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ODN-lipoplex (data not shown). The levels of TNF-« or IL-12
(p70) reached a peak at 12 or 6 h after intraperitoneal injection of
CpG ODN-lipoplex, respectively. (TNF-a 15543 pg/ml, 1L-12
(p70) 292+ 79 pg/ml). On the other hand, GpC ODN-lipoplex
induced less TNF-a and 1L-12 (p70) secretion in the peritoneal
cavity. (Fig. 4)

3.4. Administration route-dependent antitumor activity of CpG
ODN-lipoplex

To examine whether the antitumor effect of CpG ODN-
lipoplex is induced by local or systemic immune activation, we
evaluated the effect of the administration route of the CpG ODN-
lipoplex on its antitumor activity. To this end, mice bearing
peritoneal B16-BL6/Luc tumor cells were injected with CpG
ODN-lipoplex via different administration routes.

Injection of CpG ODN-lipoplex into the tail vein or into the
dorsal skin hardly reduced the number of tumor cells in the
greater omentum (Fig. 5A). Fig. 5B shows TNF-a and IL-12
(p70) production in the peritoneal cavity after administration of
CpG ODN-lipoplex via one of the different routes. In the
peritoneal lavage of mice given intravenous or intradermal
injections, the level of TNF-a was hardly changed (21412 pg/
ml, 36 +4 pg/ml, respectively). As for IL-12 (p70), in mice given
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Fig. 5. Effect of thc administration route of CpG ODN-lipoplcx. (A) The number
of B16-BL6/Luc cclls in the greater omentum of mice, and (B) TNF-eand IL-12
(p70) in peritoneal lavage. B16-BL6/Luc tumor cclls were given to CS7BL/6
micc by intraperitoncal injection. CpG ODN-lipoplex was administcred
intrapcritoncally, intravenously, or intradermally following tumor inoculation.
(A) After 7 days. mice were sacrificed and the luciferasc activity of the greater
omentum was measured. ¥ p<0.01; The number of cclls was significantly
different from control group (-test). (B) Six hours later, peritoncal lavage was
collected and the Jevels of TNF-« (open bar) and [L-12 (p70) (closcd bar) were
mcasurcd by ELISA. Results arc cxpressed as the mean+SD of at lcast 4 mice.
These experiments shown are representative of two cxperiments with similar
results. N.D.: not detected (TNF-a< 16 pg/ml, 1L-12 (p70)<62 pg/ml).
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Fig. 6. (A} Survival ratc of colon26/Luc tumor-bearing micc. On day 0. CDF|
mice werc intraperitoncally inoculated with colon26/Luc cells. Tumor-bearing
mice were treated with saline (O), cationic liposomes (CJ), naked CpG ODN
(A). random ODN-lipoplex (<¢), or CpG ODN-lipoplex (@). (B. C)
Representative lung colonics after intravenous injection of colon26/Luc cclls.
The survival of the CpG ODN-lipoplcx was significantly longer than the groups
given saline, cationic liposomes, naked CpG ODN. or random ODN-lipoplex
(p<0.0001). (B) Long-time survivors; i.c., CDFI micc that failed to cstablish
peritoncal dissemination afier primary and sccondary challenge with colon26/
Luc cclls (these mice reecived CpG ODN-lipoplex soon after tumor inoculation)
were rechallenged intravenously with colon26/Luc cclls. At day 200 after the
first challenge, all surviving mice were sacrificed. (C) Control mice were
injected intravenously with colon26/Luc cells. After 20 days, micc werce
sacrificed. The cxperiment shown is representative of two experiments with
similar results.

intravenous or intradermal injections, the level of production
was below the limits of detection, which was in marked contrast
to the results obtained with the intraperitoneal CpG ODN-
lipoplex as mentioned above. These results suggest that the local
immune response in the peritoneal cavity is essential for
inhibition of the peritoneal dissemination of tumor cells by the
CpG ODN-lipoplex.

3.5. Prolongation of survival time of colon26/Luc-bearing mice
by CpG ODN-lipoplex

Fig. 6A shows the survival rate of CDFl mice after
inoculation with colon26/Luc cells in the peritoncal cavity,
followed by the intraperitoneal injection of saline, cationic
liposomes, naked CpG ODN, CpG ODN-lipoplex, or random
ODN:-lipoplex. The saline or CpG ODN-treated groups all died
by day 20. Cationic liposomes or random ODN-lipoplex slightly
increased the survival time. However, about 90% of the CpG
ODN-lipoplex-treated mice survived more than 80 days.

To examine whether the surviving mice acquired immunity to
colon26/Luc cells, they were again given intraperitoneal
injections of the tumor cells without any additional CpG
ODN-lipoplex. Table 1 summarizes the survival time in mice
rechallenged with these tumor cells. Although 2 out of 8 mice
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Table 1
Immunological memory in surviving mice
Ist i.p. 2nd i.p. i.v.
(on day 80) (on day 144)
Saline 0/10
CpG ODN-lipoplex 8/9 6/8 4/6

Long-term survivors of mice treated with CpG ODN-lipoplex in the survival
experiment were rechallenged with colon26/Luc cells intraperitoncally on day
80 and intravenously on day 140 after the first inoculation of tumor cclls.

died within 60 days after the second inoculation of the tumor
cells, other mice survived more than an additional 60 days,
suggesting that the tumor cells are rejected in these individuals.
Then, the surviving mice were given injections of colon26/Luc
cells into the tail vein, without the administration of CpG ODN-
lipoplex. Again, 4 out of 6 mice were alive for more than an
additional 60 days after the intravenous inoculation. At day 200
after the initial inoculation, all surviving mice were sacnficed.
The lungs of mice surviving long-term had no visible tumor
colonies on the lung surface (Fig. 6B) and no detectable
luciferase activity. In a quite contrast, an injection of colon26/
Luc cells into the tail vein of naive mice resulted in the formation
of a number of tumor colonies in the lung (Fig. 6C).

4. Discussion

Generally speaking, during the initial stages of peritoneal
dissemination, tumor cells in the peritoneal cavity selectively
infiltrate into the milky spots of the greater omentum, which is
the primitive lymphoid tissue in the peritoneal cavity [22].
Tumor cells present in milky spots finally form an omental cake,
so the proliferation of tumor cells in the greater omentum is a
life-threatening event in peritoneal dissemination patients [21].
In this study, we found that PO-type CpG oligonucleotides
complexed with cationic liposomes effectively inhibit the tumor
growth in the greater omentum in the mouse model of peritoneal
dissemination.

Previous studies demonstrated that oligonucleotide contain-
ing CpG motifs is a very strong activator of monocytes,
macrophages, B cells, and DCs [23]. The CpG motif that appears
to be optimal for stimulating murine immune cells is different
from that for human cells. CpG dinucleotide flanked by two
purine bases on the 5'-side and two pynmidine bases on the 3’
side, such as GACGTT, efficiently activates the murine immune
system, whereas the optimal motif for humans is GTCGTT. In
addition, it has been reported that the biological activity of a
given hexamer is strongly modulated by the remaining
sequences within the ODN. For example, in mice, the immune
stimulatory effects of CpG ODN were enhanced if the ODN had
a TpC dinucleotide on the 5’ end and was pyrimidine-rich on the
3’ side. In addition, ODN with two or three CpG motifs in the
sequence were found to be very potent compared to those with
only one CpG motif [23]. The CpG motifs in ODN containing
several motifs should not be back-to-back but preferably have at
least two intervening bases, preferably Ts [3.9]. Moreover,
single-stranded CpG ODN can stimulate immune functions
more strongly than the double-stranded counterpart [24].

Therefore, in this study, based on these previous findings, we
designed a single-stranded CpG ODN with the sequence 5'-
TCGACGTTTTGACGTTTTGACGTTTT-3’ to induce effec-
tive immune responses, and found that the ODN can induce
enough antitumor activity in mice when administered as a
lipoplex. The importance of the sequence on the ODN-mediated
antitumor activity was examined by using GpC ODN-lipoplex.
Then we found that GpC ODN-lipoplex induced little TNF-a
production from RAW264.7 cells. These results strongly suggest
that TLR-9, the receptor recognizing the CpG motif, is involved
in the antitumor activity of CpG ODN-lipoplex.

Oligonucleotide with the normal phosphodiester (PO) back-
bone is rapidly degraded by nucleases in serum and intracellular
compartments. Phosphorothioate (PS) modification has been
commonly used to stabilize oligonucleotides, but it has also been
suggested that PS-type CpG ODN induces systemic toxicity,
such as a transient anticoagulant effect, activation of comple-
ment cascade, and inhibition of basic fibroblast growth factor
binding to surface receptors, because of non-specific protein
binding [12,13]. In this study, instead of using PS-type CpG
ODN, we used a PO-type CpG ODN complex with cationic
liposomes to stabilize against degradation.

Cationic liposomes have been investigated for the stabiliza-
tion of nucleic acids against degradation {15]. Indeed, cationic
liposome-based gene delivery vectors are known for their ability
to protect pDNA from serum nuclease degradation {25]. This
feature allows PS modification to be avoided. There is another
advantage of using CpG ODN and a cationic liposome complex.
Lipoplex is recognized as a foreign material, and is phagocy-
tosed by immune cells, especially by mononuclear phagocytes.
These cells express TLR-9, and recognize CpG motifs in DNA
via the receptors and produce Th-! type cytokines, which are a
form of cancer immunotherapy [15,26--28]. Indeed, in this
study, mouse macrophage-like RAW264.7 cells stimulated with
CpG ODN-lipoplex induced a large amount of TNF-a while
naked CpG ODN resulted in only a minor degree of induction.
Therefore, it is suggested that the formation of a cationic lipo-
some complex can deliver CpG ODN more effectively to
macrophages than naked CpG ODN. Moreover, intraperitoneal
injection of CpG ODN-lipoplex can induce Th-1 type cytokines
such as TNF-a and IL-12 (p70) in ascitic fluid. Therefore, CpG
ODN is delivered to peritoneal immunocompetent cells, such as
macrophages, where CpG motifs are recognized and these
results in the production of several Th-1 type cytokines. The
cytokine levels detected after administration of CpG ODN-
lipoplex to mice were much lower than those detected after
addition to RAW264.7 cells. This discrepancy could be
explained by the distribution and elimination of cytokines in
vivo, and by the higher reactivity of RAW264.7 cells to CpG
DNA than peritoneal macrophages [29].

There are many phagocytic cells in the body that express
TLR-9, for example, DCs, peritoneal macrophages, Kupfter
cells, splenic macrophages, and Langerhans’ cells. When
injected intraperitoneally, intravenously, or intradermally, CpG
ODN-lipoplex is thought to be mainly recognized by peritoneal
macrophages, Kupffer cells and splenic macrophages, or
Langerhans’ cells, respectively. Previous studies demonstrated
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that intravenous or intradermal injection of CpG DNA induces
systemic immune responses [16,30]. In the present study, we
also found that an intravenous administration of CpG ODN-
lipoplex significantly increased the serum concentration of
TNF-a (data not shown). However, no significant changes were
observed in the cytokine levels in the peritoneal cavity after
injection of the lipoplex into the tail vein or into the dorsal skin.
Thus, it is suggested that the local immunostimulation produced
by CpG ODN-lipoplex in the peritoneal cavity is important for
the inhibition of the peritoneal dissemination of tumor cells. It
appears that immunocompetent cells in the peritoneal cavity are
efficiently activated by intraperitoneal injection of CpG ODN-
lipoplex and then induce a localized immune response.

Intraperitoneal administration of CpG ODN-lipoplex pro-
longed the survival of the peritoneal dissemination mice. Sur-
viving mice persisted in spite of second inoculation of tumor
cells into the peritoneal cavity. Furthermore, no visible tumor
colonies were detected in the lung of the surviving mice that
received an intravenous injection of colon26/Luc cells, whereas
all naive mice produced a number of metastatic colonies in the
lung by the injection. So it appears that CpG ODN-lipoplex
induces systemic and long-lasting antitumor activity. Further
studies are needed to clarify the long-lasting antitumor mech-
anisms of CpG ODN-lipoplex.

In conclusion, a single administration of PO-type CpG ODN/
cationic hiposome complex can induce Th-1 type cytokines in
the peritoneal cavity, and inhibit peritoneal dissemination in
mice. Local immune activation in the peritoneal cavity is found
to be important for the inhibition of peritoneal dissemination,
because intraperitoneal injection of CpG ODN-lipoplex was
more effective in reducing peritoneal tumor cells than
intravenous or intradermal injection of CpG ODN-lipoplex.
Moreover, the immune responses induced by CpG ODN-
lipoplex can be effective in preventing tumor growth in and
outside the peritoneal cavity. Immunotherapy with CpG ODN-
lipoplex is not limited by the type of tumor cells. Therefore,
CpG ODN-lipoplex is a potentially useful tool for the treatment
of a broad range of tumor types.
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Abstract: RNA interference (RNAi) was quantitatively
evaluated from a kinetic viewpoint. A simple kinetic
evaluation based on moment analysis was proposed,
assuming suppression and recovery phases of gene
expression. We defined the area under the curve of the
inhibitory effect (AUCe) as an index of the total intensity of
RNAi and the mean response time of the inhibitory effect
{MRTe) as an index of its duration. The proposed kinetic
analysis helps to understand the RNAi effect in a
quantitative and time-dependent manner, which will be
beneficial for designing RNAi-based gene silencing for
both experimental and therapeutic purposes.

© 2005 Wiley Periodicals, Inc.

Keywords: RNA interference; gene silencing; moment
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INTRODUCTION

RNA interference (RNAI) is a post-transcriptional gene
silencing event, in which short double-stranded RNA (small
interfering RNA; siRNA) degrades a target mRNA with a
specific complimentary sequence and eventually blocks the
translation of the protein encoded (Tuschl et al., 1999,
Zamore et al., 2000). Since the discovery that siRNA can
induce RNAi in mammalian cells without a sequence-
nonspecific response (Caplen et al.. 2001; Elbashir et al.,
2001). RNAI has been widely used as an experimental tool to
suppress specific gene expression when analyzing the
function of a gene. This is because RNAI is attractive in
terms of speed, convenience, and lower cost, compared with
conventional methods to suppress gene function, such as
gene knock-out by homologous recombination (McManus
and Sharp, 2002). In addition, RNAI is more powertul than
antisense strategies as far as the reduction in mRNA
expression is concerned (Miyagishi et al., 2003). Moreover.
RNAI is expected to be used as a therapeutic tool in the future
treatment of various diseases, such as cancer, viral infections,
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and neurodegenerative disorders (Milhavet et al.. 2003). In
order to effectively use siRNA-based gene silencing as both
an experimental and therapeutic tool, the intensity and
duration of the gene silencing needs to be optimized.
Optimization of the “‘gene silencing” effects has been
extensively studied to find the optimal sequence of siRNA
(Reynolds et al., 2004; Yoshinari et al., 2004). which
determines the intensity of gene silencing by siRNA. When
siRNA with an optimized sequence is introduced to cells viaa
suitable delivery agent, the expression of a specific protein is
markedly reduced by degrading the targeted mRNA.
However. the expression level of the target gene will return
to a normal level, because siRNA is degraded and its effective
concentration in the cells decreases with time. To use siRNA
for silencing target gene expression, therefore, it is very
important to understand how long the target mRNA or protein
is suppressed by the siRNA introduced.

Maximal inhibitory efficiency of siRNA, a parameter that
has frequently been used to express the potency of each
siRNA, should be discussed with the duration or persistence
of its effect. In the present study, therefore, we developed a
simple kinetic analytical method based on moment analysis
to quantitatively assess both the intensity and duration of
gene silencing by siRNA. A murine melanoma cell line (B16-
BL6) was stably transfected with firefly (target gene of
RNAIi) and sea pansy (internal standard gene) luciferase
genes (B16-BL6/dual Luc). B16-BL6/dual Luc was used to
monitor the gene silencing. In this cell line, gene expression
was evaluated by the ratio of the firefly luciferase activity to
that of sea pansy luciferase, because the luciferase activity is
proportional to the amount of luciferase protein and the half-
life of the firefly luciferase is short enough to reflect the time-
course of the mRNA level. The time-course of the reduction
in protein expression was characterized by the proposed
kinetic analysis, which provides important parameters to
evaluate the intensity and duration of gene silencing by
siRNA.



MATERIALS AND METHODS

Construction of Stably Expressing Cell Lines

B16-BL6/dual Luc, a cell line that expresses both firefly and
sea pansy luciferase, was constructed from a murine
melanoma cell line B16-BL6 (Poste et al., 1980) as reported
previously (Takahashi et al., 2005). The cells were cultured in
Dulbecco’s modified Eagle’s minimum essential medium
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with
10% tetal bovine serum (FBS) and penicillin/streptomycin/t.-
glutamine (PSG) at 37°C and 5% CO,. B16-BL6/dual Luc
continuously expressed the firefly and sea pansy luciferases
activities at about 3 and 10 RLU/s/cell, respectively.

siRNA

Synthetic siRNA targeting the mRNA of firefly luciferase™
(target sequence: GTG CGC TGC TGG TGC CAA CCC)
was purchased from Takara Bio (Otsu, Japan).

Transfection

B16-BL6/dual Luc cells were plated on 24-well culture
plates (at a density of 2 x 10* cells/well). After an overnight
incubation, the transfection of siRNA was performed using
Lipofectamine 2000 at a final concentration of 2 pg/mL
according to the manufacturer’s instructions. Plasmid DNA
without specific expression was used to transfect an equal
amount of nucleotides. since the amount of nucleotides
contained in Lipofectamine 2000 complex affect cell activity.
In brief, 1 ug of nucleotides was mixed with 3 ng Lipofecta-
minc 2000, and the resulting complex was added to the cells.
Cells were incubated with the complex for 4 h and then cells
were cultured with culture medium as described above.

Luciferase Assay

To determine luciferase activity, B16-BL6/dual Luc cells
were lysed using the cell lysis buffer of an assay kit
(PiccageneDual, Toyo Ink, Tokyo, Japan). Then, samples
were mixed with the kit luciferase assay buffer, and the
chemiluminescence produced was measured in a lumin-
ometer (Lumat LB9507, EG and G Berthold. Bad Wildbad,
Germany).

Following subtraction of the background activity using the
lysates of B16-BL6 cells, the ratio of the activity of firefly
luciferase to sea pansy luciferase was calculated to correct for
differences in the number of cells in each sample. The ratios
of luciferase activities were normalized with those of the
cells transfected with only pDNA to give the parameter (Rgg:
ratio of gene expression). Rgg was used as an indicator of the
level of gene expression in B16-BL6/dual Luc cells.

Data Analysis

Gene silencing by siRNA was assumed to consist of two
phases: the degradation phase of mRNA, in which siRNA

degrades the target mRNA, and its recovery phase due to a
reduction in the effective siRNA. When the ratio of gene
expression is expressed as Rgg, the time-course of (1 —Rgg) is
predicted to construct a statistical distribution with respect
to time. Thus, we define the area under the curve of the
inhibitory effect (AUC;g) as an index of the total intensity of
RNAI and the mean response time of the inhibitory effect
(MRT,g) as an index of its duration by Equations (1) and (2),
respectively.

AUC|E = /00c (I - RGE)d’ (])

_Jo 1-(1 = Reg)dr
Jos (1 = Rgg)dr
The numerical calculation is the same as that used for the
area under the plasma concentration-time curve (AUC) and
the mean residence time (MRT) by trapezoidal integration
(Yamaoka et al., 1978). Taking siRNA as a drug and AUC or
MRT as the response to the drug, we assumed that AUC;g and
MRT versus the initial concentration of siRNA (C,) could
be expressed by the following linearized equation, which is
known to describe the dose—response curves of drugs. The
parameters a and b were estimated by linearizing the plots.

MRTy: (2)

C o b
0 o Co —&+—

= 3
AUC|E MRT]E a a ( )

RESULTS AND DISCUSSION

Figure 1 shows the time-courses of the gene expression level
of firefly luciferase in B16-BL6/dual Luc cells following
transfection of siRNA at an initial concentration (Cy) of 1. 10.
or 100 nM. When the C;, was 1 or 10 nM, the expression ratio
decreased with time, and reached a minimum at 2 days
following transfection. On the other hand, at the highest
concentration of 100 nM, Rgg had a flat trough from day 1 to
6, indicating saturation of the RNAi effect.

The suppression was significant until day 3 for 1 nM, day 5
for 10 nM, and day 8 for 100 nM of siRNA at a 5% level of
significance (Student’s 7-test). Table I summarizes the AUC;g
and MRTyg calculated by Equations (1) and (2); both the
AUC,g and MRTjg increased as the C, increased. Co/AUC g
and CyMRT g versus C, are shown in Figures 2 and 3. The
correlation coefficients (r) of both Co/AUC,g and C/MRT ¢
versus Co were more than 0.999, and this equation can be
converted to plots of the AUC and MRTg. respectively,
versus the logC, where both the AUCg and MRT;g have a
sigmoidal shape when plotted against logC,,.

Time-dependent changes in RNAIi effect and kinetic
analysis of the effect have been reported in the literature
(Hahn et al., 2004; Haley and Zamore, 2004; Raab and
Stephanopoulos, 2004). To determine the optimal time point
for mRNA analysis by gRT-PCR. Hahn et al. (2004) studied
the kinetics of mRNA degradation caused by siRNA. They
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Days after transfection

Figure 1.

Days after transfection

Days after transfection

Time-courses of gene expression (Rgg) following transfection of siRNA. B16-BL6/dual Luc cells were transfected with siGL3 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 £ SD (n = 3).

*, P < 0.03 for Student’s r-test versus control group.

focused only on the initiation of RNAi (mRNA degradation
phase), and did not investigate the later phase. From a kinetic
viewpoint, Haley et al. characterized the interaction between
siRNA and the siRNA-directed ribonucleoprotein complex
(RISC) that catalyzes a target RNA cleavage in the RNAI
pathway (Haley and Zamore. 2004). They investigated
mainly the time-course of the degradation of the RNA
siRNA-RISC complex, and it was found that RISC is a
classical Michaclis—Menten enzyme in the presence of ATP.
They further suggested that different regions of siRNA play
their own roles in the cycle of target recognition, cleavage,
and target recognition. However, the goal of their study was
to characterize the siRNA-RISC complex, which was
different from our goal of quantitatively describing the
intensity and duration of siRNA-based gene silencing.
Therefore, their study was limited to using cell extracts as
the RNAi1 machinery and they did not study the induction of
RNAI in living cells. The kinetics of transgene expression
was discussed after the cotransfection of pDNA encoding
reporter gene and the corresponding specific siRNA (Raab
and Stephanopoulos, 2004). They attempted to predict the
time-course of the transgene expression resulting from the
transfection of pDNA and siRNA-based transcript degrada-
tion. In order to achieve this, they assumed a model that
describes the dynamics of mRNA transcript, protein. plasmid
DNA. and transfected siRNA. It was demonstrated in their
study that different profiles of exogenous gene expression
can be obtained depending on the time when the siRNA is
transfected after the transfection of the target plasmid, and
the profiles can be predicted by the proposed mathematical
model. However, their investigation was limited to a
discussion of the effect of siRNA on the kinetics of
exogenous gene expression.

Table 1. AUCt (day) and MRT ¢ (day) versus siRNA initial
concentrations (Cy; nM).

Unlike these earlier studies, we investigated the time-
course of the RNAI effect on endogenous gene expression
from the beginning to the end of the effect. Moreover. our
study provides a method to evaluate kinetically the intensity
and duration of the RNAI effect based on moment analysis. In
arecent paper, Kim et al. (2005) reported that synthetic RNA
duplexes 25-30 nucleotides in length can be up to 100-
fold more potent than corresponding conventional 21-mer
siRNAs. The increase in the efficacy was estimated by the
dose-response data on the level of protein expression of
enhanced green fluorescent protein (EGFP) at a single (24 h)
time point. However, the results shown in Figure 3 in the
reference indicated that the difference in the RNAI effect
between a 21-mer siRNA and a 27-mer double stranded RNA
(dsRNA) was not so large as the value (100-fold) estimated
from EGFP at 24 h. Assuming that the EGFP level returns to
the initial level (100%) with the same slope as that observed
between day 8 and 10. we calculated the AUCg using the
method developed in the present study to be 3.11 and 10.8 for

20

50 100

Cy (nM)

Linear plots of Co/AUC g versus C,. Symbols represent Cy/
AUC calculated by Equation (1), with lines fitted using Equation (3). @ and
b, are parameters described in Equation (3), and were calculated to be 6.90
and 4.72, respectively. r, is the correlation coefficient of the linear plots, and

Ca AUCse MRTg Figure 2.
1 2.00. 1.98
10 4.00 2.72
100 6.59 4.21
was calculated to be 0.999.
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Figure 3. Linear plots of Cy/MRT: versus C. Symbols represent Cy/
MRTg; calculated by Equation (2), with lines fitted using Equation (3). @ and
b. are parameters described in Equation (3). and were calculated to be 4.35
and 3.47, respectively. 1, is the correlation coefficient of linear plots. and was
calculated to be 0.999.

the 21-mer siRNA and the 27-mer dsRNA. respectively,
indicating that the 27-mer siRNA is only threefold more
potent than the conventional one, as far as the total RNAI
potency is evaluated by the AUC;g. The MRT)g calculated
(3.82 for the 21-mer siRNA and 6.47 for the 27-mer dsRNA)
also indicated a moderate increase. These findings strongly
suggest that the AUC;g and MRT)g are useful parameters to
guantitatively compare the potency of various types of RNAI
effectors including ones that will be developed in future.

In conclusion, the AUCg and MRT;g proposed in this
study can be calculated by simple numerical integration. The
AUCg can be used as an index of the intensity of gene
silencing effect of siRNA delivered, whereas MRTyg can be
used for the duration of the RNAI effect. The time-course of
the reduction in protein expression by siRNA was success-
fully evaluated by the proposed kinetic analysis, thereby
providing important parameters to evaluate the extent and
duration of gene silencing by siRNA and to quantitatively
understand and efficiently control RNAi. Also, these
parameters will be useful for predicting the duration of the
gene silencing effect of siRNA before applying it as an
experimental tool as well as a therapeutic treatment. More-
over, our proposed moment analysis is suitable for designing
experimental or therapeutic protocols in which siRNA is
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administered repeatedly to obtain a sustained genc silencing
effect as well as providing well-controlled experimental
conditions or a good therapeutic effect.
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Abstract

Background Although lipofection-induced TNF-a can activate nuclear
factor B (NF-«B), which, in turn, increases the transgene expression from
plasmid DNA in which any NF-«xB responsive element is incorporated, no
attempts have been made to use such biological responses as NF-« B activation
against a vector to enhance vector-mediated gene transfer.

Methods A lipoplex composed of N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium and cholesterol liposome and plasmid DNA encoding
firefly luciferase under the control of the cytomegalovirus immediate early
promoter (pCMV-Luc) was intravenously injected into mice. Luciferase
activity as well as NF-«B activation in the lung were evaluated. Then, a
novel plasmid DNA, pCMV-«B-Luc, was constructed by inserting 5 repeats of
NF-«B-binding sequences into the pCMV-Luc.

Results NF-«B in the lung was activated by injection of the lipoplex and
its nuclear localization was observed. An injection of lipopolysaccharide
30 min prior to the lipofection further activated NF-«B. At the same time,
the treatment significantly increased the transgene expression by lipoplex,
suggesting a positive correlation between expression and NF-«xB activity.
Based on these findings, we tried to enhance the lipoplex-based transgene
expression by using NF-«B activation. The lipoplex consisting of pCMV-«B-
Luc showed a 4.7-fold increase in transgene expression in the lung compared
with that with pCMV-Luc.

Conclusions We demonstrated that NF-«B activation by lipoplex can be
used to enhance lipoplex-mediated transgene expression by inserting NF-«B-
binding sequences into plasmid DNA. These findings offer a novel method for
designing a vector for gene transfer in conjunction with biological responses
to it. Copyright © 2005 John Wiley & Sons, Ltd.

Keywords lipoplex; TNF-a; NF-«B; lung; plasmid DNA; CMV promoter

Introduction

The cationic liposome/plasmid DNA complex, or lipoplex, is a safe and con-
venient nonviral vector that has been intensively studied for in vivo gene
transfer [1-3]. However, it has some drawbacks, such as a low level of
transgene expression, which is mainly attributed to the biological barrier
preventing exogenous plasmid DNA passing through biological membranes
such as the plasma and endosomal membranes, and the nuclear envelope
[4,5]. The use of dioleoyl phosphatidylethanolamine (DOPE) as a helper
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lipid in cationic liposome formulations can improve the
delivery of plasmid DNA into the cytoplasm through
destabilization of the endosomal membrane, leading
to increased transgene expression. Intratracheal or
intratissue gene transfer using lipoplex formulated with
DOPE-containing cationic liposomes has been shown to be
very efficient. However, such lipoplexes induce fusion of
erythrocytes and produce less transgene expression after
systemic administration [6].

Another drawback is the nonspecific and systemic pro-
duction of inflammatory cytokines such as tumor necrosis
factor (TNF)-«a, interferon (IFN)-y and interleukin (IL)-
12, mostly induced by the unmethylated CpG motif
contained in plasmid DNA [7-9]. Kupffer cells in the
liver are the major source of these cytokines after intra-
venous injection of lipoplex {10]. Excessive production
of such cytokines can be regarded as a side effect of
lipofection and should be reduced as much as possi-
ble. Various approaches have been designed to decrease
cytokine production, including a reduction in the number
of immunostimulatory CpG motifs [11], the use of PCR-
amplified DNA fragments [12], and sequential injection
of cationic liposomes and plasmid DNA [13].

On the other hand, biological responses such as
cytokine production may be used to enhance the
transgene expression by lipoplex. Of the cytokines induced
by lipoplex, TNF-¢ is a well-known activator of the
transcription factor nuclear factor «B (NF-«B) that is
present in the cytoplasm of a variety of cells [14-16].
Upon activation NF-«xB translocates and accumulates
in the nucleus, binds to its recognition DNA element,
and participates in the activation of transcription of
various genes [17]. Genes activated by NF-«<B include
cell-surface molecules such as immunoglobulin « light
chain, class I and II major histocompatibility complex,
and various cytokines. In addition, some viruses including
cytomegalovirus (CMV) have also NF-«B-binding sites in
their enhancers, and viral production is stimulated by
agents that activate NF-«B {18].

These pieces of evidence have led us to form
a hypothesis that lipofection-induced TNF-a activates
NF-«B in target cells, which, in tumn, increases the
transgene expression from plasmid DNA in which any
NF-«B-responsive element is incorporated. However, no
attempts have been made to use such biological responses
as NF-«B activation against a vector to enhance vector-
mediated gene transfer. In the present study, therefore,
we first investigated whether NF-«B in the lung was
activated after intravenous injection of a lipoplex. Plasmid
DNA encoding firefly luciferase under the control of CMV
immediate early promoter (pCMV-Luc) was used as a
model plasmid, and N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium (DOTMA) and cholesterol (Chol)
liposomes (DOTMA/Chol liposomes) were prepared as
cationic liposomes. To examine the correlation between
NF-«B activation and transgene expression, we examined
the effect of lipopolysaccharide (LPS), a well-known
activator of NF-«B, and found a positive correlation
between the activation and transgene expression in
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the lung. Based on these findings, we constructed
a novel plasmid DNA, pCMV-«B-Luc, by inserting 5
additional NF-«B-binding sequences into the pCMV-Luc,
and achieved significantly enhanced transgene expression
in the lung by intravenous injection of a lipoplex
containing the novel plasmid DNA.

Materials and methods

Chemicals

DOTMA was purchased from Tokyo Kasei (Tokyo,
Japan). Chol was purchased from Nacalai Tesque (Kyoto,
Japan). LPS was purchased from Sigma (St. Louis,
MO, USA). "MIndium chloride was supplied by Nihon
Medi-Physics Co. (Takarazuka, Japan). [y-*2PJATP was
purchased from Amersham (Tokyo, Japan). PathDetect®
NF-«B cis-reporting pNF-xB-Luc plasmid was purchased
from Stratagene (La Jolla, CA, USA). Opti-MEM I was
obtained from Gibco BRL (Grand Island, NY, USA).
The nuclear extract kit was supplied from Active
motif. Oligonucleotides were purchased from Sawady
(Tokyo, Japan); one with a NF-xB-binding sequence (5’
TCAGAGGGGACTTTCCGAGAGG-3', the underlined part
represents the NF-«B-binding sequence) and one with
a random sequence (5-AGTGTCAGCACGTGGAGATGCG-
3’) were used. All other chemicals were of the highest
purity available.

Plasmid DNA

pCMV-Luc was constructed by inserting the HindIIl/Xbal
firefly luciferase cDNA fragment from pGL3-control vector
(Promega, Madison, W1, USA) into the Hindlll/Xbal site
of pcDNA3 vector (Invitrogen, Carlsbad, CA, USA) as
previously reported [6]. pPCMV-«B-Luc was constructed by
inserting the Bglll/Nrul site of the 5 repeats of the NF-«B-
binding sequence from pNF-«B-Luc into the Bglll/Nrul
site of pCMV-Luc. Each plasmid DNA was amplified in the
E. coli strain DH5¢ and then isolated and purified using
a Qiagen Endofree™ Plasmid Giga kit (Qiagen GmbH,
Hilden, Germany). The LPS concentration in plasmid DNA
was measured with a LAL assay kit (Limus F Single Test -
Wako; Wako Pure Chemical, Osaka, Japan) and found to
be less than 22 pg/ug DNA. Then purified plasmid DNA
was dissolved in sterilized endotoxin-free 5% dextrose
and stored at —20 °C until required.

Preparation of cationic liposomes

A mixture of 15.2 mg DOTMA and 8.8 mg Chol in 12 ml
chloroform was dried as a thin film, vacuum desiccated,
and hydrated with vortexing in 3 ml sterilized 5% dextrose
to give a final concentration of 3.5 mg DOTMA/ml in a
50-m] round-bottomed flask [10]. After hydration, the
dispersion was sonicated for 3 min in a bath sonicator at
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37°C. The lipid solution was frozen in liquid nitrogen for
2 min and thawed in a water bath for 6 min at 37 °C. The
dispersion was passed through a MILLEX®-GV 0.22 um
filter unit (Millipore, Bedford, MA, USA). The particle
size of the cationic liposomes was found to be about
160 nm by dynamic light scattering spectrophotometry
(LS-900, Otsuka Electronics, Osaka, Japan). The lipid
concentration was determined by the Cholesterol C-II
Test Wako (Wako Pure Chemical, Osaka, Japan).

Preparation of lipoplex

The liposome dispersion (4.5 mg/ml) was diluted to
1.25 mg/ml and 2 mg plasmid DNA/ml solution were
diluted with 5% dextrose to 0.25 mg/ml. An equal volume
of each diluted solution was mixed in a water bath at 37 °C
and allowed to stand for 30 min. The particle size of the
lipoplex was measured in 5% dextrose and found to be
about 250 nm in diameter.

Animal experiments

Male ddY and male BALB/c mice were purchased from the
Shizuoka Agricultural Co-operative Association for Labo-
ratory Animals (Shizuoka, Japan) and maintained on a
standard food and water diet under conventional hous-
ing conditions. All animal experiments were conducted in
accordance with the principles and procedures outlined
in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The protocols for animal
experiments were approved by the Animal Experimenta-
tion Committee of the Graduate School of Pharmaceutical
Sciences of Kyoto University.

Tissue distribution after intravenous
injection of lipoplex

Plasmid DNA (pCMV-Luc) was radiolabeled with 11In as
reported elsewhere [19). Then !lIn-plasmid DNA was
diluted with nonradiolabeled plasmid DNA to give a
dose of plasmid DNA of 25 ug/mouse. Male ddY mice
(20-22 g) received the lipoplex containing !!!In-plasmid
DNA in sterilized 5% dextrose by tail vein injection. Mice
were killed at 1, 10, 60 and 120 min after injection
and the liver, kidney, spleen, lung, and heart were
harvested, rinsed with saline and weighed. Blood was
withdrawn from the vena cava and urine was collected
from the bladder. The M'In-radioactivity of the samples
was counted in a well-type scintillation counter (ARC-500,
Aloka, Tokyo, Japan).

In vivo transfection and reporter gene
assay

Male BALB/c mice (20 g) received lipoplex at a dose
of 25 ug plasmid DNA/mouse in 200 pul 5% dextrose by
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tail vein injection. At indicated times after injection, the
lung was harvested, washed with ice-cold saline, and
homogenized with 4 ml/g tissue of lysis buffer (0.1 M
Tris, 0.05% Triton X-100, 2 mM EDTA, pH 7.8), and
subjected to three cycles of freezing in liquid nitrogen
for 3 min and thawing in a water bath at 37°C for
3 min. The homogenates were centrifuged at 10000 g
for 8 min at 4°C. Then, 10 pl of the supernatant were
mixed with 100 pul luciferase assay buffer (Pikkagene,
Toyo Ink, Tokyo, Japan) and the chemiluminescence was
measured with a luminometer (Lumat LB 9507, EG&G
Bethhold, Bad Wildbad, Germany).

Separately, naked plasmid DNA dissolved in a 1.6 ml
saline was injected into the tail vein of mice within
5s at a dose of 1 pg plasmid DNA/mouse [20]. At 6 h
after injection, the lung and liver were excised and the
luciferase activity was assayed as above.

Cytokine assay

The levels of TNF-¢ in serum after intravenous injec-
tion of the lipoplex were measured using an ELISA
kit (AN'’ALYZA™, Genzyme, Cambridge, MA, USA) as
described previously [21]. Blood was collected into plastic
tubes from the vena cava of mice under anesthesia, and
allowed to stand for 3 h at 4°C. Then the samples were
centrifuged at 3000 g for 30 min at 4°C and the serum
obtained was used for the assay.

Preparation of nuclear protein extracts

Mice were killed at the indicated times after injection of
the lipoplex and the lungs were immediately harvested
and frozen in liquid nitrogen. Nuclear protein extracts
were prepared as described previously [22]. In brief, each
lung was immersed in 1 ml of ice-cold lysis buffer (10 mM
Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT,
0.5 mM PMSF, 2 pug/ml pepstatin A, 2 ug/ml leupeptin,
2 pg/ml L-leucinethiol) and homogenized on ice with a
Potter homogenizer. It was then incubated on ice for
15 min and 25 pl of 10% Nonidet P-40 (Sigma Aldrich
Japan, Tokyo, Japan) were added. After vortexing for
15s, the samples were incubated on ice for 20 min
and centrifuged at 10000 g for 15 min at 4°C. The
pelleted nuclei were resuspended in 100 ul of extraction
buffer (20 mM Hepes, pH 7.9, 420 mM NaCl, 1.5 mM
MgCl,, 0.2mM EDTA, 0.5mM DTT, 0.5 mM PMSF,
2 ug/ml pepstatin A, 2 pg/ml leupeptin, 2 pug/ml L-
leucinethiol) and incubated on ice for 30 min. The
nuclear suspension was centrifuged at 10000 g for 15 min
at 4°C to collect the supernatant containing nuclear
protein extracts. The concentration of nuclear protein
in the resulted supernatant from each lung extract was
determined with the Protein Quantification Kit-Wide
range (Dojindo Molecular Technologies, Inc., Kumamoto,
Japan). Separately, colon26 cells were treated with 4 uM
phenazine methosulfate to activate NF-«B, and nuclear
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protein extracts from the cells were collected using a
nuclear extract kit (Active motif, CA, USA), which were
used for the comparison of plasmid DNA in the binding
strength to activated NF-«B.

Electrophoretic mobility shift assay
(EMSA)

EMSA was performed as described previously [23]. A
single-stranded oligonucleotide containing an NF-«B-
binding sequence (5-TCAGAGGGGACTTTCCGAGAGG-
3’) was end-labeled with [y -32P]ATP using polynucleotide
kinase T4 (MEGALABEL™, Takara Bio Inc., Otsu, Japan).
The end-labeled probe was purified from unincorporated
[y-32P]ATP using Sephadex G-50 (Pharmacia, Uppsala,
Sweden) and recovered in TNE buffer (10 mM Tris
HCl, 0.1 M NaCl, 1 mM EDTA, pH 7.5). An aliquot
of 50 pg extracted nuclear protein was incubated with
15 ul binding buffer (20 mM Hepes, pH 7.9, 0.5 mM
EDTA, pH 8.0, 50mM KCl, 10% glycerol, 0.5 mM
DTT, 0.5 mM PMSF) and 2 pg salmon sperm DNA for
15 min on ice. Then 1 x 10° cpm of the radiolabeled
oligonucleotide was added to the sample followed by
an additional 30 min incubation at room temperature
and 2 pl 0.1% bromphenol blue dye were added to each
sample. An aliquot of 25 ul of the resulting solution was
electrophoresed on a 4% nondenaturing polyacrylamide
gel for 75 min at 150 V in TGE buffer. After completion
of the electrophoresis, the gel was transferred to a piece
of blotting paper and dried under vacuum. The dried
gel was exposed to an Imaging Plate (Fuji Photo Film,
Kanagawa, Japan) and analyzed by a Bio-Image analyzer
system (BAS-2500, Fuji Photo Film).

Competitive EMSA

To compare the binding strength of plasmids with NF-«B,
a competitive EMSA was carried out. An aliquot of 60 pg
extracted nuclear protein from phenazine methosulfate
treated colon26 cells was incubated with the 1.5 x 108
cpm of radiolabeled oligonucleotide on ice for 30 min
with varying amounts of pCMV-Luc or pCMV-«B-Luc
(0-0.3 pg/sample) in binding buffer as above. Then
the samples (20 ul) were electrophoresed on a 4%
nondenaturing polyacrylamide gel for 90 min at 150 V
in a cold room. After completion of the electrophoresis,
the gel was exposed as above and analyzed by a Bio-Image
analyzer system (BAS-3000, Fuji Photo Film).

In vitro transfection and reporter gene
assay

Cultured ECV304 cells were seeded at 2 x 10° cells
per well onto 12-well plates 24 h before transfection.
The cells were about 80% confluent at the time of
transfection. Then, the cells were incubated with 1 ml
Opti-MEM 1 containing 0.5 pg plasmid DNA complexed
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with DOTMA/Chol liposome for 4 h. Then the cells were
incubated with or without TNF-a (25 ng/ml) for 3 h. After
an additional 8 h incubation, the cells were scraped off
the plates and centrifuged at 3000 g for 3 min at 4°C.
The pellets were resuspended in 1 ml phosphate-buffered
slaine (PBS(-)) and subjected to three cycles of freezing
and thawing. Aliquots of the supernatant were used to
determine the luciferase activity with a luminometer as
described above.

Separately, the cells were treated with the lipoplex
for 2h as described above. Then the cells were
mixed with 2’,7'-dichlorodihydrofluorescein diacetate
(Molecular Probes, Eugene, OR, USA), incubated for
30min in 5% CO,, humidified air at 37°C, and
examined under confocal microscopy. Once reactive
oxygen species (ROS) were produced, a fluorescent
product was generated.

Statistical analysis

The results are given as mean =+ standard deviation (SD).
Statistical analysis was performed using an unpaired t-
test. For multiple comparison (Figure 3B), analysis of
variance with subsequent Dunnett test was employed
to determine the significance of differences. Values of
P < 0.05 were considered statistically significant.

Results

Tissue distribution of lipoplex and
serum TNF-a concentration

Luciferase activity in the lung peaked at 6-12h after
injection, then gradually decreased, showing a transient
profile of transgene expression as reported previously
(data not shown) [10,24]. Figure 1A shows the time-
course of ''In-radioactivity in the blood, liver, and
lung after intravenous injection of a lipoplex prepared
with DOTMA/Chol liposomes and !!!In-labeled plasmid
DNA. As described previously [25], the lipoplex rapidly
accumulated in the lung and then disappeared from
the lung and was mainly delivered to the liver. Using
the 11In-labeling technique, the tissue distribution of
the lipoplex can be traced longer than before, and it
was shown that about 8% of the injected radioactivity
remained in the lung at 6 h post-injection. About 50% of
the injected radioactivity accumulated in the liver as early
as 1 h after injection of the lipoplex. Previous studies in
our laboratory showed that liver nonparenchymal cells
are mainly involved in this uptake of lipoplex [26] and
Kupffer cells in the liver are responsible for the production
of TNF-a [10]. '

Figure 1B shows the time-course of the serum concen-
tration of TNF-« after injection of the lipoplex. TNF-«
could be detected as early as 1 h after injection, reaching
a peak at 2 h with a value of more than 500 pg/ml, and
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Figure 1. Tissue distribution of radioactivity after intravenous
injection of !!!In-labeled lipoplex and serum concentration of
TNF-« after intravenous injection of lipoplex in mice. (A) Mice
received a DOTMA/Chol liposome-!11In-plasmid DNA complex at
a dose of 25 ug plasmid DNA/mouse. Then blood concentration
(®) and tissue accumulation in liver (A) and lung (O) of
radioactivity were determined at the indicated times. The results
are expressed as the mean + SD of three mice. (B) Time course
of the serum concentrations of TNF-« after intravenous injection
of the lipoplex at a dose of 25 pg plasmid DNA/mouse. At the
indicated times post-injection, mice were killed and blood was
collected. Serum concentrations of TNF-a were determined by
ELISA. The results are expressed as the mean %+ SD of three mice

then declining thereafter. At 24 h post-injection, TNF-«
was barely detectable in serum.

NF-«B activation in mouse lung after
intravenous injection of lipoplex

Activation of NF-«B was detected by an electrophoretic
mobility shift assay (EMSA). Mouse lung was collected
and homogenized, and the nuclear fractions were sub-
jected to electrophoresis using 32P-labeled oligonucleotide
having an NF-«B-binding sequence. No NF-«B was found
in the nuclear fraction of the lung from a control mouse
(Figure 2, lane 1). On the other hand, NF-«B could be
detected in the nuclear fraction of the lung 1h after
intravenous injection of the lipoplex into mice (Figure 2,
lanes 2, 3), indicating that the lipoplex activates NF-«B in
the lung. The amount of NF-«B detected was greater in
mice receiving intravenous LPS 30 min prior to lipofection
(Figure 2, lane 4).

The band was reduced by the addition of a 100-
fold excess of oligonucleotide having an NF-«B-binding

Copyright © 2005 John Wiley & Sons, Ltd.

57

&
”

Figure 2. EMSA analysis of NF-«B in mouse lung after
intravenous injection of lipoplex. Lane 1: Lung was harvested
from untreated mice and nuclear protein extracts were analyzed
by EMSA as a negative control. Lanes 2, 3: A pair of mice
each received the lipoplex intravenously. One hour after
injection, lungs were harvested and nuclear protein extracts
were analyzed. Lane 4: Mice received 200 p.g LPS 30 min before
injection of the lipoplex. One hour after injection, lungs were
harvested and nuclear protein extracts were analyzed. Lane 5:
The sample from lane 4 was electrophoresed with a 100-fold
excess of unlabeled oligonucleotide with an NF-xB-binding
sequence. Lane 6: The sample from lane 4 was electrophoresed
with a 100-fold excess of pCMV-Luc. Lane 7: The sample from
lane 4 was electrophoresed with a 100-fold excess of unlabeled
oligonucleotide with a random sequence

sequence to the nuclear extracts from the lipoplex-treated
mice (Figure 2, lane 5), not by the addition of a random
oligonucleotide (Figure 2, lane 7). These findings support
the hypothesis that the band observed is specific to NF-«B.
The addition of pCMV-Luc also resulted in disappearance
of the band (Figure 2, lane 6). Therefore, this clearly
shows that NF-«B binds to pCMV-Luc, probably through
the NF-«B-binding sequences existing in the plasmid DNA.
So far, it has been observed that NF-«B is activated in the
lung by an intravenous injection of the lipoplex, and the
activated NF-«B in the lung could affect the transgene
expression in the organ.

Enhanced transgene expression
through further activation of NF-«B by
LPS

To investigate the relationship between the transfection
efficiency and NF-«B activation in the lung, we examined
the effect of the administration of LPS on transgene
expression by the lipoplex. LPS was injected to exaggerate
use for NF-xB activation in the lung. Mice receiving 200 ug
LPS 30 min prior to the injection of the lipoplex showed
a significantly greater transgene expression in the lung
than those pre-injected with saline (Figure 3A). Next,
LPS was injected after the injection of the lipoplex with
different intervals between the injections. The injection
of LPS after the lipoplex was also as effective as the
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Figure 3. Luciferase activity in lung after intravenous injection
of the lipoplex into mice receiving LPS pre- or post-injection.
(A) At 30 min before injection of the lipoplex, mice received
saline (control) or 200 pg LPS. At 6 h post-injection, mice were
killed and the lungs were harvested for luciferase assay. (B) Mice
received 200 pg LPS at the indicated times post-intravenous
injection of the lipoplex. At 6 h post-injection, mice were killed
and the lungs were harvested for luciferase assay. The results
are expressed as the mean % SD of four mice. *P < 0.05 vs. the
control group

pre-injection method when the interval was 2 or 3 h
(Figure 3B). However, injections at a 4 h interval did not
significantly increase the expression. Together with the
results of NF-«B activation by LPS (Figure 2, lane 4),
these findings suggest that there should be a positive
correlation between transgene expression and activation
of NF-«B in the lung.

Enhanced transgene expression by
lipoplex containing pCMV-«B-Luc

Taking the results of Figures 2 and 3 into consideration,
we hypothesized that transgene expression by lipoplex
is enhanced by use of activated NF-xB in the lung.
Based on this, a novel plasmid vector, pPCMV-«B-Luc, was
constructed by inserting 5 repeats of an NF-«B-binding
sequence upstream of the CMV promoter in pCMV-
Luc, on the assumption that the inserted NF-«kB-binding
sequences would increase the opportunity of plasmid
DNA interacting with the transcription factor. A lipoplex
prepared with pCMV-xB-Luc showed a significantly
greater (4.7-fold, P < 0.05) transgene expression in the
lung after intravenous injection than that with pCMV-Luc
(Figure 4A). Separately, naked plasmid DNA was injected
into mice in a large volume of saline at a high velocity,
a method which has proved a very powerful method
for invivo gene transfer to internal organs [20]. This
procedure of gene transfer did not activate NF-«B in the
lung (data not shown). Transgene expression by naked
pCMV-xB-Luc was as great as that by naked pCMV-Luc in
lung and liver (Figures 4B and 4C).

Transgene expression into cultured cells was also exam-
ined using ECV304 cells (Figure 5). Cells transfected
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Figure 4. Luciferase activity in mouse lung by pCMV-Luc or
pCMV-«B-Luc. (A) Each group of mice received a lipoplex
composed of the indicated plasmid DNA at a dose of 25 ug
DNA/mouse. At 6 h post-injection, mice were killed and the lungs
were harvested for luciferase assay. The results are expressed as
the mean + SD of five mice. (B, C) Each group of mice received a
large volume of saline containing the indicated plasmid DNA at a
high velocity at a dose of 1 ng DNA/mouse. At 6 h post-injection,
mice were killed and the lungs (B) and liver (C) were harvested
for luciferase assay. The results are expressed as the mean + SD
of three mice

with pCMV-«B-Luc showed a significantly greater trans-
gene expression (2.14-fold, P < 0.05) than ones with
pCMV-Luc. In addition, transgene expression by lipoplex
containing pCMV-«xB-Luc was further increased by the
addition of TNF-a (Figure 5). Then, we measured the
production of reactive oxygen species (ROS) in the cells.
ECV304 cells were treated with the lipoplex for 2h,
then mixed with 2',7'-dichlorodihydrofluorescein diac-
etate. We found that the addition of the lipoplex to the
cells increased the fluorescent intensity in the cells, the
indicator of intracellular ROS, another activator of NF-«B
(Figure 6). The addition of the lipoplex induced intra-
cellular ROS in other types of cells including a mouse
macrophage cell line, RAW264.7 cells (data not shown).

Binding of NF-xB to pCMV-Luc and
pCMV-«B-Luc

To confirm the stronger binding of pCMV-«xB-Luc to
NF-«B, a competitive EMSA was carried out (Figure 7).

J Gene Med 2006; 8: 53-62.

112



NF-«B Activation for Enhanced Expression

B
- 1.2x 10 .t
D
5 1.0x10%f
(=1
g

7
S 80x107[
J
c
> 6.0x107
% t
< 40x107f
%
© *
2 20x107f j
=
-4

1.0x 10* '—-
pCMV- pCMV-— pCMV- pCMV-
Luc xB-Luc Luc xB-Luc
~TNFa +TNFa

Figure 5. Luciferase activity in ECV304 cells by pCMV-Luc or
pCMV-«B-Luc. ECV304 cells were transfected with a lipoplex
consisting of the indicated plasmid DNA at a dose of 0.5 ug
DNA/well for 4 h. TNF-« was added at a final concentration
of 25 ng/ml and incubated for 3 h. After an additional 8 h of
incubation, the luciferase activity was measured. The results
are expressed as the mean £ SD of three wells. *P < 0.05 vs.
pCMV-Luc group and P < 0.05 vs. each control (without TNF-a
treatment) group

Both pCMV-Luc and pCMV-«B-Luc reduced the specific
binding of the radiolabeled probe to the nuclear extracts in
a concentration (amount)-dependent manner. However,
the reduction was more intense when pCMV-«B-Luc
was added to the sample mixture. These results clearly
demonstrate that pCMV-«B-Luc has greater binding ability
with NF-xB than pCMV-Luc.

Discussion

Lipoplex-based transgene expression is considerably
lower than that obtained with viral vectors. This can

(A)

59

be explained by the fact that there are many biological
barriers obstructing the access of plasmid DNA to the
nucleus in vivo [27]; nucleases in the systemic circulation,
the tangled structure of the extracellular matrix,
degradation in the endosomes/lysosomes, and passage
through the endosomal membrane and nuclear envelope.
Some studies have investigated the physicochemical
properties of lipoplex, and lipid composition of cationic
liposomes has been optimized to overcome such barriers
[28,29]. On the other hand, Zabner et al. [5] reported that
the nuclear envelope is the main obstacle to lipofection.
However, the details of the nuclear translocation of
plasmid DNA are still unclear. Plasmid DNA is unlikely to
passively diffuse into the nucleus, because its molecular
size (usually <2000 kDa) is much greater than the passive
diffusion limit (40-60 kDa) [30]. Some researchers
reported that plasmid DNA is translocated into the
nucleus through the nuclear pore complex (NPC) [31].
Macromolecules that use the NPC pathway have to
be provided with a nuclear localization signal (NLS).
However, plasmid DNA does not have any such signals,
so this suggests that there may be a certain substance that
provides plasmid DNA with a NLS. Dean et al. [31,32]
reported that cytoplasmically microinjected plasmid DNA
is translocated into the nucleus in association with several
types of transcription factors (SP1, AP1, AP2, Oct-1, etc.).
Such transcription factors bind to their corresponding
sequences in plasmid DNA, and the transcription factor-
associated plasmid DNA is translocated into the nucleus
through the NPC. In the present study, we used a plasmid
DNA, pCMV-Luc, that contains the CMV promoter, which
has been reported to have 4 repeats of the NF-«B-binding
sequences [33). Therefore, it is possible that pCMV-Luc
can be translocated into the nucleus through the activation
of NF-«xB. Mesika et al. [34] reported the NF-«B-assisted
import of plasmid DNA into the nuclei of mammalian cells
in vitro.

Figure 6. Confocal microscopic images of ECV304 cells treated with lipoplex. The cells were incubated with (B) or without the
lipoplex (A, control) for 2 h and mixed with 2,7’-dichlorodihydrofluorescein diacetate. Then, the cells were incubated for 30 min

at 37 °C, and observed by confocal microscopy
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Figure 7. Inhibition of the binding of radiolabeled NF-«B concensus oligonucleotide with nuclear extracts by pCMV-Luc and
pCMV-kB-Luc. Extracted nuclear protein from colon26 cells treated with phenazine methosulfate was incubated with the
radiolabeled oligonucleotide with varying amounts of pCMV-Luc or pCMV-xB-Luc. Then the samples were electrophoresed on
a 4% nondenaturing polyacrylamide gel for 90 min at 150 V in a cold room. After completion of the electrophoresis, the gel was
exposed as above and analyzed by a Bio-Image analyzer system (BAS-3000, Fuji Photo Film)

In agreement with previous reports, our investigations
showed that transgene expression was transient and
greatest in the lung after intravenous injection of
the lipoplex (data not shown). Intravenously injected
lipoplexes became aggregated with erythrocytes or serum
protein and entrapped in the capillaries of the lung, the
first-pass organ after intravenous injection [25,35]. Most
transgene expression occurred in the endothelial cells in
this organ. In this study, we clearly demonstrated that
only 8% of the injected lipoplex remained in the lung
after intravenous injection and about 50% was delivered
to the liver. The newly developed residualizing radiolabel
(19) enabled us to trace the tissue distribution of the
lipoplex for a much longer period after injection.

The fraction delivered to the liver was reported to be
responsible for the production of inflammatory cytokines
(10). A significant level of TNF-a was observed in the
serum after intravenous injection of the lipoplex. Serum
TNF-a could be detected as early as 1 h after injection
and peaked at 2h then gradually diminished. Several
reports claim that the production of TNF-e is mainly
attributed to the unmethylated CpG motif contained
in plasmid DNA [7-9]. Although several cytokines are
produced by lipofection, we focused on TNF-e for the
following reasons: (1) TNF-a is secreted primarily by
macrophages recognizing a foreign substrate such as
CpG motifs in plasmid DNA and IFN-y or IL-12 are
secreted thereafter [24]; (2) TNF-a plays a major role
in cytokine-mediated cytotoxicity; and (3) TNF-« is one
of the most potent stimulators of NF-«B [14-16]. In
this study, we demonstrated that an injection of lipoplex
activates NF-«xB in the lung, the target organ for gene
transfer (Figure 2, lanes 2, 3). To our knowledge, this

Copyright ® 2005 John Wiley & Sons, Ltd.

is the first report showing that lipoplex activates NF-«B
in the lung following administration. TNF-a secreted in
the circulation should be involved in this activation. In
addition to this pathway, the lipoplex might activate
NF-«B by a direct pathway via an electrostatic interaction
with the cell membrane, probably through the generation
of ROS [36]. To examine this possibility, we added
the lipoplex to ECV304 cells, a cell line possessing
endothelial cell-like characteristics. We found that the
lipoplex induced the production of a significant amount
of intracellular ROS. These results suggest two possible
pathways of NF-«<B activation in the lung after invivo
lipofection: (1) NF-«B is directly activated by the lipoplex
accumulated in the lung through ROS production and
(2) NF-«B undergoes secondary activation by TNF-a in
the circulation induced by lipofection. The previous study
reported that pulmonary capillary endothelial cells appear
to be more efficient at the nuclear transfer or gene
expression process than the pulmonary epithelial cells
after intravenous injection of a lipoplex [37]. In addition,
activation of NF-«B by LPS or other stimuli has been
demonstrated in cultured endothelial cells using EMSA
[38]. Therefore, it is reasonable to speculate that the
endothelial cells in the lung are the cells in which
transgene expression as well as NF-«B activation take
place after administration of lipoplex.

Tan et al. [21] previously reported that systemically
produced TNF-a reduces transfection efficiency in the
lung after invivo lipofection. However, here we have
shown that increased transgene expression was obtained
after intravenous administration of LPS (Figure 3), during
which a significant amount of TNF-a was secreted (data
not shown). A possible explanation for this phenomenon
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is that the CMV promoter is activated by NF-«B that has
been activated by LPS-induced TNF-a [15,16]). The CMV
promoter contains 4 repeats of NF-«B-binding sequences,
which enable these two to interact with each other
(33]. In Figure 2, significant activation of NF-xB was
observed after intravenous administration of LPS (lane
4). In addition, the binding of NF-«B to pCMV-Luc was
clearly demonstrated (Figure 2, lane 6). These findings
support the experimental results showing that transgene
expression by pCMV-Luc is positively correlated with the
level of NF-«B activation in the lung. Observations from
other studies also support these findings: CMV promoter
activity was induced by inflammation in the rat arthritis
model, where a positive correlation between transgene
expression and the dose of LPS was obtained [39].
Reactivation of the previously silenced CMV promoter was
observed after administration of LPS in mouse liver [40].
Finally, y-irradiation enhanced transgene expression in
leukemic cells only when a gene of interest was under
the control of a CMV promoter [41). Considering these
previous observations and the current experimental
finding that transgene expression and NF-«B activation
in the lung are positively correlated (Figures 2 and 3), it
is suggested that NF-«B activation plays an important role
in transgene expression produced by lipofection.

Based on these findings, we hypothesized that
transgene expression by lipofection can be enhanced
by utilization of activated NF-«B. LPS cannot be used
to activate NF-xB for practical situations because of
its pyrogenic property. Instead, we constructed a novel
plasmid DNA, pCMV-«B-Luc, by inserting 5 serial
repeats of NF-«B-binding sequences upstream of the
CMV promoter in pCMV-Luc. The competitive EMSA
clearly demonstrated that insertion of the NF-«B-binding
sequences can enhance the probability of interaction
between NF-«B and plasmid DNA. As a result, the
pCMV-xB-Luc-containing lipoplex showed a significantly
greater transgene expression than that with pCMV-Luc
in the lung (Figure 4A), as well as in cultured cells
(Figure 5). Plasmid DNA should dissociate from the
lipoplex to interact with activated NF-«B through its
NF-«B-binding sequence. As shown in previous studies
[42-44], plasmid DNA can be released from the lipoplex
and the DNA released is transported into the nucleus.
Therefore, any approach to facilitate the dissociation, such
as the addition of polyethylene-glycol-modified ceramides
into liposomes [45], may further improve the NF-«B-
dependent increase in transgene expression by pCMV-«B-
Luc. This enhanced transgene expression was probably
achieved through an increased translocation of plasmid
DNA into the nucleus by using the NLS of NF-«B, as
suggested in a previous report [34]. The competitive
EMSA would support this hypothesis (Figure 7).

Another explanation for the enhanced transgene
expression is that the inserted NF-«B-binding sequences
act as enhancers and directly upregulate the transcription
of luciferase. However, this possibility is unlikely because
of our data showing that gene transfer to the lung
and liver following a naked pCMV-«B-Luc injection,
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where NF-«B was hardly activated, gave identical
transgene expression to that obtained by a naked
pCMV-Luc (Figures 4B and 4C). Tan etal. reported
that co-injection of phosphorothioate oligonucleotides
containing an NF-xB-binding sequence (NF-«B decoy)
with lipoplex increased transgene expression in the lung
[46]. Therefore, the inserted NF-«B-binding sequence
may function as a molecular decoy for NF-«B, which
could reduce NF-«B activation in the lung. However,
stable oligonucleotides at high doses were required to
reduce NF-«B activation [46], suggesting that the short
NF-«B-binding sequence in the pCMV-«xB-Luc will not act
as a NF-«B decoy.

In conclusion, we clearly demonstrated that NF-«<B
in the lung is activated by an intravenous injection of
the lipoplex. There was a positive correlation between
transgene expression and NF-«B activation. Finally, we
succeeded in constructing a novel and potent plasmid
DNA with additional NF-«B-binding sequences that
efficiently uses the NF-xB activated by the lipoplex to
enhance transgene expression. These findings offer a
novel strategy whereby a vector is designed to use the
biological response against the vector itself. A better
understanding of biological responses against various
gene transfer approaches will provide us with useful
information for designing a novel and potent approach to
effective in vivo gene transfer.
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Abstract

To inhibit the growth of murine melanoma B16 cells in mice, we downregulated the gene expression of 3-catenin and hypoxia-inducible factor
la (HIF1a) in the tamor cells by delivering short hairpin RNA (shRNA)-expressing plasmid DNA (pDNA) targeting one of these genes.
Transfection of any of the shRNA-expressing pDNAs to B16 cells resulted in the reduction of the corresponding mRNA, which was associated
with a reduced number of viable cells. A flow cytometric analysis of annexin V labeling assay was also performed to count the number of
apoptotic cells. A flow cytometric analysis showed that the suppression of the expression of 3-catenin or HIF1a in B16 cells increased the number
of apoptotic cells. An intratumoral injection of psh3-catenin (shRNA-expressing pDNA targeting [3-catenin) or pshHIFla (shRNA-expressing
pDNA targeting HIFla) followed by electroporation greatly suppressed the expression of the corresponding target mRNA in the intradermal
tumor tissue. The growth of the intradermal tumor was significantly (P<0.05) suppressed by the treatment. In conclusion, tumor growth was
successfully inhibited by the intratumoral delivery of pshi3-catenin or pshHIFla.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction stimulating interferon response [6,7], siRNAs have proven to
be effective agents for suppressing specific gene expression.
Tumor cells are characterized by changes in the profile of ~ The early successes of induction of RNAI in cultured cells have
protein expression. Such changes may lead to the imbalanced led to high expectations for in vivo and therapeutic applications
production of proteins relating to the malignancy of the cells,or  of siRNAs [8,9]. Cancer is one of the most important target
to the production of mutated proteins with abnormal functions. diseases for RNAi-based treatment [10,11]. Contrary to
The altered protein expression in tumor cells may contribute to conventional strategies, such as the use of antisense oligonu-
the cell survival, unregulated proliferation and metastatic nature  cleotides which have been hampered by low potency and
of the cells. Therefore, silencing the expression of these proteins  insufficient specificity, the use of siRNAs is reported to be more
in tumor cells can be a potent and target-specific cancer efficient and to have greater in vivo potency [12-15].
treatment with a low risk of side effects. RNA interference  Therefore, RNAi-based gene silencing is a promising approach
(RNAI) is a potent and ubiquitous gene silencing mechanism to achieve target-specific anticancer treatments.
that downregulates the expression of a specific gene of interest Delivery of siRNA to tumor cells is the greatest obstacle to
[1-5]. After the discovery that short double-stranded RNA  establishing RNAI as a therapeutic approach to (reat cancer
(siRNA) can induce RNAi in mammalian cells without  because the gene silencing effect is limited to cells that have
received siRNA [16-18). This is a major reason why few papers
* Corrcsponding author. Tel.; +81 75 753 4615; fax: +81 75 753 4614. have reported the successful suppression of in vivo tumor
E-mail address: takakura@@phann kyoto-u.ac jp (Y. Takakura). growth by RNAI. In a previous study, we have investigated the
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delivery of siRNA or short hairpin RNA (shRNA)-expressing
plasmid DNA (pDNA) to tumor cells in mice [19]. We
succeeded in effectively suppressing target gene expression in
tumor cells by intratumoral injection of siRNA or shRNA-
expressing pDNA followed by electroporation. Using melano-
ma cells stably expressing firefly luciferase, we found that a
single intratumoral injection of shRNA-expressing pDNA
following electroporation inhibits the expression by 30%.
These results suggest that the delivery of shRNA-expressing
pDNA can inhibit the tumor growth if a proper target gene in
tumor cells is downregulated by this technique.

In addition to the delivery methods of siRNA, selection of
target genes is an important issue that determines the RNAI
effects on tumor growth. Although many genes encoding pro-
ducts that play important roles in tumor progression can be
targets for RNAi-based suppression of tumor growth, we
selected p-catenin and hypoxia-inducible factor la (HIFla)
genes as possible target genes to realize RNAi-based cancer
therapy. B-catenin plays a key role in cell adhesion and also
regulates the activity of certain transcription factors, T cell
factor/lymphoid enhancer factor (TCF/LEF) in the Wnt path-
way, which activates the transcription of genes related to cell
growth and survival [20]. When injected intraperitoneally,
siRNA targeting (-catenin complexed with Oligofectamine
suppressed the proliferation of colon cancer HCT116 cells in the
peritoneal cavity [21]. On the other hand, HIF1 is a heterodimer
that consists of constitutively expressed HIFIR and HIF 1« and
the expression of the latter is tightly regulated by oxygen
concentration. HIF1 activates the transcription of genes that are
involved in cancer biology, including angiogenesis, cell
survival, glucose metabolism and invasion [22]. Sun et al.
reported that intratumoral adininistration of pDNA which ex-
presses antisense HIF1 suppressed the growth of tumor tissue
[23]. In addition, HIF1 was evaluated as a cancer therapeutic
target via inducible RNA interference in vivo [24].

Therefore, suppressing the expression of these target genes is
expected to inhibit tumor growth. To suppress the expression of
these target genes, we constructed and used shRNA-expressing
pDNA, not siRNA, to induce RNAI in tumor cells, because (i)
shRNA-expressing pDNA shows more sustained RNAI effects
than siRNA, and (i1) there was little difference in the delivery
efficiency to tumor cells between shRNA-expressing pPDNA and
siRNA. We report here that shRNA-expressing pDNA targeting

{3-catenin or HIF 1« effectively suppresses tumor growth in mice

following intratumoral injection followed by electroporation.
2. Materials and methods
2.1. shRNA-expressing pDNA

shRNA-expressing pDNAs driven by human U6 promoter
were constructed from piGENE-hU6 vector (iGENE Therapeu-
tics, Tsukuba, Japan) according to the manufacturer’s instruc-
tions. Target sites in murine genes encoding R-catenin and
HIFla were as follows: R-catenin sitel, 5'-GCGGTAGGG
TAAATCAGTA-3', site2, 5'-GAATGAGACTGCAGATCTT-
3’: HIF la sitel, 5'-GTGAAAGGATTCATATCTA-3, site2, 5'-

GACACAGCCTCGATATGAA-3'. These pDNAs transcribe a
stem-loop-type RNA with loop sequences of ACG UGU GCU
GUC CGU. piGENE-hU6 vector, which transcribes a non-
related sequence of RNA with partial duplex formation, was
used as a control pDNA throughout the present study. Each

pDNA was amplified in the DH5a strain of Escherichia coli -

and purified using a QIAGEN Endofree Plasmid Giga Kit
(QIAGEN GmbH, Hilden, Germany).

2.2. Cell culture

A murine melanoma cell line B16-F1, B16-BL6 and B16-
BL6 cells that stably express firefly luciferase and sea pansy
luciferase (B16-BL6/dual Luc) were cultured in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM; Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin/L-glutamine
(PSG) at 37 °C and 5% CO+/95% air [19].

2.3. In vitro transfection

B16 cells were plated on culture plates. After an overnight
incubation in DMEM containing 10% FBS and PSG at 37°C in
5% CO04/95% air, transfection of pDNA was performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. In brief, 1 pg pDNA was
mixed with 3 ug Lipofectamine 2000 at a final concentration of
2 pg pPNA/ml dissolved in OPTI-MEM I (Invitrogen), and the
resulting complex was added to the cells and the cells were
incubated with the complex for 4 h. Cells were washed with
PBS and further incubated with the culture medium as described
above for specified time periods up to 96 h.

2.4. mRNA quantification

Total RNA was isolated using MagExtractor MFX-2100 and
a MagExtractor RNA kit (TOYOBO, Osaka, Japan) following
the manufacturer’s protocol. To eliminate DNA contamination,
the total RNA was treated with DNase | (Takara Bio, Otsu,
Japan) prior to reverse transcription. Reverse transcription was
performed using a SuperScript Il (Invitrogen) and dT-primer
following the manufacturer’s protocol. For quantitative mRNA
expression analysis, real-time PCR was carried out with total
c¢DNA using a LightCycler instrument (Roche Diagnostics,
Basle, Switzerland). The sequences of the primers used for
amplification were as follows: GAPDH forward, 5'-CTGCCA
AGTATGATGACATCAAGAA-3, reverse, 5’-ACCAGGAAA
TGAGCTTGACA-3'; B-catenin forward, 5'-CCTGCAGAAC
TCCAGAAAG-3', reverse, 5'-GTGGCAAAAACATCAAC
GTG-3’; HIFla forward, 5'-TCAAGTCAGCAACGTGGA
AG-3', reverse, 5'-TATCGAGGCTGTGTCGACTG-3'. Am-
plified products were detected on-line via intercalation of the
fluorescent dye SYBR green (LightCycler-FastStart DNA
Master SYBR Green I kit, Roche Diagnostics). The cycling
conditions were as follows: initial enzyme activation at 95 °C
for 10 min, followed by 55 cycles at 95 °C for 105,60 °Cfor S s,
and 72 °C for 20 s. Gene-specific fluorescence was measured at
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