABC) transporter localized on the luminal side of brain
capillaries in humans (Cooray ef al. 2002) and rats (Hori
et al. 2004), and transports a diverse array of compounds out
of the cells (Allen and Schinkel 2002). Therefore, ABCG2
present in BCECs may act to restrict the penetration of
xenobiotics into the brain and to pump out potential toxins or
metabolites from the brain. ABCG2 transports sulfated

conjugates of drugs and sterols (Suzuki e al. 2003), whereas
p-glycoprotein (P-gp), a well-characterized efflux transpor-
ter at the BBB, preferentially transports hydrophobic
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compounds. Therefore, ABCG2 may have a distinct role in
efflux transport at the BBB.

Several ABC fransporters and organic anion transporters
are expressed at the abluminal and/or luminal membrane of
the BBB as well as ABCG2 (Gao er al. 1999; Virgintino
ef al. 2002; Mori ef al. 2003). Clarifying the transport
properties and the contribution of cach 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 er al. 2000; Cooray ¢t al. 2002;
Hori er «l. 2004), also accept DHEAS as a substrate (Suzuki
et al. 2003; Zelcer ef al. 2003).

Three effective inhibitors of ABCG2 have been described
thus far. GF120918 was developed as a P-gp (ABCBI)
inhibitor (Hyafil e al. 1993), but a later study found that it
also inhibits ABCG?2 (de Bruin er a/. 1999). Such a dual-
specificity inhibitor is unsuitable for clarifying the distinct
transport activity of each transporter. Fumitoremorgin C and
Kol45 are potent and selective inhibitors for ABCG2, being
much less active towards P-gp and ABCCs (Rabindran e 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
expression has also been accomplished by transfection of
synthetic RNA  oligonucleotides composed of 21 or 22
base pairs (short interfering RNA, siRNA; Elbashir er al.
2002). Sequence-specific  sitencing of transporter genes
using siRNA should make it possible to evaluate properly
the transport properties of a targeted transporter at (he
BBB.

interference  with gene

Conditionally immortalized BCEC lines are useful in vitro
BBB models which retain the in vivo transport properties
towards various compounds (Hosoya ef al. 2000a, 2000b:
Terasaki er /. 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 ftransporter genes in BCECs should allow us (o
imprave 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 ABCG?2 at the BBB.

Materiale and methods

Reagents

Endothelial cell growth factor (ECGF) was purchased from
Boehringer Mannheim (Mamnheim, Germany). Benzylpenicillin
potassium and streptomycin sulfate were purchased from Wako
Pure Chemical Industries (Osaka, Japan). Non-specific Control
Duplex XI (NC siRNA; Dharmacon, Lafayctie, CO, USA) is
claimed by the manufacturcr to show no RNAT cffect, and its target
sequence is 5-NNATAGATAAGCAAGCCTTAC-3. No rat gene
sequences with homology to NC siRNA were found by Blast scarch.
B-Actin $iIRNA 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 f-actin (the undetlined base in the
sequence of f-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 ¢DNA (GenBank accession  number
ABIOS8IT). Al 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

interfering RNAs (siRNAs)

Number of Sequences

rABCG2 siBNA (upper, sense; lower, antisense) Positions*/GC (%)

01 5-CAGAGAAACAAGAACGGCCITAT 95-113/52.6%
dTdTGUCUCUUUGUUCUUGCCGG-5'

02 5-UGUGCUAAGUUUUCAUCACTAT 160-178/36.8%
dTdTACACGAUUCAAAAGUAGUG-5

03 5-CCCUGACAGUGAGAGAAAAITT 450-468/47.4%
dTdTGGGACUGUCACUCUCUUUU-5

04 5’-GCAAACAAGACAGAAGAGCITIT 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

HEK?293 cells (American Type Culture Collection, Rockville, MD,
USA) were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Nissui Pharmaceutical, Tokyo, Japan) supplemented with
20 mw 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 in a
humidified atmosphere of 95% air and 5% CO,. TR-BBBI13 cells
are a conditionally immortalized BCEC cell line (Hosoya er al.
2000a) that has been used as an in virro BBB model (Terasaki ef al.
2003). TR-BBB13 cells were grown in culture-medium A with
15 ng/mL 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 I reduced
serum medium (Invitrogen, Carlsbad, CA, USA). In some experi-
ments, 1 pg of myc-tagged rABCG2 cDNA (pCMV-Tag3A/rAB-
CG2 (Hori er al. 2004)) or a control plasmid (pCMV-Tag3A,
Stratagene, La Jolla, CA, USA) was co-transfected into HEK293
cells simulianeously 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 rABCG2 siRNA-03, fB-actin
siRNA or NC siRNA using Lipofectamine 2000 and OPTI-MEM 1
reduced serum medium (Invitrogen). At 24 h after siRNA transfec-
tion, TR-BBBI13 cells were treated with or without 100 nm 1703-
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 pg of rABCG2 siRNA-03 or NC siRNA using Lipofectamine
2000 and OPTI-MEM 1 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 celis
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 cach run were prepared using pGEM-T Easy Vector
containing ABCG2, ABCBI1, ABCC1, ABCGI, B-actin or GAPDH
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(dilution ranging from 0.1 fg/pL to 1 ng/pL). The standard curves of
cach 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. All the plots showed high
linearity, and the Ct values of all samples were within the range of
the standard plots. The ABCG2, ABCBI, 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 ¢DNA (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 1 min, and 72°C for 1 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 ABCBI/
mdrla; sense primer 5-CTGGCTTGGTGTGAACTGAT-3" and
antisense primer 5'-AGGCTCTGGCTTGGCTCTAT-3' for ABCCI;
sense primer 5-TGCCCGCCGGGTTGAAACTGTTC-3" and anti-
sense primer  5-ACTGTCTGCATTGCGTTGCATTGC-3" for
ABCGI; 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,
rABCG?2 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 p-actin mRNA fevel. Each
rABCG2 mRNA level is shown as percentage of the mean of the
rABCG2 mRNA level in the NC siRNA-treated HEK293 celis
cotransfected with myc-tagged rABCG2 c¢DNA (NC+). *p < 0.01,
significantly different from the NC+.
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antisense primer 5-ATAGCTCTTCTCCAGGGAGG-3’ for f-actin;
sense primer 5-TGATGACATCAAGAAGGTGGTGAAG-3" and
antisense primer 5-TCCTTGGAGGCCATGTAGGCCAT-3" for
GAPDH.

Western blot analysis

HEK?293 cells were lysed with lysis buffer containing 10 mm Tris—
HCE (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 ¢ 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, 1 mm phenylmethylsuiphonyl 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 rcagent (Bio-Rad, Hercules,
CA, USA). Protein samples (HEK293 cells, 12 ng; TR-BBB13
cells, 40 pg (for rABCG2) or 20 pg (for Na*K'-ATPase and
ABCBI) per lane) were resolved by 7.5% sodium dodecyl 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 mm Tris—=HCI (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-ABCBI
antibody (C219) (1 : 100; Signet, Dedham, MA, USA}), or anti-
ABCG2 antibody (G2-Abl) (1.0 pg/mL) (Hort er 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 [ h at 37°C
in a medium containing 20 uM mitoxantrone. The cells were then
washed in ice-cold phosphate-butfered 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 vepresent the mean + SEM. An
unpaired, two-tailed Student’s f-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.

Resulis

Silencing of exogenous rABCG2 gene in HEK293 cells

To determine the effects of four different siRNAs (rABCG2 siRNA-
01, rABCG2 siRNA-02, rABCG2 siRNA-03 and rABCG2 siRNA-
04; Table 1) on rABCG2 gene expression, quantitative real-time
PCR analysis was performed using HEK293 cells co-transfected
with myc-tagged rABCG2 cDNA. After treatment with rABCG2
SIRNA-0O1, rABCG2 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 TABCG2 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 rABCG2 protein was reduced concomitantly with
the suppression of rABCG2 mRNA, the level of exogenous
rABCG2 protein was examined by western blot analysis. The
protein was detected using anti-c-myc antibody, as rABCG2 protein
was fused with the mye epitope. Myc tagged-rABCG?2 proteins were
detected at 80 kDa'in HEK293 cells co-transfected with NC siRNA
and myc-tagged rABCG2 ¢cDNA (NCH, 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 ¢DNA insert)
(NC-, Fig. 2a). rABCG2 siRNA-01, rABCG2 siRNA-03 and
rABCG2 siRNA-04 each reduced the level of rABCG2 protein in
HEK293 cells co-transfected with myc-tagged rABCG2 ¢DNA
(01+, 03+ and 04+, Fig. 2a). tABCG2 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 rABCG?2 protein level was not affected by
rABCG2 siRNA-02 (02+, Fig. 2a). The level of B-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 afler
transfection clearly demonstrated that co-transfection of tABCG2
siIRNA-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 transicntly 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 rABCG2-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 c¢DNA. 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 western blot analysis
using anti-c-myc and anti-p-actin antibodies. Typical results from
repeated experiments are shown.

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
rABCG2 siRNA-03, which is the most potent siRNA for attenuating
rABCG2 function, was used to suppress endogenous rABCG2
expression in TR-BBBI13 cells. At 24 h after siRNA transfection,
TR-BBB13 cells were treated with 17f-estradiol, which has been
reported to induce ABCG2 mRNA expression in cancer cells (Ee
et al. 2004), or not treated. In the absence of 17f-estradiol, the
rABCG2 mRNA level was reduced by 42.2% by transfection of
rABCG2 siRNA-03 into TR-BBBI3 cells (G2-03), whereas
transfection of NC siRNA had no effect (NC)[Ea(-), Fig. 4a}. The
rABCG2 mRNA level was significantly induced in non-siRNA-
transfected TR-BBB13 cells following treatment with |7f-estradiol
(open columns, Fig. 4a). The rABCG2 mRNA level was reduced by
75.7% by transfection of rABCG2 siRNA-03 into TR-BBBI13 cells
in the presence of [7p-estradiol (G2-03)[E»(+), Fig. 4a]. In contrast,
the transfection of NC siRNA did not affect the rABCG2 mRNA
level in TR-BBBI3 cells (NC)[Ea(+), Fig. 4a]. Treatment with
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siRNA targeted to B-actin decreased the P-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
ABCBI, ABCCI and ABCG1 mRNA levels in TR-BBB13 cells in
either the presence or absence of 17f-estradiol (Figs 4b—d).
Following the 17f-estradiol treatment, the ABCBI mRNA level
was increased in TR-BBBI3 cells (Fig. 4b), whereas the ABCCI
mMRNA level showed a tendency to decrease (Fig. 4c), and the
ABCGI1 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-BBBI13 cells (G2-03) compared with
untransfected (=) and NC siRNA-transfected (NC) TR-BBB13 cells
(Fig. 5a, upper panel). The expression of ABCB! 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 rABCG?2 to
Na’,K*-ATPase density was significantly decreased by 62.1% by
transfection of tABCG2 siRNA-03 into TR-BBBI13 cells (G2-03)
compared with untransfected TR-BBBI13 cells (-).

Discussion

The present study demonstrated that introduction of any of
three rABCG2 siRNAs efficiently decreased the expression
of TABCG2 and suppressed the apparent efflux function of
mitoxantrone, a substrate drug of rABCG2. Moreover,
rABCG2 siRNA selectively suppressed the mRNA and
protein expression of rABCG2 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 tABCG2 gene
induced sequence-specific suppression of the expression and
function of the rABCG?2 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
tABCG2 siBRNAs are shown in Table 1. At 48 h after transfection, the
cells were incubated with 20 pm mitoxantrone for 1 h at 37°C. Mitox-
antrone fluorescence in arbitrary units was determined by flow cy-
tormetry with a 635 nm red diode laser and 661 nm bandpass filter.

exogenous rABCG?2 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 TABCG2 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 e a/. 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 et al. 2004). Recently, eight criteria for
rational siRNA design for RNA interference were proposed
(Reynolds er al. 2004). Indeed, the most effective rABCG2
$iRNA (rABCG2 siRNA-03) satisfied as many as six of the
criteria, For instance, this sSiIRNA 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 internal
repeats. Moreover, TABCG2 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-irans-
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 fiuorescence vs. cell
number and side scattered light (SSC), respectively. The gated cell
population (solid line} identified the mitoxantrone-effluxing 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 er al. 2004).

The present study has demonstrated that the delivery of
siIRNA suppresses rABCG2 mRNA and protein expression
in TR-BBB13 cells (Figs 4a and 5), which are an in vitro
BBB mode] expressing functional rABCG2 (Hori e al.
2004). There have been reports that the protein and function
of targeted transporters were suppressed concomitantly with
silencing of the corresponding genes (Wu er al. 2003,
Nabokina et al. 2004; Said er al. 2004). Indeed, the endog-
enous TABCG2 protein level was suppressed in TR-BBBI3
cells concomitantly with its gene silencing. TABCG2 siRNA-
03 presumably suppresses transport activity of endogenous
rABCG2 in TR-BBBI13 cclls by the reduction of rABCG2
protein level. The rABCG2 siRNA suppressed the induction
of the TABCG2 mRNA level by 17f-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-BBB13 cells
following treatment with 100 nm 17(-estradiol (Fig. 4).
Estrogen is thought to reach a maximum concentration of
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(a) 5300

o o NN
o o oy (=3 W
© O o o o

. ABCG2 mRNA (% of con

@

Y
Z
>

o

(b)

. ABCB1 mRNA (% of control)

@
A
P4
> o

[
o
o

= N N
[ e ]
o O O

=)
=3

ABCC1 mRNA (% of control)

(d) =300

200

ABCG1T mRNA (%
3
o

50
0 ., HL AR
sRNA g QP
Ez (“) Ez (+)

Fig. 4 Selective gene silencing of rABCG2 in TR-BBB13 cells by
siRNA.TR-BBB13 cells were transfected with rABCG2 siRNA-03
(G2-03, B) or non-specific control siRNA (NC, E), or untransfected
(-, ). After 24 h transfection of siRNAs, the culture medium was
changed to that with (+) or without (=) 17p-estradiol (Ez), and culture was
continued for another 24 h. The ABCG2 (a), ABCBH1 (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 mRNA level was normalized relative to the fi-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 17f-estradiol
(Ey) (the leftmost column). *p < 0.05, significant difference.

150 nm during the third trimester of pregnancy (Clarke ef 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 siRNATR-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
coliected for western blot analysis using anti-ABCG2, anti-ABCB1 and
anti-Na" ,K*-ATPase antibodies.(a) Results from three independent
western blot analyses (samples 1-8) 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 ().

1 7B-Estradiol also regulates the expression of ABCBI and
ABCC! mRNAs in TR-BBB13 cells, suggesting that these
ABC transporter-mediated transport systems may be affected
by exposure to 17f-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 rABCG2 also has a sequence
which shows 83.3% (10 aa/12 aa) homology with the classical
consensus ERE. It has been reported that [7(3-estradiol
enhances the ABCG2 mRNA expression in estrogen receptor
(ER)-positive human cancer cell lines (Ee e a/. 2004), and
that BCECs express multiple subtypes of ER-o (Stirone ef 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-BBBI13 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 muitidrug 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 ef al. 2002) and rats
(Hori er 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 ABCGI1, which
has sequence homology with ABCG2, was unchanged
(Fig. 4d), and those of ABCBI1 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 ef 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. Morcover, 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 virro 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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Brief Commumnication

New RNAI Strategy for Selective Suppression of a Mutant
Allele in Polyglutamine Disease

TAKAYUKI KUBODERA,'?* TAKANORI YOKOTA,'" KINYA ISHIKAWA,'
and HIDEHIRO MIZUSAWA'

ABSTRACT

In gene therapy of dominantly inherited diseases with small interfering RNA (siRNA), mutant allele-
specific suppression may be necessary for diseases in which the defective gene normally has an im-
portant role. It is difficult, however, to design a mutant allele-specific siRNA for trinucleotide repeat
diseases in which the difference of sequences is only repeat length. T'o overcome this problem, we use
a new RNA interference (RNAi) strategy for selective suppression of mutant alleles. Both mutant and
wild-type alleles are inhibited by the most effective siRNA, and wild-type protein is restored using
the wild-type mRNA modified to be resistant to the siRNA. Here, we applied this method to spin-

ocerebellar ataxia type 6 (SCAG). We discuss its feasibility and problems for future gene therapy.

INTRODUCTION

NA INTERFERENCE (RNAIi) is a powerful tool for
A posttranscriptional gene silencing. Small interfering
RNA (siRNA) binds and cleaves the targeted RNA in a
sequence-specific manner, thereby preventing transfation
of the encoded protein (Elbashir et al., 2001a). One possi-
ble therapeutic application of siRNA is the silencing of
mutant genes that cause dominantly inherited diseases.
We and others demonstrated that it is possible to design
siRNA that selectively suppresses the expression of the
mutant protein in amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease, polyglutamine disease, and DYT1
dystonia (Gonzalez-Alegre et al., 2003; Miller et al.,
2003, 2004; Li et al., 2004; Yokota et al., 2004). Recently,
adeno-associated virus expressing siRNA injected into
the cerebellum improved the polyglutamine-induced phe-
notype in a transgenic mouse model (Xia et al., 2004).

Although siRNA can discriminate even a single nucleo-
tide alternation (Elbashir et al., 2001b), selectivity is not
complete (Gonzalez-Alegre et al, 2003; Miller et al.,
2003, 2004 Li et al., 2004; Yokota et al., 2004), and at a
higher concentration of siRNA, the wild-type allele is
more inhibited (Miller et al., 2004). In addition, the cleav-
age efficiency of the mutant allele is not necessarily excel-
lent because selection of the mutant allele-specific siRNA
has a restriction; that is, the siRNA target sequence should
include the mismatch. In diseases caused by an expanded
trinucleotide repeat, such as polyglutamine diseases, it is
impossible (o design siRNA that can recognize the ex-
panded CAG repeat. In spinocerebellar ataxia type 3
(SCA3), a C/G polymorphism related to CAG repeat ex-
pansion has been used to design siRNA to discriminate the
expanded allele (Miller et al., 2003; Li et al., 2004). We re-
ported on siRNA with relative discrimination of the ex-
panded allele of the SCA3 gene, which is possibly due to a
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change in the RNA secondary structure (Li et al., 2004). In
SCAG, however, the CAG repeat length in the mutant al-
lele is within the normal range of other polyglutamine dis-
eases, so that the secondary structure of RNA does not al-
ter greatly even in the mutant. Here, we show a new
alternate method for allele-specific suppression by siRNA.
After suppressing both mutant and wild-type proteins by
the most effective sIRNA, wild-type protein is returned by
coexpression of siRNA-resistant wild-type mRNA. This
new strategy can be applied to any mutation.

MATERIALS AND METHODS

Plasmid construction and siRNA synthesis

Construction of expression plasmids of the e1 A calcium
channel gene (CACNAT1A) was reported previously (Ku-
bodera et al., 2003). The CACNALA cDNA in the plasmid
was truncated at the 3'-terminal region containing 13 (nor-
mal, pQI3C) or 28 (expanded, pQ28C) CAG repeats.
Each construct corresponds to nucleotide positions
6727-7521 and 6727-7566 of the full-length CACNAIA
c¢DNA. Modified pQ13C, in which CACNAITA cDNA is
mutated not to be cleaved by siRNA7493 but translated to
the same amino acids as those of pQ13C, was made by
PCR amplification using pQ13C as a template (Fig. I).
The reverse primer included the modified mutations (light
gray in Fig. 1), and the PCR fragment was subcloned into
pecDNA3.1(+) (Invitrogen, San Diego, CA).

299

Selection of an siRNA target site was made according to
the reported protocol (Reynolds et al., 2004). Sense and
antisense strands of siRNA oligonucleotides (ODNs) were
synthesized and prepared as described previously (Yokota
et al., 2003). siRNA for an unrelated target, hepatitis C
virus (HCV) gene, was used as a negative control.

Transfection and Western blotting

To see the effect of SiIRNA for CACNALA mRNA, we
cotransfected both siRNA and expression plasmids of
CACNATA to human emboryonic kidney 293T cells.
Transfection was done with Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocol.

For Western blotting at 24 hours posttransfection, cells
were solubilized in lysis buffer (50 mM Tris-HCI, 150
mM NaCl, [% Triton X-100), separated on a 10%-20%
gradient of SDS-PAGE, immunoblotted with rabbit poly-
clonal antibody specific for the C-terminal portion of the
alA calcium channel protein (AGPRT-C) (Ishikawa et
al., 1999), then made visible by enhanced chemilumines-
cence (ECL) (Amersham Bioscience, Buckinghamshire,
England).

RESULTS
Using the synthetic siRNA (siRNA7493; 5'-ACAGC-

GAGAGUGACGAUGAdTAT-3" in sense sequence), ex-
pressions of both wild-type (Q13C) and mutant (Q28C)

5 3
pQ28C (mutant) — —— AAAAAAAA
Q13C (wild-type) : ¥
[: P L — L AAAAAAAA
modified pQ13C

(CAG),,

target site by siRNA7493

B

amino acid sequence:

FI1G. 1.

native sequence: ..... CCC s UAC : AGC :GAG
modified sequence: ... CCC 2UAU:UCG:GAA
Tyr : Ser

AGU sGAC =GAU =GAU :UGG .....
UCG:GAU:GAC :GAUIUGG ...

' Glu @ Ser : Asp Asp EAsp

Schema of mRNAs transcribed by expression plasmids of truncated CACNALA. The RNA sequence around the targel

site of siRNA7493 is shown at botton. The bold bar indicates the targeled sequence by siRNA7493. Characters in boldface italics
are RNA nucleotides that are mutated from the wild-type. There is no change in amino acid sequences expressed by pQ13C or

modified pQ13C.
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FIG. 2, Effect of siRNA7493 on expression of pQI13C, pQ28C, and modified pQ13C. (A) Western blot analysis of cells trans-
fected with the indicated expression plasmids and control siRNA/siRNA7493 at 25 nM. The superoxide dismutase 1 (SOD1) pro-
tein staining was used as a loading control. (B) Quantitation of signal intensities. The suppression level of target protein was com-
pared with transfection of control sSiRNA. siRNA7493 could markedly silence pQ13C and pQ28C but not modified pQ13C. Values

arc means = SEM. #p<<(0.001 (Student’s -test).

alA calcium channel proteins were markedly decreased
by >90% on Western blot analysis (Fig. 2).

Because the siRNA7493 did not discriminate wild-
type and mutant allele, we tried to restore the wild-type
alA calcium channel protein expressed by modified
pQI3C, in which CACNAILA cDNA sequence is resis-
tant to siRNA7493. We modified wild-type CACNATA
¢DNA construct (modified pQ13C). The amino acid se-
quence encoded by modified pQ13C was the same as that
of native pQ13C, but the nucleotide sequence targeted by
siRNA was altered (Fig. 1). In fact, expression of modi-
fied pQI3C was not suppressed at all by siRNA7493
(Fig. 2).

1 2 3
Q28C (mutant)  —p|
Q13C (wild-type) —P|
pQ13C 4= 3= s
pQ28C B s o “
modified pQ13C — - 4=
sIRNA7493 — + o
FIG. 3. Effect of siRNA7493 in cells cotransfected with

pQ13C, pQ28C, or modified pQ13C (25 nM). Expressions of
both pQ13C and pQ28C were markedly decreased by
SIRNA7493 (lane 2), but wild-type alA calcium channel was
restored to the same intensity level as that of fane 1 by expres-
sion of modified pQ13C (arrowhead) (lane 3). siRNA7493 (—)
indicates no siRNA.

Next, we cotransfected modified pQ13C with pQ13C,
pQ28C, and siRNA7493 to 293T cells. Modified pQ13C
restored the expression of the wild-type alA calcium
channel that had been markedly inhibited by siRNA7493
(Fig. 3). Consequently, the mutant allele of CACNATA
was selectively silenced, whereas the wild-type protein
was unchanged.

DISCUSSION

SCAG is an autosomal dominant cerebellar ataxia char-
acterized by late onset, pure cerebellar ataxia (Ishikawa
et al., 1999). The causative gene for SCAG has been iden-
tified as CAG repeat expansion in the «lA voltage-de-
pendent calcium channel gene (Zhuchenko et al., 1997).
The a1 A subunit mediates Ca®* influx across presynap-
tic and somatodendritic membranes, thereby triggering
fast neurotransmitter release and other key neuronal re-
sponses. a1 A-deficient mice develop ataxia and dystonia
and die before 4 weeks of age (Jun et al., 1999), and the
natural mutant mice of cacnala, leaner, in which channel
function is severely reduced, produce severe ataxia
(Lorenzon et al., 1998). In gene therapy of SCAG6 with
siRNA, therefore, reduction of endogenous «1 A calcium
channel expression may produce an undesirable effect,
and preservation of wild-type ol A calcium channel ex-
pression 1s necessary.

Our new method for allele-specific suppression by
siIRNA has the following advantages. (1) Any type of
mutation can be applied by our method. (2) Only one set
of the siRNA and wild-type protein-expressing vector in
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our strategy works in many different mutants in a single
gene; there are more than 100 mutations of superoxide
dismutase 1 (SODI) gene for familial ALS (alsodl.iop.
kel.ac.uk/y and presenilin 1 (PS1) gene for familial Alz-
heimer’s disease (www.molgen.ua.ac.be/ADMutations/).
(3) Greater than 90% suppression efficiency of mutant
allele expression usually can be achieved using the
recent prediction program of siRNA site (Reynolds et
al., 2004) because the best siRNA site can be selected
from the whole sequence of the target mRNA. In
contrast, suppression efficiency of conventional siRNA
should include the mutation, so that the target region is
limited.

On the other hand, this method has the following im-
portant problems. (1) The expression level of the re-
stored wild-type protein is difficult to control. If it is
much greater than the endogenous level, it may produce
an unexpected side effect. (2) Both siRNA and restored
wild-type protein should be delivered to every cell,
preferably by putting both expressing cassettes of short-
hairpin RNA and siRNA-resistant wild-type cDNA into
a single vector. To date, however, ODN is better than
expression vectors for in vivo delivery of siRNA by sys-
temic intravenous injection (Anton et al, 2002;
Soutscheck et al., 2004). (3) There may be unknown dif-
ferences of endogenous and exogenously expressed pro-
tein functions.

The efficacy of this strategy should be confirmed in an
in vivo model, and the cited problems must be further ad-
dressed. Our new approach promotes the feasibility of
using siRNA-based gene therapy for dominantly inher-
ited diseases.
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In mammalian cells, siRNAs have been used to induce RNA interference (RNAI) in an attempt to
prevent nonspecific effects (including the interferon (IFN) response) which are caused by long
double-stranded RNAs (dsRNAs) of more than 30 bp. In this report, we describe a novel and
simple strategy for avoiding activation of the IFN response by dsRNA. We show that modified
hairpin-RNAs (mhRNAs) of more than 100 bp, with multiple specific point-mutations within the
sense strand and transcribed from the U6 or tRNAY® promoters, can cause RNAI without
inducing the IFN pathway genes. Moreover, we demonstrate that the 50-bp mhRNA vector could
effectively suppress the replication of multiple hepatitis C viruses (the genomes of which differ
slightly, thus the 21-bp siRNA vector failed to suppress one of them). Our findings should
enhance the exploitation of RNAI in mammalian cells, especially in the field of RNAi therapy

against pathogenic viruses.

Introduction

RNA interference (RNAI) is a post-transcriptional gene-
silencing phenomenon that is triggered by double-stranded
RNA (dsRNA)Y. The initiator of RNAI is a 2]- to 23-
nucleotide (nt) dsRNA with a 2-nt 3' overhang (siRNA),
which is generated from long dsRNA by Dicer, a member of
the RNase III family. The siRNA is incorporated into the
multicomponent ribonucleoprotein complex (RISC) which
cleaves mRNA that is complementary to the sequence of the
SiIRNA.* - ,

RNAI caused by long dsRNAs of 500 bp or so has been
exploited in various species as a powerful genetic tool, since the
technique is simple, and the suppressive effects on gene
expression are both strong and specific. However, in mamma-
lian cells, cytoplasmic dsRNAs of more than 30 bp induce
nonspecific induction and/or suppression of the expression of
many genes, which might result from the activation of dsSRNA-
dependent protein - kinase (PKR) and 2',5'-oligoadenylate
synthetase (2',5'-0OAS), via a pathway known as the interferon
(IFN) pathway.® Upon entry of dsRNA into cells, activation
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of PKR and 2'.5'-OAS results in the inhibition of translation
and the nonspecific degradation of mRNA, respectively.
Initially, the IFN response hampered the experimental
application of RNAI to mammalian cells, except in the case
of certain specific types of cell, such as early embryos and
oocytes, until it was determined that siRNAs of 21 bp can
circumvent the IFN response.”

General methods for preventing activation of components of
the IFN system, including PKR and eukaryotic translation
initiation factor 2 (el F2er), have not been fully characterized, in
spite of their obvious importance. In this study, we developed
a simple but general strategy for prevention of the activation of
the IFN system in mammalian cells. We show here that
modified hairpin-RNAs (mhRNAs) of 50 bp or longer with
multiple point mutations, which are transcribed from a U6 or
tRNA promoter, can cause potent and specific gene silencing
without the induction of IFN pathway genes in mammalian
cells. Moreover, we show that the 50-bp mhRNA expression
vector could effectively suppress the hepatitis C virus, whose
genomes were mutated and could escape from RNAi caused by
21 bp siRNA expression vector.

Results

Nonspecific effects caused by dsRNA of longer than 30 bp in
HeLa S3 cells

To quantitate the level of nonspecific effects (Fig. 1), we first
examined an in vitro transcribed 50-bp dsRNA, which was
targeted tfo a firefly gene for luciferase (luc). Various amounts
of in vitro synthesized dsRNA were introduced into Hela S3
cells with a luc expression plasmid and a Renilla luciferase
(Rluc) expression plasmid (Fig. la). The in vitro transcribed
dsRNA apparently suppressed the relative luc activity in a
dose-dependent manner (Fig. la, left panel). However, it was
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