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Fig. 1 The nonspecific effects in Hel.a 83 cells transfected with dsR NAs of longer than 30 bp. (a) HeLa S3 cells in each well of a 48-well plate were
transfected with 25 ng of firefly luciferase expression plasmid, 2.5 ng of Renilla luciferase expression plasmid, and 0.1, 0.3, 1, 3, 10 or 30 ng of an
in vitro transcribed 50 bp dsRNA (4.0 x 107-1.2 x 1077 pg mi™1), as indicated. The left panel shows the activity of firefly luciferase (luc),
normalized by reference to that of Renilla luciferase (Rluc). The right panel shows the actual activities of the firefly and Renilla enzyme (as
percentages of the control). Control: cells were transfected with luciferase expression plasmids; IFN: luciferase expression plasmids plus
1000 U per ml interferon o. Each experiment was performed in triplicate and results are shown as the mean + SD. (b) Nonspecific effects of
polyl/polyC on the luciferase activities in HeLa S3 cells. HeLa S3 cells were treated as described in (a), with the exception that 0.003, 0.01, 0.03, 0.1,
0.3 or I ng of polyl/polyC (1.2 x 107°-4.0 x 107% pg ml™") was used instead of the #n vitro transcribed 50 bp dsRNA. Each experiment was
performed in triplicate and results are shown as the mean + SD. (¢) Induction of PKR pathway genes in HeLa S3 cells. Hela S3 cells were
transfected with the indicated amounts of polyl/polyC and levels of each protein were analyzed 48 h after transfection by Western blotting, About
20% of HeLaa S3 celis underwent apoptosis at a concentration of 0.5 ng of polyl/polyC per well of a 12-well plate, a level that corresponds to the
concentration of 4 x 107 ug mI™!. With increases in the concentration of polyl/polyC, more than 99% of cells succumbed to apoptotic cell death
(data not shown). Since the level of eIF2u relative to the level of the actin control at each dose of polyl/polyC was constant during the experiments,
elF20. was used as a control for loading of equal amounts of cellular proteins in subsequent experiments. TR: Cells were treated with
Lipofectaminef® 2000 only; IFN: Lipofectamined 2000 plus 1000 U per ml interferon &; and NT: no treatment. -P denotes the phosphorylated
form. (d) Hela S3 cells were treated as described in (a), with the exception that a U6 promoter-driven 50-bp modified hairpin-RNA expression
vector (mhRNA) was used instead of the in vifro transcribed 50-bp dsRNA.

clear, as shown in the right panel in Fig. 1a, that levels of the
control Rluc activity were suppressed similarly to those of the
firefly enzyme. dsRNA analogue polyl/polyC and IFN had
similar suppressive effects on the activities of luciferase
(Fig. 1b), and activated PKR pathway genes (Fig. 1c) in
HeLa S3 cells. Thus, as reported previously,4 there were clear
nenspecific effects on the expression of both the lue and Rluc
genes, which were not targets of the transfected dsRNA.,

In the course of our studies of RNAI, we became aware that
somewhat longer hairpin-RNAs, which were transcribed
endogenously, seemed to cause RINAiP without significant
cytotoxicity, such as decreased rates of proliferation, suggest-
ing that some difference might exist between the responses of

cells - to intracellularly transcribed dsRNA and exogenous
dsRNA (Fig. 1d and data not shown). Therefore, we decided
to re-examine in detail the characteristics of RNAI caused by
long hairpin-RNA expression vectors.

Conventional tRNA-driven short hairpin RNA vector (sShRINA)
induces the IFN response, whereas modified hairpin RNA
(mhRINA) does not

It has been demonstrated that pol III promoters, such as U6,
H1, and (RNA Y™ promoters, are suitable for the transcription
of short sequences and for application to RNAi*1° For
transcription, U6 and H1 promoters require elements in the 5/
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flanking region, allowing the transcription of hairpin RNAs
with no extra se:quences.]3 By contrast, transcripts driven by
the tRNAY® promoter are tRNA-attached hairpin-RNAs
since tRNA promoters are internal promoters.'>'*

As shown in Fig. 2, we constructed tRNAV? promoter-
driven hairpin-RNA expression vectors, and examined the
RNAI and nonspecific effects of tRNA-driven hairpin-RNAs.
In our hairpin-RNA éxpression vectors, we included multiple
point mutations in the sense strand of each hairpin in order to
improve the stability of each plasmid in E. coli, as described
elsewhere.’® Tlus, we constructed both the conventional short
hairpin RNA without mismatches (shRNA) and the corres-
ponding modified hairpin RNA with mismatches within the
sense strand (mhRNA), and examined the RNAI and
nonspecific effects of both types of hairpin RNAs.
Specifically, we constructed 50-bp and 100-bp conventional
hairpin-RNA expression plasmids (tRNA-sh50c and tRNA-
sh100c; the lower case ‘¢’ refers to a conventional and perfectly
complementary dsRNA region), in which the stem region of
each sense strand had no mutations, and the corresponding
mhRNAs with mutations within the sense strand (tRNA-mh50
and tRNA-mh100). To facilitate detection of the IFN
response, we transfected HeLa S3 cells with each plasmid at
a concentration 10 times higher (300 ng per well of a 48-well
plate) than that of the highest dose shown in Fig. la.

Fig. 2b shows the expression levels of the non-target Rlue,
measuring nonspecific suppression by each construct. In the
case of perfectly matched tRNA constructs, Rluc activity
tended to decrease (Fig. 2b). However, the nonspecific effect
was significantly reduced by the mutations within the sense
strand, as demonstrated by the corresponding mhRNA
(Fig. 2b, compare tRNA-sh100c with tRNA-mhl00). The
results of assays of transient luciferase activity indicated that
perfectly matched dsRNA expression plasmids seemed to have
nonspecific effects on Rluc activities, and the presence of
mutations within the sense strand could attenuate the
nonspecific effect.

Next, we examined the expression of genes in the PKR
pathway 48 h after transfection of HeLa S3 cells with various
tRNA-driven hairpin-RNA expression vectors. In the case of
the tRNA-mh50 vector, levels of PKR and phosphorylated
PKR were similar to those obtained with the control tRNA
vector (Fig. 2¢). By contrast, with the tRNA-driven 50-bp or
100-bp dsRNA with a perfectly complementary sequence,
levels of phosphorylated PKR and/or PKR were elevated
(Fig. 2c, compare tRNA-mh50 with tRNA-sh50c, and tRNA-
mh100 with tRNA-sh100c). The accumulation of phosphory-
lated PKR seemed to be a function of increasing PKR protein
concentration, which itself is the source of nonspecific effects
in the cell:! In the course of our experiments, a significant
fraction of cells transfected with the conventional tRNA-sh50¢
vector or the tRNA-sh100c¢ vector underwent apoptosis (data
not shown). ’

Induction of the 2',5'-0AS gene, the product of which is
directly activated with binding to dsRNAs as is PKR,? has
been reported as a representative indicator of the IFN
response.)”1® IFN-B is the primary signal of the IFN
response®. Therefore, to ascertain any possible levels of
activation of the IFN pathway in cells transfected with the

mhRNA vectors, we examined levels of 2',5'-04S and IFN-f
mRNAs by a real-time RT-PCR assay (Fig. 2d). Using this
very sensitive quantitative assay, we did not detect significant
activation of the 2',5'-0OAS and IFN-§ genes in the case of
mhRNA vectors (Fig. 2d). In contrast, both genes were
induced in cells transfected with the conventional tRNA-sh50c
at a significantly higher level than in cells transfected with the
tRNA-control vector or the tRNA-mh50 vector (Fig. 2d).

Taken together, all the data demonstrate that the non-
specific interferon responses caused by long dsRNAs could be
avoided by a simple introduction of mismatches into the sense
strand of endogenously transcribed dsRNAs.

_ Various tRNA-driven modified hairpin-RNA (mhRNA)

expression vectors cause specific RNAi in HelLa S3 celis

1t was reported recently that even siRNAs of 21 bp can induce
the IFN response, with the extent of,induction of the response
depending on the sequence and/or dose of the SIRNA.IT
Therefore, we constructed several tRNA-driven modified
hairpin-RNA expression vectors and 21-bp mhRNA vectors
that included part of the antisense sequence of the luc gene. In
each vector, we varied the sequence and/or length of dsRNA
region, as shown in Fig. 2e. With all the vectors that we
constructed, including the tRNA-mhl100 vector, we observed
significant reductions in the activity of firefly luc without any
effects on Rluc activity (Fig. 2f). Thus, in our transient
expression assay, there were no nonspecific effects, irrespective
of the sequence, high dose (300 ng). and length of the stem
region as long as mutations were introduced into the sense
strand.

Generality of the usefulness of mhRNA

In order to examine the generality of the avoidance of
nonspecific effects by the introduction of mutations within the
sense strand of long hairpin RNA, we connected the hairpin
sequences that we had used in our previous tRNA experimehts,
as shown in Fig. 2e, directly downstream of a U6 promoter.
Using these various U6 constructs with multiple C-to-T and
A-to-G mutations within the sense strand, we performed
transient luciferase assays similar to the ones for which results
are shown in Fig. 2b,f As shown in Fig. 3a, UG-driven
transcripts did not affect the activity of Rluc. Moreover,
increases in OAS and IFN-f mRNAs were not detected in cells
transfected with the same U6-driven transcripts by a real-time
RT-PCR experiment (data not shown). Therefore, the cellular
response to UG-driven dsRNA seemed to be very limited.

The luciferase activity in HeLa S3 cells transfected with the
various UG constructs-exhibited similar tendencies to those
observed above (Fig. 3b). However, Western blotting analysis
revealed that levels of PKR and phosphorylated PKR induced
by the conventional Ué-driven 50-bp or 100-bp perfectly
matched hairpin-RNAs were consistently higher than those
induced by the corresponding mhRNA constructs (Fig. 3¢,
compare U6-mh 100 with U6-sh100c). Sledz ez al. reported that
nonspecific effects caused by siRNA or siRNA vector' 7
were mediated by PKR, becanse such nonspecific siRNA-
induced signalling was not observed in PKR null cells.”?
Therefore, it would be preferable to include the mutation in the
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Fig. 2 RNAi and the IFN response in HeLa S3 cells transfected with tRNA-hairpin vectors. (a) Schematic representation of the tRNA Y*Lhairpin-
RNAs. The secondary structure of the modified tRNA was predicted using the computer program “RNA structure 3.71" (hup:/
www.bioinfo.rpi.edu/~zukerm/). Each hairpin was attached immediately downstream of the indicated modifiedtRNAY® sequence. (b) RNAi
effects of (RNA promoter-driven perfectly complementary or modified 50-bp and 100-bp hairpin-RNA vectors targeted against the firefly gene for
luciferase. Hel.a §3 cells were treated as described in the legend to Fig. 1d with the exception that the amount of the U6-hairpin vector was 300 ng.
(c) The attenuation of accumulation of PKR pathway genes in HeLa S3 cells transfected with tRNA promoter-driven modified 50-bp or 100-bp
hairpin-RNA expression vectors (1.2 pig). HeLa S3 cells were treated as described in the legend to Fig. lc. Total proteins from cells treated with IFN
were serially diluted with lysis buffer as shown in figure, to facilitate the comparison of intensity of each band. The level of PKR is graphically
shown using the Scion Image program. (d) The effects of tRNA-driven hairpin RNA expression vectors on the levels of 0452 and IFN-§ mRNA in
HeLa 83 cells. Cells in each well of a 6-well plate were transfected with 3 ug of vectors or 2.25 ng of polyl/polyC (1.3 x 1072 ygml™1). 0452 and .
IFN-f mRNA were detected by a real-time RT-PCR method. The level of the target RNA was normalized to the amount of G4PDH mRNA. Each
experiment was performed in duplicate and results are shown as the mean. (e} Schematic representation of the position of each hairpin RNA
relative to the sequence of the target mRNA. The As indicate mutation within sense strand of hairpin. (f) Effects of various tRNA-driven modified
hairpin-RNA expression vectors targeted against the firefly gene for Juciferase. HeLa S3 cells were treated as described in (b).
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Fig. 3 RNAi and the IFN response in HeLa 83 cells transfected with
U6-driven hairpin-RNA  expression veclors. (a) Effects of U6
promoter-driven perfectly complementary or modified and 100-bp
hairpin-RNA expression vectors targeted against the firefly gene for
luciferase. HeLa S3 cells were treated as described in the legend (o
Fig. 2b. (b) Effects of various U6-driven hairpin-RNA expression
vectors with mutation in the sense strand targeted against the firefly gene
for luciferase. Hel.a $3 cells were treated as described in the legend Lo
Fig. 2b with the exception that U6-hairpin vector was transfected. (¢)
The effects of Ub-driven hairpin-RNA expression vectors on the levels
of products of PKR pathway genes. HeLa 83 cells were trunsfected with
various U6-driven hairpin-RNA expression vectors and levels of each
protein were analyzed 48 b after transfection by Western blotting. Total
proteins from cells treated with IFN were serially diluted with lIysis
buffer, as shown in the Figure, to facilitate the comparison of intensity
of each band. -P denotes the phosphorylated form.

sense strand for the avoidance of the induction of IFN
pathway genes.

To further investigate whether inhibiting the IFN response
using long mhRNA is general or not in mammalian systems,
we detected Ifin-f by real-time RT-PCR in non-transformed
primary mouse embryo fibroblast (MEF) cells that had been
transfected with the mhRNA vectors. Even in MEF cells, the
inhibitory effects on induction of Ifi-f mRNA were similarly
observed as in HeLa S3 cells (Fig. 4).

Therefore, our finding that modified hairpin-RNA
(mhRNA) vectors can circumvent the IFN response represents
a general phenomenon.

Multiple siRNA species can be generated in HeLa S3 cells
transfected with pol I-driven 50-bp hairpin-RNA expression
vectors

RNAI is likely to involve multiple species of siRNA in cells
transfected with longer hairpin-RNA expression vectors. To
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Fig. 4 The effects of U6- and tRNA-driven hairpin RNA expression
vectors on the levels of /fn-f mRNA in MEF cells. MEF cells in each
well of a 24-well plate were transfected with 0.6 pg vector or 0.3, 5 or
50 ng of polylpolyC (1.4 » 107°-1.4 x 107" pg mi™"). Twenty-four
hours after transfection, total RNA was isolated and levels of Ifi-f§
mRNA were detected by real-time RT-PCR. The level of ffii-f mRNA
was normalized to the amount of 188 ribosomal RNA.

detect siRNAs generated from each sequence of longer
constructs, we performed Northern blotting with mh2}
and mh21-2 probes and a mh50-specific antisense probe
(Fig. 5). The mh21 probe and mh21-2 probe did not overlap
each other.

In cells transfected with the U6-mh50 vector, we detected at
least two kinds of siRNA (Fig. 5, U6-mh50). Thus, in cells
transfected with the 50-bp hairpin-RNA expression vector,
transcription of the hairpin-RNA sequence extended to its 3/
ends (Fig. 5, middle panel), and each longer hairpin-RNA
generated multiple species of siRNA, probably via the action
of a Dicer-like enzyme, and contributed to the suppressive
effect on the expression of the target gene. In some cases, these
multiple species of siRNAs may become important, as
demonstrated below.
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Fig. 5 Detection by Northern blotting of multiple species of siRNA
generated from 50-bp hairpin RNA. RNAs from cells transfected with
Ut-driven modified hairpin-RNA expression vectors were examined
with siRNA-specific probes, as indicated.

Long mhRNA expression vectors can effectively suppress the
replication of hepatitis C virus

Since multiple siRNA species are generated in cells transfected
with a long mhRNA vector, this might be useful for
suppressing RNA  viruses, which escape by mutating their
RNA genome from the RNAI effect by conventional short
siRNA. To evaluate if the long mhRNA vector might be
addressed simultaneously against the wild type and its mutated
variants of hepatitis C virus (HCV), we fused a part of a
common NS5B region derived from a Seeger clone or a 9
point-mutated NS5B region derived from a Wakita clone, to a
lue sequence (Seeger-luc or Wakita-luc), and examined the
RNAI effects caused by 51- and 21-bp hairpin-RNA vectors.
Two 21 bp siRNA vectors targeted to the sequence of a Seeger
clone reduced Seeger-luc activity but did not affect Wakita-luc
activity (Fig. 6a, UG-sh21c-A and -B). In contrast, a 51-bp
mhRNA vector targeted to Seeger-luc efficiently suppressed
both Seeger- and Wakita-luc activities (Fig. 6a, U6-mh51),
suggesting that viruses harboring several mutations could not
escape from RNAI caused by a long mhRNA vector.

Next, to examine the effect of the mhRNA vector on
suppression for the replication of raw HCV, we established an
HuH-7 cell line carrying an HCV replicon that harbors a
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Fig. 6 Suppression of hepatitis C virus (HCV) using 50-bp mhRNA
vectors. (a) 293T cells were transfected with a pSeeger-luc or pWakita-
luc that harbors a part of HCV sequence fused to a firefly luc gene, an
Rluc expression plasmid, and a U6 promoter-driven 21 bp (U6-sh2lc-
A or -B) or 51 bp (U6-mh51) hairpin RNA expression plasmid
targeted to the Seeger sequence. (b) The HuH-7 cells carrying an HCV
replicon were transfected with a U6 promoter-driven 20-bp (U6-mh20-
HCV) or 50-bp (U6-mh50-HCV) hairpin-RNA expression plasmid
targeted to HC'V sequence. Control UG vector or 50 bp mhRNA vector
targeted to p53 (U6-mh50-p53) were used as negative controls.

neomycin phosphotransferase {1e0) gene as a selection marker,
according to a previous report.® Moreover, the replicon RNA
derived from an infectious HCV clone, genotype 1b*! was
moadified by substituting the neo gene with a fusion of luc and
neo genes, which enables the quantification of HCV replication
levels by that of luc activity. We transfected HuH-7 cells
carrying the HCV replicon with mhRNA vectors, which did
not induce 1IFN-f (data not shown), against HCV sequence.
Then, at both 58 and 88 h after transfection, the viral
replication was estimated by measuring luc activity. As
shown in Fig. Gb, replication of HCV in cells transfected with
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a 50 bp mhRNA vector was suppressed more rapidly and
effectively than with a 21 bp mhRNA vector. Rapid
accumulation of a specific SiRNA species with strong activity
may result in differences observed at the earlier time point, or
the Dicer-substrate (longer mhRNA) may be more active at a
lower concentration (at the earlier time point), as recently
described by the groups of Rossi®® and Hannon.*
Collectively, we have shown that the long mhRNA vector
can avoid the IFN pathway and simultaneously generate
multiple species of siRNA. Therefore, Jong mhRNA vectors
might be useful in attempts to knock down family genes at
once, or to destroy RNA viruses, such as HCV or HIV,
which might escape from RNAIi by mutating their RNA

24-2
genomes .‘4__6

Discussion

In this study, we showed that pol III promoter-driven 50-bp
and 100-bp modified hairpin-RNA expression vectors can
cause RNAI without any nonspecific effects in Hela 83 cells,
which had been shown previously to be sensitive to long
dsRNA* For all applications of vector-based RNAi, we
recommend the inclusion of multiple mutations within the

sense strand of the dsRNA region, to generate G : U wobble
base-pairing (Fig. 7). The presence of point mutations assures
the stability of plasmids in E. coli,"® allows sequencing without
major difficulties even in the case of long (stem length of 30 to
>100 bp) hairpin-RINA expression vectors, and prevents loss
of RNAI activity (Fig. 3a). Moreover, avoidance of induction
of the IFN response was observed, at least in HeLa S3 cells,
HEX293 cells and non-transformed mouse embryonic fibro-
blast cells (Fig. 2b—d, 3¢, 4 and data not shown). It should also
be mentioned that the phenotype of RNAi-based knockdown
mice could be maintained for progeny mice when mhRINA was
used (TY, unpublished data), but the phenotype was lost with
the conventional completely matched shRNA.

Cells transfected with in virro synthesized 50 bp dsRINA with
mutations within the sense strand targeted against the luc gene
exhibited nonspecific reduction in Rluc activity (Fig. 1a), while
cells transfected with pol INT-driven mhRNA vectors transcrib-
ing the same sequence did not (Fig. 1d). These observations
suggest that systems exist that allow cells to recognize the

Introduction of a C-fo-U or A-to-G mutation
in every 4-8 nt of the sense strand
A A A
o a C

5'GIA ¢ _yy A

gy’ ¢

é

Coep

Stem length of 20 fo >100 bp

Advantages of mhRNA

= Stability in E. coli

= Easy sequencing

+ Stability in mammalian genomes

* Avoidance of the IFN response

« Generation of multiple siRNA species

Fig. 7 Schematic representation and several of the advantages of the
mhRNA system for induction of RNAI.

origin of a dsSRNA. Recently, Kim ef al. reported that one such
difference js the existence of a 5 triphosphate.”” Thus, the
in vitro-synthesized dsRNAs might be recognized directly by a
receptor for exogenous RNAs, such as a Toll-like receptor 3 or

We also showed that the levels of RNAI effects and non-
specific effects depended on the promoters for hairpin RNAs
and/or the presence of the 5' extra sequence of the hairpin
RNA. These differences would be due to variations of
localization of transcripts and/or of mode of processing.
Thus far, it has been reported that U6-, VAl-, and tRNA-
based siRNA vectors can cause various levels of RNAI activity
and of IFN response.'*!"!% Our methodology, which uses
mhRNA vectors, with no extra 5’ sequence and with mutation
within the sense strand, might be useful for generating effective
RNAI vectors.!®

We have demonstrated that long mhRNA vectors can be
used for efficient suppression of the replication of the HCV
virus, irrespective of the presence of mutation in its genome
(Fig. 6). Therefore, it might be useful to apply our long
mhRNA to the destruction of such RINA viruses since several
mutations in the genome of a virus would be required before it
could escape from the effects of RNAL*** However, it has not
yet been determined that viral variants in chronic patients can
be blocked by RNAIL. In other applications, the efficacy of
longer dsRNA transcripts would be less seriously affected by
the site dependence of RNAI activity. Moreover, longer
dsRNA could be used for the simultaneous suppression of
redundant genes or of genes for members of a same protein
family that are relatively conserved in terms of sequence. More
recently, we and others have shown that multiple sitRNAs
could suppress gene expression at a transcriptional level 31734
Therefore, our long mhRNA system might better regulate the
gene expression not only at a post-transcriptional level but also
af a transcriptional level.

Our finding that mhRNA can both facilitate the exploita-
tion of RINAI in response to long dsRNAs and also allow
avoidance of the IFN response in mammalian cells should
contribute firstly to the engineering of effective long hairpin-
RINA expression vectors against viruses, and secondly to the
elucidation of mechanisms of cytotoxicity due to long dsRNA
and RNAI and to the biology of mictoRNAs.

Materials and methods
Construction of plasmids

Plasmids containing a human U6 promoter™ and a tRNAVH
promoter'>'** were described previously. A series. of long
hairpin-RNA expression vectors was constructed by inserting
antisense sequence between the U6 or {(RNA promoter, and
the corresponding sense sequence, into Bsp MI site. Two
Inciferase expression vector harboring HCV  sequences,
pSeeger-Luc and pWakita-Luc, were constructed by subclon-
ing a part of the HCV genome NS5B region sequence of a
Seeger clone (GenBank Accession No. AF139594, 9069-9389)
or a Wakita clone (GenBank Accession No. AB047639, 9123-
9443) into Nee 1 site of pGL3-Conirol (Promega, Madison,
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W1). Sequences downstream of the Ué or tRNA promoter are
shown in the electronic supplementary information {Table S1).

All the plasmids designed to produce long hairpin-RNAs
withont mutations were amplified in E coli SURE II
(Stratagene, La Jolla, CA), as described previously.®® Other
plasmids were amplified in E. coli DH50.

Culture and transfection of cells

HeLa S3 cells were grown and maintained in Dulbecco’s
modified Eagle’s medium (DMEM,; Sigma Chemical, St. Louis,
MO), supplemented with 10% fetal bovine serum and 1%
penicillin-streptomyein at 37 °C in an atmosphere of 5% CO,
in air. All transfections of HeLa S3 cells with nucleic acids
were carried out wusing Lipofectamine@ 2000 reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Interferon from human leukocyle (Sigma
Chemicals) was used for the positive control of the IFN
response at the final concentration of 1000 U mi™! in the
medium. Luciferase assays were performed as described
previously,” with some modifications. In most cases, 24 h
after 2.5 x 10* HelLa S3 cells had been plated, cells were
transfected with 2.5 ng of Renilla luciferase (Rluc) expression
vector (pRL-RSV), 25 ng of firefly luciferase (luc) expression
vector (pGL3-control) and an appropriate amount of plasmid
vector or polyl/polyC (Amersham Biosciences, Piscataway,
NI) in individual wells of 48-well plates. Luciferase activities
were determined 24 h after transfections with the Dual
Luciferase Assay System (Promega). Cells were lysed and
luminescence was detected with a luminometer. Firefly
luciferase activity was adjusted by reference to the activity of
Rluc to normalize the efficiency of transfections.

The human embryonic kidney cell line 293T were main-
tained in DMEM (Sigma), supplemented with 10% FCS. Fifty
ng pSeeger-Luc or pWakita-Luc were transiently transfected
with 0.2 pg of each siRNA-expression vector and 30 ng of
pRL-RSV to 293T cells with Lipofectamine plus@®
(Invitrogen). Twenty-four hours after the transfection, cells
were harvested and luciferase activities were quantified using a
Bright-Glo Luciferase Assay System (Promega).

The HuH-7 cell line carrying an HCV replicon was
established as previously described.2*?! Cells were maintained
in DMEM (Invitrogen) supplemented with 10% fetal calf
serum, nonessential amino acids, 2 mM L-glutamine, 100 U of
penicillin per ml, and 100 pg of streptomycin per ml. G418
(Geneticin; Invitrogen) was added at a final concentration of
500 pg mi~! to cell lines carrying an HCV replicon. The
following day after 5 x 10® HCV replicon cells were plated in

96-well cluster plates, transfections were carried out by using -

Lipofectamine@ 2000 reagent. The luc assay was performed
using the Bright-Glo luciferase assay system (Promega).
Luciferase activities were quantified using a luminometer
(Mithras LB940, Berthold). Assays were performed in
triplicate, and the results were shown as averages + SD as
percentages of controls. »

The primary mouse embryonic fibroblast cells derived from
BALB/c mouse were maintained in DMEM supplemented
with 10% FBS, 1000 mg 1I"! glucose, and 1% penicillin—
streptomycin. Transfections of plasmids, which were prepared

using EndoFree Plasmid Kit (Qiagen GmbH, Hilden,
Germany), were carried out by using Lipofectamine@ 2000
reagent.

Preparation of duplexes of RNA oligonucleotides

Using T7 RNA polymerase, we prepared sense RINAs with
point mutations and antisense RNAs of 50 nt in length,
targeted against the firefly gene for luciferase. The sequences
are shown in the electronic supplementary information (Table
S2). We purified these RNAs by standard methods. Duplexes
were generated by annealing a mutated sense RNA and an .
antisense RNA, and formation of duplexes was confirmed by
staining with ethidium bromide after Native-PAGE (6%
polyacrylamide).

Western blotting analysis

From 24-36 h after the passage of 1.8-2.1 x 10° HeLa S3
cells, cells were transfected with 1.2 pg of the indicated plasmid
in individual wells of 12-well plates. Then, 48 h after
transfection, cells were lysed in a Triton X-100-based
buffer [1% (v/v) Triton X-100, 20 mM Tris-HCl, pH 7.6,
150 mM NadCl, 50 mM NaF, 0.2 mM sodium ortho vanadate]
with protease inhibitors (complete cocktail; Roche Applied
Science, Mannheim, Germany), and each resulting lysate was
sonicated and cleared by centrifugation. The amount of
protein was measured with a DC Protein Assay Kit (Bio-
Rad, Hercules, CA, USA) with bovine serum albumin as the
standard. Total proteins (7.5 pg per lane) were resolved by
SDS-PAGE (12% polyacrylamide) and bands of proteins were
transferred to a poly(vinylidene) fluoride (PVDF) membrane
(Immobilon-P@; Millipore, Bedford, MA). The membrane
was blocked with 5% skim milk and probed with antibody
against PKR (1 : 10000; Santa Cruz Biotechnology, Santa
Cruz, CA), phospho-PKR(Thr451) (1 : 1000; Cell Signaling
Technology, Beverly, MA), elF2o (1 : 20000; Santa Cruz
Biotechnology), phospho-elF20(Ser51) (1 1000; Cell
Signaling Technology), or actin {1 : 10000; Sigma Chemical).
After incubation of the membrane with horseradish perox-
idase-conjugated antibodies raised in donkey against rabbit
IgG (1 : 1000; Amersham Biosciences), products of immuno-
reactions were visualized with ECL plus@ reagent (Amersham
Biosciences).

Northern blotting analysis

Northern blotting was performed as described previously,’
with some modifications. Twenty four hours after the passage
of 3.4 x 10° HeLa S3 cells in individual wells of 6-well plates,
cells were transfected with 3 pg of the indicated plasmid per
well. Then, 24 h after transfection, total RNA was isolated
from cells in each well with Isogen@ reagent (Wako, Tokyo,
Japan) according te the manufacturer’s protocol. The RNA
(7.5 ng per lane) was fractionated by electrophoresis on an
8% (wiv) polyacrylamide-urea gel (8.3 M urea) and transferred
to a nylon membrane (Hybond-XL@; Amersham
Biosciences). Each blot was incubated for 1 h at 36 °C in
30% formamide, 10% dextran sulfate, 5 x SSPE, 0.3% SDS,
5 x Denhardt’s solution, and 0.1 mg ml™! salmon testes
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DNA, and then the RNAs were allowed to hybridize with a
32p.labelled probe at 36 °C for 3 h. The membrane was washed
in 2 x SSPE twice for 15 min at 36 °C and analyzed with a
Bio-Image Analyzer (BAS1000; Fuji Phote Film, Tokyo,
Japan). Probes were as follows. mh21: 5'-AAG TGC GCT
GCT GGT GCC AAC CC-3'; mh21-2: 5'-AAG CCT TCA
GGA TTA CAA GAT TC-3'; and mh50: 5'-AAG CCT TCA
GGA TTA CAA GAT TCA AAG TGC GCT GCT GGT
GCC AAC CCT ATT C-3.

Real-time RT-PCR analysis

For quantitation of 2',5'-0AS (0AS2) or IFN-f mRNA, 1 pg
of total RNA isolated from cells with Isogen@ reagent were
reverse transcribed using  SuperScript@® I reagent
(Invitrogen). Quantitative real-time RT-PCR was performed
using a LightCycler instrument (Roche). Primers for human
0AS2, IFN-B, and GAPDH were purchased from Roche.
Quantitation of Ifi-f mRNA in MEF cells was performed as
described previously.?! Primers for Ifi-f, 188 ribosomal RNA
were purchased from Applied Biosystems (Foster City, CA).
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Supplementary Table 1. Sequences downstream of the U6 or tRINA promoter. Sense

mutations are indicated i lower cases.

mh21

5'-GTG CGt TGt TGG TGt tAA tCC TTC AAG AGA GGG TTG GCA CCA

GCA GCGCACTTITTT-3

mh21-2

5'-GCC TTt AGG ATT AtA AGg TTC TTC AAG AGA GAA TCT TGT

AAT CCT GAA GGCTTT TT-3'

mh50

5-GCC TTt AGG ATT AtA AGg TTC AAA GTGtGC TGt TGG TGt CAA
CtC TAT TCT TCA AGA GAG AAT AGG GTT GGC ACC AGC AGC |

GCA CTT TGA ATC TTG TAA TCC TGA AGG CTT TTT-3'

mh50-2

5'-GAT TTC GgG TtG TCT TgA TGT ATg GgT TTG gAG AgG AGt TGT

TTC TGg GGT TCA AGA GAC CTC AGA AAC AGC TCT TCT TCA AAT

| CTA TAC ATT AAG ACG ACT CGA AAT CTT TTT-3'

mh100

5'-GAT TTC GgG TtG TCT TgA TGT ATg GgT TTG gAG AgG AGt TGT
TTC TGg GGA GtC TTt AGG ATT AtA AGg TTC AAA GTG tGC TGt
TGG TGt CAA CtC TAT TCT TCA AGA GAG AAT AGG GTT GGC ACC |
AGC AGC GCA CTT TGA ATC TTG TAA TCC TGA AGG CTC CTC
AGA AAC AGC TCT TCT TCA AAT CTA TAC ATT AAG ACG ACT

CGA AAT CTT TTT-3'

sh2lc-A

5'-GAA TCC CGG CTG CGT CCC AGT TAT ACA AGA GAC TGG GAC

GCA GCC GGG ATT TTT-3'

l sh21c-B

5'-GCT GCG TCC CAGTTG GAC TTA TTC AAG AGA TAA GIC CAA

CTG GGA CGC AGCTTT TT-3'

mh51

5'-AgG Att AAG CTt AAA CTt ACT CtA ATC tCG GIT GtG TCC tAG




TTG GgC TTA TTC AAG AGA TAA GTC CAA CTG GGA CGC AGC

CGG GAT TGG AGT GAGTTT GAG CTT GGT CTT TTT-3'

mh20-HCV

5'-GTC TtG TAG Att GTGtAT tAT AGA ATT ACA TCA AGG GAG ATT

GAT GCA CGGTCT ACGAGA CTT TTT-3'

mh50-p53

5'-CAT tAC AtT GGA gGA tTC CAG TGG TgA TCT AtT GGG gCG GAg
tAG CTT TGG TGT GCT GTC CCA AAG CTG TTC CGT CCC AGT AGA

TTA CCA CTG GAGTCT TCC AGT GTG ATGTTT TT-3'

mh50-HCV

5-GAG TGt tCt GGG AGG TiT CGT AGA tCG TGt ATC gTG AGt ACA
AgT tCT AAGTGT GCT GTC CTT AGG ATT TGT GCT CAT GAT GCA

CGGTCT ACG AGA CCT CCC GGG GCACTCTTT TT-3'

Supplementary Table 2. The sequence of RNA oligonucleotides. Mutations within the

sense strand are indicated in lower cases.

mutated sense strand | 5’-GGG GCC UUu AGG AUU AuA AGg UUC AAA GUG uGC

of 50-bp dsRNA UGu UGG UGu CAA CuC UAU UCU U-3’

antisense strand 57-GGG GAG AAU AGG GUU GGC ACC AGC AGC GCA CUU

of 50-bp dsRNA UGA AUC UUG UAA UCC UGA AGG C-3°
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Abstract

Brain capillary endothelial cells (BCECs) play an important role in blood-brain barrier (BBB) functions and pathophysiologic mech-
anisms in brain ischemia and inflammation. We try to suppress gene expression in BCECs by intravenous application of small interfering
RNA (siRNA). After injection of large dose siRNA with hydrodynamic technigue to mouse, suppression of endogenous protein and the
BBB function of BCECs was investigated. The brain-to-blood transport function of organic anion transporter 3 (OAT3) that expressed
in BCECs was evaluated by Brain Efflux Index method in mouse. The siRNA could be delivered to BCECs and efficiently inhibited
endogenously expressed protein of BCECs. The suppression effect of siRNA to OATS3 is enough to reduce the brain-to-blood transport
of OAT3 substrate, benzylpenicillin at BBB. The in vivo siRNA-silencing method with hydrodynamic technique may be useful for the

study of BBB function and gene therapy targeting BCECs.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Small interfering RNA; Blood-brain barrier; Organic anion transporter 3; Brain ischemia; Brain inflammation; Drug delivery system

In brain ischemia and inflammation, the brain capillary
endothelial cells (BCECs) have no longer been regarded
as an inert vascular lining that is injured and morpholog-
ically changed, but actively play many important roles of
these pathophysiologic mechanisms. The inhibition of sig-
naling molecule in BCECs of vascular endothelial growth
factor (VEGF)-induced vasogenic edema can reduce an
ischemic lesion [1]. The inflammatory cell adhesion mole-
cules expressed in BCECs induced by ischemia, such as
intercellular adhesion molecule (ICAM) and E-selectin,
can be a target molecule [2,3] for the therapy of these dis-
eases. Because leukocytes activation and adhesion to
BCECs are believed to contribute to additional, secondary
neuronal injury after reperfusion [4] and initiate immune-

* Corresponding author. Fax: +81 3 5803 0169.
E-mail address: tak-yokota.nuro@timd.ac.jp (T. Yokota).
! 21st century COE Program on Brain Integration and it’s Disorders.

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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mediated encephalopathy such as multiple sclerosis [5].
Endothelial nitric oxide synthases expressed in BCECs
are also a possible target molecule. In cerebral ischemia,
nitric oxide is increased and works as a prooxidant via
peroxynitrite [6]. Therefore, BCECs are an important
platform in the cerebral ischemia and inflammation, and
express many constitutively or transiently expressed mole-
cules which might be a therapeutic target for these
pathologies.

RNA interference is a powerful tool for post-transcrip-
tional gene silencing. Recently, we showed an in vitro mod-
el whose function of the transporter protein expressed in
BCECs is inhibited by siRNA [7]. Here, we try to introduce
siRNA by hydrodynamic, intravenous injection method
from mouse tail vein and investigate the siRNA effect on
brain-to-blood transport function by inhibiting organic
anion transporter 3 (OAT3) with Brain Efflux Index
method.
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Materials and methods

Effect of siRNA on expression of recombinant OAT3 in culture cells. The
mOAT3cDNA was subcloned from pGEM-HEN/Roct (OAT3) [8] into
the Renilla luciferase expression vector, psiCHECK-1 (Promega).

Human embryonic kidney 293 (HEK293) cells were transfected with
80 ng of Renifla luciferase-fused OAT3 expression vector, 20 ng of firefly
luciferase expression vector (pGL3; Promega), and 25 nM siRNA in each
well of 24-well plates. Renilla luciferase activity was normalized with firefly
luciferase activity. The luciferase activities were analyzed after 24 h after
transfection using the Dual Luciferase System (Promega).

Effect of siIRNA on uptake of OAT3 substrate in culture cells. The
mOAT3 cDNA was subcloned into the pcDNA3 vector. HEK 293 cells in
6-well plates were transfected by 0.5 ug of pcDNA3/OAT3 or vector alone
with 100 nM siRNA using the Lipofectamine 2000 (Invitrogen). Twenty-
four hours after transfection, the cells were passaged into the 24-well
plates, and after another 24 h the cells were washed with phosphate-buf-
fered saline (PBS). The uptake study was initiated at 37 °C by applying
200 pl PBS containing 0.5 pCi [*H]benzylpenicillin to estimate the volume
of adherent water. After incubation for 2 min, the radioactivities of *H in
the cells were measured. The uptake of [*Hbenzylpenicillin was expressed
as the ratio to control siRNA (shufile sequence).

Animals. Adult male of Institute of Cancer Research (ICR) mice,
weighing 35-42 g and age 9-10 weeks, were purchased from Charles River
Laboratories. All experiments were approved by the Animal Experiment
Committee of Tokyo Medical and Dental University.

In vivo transduction of siRNA with hydrodynamic injection method.
Hydrodynamic injection method has been performed according to a pre-
viously reported method in mice [9]. The 50 ug siRNA in a volume
equivalent to 5-10% of the body weight was rapidly injected in 3-5 s into
the mouse tail vein. For comparison, the same amount of siRNA in 0.2 ml
PBS was injected slowly in more than 60 s into the mouse tail vein as a
regular intravenous injection method.

Brain small vascular fractionation and Western blot analysis. Mice
brains were harvested 24 h after application of 50 ug siRNA SODI with
the hydrodynamic or regular injection method. The total brain homoge-
nate [10] and the brain vascular fraction of small vessels were prepared
using a modified method reported previously [11]. Briefly, brains were
homogenized in Dulbecco’s modified Eagle’s medium (DMEM). The
homogenates were dissociated further with 0.005% (wt/vol) dispase (grade
1; Roche Diagnostic) at 37 °C for 2 h. After centrifugation (800g, 5 min),
the pellets were suspended with a dextran solution (M,, 70,000; 15% wt/
vol; Sigma) and centrifuged (4 °C, 4500g for 10 min). The pellets were
resuspended with 0.05M PBS for 10 min. After centrifugation (800g,
5 min), the final pellets of small vessels were resuspended in lysis buffer
(20 mM Tris-HCI, 0.1% SDS, and 1% Triton).

Fractionated mouse brain tissues and mouse brain capillary endothe-
lial cell line [12] cells were homogenized in buffer containing 10 mM Tris—
HCI (pH 7.4), 1 mM EDTA, 150 mM NaCl, 4% Chaps, | mM phenyl-
methylsulfonyl fluoride (PMSF), and a protease-inhibitor cocktail
(Complete-Mini; Roche Diagnostic). The 2.5 pug samples were separated
with 7.5% SDS-polyacrylamide mini-gel (Bio-Rad) and transferred to a
polyvinylidene difluoride membrane. The membrane was probed with
anti-glucose-transporter-1 antibodies (Alpha Diagnostic International) or
anti-SOD1 antibodies (Stressgen Biotechnologies) and visualized by using
an ECL Western blot system (Amersham-Pharmacia).

Assay for efflux function of OAT3 in vivo. Fifty micrograms of siRNA
OAT3 or control siRNA was delivered to brain capillary endothelial cells
with hydrodynamic injection via the tail vein. After 36 h, the in vivo brain
efflux experiments were carried out using Brain Efffux Index (BEI) method
as described previously [13]. Each mouse was anesthetized intramuscularly
with a mixture of ketamine (125 mg/kg) and xylazine (1.22 mg/kg), then
mounted on a stereotaxic frame (SRS-6; Narishige), to hold the head in
position. Using a dental drill, a bore hole was made 3.8 mm lateral to the
bregma. Then, extracellular fluid buffer (122 mM Na(l, 25 mM NaHCO;,
3mM KCl, 1.4mM CaCl,, 1.2mM MgSO,, 0.4 mM K,HPO,, 10 mM
p-glucose, and 10 mM Hepes, pH 7.4) containing 96 nCi [*H]benzylpeni-

cillin and 4.8 nCi [**Clinulin was injected over a period 1 min using a 5.0-
w microsyringe (Hamilton Reno) fitted with a fine needle at a depth of
2.5mm from the surface of the scalp, i.e., the secondary somatosensory
cortex 2 (S2) region. The needle was left in this configuration for an
additional 4 min to prevent reflux of the injected solution along the
injection track, before being slowly retracted. After 40 min, the whole
brain was subsequently removed and the left cerebrum was isolated. After
weighing each of these, tissue samples were solubilized in 2 N NaOH at
60 °C for 1h and then mixed with Hionic-fluor (Packard). The radioac-
tivity in each sample was assayed in a liquid scintillation counter equipped
with an appropriate crossover correction for H and “C (LS-6500;
Beckman).

The BEI was defined by Eq. (1) and the percentage of substrate
remaining in the ipsilateral cerebrum was determined from Eq. (2).

test substrate undergoing efflux at the BBB

BEI(%) = — - -
(%) test substrate injected into the brain

x 100 (1)

100-BEI(%)

(amount of test substrate in the brain/amount of reference in the brain)
(concentration of test substrate injected/concentration of reference injected)
% 100. (2)

The percentage of [*H]benzylpenicillin remaining in the brain is given
by (100-BEI).

The data were used when the remaining amount of ["*Clinulin in the
brain was more than 15% of the injected amount. No significant difference
was observed in the remaining percentage of [“Clinulin, which is a non-
permeable marker, among all samples (#1, 39.7 4 3.5%; #2, 27.5 + 3.4%;
#3, 31.4 4+ 2.9%; #2 shuffle, 28.9 4- 2.2%) (ANOVA), showing that the
hydrodynamic injection of siRNA did not damage the integrity of BBB.

Data analysis. All data represent means - SEM. An unpaired, two-
tailed Student’s ¢ test was used to determine the significance of differences
between two group means. (The difference is certified when P < 0.05.)

Results
SIRNA directed against the OAT3 and SODI genes

Sense sequences of the siRNA designed to OAT3 and
SOD1 genes are described as follows. The siRNA of shuffle
sequence of siRNA OAT3 #2 and siRNA against unrelated
gene, GBV-B virus, were used as negative controls. Upper-
case letters at 3’ end indicate deoxyribonucleotides.

siRNA OAT3 #1:
siRNA OAT3 #2:
siRNA OAT3 #3:
siRNA-shuffle sequence:
siRNA-unrelated control:
siRINA SODI1:

5’-ucuacaacagcaccagagaTT-3'
5’-ccanuaucuugaauguggaTT-3’
5'-aaacaaagcaggagccagaTT-3/
5’-agugguaaugucuavauccTT-3
5’-agugguaaugucuauauccTT-3
5'-gguggaaaugaagaaaguaTT-3'

Effect of sSiRNA on expression and function of recombinant
OAT3 in culture cells

siRNA OAT3 #2 most effectively reduced the expression
of OAT3 in HEK?293 cells by 86.2% on luciferase activity
compared with control siRNA with shuffle sequence of siR-
NA OAT3 #2 (Fig. 1). siRNA OAT3 #1 and #3 were
moderately effective.

To investigate the inhibition effect of siRNA OATS3 to
its efflux function in vitro, we measured uptake of OAT3
substrate, [*H]benzylpenicillin. After expression of OAT3
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Fig. I. Effect of siRNAs directed against the OAT3 in vitro. HEK293 cells
were (ransfected with Renilla luciferase-fused OAT3 expression vector,
firefly luciferase expression vector, and 25 nM siRNA. Reduction eflect of
Renilla luciferase activity relative to firefly luciferase activity was analyzed.
Negative controls were the siRNA with randomized sequence of siRNA
OAT3 #2 (siRNA-shuffle) and the siRNA against unrelated gene. Data
were averaged from three experiments with SEM indicated.
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Fig. 2. Effect of siRNAs on uptake of OAT3 substrate in culture cells.
Eflect of siRNAs OAT3 on the OAT-3-mediated [*H]benzylpenicillin
uptake in HEK293 cells. After expression of OAT3 to the cells,
[PHibenzylpenicillin uptake was performed at 2 min, reflecting the initial
uptake phase. All siRNAs were used at a concentration of 100 nM. Each
value represents the mean + SEM (n=4). The increased uptake by
expression of OAT3 was significantly reduced by siRNA OAT3 compared
to siRNA-shuffle and siRNA-unrelated control. (p < 0.0001).

to HEK293 cells, the uptake mediated OAT3 was
increased, and siRNA OAT3 #2 significantly inhibited
the increased uptake of the substrate in HEK?293 cells,
compared with siRNA-shuffle and siRNA-unrelated con-
trol (Fig. 2).

In vivo delivery of SIRNA to brain endothelial cells

We biochemically investigated an inhibitory effect of
siRNA on expression of endogenous protein in BCECs
using brain vascular fraction of small vessels from mouse
brain.

For detection of endogenous protein in BCECs, we used
SOD! and siRNA to SODI, because we have confirmed
the efficient in vivo eflect of this siRNA to endogenous
mouse SODI in the siRNA-overexpressed transgenic
mouse [14).

Western blot of the mouse brain small vascular fraction
showed a reduction of endogenous mouse SOD1 level after
hydrodynamic injection of siRNA SODI (Fig. 3A, left),
whereas SOD1 level in the total homogenate of brain did
not change (data not shown). There was a potentially more
significant level of reduction on a per-BCEC basis, because
the brain small vascular fraction contained proteins from
cells other than BCECs such as pericytes and astrocytes
[15]. We roughly estimated the content of BCECs in the
brain small vascular fraction by performing a Western blot
analysis with antibody to glucose-transporter-1 (GLUT-1)
which specifically expressed in BCECs (Fig. 3B). The band
intensity of GLUT-1 in the brain small vascular fraction
was 4.1 (& 0.58) times more than that in mouse brain cap-
illary endothelial cell lines which we previously established
[12] (Fig. 3B). Since the cell line contains more than 1/8 of
GLUT-1[12], around 50% protein of the brain small vascu-
lar fraction that we made was supposed to come from brain
endothelial cells.

In contrast, there was not obvious reduction of SODI
level in the small vascular fraction after a regular intrave-

A Hydrodynamic Regular B
injection injection Small
vascular BCEC
Cont. siRNA Cont.  siRNA fractio:
soml S —
GLUT-1
B -tubulin
100

Intensity(%)
3

SIRNA

Cont.

t.
*P<0 01 Con

siRNA

Fig. 3. Western blot analysis of mouse brain capillary-rich fraction. {A) The mouse brain small vascular fraction was examined on Western blot analysis
after hydrodynamic (left) and regular (right) injection of 50 pg siRNA SODI. The lower panels indicate percentages of signal intensities of SODI
normalized with that of tubulin. (B} Western blot analysis with 2.5 ug protein of anti-GLUT-1 antibody of the mouse brain small vascular fraction (Jeft)
and mouse brain capillary endothelial cell lines (right). Signal intensity of GLUT-1 in the mouse brain small vascular fraction is 4.1 (& 0.38) times motre
than that in mouse brain capillary endothelial cell lines. BCEC, brain capillary endothelial cell line cells.
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Fig. 4. Effect of siRNA on transport function of OAT3 by BEL The 50 pg
siRNA dissolved in the 5-10% volume PBS of mouse body weight was
rapidly mjected into the tail vein 36 h before the BEI assay. The residual
radioactivity of OAT3 substrate, [*Hbenzylpenicillin in the brain, was
measured at 40 min after intracerebral injection.

nous injection (Fig. 3A, right). These results indicate that
hydrodynamic injection method is effective for delivery of
siRNA to brain capillary endothelial cells.

In vivo effect of sSiIRNA on transporier function of OAT3
in vivo

The in vive inhibitory effect of siIRNA OAT3 on the
brain-to-blood efflux transport was examined with BEI
method with intracerebral injection of OAT3 substrate,
["Hlbenzylpenicillin. We intravenously injected siRNA
OAT3 #2 to 11 mice, sIRNA OAT3 #1 and #3 to 3 mice
each, and siRNA-shuflle (control) to 7 mice with hydrody-
namic method. Transport function of OAT3 was evaluated
by BEI method at 36 h after the injection of siRNA. The
results of 100-BEI, percentage of OAT3 substrate remain-
ing in the brain after injection, are shown in Fig. 4. The val-
ue of 100-BEI of siRNA OAT3 #2 is significantly higher
than that of siRNA-shuffle by 26.4%. Those of siRNA
OAT3 #1 and #3 were also similarly higher than that of
control. The results that plural different siRNAs to the
OAT3 gene similarly increased 100-BEI value indicated
that these siRNA influences were not “off-target effect”
on molecules other than OAT3 in the brain. Taken togeth-
er, these results suggested that in vivo applied-siRNA to
OAT3 could suppress the brain-to-blood efflux function
of OAT3.

Discussion

This is the first report of successful in vivo inhibition of
endogenous gene in BCECs by systemic intravenous injec-
tion of siRNA. Furthermore, we demonstrated that our
gene silencing effect was enough to suppress the transport
function of OAT3 endogenously expressed in BCECs at
BBB. We could deliver siRNA to BCECs by hydrodynamic

injection method, but not by regular intravenous injection
from the mouse tail vein. It has been thought that a rapid
injection of a large bolus of solution develops a high pres-
sure in the inferior vena cava, causing retrograde move-
ment of the solution to the abdominal organs including
liver and kidneys. Such a sharp increase in venous pressure
enlarges the liver fenestrae and promotes membrane per-
meability of the hepatocytes, making siRNA enter the cells
[16] Since BCECs are circulated from the tail vein via lung
capillary, the phasic hydrodynamic pressure in the inferior
vena cava should decrease in the lung. However, rapid
loading of extremely large volume of solution, 40-80% of
circulating plasma volume should considerably increase
hydrostatic pressure in the carotid artery due to volume
overload. In addition, the rapid injection of large volume
solution prevents the solution from being mixed with the
serum containing RNase and keeps the concentration of
siRNA extremely high when it is delivered to BCECs.

This in vivo knockdown method with siRNA to BCECs
is expected to be a powerful tool for investigating function
of BBB. The BBB is formed by the tight intercellular junc-
tions of BCECs and regulates CNS homeostasis and drug
delivery by restricting the transfer of substances between
the circulating blood and the brain [17]. We have developed
Brain Efflux Index as a reliable in vivo method of analyzing
efflux transport at the BBB [18] The efflux function of a
transporter protein expressed in BCECs, such as OQATS3,
can be well evaluated by combining in vivo knockdown
method with siRNA and BEI method.

Since synthetic siRNA does not work in the cells for no
more than six days [19], long-term silencing of the target
gene is necessary for investigating other functions of
BCECs in the pathophysiology of atherosclerosis and Alz-
heimer’s disease. Long-standing gene suppression can be
achieved in vivo with adenovirus and adeno-associated
virus (AAV) vectors expressing short hairpin RNA
(shRINA) [20.21]. Actually, with the adenovirus expressing
shRNA to SODI gene (2.0 x 10” pfu), we could efficiently
suppress the endogenous SOD1 level of brain capillary-rich
fraction by regular intravenous injection into mouse tail
vein (unpublished data). For the evaluation of BCEC func-
tion, however, the AAV may be better than adenovirus,
because BBB function should be less affected due to limited
local immune response to the AAV capsid [22].

The hydrodynamic injection does not cause marked
injury to organs in the animals [23], but it is hard to be clin-
ically applied to patients because of its extremely high
hydrostatic pressure and volume overload. Possible alter-
nate is a regional delivery of large dose siRNA into carotid
artery, but development of less invasive systemic delivery
system in vivo is necessary for a therapeutic application
of siIRNA. Novel cationic liposomes have been reported
to transduce cfficiently siRNA into the liver [24] as well
as tumor tissue [25]. These siRNAs formulated with cation-
ic liposomes also induce interferons and cytokines in vivo
through toll-like receptors [26,27] which should change
the BBB function. Recently, the lipid-conjugated siRNA
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at the 5’-end of the sense strand enhanced cellular uptake
and gene silencing [28]. Combined with chemical modifica-
tion of 2’-O-methylation and phosphorothioate to stabilize
siRINA, substantial gene silencing in the liver and jejunum
was achieved by a regular intravenous injection into the
mouse tail vein [29]. Now, we are trying to use these new
siRNA delivery methods to achieve more effective, stable,
and safe gene suppression in BCECs for a clinical
application.
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Abstract: Analysis at the individual level using
genetically-engineered mice has allowed conclusions to
be reached regarding the actual function of a target
gene. In recent years, the “knockdown” method using
RNA interference (RNAi) has been established as a
powerful tool for analyzing gene function. In this review,
we focus on RNAi knockdown technology for producing
genetically-engineered mice and describe the value of
this approach from the perspective of both basic
research and therapeutic potential. First, we introduce
the basic mechanism of RNAi and development of
knockdown animals from worms to mice. Next, we
describe strategies to produce knockdown mice using
DNA-based expression vectors introduced info zygotes
or embryonic stem cells. Finally, we refer to the trends
of research for clinical application. By way of illustration,
we show the production of knockdown mice for
treatment of neurodegenerative disease and mention
the prospect of therapeutic potential of RNAI technology.
Key words: RNAI, dsRNA, siRNA, Knockdown, ES cells

Introduction

The decoding of the human genome has been a
turning point in the study of life sciences. Analysis at
the individual level using genetically-engineered mice
has allowed conclusions to be reached regarding the
actual function of a target gene on the basis of
phenotypic analysis. Genetic information from mice has
become more and more important, because decoding of
the mouse genome has made it possible to apply such
information to humans, and data from genetically-
engineered mice provide findings for the target gene
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that cannot be obtained from in vitro experiments,

To date, genetically-engineered mice are classified
into “transgenic mice” and “gene-targeted mice”, such
as knock-out mice or knock-in mice. The former are
produced by microinjection of a DNA fragment into the
pronucleus of fertilized eggs [1], and the latter are
based on gene targeting that destroys or alters the
object gene by exchange with an exogenous targeting
vector sequence, using homologous recombination in
embryonic stem cells [2]. In recent years, the
“knockdown” method using RNA interference (RNAI)
has been established in lower animals [3-5] and has
also been applied to mammalian cultured cells [6~10] as
a powerful tool for analyzing gene function. More
recently, production of “knockdown mice” by RNAI has
become possible [11, 12].

In this review, we focus on RNAI knockdown for
producing genetically-engineered mice and describe the
value of this approach from the perspective of both
basic research and therapeutic potential.

The development of Knockdown Animals by
RNAi from Worms to Mice

RNA interference (RNAI) is a sequence-specific post-
transcriptional gene silencing mechanism, which is
triggered by double-stranded RNA (dsRNA) and
consequently induces degradation of mRNAs with the
same sequence of the sense strand of dsRNA (Fig. 1)
[13-25]. In 1998, Fire et al. first showed this
phenomenon in the nematode worm Caenorhabditis
elegans. When dsRNA was injected into the worm the
corresponding gene products disappeared from both
the somatic cells of the organism and its F1 progeny [3].
This discovery has led to a new technology allowing
rapid reverse genetic analysis, and similar effects were
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Fig. 1.
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primers on the target RNA in association with RNA-dependent RNA polymerases
(RdRPs) to subsequently generate secondary siRNAs. Furthermore, besides this post-
transcriptional gene silencing (PTGS), siRNAs mediate RNA-directed DNA
methylation (RADM) for silencing the target gene.

immediately demonstrated in fungi such as Neurospora
crassa [26], and other animals such as Tripanosoma
brucei [27], Drosophila melanogaster [28-31] Zebrafish
[32—34] and Xenopus laevis [35].

Similar phenomena, referred to as post-transcriptional
gene silencing (PTGS) in plants and quelling in fungi,
have actually been known for many years [36-40].
Since the RNAI effect was subsequently shown in a
wide range of eukaryotes, it was anticipated that a
similar effect would occur in mammals. However, gene
silencing by RNAI in cultured mammalian cells has been
hampered by an antiviral response via dsRNA-triggered
pathways that mediate non-specific suppression of
gene expression (Fig. 2) [41-46]. dsRNA induces type |
interferon (IFN) synthesis, which activates two classes
of IFN-induced enzymes: PKR, a dsRNA-dependent
protein kinase, which phosphorylates elF-2a and
induces inhibition of translation [42, 43, 45, 486]; and
2’,5’-oligoadenylate synthetase, whose products
activate the ribonuciease RNase L [43-45]. These
pathways induce cell death via apoptosis. Surprisingly,

dsRNA can induce sequence-specific gene silencing
only in mammalian embryos, because of their lack of
such IFN responses against dsRNA. Indeed,
microinjection of dsRNA into mouse zygotes resulis in
the RNAi phenomenon for both exogenous transgenes
such as green fluorescent protein (GFP) [47] and
endogenous genes such as c-mos, with phenotypes
equivalent to the gene-deficient mice [47, 48]. Tuschl et
al. first demonstrated that RNA duplexes of 21-23 nt
(short interfering RNA: siRNA), which were designed to
mimic the naturally processed products from long
dsRNA produced by the RNase Ill enzyme, Dicer, could
evade the antiviral response via IFN-induced pathways
and induce sequence-specific silencing in vitro in
Drosophila embryo extracts [49-51]. These results
were successfully extended to cultured mammalian
somatic cells [6, 52] making the use of siRNA possible
as a sequence-specific “gene knockdown” approach,
and it has rapidly become popular as a convenient tool
for analyzing gene function. However, siRNA can only
transiently suppress the expression of target genes,
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Model for the diverse actions triggered by dsRNA in
mammalian cells. dsRNA activates latent 2°-5’-oligoadenylate
synthetase (2-5 OAS) and this enzyme activates RNase L via
2’-5’-oligoadenylates (2-5(A)). Activated RNase L non-
specifically degrades single-stranded RNAs. dsRNA also
activates protein kinase R (PKR). Activated PKR inhibits
protein synthesis by phosphorylation of transcriptional
initiation factor elF2a.. Moreover, PKR can function as a
signal-transducing kinase interacting with IkB kinase (JKK}) and
p38 MAPK to mediate the antiviral actions of type I interferons.
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regions that target the gene of interest are separated by
a spacer of 6~8 nt and are followed by the
transcriptional termination signal of five thymidines
(T5). The shRNA is formed by folding back into a loop
structure and is consequently processed into siRNA.

which seriously restricts its application in the analysis of
mammalian organisms. To circumvent this limitation,
on the basis of an in vivo RNAI expression strategy [53],
a mammalian expression vector that synthesizes

siRNA-like transcripts has been designed [54, 55]. The
transcripts are synthesized under the control of RNA
polymerase Il (Pol Ill)-dependent promoters, such as
H1 or U6, that effectively express small RNAs lacking
poly adenosine tails in a fold-back stem-loop structure,
named the short hairpin RNA (shRNA), which are
subsequently processed into active siRNAs (Fig. 3).
This DNA vector-based approach gave rise to stable
suppression of target gene expression. Subsequently,
the production of knockdown mice using shRNA
expression vectors has been examined.

Generation of Knockdown Mice using a Con-
ventional Transgenic Method: Microinjection of
a shRNA-expression Vector into Fertilized Eggs

Hasuwa et al. produced transgenic mice by
introducing a shRNA-expression vector specific for
enhanced green fluorescent protein (EGFP) [56].
These mice were mated with EGFP-transgenic mice,
“green mice”, and the double transgenic individuals
showed dramatic silencing of EGFP throughout their
lifetime. This experiment first proved that stable gene
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silencing by RNAi was possible in mammalian
organisms. However, the RNAI effect disappeared in
some F1 progeny derived from founders that showed
effective gene silencing, owing to fade-away of shRNA
expression, and this observation identified a serious
problem that needs to be resolved to allow RNAI
technology to be used in mice [67]. Hence, future
development of a method for heritable and stable gene
silencing in organisms is required to establish stable
knockdown mouse strains as a powerful tool for reverse
genetics.

To date, suppression of endogenous genes in
mammalian organisms by microinjection of a shRNA-
expression vector into zygotes has been unsuccessful
[11], and we were also unable to produce knockdown
mice by this method, as discussed below. Carmell ef al.
constructed shRNA expression vectors directed against
a variety of targets with well-known phenotypes, such
as tyrosinase (albino), myosin Vlla (shaker), Bmp-5
(crinkled ears), homogentisate 1,2-dioxygenase (urine
turns black upon exposure to air), Hoxa10 (limb
defects), Hairless (hair loss) and melanocortin 1
receptor (yellow), and injected these vectors into
fertilized mouse eggs. Despite the presence of
transgenes in some animals, virtually none of the
animals showed a distinct or reproducible phenotype
associated with the particular target gene that was
expected based on the phenotype of a null mutant or
knockout mouse.

Recently, Chang et al. produced a knockdown mice
using RNAi directed against an endogenous gene,
ABCAT1, which is a member of the ABC transporter
protein family, using inducible regulation of RNAI by a
combination of Cre-loxP- and tetracycline systems in a
time- or tissue-dependent manner [58]. In their study,
knockdown mice were produced by a conventional
transgenic method. This is one of the rare cases
reported to date in which a shRNA expression vector
has been used in the successful silencing of an
endogenous gene, and the reason for the success in
this particular case is still unciear. In addition to such
conventional methods, viral vectors can also be used to
produce transgenic mice [59, 60]. Lentiviral vectors
capable of introducing exogenous DNA into zygotes by
mixing with zona-free eggs have been developed [60].
Using this strategy, it has been demonstrated that
lentiviral vectors expressing siRNA against GFP, as
illustrated in Fig. 4a, can reduce fluorescence in GFP-
transgenic embryos and in mice after transduction of
eggs [61]. Notably, it has been observed that the
lentiviral vector avoids transcriptional shut-off from

integrated viral DNA, which might account for the
appearance of siRNA expression and the resulting
down-regulation of a specific gene, not only in embryos
but also in organisms after birth. This methodology has
been applied to conditional gene silencing, as described
below [58, 62—64].

Generation of Knockdown Mice by Introduction
of a siRNA-expression Vector into
Embryonic Stem Cells

Theoretically, embryonic stem cells (ES cells) should
be suitable for production of knockdown mice. Similar
to gene targeting, a shRNA expression vector is
introduced into ES cells. Stable integrants that
effectively silence the target gene are injected into host
blastocysts, and the resulting chimeric mice are mated
with wild type mice to produce F1 progeny with
transgenes, which show gene silencing of the target
gene. Since Carmell et al. failed to make knockdown
mice by the microinjection method using mouse
zygotes, as described above [11], they examined this
strategy as an alternative. A shRNA expression vector
directed against a novel gene, Neil1, was introduced
into ES cells, and Neil1 knockdown mice were
successfully produced using stable integrants with
strong silencing of the target gene. Neil1 is a member
of a newly discovered family of mammalian DNA N-
glycosylases, related to the Fpg/Nei family of proteins
from Escherichia coli, and has been proposed to have a
role in DNA repair. Germline transmission of the
shRNA expression transgene from chimeras to F1
progeny was achieved and a consequent reduction of
the level of Neil1 protein was confirmed. It should be
noted that suppression of the target gene expression in
F1 mice was similar to that in the ES cells used. These
results indicate that the use of ES cells provides a
significant advantage in that the knockdown level of the
target gene can be practically evaluated in ES cells in
culture prior to the production of knockdown mice, which
is quite difficult using the microinjection method.

Cells with a shRNA transgene exhibit dominantly
gene silencing, and because of this the tetraploid
aggregation method [65], in which the embryos are
completely derived from ES cells, may make it possible
to assess embryonic phenotypes directly. In tetraploid
embryos aggregated with ES cells, the host tetraploid
cells contribute to the extra-embryonic tissues, including
the trophoblast tissue of the placenta and the extra-
embryonic endoderm component of the yolk sac, but
they are rigorously excluded from the embryo proper,
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Fig. 4. Diagram of the siRNA expression vector using Cre-loxP system. (a) Lentiviral
vector for expressing siRNA is inserted with a DNA stuffer sequence (T5/lacZ)
flanked by two modified loxP * sites. The loxP* sequence contains two mutations,
which generate the intercalated loxP sequence acting as a U6 TATA box after the
loop-out of the stuffer sequence by Cre recombinase [63]. (b) A neomycin cassette
flanked by two loxP sites (ploxPneo) separates a Proximal Site Enhancer (PSE)
with a Distal Site Enhancer (DSE) of a U6 promoter. Cre recombinase eliminates
ploxP, allowing the siRNA expression [67, 68]. (c) A neomycin cassette with a
Pol HII stop codon of 5 thymidines (T5) (arrowhead) is flanked by two loxP sites.
This cassette is inserted downstream of the sense strand of the inverted repeat
sequence. In the presence of Cre recombinase, the neomycin cassette is eliminated
and the resulting intercalated loxP sequence acts as a loop to fold back the
antisense strand [69].




