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using a DC Protein Assay Kit (Bio-Rad) with bovine serum
albumin as the standard protein.

For western blotting analysis, samples (10 Lig total protein)
were fractionated by SDS-PAGE (15% polyacrylamide) and
bands of proteins were transferred to an Immobilon™-PSQ
transfer membrane (Millipore, Billerica, CA). After blocking
in TBS-T (Tris-buffered saline containing 0.1% Tween)
containing 3% skimmed milk, the membrane was incubated
for 1 h with polyclonal antibodies raised in rabbit against Cre
recombinase (1:1000 dilution in TBS-T plus 0.3% skimmed
milk) (Novagen) and for 1 h with antibodies against rabbit Ig
conjugated to horseradish peroxidase (I:1000 dilution in
TBS-T plus 0.3% skimmed milk) (Amersham Biosciences,
Little Chalfont, UK). As a control for the separation of nuclear
and cytosolic fractions, we also performed western blotting by
incubating for I h with monoclonal antibodies raised in mouse
against B-tubulin (anti-B-tubulin, clone AA2, 1:1000 dilution
in TBS-T plus 0.3% skimmed milk) (Upstate) and 1 h with
antibodies against mouse Ig conjugated to horseradish
peroxidase (1:1000 dilution in TBS-T plus 0.3% skimmed
milk) (Amersham Biosciences). The results of western
blotting are shown in Figure 2C.

Amplification by PCR of transfected plasmids

Cells were grown in 24-well tissue culture plates, transfected
with 375 ng iGL3B Cre-On plasmid, 50 ng pGL3 and 15 ng
PRL-RSV and incubated with TAT-NLS-Cre (30 pg/ml) or
dialysis medium as described above. Then, 22 h later, cells
were resuspended in Passive Lysis Buffer (Promega) and
centrifuged (3000 r.p.m., 10 min, 4°C). After two washes with
Tris—-EDTA buffer (TE) [10 mM Tris-HCl (pH 8.0) plus 1 mM
EDTA], the pellets were resuspended in TE and boiled (65°C
for 10 min and 99°C for 5 min). Then 4-6 pl of each sample
was used as template for PCR, which was performed with Ex
Taq™ (Takara Shuzo, Shiga, Japan). The results are shown in
Figure 3.

RESULTS

In this study, our goal was to establish an exogenouslty Cre
controllable U6 promoter-based siRNA expression vector.
Since Cre recombinase catalyzes the excision of sequences
between loxP sites, our strategy was to place, between two
loxP sites, an insert that inhibited expression of complete
siRNAs to generate a Cre-On system. Schematic representa-
tives of the switches for the expression of siRNAs are shown
in Figure 1. In this scheme, two loxP sites (with a fragment of
816 bp inserted between them) are placed between sense and
antisense regions of the siRNA encoding sequence. The 816 bp
insert starts with TTTTTTT, which causes termination of
transcription, since TTTT is a terminator sequence for the U6
promoter in mammalian cells. As a result, only sense RNAs,
which have no suppressive effect, can be transcribed in the
absence of Cre recombinase. In the presence of Cre
recombinase, recombination occurs and the inserted fragment,
including the termination sequence, is excised. The excision of
this fragment allows transcription of full, functional siRNAs
since, now, only a 34 bp loxP site connects the sense and
antisense sequences, yielding short hairpin RNAs (shRINAs)
(Fig. 1).
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Figure 3. Fractionation by gel electrophoresis of products of PCR amplified
from iGL3BloxP (positive contrel), iGL3BCre-On (negative control), Cre +
(nhuclei from cefls transfected with iGL3BCre-On and incubated with TAT-
NLS-Cre, final concentration 30 pg/ml} and Cre - (nuclei from cells trans-
fected with iGL3BCre-Cn and incubated with dialysis medium). Mk, size
markers. Products of PCR from cells incubated with TAT-NLS-Cre protein
yielded both ‘Original’ and ‘Recombined’ bands, while cells incubated with
dialysis medium yielded only the 'Original’ band. These results indicate
that recombination cccurred only in the presence of the exogenously added
TAT-NLS-Cre.

Construction of Cre recombinase controllable siRNA
expression vectors :

To study the possibility of controlling the expression of siRNA
with Cre recombinase, we used three types of siRNA
expression vector directed against firefly luciferase, namely
iGL3B, iGL3BloxP and iGL3BCre-On, the first two of which
were used as positive controls. An siRNA expression vector
directed against DsRed2 (pU6iRed) was also used as an
unrelated negative control, i1GL3B is a vector that produces
21 nt hairpin-type siRNA with a 9 nt loop, constructed in
our laboratory as described previously (41). We designed
iGL3BCre-On and iGL3BloxP on the basis of the sense and
antisense sequences of iGL3B. iGL3BCre-On was designed
for the Cre-On system (Fig. 1) and iGL3BloxP was similar to
1GL3B, with the exception that the 9 nt loop was replaced by a
34 nt loxP sequence. In other words, iGL3BloxP had exactly
the same structure as that of recombined iGL.3BCre-On (Fig. 1,
after recombination). This vector was constructed to examine
the efficiency with which recombined iGL3BCre-On induced
RNAI against the targeted gene for firefly luciferase. A
comparison of efficiency between iGL3B and iGL3BloxP is
shown below in Figure 4A (compare lanes 5 and 6). As
discussed below, at least at the concentration of plasmid used,

-the efficiencies of iGL3B and iGL3BloxP were almost the

same. However, at a lower concentration of plasmids,
iGL3BloxP with a larger 34 nt loop had a significantly
lower activity than iGL3B with a 9 nt loop, indicating that the
size of the loop within the shRNAs has some influence on the
activity. .

We chose the firefly gene for luciferase as the target of
siRNA for the following reasons. First, the efficiency of gene
silencing by siRNA depends to a large extent on the choice of
target site. In this study, our siRNA expression vectors were
directed against the target site of iGL3B, which has been
shown to be very susceptible to RNAI. Since we knew that we
would be unlikely to achieve 100% recombination, we hoped
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Figure 4. (A) Luciferase activity due to iGL3BCre-On. Lane 1, negative control (d.m., dialysis medium}; lane 2, pUS control and 4.5 pg/ml TAT-NLS-EGFP
(EGFP); lane 3, pU6 control and 4.5 pg/ml TAT-NLS-Cre (Cre); lane 4, pUGiRed and dialysis medium; lane 5, iGL3B and dialysis medium; lane 6,
iGL3BloxP and dialysis medium; lane 7, iGL3BCre-On and dialysis medium,; lane 8, iGL3BCre-On and residval E.coli lysate (lys); lane 9, iGL3BCre-On and
4.5 pg/ml TAT-NLS-EGFP; lane 10, iGL3BCre-On and 4.5 pg/ml TAT-NLS-Cre. Compared with the result for the negative control (pU6 control and
incubation with dialysis medium), the luciferase activity in the cells transfected with iGL3BCre-On and incubated with TAT-NLS-Cre was suppressed by
~70%, while incubation with dialysis medium, with TAT-NLS-EGFP or with residual E.coli lysate did not suppress luciferase activity. (B) Firefly and Renilla
Iuciferase activities of the results shown in (A). The activity of Renilla was not affected by the addition of recombinant protein, dialysis medium or residual
E.coli lysate. (C) The extent of suppression of luciferase activity decreased with decreases in the concentration of TAT-NLS-Cre, while incubation with
TAT-NLS-EGFP at various concentrations failed to have any effect on luciferase activity, which was the same as the control (incubated with dialysis
medium). The results were calculated by normalizing the activity due to firefly luciferase to that due to Renilla luciferase. Then the results were calculated as
percentages of the control value. Each bar indicates an average value and vertical bars indicate standard errors of triplicate assays.

to induce successful RNAi by choosing a very susceptible
target, even if not all of the siRNA expression vectors
underwent recombination. Second, the choice of firefly
luciferase as reporter allowed us to perform gquantitative
assays using the standard dual luciferase system (11).

Expression and purification of TAT-NLS-Cre

To use NL.S-Cre in cells, especially in the nucleus, we decided
to deliver the NLS-Cre recombinant protein directly rather
than delivering its expression vector. However, in this case it
is necessary to enhance the entry of NLS—Cre into cells. It has

been reported that NLS can, itself, function as a protein
transduction domain (PTD) and promote the cellular uptake of
recombinant protein, but the combination of both TAT and
NLS is more efficient (34). Therefore, we constructed pTriEx-
3 Hygro-TAT-NLS-Cre, which encodes the 41 kDa fusion
protein TAT-NLS—Cre recombinase (TAT-NLS-Cre) that
includes an N-terminal histidine tag and is expressed in E.coli
(Fig. 2A). We purified the fusion protein from a lysate of
E.coli cells by Ni chelate affinity chromatography and
checked the purity of the protein by SDS-PAGE (Fig. 2B,
41 kDa).
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Confirmation of the localization and activity of
TAT-NLS-Cre

To determine whether the TAT-NLS-Cre protein could be
used to control the expression of siRNAs by the strategy
described above, we first confirmed the localization and ability
of TAT-NLS—Cre to catalyze recombination. After incubating
Hela §3 cells in medium supplemented with the TAT-NLS-
Cre protein for the indicated times, we washed the cells twice
with PBS, incubated them with trypsin in order to eliminate
TAT-NLS—Cre attached to cell membranes and prepared
cytosolic and nuclear fractions. Then we performed western
blotting of these fractions with antibodies against Cre
recombinase to confirmi the localization of TAT-NLS-Cre,
The results are shown in Figure 2C. It appeared that a 1 h
incubation was sufficient to allow entry of TAT-NLS-Cre
into nuclei. Incubation for 1 h increased the concentration of
TAT-NLS—Cre in nuclei but no further increase was apparent
after incubation for 2 h. TAT-NLS-Cre was detected in the
nuclear fraction, whereas P-tubulin, which was used as a
control for separation of the nuclear and cytosolic fractions,
was detected in the cytosolic fraction, indicating that there was
no detectable cytosolic contamination in the nuclear fraction.

To examine whether TAT-NLS-Cre retained the activity of
Cre recombinase and could catalyze the recombination of loxP
sites, we transfected HeLa S3 cells with iGL3BCre-On and
incubated them with TAT-NLS-Cre or with dialysis medium
under the conditions indicated above. Plasmids were then
extracted from the cells and amplified by PCR. If recombina-
tion had occurred, the extracted plasmids should have had
exactly the same structure as that of iGL3BloxP, yielding a
PCR product of ~400 bp (indicated by ‘Recombined’ in Fig. 3).

If recombination had not occurred, the extracted plasmids -

should have retained the initial structure, yielding a PCR
product of ~1.2 kb (indicated by ‘Original’ in Fig. 3). As
shown in Figure 3, PCR analysis of cells incubated with
dialysis medium yielded a fragment of 1.2 kb, while PCR
analysis of cells incubated with TAT-NLS—Cre vielded both
1.2 kb and 400 bp fragments. From these results we conclude
that although we had not achieved a recombination efficiency
of 100%, TAT-NLS-Cre did have the ability to enter cells, to
find its way to the nucleus and to catalyze recombination.

The suppressive effect of iGL3BCre-On can be switched
on by NLS-Cre in a dose-dependent manner

Finally, we examined whether we could control the expression
of iGL3BCre-On using TAT-NLS-Cre recombinant protein.
Four hours after co-transfecting HeLa $3 cells with siRNA
expression vectors or the mock vector (pU6 control) together
with expression vectors for firefly luciferase and Renilla
luciferase, we added TAT-NLS~Cre or, as a control, TAT-
NLS-EGFP, residual E.coli lysate, obtained by the same
procedure as TAT-NLS—Cre, or dialysis medium (for the
dialysis of TAT-NLS-Cre) to the medium. We then analyzed
luciferase activities on the following day and calculated the
luciferase activities relative to those obtained with the pUb
control (Fig. 4A, lane 1). As shown in Figure 44, incubation of
cells transfected with iGL3BCre-On with TAT-NLS—Cre
(lane 10) resulted in ~70% suppression of firefly luciferase
activity. The corresponding suppression obtained with positive
controls was 80-90% (Fig. 4A, lanes 5 and 6).
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In contrast, the corresponding set of incubation experiments
indicated that the addition of TAT-NLS—Cre to the pU6
empty vector (negative control) did not cause any suppression
(lanes 1-3). Similarly, the addition of TAT-NLS~-EGFP (lane
9) or residual E.coli lysate (lane 8) to the effector plasmid,
iGL3BCre-On, showed no effect. Moreover, cells transfected
with pU6iRed (an unrelated siRNA expression vector against
DsRed?2, lane 4) also showed no suppressive effect, indicating
that the suppression of expression of the target gene was not
due to a non-specific effect of dsRNA or TAT-NLS-Cre
itself,

Finally, we examined whether the dose of TAT-NLS-Cre
affects the switching of iGL3BCre-On by incubating
iGL3BCre-On-transfected HeLa S3 cells with TAT-NLS-
Cre at various concentrations. As shown in Figure 4C,
increasing the concentration of TAT-NLS-Cre increased the
efficiency of switching of iGL3BCre-On. We also incubated
iGL3BCre-On-transfected Hel.a S3 cells with TAT-NLS-
EGFP at various concentrations as negative controls. TAT-
NLS-EGFP had no suppressive effects on luciferase activity
at any of the tested concentrations.

Taken together with the fact that TAT-NLS-Cre could
successfully enter the nucleus and cause recombination
between loxP sites, the present results clearly demonstrate
that iGL3BCre-On had been switched on by the exogenously
supplied TAT-NLS-Cre recombinant protein.

DISCUSSION

We have here described one of the first examples of the control
of the expression of siRNA in a pol III system by Cre
recombinase (43) and the first example using TAT-NLS—Cre
recombinase fusion protein. We have demonstrated that our
Cre-On siRNA expression vector was switched on only in the
presence of Cre recombinase and that the gene suppressive
activity depended on the concentration of Cre recombinase.
The use of Cre recombinase to control the expression of
siRNA has several advantages. First, Cre recombinase can
be expressed stably, and both tissue type- and cell type-
specifically and its expression is heritable in mammals, such as
mice (32,33,44,45). Thus, it should be possible to control the
expression of siRNA in a tissue-specific manner using a pol III
promoter such as the U6 promoter, whose expression is
constitutive and ubiquitous. It has been reported that siRNA
can also be expressed using a pol II system (22,46), which
might allow tissue-specific expression. However, a pol III
system might have some advantages as a consequence of its
high level of activity (~4 X 10% copies of the pol III transcript
per cell) (47). Second, the expression of Cre can be regulated
by tetracycline (45), a hormone (48), a steroid (49) and an
interferon (50), if the Cre coding region is fused to a ligand-
binding domain specific for the corresponding compound.
Such regulation of expression of Cre would allow control of
the level of expression of Cre and, as a comsequence, of
siRNA. : :
Transgenic Cre recombinase can be expressed in cells and
organisms, but problems do occur. In this study, we first tried
to express NLS-Cre encoded by pEF9-NLS-Cre inside HelLa
S3 cells and to control the expression of the Cre-On siRNA
expression vector, but we failed to observe the expected
results. Possible reasons for this failure are as follows.
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Although the results presented in this work are highly
reproducible, the results of co-transfection experiments
using reporter plasmids and a NLS-Cre-expressing plasmid
gave much larger error bars (not shown). Thus, trans effects
between the pol II promoters of NLS-Cre (the EF-la
promoter) and reporters (pGL3 and pRL-RS5V) on co-
transfected plasmids had probably occurred (51).

Furthermore, since time is required for the expression of
NLS-Cre and recombination of siRNA plasmids, it is possible
that the reporter proteins (firefly and Renilla luciferases) might
have been expressed before recombination could take place,
masking any effects due to switching on the expression of
siRNA. The reporter proteins might remain stable for some
time and luciferase activities might not have been affected
directly, even though no new corresponding mRNAs were
produced. It is possible that selection of a suitable promoter
for each experimental system and establishment of a cell line
or transgenic animal that stably expresses NLS—Cre so that
recombination can occur directly after transfection of siRNA
expression vectors might overcome these problems. An
alternative is to use NLS—Cre fused to the TAT peptide, as
we demonstrated in the present study. TAT-fused recombinant
proteins move rapidly into a wide range of cells, solving the
problem of promoters and the time required for expression of
NLS—Cre. Moreover, it is then no longer necessary to establish
a suitable stable NLS-Cre-expressing cell line for each
experimental system.

In conclusion, we have demonstrated that expression of
siRNA under the control of a pol Il promoter can be regulated
by Cre recombinase. We were able to demonstrate delivery of
Cre recombinase into nuclei after incubating cells in medium
supplemented with TAT-NLS-Cre. Moreover, delivery
should also be possible after establishment of stable Cre
recombinase-expressing cell lines or transgenic organisms.
The choice of delivery system will depend on the needs of
each experiment. Although siRNA technology will not replace
the conventional recombination-mediated knockout, it
complements the conventional technology because analysis
of housekeeping genes might become possible by spatio-
temporal control of gene expression, as described in this
paper. Collectively, our work has opened up new possibilities
for using and controlling the use of siRNAs in research and
therapeutics.
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Abstract

Background RNA interference (RNAIi) is a phenomencn in which expression
of an individual gene can be specifically silenced by introducing a double-
stranded RNA, one complementary to the gene, into cells. This phenomenon
can be observed in mammalian cells when small interfering RNAs (siRNAs)
are used, and is receiving attention as the most powerful tool for reverse
genetics in the post genome era. Several groups have developed vector-based
siRNA-expression systems that can induce RNAi in living cells.

Methods We describe here a comparative analysis of various siRNA-
expression systems, in which we examined the effects of stem length, loop
sequence and insertion of mutation(s) and/or bulges in the stem sequence on
silencing effects and on the stability of the vectors.

Results As aresult of the comparative analysis, we determined the following
optimized siRNA-expression system: U6 promoter-driven hairpin-type dsRNA
with 21-nt stem length, three to four mutations in the sense strand only, and
the optimized 9-nt loop sequence, derived from microRNA. Moreover, we
demonstrate that the siRNA-expression system with a tetracycline-regulated
U6 promoter(s) could have the potential to control RNAI in cells, and that
the HIV vector-mediated transfer of an siRNA-expression cassette into cells
resulted in efficient silencing of a target gene at a multiplicity of infection as
low as five,

Conclusion The mutated hairpin siRNAs and their genetically stable coding
vectors could be very useful for gene knockdown experiments, and could
further benefit gene therapy using RNAi. Copyright © 2004 John Wiley &
Sons, Ltd.

Keywords RNA interference; U6 promoter; HIV vector; gene silencing;
tetracycline-regulated promoter

Introduction

RNA interference (RNAI) is a recently discovered ‘gene-silencing’ phenomenon
that is induced by double-stranded RNA (dsRNA} {[1]; reviewed in {2].
Although RNAi works well in various organisms, the silencing of specific
genes by RNAi has proved difficult to detect in mammalian systems because
of the dsRNA-dependent nonspecific inhibition of protein synthesis, which is
part of the host’s system for defense against viral infections. However, recent
works by Tuschl and colleagues demonstrated that 21- or 22-nt RNAs with
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2-nt 3'-overhangs can induce gene silencing without
the nonspecific inhibition of translation in cultured
mammalian cells [3,4]. Furthermore, in the past year,
various groups, including our own, have developed
systems for vector-mediated specific RNAI in mammalian
cells [5-12]; reviewed in [13,14]. These vector systems
use a pol III promoter, such as the U6, HI1, and
tRNA promoters, and the systems have been classified
into two groups depending on whether the expressed
RNAs are tandem-type or hairpin-type (Figure 1A), The
tandem-type siRNA-expression vector was designed to
include sense and antisense RNAs, transcribed by two
independent pol III promoters, and subsequently the
sense and antisense RNAs anneal and form siRNA
duplexes. The hairpin-type siRNA-expression vector was
designed for transcription of hairpin BNA, which is
subsequently processed into siRNA duplexes by intrinsic
RNage IIl. We have attempted a systematic comparison
and optimization of these systems using a dual luciferase
reporter system, and our observations have resulted in the
identification of a novel vector system that is mutationally
more stable and more efficient than others reported to
date. Furthermore, we demonstrate the regulatable RNAi
by using the tetracycline-regulated U6 promoter, and

M. Miyagishl et al.

the lentivirus-mediated delivery of an siRNA-expression
cassette into cells, which allows the efficient silencing of
the expression of a target gene.

Materials and methods

Culture and transfections of cells and
assays of the expression of reporter
genes

HeLa 53 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum,
Cells were plated at 3 x 10* cells per well in a 48-
well plate one day before transfection. HEK293/TetR
cells (Flp-In™ T-REx™ 293 cell line) were purchased
from Invitrogen (Carlsbad, CA, USA). Transfections were
performed with Lipofectamine™ 2000 reagent (Life
Technologies, Rockville, MD, USA) using 300, 30, or 3 ng
of siRNA-expression plasmid, 30 ng of firefly luciferase-
expression plasmid (pGL3; Promega, Madison, WI, USA),
and 10 ng of Renilla luciferase-expression plasmid (pRL-
RSV [15]), as described by Promega. Luciferase activities
were analyzed after 24 h with a dual luciferase system
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Figure 1. (A) Schematic representation of tandem-type and hairpin-type siRNA-expression vectors. In the tandem-type, both sense
and antisense strands are driven by the U6 promoter. Subsequently, sense and antisense RNAs anneal and form siRNA duplexes
with a 4-nt overhang at each 3'-end. In the hairpin-type, sense and antisense nucleotides are expressed as a single unit. The
transcribed RNA forms a hairpin with a stem structure that is processed as indicated, (B) Comparative analysis of the effects of the
U6 promoter-driven 19-nt tandem-type siRNA-expression vector and the H1 promoter-driven 19-nt hairpin-type siRNA-expression
vector. The activities of firefly luciferase were normalized by reference to those of Renilla luciferase. Each bar indicates an average
value and vertical bars indicate standard errors of triplicate assays. (C) Dependence of the effects of the stemn length of hairpin-type
and tandem-type siRNA-expression vectors on the RNAI activities. HeLa 83 cells were seeded in 48-well plates at a density of
-3 x 10* per well and cotransfected with 10 ng of pRL-RSV, 30 ng of pGL3, and the indicated amount of each siRNA expression
vector targeted to the firefly gene for luciferase. (D) Comparative analysis of optimized hairpin-type, tandem-type, and tRNA-type

siRNA-expression vectors

Copyright © 2004 John Wiley & Scns, Led.
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(Promega). To ensure equal DNA amounts, empty
plasmids were added at appropriate levels in each
transfection.

Constructs used in transient
transfections :

We prepared tandem-type and hairpin-type siRNA-
expression vectors using the pU6icassette vector [16],
which contains a human U6 promoter and two BspMI
sites. For the construction of tandem-type siRNA-
expression plasmids, we amplified DNA fragments that
included the sequences of the sense and antisense regions
and the U6 promoter by PCR with the pUéicassette vector
as template and primers that included the sequences
of the sense or antisense sequence plus the terminator.
After digestion of products of PCR with BspMI, each
fragment was ligated into the BspMI sites of the
pUSGicassette vector to yield a series of siRNA-expression
vectors. For the construction of hairpin-type siRNA-
expression vectors, we synthesized oligonucleotides with
the hairpin sequence, the terminator sequence, and
overhanging sequences. Then we annealed the fragments
and inserted them into the BspMI sites of the pU6icassette
vector. H1 promoter-driven siRNA-expression vectors
were generated as described by Brummelkamp et el. [5].
The tRNA promoter-driven siRNA-expression vectors were
prepared by PCR-based subcloning into pUC-dt (a plasmid
that contains the chemically synthesized promoter for a
human gene for tRNAY? between the EcoRI and Sal I
sites of pUC19 [17]). Sequences inserted immediately
downstream of the U6 promoter were as follows (only
the sense sequences are shown): in pU6tandeml9,
pU6hairpin19, and pHlhairpinl9, GTG CGC TGC TGG
TGC CAA C; in pU6tandem26, GTG CGC TGC TGG TGC
CAA CCC TAT TC; in pU6hairpin21, GTG CGC TGC TGG
TGC CAA CCC; in pUbhairpin23, GTG CGC TGC TGG
TGC CAA CCC TA; in pUhairpin25, GTG CGC TGC TGG
TGC CAA CCC TAT T; and in ptRNAhairpin30, GTG
CGC TGC TGG TGC CAA CCC TAT TCT CCT gaaa AGG
AGA ATA GGG TTG GCA CCA GCA GCG CAC [both
strands and the linker sequence (small letters) are shown
for the tRNA-linked hairpin-type vector]. The sequences
of the various mutated constructs are indicated in the
figures. The miR30 microRNA precursor-directed siRNA-
expression vectors (pri-miR30-directed siRNA-expression
vectors) were generated by PCR-based subcloning into the
pUSicassette and pEF9 [15] after digestion of products of
PCR with BspMI and with BamHI plus EcoRI, respectively.
The inserts of the constructs were generated by PCR with
the following primers: 5'-gge gga tcc ACC TGC cgg cca
ceG tat att get gtt gac agt gag cga cGT GCG tTG TG
GTG ttA AtC Ctt caa gag aGG-3' and 5'-ggc gaa ttc ACC
TGC tag cgc ata aaa att gaa gtc cga ggc agt agg cag
¢GT GCG CTG CTG GTG CCA ACC Ctc tet tga aGG-3'.
The tetracycline-regulated tandem-type siRNA-expression
vectors were generated from the pU&Teticassette vector
as well as the tandem-type siRNA-expression vector. The

Copyright @ 2004 John Wiley & Sons, Ltd.
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pU6Teticassette vector was made from the pU6icassette
by converting the wild-type U6 promoter into the
tetracycline-regulated U6 promoter [18].

Construction of HIV vectors for
generation of siRNA

HIV-U6 _

The human U6 promoter from pU6 was subcloned
between the CTS (central termination sequence) and the
CMV promoter of an HIV plasmid vector, C5-CDF-CG-
PRE, which was described previously [19]. This vector is
a self-inactivating (SIN) vector lacking its own promoter
sequence in the 3'-LTR, which allows expression of the
green fluorescence protein (GFP) under the control of
the CMV promoter. It includes a central polypurine tract
(cPPT) and the posttranscriptional regulatory element
(PRE) of woodchuck hepatitis virus for enhanced nuclear
mansport of the transcribed mRNA. We made a series of
siRNA-expression plasmids that were based on the HIV-U6
plasmid. The strategy for generating siRNA was described
above, Products of PCR were inserted into two BspMI sites
downstream of the U6 promoter.

HIV vectors

HIV vectors were produced by transfecting 293T cells by
calcium phosphate transfection, as described previously,
with HIV plasmid vectors, pMD.G (VSV-G env-expression

.plasmid), pMDLg/p.RRE (a third-generation packaging

plasmid) and pRSV Rev (a Rev-expression plasmid). The
latter two plasmids were provided by Cell Genesys (Foster
City, CA, USA). Each vector-containing supernatant
was collected, pooled, passed through a 0.45-um filter
concentrated with CENTRIPREP YM-50 (Millipore Co.,
Bedford, MA, USA), and stored at —80°C until use.
Titers of preparations of vectors were determined by
infecting 293T cells. The transduction of genes to target
cells was monitored in terms of expression of GFP, which
was examined with a FACSCalibur™ flow cytometer and
CellQuest™ software (Becton-Dickinson, San Jose, CA,
USA). The titers of the concentrated preparations of
vectors used in this study ranged from approximately
1 x 108 to 3 x 108 transducing units (TU)/ml.

Assays of expression of reporter genes
after transfections with HIV vectors

293T cell were infected with either HIV-U6, HIV-tandem,
or HIV-hairpin (C > T5) at an MOI of five. Each HIV
vector directed the generation of siRNA against firefly
luciferase mRNA. The sequences of each sense or antisense
fragment are described above, Expression of GFP was
examined 3 days after infection and 100% of infected
cells were found to be GFP-positive by flow cytometry. The
infected cells were transfected, using calcium phosphate,
with 100 ng of the firefly luciferase expression vector
{pGL3) and 100 ng of the Renilla luciferase expression

J Gene Med 2004; 6: 715-723,
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vector (pRL-SV40; Promega) in wells of 6-well plates,
Luciferase activities were analyzed 24 h after the second
transfection with the Dual-Glo™ luciferase assay system
(Promega) and a Berthold luminometer. Each value for
firefly luciferase was normalized by reference to the
activity of Renilla luciferase activity. Assuming that the
value for control 293T cells transfected with HIV-U6 was
100%, we calculated each value relative to the control
value.

Results

Comparison of the suppressive effects
of various siRNA-expression systems

To compare the suppressive effect of tandem-type and
hairpin-type siRNA-expression vectors, we constructed
two vectors that contained the tandem-type and the
hairpin-type, respectively, of the siRNA-expression cas-
sette, targeted to the same site in the transcript of the
firefly gene for luciferase (Figure 1A). The hairpin-type
siRNA-expression vector was designed to include a 19-
nuclectide {nt) sense target sequence, followed by a 9-nt
loop sequence, a 19-nt antisense target sequence and
a pol IIl terminator, all located downstream of a pro-
moter [5,20]. The tandem-type siRNA-expression vector
was designed for transcription of 19-nt sense and and-
sense RNAs with a 3’ terminal polyuridine tail, from two
independent U6 promoters [8,20].

We cotransfected HeLa S3 cells with the appropriate
siRNA-expression vector, targeted to the transcript of the
firefly gene for luciferase, a firefly luciferase-expression
vector (pGL3) and a Renilla luciferase-expression vector
(pRL-RSV), and then we measured luciferase activities
24 h after transfection. As shown in Figure 1B, there
was no apparent difference in terms of the suppressive
effect on the expression of firefly luciferase between
the hairpin-type and the tandem-type siRNA-expression
vectors. However, at lower concentrations of plasmids, the
hairpin-type siRNA-expression vector appeared to have a
slightly stronger suppressive effect than the tandem-type
siRNA-expression vector.

To compare the two vector systems in further detail,
we examined the dependence on the length of the sense
and antisense sequences in each system, We constructed a
tandem-type siRNA-expression vector, which encoded 26-
nt sense and antisense RNAs, and compared its activity
with that of the 19-nt dsRNA-expressing tandem-type
vector. As shown in Figure 1C, the 26-nt sense and
antisense-expressing tandem-type vector was a much
stronger suppressor than the 19-nt sense and antisense-
expressing tandem-type vector, We next made a series of
Ub-driven hairpin-type siRNA-expression vectors, which
encoded 21-nt, 23-nt and 25-nt hairpin RNA, respectively,
and evaluated their activities. The 21-nt and 25-nt
hairpin RNAs were significantly more active suppressors
of expression of the firefly luciferase gene than the 19-
nt hairpin RNA. Since human Dicer processes dsRNA

Copyright @ 2004 John Wiley & Sons, Ltd.
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more efficiently at 20-21 nt in length from the terminus
[21-23], the difference in suppressive activity between
the 19-nt and the longer than 21-nt hairpin RNAs might
reflect the efficiency of processing of hairpin RNA into
siRNA by human Dicer.

We next compared the 21-nt hairpin-type vector and
the 26-nt tandem-type vector, which had the highest
suppressive activity of each respective vector system.
At a high concentration of the siRNA-expression vector
{300 ng), the hairpin-type and the tandem-type siRNA-
expression vectors had similar strong suppressive activity.
At a low concentration of the siRNA-expression vector,
the hairpin-type siRNA-expression vector had significantly
higher suppressive activity than the tandem-type siRNA-
expression vector (Figure 1D).

Technical problems associated with the
conventional hairpin-type
siRNA-expression vectors and their
solutions

When constructing hairpin-type siRNA-expression vec-
tors, we faced two serious technical problems. First, it
was difficult to sequence constructs that contained a hair-
pin region, probably because of the tight palindromic
structure. Second, approximately 20-40% of constructs
were mutated within the hairpin region of the constructs
upon introduction into E. coli. Sequencing of mutated con-
structs revealed that constructs with twoe or more point
mutations or insertions/deletions in the sense or anti-
sense region could be sequenced without any problems.,
Therefore, we examined whether constructs with such
mutations or insertions might retain silencing activity.

As many as seven point mutations from C to T, which
generated G:U base-paring, in the sense strand did not
affect the silencing effect (Figure 2). As many as four
bulge insertions in the sense strand also did not affect
the activity. By contrast, the comstructs with five G
to A mutations or more than four A to C mutations-
had significantly reduced silencing activity. In particular,
insertion of a single G to A mutation in the antisense strand
[G > A1(AS)], which produces a mismatch, resulted in
reduced suppression, and insertions of two or five Gto A
mutations [G > A2(AS) or G > A5(AS)] in the antisense
strand resulted in almost no silencing of the target gene.
Therefore, it appears that, in practice, it is not possible to
introduce mutations and bulges into the antisense strand
and retain activity.

It should also be emphasized that, while generating
these constructs with murtated hairpin structures, we
found that the rates of mutation in E. coli of the hairpin
region of the constructs were markedly reduced when
we inserted more than three mutations in the sense
or antisense strand. This property of such constructs is
obviously important for the maintenance of corresponding
plasmids in their prokaryotic host. Collectively, our data
suggested that the way to create a useful hairpin-type
siRNA-expression vector was to introduce multiple C

J Gene Med 2004; 6: 715-723.
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Figure 2. The effects of various mutations and/or bulge insertions in the hairpin sequence on silencing aetivity. HeLa 83 cells were
seeded in 48-well plates at a density of 3 x 10* per well and cotransfected with 10 ng of pRL-RSV, 30 ng of pGL3, and 30 ng of an
siRNA-expression vector with the indicated mutations, targeted to the firefly gene for luciferase. Letters in red indicate mutations

or bulges

to T mutations, which not only prevented unwanted
mutations, but also enhanced the silencing activity
{compare results for pUehairpin21 with C > T4, C > T5,
or C > T6 in Figure 2, and that for pU6hairpin21 with
C>T5 in Figure 3A for increased activities . due to
mutations) and/or to introduce multiple bulges into the
sense region.

Effects of the loop sequence on
silencing

We next examined the effects of the loop sequence on
the silencing activity of hairpin-type siRNA-expression
vectors. Brummelkamp et al. {5] reported that, when a
19-bp stem sequence was used, hairpin RNA with a 9-
nt loop sequence had greater silencing activity than the
corresponding RNA with a shorter loop sequence, and
Yu etal. [12} used a 3-nt loop when they generated
hairpin RNA with a 19-bp stem sequence. We wondered
whether the naturalloop sequence of microRNAs might be
a preferable sequence for the hairpin RNA produced from
hairpin-type siRNA-expression vectors and, therefore, we
examined seven loop sequences derived from human
microRNAs for analysis.

In transfection experiments using hairpin-type siRNA-
expression vectors targeted to the firefly gene for
luciferase, each included a microRNA-derived loop
sequence, we found that all the hairpin-type siRNA-
expression vectors that we tested had similar or even
greater silencing activity when compared with the

Copyright @ 2004 John Wiley & Sons, Lid.

corresponding vectors with the 9-nt loop sequence
(Figure 3A). In particular, loop2 and loop7 had slightly
higher activity. Although it appeared that the loop
sequence affected silencing activity only marginally
(Figure 3A), in practice we found that, to achieve the
suppressive activity of C > T5 loop?7, several-fold higher
concentrations of C > T5 with the original 9-nt loop
were required (data not shown). Therefore, inclusion
of a natural microRNA-derived loop was advantageous,
especially when the copy number of the template was low.

Attempt to use pri-miRNA precursors
to generate siRNAs

In a recent report, Y. Lee etal. [24] proposed that
microRNAs are processed, via multiple steps, from
long precursor transcripts, designated pri-miRNAs. This
finding prompted us to attempt to generate siRNA using
the precursor to microRNA. We anticipated -efficient
processing, transport to the cytoplasm, and incorporation
into RISC by the endogenous processing system. We
constructed expression vectors with the pol II and
with the pol Il promoter-driven precursor [25] to
miR30 microRNA (pri-miR30}, in which the sequence
corresponding to the microRNA was replaced by the target
sequence for the firefly gene for luciferase.

Using the U6 promoter-driven pri-miR30-expression
vector targeted to firefly luciferase, we observed a 55%
reduction in luciferase activity, but the effect was lower
than that obtained with the hairpin-type siRNA-expression

J Gene Med 2004, 6: 715-723.
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Figure 3. (A) The effects of the loop sequence on silencing, Hela $3 cells were seeded in 48-well plates at a density of 3 x 104
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loop sequence and the hairpin sequence with five C to T mutations, targeted to the firefly gene for luciferase. (B) The effects of
the pol Il promoter (U6 promoter} or pol I promoter {elongation factor 1 alpha promoter)-driven miR30 microRNA precursor

expression vector

system, and the silencing activity of the pol II promoter-
driven pri-miR30-expression vector was very much lower
(Figure 3B), The siRNA-production system using the
precursor to microRNA needs to be refined if we are
to achieve efficient silencing.

Significant silencing by an HIV
vector-derived optimized
hairpin-expression system

Next, we attempted to use a lentivirus vector to deliver
our optimized siRNA-expression cassette into cells. We
introduced five C to T mutations into the sense strand of
the hairpin RNA and postulated that our HIV-mediated
delivery system would allow very efficient transfection
of nondividing target cells, such as primary neurons. We
prepared a lentivirus that included a hairpin-type or a
tandem-type siRNA-expression cassette (the tandem-type
has no mutation in the sense strand) that was targeted
to the firefly gene for luciferase and transfected 293T
cells (Figure 4). One day after this first transfection,
we transfected the same cells with a firefly luciferase-
expression vector and a Renilla luciferase-expression
vector and examined the expression of the two luciferases.
As shown in Figure 4B, the firefly luciferase activity in cells

Copyright © 2004 John Wiley & Sons, Ltd.

that had been transfected with the hairpin-type siRNA-
expression lentivirus vector was approximately 90% lower
than that in mock-transfected cells, Figures 4C and 4D
demonstrate the transfection efficiencies of luciferase
expression vectors. The tandem-type siRNA-expression
cassette had no effect on the relative luciferase activity,
and all cells transfected with an siRNA-expressing
lentivirus vector showed no evidence of any toxic effects
(Figures 4B and 4C).

This above result was consistent with the results of
transient expression assays in which a hairpin-type siRNA-
expression vector had a higher suppressive effect on
luciferase activity than the tandem-type expression vector
at a low concentration of plasmid, The correspondence
reflects the observation that siRNA-expression cassettes
are integrated into the genome in low numbers under
our transfection conditions. However, it should be
mentioned that tandem constructs in lentiviral vectors
could be used under the condition in that titer of virus
is sufficiently high and/or the target site is favorable
[26,27].

Regulatable RNAi by using a
tetracycline-controlled U6 promoter

In view of the potential utility of the siRNA expression
vector and with the goal of analyzing the functions of

J Gene Med 2004; 6; 715-723,
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Figure 4. (A) Schematic representation of the HIV vector construct. HIV-U6 is the basic HIV vector plasmid and it includes an
internal cassette for expression of siRNA. Two BspMI sites downstream of the U6 promoter are cloning sites for sense and antisense
nucleotides. CMV, cytomegalovirus promoter; SD, splice donor site; SA, splice acceptor site; RRE, rev-responsive element; cPPT,
central polypurine tract; CTS, central termination sequence; GFP, ¢DNA for green fluorescence protein; and PRE, posttranscriptional
regulatory element of woodchuck hepatitis virus. (B) Effects of HIV siRNA-expression vectors on luciferase activity. Each bar indicates
an average value and vertical bars indicate standard errors of triplicate assays. These results are representative of the results of
four individual experiments that gave similar results, (C, D) Activities of firefly and Renilla luciferases, in arbitrary units, from
the indicated transfectants. All cells in each cell line were positive for expression of GFP (data not shown). Each bar indicates
an average value and vertical bars indicate standard errors of triplicate assays. (E) Control of RNAI by the tetracycline-regulated
U6 promoter, HEK293/TetR cells were seeded in 48-well plates at a density of 3 x 10* cells/well and cotransfected with 10 ng of
PRL-RSV, 30 ng of pGL3, and 300 ng of wild type or tetracycline-regulated siRNA expression vector (pU6Tet-tandem19) targeted
to the firefly gene for luciferase, or an empty vector in the presence or absence of tetracycline (5 mg/ml). Twenty-four hours after
transfection, the luciferase activities were determined

lethal genes in the future, we next tried to develop 2 Discussion
system for the inducible expression of RNAI by using the ‘

tetracycline-regulated U6 promoter, which has previously . . .
been characterized in our laboratory [18]. We constructed [0 this §mdy, we compared the effects of various siRNA-
a firefly luciferase-targeted tandem-type siRNA expréssion €Xpression §ystems fmd opn.rmzed sorr.le aspects of these
vector under the control of the tetracycline-regulated U6 systems by introducing mulnplt? m.utatlons and/or _bu}ges
promoters. HEK293/TetR cells, which stably express the 1r.1to the sense .strand of ﬂ.le hairpin .RNA.' Ou.r optimized
gene for tetracycline repressor, were cotransfected with snRNA-exprelssmr:Jséystem 1st sugn‘nanzlc:dl - Flgurej.l;l"r:li
the tetracycline-controlled tandem-type siRNA-expression if;frgle_ﬁpsﬁgfn leni)gl;(l]lm(t)lli;-e igrefr;uralﬁi;&p; i; the
vector, the firefly luciferase-expression vector, and the sense strand only, and tl';e optimized 11-nt loop sequence
Renilla luciferase-expression vector in the presence or y ’

t . - derived from microRNA (miR-26b).
absence of tetracycline. The suppressive activity of the

) . . In the experiments to compare RNAi activity between
wild-type siRNA-expression vector was unaffected by the hairpin-type and the tandem-type siRNA-expression
the presence or absence of tetracycline {Figure 4E}. In

' ) vectors, the hairpin-type expression vector showed
contrast, the construct with the tetracycline-regulated higher suppressive activity than the tandem-type SiRNA-

U6 promoter clearly inhibited the expression of firefly expression vector at lower concentrations of plasmid.
luciferase in the presence of tetracycline, but did not There are at least two possible interpretations of these
suppress the gene expression in the absence of tetracycline  gbservations. First, since the sense and antisense RNAs
(Figure 4E}. This result demonstrates that the siRNA- of hairpin RNA encoded by the hairpin-type siRNA-
expression system with the tetracycline-regulated U6 expression vector lie “in cis”, the efficiency of annealing
promoter(s) does indeed have the potential to control of the sense to the antisense RNAs to form a hairpin RNA
RNAi in cells, might be much higher than that of separately expressed

Copyright ©® 2004 John Wiley & Sons, Ltd. J Gene Med 2004; 6: 715-723.
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Figure 5. Schematic representation of the proposed siRNA-
expression system

sense and antisense RNAs as encoded by the tandem-
type siRNA-expression vector, in particular at a low
concentration [28]. Thus, the double-stranded RNAs that
are formed with the greater efficiency can be protected
by proteins, such as RISC, from attacks by ribonucleases
[8]. Second, exportin 5 was recently identified as an
export factor for microRNA precursors [29] that form
hairpin structures and, thus, it is possible that hairpin
RNA, expressed from the hairpin-type siRNA-expression
vector, might be a favorable substrate for exportin 5 and
might be transported more efficiently from the nucleus
to the cytoplasm than annealed siRNA expressed from
a tandem-type siRNA-expression vector. However, since
the transport of tRNA-based, hairpin RNA-derived siRNAs
appears not to depend on such an export factor [6], and
since the activity of the tRNA-based siRNAs is similar to
that of separately expressed sense and antisense RNAs,
at least with respect to the present specific target site
(Figure 1D), enhanced transport from the nucleus to the
cytoplasm is unlikely to be, by itself, the sole cause of
the enhanced activity of the U6 promoter-driven hairpin
RNAs,

We also showed that HIV vector-mediated transfer of an
siRNA-expression cassette resulted in efficient silencing of
a target gene, providing one of the first examples of the
use of a lentivirus vector for the introduction of an siRNA-
expression cassette into mammalian cells [20,30-33].

It was reported recently that adenovirus and retrovirus
systems can be used for the delivery of siRNA-expression
cassettes into mammalian cells [34-36]. However, large
numbers of copies of an integrated siRNA-expression
cassette appeared to be needed in the cited studies
for adequate silencing of target genes. Our transfection
experiments with multiplicities of infection (MOIs) of
lentivirus as low as 5, in which only small numbers of
copies of siRNA-expression cassettes could be integrated
into the genome, revealed strong and maybe genetically
stable suppressive effects on the expression of the target
gene. The difference between earlier results and ours
might be due to our use of an optimized expression
system and/or a favored target site.

One question arises from our experiments: how is
it that the lentivirus RNA genome, which includes the
target sequence of the siRNA in a hairpin sequence
during the production of RNA viruses, does not become
a target for siRNA? The simplest explanation might be

Copyright © 2004 John Wiley & Sons, Ltd,
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the dependence on target site of the silencing effect. The
target site in the lentivirus genome probably forms a tight
secondary structure because of the hairpin sequence. Then
the hairpin target would not be accessible to siRNAs and
would, as a consequence, escape cleavage by RISC [37].

In conclusion, we believe that our observations should
be useful for further attempts at the silencing of the
expression of specific genes and in gene therapies that
exploit RNAI, especially because we can now predict the
best target sites with the most optimized parameters,
resulting in the correlation coefficient of up to 0.8
for predicted vs. actual results, in consideration of off-
target effects and single nucleotide polymorphisms (SNPs)
[28,38,39]. Moreover, functionally important microRNA
can also be controlled by the present vectors [40,41].
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Abstract

RNA interference is a phenomenon in which expression of an individual gene can be specifically silenced by introducing a double-stranded
RNA, homologous to the gene, and is receiving attention as a powerful tool for reverse genetics in the post-genome era, Throughout our
current research to generate an siRNA expression library for the whole human genome, we face many technical difficulties. We present here the
strategies for overcoming some of the difficulties, including the development of genetically stable and highly active siRNA expression vectors,
the selection procedure of the favorable target sites, and the efficient and low cost procedure for constructing an siRNA expression library.
Furthermore, we dermonstrate that the screening using the constructed siRNA-expression library indeed works, by evaluating siRNA-expression

library against apoptosis-related genes.
© 2004 Published by Elsevier B.V.

Keywords: RNA interference; U6 promoter; Algorithm; RNAI library

1. Introduction

Recent advances in the Human Genome Project and avail-
ability of the complete genome sequence have clarified the
existence of numerous genes whose functions are unknown,
Together with the hybrid ribozyme technology (Warashina
et al., 2001; Kawasaki and Taira, 2002; Kawasaki et al.,
2002; Suyama et al., 2003a,b), RNA interference (RNAJ) is
receiving attention as the technology that could unveil their
functions (McManus and Sharp, 2002).

RNA:i is an evolutionarily conserved process in plants and
animals by which double-stranded RNA (dsRNA) induces
sequence specific degradation of homologous RNA (Fire
et al., 1998; reviewed in Zamore, 2001). Although RNAi
works well in various organisms, the silencing of specific
genes by RNAI has proven difficult to detect in mammalian
systems, because of the dsRNA-dependent nonspecific in-
hibition of protein synthesis by the PKR pathway and the
nonspecific RNA degradation by activation of RNase L
(Elbashir et al., 2001). However, recent works by Tuschl and

* Corresponding author. Tel.: 4-81-3-5841-8828/298-61-3015;
fax: +81-3-5841-7340/8828.
E-mail address: taira@chembio.Lu-tokyo.ac.jp (K. Taira).
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co-workers demonstrated that 21- or 22-nt RNAs with two
nt 3’-overhangs (siRNA) can induce gene silencing without
the nonspecific inhibition of the gene expression in cultured
mammalian cells (Caplen et al., 2001; Elbashir et al., 2001).
Furthermore, in the past year, various groups, including our
own, have developed systems for vector-mediated specific
RNAIi in mammalian cells {(Brummelkamp et al., 2002;
Kawasaki and Taira, 2003; Lee et al., 2002; Miyagishi and
Taira, 2002; Paddison et al., 2002; Sui et al., 2002; Paul
et al, 2002; Yu et al., 2002; reviewed in McManus and
Sharp, 2002; Tuscht, 2002). These vector systems use a pol
IIT promoter, such as the U6, H1, and tRNA promoters, and
the systems have been classified into two groups depend-
ing on whether the expressed RNAs are tandem-type or
hairpin-type.

Since gene silencing by siRNA is highly specific and has
extremely high activity, genome-wide and comprehensive
gene analysis in various organism should be expected. Re-
cently, in Caenorhabditis elegans, a systematic functional
analysis of a number of genes by RNAIi has been per-
formed, and many of these genes were identified as genes
that show mutant phenotype (Fraser et al., 2000; Gonczy
et al,, 2000}. In the near future, it is predicted that a similar
genome-wide RNAi library approach could be extended
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to mammalian cells by an siRNA oligonucleotide library
or an siRNA expression library, with the success that ran-
domized ribozyme libraries have had in the identification
of novel genes (Beger et al., 2001; Kawasaki and Taira,
2002; Kawasaki et al., 2002; Kruger et al., 2000; Li et al.,
2000; Onuki et al., 2002; Rhoades and Wong-Staal, 2003;
Suyama et al., 2003a,b; Welch et al., 2000). In fact, several
groups, including ours, have already begun the generation
of an siRNA library against the whole human genome. In
this report, we present the practical problems and meth-
ods for solving some of the difficulties that were faced in
generating the siRNA expression library.

2. Materials and methods
2.1. Constructs used in transient transfections

We prepared tandem-type and hairpin-type siRNA expres-
sion vectors using the piGENE hU6 vector (Miyagishi and
Taira, 2003; iGENE Therapeutics, Inc.; http//www.iGENE-
therapeutics.co.jp), which contains a human U6 promoter
and two BspMI sites. For the construction of tandem-type
siRNA expression plasmids, we amplified DNA fragments
that included the sequences of the sense and antisense
regtons and the U6 promoter by PCR with the piGENE
hU6 vector as a template, and primers that included the
sequences of the sense or antisense sequence plus the ter-
minator (Fig. 1). After digestion of products of PCR with
BspMI, each fragment was ligated into the BspMI sites of
the piGENE hU& vector to yield a series of siRNA expres-
sion vectors. For the construction of hairpin-type siRNA
expression vectors, we synthesized oligonucleotides with
the hairpin sequence, the terminator sequence, and over-
hanging sequences. Then we annealed the fragments and
inserted them into the BspMI sites of the piGENE hU6
vector. H1 promoter-driven siRNA expression vectors were
generated as described by Brummelkamp et al. (2002).
Sequences inserted immediately downstream of the U6 pro-
moters or the HI promoters were as follows {only the sense
sequences are shown): in pU6tandeml9, pU6hairpinl9,
and pH1hairpin19, GTG CGC TGC TGG TGC CAA C; in
pU6Gtandem26, GTG CGC TGC TGG TGC CAA CCC TAT
TC; in pU6hairpin21, GTG CGC TGC TGG TGC CAA
CCC; in pU6hairpin23, GTG CGC TGC TGG TGC CAA
CCC TA; in pU6hairpin25, GTG CGC TGC TGG TGC
CAA CCC TAT T. The sequences of the various mutated
constructs are indicated in Fig. 2.

2.2. Culture and transfection of cells and assays of the
expression of reporter genes

Hela S3 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum.
Transfections were performed with Lipofectamine™ 2000
reagent (Life Technologies, Rockville, MD, USA) using
30ng of siRNA expression plasmid, 30ng of firefly lu-
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Fig. 1. Schematic representation of tandem-type and hairpin-type
siRNA-expression vectors,

ciferase expression plasmid (pGL3; Promega, Madison,
WI, USA), and 10ng of Renilla luciferase expression plas-
mid (pRL-RSV; Miyagishi et al., 2000), as described by
Promega. Luciferase activities were analyzed after 24h
with a Dual Luciferase System (Promega). To ensure equal
DNA amounts, empty plasmids were added at appropriate
levels in each transfection.

2.3. Algorithm for searching favorable target sites

Prediction modeling of the RNAI effect was performed
by partial least squares (PLS) method. One hundred and
fourteen data sets of siRNA sequences and their suppression
values, obtained from published results and cur own data,
were analyzed and significantly correlated factors, including
GC contents, were extracted. A PLS calibration model was
made with the target site sequences, their suppression values
and the extracted factors using the PLS1 algorithm of our
own making (Lindberg et al., 1983). The optimum number
of PLS factors was determined by cross-validation, that is,
the best calibration as judged by the lowest standard error
of cross-validation. After equations were established, the
suppression values at the various sites of the firefly luciferase
were predicted using their target sequences.
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Fig. 2. (A) Comparative analysis of the effects of the U6 promoter-driven 21-nt tandem-type and 21-nt hairpin-type siRNA expression vectors, the Hl
promoter-driven 21-nt hairpin-type siRINA-expression vector and the Ug-promoter-driven 21-nt hairpin-type with various mutations in hairpin region.
HeLa §3 cells were cotransfected with 10ng of pRL-RSV, 30ng of pGL3, and 30ng of each siRNA expression vector targeted to the firefly gene
for luciferase. The activities of firefly Juciferase were normalized by reference to those of Renilla luciferase. Each bar indicates an average value and
horizontal bars indicate standard errors of triplicate assays. {B) Schematic representation of the proposed siRNA expression system.

3. Resulis and discussion

3.1. Optimization of siRNA expression system: tandem-type
or hairpin-type? ‘

To construct the siRNA expression library, an optimiza-
tion of the siRNA expression system, that has high suppres-
sive activity and high genetic stability, should be initially
addressed.

The major class of siRNA expression systems uses pol
II promoter, such as U6 or H1 promoter. The systems have
been classified into two groups, tandem-type or hairpin-type,
depending on their expressing RNA (Fig. 1). In the case
of tandem-type siRNA expression vector, both sense and
antisense strands are driven separately by a respective pol
III promoter, anneal in the cells and form siRNA duplexes
with about four-nt overhang at each 3'-end (Lee et al., 2002;
Miyagishi and Taira, 2002). In the hairpin-type of siRNA ex-
pression, sense and antisense nucleotides are connected by a
loop and expressed as a single chain (Brummelkamp et al.,
2002; Kawasaki and Taira, 2003; Paddison et al., 2002; Paul
et al., 2002: Sui et al., 2002; Taira and Miyagishi, 2001; Ya
et al., 2002). The transcribed RNA will rapidly form a hair-
pin structure with a stem and loop and seems to be processed
to siRNA by Dicer, like micro RNAs (miRNAs) (Ketting
et al., 2001). We tried to examine which vector system had
higher suppressive activity. We constructed both types of

siRNA expression vectors, targeted against the same site of
firefly luciferase gene, and compared their suppressive ac-
tivities. Although both had high levels of suppressive activ-
ities at a high concentration of siRNA expression vectors,
it was found that the hairpin-type siRNA expression vec-
tor (21-nt stem length) had significantly higher suppressive
activity than the tandem-type siRNA expression vector at &
low concentration of the siRNA expression vector (Fig. 2A}).

3.2, Genetically stable hairpin-type siRNA expression
vector

Although the hairpin-type siRNA expression vector has
higher suppressive activity than the tandem-type siRNA ex-
pression vector, the palindromic sequence of the hairpin-type
siRNA expression vector frequently causes two serious tech-
nical problems. Firstly, it is difficult to sequence constructs
that contained a hairpin region, probably because of the tight
palindromic structure. Secondly, approximately 20-40% of
constructs are mutated within the hairpin region of the con-
structs upon introduction into Escherichia coli, which is the
most serious problem for the library construction. We were
aware that constructs with two or more point mutations or
insertions/deletions in the sense or antisense region could be
sequenced without any problems and some of them retained
the suppressive activity. Therefore, we examined in detail
the activities of constructs with various mutations and/or
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insertions/deletions in the sense or antisense region (detailed
analysis will be published elsewhere). As shown in Fig. 24,
as many as five-point mutations from C to T, which gen-
erated G:U base-pairing, in the sense strand did not affect
the silencing effect (pU6Ghairpin21C > T5 in Fig. 2A). In
contrast, insertion of a single C-T mutation in the antisense
strand {pU6hairpinG > A1(AS) in Fig. 2A), which recog-
nizes the target transcript, resulted in reduced suppression.
Therefore, it appears that, in practice, it is not possible to
introduce mutations into the antisense strand and retain ac-
tivity.

While generating these constructs with mutated hairpin
structures, we found that the rates of mutation in E. coli of
the hairpin region of the constructs were markedly reduced
when we inserted more than three mutations in the sense or
antisense strand (Taira and Miyagishi, 2001). This property
of such constructs is obviously important for the mainte-
nance of corresponding plasmids in their prokaryotic host.
Collectively, our data suggest that the way to generate a use-
ful hairpin-type siRNA expression vector that enables us to
construct an siRNA expression library is to introduce multi-
ple C-T (or A-G) mutations only into the sense strand part
of the hairpin (Fig. 2B).

3.3. Comparative analysis of various pol III promoters for
silencing activity

‘We also compared the RNAI activity of the U6 promoter
and the H1 promoter, both of which belong to the type II
Polymerase III promoters, and contain the same consensus
motifs, distal sequence element (DSE), proximal sequence
element (PSE) and TATA box. As shown in Fig. 2A, H1
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promoter-driven siRNA construct targeted against firefly
luciferase has an activity comparable, but slightly lower,
than that of the U6-driven siRNA construct (comparing
pH1hairpin21C > T5 with pU6hairpin21C > TS5 in Fig 2A,
and other unpublished results). Therefore, we selected
U6-driven siRINA expression vector as the promoter for
the siRNA expression library. The tRNA-linked siRNA ex-
pression vector is a recently developed expression system,
which would enable us to forcibly transport the hairpin RNA
to the cytoplasm (Kawasaki and Taira, 2003). However, it
requires a longer stem length (30-nt) and it would be more
costly; hence we adopted the Ub-driven siRINA expression
vector for the construction of the siRNA expression library.

3.4. Optimization of the loop sequence

Different loop sequences of a hairpin-type siRNA ex-
pression were used according to respective researchers.
For example, Agami’s group uses a 9-nt loop sequence,
5-UUCAAGAGA-3, (Brummelkamp et al, 2002) and
Paul et al. (2002) use a 4-nt, 5-UUCG-¥, tetra nucleotide
sequence. Our experiments using hairpin-type siRNA ex-
pression vector with randomized 6-nt loop sequences re-
vealed that the hairpin RNAs with different loop sequences
had different suppression activities (Kawasaki and Taira,
2003; Miyagishi et al., 2004), therefore, the loop sequence
appears to somewhat influence the RNA; effect.

We wondered whether the natural loop sequence of miR-
NAs might be a preferable sequence for the loop of the
hairpin RNA produced from hairpin-type siRNA expres-
sion vectors. Examination of several miRNA-derived loop
sequences revealed that loop 7, which is 11-nt in length and
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Fig. 3. Relationship between predicted and actual values of suppression activity, The actual values were measured by co-transfection experiments with
10ng of pRL-RSV, 30ng of pGL3, and 10nM of each siRNA oligonucleotides targeted to the firefly gene for luciferase into HelLa cells. The activities
of firefly luciferase were normalized by reference to those of Renilla luciferase and the suppression values were calculated as the matio 1o the negative
control. The predicted values were calculated from the target sequence of the siRNA with the PLS algorithm.
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derived from the human miRNA miR-26b (the sequence is
5-GUG UGC UGU CC-3"), is highly effective {the loop
is shown in Fig. 2B). Therefore, we adopted this loop as
the optimized loop sequence of the hairpin-type siRNA
expression vector for the siRNA expression library.

3.5. Method for selection of favorable target site

One of the most important and critical problems of the
siRNA expression library would be selection of the tar-
get sites. It is well-known that the effectiveness of siRNA
is very dependent on the target site of a message and the
possibility that siRNAs at an arbitrarily selected target site
have high suppressive activity, seems to be only at about
20-40% or less. To generate an siRNA expression library of
high-quality, an algorithm that can accurately predict an ef-
fective site must be developed. We analyzed siRNA data sets
of several hundreds of target sites, including published work

and our own experimental data, extracted several correlated
factors, and generated an algorithm by nonlinear regression
methods,

Fig. 3 shows predicted versus measured results for siR-
NAs targeted against firefly luciferase, which were not used
in the generation of the algorithm. The correlation coeffi-
cient was not high (0.58) but, notably, all of the siRNAs that
were calculated as scoring more than 0.73 showed high sup-
pressive activities (more than 90%), therefore, especially at
high prediction values, the predicted scores seem to be ac-
curate. We use target sites that have a predicted suppressive
activity of more than 0.75 for the construction of the siRNA
expression library.

3.6. Confirmation of specificity of the target sequence

When one selects a certain target site in a specific gene,
there is a need to check the specificity of the sequence of the
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Fig. 4. (A} Cloning site and the insert sequence of hairpin-type siRNA-expression vector. (B} Our strategy for the construction of siRNA-expression library.
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