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ABSTRACT

Gene silencing mediated by RNA interference
(RNAi) was first discovered in Caenorhabditis
elegans, and was subsequently recognized in
various other organisms. In mammalian cells, RNAi
can be induced by small interfering RNAs (siRNAs).
In earlier studies, our group developed a vector-
based system for expression of siRNA under control
of a polymerase Il promoter, the U6 promoter,
which can induce RNAi in living cells. We here
describe a system for controlling the U6 promoter-
driven expression of siRNA using the Cre-/loxP
recombination system. We constructed a ‘Cre-On’
siRNA expression vector which could be switched
on upon excision catalyzed by Cre recombinase,
which was delivered to cells directly from the
medium as a fusion protein. An examination of the
effectiveness of RNAi against a reporter gene
revealed that addition of TAT-NLS-Cre (where NLS
is a nuclear localization signal and TAT is a peptide
of 11 amino acids derived from HIV) to the medium
resulted in plasmid recombination, generation of
siRNA and suppression of reporter activity. This
system should allow us to induce RNAi in a
spatially, temporally, cell type-specifically or tissue-
specifically controlled manner and potentiate the
improved application of RNAI in both an experimen-
tal and a therapeutic context.

INTRODUCTION

RNA interference (RNAi) is a post-transcriptional gene
silencing phenomenon induced by double-stranded RNA
(dsRNA) that was first discovered in Caenorhabditis elegans
(1). In RNALI, it appears that dSRNAs are cleaved by a member
of the RNase III family (Dicer) into small interfering RNAs
(siRNAs) of 21 or 22 nt in length (2—4), which in turn induce
the degradation of the target mRNA, with resultant suppres-
sion of expression of the target gene. This phenomenon has

been found in evolutionarily diverse organisms, such as plants,
a nematode, the fruit fly and a protozoan (5-8). In the case of
mammalian cells, it was reported initially that dsSRNAs cause
the non-specific degradation of mRNA, but now it is clear that
21 or 22 nt RNAs with 2 or 3 nt 3’ overhangs, known as small
interfering RNAs (siRNAs), induce RNAi in cultured
mammalian cells without inducing the dsRNA-dependent
non-specific inhibition of protein synthesis (2,9,10). Various
groups, including our own, have developed vector-mediated
systems for specific RNAi in mammalian cells using
polymerase (pol) III promoters such as the U6, Hl and
tRNAV2 promoters (11-18). Furthermore, both synthetic
siRNAs and small hairpin RNAs transcribed in vivo can
successfully suppress the expression of transgenes and an
endogenous gene in adult mice (19-21).

Today, RNAi shows considerable promise as both an
experimental and a therapeutic tool. Suppression of the
expression of a gene of interest by RNAI has several positive
features. Such a system is easy to design, exhibits strong site
specificity and has a strong suppressive effect. Moreover, only
low concentrations of siRNA are required. To make RNAi a
more efficient tool, for example for the study of genes that are
essential for survival, and for cell type-specific, tissue-specific
and time—course experiments, it is necessary to control the
expression of siRNA both spatially and temporally. siRNA
expression systems using a pol II or a pol III promoter that can
be regulated by tetracycline have been reported (22-26) but, to
our knowledge, there have been no reports of the control of
expression of pol III promoter-based siRNA expression
vectors using a Cre—loxP system with exogenously introduced
Cre recombinase fusion proteins.

The Cre—loxP system is a system that is widely used in
reverse genetics. The Cre recombinase is a site-specific
recombinase encoded by bacteriophage P1 that recognizes
and promotes recombination at loxP sites (27), which consist
of two 13 bp repeats, each separated by an 8 bp spacer region.
Direct repeats of loxP result in excision, while inverted repeats
cause inversion of the sequence placed between them (28).
Cre-mediated recombination can be achieved in various kinds
of eukaryotic cell, such as yeast (29), plant (30) and
mammalian cells (31). Furthermore, Cre recombinase can
also be stably expressed in transgenic mice (32,33).
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In addition to the expression of Cre recombinase in vivo,
Cre recombinase can also be delivered directly into cells as a
purified protein. It was reported recently that fusion of the
TAT sequence and a nuclear localization signal (NLS) to Cre
recombinase promotes the uptake by cells of recombinant Cre
recombinase from the medium (34). TAT is an arginine-rich
peptide of 11 amino acids derived from HIV that is able to
cross cell membranes (35,36). It is taken up in a rapid,
concentration-dependent manner by a wide variety of cells
(37-39). Furthermore, Cre recombinase fused with TAT-NLS
retains the capacity for efficient catalysis of recombination in
mammalian cells (34).

In this study, our goal was to switch on the expression of a
pol III promoter-based siRNA expression vector exogenously
using recombinant TAT-NLS-Cre recombinase (TAT-NLS-
Cre). The Cre-On siRNA expression vector was prepared by
inserting, between two loxP sites, a region that prohibits
complete transcription of the siRNA coding sequence, namely
by inserting a region that consists of a stretch of T residues to
stop transcription and an 809 bp linker fragment (Fig. 1). Thus,
in the absence of Cre recombinase, the only products of
transcription are incomplete small RNA fragments that cannot
induce RNAi. Upon recombination catalyzed by Cre recom-
binase, the region that interferes with transcription is removed
and complete and active siRNAs are produced (40). We
demonstrate here, using a luciferase reporter system, that the
TAT-NLS-Cre-mediated recombination of the construct
allowed us to switch on RNAi.

MATERIALS AND METHODS

Construction of siRNA expression vectors targeted
against firefly luciferase

As a positive control, we used the iGL3B vector, which
expresses 21 nt hairpin-type siRNAs with a 9 nt loop, as
described previously (41). We also constructed the
iGL3BloxP vector, which included a sense—/oxP-antisense
sequence by inserting a sense—/oxP—antisense fragment that
had been amplified by PCR into the pU6 vector (11). The
sense and antisense sequences used to make iGL3BloxP were
the same as those of iGL3B (the target sequence is: 5'-gtg cgc
tgc tgg tgc caa ccc-3%), while the sequence of loxP was 5'-ata
act tcg tat agc ata cat tat acg aag tta t-3”.

To generate the iGL3BCre-On vector, we amplified a
sense—loxP-TTTTTTT—Apal-Notl-loxP—antisense fragment
by PCR (the sense and antisense sequences were the same as
those of iGL3B) and inserted it into the pU6 vector. Then we
inserted an 809 bp unrelated fragment (coding sequence of the
neomycin resistance gene) into the Apal and Notl sites
between two loxP sites.

As a negative control, we used pU6iRed, an siRNA
expression vector against red fluorescent protein (DsRed2)
constructed in our laboratory for another purpose.

Construction of the vector for expression of
TAT-NLS-Cre recombinase (pTriEx-3
Hygro-TAT-NLS-Cre) and TAT-NLS-EGFP (pTriEx-3
Hygro-TAT-NLS-EGFP)

First, we constructed the pEF9-NLS-Cre vector, a vector to
express recombinant NLS—Cre recombinase protein (NLS—
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Figure 1. Strategy for controlling the expression of siRNA with TAT-NLS-
Cre. In the absence of TAT-NLS-Cre, transcription stops just after the sense
sequence, yielding incomplete siRNAs. Thus, RNAi cannot occur. In the
presence of TAT-NLS-Cre, recombination occurs and the region between
loxP sites is excised. As a result, complete stem-type siRNAs are formed
and induce silencing of the target gene.

Cre) inside mammalian cells. We inserted the Kozak—Nhel—
NLS-Xbal-EcoRI-Notl sequence, generated by PCR-based
subcloning, into the BamHI and Apal sites of pEF9 (42). The
sequence encoding Cre recombinase was excised from
pMM23 (a kind gift from Dr D.Ow) and inserted at the Xbal
and EcoRI sites to generate pEF9-NLS-Cre. For the expres-
sion of TAT-NLS-Cre in Escherichia coli, we constructed
pTriEx-3 Hygro-TAT-NLS-Cre. To do this, we first con-
structed pTriEx-3 Hygro-TAT by generating a His—-TAT-
Nhel-containing fragment (His refers to a six histidine amino
acid sequence) by PCR-based subcloning and inserting it into
the Ncol and Notl sites of pTriEx-3 Hygro (Novagen,
Madison, WI). To generate pTriEx-3 Hygro-TAT-NLS-Cre,
we excised the NLS-Cre sequence from pEF9-NLS-Cre and
inserted it at the Nhel and NotI sites of pTriEx-3 Hygro-TAT.
The sequences of TAT and NLS are shown in Figure 2A.

As a negative control, we also constructed pTriEx-3 Hygro-
TAT-NLS-EGFP, which could express TAT-NLS-EGFP
fusion protein. To construct this vector, we first generated a
NLS-EGFP fragment by amplifying the EGFP sequence from
pEGFP-c2 vector (Clontech, Palo Alto, CA) with a primer
containing NLS sequence and inserted it at the Nhel and Notl
sites of pTriEx-3 Hygro-TAT.

Expression and purification of TAT-NLS—Cre,
TAT-NLS-EGFP and residual E.coli lysate

The plasmid pTriEx-3 Hygro-TAT-NLS-Cre or pTriEx-3
Hygro-TAT-NLS-EGFP was introduced into E.coli strain
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Figure 2. Construction of vectors for the expression of NLS-Cre. (A) Vector
for the expression of TAT-NLS-Cre recombinase protein, pTriEx-3 Hygro-
TAT-NLS-Cre. Cre recombinase was expressed from a T7 promoter and
sequences encoding a histidine tag, TAT and NLS were fused upstream of
the sequence that encoded Cre recombinase. (B) PAGE of TAT-NLS-Cre
recombinase expressed in E.coli (41 kDa). Mk, markers; b.i., before
induction; a.., after induction by IPTG; c.l., cleared lysate; f.t.,
flow-through; Res, resin after binding; w1l-w3, washes 1-3; e, eluate. The
concentration of TAT-NLS-Cre in the eluate was 0.15 pg/ul. (C) Western
blotting of cell extracts. c, cytosolic fraction; n, nuclear fraction; Cre —,
without TAT-NLS-Cre. Cells were incubated in medium supplemented with
TAT-NLS-Cre for the indicated times. Cre recombinase was detected in
nuclear extracts, while B-tubulin was detected in cytosolic extracts.

RosettaBlue(DE3)pLacl (Novagen) and expression of fusion
proteins was induced by the addition to the culture medium of
isopropyl B-D-thiogalactoside (IPTG). Escherichia coli was
cultured in LB medium that contained 1% glucose, 34 pg/ml
chloramphenicol, 12.5 pg/ml tetracycline and 100 pg/ml
ampicillin at 37°C until absorbance at 600 nm reached 0.7.
Expression of the recombinant protein was induced by IPTG
(final concentration 1 mM) and incubation was continued for
3—4 h at 37°C. After cells had been harvested by centrifuga-
tion, cell pellets were resuspended in 3 ml/g wet wt lysis buffer
[100 mM NaH,PO,4, 10 mM Tris—HCI1 (pH 8.0), 300 mM
NaCl, 10 mM imidazole] plus 2 mg/ml lysozyme, 5 U/ml
Benzonase® Nuclease (Novagen) and Complete, EDTA-free
(Roche, Mannheim, Germany) and incubated on ice for
30 min. Cleared lysates were obtained after sonication and
centrifugation. To purify the recombinant proteins, the cleared
lysates and Ni-NTA-agarose (Qiagen, Hilden, Germany)
were mixed and rotated overnight at 4°C. The next day, the
mixtures were poured into Poly-Prep® chromatography
columns (Bio-Rad, Hercules, CA) and the flow-throughs
were discarded. The columns were washed three times with
10 bed vol of washing buffer [100 mM NaH,PO,, 10 mM
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Tris—HCI (pH 8.0), 300 mM NaCl, 20 mM imidazole]. After
elution with elution buffer [100 mM NaH,PO,, 10 mM Tris—
HCl (pH 7.4), 300 mM NaCl, 250 mM imidazole],
recombinant proteins were dialyzed against a 1:1 (v/v)
mixture of Dulbecco’s modified Eagle’s medium (Sigma,
St Louis, MO) and phosphate-buffered saline (PBS)
(pH 7.4) containing 0.1% Pluronic F-68 solution (Sigma)
and 100 U/ml Antibiotic-Antimycotic mixture (Invitrogen,
Carlsbad, CA). The final preparations were analyzed by
SDS-PAGE on a 15% polyacrylamide gel, and the results are
shown in Figure 2B.

For residual E.coli lysate, pTriEx-3 Hygro empty vector
was introduced into E.coli strain RosettaBlue(DE3)pLacl
(Novagen) and cultured in LB medium that contained 1%
glucose, 34 pg/ml chloramphenicol, 12.5 pug/ml tetracycline
and 100 pg/ml ampicillin at 37°C until absorbance at 600 nm
reached 0.7. After addition of IPTG to a final concentration of
1 mM, E.coli were harvested and treated in the same way as
that of pTriEx-3 Hygro-TAT-NLS-Cre or pTriEx-3 Hygro-
TAT-NLS-EGFP.

Transfection, transduction and dual luciferase reporter
assay

Cells were cultured in 96-well tissue culture plates to 60%
confluency. They were then transfected with 94 ng/well
siRNA expression vectors targeted against firefly luciferase or
of the control vector, plus 12.5 ng firefly luciferase expression
vector (pGL3; Promega, Madison, WI) and 3.75 ng Renilla
luciferase expression vector (pRL-RSV) (42). Transfections
were performed with Effectene (Qiagen) as described by the
manufacturer. Four hours after transfection, TAT-NLS—Cre,
TAT-NLS-EGFP, residual E.coli lysate or the dialysis
medium was added as indicated. Luciferase activities were
analyzed 24 h after transfection with the Dual Luciferase
System (Promega).

Separation of nuclei from the cytosol and western
blotting analysis

Cells were cultured in 24-well tissue culture plates to 80%
confluency. After incubation with TAT-NLS-Cre (final
concentration 10 pg/ml) or dialysis medium for the indicated
times, cells were washed twice with PBS and treated with
trypsin—EDTA (Invitrogen) for 15 min at 37°C. Cells were
then suspended in PBS and centrifuged (3000 r.p.m., 10 min,
4°C). Supernatants were discarded and the pellets were
resuspended in hypotonic buffer [10 mM HEPES (pH 7.9),
1.5 mM MgCl,, 10 mM KCl, plus Complete, EDTA-free
(Roche)]. After incubation for 2 min on ice, NP-40 (Wako,
Osaka, Japan) was added to a final concentration of 0.4% and
suspensions were centrifuged (3000 r.p.m., 10 min, 4°C).
Supernatants (containing cytosolic proteins) were collected
and the pellets were washed with hypotonic buffer. To obtain
nuclear proteins, equal volumes of the hypotonic buffer and a
high salt buffer [0.4 mM EDTA (pH 8.0), 1.5 mM MgCl,,
30 mM HEPES (pH 7.9), 800 mM NaCl, 1% NP-40, plus
Complete, EDTA-free (Roche)] were added to the pellets and
the mixtures were incubated on ice for a total of 30 min with
vortex mixing at 10 min intervals. After centrifugation (15 000
r.p.m., 30 min, 4°C), supernatants (containing nuclear
proteins) were collected. Total proteins were quantified
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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 Lg 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 (1:1000 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 1 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—HCI (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 exogenously 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 (shRNAs)
(Fig. 1).
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Figure 3. Fractionation by gel electrophoresis of products of PCR amplified
from iGL3BloxP (positive control), iGL3BCre-On (negative control), Cre +
(nuclei from cells transfected with iGL3BCre-On and incubated with TAT-
NLS-Cre, final concentration 30 pg/ml) and Cre — (nuclei from cells trans-
fected with iGL3BCre-On 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 occurred 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. iGL3B 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 iGL3B/oxP 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
iGL3B, 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 iGL3BCre-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, pU6 control and 4.5 pg/ml TAT-NLS-EGFP
(EGFP); lane 3, pU6 control and 4.5 pug/ml TAT-NLS-Cre (Cre); lane 4, pU6iRed 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 residual E.coli lysate (lys); lane 9, iGL3BCre-On and
4.5 pug/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
luciferase 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 been reported that NLS can, itself, function as a protein
target, even if not all of the siRNA expression vectors transduction domain (PTD) and promote the cellular uptake of
underwent recombination. Second, the choice of firefly = recombinant protein, but the combination of both TAT and
luciferase as reporter allowed us to perform quantitative NLS is more efficient (34). Therefore, we constructed pTriEx-

assays using the standard dual luciferase system (11). 3 Hygro-TAT-NLS-Cre, which encodes the 41 kDa fusion
. . . protein TAT-NLS—Cre recombinase (TAT-NLS-Cre) that
Expression and purification of TAT-NLS—Cre includes an N-terminal histidine tag and is expressed in E.coli

To use NLS—Cre in cells, especially in the nucleus, we decided ~ (Fig. 2A). We purified the fusion protein from a lysate of
to deliver the NLS—Cre recombinant protein directly rather ~ E.coli cells by Ni chelate affinity chromatography and
than delivering its expression vector. However, in this case it ~ checked the purity of the protein by SDS-PAGE (Fig. 2B,
is necessary to enhance the entry of NLS—Cre into cells. It has 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 S3 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 confirm 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 B-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 yielded 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 HeLLa S3 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 pU6
control (Fig. 4A, lane 1). As shown in Figure 4A, 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
DsRed2, 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 dsSRNA 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 HeLa 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 consequence, 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 HeLa
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-lo
promoter) and reporters (pGL3 and pRL-RSV) 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 III 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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