IFN CANCER THERAPY BY CPG-REDUCED PLASMID DNA

was significantly (p < 0.05) longer than that of the other groups.
Furthermore, 2 out of 7 mice survived more than 56 days.

Discussion

We have already reported that IFN-B or IFN-y gene delivery by
the hydrodynamics-based procedure results in a significant anti-
tumor effect against hepatic metastasis, but a weaker effect agams(
pulmonary metastasis, of mouse colon carcinoma CT-26 cells.'
The hydrodynamrcs -based procedure results in transgene expres-
sion in various internal organs, bul the expressron in the lung is
much lower than that in the liver. In a previous study, we could
detect high IFN activities in the liver after gene transfer by this
procedure, but failed to detect significant concentrations of IFNs
in the lung. In addition, the plasma concentration of IFNs after
gene transfer declined very quickly because of the transient nature
of the gene expression driven by the conventional CMV promoter.
These characteristics of the hydrodynamic delivery of IFN genes
using conventional pDNA with CMV promoter explain the low ef-
ficacy of IFN gene transfer against pulmonary metastasis in mice.
Consequently, to increase the therapeutic efficacy of IFN cancer
gene therapy, we tried to increase and prolong the IFN expression
by reducing CpG dinucleotides in pDNA.

As reported with other reporter and therapeutic genes,
the expression of IFN-f and IFN-vy from the pGZB vectors, which
was estimated from their serum concentration profiles, was much
longer than that from conventional pDNA after intravenous injec-
tion by the hydrodynamics-based procedure. A similar prolonged
expression with pGZB vector was also obtained with firefly lucif-
erase gene (unpublished data). Early studies have claimed that
inflammatory cytokines, such as TNF-a produced after pDNA
administration, reduce the transgene expression. In the present
study, we found that the serum TNF-a level was significantly
lower in mice receiving pGZB-Luc than in mice receiving pCMV-
Luc (Fig. 1), suggesting that a reduced production of inflammatory
cytokines is involved in the prolonged expression of IFNs from
the pGZB vector. However, the low and transient nature of the
induction of inflammatory cytokines after the injection of naked
pDNA by the hydrodynamics-based procedure suggests that sus-
tained gene expression from the pGZB vector is due not only to a
reduction of the inflammatory response, bu( also to other mecha-
nisms that have so far not been mvesugated

Transcriptional repression of endogenous genes is often associ-
ated with a higher frequency of methylated cytosine residues in
the 5 flanking region of the genes: promoter or enhancer.***’
Moreover, CpG methylation has been reported to be associated
with the absence of integrated viral gene expression®® and it has
been suggested that de novo methylation of foreign DNA repre-
sents a cellular defense mechanism against the transcription of a
foreign gene.>” Because all CpG dinucleotides, except for those in
the replication origin region, were converted to TpG dinucleotides
in the pGZB vector, there was no substrate for DNA methyltrans-
ferase in the regions that were relevant to transgene expression.
Therefore, sustained gene expression from CpG-reduced pDNA
might be closely related to CpG methylation in addition to the
reduced inflammatory response.

It has already been reported that the expression of reporter
genes, such as chloramphenicol acetyltransferase or a secreted
form of human placental alkaline phosphatase, i is prolonged by the
removal of CpG dinucleotides from the vectors.>>” In the present
study, we also obtained a sustained transgene expression of either
mouse IFN-f or IFN-y by using CpG-reduced pDNA. However,
the expression of IFN-B was not as persistent as that of IFN-vy and
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other proteins in the literature, suggesting that some of the phar-
macological acnvmes of IFN-B shut off the expression. Recently,
Sellins ez al.*® reported that type 1 IFNs, such as IFN-a and TFN-
B. play a key role in suppressing transgene expression following
systemic in vivo gene transfer. To examine the effects of IFN-f as
well as IFN-vy on transgene expression, the transgene expression
in the liver was examined in mice using the pDNA encoding fire-
fly luciferase gene (pGZB-Luc). Preadministration of pGZB-Mu
or pGZB-Muvy 48 hr prior to the hydrodynamic delivery of pGZB-
Luc reduced the luciferase activity in the liver, but the reduction
was significantly greater with pGZB-Muf (data not shown).
Therefore, it is probable that a moderate persistence of IFN-B ac-
tivity after injection of pGZB-Mup is a consequence of the ability
of IFN-B to affect transcription of the transgene.

The increase in the IFN-B activity, which was quantitatively
evaluated by a pharmacokinetic analysis to be a 14-fold increase
in the AUC, led to a drastic reduction in the number of metastatic
colonies in the lung. However, there was no significant difference
in the survival time of the tumor-bearing mice between pCMV-
MuB-treated and pGZB-Muf-treated groups. On the other hand,
the use of pGZB-Muy produced a significantly greater increase in
the AUC (60-fold) and MRT (4-fold), resulting in a significant
reduction in the number of tumor colonies as well as a significant
increase in the survival time. Taken together, these results demon-
strate that long-term expression of either IFN can be achieved by
CpG-reduced pDNA and that sustained IFN gene expression
results in enhanced therapeutic effects against lung metastasis of
tumor cells. TFN-y gene transfer was much more effective in
increasing the survival of CT-26-bearing mice than IFN-B gene
transfer, probably reflecting the greater increase in the serum IFN
concentrations following the use of pGZB vector. Although multi-
ple injections of conventional pDNA, such as pCMV-Muy, could
be effective in increasing the anti-cancer effect of IFNs, high and
sustained serum concentrations of IFN-y achieved by the pGZB-
Muy will not be obtained by increasing the frequency of adminis-
tration of pCMV-Muy. However, too high levels of IFN could
induce toxic effects as observed in mice receiving 10 ug of pGZB-
Muy (data not shown). Therefore, the administration dose of
pDNA should be carefully adjusted for future clinical applica-
tions.

Transfection of CT-26 cells with the IFN genes may occur by
the hydrodynamic delivery of pDNA, which could be responsible
for the anmumor effects of IFN gene transfer as reported in prevn-
ous studies.>**® However, the level of transgene expression in the
liver is far greater than those in other organs.z including the lung,
the organ where metastatic tumor cells colonize in the present
study. We also demonstrated a similar organ expression spectrum
of the transgene following injection of pCMV-Muf and pCMV-
Muvy.'2 Therefore, direct transfection of tumor cells with the IFN
genes, if it occurs, could have little contribution to the antitumor
effects of hydrodynamic IFN gene transfer.

In conclusion, the CpG depletion from pDNA has been proved
to be a useful approach for IFN cancer gene therapy. Because the
sustained expression from pGZB vector may not be specific for its
intravenous injection by the hydrodynamics-based procedure, less
invasive methods of administration may be possible for future
applications of IFN gene transfer to patients.
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ABSTRACT: PCR-amplified DNA fragments can be more efficient and safer vectors than
conventional plasmid DNA because of their smaller size and fewer numbers of
immunostimulatory cytosine-phosphate-guanine (CpG) motifs. In the present study,
the expression unit of plasmid DNA encoding farnesylated enhanced green fluorescent
protein (EGFPF; pEGFP-F) or firefly luciferase (pLuc) was amplified by polymerase chain
reaction (PCR) to obtain DNA fragments (EGFPF-mini, Luc-mini). EGFPF-mini was as
effective as pEGFP-F on the basis of the number of EGFPF-expressing cells after
intravenous injection into mice by the hydrodynamics-based procedure. Then, the effects
of the length of DNA fragments on transgene expression were examined using luciferase-
expressing DNA preparations. Luc-mini preparations showed high levels of luciferase
activity in cultured cells as well as in mouse liver, even although the levels did not exceed
that of pLuc. An elongation of the DNA fragment on either side of the minimal expression
unit was effective in increasing the transgene expression and the stability against
nucleases. PCR-amplified DNA fragments showed a sustained luciferase activity in
mouse liver compared with pLuc, indicating that they are effective in achieving a
prolonged expression. Their stabilization against nucleases will further increase
the potential of such short, structure-controlled and synthetic DNA fragments for
in vivo gene delivery. © 2007 Wiley-Liss, Inc. and the American Pharmacists Association J
Pharm Sci 96:2251-2261, 2007

Keywords: hydrodynamics-based procedure; plasmid DNA; PCR-amplified fragment;
gene transfer

INTRODUCTION

For an effective in vivo gene therapy, therapeutic
genes should be efficiently delivered to target cells
within the body. Of various gene delivery methods
developed thus far,’ the use of naked plasmid
DNA without any lipids or polymers is the
simplest and safest method. The hydrodynamic
delivery of naked plasmid DNA, first reported by
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DISCOYER SOMETNING GREAT

Liu et al.2 and Zhang et al.,® which involves a
large-volume and high-speed intravenous injec-
tion of naked plasmid DNA, gives a significantly
high level of transgene expression in the liver and
other major internal organs.>~* A large-volume
injection of naked plasmid DNA solution has
also been applied to gene transfer to specified
organs, including the liver,’ kidney,® and skeletal
muscle.” In addition, in vivo electroporation
increased transgene expression by naked
plasmid DNA after its injection into the
blood circulation®® or tissues.'® Hydrodynamic
pressure or electric fields will allow plasmid DNA
to enter cells, probably through pores created on
cell membranes.>!1~13
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About 75% of cytosine-phosphate-guanine (CpG)
dinucleotides in mammalian DNA are methylated
at the cytosine position, whereas CpGs are largely
unmethylated in bacterial DNA.'* Because of the
presence of unmethylated CpG dinucleotides, or
CpG motifs, bacterial and plasmid DNAs stimulate
immune responses in mammals.’® It has been
reported that systemically produced TNF-a reduces
transgene expression in the lung after intravenous
injection of plasmid DNA/cationic liposome com-
plex.'® Therefore, methylation of CpG motif is a
useful method to reduce such immune responses
against plasmid DNA, but it generally inhibits the
transcriptional activity of most promoters.'” Redu-
cing the number of CpG motifs from plasmid DNA
has been challenged by replacing cytosine of CpG to
thimidine'® or by recombination of plasmid back-
bone to give minicircles.! 2! Another concern
about the use of plasmid DNA is contamination of
lipopolysaccharide (LPS) in DNA preparations,
which would also reduce transgene expression.??
Therefore, it would be useful to develop an alter-
native method that constructs therapeutic
gene-coding DNA preparations without amplifica-
tion in bacteria.

A unique property of DNA is its reproductive
nature, and its amplification by polymerase chain
reaction (PCR) has extensively been used in a
variety of experimental settings. Because of the
convenient nature of PCR, the applications of
PCR-amplified DNA fragments to in vivo gene
transfer have been attempted. Li et al.2% used
PCR-amplified DNA fragments as a model for
double-stranded synthetic genes in gene therapy
and demonstrated that the DNA fragments could
be efficiently transferred into 293-T7 cells. Hof-
man et al.?* also examined the transgene expres-
sion of such DNA preparations in the liver after
intravenous injection into mice by the hydrody-
namics-based procedure. These previous studies
have revealed that the PCR-based amplification of
an expression unit from plasmid DNA gives a
therapeutic gene-expressing DNA preparation,
which would have areduced number of CpG motifs
and less LPS. Another possible advantage of this
approach is that the length of DNA fragments can
be easily controlled by selecting appropriate
primers for amplification. Because the tissue
distribution, cellular entry, and nuclear transport
of macromolecular compounds are molecular size-
dependent processes,®>?® smaller ones generally
have an advantage in these processes that are
involved in plasmid DNA-based in vivo gene
transfer.
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Although the length of DNA fragments may
affect their stability, transfection efficiency, and
delivery, its importance on gene transfer has
hardly been explored. In the present study, we
prepared PCR-amplified DNA fragments with
varying lengths and examined their transgene
expression in cultured cells as well as in mouse
liver after intravenous injection by the hydrody-
namics-based procedure.

MATERIALS AND METHODS

Plasmid DNA

Plasmid DNA encoding firefly luciferase (pLuc)
was constructed by subcloning the Hind III/Xba I
firefly luciferase ¢cDNA fragment from pGL3-
control vector (Promega, Madison, WI) into the
polylinker of the pcDNAS3 vector (Invitrogen,
Carlsbad, CA) as reported previously.?” pLuc
amplified in the DH5a strain of E. coli was
extracted and purified by a QIAGEN Endofree™
Plasmid Giga Kit (QIAGEN GmbH, Hilden,
Germany). The purity was checked by 1% agarose
gel electrophoresis followed by ethidium bromide
staining. DNA concentration was measured by
UV absorption at 260 nm. pEFGP-F encoding
farnesylated enhanced green fluorescent protein
(EGFPF) was purchased from BD Biosciences
Clontech (Palo Alto, CA). pRL-CMV, a plasmid
vector encoding renilla luciferase, was purchased
from Promega.

Primers and PCR Amplification

The sequences of primers used for PCR ampli-
fication are as follows: EGFPF-mini (sense pri-
mer, CCGTATTACCGCCATGCATT; antisense
primer, CCACAACTAGAATGCAGTG); Luc-
mini2.6 (sense primer, TTCGCGATGTACGGGC-
CAGA; antisense primer, CATCCCCAGCATGC-
CTGC-TA); Luc-mini2.8 (sense primer, GGAGG-
TCGCTGAGTAGTGCG; antisense primer, TAG-
CGGTCACGCTGCGCGTA); Luc-mini3.5 (sense
primer, GGGAATAAGGGCGACACGGA; anti-
sense primer, CCACACCCTAACTGACACAC);
Luc-mini4.5 (sense primer, AGCGGTTAGCT-
CCTTCGGTC; antisense primer, TGCGCTGA-
CAGCCGGAACAC). Phosphorothioated primers
for the Luc-mini2.6, in which 4 linkages at the 3'-
terminal were phosphorothioated, were also used
to obtain Luc-mini2.6PS. Except for the Luc-
mini3.5R and Luc-mini3.5L, the both sides of

DO! 10.1002/jps



the expression unit were extended to obtain DNA
fragments of 2.8 kb (Luc-mini2.8) or greater. Only
the 3’- or 5'-side of the expression unit was
extended for Luc-mini3.5R and Luc-mini3.5L,
respectively, using the primers for Luc-
mini2.6 and Luc-mini4.5. Figure 1 shows the
schematic presentation of the PCR-amplified
DNA fragments developed in this study. For
PCR, 10 ng of plasmid template, 50 pmol of each
primer, and 2.5 U of DNA polymerase (Takara Ex
Taq™ or Pyrobest DNA polymerase, Takara Bio
Inc., Otsu, Japan), 0.2 mM dNTP mixture were
used. The PCR products were extracted with
GenElute™ PCR Clean-Up Kit (Sigma, St.
Louis, MO).

In Vitro Transfection

Murine melanoma cell line B16-BL6%® was

cultured in Dulbecco’s modified Eagle’s minimum
essential medium supplemented with 10% fetal
bovine serum and penicillin/streptomycin/
L-glutamine at 37°C and 5% CO,. B16-BL6 cells
were plated on 24-well culture plates (at a density
of 1 x 10° cells/well). After an overnight incuba-
tion, pLuc or Luc-mini preparation (0.2 pmol/well)
was mixed with Lipofectamine2000 (Invitrogen)
in Opti-MEM (Invitrogen) and the mixture
was incubated for more than 20 min at room
temperature. Then, resulting complexes were
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Figure 1. Schematic presentation of DNA fragments
amplified from plasmid DNA expressing firefly lucifer-
ase. DNA fragments, including the minimal expression
unit, were amplified by PCR using specific primers
(arrows). For Luc-mini2.6PS, primers, in which 4
linkages at the 3'-terminal were phosphorothioated,
were used.

Luc-mini3.5R
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added to cells. In a separate set of experiments,
each DNA preparation (0.2 pmol/well) was added
to B16-BL6 cells on 6-well culture plates (5 x 10°
cells/well) as the naked form and electric pulses
(100 V, 4 ms, 10 Hz, 12 pulses) were applied using
a rectangular direct current generator (CUY-21,
Nepagene, Chiba, Japan). In both cases, cells
were collected at 24 h after transfection and lysed
in a lysis buffer (0.1 M Tris, 0.05% Triton X-100,
2 mM EDTA, pH 7.8), and the luciferase activity
was determined.

Mice and In Vivo Gene Transfer to the Liver
by the Hydrodynamics-Based Procedure

Four-week-old female ddY mice (approximately
20 g body weight) were purchased from
Shizuoka Agricultural Cooperative Association
for Laboratory Animals (Shizuoka, Japan). The
protocols for animal experiments were approved
by the Animal Experimentation Committee of
Graduate School of Pharmaceutical Sciences of
Kyoto University. Mice under light anesthesia by
inhalation of diethyl ether received an injection of
naked DNA preparations dissolved in 1.6 mL of
saline into the tail vein over less than 5 s using a
26-gauge needle. The doses of DNA preparations
were determined based on the sensitivity of the
assay systems: 0.23 pmol/mouse for luciferase-
expressing DNA preparations (1 pg/mouse for
pLuc) and 8.4 pmol/mouse for EGFPF-expressing
DNA preparations (25 pg/mouse for pEGFP-F).
pRL-CMV (0.1 pg/mouse), which encodes
renilla luciferase cDNA, was simultaneously
delivered with firefly luciferase-expressing pLuc
or Luc-mini preparations.

Confocal Microscopic Observation
of Mouse Liver Sections

Mice were euthanized at 6 h after injection of
EGFPF-expressing DNA preparations. The liver
was then embedded in Tissue-Tek OCT embedd-
ing compound (Sakura Finetechnical Co., Ltd.,
Tokyo, Japan), frozen in liquid nitrogen and
stored in 2-methyl butanol at —80°C until use.
Frozen liver sections of 8 ym in thickness were
made using a cryostat (Jung Frigocut 2800E;
Leica Microsystems AG, Wetzlar, Germany) by a
routine procedure. The liver sections were fixed
with Mildform 20 N (8% paraformaldehyde,
Wako, Osaka, Japan) for 4 min at 4°C followed
by confocal microscopic observation (MRC-1024,
BioRad, Hercules, CA).
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Luciferase Assay

Mice were euthanized at 6 h after injection of
luciferase-expressing DNA preparations unless
otherwise indicated. The liver was excised and
homogenized in the lysis buffer. The homogenate
was subjected to three cycles of freezing (-190°C)
and thawing (37°C) and centrifuged at 13000g for
10 min at 4°C. Appropriately diluted supernatant
of the lysate of B16-BL6 cells or liver homogenate
was mixed with luciferase assay buffer (Picagene-
Dual, Toyo Ink, Tokyo, Japan), and the chemilu-
minescence produced was measured in a
luminometer (Lumat LB 9507; EG and G Bert-
hold, Bad Wildbad, Germany). For liver
samples, the ratio of the activity of firefly
luciferase (Pp-Luc) to renilla luciferase (Rr-Luc)
was calculated to correct for differences in
transfection efficiency among mice,® and the
results were expressed as relative Pp-Luc RLU/
s/mg protein, which represents Pp-Luc activity
normalized to Rr-Luc activity of the individual
animals.

Stability of DNA Fragments

Bal31 and DNase I were purchased from Takara
Bio Inc. Each luciferase-expressing DNA prepara-
tion was incubated with Bal31 (1 U/ug DNA) or
DNase I (0.005 U/ug DNA) at 37°C. Aliquots
(15 ul) were removed at each sampling point and
added with EDTA (a final concentration of
50 mM) to stop the degradation of DNA. Each
aliquot was mixed with a loading buffer and
loaded on a 1.3% agarose gel and electrophoresed
in TBE buffer (89 mM Tris-Borate, 25 mM EDTA).
After electrophoresis, the gel was stained with
ethidium bromide and DNA bands were visua-
lized by fluorescence in an ultraviolet transillu-
minator system. To determine whether the
minimal expression unit remains after the
incubation with Bal31, the nuclease-treated sam-
ples of Luc-mini2.6 and Luc-mini3.5 were ampli-
fied by PCR using the primers for Luc-mini2.6.
Then, the PCR product was examined on an
agarose gel described above.

Statistical Analysis

Differences were statistically evaluated by one-
way ANOVA followed by the Student-Newmann-
Keuls multiple comparison test, and the level of
statistical significance was p < 0.05.
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RESULTS

Distribution of EGFPF Expressing Cells in
the Liver after Hydrodynamic Delivery of
Plasmid DNA and a DNA Fragment

Figure 2 shows the liver sections of mice receiving
an intravenous injection of pEGFP-F or EGFPF-
mini by the hydrodynamics-based procedure.
The dose was set at 8.4 pmol/mouse, that is,
25 and 8.9 pg/mouse for pEGFP-F and EGFPF-
mini, respectively. No positive cells were found in

Figure 2. Confocal microscopic images of the liver
sections following intravenous injection of pEGFP-F or
EGFPF-mini in mice by the hydrodynamics-based
procedure. Mice were euthanized at 6 h after injection
and the liver sections were made. The images shown are
typical of those observed in several visual fields of three
mice per group. (A) pEGFP-F (0.02 pg/mouse, equal to
the amount of template plasmid DNA included in
the EGFPF-mini preparation); (B) pEGFP-F (25 pg or
8.4 pmol/mouse); (C) EGFPF-mini (8.9 ug or 8.4 pmol/
mouse).

DO! 10.1002/jps



the liver section of mice receiving 0.02 ug pEGFP-
F, an equal amount of pEGFP-F used as a
template for EGFPF-mini preparation (Fig. 2A).
On the other hand, significant numbers of
EGFPF-expressing cells were detected in the liver
sections of mice receiving pEGFP-F (Fig. 2B) and
EGFPF-mini (Fig. 2C). There were no marked
differences in the number and distribution of
EGFPF-expressing cells in the liver sections.
These results suggest that the hydrodynamic
delivery of these DNA preparations is hardly
affected by their shape and size, although they
were quite different from each other, that is,
circular 4.8 kb-plasmid DNA and linear 1.7 kb-
DNA fragment.

Transgene Expression by Luciferase-Expressing
DNA Preparations in Cultured Cells

Figure 3A shows the luciferase activity in B16-
BL6 cells after transfection of pLuc or Luc-mini
complexed with Lipofectamine2000. All Luc-mini
preparations gave significant levels of transgene
expression, although the expression levels were
about 100-fold less than that of pLuc. No apparent
relationship was observed between the level of
transgene expression and the size of the PCR-
amplified DNA fragments. Figure 3B shows the
luciferase activity in B16-BL6 cells after electric
transfer of pLuc or Luc-mini. Again, all Luc-mini
preparations gave high levels of luciferase activ-
ity, but the levels were significantly smaller than
that of pLuc. However, in the case of electric gene
transfer, the difference in the luciferase activity
between pLuc and Luc-mini preparations was
much smaller than that for cationic liposome-
mediated transfection (Fig. 3B). In both experi-
ments, Luc-mini2.6PS showed almost identical
levels of luciferase activity to Luc-mini2.6, sug-
gesting that the PS substitution have little effects
on transgene expression at least under the
conditions examined.

Transgene Expression in Mouse Liver Following
Hydrodynamic Delivery of Luciferase-Expressing
DNA Preparations

Figure 4 shows the luciferase activity in the liver
6 h after intravenous injection of each luciferase-
expressing DNA preparation into mice by the
hydrodynamics-based procedure at a dose of 0.23
pmol/mouse, together with 0.1 ug of pRL-CMV.
The relative firefly luciferase activity (Pp-Luc)
increased as the length of the DNA fragments

DOI 10.1002/jps

DNA FRAGMENTS FOR IN VIVO GENE DELIVERY 2255

>

1x107 E
1x108
1x10° E

1x104 3

Luciferase activity (RLU/sec)

1x103
26 26PS 28 35 45 plLuc

1x108 3
1x105

1)‘10‘ E

Luciferase activity (RLU/sec)

1x10% F

%102

26 26PS 28 35 45 pluc

Figure 3. Luciferase activity in B16-BL6 cells after
transfection in vitro. (A) pLuc or Luc-mini preparation
(0.2 pmol/well) was mixed with Lipofectamine2000 and
resulting complexes were added to cells. (B) pLuc or Luc-
mini preparation (0.2 pmol/well) was added to B16-BL6
cells as the naked form and electric pulses (100 V, 4 ms,
10 Hz, 12 pulses) were applied. Cells were collected at
24 h after transfection and lysed in a lysis buffer, and the
luciferase activity in the supernatant was measured in a
luminometer. PS, phosphorothioated primers were used
to obtain PCR-amplified DNA fragments. Results are
expressed as mean + SD of three determinations.

became longer. The expression level of
Luc-mini4.5 was not significantly different from
that of pLuc, but the levels of DNA fragments
with the length of 3.5 kb or smaller were
significantly (p <0.05) lower than those of
Luc-mini4.5 and pLuc. Again, there were no
significant effects of the PS substitution in the
level of luciferase activity. Pyrobest, a high-
fidelity DNA polymerase, was used to prepare a
3.5 kb-DNA fragment, Luc-mini3.5Pyro, but no
significant difference in transgene expression was
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Figure 4. Relative luciferase activity in mouse liver
after intravenous injection of pLuc or Luc-mini prepara-
tion by the hydrodynamics-based procedure. Mice
received pLuc or Luc-mini (0.23 pmol/mouse) along
with pRL-CMV (0.1 pg/mouse). At 6 h after injection,
luciferase activities in the liver were determined. The
ratio of the activity of firefly luciferase (Pp-Luc) torenilla
luciferase (Rr-Luc) was calculated to correct for differ-
ences in transfection efficiency among mice. The results
are expressed as relative Pp-Luc RLU/s/mg protein,
which represents Pp-Luc activity normalized to Rr-Luc
activity of the individual animals. PS, phosphoro-
thioated primers were used to obtain PCR-amplified
DNA fragments. Results are expressed as mean + SD of
at least three mice. p <0.05 versus pLuc; p <0.05
versus Luc-mini2.6.

observed between Luc-mini3.5Pyro and Luec-
mini3.5 after intravenous injection in mice by
the hydrodynamics-based procedure (Fig. 5).

Effect of the Extension of 5'- and 3'-Side of
the Expression Unit in DNA Fragment on
Transgene Expression

It was found that the elongation of DNA frag-
ments is effective in increasing the level of
transgene expression after in vivo gene transfer.
Then, we examined the effects of extension of
5'- or 3'-side of the minimal expression unit on
transgene expression after hydrodynamic deliv-
ery to mouse liver. For Luc-mini3.5, both sides of
the expression unit were extended. Only the 5'- or
3'-side of the unit was extended for Luc-mini3.5L
and Luc-mini3.5R, respectively. Figure 5 shows
the relative firefly luciferase activity of these DNA
fragments with an identical length of 3.5 kb. The
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Figure 5. Effect of polymerases and the extension of
5'- and 3'-side of the expression unit in DNA fragment
on transgene expression. Mice received Luc-mini
(0.23 pmol/mouse) along with pRL-CMV (0.1 pg/mouse).
At 6 h after injection, luciferase activities in the liver
were determined. The results are expressed as relative
Pp-Luc RLU/s/mg protein, which represents Pp-Luc
activity normalized to Rr-Luc activity of the individual
animals. Pyro, a high-fidelity DNA polymerase Pyrob-
est, which was used to prepare a 3.5 kb-DNA fragment;
L, the 5'-side (left-hand side) of the expression unit was
extended; R, the 3'-side (right-hand side) of the expres-
sion unit was extended. Results are expressed as mean
SD of at least three mice.

expression of these three DNA fragments with the
same length of 3.5 kb showed similar transgene
expression, although Luc-mini3.5R, which has no
additional nucleotides on the outside of the
promoter, was a little lower than that of the other
two preparations, Luc-mini3.5 and Luc-mini3.5L.
These results suggest that the length of DNA
fragments is a primary factor for the level of
transgene expression, and that the extension of
the 5'-side of expression units is slightly favorable
to some extent over the extension of the other
side.

Time Course of Transgene Expression
of Luciferase-Expressing DNA Preparations

Figure 6 shows the time courses of firefly
luciferase activity in mouse liver after hydrody-
namic delivery of pLuc, Luc-mini2.6, and Luc-
mini3.5. The expression levels of Luc-mini2.6 and
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Figure 6. Luciferase activity in mouse liver after
intravenous injection of pLuc, Luc-mini2.6, and Luc-
mini3.5 by the hydrodynamics-based procedure. Mice
were injected with pLuc or Luc-mini (0.23 pmol/mouse),
and luciferase activities in the liver were determined at
24 and 96 h after injection. Results are expressed as the
mean + SD of three mice.

Luc-mini3.5 at 24 h were lower than that of pLuc
as well as at 6 h (Fig. 4). However, the level of Luc-
mini3.5 was significantly (p < 0.05) higher than
that of pLuc at 96 h after intravenous injection
by the hydrodynamics-based procedure. These
results suggest that the PCR-amplified DNA
fragments are effective in achieving prolonged
transgene expression than conventional plasmid
DNA.

Stability of PCR-Amplified DNA Fragments

To examine the possibility whether the dif-
ferences in the transgene expression is due to
the stability of DNA preparations, we examined
the degradation of Luc-mini preparations by an
exo- (Fig. 7) or endonuclease. All DNA prepara-
tions were degraded with time in the presence of
an exonuclease, Bal31. The disappearance of DNA
bands was the slowest with pLuc. All DNA
fragments showed a reduction in the DNA size
with time, suggesting that they are gradually
degraded by the exonuclease. In the case of pLuc
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2 5 10 15 30 60

Figure 7. Gel electrophoresis of pLuc and Luc-mini
after incubation with an exonuclease Bal31. (A—E) Each
luciferase-expressing DNA preparation was incubated
with Bal31 (1 U/ug DNA) at 37°C. Aliquots wereremoved
at each sampling point and added with EDTA to stop the
degradation of DNA. Each aliquot was mixed with a
loading buffer and loaded on an agarose gel. (A) Luc-
mini2.6; (B) Luc-mini2.6PS; (C) Luc-mini2.8; (D) Luc-
mini3.5; (E) pLuc. (F,G) Bal31-treated Luc-mini2.6 and
Luc-mini3.5 were amplified by PCR using the primers
for Luc-mini2.6, and the PCR products were loaded on
an agarose gel. (F) Luc-mini2.6; (G) Luc-mini3.5.

(Fig. 7E), two to three bands were detected,
suggesting a time-dependent conversion of
plasmid DNA from its supercoiled form to
other forms. To confirm whether the minimal
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expression unit in DNA fragments remains
during the incubation with the nuclease, the unit
of Luc-mni2.6 and Luc-mini3.5 was amplified by
PCR using the primers used for the preparation of
Luc-mini2.6 (Fig. 7F, G). The PCR product from
Luc-mini2.6 was detectable only at 1 min after
incubation, whereas that from Luc-mini3.5 was
able to be detected at least for the first 10 min of
incubation. Digestion with DNase 1, an endonu-
clease, also gave similar results to those obtained
with Bal31 (data not shown).

DISCUSSION

Effective in vivo gene therapy relies on the
controlled expression of transgenes after in vivo
gene transfer. In spite of the safety of plasmid
DNA as a nonviral vector,! its clinical applications
has significantly been obstructed by the low and
transient nature of its transgene expression. Of
numbers of problems on plasmid DNA-based gene
transfer, inefficient delivery of the DNA inside
target cells is the most important one. This is
mainly attributed to the large size of plasmid
DNA,* which is in the range of several millions in
molecular weight. One approach to reducing the
size is the use of PCR-amplified DNA fragments,
which would also have advantages over
plasmid DNA, such as small numbers of immu-
nostimulatory CpG motifs and little contamina-
tion of LPS. Although errors in PCR amplification
could be an inherent problem of this approach
for large scale synthesis, previous studies
have shown that PCR-amplified DNA fragments
are potent vectors to achieve significant trans-
gene expression both in vitro and in vivo, 2> but
it has hardly been examined whether the size
of such DNA fragments affects the transgene
expression. In the present study, we prepared
various PCR-amplified DNA fragments and
examined their efficiency on transgene expres-
sion. Transgene expression from a vector like
plasmid DNA would be determined by the
accessibility of the vector to the nucleus of target
cells, the rate of transcription, and the stability
of the vector. In addition to these parameters,
promoter attenuation®' and integration into
genome would also determine the duration of
transgene expression. First, we used cationic
liposome-mediated delivery to cultured cells.
The expression of any DNA fragment was almost
one hundredth of that of plasmid DNA (Fig. 3A),
indicating that the DNA fragments are not as
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effective for transgene expression as plasmid
DNA. It was reported that DNA fragments larger
than 1 kb remained in the cytoplasm,®? suggest-
ing that DNA fragments have little advantages
over plasmid DNA as far as the size-dependent
nuclear transport is considered. In nondividing
cells like hepatocytes, such large DNAs are
transported into the nucleus through the nuclear
pore complex.33 Dean et al.>*® reported that the
process of nuclear transport of DNA is sequence
specific and SV40 enhancer is all that is necessary
for this DNA nuclear import. Therefore, pLuc
might be more efficiently transported into the
nucleus than DNA fragments via sequences out-
side the fragments. In addition, the stability of the
DNA and rate of transcription can also be the
reasons for the inefficient transgene expression
of DNA fragments when delivered as cationic
complexes.

Electroporation creates pores on cell
membranes, and charged molecules, such as
DNA, can be delivered inside cells by electrophor-
esis.! The hydrodynamic delivery method greatly
increases the membrane permeability of macro-
molecules including plasmid DNA in the liver,
probably through the creation of membrane
pores.’®!3 Because the passage through such
pores is a function of molecular size of solutes,
the efficiency of cellular entry of DNA preparations
could be a function of molecular size. We found
that the DNA fragments prepared showed less
transgene expression than plasmid DNA, when
delivered to cells by electroporation (Fig. 3B).
However, the difference between plasmid DNA
and DNA fragments was much smaller when they
were delivered by electroporation than by cationic
liposomes (Fig. 3A). These results suggest that
the limited delivery of plasmid DNA through
membrane pores is somewhat improved by the
reduction in size by PCR amplification of the
expression unit of plasmid DNA. This improve-
ment in the delivery of DNA inside cells seemed
to be more pronounced in mouse liver after
intravenousinjection by the hydrodynamics-based
procedure. In addition to this hypothesis, the
hydrodynamic or electroporative delivery of DNA
will take much shorter time than lipofection as
far as the delivery of DNA into target cells is
concerned. Therefore, areduced nuclease degrada-
tion of DNA may also contribute to the improved
gene expression from the PCR-amplified DNA
fragments by hydrodynamic delivery and electro-
poration. No significant differences were
observed in the luciferase assay between pLuc
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and Luc-mini4.5 (Fig. 4). Similar results were
obtained with EGFPF-expressing DNA prepara-
tions (Fig. 2). These results indicate that the
reduction in size of DNA preparations would
be promising for an enhanced delivery, although
the level of transgene expression may be low
because of the other factors than delivery.

The size of the DNA fragments significantly
affected transgene expression in mouse liver after
intravenous injection by the hydrodynamics-based
procedure. The longer the fragment was injected
the higher transgene expression was. The incuba-
tion of DNA preparations with nucleases clearly
demonstrated that the expression unit in Luc-
mini3.5 remained much longer than that in Luc-
mini2.6 (Fig. 7), suggesting that the presence of
additional nucleotides retards the degradation of
the expression unit and the following transgene
expression. Because PCR-amplification is highly
versatile, there would be least limitations on
selecting the size and location for amplification.
Loss of some nucleotides in the promoter region
would largely reduce the transcriptional activity
of DNA preparations. We found that the extension
of 5'-side of the expression unit, that is, the
promoter side, could be a little better in increasing
transgene expression (Fig. 5). However, the effects
of the location of the expression unit in DNA
fragments were much smaller than those of their
length. A possible concern about using PCR

" amplification is that errors occur during the
amplification. We used two polymerases with
different fidelities: Taq and Pyrobest polymerases,
but observed no significant differences in trans-
gene expression between Luc-mini3.5 and Luc-
mini3.5Pyro (Fig. 5). These results do not exclude
the possibility of errors in PCR amplification of
DNA fragments, but the frequency could be very
low.

In spite of the lower expression by DNA
fragments at 6 h after injection, Luc-mini2.6 and
Luc-mini3.5 showed significantly greater expres-
sion at 96 h after injection than pLuc (Fig. 6).
Duration of transgene expression may be affected
by several factors, including the stability of
vectors, promoter attenuation, and integration
into genome.31"3¢ CMV promoter, the one used in
the present study, has been reported to be
attenuated in various experimental settings.3”*8
The methylation of CpG dinucleotides in the
promoter would be involved in this attenuation.3®
In addition, the presence of CpG motifs
triggers the induction of inflammatory cytokines
upon administration to animals,'® because
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mammalian TLR-9 recognizes unmethylated
CpG dinucleotides and induce such cytokines.'®
Although this feature of plasmid DNA can be a
drawback for sustained transgene expression, the
induction of the cytokines or the attenuation of
CMV promoter by itself may not entirely account
for the difference in the duration of transgene
expression between pLuc and Luc-minis. Another
possibility is the difference in the integration
into genome of DNA preparations, as reported
by Nakai et al.*® which may cause toxic side
effects. However, Chen et al.*! reported that
linear DNA-treated mice showed a 10-fold drop
in transgene expression after partial hepatec-
tomy, which suggests that transcriptionally
active liner DNAs remained predominantly extra-
chromosomal in the liver. Similar results were also
reported by Kameda et al.*? using PCR-amplified
DNA fragments expressing erythropoietin. These
previous reports would support an idea that
PCR-amplified DNA fragments are hardly inte-
grated into the genome. Further studies are
needed to understand the reason for the prolonged
transgene expression by PCR-amplified DNA
fragments.

In conclusion, we demonstrated that PCR-
amplified DNA fragments are effective vectors to
achieve significant transgene expression both
in vitro and in vivo. They do not require bacteria
for production, and they can be manipulated
without the possible contamination of LPS once
template DNA is prepared. Fragmentation tended
to reduce the stability and transcriptional activity
of expression units, but a relatively prolonged
transgene expression can be obtained with DNA
fragments. An extension of DNA fragments would
retard their degradation, resulted in high level of
transgene expression. This effect seems to be
enhanced in the present study, because the dose
was set at low levels. The stabilization of DNA
fragments against nucleases will further increase
the potential of such short, structure-controlled,
and synthetic DNA fragments for in vivo gene
delivery.
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In vivo siRNA Delivery to Tumor Cells and Its Application to Cancer Gene Therapy

Yuki TAKAHASHI,* Makiya NISHIKAWA, and Yoshinobu TAKAKURA

Graduate School of Pharmaceutical Sciences, Kyoto University, 46-29 Yoshidashimoadachi-cho,
Sakyo-ku, Kyoto 606-8501, Japan

(Received June 14, 2007)

RNA interference (RNAI) is a posttranscriptional gene-silencing event in which short double-stranded RNA (siR-
NA) degrades target mRNA. Because of its potent and highly specific gene-silencing effect, RNAI is expected to be used
in the treatment of various diseases. Cancer is one of the major targets of RNAi-based therapy, because silencing on-
cogenes or other genes contributing to tumor progression can be target genes for RNAi. The delivery of RNAi effector to
target cells is one of the key factors determining therapeutic efficacy, because gene silencing is limited to cells reached by
RNAI effectors. Tumor cell lines stably expressing reporter genes were confirmed to be effective in sensitively and quan-
titatively evaluating RNAI effects in tumor cells in vitro and in vivo. Quantitative analyses of the gene-silencing effect
revealed that short-hairpin RNA expressing plasmid DNA (pshRNA) has more durable effects than siRNA. In-
tratumoral injection of RNAI effectors was effective in suppressing target gene expression in tumor cells, and silencing of
B-catenin or hypoxia-inducible factor-1a (HIF-la) significantly inhibited tumor growth. RNA. effectors were success-
fully delivered to tumor cells colonizing the liver through the vascular route. We found that tumor-bearing liver showed
elevated HIF-1a expression in the cells, and the silencing of the expression in normal liver cells is also effective in inhibit-

ing metastatic tumor growth. These results indicate the possibility of RNAi-based cancer therapy.

Key words——RNA interference; short hairpin RNA; hydrodynamic delivery; electroporation; tumor growth

1. LIS

RNA F3# (RNA interference) i3 = 2% RNA
IZEDERFBENIZ mRNA BRI D2BEKTH
%.D 2001 ££12 Tuschl ik VD, ZOBRKMNEHE
FETH S 21-23 I|E M D 2 &84 RNA (siRNA)
FRAVBIETHABMICOLEARETH S I &8
Homeah, ThER, Sl EN/siRNA, »
Z2VIRMRANTIOES /2232 EITLD
siRNA &72%53 3 — MATE 2B RNA (shRNA)
ZHANWBZETRNA FHMEEAETHD &M
invitro - invivo DEBRIZBWTFREINTE
7z.2¥ RNA T#id, EMNBGFORREZBENLD
BERNICHFERIETHDZ 05, BETIRSEE
T OWEEEZFIMT 572D DOEBFHE L TR

Al

HBRKFEREREZHAH (FEBEBEFZSH)
(T606-8501 kA 7K & B TFZEE 46-29)
*e-mail: Yuki@f0l.mbox.media.kyoto-u.ac.jp
ERHIZ, BEEFLPE127FLI ORI TLSDIT
RELEDBOERLIZERLEZDBDTHS.

72

FRENTWS. i, BARTANAREREI
REINBHEEY NV EORBTUENRRE L2
RRIZHL T, ZTORBEZFERNIIHRTLI L
X0 FEMBEHEEE L TORANEFEINTY
5. 49 2M—HF T, RNA FHIZLZBTREN
HINFIL sSIRNA MFET SMIAICRB EN B8,
RNA T#OBREFEEL TOBEMIZIE siRNA O
RARADFINY —BNHBERHEERB.9 LML
IS+ IBE A EETL SiRNA O F U NY —Fik
RBROFEFIIEALHEEINTEST, LDDENR
FUN) —FEDOERENBETHS. TITERBT
RbhbLhORFAERZHOIZ, siRNAZFUN
) =335 ETRMABGTOMNAMBDIESE - &
BECHERLEBETORBEEZNHTAILICLS
BABRBEOWREMIZDONWTERRT 5.

2. Invivo IC& T EBAMMEB~D siRNA DT
AUES

RNA FH0O%#EIZ1, siRNA AEMMIRIC TS
ERELERETIETHIENLETH BN,
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SIRNA BB THD I LN EHRNIZBITDLE
ARV, LMo T, kZEHNEERHOKREZEN
EL{L#EHSiRNA DEfE b BEThTY
5.7Fk, fIRTOHEFEIZLD shRNA # %R T
ERIZ—BHEHTHY, DANARIY—, kD
ANANRGZ —ISFHRGETHS. 80 TAIIVARY
=1L, P75/ TANARI Y —FEIZIHETCE

FloL bOTAINARY ¥ —2HNBETHREIC
BII2AMBORERE, BLEOHTHRAEL T
NERSBVEEMNZ N 10D Zhizdl, 752
X K DNA (pDNA) IZRREZEZNBETAINAXRY
y—it, et £EHOBmTENTEY, /-
BHEINTELEADRIIDOVDTHEERBIZHE
SNTETWVS, TN AEEDHIZIWAHET RNA
FHE2FAE L RBRELERT 57291213, siRNA
& % 12 shRNA B pDNA (pshRNA) % Ea9#0
BRAFUNY—FT B EMBATHS. Lol
A5, siRNA £ pshRNA 72 &3, KBEHESLFT
HD-HMEEEAENEL KL, BIRREED
XOL—BARSFETIRIZE A SHBERNIZIZE
EZLIzW, HEANTERYTS N SLEMITLEER
BHRBEOERIZIZ, ThoDLEYEDRLILEN
AMRENIZFUND) —3 2HTTOMENRHLETHS.
BEREVSHEI NS KERS S FILEemOMERN
FUN)—IZEAL T, ZhETIT7>FERA
YIXZLAF ERDYRYF A L, pDNA 2 & %5t
BIIBHENTEL. W APTHIETIANNAXRG I —
WL 2BETFEAICETHRIFIZBWTIE, pDNA
HBHMoRSHFEOBRBLICHED, BR/ULADE
FEROFH, SEESTF MR TRIY—-LOES
EILIZE 5 BECFREDEKA L, ZITE DM
MEBINTWNS, siRNA % shRNA RH~N I & —
ORAICEL T, INEFTIHERINTELERE
FUN)—EWMBIERAETHS. siRNA HH 0
I3 pshRNA Z 4K L~V TENKE, Tkbbis
AHIREANTUNY —F 5 Z L TEMEBLRFOREZ
WHT 5 EMnlge s aud, B> TEMNAER
BEICRIBZbOEEZSND (Fig. 1).

2-1. WAMRICKHTZBGFRBINFDHROTE
BN SAHITO RNA THHEEORITIC
i3, BAMRADOELRFREARZTEENIZHMER 6
BRERROFANEEIZERTHS. bhbhuiv
VAEGBHMIAEBI6 ilazEFINONAMMEE

73

pshRNA

Semve  Antiarme

ﬂ”<ff2”:m>

RNAi-based cancer therapyl

* High specificity
- low risk of side effects

* High gene silencing activity
~ increased efficacy

~ Delivery of siRNA to tumor cells

ne
- a requisite for RNAi-based therapy

Fig. 1. Schematic Image of RNAi Pathway and Its Applica-
tion to Cancer Therapy
Because of its highly potent and specific gene silencing effect, RNAi is
expected to be applied to cancer therapy. To perform RNAi-based therapy,
siRNA or pshRNA should be delivered to the target cells because the RNAI
effect is limited in the cells that received RNAJ effectors.

L, RINVRUII A0 2BEDIN T x
S—VYeREICRET 288 B16/dual Luc %48
RIDIEICXDMAMRIZBT 2B FREHH
BRIZDVWTEBMICHEBERRETHD I L EREL
f:. 14)

ZDEHRTIE, Bl6/dual Luc IZH- %I )V 7 x
S—YILHTBHSIRNAZ SR T 3>
L, —ERMEZICHELmILS 75 —FESHD
tbEBEEY 52 ETHEMDERNIC RNA T3
BREFMEFIETHS. bhrbhoidizBnTid,
BxOBREDSIRNAZRMNS A7 33>
DD 7 o —EEEERRMICGEGL, &
FREMEIZN R sSIRNA DBREKRENTHL L
MREINTWS (Fig. 2).'9 RNA F#iIc Xk 281
TREMHZRIT, HIHITORKAHEZIEE
REMI N5 I NN, R oBAMS5IE
MHEEEL T TRMHEHFMBEETHS. bhb
NIZEYEERBITICBLTHAVLWSNBE—A>
BE, W7z EEHORMELT—FIY
TidHHI LT, BERFREBRAFHDROMERURF
HEMOEEE L T, AUC: KU MRT; # RNA
FHNROF-/28EE L TIRB L /= (Table 1), 19
ZNIZXDHIHAEE (C) 1, 10, 100 nM D siRNA
REDBEFRAMEDRIIOVTHMmZTo /2 &
A, FDAUCERUMRT & C EREMAR—
Rt % FTH C/AUCE or Co/ MRT;z=Cy/a+b/a
(Eq. (1); a, bIZFEE) KBWTEHERETHBZ
EERWH L (Fig. 3). ¥£7/=, siRNA K& pshR-
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Days after transfection Days after transfection Days after transfection
Fig. 2. Time-courses of Gene Expression (Rge) following Tansfection of siRNA

B16-BL6/dual Luc cells were transfected with siRNA targeting firefly luciferase at concentrations of 1 (A), 10 (B) and 100 nm (C). Luciferase activities were
determined at the indicated times after transfection. The results are expressed as mean£S.D. (n=3). *p<0.05 for Student’s r-test versus control group. Cited from

Ref. 15).
Table 1. AUCE (day) and MRTe (day) versus siRNA Ini-
tial Concentrations (Co; nM)
Co AUCE MRT
1 2.00 1.98
10 4.00 2.72
100 6.59 4.21

NA L X B EEGETREAFDRIIOVWTOERNL
8 %17 D BBIZH Bl6/dual Luc RUE— X > MEHT
DHERIBEATHD, | P FUDDHEEGFRR
1% 13 pshRNA D AAKI SO BN TH B &
ZRUE. F @TFRENGEHDROFEIZDON
T MRT ZHWVWTEMEZITY, BECLDZLO
IS DZEIFEDHENZH DD pshRNA O F A5 2-3
EERTHAHIEEZHSNILTWVS,

B16/dual Luc i3 2 fBED)II > 7 = 5 — YR T
EEEIRBTIED, DIA85NT o~
TEHICHTEIRINN S Tz 7—EDOEREDLLE
B3I EICEDERNONAMRBBROIESDE M
FL, EMBEEFORBENMKDRIZIDONT invive
BWTHNAMBRERNICERMIZTMAIERTDH
5.

2-2. BRAESICLBFYINY—  RHRE~NOHE
GFEAZBNELAERNI Y —DHG L TIIBL
ICHEx OREMNEEN TS, EERFITO RNA
FTHOFBICXNAKREEZASLDIBEIZIE, s
BaEoRSssENMAEEEASNS. Ll
MNOBEFREBRENEELREFEALRIRERD,
RNA T DHEEIZ L3 SABEOBICIIENAR
BOENSSVOEEIZ SiRNA 25 ATE b,
EWSER (MA) FRRADOFIINY —ZERIER
WREELETAEERNITIA—I-IRDBDEE
Abhb.

74

(a) (b)
2 25
15 20

- wl

[e]

= 15

1

= S w0

(&) 5 o]

s
L] 0
0 50 100 0 50 100

Co (M) Co (aM)

Fig. 3. Linear Plots of Co/AUCg and Co/MRTg versus Cy

(a) Linear plots of Co/ AUCg versus Cy. Symbols represent Co/ AUC e
calculated, with lines fitted using Eq. (1). @ and b, are parameters described
in Eq. (1), and were calculated to be 6.90 and 4.72, respectively. r, is the cor-
relation cocfficient of the linear plots, and was calculated to be 0.999. (b)
Linear plots of Co/MRT g versus Co. Symbols represent Co/MRTc calculat-
ed, with lines fitted using Eq. (1). a and b, are parameters described in Eq.
(1), and were calculated to be 4.35 and 3.47, respectively. r, is the correla-
tion coefficient of linear plots, and was calculated to be 0.999. Cited from
Ref. 15).

B 53 N7 pDNA DF UNY —REKE
THEEE L TEEMENREOBRANEALNT
- REARDBOELTE, BRIV RAZREE
fLiZMABTL Y bORL—T a3 0BT EN D,
—icTL 7 hORL—2 3 ETOILICKDHE
EFRBEMBEATLIENBESINTNDAN, dbh
bR ZOEZDRBEOBIMIZAMBBDOERD
ESHLDOTHBIEZHBEL TN O

bhbhiz~<o 2 E Fiz Bl6/dual Luc 2T
BEREDEHLAEREBEESINCBNT
RININY 725 —FEEMET S siRNA Xid
pshRNA KGR ZBEEABNICEALELOS T L
ZhORL— 32 %TOHTETERS 4 FMED
N7 1o —FERIZHBEOKN 30%IC X THH
AETHDIEEMEL TV WEERETTO
BETFRENHNPIOSEBETHEILE2ERT
5. AR5 HEERAVWSZETEEAGPO I
EHT%ULDOMNAMAIZBWT RNA F#H %
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FEURETHHIENERTES (Fig. 4.9

23, BmBEHRSICELBFTYIN)—  SiRNA X
12 pshRNA O mEHZSIIMF 2L CIhsik
BB HTHIIENS, HEShLEMOH
MR ESEMGEEICRBI NS BARE5 e L T,
LD EL DM & siRNA - pshRNA % # A 7] 4
BEE5HETHD. IhofbkdhzEmELDEZSL
TR ELTIE, 20027 AN Kay 505 )V —7
OH|EMNHD.MHESIIABFEEDND TSI X2 FDNA
KBRE2RICMENZE TS LICKD, 4D
a3, BUHRIIBLWTEVWERFRENEGESNS
Hik O\ ROFAFI 7R 2RWERAZT
W, W2 T7x7—tERBETSTI5XAI KFDNA %
IURIZEE L, [FEHRS5 L7 siRNAICE S RNA
FEHREN 75— IR EEEIEFEL .
FOHER, N7 15—Vl TIA#HNEN %
HOSRNA 2855222124k, H80%DEE
THEMFE=HETNWS,. /-, siRNAIZMZ,
pshRNA Z#5 L /=388 siRNA ERZF O HIF%h
BREBSNAZEbHBELTNS,
MAKBEZBRNELENAT ROV 1 FI 7 REIK
& % RNA F#0 in vivo ~OERITIZ, FHHA
ANDOFINY —NELHREELETHEERRT L
72 %. siRNA & pshRNA & Tid, #9FH1 X2 K
ERBVAEETZED, FUNY-HRICEEZ
525N EBI NS, bhibhid, 2191
XANA ROFAF 37 AFEILE D BELTFEADE
WWRIFTEE2HENIIT 52012, PCR 25|
THZETHIADRRDBLETFEAXRI Y —%H
WhEBREZT>7E2.®WLMLAEMNS, 48kbp D
GFP B 75 X3 KDNA, HEZNIRRIIHENR
5D FH (1.7kbp) % PCR TIHEME L 7~ DNA ¥k
ENA ROYAFIVAETIYIRICEGTFEAL
o Z2OFBTRI, IFFRKOME THEETFRERM
Ao (Fig. 5).W Lo T, < EBN
A RO F IV AFEICLIEFBADFINY —K
L TRFII XOZERIHEDREDLNZVD
DEEZLGND. —F, 5FE 4000 D PEG %= H
W-RETIR, +oRFETOEENsShEh>
ZEms, FUNI—OBEAMSIZIYA XH/NE
WZEMMRETLBHEFEBREBZNI L HHER
xhs.
HROBEONA ROFAF IV RFKITKDTUN

75

140
120 _
[ H
¢ :
-
§% ;
:.‘é 80 3 * P<.05
S . (vs. control)
S e 3
3 60 2
- X
3~ g * *
T 4
&
& 4
20 A
0 ; ‘4 .
Control siRNA
pDNA
Fig. 4. RNAI in Subcutaneous B16~-BL6/dual Luc following

Intratumoral Injection of RNAI Inducer Followed by Elec-
troporation
Mice reccived an intratumoral injection of control pDNA, siRNA tar-.

geting firefly luciferase (10 ug) or pshRNA targeting firefly luciferase (30 ug)
followed by clectroporation at a field strength 1000 V/cm 19 days after sub-
cutancous Bi6-BL6/dual Luc inoculation. Luciferase activities in the tumor
tissue were determined 24 h after injection, The results are expressed as the
mean+S.E. (n=8). *p<0.05 for Dunnet’s test versus control group. Cited
from Ref. 14).

(b)

Fig. 5. Confocal Microscopic Images of the Liver Sections
following Intravenous Injection of pEGFP-F or EGFPF-mi-
ni in Mice by the Hydrodynamics-based Procedure

Mice were euthanized at 6 h after injection and the liver sections were
made. The images shown are typical of those observed in several visual ficlds
of three mice per group. (a) : EGFP-F-expressing pDNA (25 ug or 8.4 pmol/
mouse), (b): PCR-amplified EGFPF-expressing cassette (8.9 ug or 8.4 pmol

/mouse). Cited from Ref. 18).

J—imfiiza L TiThbha Il ehs, FEERA
fOAESTHEICH > THMT 2laNEDTY
N —OfRERBEEZONS. DhbhidNg
‘ROFAFIVREEFATSEZ LK D FEER
HREoAST, FRICEE L ZNAMEIC bk
%4 L T siRNA » pshRNA Z5 1) )N —RJHETIT
TamphEEZ, NPTz o7—-EEBEFTEHLL
B16-BL6 #if = FIRRPIICHBHE TS Z & THERL &
EBIFEBET VIR EHAVWERGETo
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7= 19 ZD# R siRNA Xid pshRNA DN RO¥
AF IV AEREIDEEGTLIDFRBIAAMBETO
ENBLTRECABRICHBHEDO0-50%EEICE
THIHIAJETHBZEERVWEHL TWS (Fig.
6). W NA ROFAF I RFEICLDELETFEAM

MEIIFRBON 0% THE I ENBESNTS

D, TNEOEVEBARERFDIENTELMNT
NAEBLABARREROEIZR > THmTHI L
ERBL-EREKRBEINS. LaLANS, 20
BEETFRENHZIRI, BAREOBELLBELT
K<, EEEKREIZELI2BBRFREAFMDRORE
BB EAEZOS N>, K DRIERMILE
EFRENFHZEBRTH-0IC3EIM0T 7O0—F
DHAELRATILENHDEEALLGNS.

3. RNA F3H%HALIHABERFAFEEORMSRE

i@, £ERONAMAIZICIHL T siRNA
X3 pshRNA Z2F U NY —F B &N TENS,
MAMIIZ BT 2B FRBAENGHT 2 T LA50]kEE
THY, FORGTFREMFDREFABLIZBAE
BEORBIZTOVTHHRETIN TS, BlicHEEHh
TWsHDELTIE, NAMIBOEME - £% - &
B mERE - RERGE W L HEICEERL &
EZFEIEME L RNA THIZK2REANEBEST N
TW3,

3-1. BRAfEICL A MARERNG BT
ICVESI L 7= BEIEIC L T siRNA X2 pshRNA OJiE
BEARSETILZ N ORL—-2 a2 H#ATHIE
THRAMROBGTFRREEHELSHHAIGETH S

120 *; P<0.05
(vs. control)
g 100
7
£= 80
8t .
2w
=& 4 : =
2
5 L
g 2 ! )
. : A a
Control siRNA pshRNA
pDONA
Fig. 6. RNAIi in Metastatic Tumors in the Liver following In-

jection of siGL3 or pU6-siGL3 by the Hydrodynamics-based
Procedure

Mice received an intravenous injection of control pDNA, siRNA target-

ing firefly luciferase or pshRNA targeting firefly luciferase (50 ug) 13 days

after tumor inoculation via the portal vein. The luciferases activities in the

liver were measured 24 h after the injection. The results are expressed as the

mean+S.E. (n 2> 4). *p<0.05 for Dunnet’s test versus control group. Cited
from Ref. 14).

76

n, bhbhilZoAEZRVWTRAMBOEHESE
2B 5 L 7@z F CTdH S B-catenin, hypoxia induci-
ble factor-la (HIF-la) ORBE#=WH TSI ETH
AROEEANHIETHI I L2BELTY
%. pshRNA DEBENAEHEIL Y bORL—
3 It & D ERNEMOENEELTF O mRNA FR L
R EFBEOD 25-3SKBEICHFAIETHD, Z
NoNADERPEBICHES T2 EETOREEN
D ETHERMABBOHRMMNESNSZ L
EFBHOMELTNS, ZDEE, —FHITTATHEAR
ADRBIFTeEFNED S NL (Fig. 7). 5
L 7= pshRNA @O F YN —IiZ & 5 B 5 1558 O H i
PRIIEEY A XKENTHD, BEY XDOEKR
EEBHIHHBEMNEIF TSI bRENTNS.
Zhid, BEDEKIZHLV pshRNA A8F YN —
ENENAMREOBENELTEIIEIILDBOD
rEZOND. LEMST, KELBEE*ENET
BBEITIRFUN) —HDREREBTLHIENEEE
Ex6N5.

B 5ICED RNA TS FETHHEELT
13, TV FORL—2 a3 2 ORHOEINI AT
SHME/SIRNA 227 Ly 7 ADEBERIZGH
L£ANTW3S, Kim 513 VEGF M &7 5 siRNA
Z, TUARTICERL BB HABMNIC Cholesteryl
oligo-D-arginine (Chol-R9)/siRNA I 7L v F A
DO THEIIRGTZZEITLD, BAMRBROEHEE
MBHEHGEL THEEICAGIETHS I L 28BS
LTWw3, 20 F£/=, sphingosine 1-phosphate recep-
tor-1 (SIP1) %#{ERE T 5 siRNA A FF Y
RY—LADIACT Ly I A ETTRARTIERL
BEASNICI HEREATS Z L TREAZDE
BEEAZICMEITIAETH S I &A% Chae 51T X D
LINTWVE. 2D LiLiars, bhbhoksidd
EHENThOBREIIBVLTHRELRBEDIERIC
BE-STHEST, BABHDEBEOXREXIENDOHE
EHETAIERXDBHEDROBENMBLETH S
LEZLNS,

32. BMETHRSEHALINABREREDR
BmERS5IIEAMEKOBAEVWSIBIArSAA
BEETHDEEZSN, BAMRSEET 52&8
HEEICHL TRZFOEANBFIIELILWVEEZS
o N ROFAFIVREEAND I ETHE
BHEBEICHLUTRNA TH2FEETHDHOD
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(a)
4000 * P<0.05
—o— Control pDNA (vs. control)
-3~ pshRNA targeting B-catenin
3000 ) . .
2 ~g~ pshRNA targeting HIF-la
£
£
5 2000 pDNA injection
-; with electroporation
£
=
= 1000
0 % . 2% G
0 5 10 15 20 25
Days after initiation of therapy
Fig. 7. Effects of Intratumoral Delivery of pshRNAs on the Growth of Primary Tumor Tissue

(a) Mice received an intratumoral injection of 30 ug control pDNA or pshRNAs followed by electroporation. pDNAs were administrated at day 0, 3 and 12 af-
ter the initiation of the therapeutic treatment. The results are expressed as the mean £S.E. (n=4). *p<0.05 for Student’s r-test versus control group. (b-d) Photo-
graphic image of tumor tissue of mice who received an intratumoral injection of control pDNA (b), pshRNA targeting f-catenin (c) or pshRNA targeting HIF 1«

(d) at 18 days after initiation of therapeutic treatment. Cited from Ref. 20).

T, TOBRCFREMAFEZFIALIZAABED
AlEEIC DWW TEME L 7=, T b ERMERET I
ERIMEIZ, U REEBAMAZEE Colon26 Mifid %
PIRE VBT 5 Z & THBL -HE&BEETT
2BV} 3 B-catenin X i HIF-la WM& T 2
pshRNA DA% A MR IEFE M HI ZD R ICD W TR N
J-. 153 Colon26 iR 2 F V> /= in vitro DRIZHB W
TIid B-catenin ZHEH) & § 5 pshRNA O 5 A HIF-
lo 212/ &9 % pshRNA X 0 3§ 72 hs A M 1458
MEIHEETL TS, ] pshRNA OMHITIZIE
RLTH2-DBRPOBAMBEADT N —%)
RAFBETHIEEZIDNDTIEMNS, f-cate-
nin 28/ & T 5 pshRNA O NFEGEREEETT
WIZBIT B BAMBEEAFPRIIGVEEA SR
3. LiL7Ats B-catenin #HERY & T 5 pshRNA
DG TRASAMEREIGFIIRIZZEAERD S
niam-o>7=—7kKT, HIF-la Z#Ea9& 7 2% pshRNA
RS ULEEIANAMBBOEHEE2HE X < MF 7]
BETHoz. 2D &ML, FEFONAMIERND
BEFREMNHLNOERIFRICHEIT S RNA F
BOFHIC L HNAMEEAFZIRICEASGL TW
LRI NG FO—RELT, N ROF1F
SURAFEEANVD ZETHESONAMIZIZT N
J—RlEETIAH 525, %5 3 N7z pshRNA (A

77

BOEFHARADTINI—ZNDIEMS, HA
MR OB ST EFEMEICEIT 2B EFRIEOHH
ABAHBEOEIFEMENZ DR > /DT, &
NHRENEZSND. FMICDODWTIIHERP
Tho.

2HXH LI DMNAMBIZBWTRNA TH %5
BT 5 EICX DA AR DIETEHIH & i A o Bt
ELTI3, siRNABEMBEXRIAFFHEME/
SIRNA > 7Ly 7 ADT/EICLZ2H0ONHES
NTWW3B, Mook KX, large subunit of RNA poly-
merase 1l ##Z#J & 3 5 naked siRNA ZRE#Ik L D
BETHIET, ITARTI/EEL /-fEE OB
EEEBICHHREETHDZE2H/EL TS D F
7=, EphA2 %Ef & 9 % naked siRNA % 1 /-A]
BOBRHZERODBEIN TS, M Pal 5}3 Raf &
ERET 5 siRNA #HFF %) RV —L4L/siRNA
ATy 7 ADETERAKZS TS LITRD,
TOAKRTICBEL-NAMBIZET S Raf D
EFRERUVESHEBOEBEENFIGETHD I &
EHRELTNS.

F/-, MAMRLASAOMEED RNA T OE/IH
fa& LWt Santel HIZ K DEINTINS, 2
®oi, BEAKNOMENZMRIZBITS CD3I
ORBEZHFA AU RY—L/IRNA ZRANWTH



No. 10

1531

HeAHZEICKD, BRAKICBIZ2OEHRELT
WEEHASOMBEENHETH DI LERLTY
5 —RIIBAHRIIERFOERMNMEID G/
®, RNA FHICL 2B FREMNHICHT MM
ZEBTHAREENEBE AN DM, FRERELT
MERKMABEOL S REFMRITECEFREOER
IRREZDEE WD, HSOERIIEFMIEEZENE
THZEIEBMEEECHVWH L WBEEO A
HERTEEZSNS.

4. &hHVYIC

M AMBIERIIZRREL TOLAREDSFEIEM
ELDTFEMBEORBEAMNETNTED, FED
mRNA ZHEMIZHMRT S5 RNA FHIIBEDLDAE
BINDZHEDI1DTHS. LhlizhHs, 00X
IF 1712 siRNA & 5 i3 shRNA Ry ¥ — % &
BIMERE (EITHARR) BRI FUNI—T 3
FHiEROBAENARARTH D, —RIIPVAKEEZE
MELEBEITRMNAMIRIZNT 5 RNA FiEE
BB EDREEATHIRERBERERD LM
Wi, BEMREMSEDIZONT, RNA FHIZ
L BAMABEOREEEVT TR, FOBERAHES
el TER, EMHIREEO—EIZHBWTRNA
FHZE2FETHIETHEDIRNEONDBE
RNA Fi2fBT 5L AT LRFEEICEN-BE
EICRHAIHEEN D 5. SRR FORES
DNA 77 F I 2HEFUNI —RELHASE
b8BT ET, RNA THICEDBEDRERMNEKRT
LD EHET .
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