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ABSTRACT

RNA interference (RNAI) is a gene-silencing
phenomenon that involves the double-stranded
RNA-mediated cleavage of mRNA, and small inter-
fering RNAs (siRNAs) can cause RNAI in mammalian
cells. There have been many attempts to clarify the
mechanism of RNAI, but information about the rela-
tionship between the sequence and structure, in
particular, a tight structure, of the target RNA and
the activities of siRNAs are limited. In the present
study, we examined this relationship by introducing
the TAR element, which adopts a very stable
secondary structure, at different positions within
target RNAs. Our results suggested that the activ-
ities of sIRNAs were affected by the tight stem-loop
structure of TAR. In contrast, the position of the
target within the mRNA, the binding of the Tat
protein to the TAR, and the location of the target
within a translated or a noncoding region had only
marginal effects on RNAL When the target sequence
was placed in two different orientations, only one
orientation had a significant effect on the activities
_of siRNA, demonstrating that the presence of
" certain nucleotides at some specific positions was
~ favorable for RNAI. Systematic analysis of 47 differ-
ent sites within 47 plasmids under identical condi-
tions indicated that it is the target sequence itself,
rather than its location, that is the major determin-
"ant of siRNA activity.’

INTRODUCTION

RNAi (RNA interference) is a gene-silencing phenomenon
that involves the double-stranded RNA (dsRNA)-mediated
cleavage of mRNA. It has been demonstrated in plants,
nematodes, Drosophila, protozoa and mammalian cells (1-8).
In RNAIi, dsRNA is cleaved into small RNAs of ~21-25 nt in
length, referred to as small interfering RNAs (siRNAs).
Dicer, 2 member of the ribonuclease III family (9-15),

catalyzes these endonucleolytic cleavages. The siRNAs form a
multicomponent nuclease complex known as an RNA-induced
silencing complex (RISC) (16-19) and the siRNAs function as
guide RNAs, directing the complex to the target mRNA
(17,19). The targeted mRNA is recognized by protein factors
within the RISC and cleaved by the action of a nuclease within
the RISC (16,18).

RNAi has been exploited as a powerful tool in reverse-
genetic studies of Caenorhabditis elegans (20,21), and
specific and efficient RNAi has been achieved in mammalian
cells with duplexes of 21 nt RNAs that form a 19 bp region
with a 2 nt 3’ overhang (4,6,22-24). Such a duplex is small
enough to bypass the interferon responses of differentiated
cultured cells (23). Thus, RNAi has the potential to become a
valuable tool for analysis of the biclogical functions of genes
in mammalian cells.

It is now possible to generate siRNAs in cells from various
expression vectors and, therefore, both synthetic and vector-
derived siRNAs can be used in the functional analysis of genes
of interest in mammalian cells (12,25-33). Several studies
exploiting RNAi have been performed (8). Although the
dependence of the activities of siRNAs on their target
sequences was reported recently (26,27,34-37), the selection
of the best target site is often difficult (12). The published data
suggest that the GC content of the target sequence, the position
and accessibility of the target site, and the strength of terminal
base-pairings of siRNAs are important.

In this study, to analyze in greater detail the parameters that
govern the activities of siRNAs, we constructed a series of
structured target RNAs and systematically analyzed the extent
of RNAI in the presence and in the absence of a protein that
can interact with the target RNAs,

MATERIALS AND METHODS
Construction of plasmids

In most experiments (Fig. 1), we used the vector pTAR-GL2,
which contains a TAR motif (Fig. 1B) upstream of the
initiation codon of the firefly luciferase gene. To compare the
effects of position of the TAR motif and other target sequences
on RNAI, we constructed derivatives of pGL3 (pGL3-control
vector; Promega, Madison, WI; accession no. U47296) that
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Figure 1. The reporter mRNAs for firefly luciferases that were used in the
present study. (A) The white box represents the firefly Iuciferase gene GL2
and the black boxes represent the firefty luciferase gene GL3. TAR motifs
are shown with their putative secondary structures at their respective pos-
itions in each gene. The fat gray arrows indicate the target sites of siRNAs.
The orientation of the arrows indicates the direction of each sequence within
the mRNA. (B) The target sites corresponding to the various TAR motifs
are shown by thin lines.

had a TAR element downstream of the stop codon of the firefly
luciferase gene or that had the sequence that is normally
located around the stop codon of the firefly luciferase gene in

- pTAR-GL2 upstream of the initiation codon of firefly

luciferase gene or downstream of the stop codon of this
gene (Fig. 1A).

The vector with a TAR motif downstream of the stop codon
of the firefly luciferase in pGL3 was constructed as follows.
TAR and the sequential LTR sequence of pTAR-GL2 (TAR
motif) were amplified by PCR with primers that included an
Xbal site, namely, 5-GCG CTC TAG AGG GTC TCT CTG
GTT AGA-3’ and 5-GGG CTC TAG ATG CCA AGC TTT
ATT GAG G-3". The amplified fragment was ligated into the
Xbal site of pGL3 and two kinds of vector were obtained, one
had the TAR motif inserted in the forward orientation (pGL3-
3'TAR-FWD) and the other had the TAR motif in the reverse
orientaticn (pGL3-3'TAR-REV).

We also constructed a vector, pGL3-3"TAR-FWD(-), by
deleting two stop codons from the pGL3-3'TAR-FWD. First,
the original stop codon, TAA, of firefly luciferase gene was
changed to AAA, and then the TAG triplet, located in the first
Xbal site, was changed to AAG. Sequences between the SgrAl
site and the Fsel site of pGL3-3"TAR-FWD were amplified by
PCR with two sets of primers, GTG TCG CAG GTC TTC
CCG plus CCA GAG AGA CCC TCT TGA ATT TCA CGG
CGA TCT TTC C, and GGG AAG ATC GCC GTG AAA
TTC AAG AGG GTC TCT CTG G plus TCT TAT CAT GTC
TGC TCG AAG (bold letters show mutations that were
introduced to eliminate stop codons). The amplified fragments
were combined by further PCR and ligated into the SgrAl site
and the Fsel site of pGL3. In this constrict, the first stop
codon, TAA, is located within target site TARS (this target site
is outside the stem-loop structure of TAR).

The vector with the stop-codon regiod of the firefly
Iuciferase gene of pTAR-GL2 upstream of the initiation
codon of the firefly luciferase gene in pGL3 was constructed as
follows. The sequence that included the stop codon of pTAR-
GL2 was amplified with two sets of primers, which contained
a HindIII and an Ncol site, respectively: FWD (5’-CTG AAG
CTT AAT ACT CTA GAG GAT CTT TGT-3 plus 5-CGG
TCC ATG GTA GGT AGT TTG TCC AAT TAT-3") and
REV (5"-GAC AAG CTT ACA CCA CAG AAG TAA GGT
TCC-3’ plus 5"-CGG CCC ATG GTT GTA AAA TGT AAC
TGT ATT-3"). The amplified fragments obtained with primer
set FWD and primer set REV were ligated into the HindIII site
and the Ncol site of pGL3 and newly constructed vectors were
designated pGL3-5'Stop-FWD and pGL3-5'Stop-REV,
respectively.

The stop-codon region of pTAR-GL2 was also introduced
after the stop codon of the firefly luciferase gene of pGL3 as
follows. The stop-codon region of pTAR-GL2 was amplified
with primers that contained an Spel site, namely, 5-CTG ACT
AGT TGT AAA ATG TAA CTG TAT TCA-3' and 5-CGG
ACT AGT TAG GTA GTT TGT CCA ATT AT-3". The
amplified fragment was ligated into the Xbal site of pGL3, and
two kinds of vector were obtained, one having the insert in the
forward direction (pGL3-3'Stop-FWD) and one having the
insert in the reverse direction (pGL3-3'Stop-REV).

We also constructed derivatives of pGL3 with 23mer target
sequences after the stop codon of the firefly luciferase
gene. The DNAs with each siRNA target sequence (sense



and antisense sequence: CTAGT-N,3-A) were synthesized
commercially (Proligo, Kyoto, Japan). A mixture of sense and
antisense DNAs was phosphorylated with T4 polynucleotide
kinase. After incubation at 37°C for 1 h, the enzyme was
inactivated by heating at 95°C for 1 min and DNAs were
allowed to anneal at room temperature. The various fragments
were ligated separately into the Xhol site of pGL3.

Preparation of siRNAs

Each strand of siRNAs was synthesized chemically, by Japan
Bio Service (Saitama, Japan) as a 19mer RNA and as 3'-
dimeric DNA chimeras. It has been reported that the 5’-OH
group must be. phosphorylated before formation of RISC can
oceur (19) and that the activity of 5-OH siRNA is lower than
that of 5-phosphorylated siRNA (38). Therefore, we used
siRNAs that had been 5’-phosphorylated chemically. The
sequences of the siRNAs used in this study (Figs 2-5) are
shown in Table 1. The annealing of sense and antisense strand
RNA-DNA chimeras was performed as described previously
(26). We examined the annealing efficiency of 5’-phosphoryl-
ated sense and antisense strands under the previously
described conditions using 5’ 32P-labeled sense and antisense
RNA-DNA chimeras targeted to the TAR motif (for this
experiment, the synthetic RNAs had 5’-OH groups). As shown
in Figure 2D, the annealing efficiencies for these siRNA were
at least 77%. Even TARI, of which each strand alone was able
to form a stem-loop structure, yielded nearly 96% siRNA.

Introduction of siRNAs by transfection and the dual
luciferase assay

The RNAi assay was performed under the conditions
described previously (26). We cultured HeLa 83 cells (3 X
104 cells/well) in 48-well plates for 24 h before transfection
with the firefly luciferase expression vector (pTAR-GL2,
pGL3 or derivatives of pGL3), the Tat expression vector
(pCD-SRo/Tat), the Renilla luciferase expression vector
(pPRL-RSV), and annealed siRNA, using Lipofectamine™
2000 (Invitrogen, Carlsbad, CA). The final amount of each
vector was 25 ng in 250 pl and the final concentration of
siRNA was 1 nM. After further incubation for 24 h, the
activities of the firefly luciferase and the Renilla luciferase
were measured with a dual luciferase assay kit (Promega) and
a Lumat detection system (LB9501; Berthold, Bad Wildbad,
Germany).

RESULTS AND DISCUSSION
Design of plasmids

To examine the effects on RNAI of the tight structure, position
and sequence of a target RNA and of binding of a peptide to
such a target, we constructed 47 plasmids, as shown
schematically in Figure 1A. To investigate the effects of
both tight structure and the binding of a peptide to the target,
we chose the TAR motif. To examine positional effects, we
placed the TAR motif on either the 5’ or the 3’ side of a firefly
luciferase gene, generating pTAR-GL2 and pGL3-3'TAR-
FWD, respectively. To examine the effects of the tight
structure of the TAR motif, we flipped the TAR sequence
within pGL3-3'TAR-FWD to yield pGL3-3'TAR-REV, in
which the nonfunctional flipped target motif retained the

Nucleic Acids Research, 2004, Vol 32, No.2 693

original tight structure of the TAR motif. If the tight structure
itself, but not the binding of Tat protein to TAR, were to
govern the activity of siRNA, the nonfunctional ‘flipped’ TAR
derived from pGL3-3'TAR-REV should give results similar to
those obtained with pGL3-3'TAR-FWD,

To distinguish the effects of sequence from the effects of
structure, we isolated the target sequence from the TAR motif
(TARI-TARS in Fig. 1B), as well as all the other target
sequences (Stop1-StopS, ATG1-ATG2, Lucl-Luc3) used in
this study, and placed each individual target sequence in the
same 3’-untranslated region, in the forward and, separately, in
the reverse orientation, generating sets of pGL3-3(Target
site)}-FWD and pGL3-3'(Target site)-REV (Fig. 1A, bottom
two plasmids). In these constructs, the sequences surrounding
each individual target sequence were unchanged.

To analyze the effects of the ribosomes or associated
helicases on the activities of siRINAs, we deleted the stop
codons before the target site of pGL3-3'TAR-FWD, generat-
ing pGL3-3'TAR-FWD(-). In the presence of a stop codon,
the ribosome complex would be released before reaching the
target site while, in the absence of a stop codon, the target site
in the TAR motif might be unwound and scanned by the
ribosome (39-42).

In other cases, we chose genes for two similar firefly
Photinus pyralis luciferases, namely, GL2 and GL3, whose
mucleotide sequences are 35% homologous but whose com-
puter-predicted secondary structures are quite different. Using
these genes, we were able to target the same sequence within
two different secondary structures and to examine the effects
of the surrounding structure (pTAR-GL2-pGL3}.

Finally, to examine the effects of the sequence and position
of the target site within a noncoding region on RNA],
we placed the 3’-untranslated region of pTAR-GL2 in the
forward (pGL3-3'Stop-FWD) and in the reverse (pGL3-
3’Stop-REV) orientation, as well as within the 5"-untranslated
region (pGL3-5'Stop-FWD and pGL3-5'Stop-REV; Fig. 1A,
middle).

TAR is an unfavorable target for siRNAs regardless of
its position

We examined the effects of target structure on RNAJ using
tightly structured TAR RNA as target. We varied the position
of TAR and investigated RNAi both in the presence and in the
absence of the Tat protein (Fig. 2A, top). We synthesized
chemically five sets of siRNAs directed against the TAR
sequence (Fig. 1B). Each of the five target sites (TAR1-

- TARS) in the mRNA transcribed from pTAR-GL2 was

strongly protected from cleavage by the siRNAs (Fig. 24,
top, black bars). Under the conditions of our experiments, the
maximum RNAI effect was 50% at the TAR4 site. To examine
positional effects, we placed the TAR motif downstream of the
stop codon, generating pGL3-3'TAR-FWD, and compared the
activities of several siRNAs. As indicated by the black and
gray bars in the top panel in Figure 2A, siRNAs targeted to the
TAR sequence were not very effective, irrespective of whether
the target site was located before the initiation codon (black)
or after the stop codon (gray). Furthermore, the patterns of
efficacy were similar. These results support the hypothesis that
efficiency of RNAI is more dependent on the structure and/or
sequence of the target than on its position. -



694 Nucleic Acids Research, 2004, Vol. 32, No. 2

A. 140 «1nM :.ZF:JNA
g 120 €
100
Z 100 £
2 2 8D T
g o E ]
60
2 60~ 8
g @ 4p
2 4 2
3 g 20
0 pGLsa'TAHFWD - + - + - .- +-
pTAR-GL2 . pGL3-3'(Target site)-FWD =« + -+ - % .-+ -+
pGLaa'rAHFWD -4+ I Talpeplida - - T - - .- - -
Tatpeplide ++-  ++- 44 44 4o 44 SIRNA  TAR1 TAR2 TAR3 TAR4- , TARS
siBNA TAR1 TAR2 TAR3 TAR4 TARS Contral )
TAR2 10 nM siRNA
- 120
£ 100
£ 80 |— 3
T UAA g 60 aR
TAR-GL2 @
e T TAR4 2 w0 ]
3 B i 7
waf ) el El mimi
TARS 0
TARL GusTAn-mD + - +- $- + - 4.
- ite)-| . P - - - .
LaTAR AUG  GLI  UAA PO B Targe e e - - ot ot ot ¥
p WD TAR4 siRNA  TAR1 TARZ TAR3 TAR4 TARS
100 nM sIRNA
. 140 120
£ 120 . & 100
£ 100 — -
® B8O I 2 & ]
] L] K
@ 60Lm1— g 40 -
= 49 1 g -
R N I I mli=ml &
3 2l | 2 0 | |
o —— pGLaa'i’AFlFWD + - + - + -7 +- -
pGL3-3 (Targei slte] -FWD -+ -+ -+ - * - *
pGL3-3TAR-REV  ++ ++ + 4+ + & + 4+ Tat peptide - .- .. - . .-
Tat peptide _+ - +- +- *- *- siRNA  TAR1 TARZ TAR3 TAR4 TARS
siRNA TAR1 TAR2 TAR4E TARS  Control
pGL3-3TAR-FWD
AUG  GL3  UAA
pGL3-3{Target site}-FWD -—>
Target sita
C. 120 D.
.9;'5_‘ 100 'F TARL TAR2 TAR3 TAR4 TARS
£ g T Annealing efficiency 96%  88%  96%  76%  94%
2 Sensestand * + - kb« k k= o+ o+ - F 4+ -
s &0 —— Antisensestrand  * + + -+ o+ - b+ -+ 4 -+ +
@ 40 L _ :
D
R Bl Balea N
3 o
GL3-3TAR-REV  + ~ + - * - + - + - dsRNA
pGL3-3\Target site}REV - + -+ -+ - * - . (SIRNA)
Tat peptide - - - - .- .. - -
SiANA  TAR1 TARZ TAR3 TAR4 TARS
SSRNA
pGL3-3TAR-REV

pGL3-3YTargst site}-REV

e
Target ske
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The Tat protein does not influence the effects of siRNAs
directed against the TAR motif :

To examine the effects on RNAi of the binding of the Tat
protein to the TAR motif, we compared the efficiencies of
siRNAs directed against the TAR motif in the presence and in
the absence of a Tat expression vector. In the absence of the
Tat expression vector, the absolute luciferase activity due to
pTAR-GL2 was reduced dramatically (the reduction was at
least 1000-fold, as anticipated from the putative Tat-TAR
interaction and the Tat-mediated activation of transcription).
Thus, in the absence of Tat protein, accurate and reproducible
measurements were not possible (data not shown). Therefore,
we made the comparison using pGL3-3'TAR-FWD (in which
the TAR motif was at the 3’ end of the firefly luciferase gene}.
In this case, the Tat-mediated activation of pGL3-3'TAR-
FWD was marginal since the gene was under the control of an
SV40 promoter, Comparison of the effects of siRNAs revealed
that the activities of the siRNAs showed a similar trend in the
presence and in the absence of the Tat protein (Fig. 24, top,
gray and white bars), indicating that the effects of the binding
of the Tat protein were marginal. : :
The Tat protein had, of course, no nonspecific effect on the
activities of siRNAs, as demonstrated by the use of the
reversed TAR sequence in pGL3-3'TAR-REV. In this case,
the Tat protein was unable to bind to target sites (Fig. 24,
bottom, gray and white bars). The same was true for other
target sites that lacked the TAR motif (around Luc? site; see
Fig. 4A, gray and white bars). Taken together, our results
indicated that the Tat protein had no effects on the activities of

Nucleic Acids Research, 2004, Vol. 32, No.2 695

A. 140

£1z0
100

B
oo

Luciferase activity (%
o
=]

]
oo

PTAR-GL2Z 4 + ¢ # -« 4 == &+ + - + == 4 -
GL3 =-++ -++ +++ =4+ -++ - ++ -4+
Tatpeptide ++ - 4= 44 +4+ - +4- +d- 44 -
SiRNA  Luc2(-4) Luc2(-2) luc? Luc2(+2)Luc2{+4) Luc3 Control

Firefly luciferase {GL2)
[y S——

pTAR-GL2 s : T
I
Luc2{-4
LUCZE-Z}
Luc2
Luc2(+2
Luc2E+4}
pGL3 AUG ¥ UAA
Firefly luciferase (GL3}
£100
ol
E 80
% 60
g 40
£ 20 J—
[¥]
3 0
SIENA  Luc(4)  Luc2(2)  Lue2  Luc2(+2) Luc2(+d)

AUG 13 UAA

" pGLA-3'(Target sita)-FW
P (Targe! ) Target slte

Target site

—_
(=]
(=]

L.uclferase activity (%)

siRNA

Lue2(-2)  Luc

Luc2(-4) Luc2(+2) Luc2(+4)

e AUG _ GL3  UAA
pGL3-3YTarget site)-REV
Target site Target site

Figure 4. Inhibition of firefly luciferase activities by siRNAs targeted to
sites around the Luc?2 site. (A) The inhibitory effects on pTAR-GL2 and
pGL3. Black bars show the remaining firefly Iuciferase activities when
PTAR-GL2 was expressed in the presence of Tat protein. Gray and white
bars show luciferase activities when pGL3 was expressed in the presence
and in the absence of Tat protein, respectively. An asterisk indicates that the
transfected siRNA did not have a sequence that allowed it to target the
reporter mRNA. (B) The inhibitory effects of siRNAs on pGL3-3'(Target
site)-FWD (top} and pGL.3-3'(Target site)-REV (bottom) in the absence of
Tat protein. Note that each siRNA had two target sites in each mRNA
because the original plasmid pGL3 had the same target sequence around the
Luc? site as that in pTAR-GL2. )

the siRNAs, at least when the target sites were hidden within a
tightly structured RNA. '

The activities of siRNAs directed against the TAR motif
are mainly affected by the structural environment

The effects of the siRNAs directed against the TAR motif
were very small but it was unclear whether this phenomenon
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Figure 5, Inhibition of firefly luciferase activities by siRNAs targeted to a
sequence that originated from the sequence after the stop codon of
pTAR-GL2. (A) The inhibitory effects of siRNAs on the expression of
PTAR-GL2, pGL3-5Stop-FWD, pGL3-5'Stop-REV, pGL3-3'Stop-FWD
and pGL3-3"Stop-REV in the presence of Tat protein. Black bars show the
remaining firefly luciferase activities when pTAR-GL2 was expressed, Gray
and white bars show those when pGL3-5'Stop-FWD or pGL3-5"Stop-REY
and pGL3-3'Stop-FWD or pGL3-3'S10p-REV were expressed (top, results
for FWD; bottom, results for REV), respectively. An asterisk indicates that
the transfected siRNA did not have a sequence that allowed it to target the
reporter mRNA. (B) The inhibitory effects on pGL3-3'(Target site)-FWD
(top) and pGL3-3‘(Target site)-REV (bottom) in the absence of the Tat
protein, :

Table 1. The siRNAs used in this study

Name Sense and antisense sequences
TAR1 CUCUCUGGUUAGACCAGAU-CT
AUCUGGUCUAACCAGAGAG-AC
TAR2 AGACCAGAUCUGAGCCUGG-GA
CCAGGCUCAGAUCUGGUCU-AA
TAR3 GGGAGCUCUCUGGCUAACU-AG
AGUUAGCCAGAGAGCUCCC-AG
TAR4 UGGCUAACUAGGGAACCCA-CT
UGGGUUCCCUAGUUAGCCA-GA
TARS CUUAAGCCUCAAUAAAGCU-TG
AGCUUUAUUGAGGCUUAAG-CA
ATG1 CGGUACUGUUGGUAAAAUG-GA
CAUUUUACCAACAGUACCG-GA
ATG2 AUGGAAGACGCCAAAAACA-TA
UGUUUUUGGCGUCUUCCAU-TT
Lucl ACAUCACGUACGCGGAAUA-CT
UVAUUCCGCGUACGUGAUGU-TC
Luc2 GCUAUGAAACGAUAUGGGC-TG
GCCCAUAUCGUUUCAUAGC-TT
Luc2{-4) AGAAGCUAUGAAACGAUAU-GG
AUAUCGUUUCAUAGCUUCU-GC
Luc2(-2) AAGCUAUGAAACGAUAUGG-GC
CCAUAUCGUUUCAUAGCUU-CT
Luc2(+2) UAUGAAACGAUAUGGGCUG-AA
CAGCCCAUAUCGUUUCAUA-GC
Luc2(+4) UGAAACGAUAUGGGCUGAA-TA
UUCAGCCCAUAUCGUUUCA-TA
Luc3 GUGCGUUGCUAGUACCAAC-CC
GUUGGUACUAGCAACGCAC-TT
Stopl UAAAAUGUAACUGUAUUCA-GC
UGAAUACAGUUACAUUUUA-CA
Stop2 UGACGAAAUUCUUAGCUAU-TG
AUAGCUAAGAAUUUCGUCA-TC
Stop3 AUACUCUAGAGGAUCUUUG-TG
CAAAGAUCCUCUAGAGUAU-TA
Stopd GGAACCUUACUUCUGUGGU-GT
ACCACAGAAGUAAGGUUCC-TT
Stop5 CAUAAUUGGACAAACUACC-TA
: GGUAGUUUGUCCAAUUAUG-TC
GFP ‘ GACGUAAACGGCCACAAGU-TT

ACUUGUGGCCGUUUACGUC-TT

was due solely to the effects of structure. To clarify this issue,
we constructed derivatives of pGL3 that included only a target
site, without the rest of the TAR sequence, with each
respective target sequence inserted at a common site,
surrounded by the identical sequences. These derivatives
were designated pGL3-3'(Target site)-FWD and pGL3-
3/(Target site)-REV (Fig. 1A, bottom). The vectors had the
same sequence apart from an inserted 23 bp sequence and
none of the target sites was able to adopt a structure similar to
its original structure in pTAR-GL2, In this way, we were able
to evaluate the intrinsic activity associated with each target
sequence. ‘

We could not exclude the possibility that some or all of the
inserted target sequences might have been able to form new
base pairs with the surrounding sequences. However, in the
case of target sites (Stopl-Stop5) which were not in a strict
stem—loop structure, the efficiencies of the siRNAs were, in
general, almost the same as those observed with the original
reporter vector {(pTAR-GL2), indicating that the effect of

isolation of each target site was very small (see below and

Fig. 5). In contrast, in the case of sSiIRNAs targeted to the TAR



motif (Fig. 2B, top) and the reversed TAR motif (Fig. 2C),
activities were higher at practically all positions when the
target sequence was isolated from the tight hairpin-like
structure (TAR1-TAR4). The same improvement in siRNA
activity was observed even at higher concentrations of siRNA
(10 or 100 nM; Fig. 2B, middle and bottom) indicating that the
low efficiencies for structured target sites were not due to our
choice of the low concentration of siRNAs (1 nM) used in this
study.

Our results indicated that the low efficiencies of siRNAs
directed against sequences around the TAR sequence were due
to the tight structure itself, perhaps not exclusively but, at
least, to a significant extent. Thus, in almost all cases (the
exception being the less-structured TARS at 1 nM siRNA;
Fig. 2B, top), the efficiency of silencing was significantly
improved when the 23mer target regions were isolated from
the highly structured TAR environment, indicating that highly
structured local regions might interfere with the activity of
RISC.

The possible participation of ribosomal complexes in the
effects of siRNA on tight structures

Since the effects of siRNA depended to a significant extent on
tight structure, we examined whether there were any differ-
ences in the effects of siRNAs when a stop codon was located
upstream or downstream of a target site. We postulated that
the siRNA/RISC might potentially associate with the
ribosome or some other aspect of the translation machinery
(43) that might unwind a structured mRNA.. (39-42). To
examine the effects of ribosomes and/or associated helicases
on the activities of siRNAs, we deleted the stop codons
upstream of the target sites of pGL3-3'TAR-FWD to generate
pGL3-3TAR-FWD(-). We compared the efficiencies of
SiRNAs when a stop codon was located upstream and
downstream of the target site. Using 1 nM siRNA (Fig. 3),
we observed marginal enhancement of the activities of
siRNAs when the stop codon was eliminated. However, the
extent of the enhancement was significantly smaller than when
the target site within the tight TAR motif was isolated in
pGL3-3(Target site)}FWD (Fig. 2B, top). Although we
cannot rule out the participation of ribosome complexes in
the mechanism of RNAI, it seems that their effects as a
helicase might be small, at least in the case of the tight
structure of TAR (44).

A small displacement of the target site changes the
activities of siRNAs drastically but independently of the
surrounding environment

Since our data suggested that structural effects were dominant
when target sites were embedded in a tight RNA structure,
while positional effects were marginal in such cases (Fig. 2A),
we examined the effect of sequence itself and of its
composition by sliding each target site by a few nucleotides.
To this end, we chose the sensitive Luc? site from among the
three target sites (Lucl-Luc3) within the GL2 luciferase gene
that we had tested in the past (26,44). This site was not a
particularly effective target for siRNA both in our previous
study (26) and in the present study (see Luc2 in Fig. 4A and
Lucl, Luc3 in Fig. 5A). We prepared siRNAs targeted to
sequences that were shifted by 2 or 4 bp from the original Luc2
site [Luc2(n), where n = -4, -2, +2, +4]. In the case of the
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Luc? site, we observed ~60% inhibition (Fig. 44, black bars).
A shift of only two bases dramatically reduced the effect of
siRNA [Luc2(+2)).

Next, to examine the environmentat effects, we compared
the efficiencies of siRNAs directed against the same target site
in different mRNAs. For this purpose, we chose genes for two
similar firefly P.pyralis luciferases, GL2 and GL3, because
they encode the same amino acid sequence but the homology
between the two genes at the nucleotide level is only 95%. We
were able, therefore, to choose five identical target sequences
around Luc2 in pTAR-GL2 and pGL3. Although the energet-
ically most stable computer-predicted M-fold secondary
structures of these mRNAs (45,46) are quite different from
each other, the patterns of effects of siRNAs were surprisingly
similar for the two constructs pTAR-GL2 and pGL3 (Fig. 4A,
black and gray bars). These observations suggest that the
effects of the siRNA might be governed by the target site and,
more specifically, that the effects might be governed by the
sequence itself without any effect of secondary structure, in
the absence of a tight structure such as that adopted by the
TAR motif, ‘

Although an earlier analysis indicated a slight correlation
between the activities of siRNAs and their GC content (30),
the GC content of each of our siRNAs fell within a narrow
range (32-47%). However, the effects of .siRNA on Luc2
(47% GC) and on Luc2(+2) (42% GC) were, for example, very
different. More recent studies, including our own, indicate that
A or U at the 5 end of the antisense strand significantly
enhances activity of an siRNA (35,36,47,48). However, the
relatively strong effect of Luc2 with a 5-GCCC-3” sequence
having a tight 5" end of the antisense strand cannot be
explained by this relationship. Nevertheless, other results,
including those shown in Figure 4B with forward and reversed
targets, can be explained by the contribution of the A or U at
the 5° end of the antisense strand (see below).

The activities of siRNAs against sense and antisense
target sequences are different

The sense target sites and the corresponding antisense target
sites within the tight structure of the TAR motif were very
similar with respect to the relative effects of siRNA (Fig. 2A).
Therefore, we next examined the effects of siRNA on sense
and antisense targets when the targets were not embedded in a
tight RNA structure. We constructed derivatives of pGL3 with
some targets of siRNAs in the forward orientation and some in
the reverse orientation (Fig. 5A). We chose five target sites at,
around and downstream of the stop codon in pTAR-GL2, and
we placed this region either at a 5 site (pGL3-5"Stop-FWD
and pGL3-5'Stop-REV) or at a 3’ site (pGL3-3"Stop-FWD and
pGL3-3'Stop-REV) in pGL3. When this region was placed at
the 5 site (pGL3-5'Stop-FWD), we included only three target
sites (Stop3, Stop4 and Stop5) and omitted two other sites
{Stopl and Stop2) because the latter two sites produced an
initiation codon, namely, AUG. Similarly, in the case of
pGL3-5'Stop-REV, Stop5 was omitted because the reverse
sequence of Stop$ created the initiation codon AUG.
Supporting the results obtained with the 5’ and 3" TAR
constructs, there were no positional effects when the target
region was placed at the 5’ site or the 3’ site (compare results
indicated by gray and white bars in Fig. 5A). As reported
previously (49), significant effects of siRNA were clearly
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detectable even when noncoding regions were targeted.
Moreover, the effects of siRNAs on the reversed sequence
were remarkably high (Fig. 5A, bottom). These results were
unexpected in view of the results of the experiments with the
TAR motif (Fig. 2A). We observed a similar discrepancy
between the results for sense and antisense targets with other
constructs that had a common surrounding environment (Figs
4B and 5B). The difference in siRNA efficiency between sense
and antisense targets was also reported recently by Schwarz
et al. (35).

Since the efficacy of our siRNAs depended mainly on the
target sequence itself, we analyzed sequence preferences. We
found, for example, that siRNAs with an A residue at the 19th
nucleotide position from the 5” end of the sense strand tended
to have relatively high suppressive activities (TAR4 siRNA
for the forward target; and TAR4, Stopl and Stop2 siRNAs for
the reverse target were effective). Moreover, siRNAs witha G
residue at the 19th nucleotide in the sense strand tended to be
less effective [Luc2(-2), Luc2(+2) and Stop3 siRNAs for the
forward target and TARI siRNAs for the reverse target were
ineffective]. Statistical analysis, based on cur accumulated
data, indicated that some nucleotides at specific positions are
positively or negatively correlated with the efficiencies of
siRNAs (Table 2). It is noteworthy that a similar preference
{A19 in siRNA; Ul in the miRNA) was observed for miRNA
sequences (50). This preference suggests a possible functional
contribution of a U at the 5" end of an antisense strand to the
activities of both siRNA and miRNA. Recently, the import-
ance of the low internal stability of the 5" terminus of the
antisense strand was also reported by Zamore's and Khvorova
and Jayasena's groups (35,36). Furthermore, a U residue at
10th position in the sense strand {the middle nucleotide of the
target) tends to be effective [TAR] siRNA for the forward
target and Luc2(-2), Luc2(+2), Stopl, Stop3 and Stop5
siRNAs for the reverse target were effective]. In our present
experiments, these preferences can, by themselves, explain
why reversed targets were attacked more effectively than the
corresponding forward targets. We also found a significant
negative correlation between the GC content of the 3" half of
siRNAs (in particular, from the 12th to the 19th nucleotide)
and the activities of $iRNAs. These tendencies can also be
seen in another report by Vickers et al. (51).

CONCLUDING REMARKS

To identify the major parameters that govern the effects of
siRNA, we selected target sites for siRNAs in a coding region,
in 5’- and 3’-untranslated regions, and in forward and reversed
orientations. Our quantitative and systematic analysis of close
to 50 different target sites revealed that the efficacy of siRNA
was reduced when the target site was embedded within a tight
RNA structure. Moreover, when a tight structure, such as that
of TAR was involved, the effect of a protein, Tat, that interacts
with the target was not significant. Positional effects also
seemed unimportant, and the efficacy of siRNA appeared
mostly to depend on the target sequence itself, with surround-
ing sequences having no major effects.

Selection of effective target sites is very important for the
successful application of siRNA technology. In our experi-
ence, the number of effective target sites for siRNAs appears
larger than that for conventiona] antisense molecules, such as

Table 2. The influence of the 19th and 10th nucleotides of the target site?
on siRNA activity

Nucleotide (sample no.) siRNA activity
>80% >70% >60%

Any nuclectide (162) 43 (26.5%) 66 (40.7%) 83 (51.2%)
Al9(51) 22 (43.1%) 26 (51.0%) 34 (66.7%)
Uls (51} 15 (29.4%) 23 (45.1%) 29 (56.9%)
G19 (42) 5(11.9%) 15 (35.7%) 16 (38.1%)
C19 (18) 1 (5.6%) 2(11.1%) 4 (22.2%)
Ul0 (52) 20 (38.5%) 24 (46.2%) 27 (51.9%)

*The siRNAs were designed to target the Renillz luciferase gene and the
firefly luciferase gene (GL3). The 5" nucleotides of the target sequences
were located, sequentially, at positions 372—480 in the Rerilla luciferase-
coding sequence; and at positions 740-743, 747, 749, 751-756, 758-761,
763765, 767, 769-791, 793, 795, 796, 798 and 800-805 in the firefly
luciferase-coding sequence. .

ribozymes, perhaps because RISC has RNA helicase activity.
Nevertheless, even with siRNAs, if the appropriate targets are
not selected, an increase in dose fails to compensate for the
ineffectiveness of the siRNAs. Therefore, as in the case of
both antisense technology and ribozyme technology, the
selection of the target site remains one of the most important
determinants of success. In the present study, we demonstrated
that it is the target sequence itself that is the major determinant
of the effectiveness of an siRNA, and it is now possible to
identify some of the preferences for nucleotides at specific
positions (35-37,47,48; http://www.igene-therapeutics.co.jp).
It remains to be determined whether RISC prefers such motifs
for formation of an effective complex but, nonetheless, the
information that we have obtained should be very useful for
future selection of target sites and the successful apphcatlon of
siRNA technology.
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Strategies for Generation of an siRNA Expression Library
Directed Against the Human Genome

MAKOTO MIYAGISHI and KAZUNARI TAIRA

ABSTRACT

RNA interference (RNAi) is 2 phenomenon whereby expression of an individual gene is specifically
silenced by the introduction of a double-stranded RNA (dsRNA) whose sequence is homologous to
that of the gene in question. The generation of a small interfering RNA (siRNA) expression library
directed against the entire human genome is a project that requires solutions to many difficult tech-
nical problems. We present here some strategies for solving some of these problems, including the
development of genetically stable and highly active siRNA expression vectors, a procedure for selec-
tion of favorable target sites, and an efficient and inexpensive procedure for constructing an siRNA

expression library.

INTRODUCTION

HE HUMAN GENOME includes many genes whose func-
tions are unknown. Both hybrid ribozyme technology
(Warashina et al, 2001; Kawasaki and Taira, 2002;
Kawasaki et al., 2002; Suyama et al., 2003a,b) and RNA
interference (RNAi) appear to provide methods that might
reveal such functions (McManus and Sharp, 2003).
RNAI is an evolutionarily conserved phenomenon in
plants -and animals whereby double-stranded RNA
(dsRNA) induces the sequence-specific degradation of
homologous RNA (Fire et al., 1998; for review, see
Zamore, 2001). RNAI operates effectively in various or-
ganisms, but the experimental silencing of specific genes
by RNAI initially was difficult in mammalian systems
because of the nonspecific dsRNA-dependent inhibition
of protein synthesis via the PKR pathway and the non-

specific degradation of RNA that occurs on activation of -

RNase L (Elbashir et al.,, 2001). However, the recent
work by Tusch!’s group demonstrated that 21-nt or 22-nt
-~ RNAs with 2-nt 3'-overhangs (small interfering RNAs
[siRNAs]) can silence the expression of target genes
‘without nonspecific inhibition of gene expression in cul-

tured mammalian cells (Caplen et al., 2001; Elbashir et
al., 2001). Various groups, including our own, have de-
veloped systems for vector-mediated specific RNAi 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; for reviews, see McManus and
Sharp, 2002; Tuschl, 2002). Each of these vector systems
exploits a polymerase ITI (pol 1If) promoter, such as a U5,
H1, or tRNA promoter, and the various systems can be
divided into two groups depending on whether the ex-
pressed RNA is tandem type or hairpin type.

Gene silencing by siRNA is highly specific and is ex-
tremely effective. Thus, genomewide and comprehensive
analysis of gene expression in various organisms should
be facilitated by exploitation of this phenomenon. Re-
cently, systematic functional analysis by RNAI of a num-
ber of genes was performed in Caenorhabditis elegans,
and the functions of many genes were identified (Fraser
et al., 2000; Gonczy et al., 2000). In the near future, a
similar approach using a genomewide RNAi library
should be possible in mammalian cells when siRNA oli-
gonucleotide libraries or siRNA expression libraries be-
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come available. Randomized ribozyme libraries have al-
ready been used for identification of novel genes (Beger
et al., 2001; Kawasaki and Taira, 2002; Kawasald 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), and several groups, includ-
ing our own, have begun to generate §iRNA libraries di-
rected against the entire human genome. In this report,
we discuss the practical problems that are faced in efforts
to construct an siRNA expression library and methods
for solving some of thern.

MATERIALS AND METHODS

Constructs for transient transfections

We prepared tandem type and hairpin type siRNA ex-
pression vectors using the piGENE hU6 vector (Miya-
gishi and Taira, 2003; iGENE Therapeutics, Inc.; www,
IGENE-therapeutics.co.jp), which contains a human U6
promoter and two BspMI sites. For construction of tandem
type siRNA expression plasmids, we amplified DNA frag-
ments that included sequences of sense and antisense re-
gions and the U6 promoter by PCR, using the piGENE
hU§6 vector as template and primers that included the se-
quences of the sense or antisense sequence plus the termi-
nator. After digestion of products of PCR with BspMI,
each fragment was ligated into the BspMI sites of the pi-
GENE hU6 vector to yield a series of siRNA expression
vectors. For construction of hairpin type siRNA expres-
sion vectors, we synthesized oligonucleotides with the
hairpin sequence, the terminator sequence, and overhang-
ing sequences. Then, we annealed the fragments and in-
serted them into the BspMI sites of the piGENE hU6 vec-
tor. H1 promoter-driven siRNA expression vectors were
generated as described by Brummelkamp et al. (2002). Se-
quences inserted immediately downstreamn of the U6 pro-
moters or the H1 promoters were as follows (only the
sense sequences are shown): in pU6tandem21, pUGhair-
pin21, pHlhairpin21, and pHI1S hairpin2l, GTG CGC
TGC TGG TGC CAA CCC. The sequences of the various
mutated constructs are indicated in Figure 2.

Culture and transfection of cells and assays
of expression of reporter genes

HeLa 53 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Transfections were performed with
Lipofectamine™ 2000 reagent (Life Technologies,
Rockville, MD) using 30 ng of siRNA expression plas-
mid, 30 ng of a firefly luciferase expression plasmid
{pGL3) (Promega, Madison, WI), and 10 ng of a Renilla

. luciferase expression plasmid (pRL-RSV) (Miyagishi et
al., 2001}, as described by Promega. Luciferase activities
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were analyzed after 24 hours with a Dual Luciferase Sys-
tem (Promega). To ensure that equal amounts of DNA
were used in each transfection, empty plasmids were in-
cluded at appropriate levels as necessary.,

Algorithm for identification of
Jfavorable target sites

Predictions of the effects of the RNAi were made by the
partial least-squares (PLS) method. We analyzed 114 sets

" of siRNA sequences and the corresponding suppression

values, which we obtained from published data and our
own experiments, and extracted significant correlated fac-
tors, including GC contents. We then prepared a PLS cal-
ibration model using the sequences of target sites, the cor-

_ responding suppression values, and the extracted factors

using a PLS1 algorithm of our own making {Lindberg et
al., 1983). The optimum number of PLS factors was de-
termined by cross-validation, that is, the best calibration
as judged by the lowest standard error of cross-validation.
After equations had been established, suppression values
for various sites in the gene for firefly luciferase were pre-
dicted using the respective target sequences.

RESULTS AND DISCUSSION

Optimization of siRNA expression systems:
Tandem type or hairpin type? :

In efforts to construct an siRNA expression library, it
is first necessary to optimize the siRNA expression sys-
tem to ensure that it has high suppressive activity and
high genetic stability,

Most siRNA expression systems exploit a pol III pro-
moter, such as the U6 or H1 promoter, and such systems
can be divided into two groups, tandem type and hairpin
type, depending on the RNA that is expressed (Fig. 1). In
the case of tandem type siRNA expression vectors, both
the sense and the antisense strands are driven separately
by their own respective pol III promoters. They anneal
inside cells and form siRNA duplexes with approxi-
mately 4-nt overhangs at each 3’-end (Lee et al., 2002;
Miyagishi and Taira, 2002). In contrast, in the case of
hairpin type siRNA expression vectors, sense and anti-
sense oligonucleotides are connected by a loop and are
expressed as a single macromolecule (Brummelkamp et
al., 2002; Kawasaki and Taira, 2003; Paddison et al,,
2002; Paul et al., 2002; Sui et al., 2002; Taira and Miya-
gishi, 2001; Yu et al., 2002). The transcribed RNA
rapidly forms a hairpin structure with a stem and a loop
and is, apparently, processed to siRNA by Dicer, as is
miRNA, which is endogenous small non-coding RNA
derived from stem-loop precursor. (Ketting et al., 2001),

To determine which vector system had the highest sup-
pressive activity, we constructed both types of siRNA ex-
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FIG.1. Schematic representation of tandem type and hairpin type siRNA expression vectors.

pression vector targeted against the same site in the fire-
fly gene for luciferase and compared their suppressive
activities. Although both types were associated with high
levels of suppressive activity when the concentration of
siRNA expression vector was high, the hairpin type
(stem length 21 nt) had significantly higher suppressive
activity than the tandem type at low concentrations of the
siRNA expression vector (Fig. 2A}.

Generically stable hairpin type siRNA
expression vectors

The hairpin type siRNA expression vector had higher
suppressive activity than the tandem type siRNA expres-
sion vector. However, the palindromic sequence of hair-
pin type siRNA expression vectors frequently is the

cause of two serious technical problems. It is difficult to
determine the sequences of constructs that contain a hair-
pin region, and, furthermore, from 20% to 40% of such
constructs accumulate mutations within the hairpin re-
gion on introduction into Escherichia coli. This latter
phenomenon presents the most serious problem in at-
tempts to construct a library. Our studies had indicated
that we could sequence constructs with two or more point
mutations or insertions/deletions in the sense or antisense
region without any problems and also that some of these
constructs retained suppressive activity. Therefore, we
examined the activities of constructs with various muta-
tions and insertions/deletions in the sense or antisense re-
gion in detail (the complete results of this analysis will be
published elsewhere). As shown in Figure 2A, as many
as five point mutations from C to T, which generated
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¥IG. 2. (A) Comparative analysis of the effects of the U6 promoter-driven 21-nt tandem type and 2-nt hairpin type siRNA ex-
pression vectors, the H1 promoter-driven 21-nt hairpin type siRNA expression vector, and the U6 promoter-driven 21-nt hairpin
type siRNA expression vector with various mutations in the hairpin region. Hela 83 cells were cotransfected with 10 ng pRL-
RSV, 30ng pGL3, and 30 ng individual siRNA expression vectors targeted to the firefly gene for luciferase. The C>T5 and C>T1
represent constructs that have five and one C to T mutations in the sense strand, respectively. 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 (SE) of triplicate assays. (B) The effects of the loop sequence on silencing. HeLa S3 cells were cotransfected with 10 ng
pRL-RSV, 30 ng pGL3, and 30 ng siRNA expression vector with the indicated loop sequence, targeted to the firefly gene for lu-
ciferase. (C) Schematic representation of the proposed siRNA expression system.

G:U base-pairing, in the sense strand did not affect the si-  the hairpin region of the constructs were markedly reduced
lencing effect (Fig. 2A, pU6bhairpin2 1C>T5). when we inserted more than three mutations in the sense or

While generating these constructs with mutated hairpin  antisense strand (Taira and Miyagishi, 2001). The stability
structures, we noted that the rates of mutation in E, celi of  of such constructs is obviously important for the mainte-
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nance of the corresponding plasmids in their prokaryotic
host. Collectively, our data suggest that one way to gener-
ate a useful hairpin type siRNA expression vector for con-
struction of an siRNA expression library is to introduce
multiple C to T (or A to G) mutations into the sense strand
of the hairpin exclusively (Fig. 2B).

Comparative analysis of effects of various
pol Il promoters on silencing activity

We compared the RNAI activity of siRNAs whose
transcription was controlled by the U6 promoter and
the H1 promoter, both of which are type II polymerase
III promoters. These promoters contain the same con-
sensus motifs, namely, a distal sequence element
(DSE), a proximal sequence element (PSE), and a
TATA box. As shown in Figure 2A, the H1 promoter-
driven siRNA construct targeted against the firefly
gene for luciferase had activity that was similar to but
slightly lower than that of the U6-driven siRNA con-
struct (Fig. 2A, compare pHlhairpin21C>TS5, with
promoter length of ~230 bp, or pH1S hairpin21C>TS5,
with promoter length of ~100 bp, with pU6hair-
pin21C>T5) (unpublished observations). A tRNA-
linked siRNA expression vector was developed re-
cently as an expression system that includes transport
of hairpin RNA to the cytoplasm (Kawasaki and Taira,
2003), but the longer stem (30 nt) required makes such
a system more expensive. Therefore, we chose a U6-
driven siRNA expression vector for the construction of
our siRNA expression library.

Optimization of loop sequence

A variety of loop sequences has been used by various re-
searchers for expression of hairpin type siRNAs. For exam-
ple, Agami’s group used a 9-nt loop sequence, 5"-UUCAA-
GAGA-3' (Brummelkamp et al., 2002), whereas Pau] et al.
(2002) used a 4-nt, 5'-UUCG-3’, sequence. In our exper-
iments using a hairpin type siRNA expression vector
with randomized 6-nt loop sequences, we found that hair-
pin RNAs with different loop sequences had different
suppressive activities (Kawasaki and Taira, 2003a; data
not shown). Therefore, the loop sequence appears {0 in-
fluence the RNA{ effect of siRNAs.

We wondered if the natura! loop sequences of miRNAs
might be preferable to the loop of hairpin RNAs gener-
ated from hairpin type siRNA expression vectors. Exam-
ination of several miRNA-derived loop seq'uences re-
vealed that loop 7, which is 11 nt long and is derived
from human miR-26b (5’-GUG UGC UGU CC-3"), was
extremely effective (the loop shown in Fig. 2B), and we
adopted this loop as the optimized loop sequence in the
hairpin type siRNA expression vector for construction of
the siRNA expression library.

329

Selection of favorable target sites

One of the most important and critical problems as-
sociated with construction of an siRNA expression li-
brary is the selection of target sites. The effectiveness
of siRNA is strongly dependent on the target site in the
mRNA, and the probability of an siRNA directed
against an arbitrarily selected target site having high
suppressive activity seems, empirically, to be between
approximately 20% and 40%. To generate a high-qual-
ity siRNA expression library, it is necessary to develop
an algorithm that can predict sites likely to be effec-
tively targeted. We analyzed datasets for the activities
of siRNAs directed against several hundred target sites
from published reports and our own experiments (un-
published observations). We extracted several corre-
lated factors and generated an algorithm by a nonlinear
regression method (details will be published else-
where).

Figure 3 is a plot of predicted vs. actual results for
siRNAs targeted against the firefly gene for luciferase,
which were not used for generation of the algorithm. The
correlation coefficient was not very high (0.58), but no-
tably, all siRNAs with a predicted score (relative sup-
pressive activity) of >0.73 had strong suppressive activ-
ity (>90% suppression). Therefore, particularly in the
case of high predicted scores, the predicted score seems
relatively accurate. We used target sites with a predicted
suppressive activity of >0.75 for construction of the
siRNA expression library.

Confirmation of specificity of target sequence

When we select a certain target site in a specific gene,
we have to check the specificity (uniqueness) of the se-
quence of the target site. In other words, we must confirm
that there are no highly homologous sequences in other
genes. It is necessary to choose the conditions under
which such specificity is examined. If very stringent con-
ditions are applied, for example, if more than three base
mismatches are needed for discrimination between the
correct target and similar targets, a significant fraction of
favorable target sites that can be predicted to be highly
vulnerable targets can be eliminated using the BLAST
search program.

In contrast, under less stringent conditions, for ex-
ample, if only one base mismatch is allowed for dis-
crimination, the designed siRNA might have potential
to disrupt not only the correct target gene but also other
homologous genes, even though cleavage efficiency
would be reduced in the latter case. We decided to use
relatively low-stringency conditions for our examina-
tion of target site specificity, as many putative candi-
date genes can be analyzed in further detail by creating
new siRNAS targeted to additional sites within the can-
didate gene.
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FIG. 3. Relationship between predicted and observed suppressive activities. The actual values were measured in cotransfection
experiments with HeLa cells and 10 ng pRL-RSV, 30 ng pGL3, and 10 nM individual siRNA oligonucleotides targeted to the fire-
fly gene for luciferase. The activities of firefly luciferase were normalized by reference to those of Renrilla luciferase, and suppres-
sive activity was calculated relative to the value obtained with the negative control. Predicted activities were calculated from the
target sequence of the siRNA with a nonlinear algorithm, as described in Materials and Methods.

Alternative splicing and highly homologous families
of genes also create major problems in selection of the
target site. Recent genomewide analysis of transcripts
has revealed that many genes yield alternatively spliced
transcripts. Thus, for example, in cases where the goal is
to disrupt a specific transcript, an siRNA expression vec-
tor targeted against that specific transcript can be created
without potential damage to other alternatively spliced

transcripts that originate from the same prespliced tran-

script. For generation of an initial library, however, with
the goal of targeting a gene that yields several differently
spliced mRNAs, the sequence commen to all spliced ver-
sions of the original transcript {or the sequence common
to all members of a family of homologous genes) can be
chosen as the target site.

This strategy provides an economical scheme for cre-
ation of the first library, and additional siRNAs can be
generated easily if the targeted gene turns out to be an at-
tractive candidate.

Improved method for construction of a library

Efficiency, speed, and cost should not be ignored in ef-
forts to construct an siRNA expression library directed
against all genes in a genome. Bearing these issues in
mind, we have established a large-scale method for con-
structing libraries (Fig. 4). Specifically, we synthesized
96 sets of oligonucleotides that included hairpin se-

quences corresponding to 96 target sequences and an-
nealed each sense/antisense set separately. Then, we
mixed the annealed oligonucleotides in one tube and li-
gated them into the BspMI site of the UG-driven siRNA ex-
pression vector. After transformation of E. coli, we picked
384 clones and sequenced them to identify each clone.

Of the 384 clones, 358 had the insert sequences that we
expected, Therefore, the percentage of cloning failure was
6.8%. The representation of the 96 inserts were as fol-
lows: 5 missed, 3 mutated inserts (I clone for 2 inserts, 2
clones for 1 insert), 1 clone for 9 inserts, 2 clones for 19
inserts, 3 clones for 18 inserts, 4 clones for 11 inserts, 5
clones for 12 inserts, 6 clones for 8 inserts, 7 clones for 3
inserts, >7 clones for 8 inserts. As a result, almost 90% of
all anticipated clones were recovered in this single proce-
dure. The sequences corresponding to unrecovered clones
were used in a second round of construction. This bulk
procedure allowed us to make siRNA expression vectors
much more cheaply and rapidly than the traditional proce-
dure, in which each clone is made separately. Using this
procedure, we are able to generate 3000-5000 siRNA ex-
pression vectors per month (Taira and Miya-gishi, 2001).

Comparison between siRNA expression libraries
and siRNA oligonucleotide libraries

Plasmid-based siRNA expression libraries and oligo-
nucleotide-based siRNA libraries each have advantages
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of our siRNA expression library.

and disadvantages. The efficiency of transfection of cells
with siRNA depends on the type of cell, and RNAi seems
to be sustained for only a limited period of time. The ad-
vantage of plasmid-based siRNA is that it is possible to
eliminate those cells that have not been transfected with
plasmids by selection for antibiotic-resistance genes.
Moreover, RNAi continues for much longer periods
when plasmid-based siRNAs are used. Viral vectors al-
low delivery of siRNA expression cassettes into cells at
high efficiencies of transfection, and in the case of
lentivirus and retrovirus, it is easy to generate stable
knockdown cells via integration of the viral vector into
the genome. It is possible that when siRNA expression
vectors are used as a bulk library, viral vectors that can
generate stable knockdown cells will prove to be the
most suitable for screening with the bulk library.

The advantage of cligonucleotide-based siRNA is that
in some lines of cells, the transfection efficiency is
>90% and is higher than that obtained with plasmids.
However, once plasmid-based siRNAs have been gener-
ated, they can be amplified to an unlimited extent, partic-
ularly when the construct shown in Figure 2B is used,
that is, a construct that does not undergo unwanted muta-

tion (unlike conventional constructs) during amplifica-
tion in E. coli. Such a construct permits the lower-cost
generation library,

In conclusion, in the present study, we developed a
genetically stable and very active siRNA expression
vector and established a system for efficient con-
struction of a high-quality siRNA expression library
with potentially genomewide application (the li-
braries become available through iGENE Therapeu-
ties, Inc., www.iGENE-therapeutics.co.jp). We now
need to develop a screening system and to identify the
functional gene(s) that should be our first targets.
Within the next few years, it should be possible to
identify a number of genes using an siRNA library.
We have been able to identify miRNA sequences us-
ing our ribozyme library (unpublished observations).
Because miRNA plays an important role in develop-
ment and perhaps in other biologic phenomena in
mammalian cells (Kawasaki and Taira, 2003), siRNA
libraries should also include miRNA and undefined
noncoding RNAs as targets. Such libraries are likely
to shed light on many important normal and abnormal
biologic processes.
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increased frequency of meiotic and/or inherited late somatic
recombination.

It will be interesting to elucidate further the relationship of SRS
with SAR signalling as well as with systemic wound signalling'®,
systemic post-transcriptional gene silencing®® and systemic acquired
acclimatization to light”'. The genomic changes reported here might
constitute an adaptive measure in response to biotic stress. Of
special utility may be recombination events that [ead to new
specificities in pathogen resistance genes™. O

Methods

Generation of transgenic plants
The generation and analysis of luciferase recombination test plants has been described®.

Plant inoculation

Single leaves of 6-8-week-old TMV-sensitive Havana 425 1abacco plants were rub-
inoculated with 300 ng of full-length infections TMV or ORMV RNA transcripts as
described'; control plants were mock-inoculated with phosphate buffer. After treatment,
plants were kept at 22°C or 32°C and recombination frequencies were scored 7 d afer
inoculation. In another experiment, single TMV-inoculated jzaves of plants incculated at
32°C were excised and removed from the plants at times between 0 and 36 h (5 min, 8 b,
24, 36h) or left on the plants. We detected disease sympioms on non-inoculated leaves
104 after inoculation. Increase of recombination (ratie to control) was analysed in non-
inoculated leaves 7 d after inoculation,

Assay for Infection

The presence or absence of the viral RNA was 1ested by polymerase chain reaction with
reverse transcription (RT-PCR; primers: forward, 5’ -CTGGTGAAGTATTTGTCTGA-3',
and reverse, 5- ACCCGCTGACATCTTCACAT-3") done on the remaining tissue 2 weeks
after incculation (Fig. 1¢).

Grafting experiments
We inoculated single leaves of several 10-week-old Havana 425 tobacco plants with TMVat
22°C or 32°C, and aftet 24 h we grafted upper, virus-free leaves from these plants onto
10-week-old healthy plants. The scion leaves were grafted onto the sides of the stem in
place of the removed third leaf (Fig. 2a). After grafting, the plants were kept at either 22°C
or 32°C. We measured the recombination frequency in the newly emerged leaves 10-14d
after grafiing.

Su/su tobacco plants were infected with 300 ng of ORMYV RNA. Grafting experiments
similar to those done with TMV were conducted. We scored dark green and albino sectors
on newly emerged tissue 1 month after grafting (Fig. 2d).

Statistical treatment of the data

Averages and standard deviations were calculated in all experiments. The statistical
significance of the experiments was confirmed by Student’s t-test (two-tailed paired or
non-paired) and the Fisher test.
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Adiponectin (also known as 30-kDa adipocyte complement-
related protein; Acrp30)'™ is a hormone secreted by adipocytes
that acts as an antidiabetic>'? and anti-atherogenic®>'? adipo-
kine. Levels of adiponectin in the blood are decreased under
conditions of obesity, insulin resistance and type 2 diabetes®.
Administration of adiponectin causes glucose-lowering effects
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