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Figure 5. TNF-a secretion by DNA from RAW264.7 cells. Cells were incubated with
naked DNA (5 pg/mL) (A) or DNA/cationic liposome complex (5:35.09 ng/mL) (B). After a
2-h incubation, the complexes were removed and fresh growth medium was added to the
cells. The supernatants were collected 8 h after addition of naked DNA or DNA complex.
LPS was used at a concentration of 1 ng/mL. The concentration of TNF-a secreted from
RAW264.7 cells was quantified by ELISA. Each result represents the mean and standard

deviation of triplicate values.

DISCUSSION

Many in vivo studies using mice have shown that
naked pDNA and pDNA/cationic liposome com-
plexes stimulate significant cytokine produc-
tion.%25-3% Although there is a growing body of
information about macrophage activation by CpG
DNA, most studies have been performed using
murine macrophage cell lines, such as RAW264.7.
Few studies have been reported using primary
cultured macrophages freshly isolated from
animals, which would be a better model than
immortalized cell lines.

In the present study, we used primary cultured
cells, including hepatic NPCs, splenic macro-
phages, mesangial cells and peritoneal macro-
phages. Liver and spleen play a central role in
the removal of foreign particles from the circula-
tion mainly via Kupffer cells and splenic macro-
phages.3'%% In the kidney, mesangial cells,
which play a central role in the physiology and
pathophysiology of the glomerulus, are also
reported to exhibit phagocytic or endocytic activ-
ity.33 CpG DNA requires endocytosis for specific
recognition by intracellular TLR9 for immunoac-
tivation.*1%3435 Therefore, we first quantitatively
evaluated the TLR9 expression in the mRNA and
protein levels (Fig. 1). We confirmed that primary
cultured cells, peritoneal macrophages, splenic
macrophages and hepatic NPCs, expressed TLR9.
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No TLR9 mRNA was detected in mesangial cells,
as previously reported.?®37 It has been reported
that the expression level of TLR was altered not
only when macrophages were exposed to inflam-
matory cytokines but also when cells were isolated
from inflammatory disease patients,*®° suggest-
ing that the TLR9 expression is regulated by
various factors, including cytokines and patho-
gens. Therefore, the level of TLR9 expression in
various types of macrophages might reflect the
immunological milieu of tissues where the cells
are isolated.

Next, we examined the cellular activation of
primary cultured cells by the ligand of TLRY,
naked CpG DNA at initial concentrations of
10 and/or 100 pg/mL. Nichols et al.*® reported
that pDNA remains intact for several hours after
intramuscular injection in mice. In addition,
naked pDNA can induce inflammatory cytokines
after intravenous injection at a high dose of
250 pg/mouse.*’ Under these conditions, the
initial plasma concentration of pDNA can be as
high as 200 pg/mL so that the concentration could
be over 10 pg/mL, the concentration used in the
present study, for some time. Selective uptake of
DNA by macrophages would take place after its
systemic administration, which would also
increase the local concentration of DNA around
the cells. The dose of 250 pg pDNA seems to be
high, but pDNA up to a few hundred micrograms
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have been used for gene transfer to mice. In
addition, the diffusion of pPDNA within the tissues
injected is severely limited because of its macro-
molecular nature, and the local concentration can
be higher at the injection sites.

Binding of TLRs to their ligands leads to
cellular activation and inflammatory cytokine
production, and this responsiveness corresponded
to the level of TLRs expression.* Therefore, it was
expected that TNF-a would be produced in
parallel with the level of TLR9 expressed in the
cells. Predictably, splenic macrophages and
hepatic NPCs secreted TNF-a by naked DNA in
a CpG motif-dependent manner (Figs. 2 and 3).
When splenic macrophages and hepatic Kupffer
cells were functionally depleted by preloading
clodronate liposomes into mice, TNF-a levels in
spleen and liver were significantly reduced after
intravenous injection of naked DNA.*! The results
in the present study clearly indicate the involve-
ment of splenic macrophages and hepatic NPCs in
the inflammatory responses to pDNA in vivo. In
addition to Kupffer cells, liver sinusoidal endothe-
lial cells (LSECs), which are another major
component of hepatic NPCs, have been reported
to express TLR9 mRNA and produce IL-1f and IL-
6 following the addition of CpG-oligonucleotides.*®
Not only Kupffer cells but also LSECs play an
important role in the immune response to CpG
DNA because both types of cells are major
contributors to the hepatic uptake of pDNA after
intravenous injection.?®

Some differences have been noticed in the CpG
DNA-mediated cellular activation among the
several types of macrophages cell lines.** Of
various types of cell lines, we selected RAW264.7
cells as a reference type of macrophagelike cells
in the present study, because RAW264.7 cells
(i) release cytokines upon addition of CpG DNA
and (i) have been extensively used in previous
studies. To our surprise, RAW264.7 cells expressed
a lower level of TLR9 than the primary macro-
phages even although they were activated to
produce a large amount of TNF-a upon addition
of plasmid DNA. A high responsiveness of
RAW264.7 cells was also noticed when added with
LPS, the TLR4 ligand, compared with primary
macrophages. These findings suggest that the
cytokine production of RAW264.7 cells is efficient
compared with that of primary macrophages.
Differences in the expression of molecules involved
in the cytokine production except for the TLRs may
explain such differences in TNF-a production
observed between RAW264.7 cells and primary
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macrophages. These results also indicate the
importance of the use of primary macrophages,
not macrophage cell lines, for estimating the events
occurring in the body after administration of DNAs,
such as pDNA.

A positive relation was clearly observed
between the level of TLR9 expression and the
level of TNF-a production when primary cultured
macrophages were used. Despite of the expression
of TLRY, resident peritoneal macrophages did not
produce any TNF-a. Previous studies reported
that thioglycollate-elicited, activated macro-
phages effectively induce inflammatory cytokines
by CpG-ODN.3*2 We also found that resident
peritoneal macrophages release TNF-a by addi-
tion of CpG-ODN 1668, a highly potent stimulator
of murine TLR9.!* These results suggest that
nonactivated peritoneal macrophages have low
responsiveness to naked pDNA compared with
splenic macrophages and hepatic NPCs. In addi-
tion, it was also confirmed that the immunosti-
mulatory activity of pDNA is very low compared
with that of phosphorothioate-type CpG-ODN.
Again, other factors than the TLR9 involved in the
TLR9 pathway would also be responsible to the
level of cytokine production in TLR9-positive cells.

In the case of cationic liposomes, only splenic
macrophages were activated by pDNA/DOTMA/
cholesterol liposome complexes in a CpG motif-
dependent manner and other primary cultured
cells were not activated at all. We and other
groups have reported that DNA/cationic liposome
complexes accumulate in the liver and spleen
after intravenous administration and hepatic
Kupffer cells and splenic macrophages are
directly involved in the uptake of DNA/cationic
liposome complexes and inflammatory cytokine
production.’®**8 In this respect, the results
obtained from the present in vitro study did not
agree completely with those obtained from the
in vivo studies. No significant TNF-a production
was observed by stimulation with the DNA/
cationic liposome complexes in the liver NPC in
primary culture (Fig. 3). In the present study, the
level of induced TNF-« in the NPC preparations
was very low even after treatment with a high
concentration of LPS (1 pg/mL). Previous studies
have also reported a low responsiveness of mouse
Kupffer cells in primary culture to LPS.*%%° The
preparations might have a very low responsive-
ness to the DNA complexes via TLR9.

In this study, pDNA/DOTMA/cholesterol lipo-
some complexes did not induce TNF-a production
in peritoneal macrophages in spite of having many
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CpG motifs. On the other hand, we have already
reported that TNF-a is produced from resident
peritoneal macrophages by another DNA/cationic
liposome, Lipofectamine plus reagent (LAplus),
complex. Moreover, this cytokine production is
independent of the presence of not only CpG
motifs but also TLR9. The discrepancy between
the present and previous studies is due to the
difference in the composition of cationic lipo-
somes; the type of lipid contained in cationic
liposomes alters the cellular trafficking of the
DNA complexed with the liposome.®*?> We
showed that splenic macrophages are activated
to produce TNF-a by pPDNA/DOTMA/cholesterol
liposome complexes (Fig. 2B), but not by pDNA/
LAplus complexes (data not shown). On the other
hand, RAW264.7 cells produced TNF-a by both
DNA/cationic liposome complexes independent of
CpG motifs (Fig. 5B, Ref.!”). Other groups have
demonstrated that double-stranded DNA com-
plexed with cationic liposomes could induce type I
interferon independent of CpG motifs in mouse
embryonic fibroblasts or HEK293 cells which did
not express TLR9.°3** Most recently, Takaoka
et al. reported a cytoplasmic DNA sensor DAI,
which recognizes double-stranded DNA and
activates innate immune responses independent
of TLR9.%®> However, it remains to be determined
whether DAI is ubiquitously expressed in various
types of tissue macrophages. The results in the
present study indicate that the immune responses
induced by DNA/cationic liposome complexes are
dependent on the cell types and/or lipid composi-
tion of the cationic liposomes. Further studies are
required to clarify TLR9-independent immune
responses to DNA complexes.

In conclusion, we have demonstrated that pri-
mary cultured splenic macrophages and hepatic
NPCs are able to produce inflammatory cytokines
by naked DNA in a CpG motif-dependent manner
in vitro. Moreover, TNF-a production induced by
DNA/cationic liposome complexes is partially inde-
pendent of the CpG motifs and there are differences
in inflammatory response between various primary
cultured cells. These findings provide valuable
information to increase our understanding of
macrophage activation by pDNA in vivo.
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Inhibition of tumor cell growth in the liver by RNA
interference-mediated suppression of HIF-1o.
expression in tumor cells and hepatocytes

Y Takahashi, M Nishikawa and Y Takakura
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Hypoxia-inducible factor-1 (HIF-1) is a ubiquitously ex-
pressed oxygen-regulated transcription factor composed of
o and B subunits. HIF-1 activates transcription of various
genes including those involved in metastatic turnor growth. In
the present study, HIF-1x expression in tumor-bearing
mouse liver was examined after inoculation of tumor cells
into portal vein. We found that tumor-bearing liver showed
greatly increased HIF-1x expression. Plasmid DNA (pDNA)
expressing short hairpin RNA targeting HIF-1a (pshHIF-12)
was effective in suppressing protein expression of HIF-1x
in vitro. Intravenous injection of pshHIF-1x by hydro-
dynamics-based procedure reduced the HIF-1a protein
expression in both normal and tumor cells and tumor cell

number in the liver. Pre-injection of pshHIF-1x to mice, by
which pDNA was delivered only to liver cells, not to
tumor cells, was also effective in reducing the number of
tumor cells inoculated 3 days after pDNA injection. These
findings indicate that HIF-1x expression is increased in
normal liver cells as well as tumor cells, and HIF-1a
expression plays an important role in tumor progression.
Use of the RNA interference (RNAI) of HIF-1 is an effective
strategy for inhibiting tumor cell growth, and both tumor and
normal cells can be the target for RNAi-based anticancer
treatment. )

Gene Therapy advance online publication, 14 February 2008;
doi:10.1038/sj.gt.3303103
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Introduction

Metastasis, which is the transfer of cancer cells from one
organ to other organs, is the most distinctive feature of
malignant tumors and is the cause of approximately
90% of human cancer deaths.’? Tumor metastasis is an
exceedingly complex process, which occurs through a
series of sequential steps that include dissociation from
the primary tumor, invasion of adjacent tissues, intrava-
sation, transport through the circulatory system, arrest in
small vessels, adhesion to endothelial cells, extravasation
and growth in secondary organs.® It can be hypothesized
that components of the secondary organ, such as
endothelial cells, stromal cells, fibroblasts and paren-
chymal cells, are functionally organized to promote
survival and proliferation of metastasizing cancer cells
and generate a favorable microenvironment for cancer
cells in metastatic sites.*>

Hypoxia initiates a variety of cellular responses includ-
ing the activation of hypoxia-inducible factor-1 (HIF-1).7
HIF-1 is a ubiquitously expressed heterodimeric trans-
cription factor composed of a constitutively expressed
B subunit and an oxygen-regulated o subunit. Under
normal oxygen tension, the o subunit is continuously
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hydroxylated at conserved prolyl and asparaginyl residues
and is targeted for degradation by the von Hippel-Lindau
ubiquitin E3 ligase complex.® In hypoxia, inhibition of
hydroxylation results in the stabilization of HIF-1a and
its subsequent nuclear entry, which leads to transcrip-
tional activation of target genes that stimulates angio-
genesis, such as vascular endothelial growth factor
(VEGF), that controls invasion of cancer cells, such as
matrix metalloproteinases (MMPs), and promotes meta-
bolic adaptation to hypoxia.® In general, tumor cells grow
faster than the rate of angiogenesis so that tumor tissues
are characterized by internal hypoxia. Therefore, activa-
tion of HIF-1 has been described in a variety of human
cancers and their metastases.’®!' Moreover, although the
role of HIF-1a in tumor cell growth has not been fully
elucidated, our results and those from other groups have
demonstrated that HIF-1a expression in tumor tissues is
likely to help tumor cell survival and growth.’>'?

RNA interference (RNAiQ) is an evolutionary
conserved sequence-specific gene silencing mechanism,
which can be triggered by small 21- to 25-nt double-
stranded small interfering RNA (siRNA) or short hairpin
RNA (shRNA) that is processed in the cell to form
siRNA.™ Intravascular injection of a large-volume
isotonic solution at a high speed is a very efficient
method for delivering any solutes, including siRNA- and
shRNA-expressing plasmid DNA (pDNA), to liver cells.
This procedure, the so-called hydrodynamics-based
procedure, has been applied to suppress expression
of target genes in the liver.'™” In addition to
such application, we found that the hydrodynamic

44



Inhibition of hepatic metastasis by RNAI
Y Takahashi el af

)

administration is also applicable to deliver siRNA- and
shRNA-expressing pDNA to tumor cells in the liver.'®
Therefore, the hydrodynamics-based procedure can be
an effective method to suppress the growth of tumor
cells that are metastasized to the liver. Because the
hydrodynamic administration can induce RNAi in both
tumor cells in the liver and normal liver cells, suppres-
sing the increased expression of a gene that aggravates
the metastatic tumor growth in both tumor and liver cells
can be an effective approach in treating hepatic metas-
tasis. To this end, we selected HIF-1a as such a target
gene in the present study. We applied the hydrodynamic
injection method to administer shRNA-expressing
pDNA targeting HIF-1a (pshHIF-1a) and found that
the suppression of HIF-1a expression in the liver can
suppress the growth of metastasizing tumor cells in that
organ. Moreover, selective suppression of HIF-1a expres-
sion only in normal liver cells was found to be also
effective in inhibiting metastatic tumor growth, indicat-
ing that HIF-1a expression in normal cells assisted the
tumor progression.

Results

Reduction in protein expression of HIF-1o by shRNA-
expressing pDNA

As previously reported by several groups, an enzyme-
linked immunosorbent assay (ELISA) analysis showed
that addition of CoCl, increased the amount of HIF-1a
proteins in Colon26 and B16-BL6 cells (Figure 1la).
Similar results were obtained when HIF-1a protein levels

in Colon26 cells were evaluated by western blot analysis
(Figure 1b). Transfection of pshHIF-1a reduced the
amount of HIF-la protein, whereas transfection of
confrol pDNA or pshGFP (green fluorescent protein)
hardly affected the level of HIF-1a expression.

Using immunofluorescent staining with HIF-la-speci-
fic antibody, localization of HIF-1a protein in the cells
was visualized. While a weak signal of HIF-la was
observed in cytoplasm when cells were incubated with-
out CoCl;, incubation of Colon26 cells with CoCl,
resulted in nuclear accumulation of HIF-1a, which was
detected as yellow signals as a result of overlap between
the green fluorescence derived from HIF-1a and the red
fluorescence derived from nuclear staining (Figure 1c).
Transfection of pshHIF-1a reduced the number of cells
that show HIF-1a accumulation in their nucleus.

Inhibition of HIF-1 transcriptional activity by pshHIF-1a
To investigate whether pshHIF-1a is effective in sup-
pressing the transcription activity of HIF-1, cells were
transfected with a pDNA encoding luciferase gene under
the control of hypoxia response element (HRE). In
Colon26 cells, HRE-dependent luciferase expression
from the reporter pDNA co-transfected with control
pDNA or pshGFP was moderately increased by the

addition of CoCl,. However, in B16-BL6 cells, HRE-
dependent luciferase expression was increased by the
addition of CoCl, compared with Colon26 cells (Figures
2a and b). HRE-dependent luciferase expression in the
presence of CoCl, was almost completely inhibited to
about the expression level observed in the absence of
CoCl, by transfection of pshHIF-1a.

a
b
HIF-lo el ani
Collh (-}
No transfection
c
Green
Merged

C dnt}ol
pDNA

Figure 1 Hypoxia-inducible factor-la (HIF-1a) protein expression level in tumor cells following transfection of short hairpin (shRNA)-
expressing plasmid DNA (pDNA). Cells were transfected with control pDNA, pshGFP (green fluorescent protein) or pDNA expressing
shRNA targeting HIF-1a (pshHIF-1a). At 4 h after transfection, cells were washed with phosphate-buffered saline (PBS) and then cultured
with growth medium supplemented with or without 100 uM CoCl, for an additional 20 h. (a) Enzyme-linked immunosorbent assay (ELISA)
analysis of HIF-1a protein from cell lysates of Colon26 or B16-BL6 cells. The results are expressed as the mean 1 s.d. of three samples. *P <0.05
for Student’s t-test versus the control group. (b) Western blotting analysis of HIF-1a for cell lysates of Colon26 cells. (¢} Immunofluorescent
staining of HIF-1a in transfected Colon26 cells. HIF-1a protein expression was detected as a green color, and the cell nucleus was stained with
propidium iodide (red). Yellow signals indicate that HIF-1x localizes in the cell nucleus. Scale bar =50 um.
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Figure 2 Suppression of hypoxia-inducible factor-1 (HIF-1)-dependent gene expression by transfection of plasmid DNA (pDNA) expressing
shRNA targeting HIF-1a (pshHIF-12). (a, b) Suppression of HIF-1-dependent reporter gene expression by pshHIF-1a. pLuc-HRE and phRL-
TK were co-transfected with control pDNA, pshGFP (green fluorescent protein) or pshHIF-1a to Colon26 (a) or B16-BL6 (b) cells. At 4 h after
transfection, cells were washed with phosphate-buffered saline (PBS) and cultured in medium with or without 100 uM CoCl, for an additional
20 h. Luciferase activities were measured 24 h after transfection. The results are expressed as the mean * s.d. of three samples. (c, d) Reduction
in HIF-1-dependent vascular endothelial growth factor (VEGF) production by pshHIF-1a. Colon26 (c) or B16-BL6é (d) cells were transfected
with control pDNA, pshGFP or pshHIF-1a. At 4 h after transfection, cells were washed with PBS and cultured in medium with or without
100 uM CoCl, for an additional 44 h. The amount of VEGF protein in the cultured medium was measured 48 h after transfection using
enzyme-linked immunosorbent assay (ELISA). The results are expressed as the mean ts.d. of three samples. *P <0.05 for Student’s {-test

versus the control group.

To further estimate the effect of pshHIF-1a transfection
on the expression of VEGF, an endogenous gene product
of HIF-1 transcription activity, culture media of tumor
cells were collected 48 h after the transfection. The VEGF
concentration in the supernatant was measured by
ELISA (Figures 2c and d). In both cell lines, about a
two-fold increase was detected in the VEGF from CoCl,-
treated cells compared with that from untreated cells. In
Colon26 cells, transfection of pshHIF-1a reduced VEGF
secretion to about one-third or two-thirds of the control
values without or with CoCl,, respectively. In B16-BL6
cells, transfection of pshHIF-1a reduced VEGF secretion
to about half or one-third of the control values without or
with CoCl,, respectively.

Increase in HIF-1a expression in the liver by tumor
inoculation via the portal vein

Mice were inoculated with tumor cells into the portal
vein, and received an intravenous injection of each
pDNA 5 days after tumor inoculation. Then, immuno-
fluorescent staining of liver sections was performed to
detect HIF-1a protein expression 7 days after tumor
inoculation. Representative images are shown in Figures
3a-g. No significant signal of HIF-1a was observed in the
liver sections of naive mice, sham-operated mice and
those receiving control pDNA (Figures 3a—). In contrast,
a strong HIF-1a signal was observed in the liver sections
of tumor-bearing mice (Figure 3d). In these pictures,
increased HIF-1a expression was mainly observed in
hepatic cells. Administration of control pDNA or

pshGFP had little effect on HIF-1a expression induced
by the inoculation of tumor cells (Figures 3e and f).
Moreover, hydrodynamic administration of pshHIF-1a
reduced the signal intensity derived from HIF-1a protein
compared with other tumor-bearing groups (Figure 3g).
By quantitatively analyzing relative areas of the HIF-1a
expression (green signal) to the total area in the images,
the percentage inhibition by pshHIF-1a was calculated to
be about 20-30% of the other tumor-bearing groups. In
addition, the administration of pshHIF-1a significantly
(P<0.05) reduced the mRNA expression of HIF-la in
tumor-bearing liver, from 0.0059 + 0.0011 copies relative
to GAPDH mRNA (the control pDNA-treated group) to
0.0021 + 0.0005.

Suppression of HIF-1a expression in liver by

the pre-administration of pshHIF-1a

As it had been demonstrated that tumor inoculation via
the portal vein induced HIF-la accumulation in liver
cells, we investigated whether the delivery of pshHIF-1a
only to liver cells, not to tumor cells, affects tumor
growth in the liver. To this end, tumor cells were
inoculated 3 days after the hydrodynamic administration
of pDNAs. Immunofluorescent staining for HIF-1a was
performed at 2 days after tumor inoculation to investi-
gate the HIF-1a expression level at that time (Figures 3h-1).
Similar to the results of the sample prepared at 7 days
after tumor inoculation, a strong signal derived from
HIF-1a protein was detected in the liver sections
prepared at 2 days after tumor inoculation (Figure 3i).
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Figure 3 Hypoxia-inducible factor-1a (HIF-1%) expression in the liver of tumor-bearing mice. Some mice were untreated (a) or received
plasmid DNA (pDNA) only (b). The sham operation group (c) received only an intraportal injection of Hank’s balanced salt solution (HBSS)
solution without tumor cells. At 5 days after tumor inoculation via the portal vein, mice were untreated (d) or received an intravenous
injection of control pDNA (e), pshGFP (green fluorescent protein) (f) or pDNA expressing shRNA targeting HIF-1a (pshHIF-14) (g). At 2 days
after pDNA administration, liver samples were collected and subjected to immunostaining for HIF-1a. The sham operation group received
only an intraportal injection of HBSS solution without tumor cells (h). At 3 days before tumor inoculation via the portal vein, mice were
untreated (i) or received an intravenous injection of control pDNA (j), pshGFP (k) or pshHIF-1a (1). At 2 days after tumor inoculation, liver
samples were collected and subjected to immunostaining for HIF-1a. Scale bar = 50 um. Numbers in the images represent the relative area of
HIF-1a expression (green signal) to the total area. See online version for color figure.

pshHIF-1a administrated before tumor inoculation sup-
pressed the induction of HIF-la expression by tumor
inoculation (Figure 31). Administration of irrelevant
pDNAs did not change the expression level of HIF-1x
in the liver (Figures 3j and k). Quantification of the
relative areas of the HIF-1a expression (green signal) to
the total area in the images indicated that pre-adminis-
tration of pshHIF-1a reduced HIF-1a expression to about
50% of the other tumor-inoculated groups.

Location of HIF-1a expression in the tumor-inoculated
liver relative to tumor cells

To visualize Colon26 cells in the liver, Colon26 cells
transfected with pDsRed2-N1 were inoculated into the
portal vein of mice. Inmunofluorescent staining for HIF-1a
was performed at 2 days after tumor inoculation to
investigate the location of HIF-1a expression relative to
tumor cells (Figures 4a—d). DsRed-labeled Colon26 cells
were found in some liver sections, and almost all of these
cells were surrounded by liver cells expressing an
increased level of HIF-1a (Figures 4a and b). Some liver
cells not close to Colon26 cells also showed a high HIF-1a
expression (Figure 4c), but most other liver cells hardly
expressed the protein (Figure 4d). These results suggest
that tumor cells entrapped in the hepatic capillaries is
closely associated with the increased expression of HIF-1a
in the surrounding liver cells.
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Figure 4 Location of hypoxia-inducible factor-1a (HIF-1a) expres-
sion in the tumor-bearing liver relative to tumor cells. At 2 days
after tumor inoculation, liver samples were collected and subjected
to immunostaining for HIF-1a. Red signals represent Colon26 cells
expressing DsRed, and green signals represent HIF-1a protein.
Representative images of liver sections positive (a, b) or negative
(c, d) for DsRed-labeled Colon26 cells are indicated. Scale bar = 50 um.



Induction of MMP-2 and -9 expression in the liver by

tumor inoculation via the portal vein

To evaluate the effect of tumor inoculation via the portal
vein on the MMP expression in the liver, the amount of
MMP in liver homogenate was measured by gelatin
zymography 8 days after tumor inoculation (Figure 5a).
As we have reported previously, MMP-2 and -9 activities
in the homogenate of tumor-inoculated liver was higher
than that of the untreated group. A hydrodynamic delivery
of control pDNA or pshGFP 5 days after tumor inoculation
had little or no effect on both types of MMP activity. No
significant increase in the MMP activity was detected in the
liver homogenate of sham-operated mice or mice that
received only pDNA. Intravenous injection of pshHIF-1a by
the hydrodynamics-based procedure 5 days after tumor
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activity in the liver of tumor-bearing mice compared with
the other tumor-inoculated group. Less, but detectable,
reduction was also observed in the MMP-2 activity.

To assess the effect of HIF-1a expression in normal
cells on MMP production, pshHIF-1a was administered
3 days before tumor inoculation. Gelatin zymography
was performed at 3 days after tumor inoculation (Figure
5b). At this time point, the sham operation group showed
slightly increased MMP-9 activity compared with naive
mice. Although the increase in MMP-9 expression level
in the liver at this time was smaller than that detected at
8 days after tumor inoculation, the homogenate of
tumor-bearing liver showed a higher MMP-9 activity
than the other tumor-free groups. Pretreatment
of pshHIF-1a reduced MMP-9 induction by tumor

inoculation ~ clearly reduced the MMP-9 gelatinolytic  inoculation, while preinjection of control pDNA and
a  Sugey © Sham Colon26 inoculation
/inoculation
pDNA Control Control :
administration Q) pDNA ¢ ¢) pDNA pshGFP pshHIF-la

Colon26 inoculation

b Surgery O Sham
/inoculation
pDNA Control
administration Q) pDNA )

105kD

75kD

Control
- pDNA pshGFP pshHIF-1a

-

Figure 5 Gelatin zymography performed on liver samples. (a) At 5 days after tumor inoculation via the portal vein, mice received an
intravenous injection of control plasmid DNA (pDNA), pshGFP (green fluorescent protein) or pDNA expressing shRNA targeting HIF-1a
{(pshHIF-1a). The sham operation group received only an intraportal injection of Hank’s balanced salt solution (HBSS) solution without tumor
cells. At 3 days after pDNA administration, liver samples were collected and subjected to gelatin gel zymography. Four mice of each group
were used to analyze the matrix metalloproteinase (MMP) expression, and typical results are shown. (b) At 3 days before tumor inoculation
via the portal vein, mice received an intravenous injection of control pDNA, pshGFP or pshHIF-1a. The sham operation group received only
an intraportal injection of HBSS solution without tumor cells. At 3 days after tumor inoculation, liver samples were collected and subjected to
gelatin gel zymography. Four mice of each group were used to analyze the MMP expression, and typical results are shown.
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pshGFP had little effect on MMP-9 induction in the liver
following tumor inoculation. We did not observe any
obvious difference in MMP-2 production between
tumor-free and tumor-bearing groups.

Suppression of metastatic tumor growth in the liver by
PpshHIF-1a

Figure 6a shows the tumor cell number in the liver,
which was evaluated by measuring tumor-derived
luciferase activities at 1 week after pPDNA administration
(Figure 6a). Mice were inoculated with Colon26 cells into
the portal vein, and each pDNA was injected into the tail
vein with 5-day interval. Control pDNA or pshGFP
hardly reduced the number of tumor cells, while pshHIF-1a
significantly (P <0.05) reduced the number to about, on
average, 1-2% of the other groups. Many large tumor
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nodules were found in the frozen liver sections of mice
receiving control pDNA (Figure 6c). In a quite contrast,
much small and few tumor nodules were detected in the
sections of mice receiving pshHIF-1a (Figure 6d). These
hematoxylin and eosin-stained sections strongly support
the quantitative results of metastatic tumor growth
estimated using the luciferase activity of Colon26/Luc
cells (Figure 6a).

Next, we investigated the effect of preadministration
of pshHIF-1a on the growth of tumor cells in the liver by
estimating the tumor cell number 12 days after tumor
inoculation (Figure 6b). As a result, pshHIF-1a preadmi-
nistration 3 days before tumor inoculation significantly
reduced the number of tumor cells in the liver 12 days
after tumor inoculation compared with the groups
that were untreated or given pDNA. On average,
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Figure 6 Number of Colon26/Luc cells in mouse liver 12 days after tumor inoculation. (a) At 5 days after tumor inoculation via the portal
vein, mice received an intravenous injection of control plasmid DNA (pDNA), pshGFP (green fluorescent protein) or pDNA expressing
shRNA targeting HIF-1a (pshHIF-1a). At 7 days after pDNA administration, liver samples were collected and the number of tumor cells was
evaluated by measuring luciferase activities derived from Colon26/Luc cells. Open circles (O) indicate the tumor cell number in the liver of
individual mice. Bars indicate the average tumor cell number of each group (n=5). *P<0.05 for Student's t-test versus untreated group.
(b) At 3 days before tumor inoculation via the portal vein, mice received an intravenous injection of control pDNA, pshGFP or pshHIF-1a. At
12 days after tumor inoculation, liver samples were collected and the number of tumor cells was evaluated by measuring luciferase activities
derived from Colon26/Luc cells. Open circles (O} indicate the tumor cell number in the liver of individual mice. Bars indicate the average
tumor cell number of each group of at least five mice. *P <0.05 for Student’s t-test versus untreated group. (¢, d) Hematoxylin and eosin-
stained liver sections of tumor-bearing mice receiving (c) control pDNA or (d) pshHIF-1a at 7 days after tumor inoculation. Scale
bar = 200 um. See online version for color figure.
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preadministration of pshHIF-1a reduced the number of
tumor cells to about 10% of other groups. The degree of
reduction in the number of tumor cells by pshHIF-1a
administered before tumor inoculation was about 5- to
10-fold less than that of pshHIF-1a administered after
tumor inoculation.

Discussion

HIF-1a expression and subsequent HIF-1 activation in
cancer cells play important roles in cancer progression by
controlling the gene expression related to cancer cell
proliferation, apoptosis and metastasis.” In the present
study, we demonstrated that HIF-la expression in
normal hepatic cells is also increased by tumor cells
entering the liver via the portal vein and that such HIF-1a
expression aggravates tumor growth. Our results indicate
the possibility of a novel therapeutic strategy for
inhibiting metastatic tumor growth by silencing the
HIF-1a expression in both normal and tumor cells.
Suppression of nuclear accumulation of HIF-1a by
pshHIF-1a (Figure 1) was followed by inhibition of HIF-
1-dependent transcription activities (Figure 2). In the
experiment using pLuc-HRE, pshHIF-1a suppressed the
transcription activity to almost the basal level in both
Colon26 and B16-BL6 cells. Such an efficient inhibitory
effect on luciferase expression might be because pLuc-
HRE was co-transfected with pshHIF-1a, by which both

pDNAs were delivered to the same cells. On the other

hand, the suppressive effect of pshHIF-la on VEGF
production from B16-BL6 cells was much greater than
that from Colon26 cells. Two factors may explain the
difference in the efficiency of the inhibitory effect on
VEGF production between B16-BL6 cells and Colon26
cells. One is the transfection efficiency of the pshHIF-1a.
By using pDNA expressing enhanced green fluorescent
protein (EGFP), we found that the transfection efficiency
to B16-BL6 and Colon26 cells was about 80-90 and 70—
80%, respectively, at 24 h after transfection (Y Takahashi
et al., unpublished data). Therefore, the difference in
transfection efficiency between B16-BL6 and Colon26
cells may be one reason for the difference in suppressive
effect on VEGF production by pshHIF-1a. The other
reason for the difference in suppression in the two cell
lines could be the contribution of HIF-1-dependent VEGF
production to the total VEGF production. Other hypoxia-
inducible transcriptional factors, such as HIF-2, are also
known to be activated by CoCl, and increased HIF-2
expression might result in VEGF expression.*

When tumor cells were inoculated via portal vein,
HIF-1a protein expression was increased in tumor-
bearing liver (Figure 3). Inoculation of DsRed-labeled
Colon26 cells clearly demonstrated that liver cells close
to the tumor cells expressed HIF-1a at a high level
(Figure 4). Oxygen concentration-dependent and -inde-
pendent pathways might be considered as the mecha-
nism for such an increase in HIF-1a expression. When
tumor cells are inoculated via the portal vein, tumor cells
are first arrested in small vessels, followed by extravasa-
tion, invasion of tissues and proliferation of tumor cells.®
Therefore, blood flows would be, at least transiently,
hindered by tumor cells, which could result in a
reduction in the oxygen supply. In addition to hypoxia,
other processes such as growth factor stimulation and
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cytokine stimulation are reported to increase HIF-1a
expression and activate HIF-1-dependent transcrip-
tion.>2® When tumor cells metastasize to the liver,
expression of these secretary proteins might be induced
and result in increased HIF-1a expression.

To distinguish the role of HIF-1a expressed in tumor
cells from that in normal liver cells, pshHIF-la was
administered 3 days before tumor inoculation. As pDNA
injected into the systemic circulation is very quickly
degraded by nucleases and cleared by Kupffer and
sinusoidal endothelial cells,” pDNA injected would have
hardly any effects on the expression level of HIF-1a
in Colon26/Luc cells. On the other hand, when pshHIF-
1o was administered after tumor inoculation, pshHIF-1a
might be delivered to both tumor and liver cells.’®
Therefore, pshHIF-1a administered before tumor inocu-
lation might have been delivered only to normal cells in
the liver, while pshHIF-la administered after tumor
inoculation might have been delivered to both tumor and
normal cells in the liver.

In a previous study, we reported that Colon26 cell
inoculation via the portal vein increased MMP-9 expres-
sion in the liver.?? Elezkurtaj et al.*® demonstrated that
intrasplenic inoculation of CT-26 colon carcinoma cells,
which form experimental liver metastases, increased
MMP-2 and -9 expressions in liver tissue. In agreement
with these results, we have found that MMP-9 is
generated mainly from host cells, not the inoculated
tumor cells (Y Takahashi et al., unpublished data). There
are some published papers reporting that MMP-9
expression is directly or indirectly regulated by HIF-
1.2+2% Therefore, we hypothesized that increased HIF-1
transcription activity in normal cells in the liver
contributes to MMP-9 production induced by tumor cell
inoculation. Intravenous administration of pshHIF-1a
was effective in reducing the expression of MMP-9 after
tumor inoculation, which indicates that HIF-1 expression
in tumor cells and normal cells in the liver might play an
important role in MMP-9 production. Moreover, adminis-
tration of pshHIF-1a before tumor inoculation was found
to be also effective in reducing the amount of MMP-9 in
the liver. This result reinforces the hypothesis that
normal cells in the liver, not tumor cells, are the major
producer of MMP-9 and that MMP-9 expression is
regulated by HIF-1. Although its role in metastatic
tumor cell growth is still unclear, increased MMP
expression is frequently accompanied by tumor metas-
tasis and suppression of MMP expression could be used
as a growth inhibitory treatment to prevent tumor
metastasis. 2728

When pshHIF-1a was administered to tumor-bearing
mice by the hydrodynamics-based procedure, a signifi-
cant reduction in the number of tumor cells was
observed (Figure 6a). This result indicates that HIF-1a
expression in either tumor cells or hepatic normal cells or
in both types of cells plays an important role in tumor
progression. A histological study of the liver sections
confirmed that the administration of pshHIF-1a signifi-
cantly reduced the metastatic tumor growth in the liver
(Figures 6¢c and d). Preadministration of pshHIF-la
reduced the tumor cell number in the liver at 12 days
after tumor inoculation compared with the other groups
(Figure 6b). This result implies that HIF-1a expression in
the normal cells in the liver might play an important role
in tumor cell growth in the liver, although the reduction

~
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in the tumor cell number was modest compared with the
case where the pshHIF-1a was administered after tumor
inoculation. As demonstrated in our previous study,
hydrodynamic delivery of pDNA can deliver pDNA to
tumor cells in the liver. Moreover, we and other groups
have reported that intratumoral expression of HIF-la
helps cancer cell survival and proliferation as well as
angiogenesis and cancer metastasis. Therefore, hydro-
dynamic administration of pshHIF-1a could suppress
HIF-1a expression in tumor cells, which might also act as
an inhibitory treatment to prevent tumor progression.
When HIF-1a expression is increased in normal cells, it
might result in upregulation of genes that can assist
tumor cell growth and progression. In the present study,
we focused on MMP-9 as an HIF-1-dependent tumor
supportive protein produced from normal cells. Normal
cells, including hepatocytes, have significantly fewer
genetic mutations than cancer cells. Therefore, inhibiting
the increase in HIF-1a expression in hepatocytes would
have less chance of inducing resistance to treatment.

In conclusion, this study suggests that HIF-1a expres-
sion is increased in normal liver cells as well as
cancerous cells, and HIF-1la expression plays an im-
portant role in tumor progression. RNAi of HIF-1 is an
effective strategy for inhibiting tumor cell growth, and
both tumor and normal cells can be targets for RNAi-
based anticancer treatment.

Materials and methods

Plasmid DNA
Short hairpin-expressing pDNAs targeting GFP or HIF-1«
were constructed from piGENE hU6 vector (iGENE
Therapeutics, Tsukuba, Japan) as described previously.™
Target sites in GFP and murine HIF-1la genes are as
follows: GFP, 5-GGCTACGTCCAGGAGCGCA-3' and
HIF-1a, 5-GACACAGCCTCGATATGAA-3. These
PDNAs transcribe a stem-loop-type RNA with a loop
sequence of ACGUGUGCUGUCCGU. In a previous
study, we confirmed that transfection of pshHIF-l1a
suppresses the mRNA expression of HIF-1a in cultured
cells.’ 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.

pDsRed2-N1 encoding red fluorescent protein Dsred2
was purchased from BD Biosciences Clontech (Palo Alto,
CA, USA). pGL4.74[hRluc/TK] (phRL-TK) encoding sea
pansy luciferase under the control of herpes simplex
virus TK promoter was purchased from Promega
(Madison, WI, USA). A HRE reporter plasmid encoding
firefly luciferase (pLuc-HRE) was generated b
subcloning nine copies of the HRE (5-TACGTGCTGC-
3') from mouse erythropoietin enhancer into Bglll/
Hindlll site of pLuc-MCS plasmid (Stratagene, La Jolla,
CA, USA).

Each pDNA was amplified in the DH5a strain of
Escherichia coli and purified by using a Qiagen Endofree
Plasmid Giga Kit {Qiagen GmbH, Hilden, Germany).

Cell culture

A murine colon carcinoma cell line Colon26, obtained
from the Cancer Chemotherapy Center of the Japanese
Foundation for Cancer Research (Tokyo, Japan), and
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Colon26 cells that stably express firefly luciferase
(Colon26/Luc)*® were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and
penicillin/streptomycin/L-glutamine at 37 °C and 5%
CO,. A murine melanoma cell line B16-BL6 cells,
obtained from the Cancer Chemotherapy Center of the
Japanese Foundation for Cancer Research, were cultured
in Dulbecco’s modified Eagle’s minimum essential
medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 10% FBS and penicillin/streptomy-
cin/L-glutamine at 37 °C and 5% CO,. To mimic hypoxic
conditions and induce HIF-1a protein expression, cells
were incubated with the culture medium supplemented
with 100 uM CoCl,.*!

In vitro transfection

Tumor cells were plated on culture plates. After an
overnight incubation, transfection of pPDNA was carried
out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. In
brief, 1 ug pPDNA was mixed with 3 pg Lipofectamine
2000 at a final concentration of 2ug pDNA ml™'
dissolved in OPTI-MEM 1 (Invitrogen). 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
supplemented with or without 100 pm CoCl, for the
indicated periods.

Detection of HIF-1o protein expression by western
blotting and ELISA

At 24 h after transfection, total proteins were collected
from Colon26 and B16-BL6 cells. For total protein
extraction, cells were lysed in a lysis buffer containing
50 mmM Tris (pH 7.4), 1% NP40, 0.25% Na-deoxycholate,
0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mMm
NaF and 02% Sigma protease inhibitor cocktail
(Sigma Aldrich, St Louis, MO, USA). The lysate was
centrifuged at 13000g for 20 min at 4°C and the
supernatant was collected and used as a protein sample.
Protein concentrations were determined using a Proteos-
tain Protein Quantification Kit (Dojindo Molecular
Technologies Inc., Tokyo, Japan).

For western blotting, 50 pg protein was diluted with
a loading buffer, denatured at 95°C for 3 min, and
resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (6.5% polyacrylamide) and transferred to a
polyvinylidene fluoride membrane (Immobilon-P; Milli-
pore Corp., Bedford, MA, USA) by semidry blotting with
Transblot SD (Bio-Rad, Hercules, CA, USA). To avoid
nonspecific binding, the membrane was incubated in
5% bovine serum albumin. Then HIF-1a protein was
detected by a primary monoclonal mouse antibody
against HIF-1a (1:500; Novus Biologicals, Littleton, CO,
USA) and a secondary peroxidase-conjugated rabbit anti-
mouse IgG antibody (1:2000; Amersham Biosciences Inc.,
Piscataway, NJ, USA). Protein bands were visualized by
chemiluminescence on the ECL Plus protein detection
system (Amersham Biosciences).

Concentrations of HIF-1a in the samples from
tumor cells treated with or without CoCl, were measured
by an ELISA kit (DuoSet IC; R&D Systems, Minneapolis,
MN, USA) according to manufacturer’s protocol.



HIF-1-dependent reporter gene expression assay
Tumor cells seeded on culture plates were transfected
with pLuc-HRE (0.8 pg ml~"), phRL-TK (0.2 pg ml-") and
a control pDNA, pshHIF-1« or pshGFP (1 ug ml~') using
Lipofectamine 2000 as described above. At 4h after
transfection, cells were washed with PBS and further
incubated with the culture medium with or without
100 uM CoCl, for an additional 20 h. Then cells were
lysed using Promega passive lysis buffer (Promega).
Samples were mixed with dual-luciferase reporter
system (Promega) and the chemiluminescence produced
was measured in a luminometer (Lumat LB9507; EG and
G Berthold, Bad Wildbad, Germany). The results were
calculated as the activity of firefly luciferase relative to
that of sea pansy luciferase to correct for differences in
transfection efficiency. The ratios of CoCl,-treated cells
were normalized to give x-fold values relative to those of
the corresponding untreated group.

Animals

Four-week-old male BALB/c mice (approximately 20 g
body weight), purchased from Shizuoka Agricultural
Cooperative Association (Shizuoka, Japan), were used in
all experiments. All animal experiments were conducted
in accordance with the principles and procedures out-
lined in the US National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The protocols
for animal experiments were approved by the Animal
Experimentation Committee of the Graduate School of
Pharmaceutical Sciences of Kyoto University.

Hepatic metastasis of tumor cells

Colon26/Luc cells in an exponential growth phase were
harvested by trypsinization and suspended in Hank's
balanced salt solution (HBSS; Nissui Pharmaceutical).
Under ether anesthesia, a midline abdominal incision
was made to expose the portal vein, and 1x10°
Colon26/Luc cells were injected into the portal vein.
Then the opening was sutured and mice were allowed to
recover. At 5 days after tumor inoculation, mice received
an intravenous injection of pDNA at a dose of
2.5 mg kg™’ body weight. The intravenous injection was
performed by the hydrodynamics-based procedure
where pDNA dissolved in saline in a volume of 8% of
the body weight was injected into the tail vein within less
than 5 s using a 26-gauge needle.??

To evaluate the effect of HIF-1a expression in normal
liver cells on the growth of tumor cells in the liver, mice
received a hydrodynamic delivery of pDNA, followed by
inoculation of tumor cells into the portal vein after an
interval of 3 days.

To visualize the location of Colon26 cells in the liver,
Colon26 cells labeled with a red fluorescent protein,
DsRed, were used instead of Colon26/Luc cells. DsRed2-
labeled Colon26 cells were prepared by transfecting cells
with pDsRed2-N1, and inoculated into mice 24 h after
transfection.

Immunofluorescent staining of HIF-1a

To visualize HIF-1a expression in cultured cells, im-
munofluorescent staining of HIF-1a was carried out. At
24 h after transfection, cells were fixed with 4% paraf-
ormaldehyde in PBS. The cell membrane was permeabi-
lized by PBS containing 0.1% Triton X-100. After blocking
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with 10% FBS in PBS, cells were incubated with a
monoclonal mouse antibody against HIF-la (1:500;
Novus Biologicals). After washing, Alexa Fluor 488 goat
anti-mouse secondary antibody (1:600; Molecular Probes,
Invitrogen) was added. Nuclear staining was performed
using propidium iodide staining solution (50 pg ml~’
propidium iodide and 1 ug ml~* RNase A in PBS). Slides
were prepared using a SlowFade Antifade Kit (Molecular
Probes). Samples were examined using a confocal laser
microscope (MRC-1024; Bio-Rad).

For the detection of HIF-la expression in the liver,
mice under ether anesthesia were euthanized by cutting
the vena cava, and the liver was gently infused with 2 ml
saline through the portal vein to remove the remaining
blood in the organ. The liver was then placed in Tissue-
Tek OCT embedding 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 (8 pm thick) were obtained with a cryostat
(Jung CM 3000; Leica Microsystems AG, Wetzlar,
Germany) using a routine procedure. Sections were
stained with HIF-la-specific antibody by the same
procedure as cultured cells except for the blocking
process. Liver sections were blocked using the Vector
M.OM Immunodetection Kit (Vector Laboratories,
Burlingame, CA, USA). Sections were examined using
a confocal laser microscope. Relative areas of the HIF-1a
expression (green signal) to the total area in the images

were quantitatively analyzed by using a BZ-Analyzer -

software (KEYENCE, Osaka, Japan).

Gelatin zymography

At 3 or 8 days after tumor inoculation, mice under ether
anesthesia were euthanized by cutting the vena cava. The
liver was gently infused with 2 ml saline through the
portal vein to remove the remaining blood. The liver was
excised and homogenized in 5 ml g=' lysis buffer (0.1 M
Tris (pH 7.8), 0.05% Triton-X-100). The homogenate
was centrifuged at 13 000 g for 20 min at 4 °C, then the
supernatant was collected. For the measurement of
gelatinase activity, 500 ug protein was electrophoresed
under non-reducing conditions on 10% SDS-polyacryla-
mide gel containing 0.1% gelatin. Gels were washed
twice for 30 min in 2.5% Triton X-100 and once for 30 min
in 10 mM Tris-HCI (pH 8.0) and incubated overnight in
50 mM Tris-HCl (pH 8.0) containing 10 mM CaCl, and
10nM ZnCl,. The gels were then stained with 0.2%
Coomasie brilliant blue and destained in 5% methanol
and 7% acetic acid.

VEGF ELISA assay

To determine VEGF production in culture supernatants
in vitro, tumor cells seeded on culture plates were
transfected as described above and supernatants were
collected for ELISA 48 h after the transfection. VEGF
protein levels in the supernatant were measured using
mouse VEGF-specific ELISA (Quantikine; R&D systems).

Inhibitory effect of pshHIF-1a on tumor growth
in the liver .
At 12 days after tumor inoculation, mice were eutha-
nized by cervical dislocation and the liver was excised
and homogenized in a lysis buffer (0.1M Tris (pH 7.8),
0.05% Triton X-100, 2mM EDTA), and centrifuged at

9
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13 000 g for 20 min at 4 °C. The supernatant was mixed
with a luciferase assay buffer (Picagene; Toyo Ink, Tokyo,
Japan), and the light produced was measured with a
luminometer (Lumat LB 9507). The luciferase activity of
the liver was converted to the number of Colon26/Luc
cells using a regression line as previously reported.?”
Different sets of mice were used for the histological
evaluation of tumor-bearing livers. At 12 days after
tumor inoculation, frozen liver sections were made as
described above and stained with hematoxylin and
eosin, followed by an examination using a microscope
(Biozero BZ-8000; KEYENCE).

Statistical analysis

Experiments were performed at least in duplicate, and
a typical set of data was indicated. Differences were
statistically evaluated by Student’s t-test. A P-value
of less than 0.05 was considered to be statistically
significant.
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Abstract

To increase plasmid DNA (pDNA)-based transgene expression, 5, 10 or 20 repeats of nuclear factor kB (NF-«kB) binding sequences were
inserted upstream of the cytomegalovirus (CMV) promoter region of a conventional pDNA encoding firefly luciferase (pCMV-Luc) to obtain
pCMV-kB5-Luc, pCMV-kB10-Luc and pCMV-kB20-Luc. Murine carcinoma colon 26 cells, in which NF-kB was constitutively activated, were
co-transfected with a firefly luciferase-expressing pDNA and a renilla luciferase-expressing pDNA having no NF-kB binding sequences using
cationic liposomes. The expression cificiency of pCMV-kB(n)-Luc was evaluated using the ratio of the luciferase activities. Increasing numbers
of NF-kB binding sequences significantly increased transgence expression. The expression was increased by NF-kB activators and the effects were
marked with pDNA having many NF-«B binding sequences. These results indicate that insertion of NF-kB binding sequences into pDNA is an
effective approach to increase transgene expression in cancer cells in which NF-«B is activated.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The final delivery barrier in plasmid DNA (pDNA)-mediated
gene transfer is the passage through the nuclear membrane.
Because the threshold size for DNA to freely pass through the
nuclear pore complex (NPC) is a molecular weight of about
50kDa, or between 200 and 310bp in length (Ludtke et al.,
1999). pDNA is generally too large to pass, unassisted, through
the NPC. Therefore, pDNA is believed to enter the nucleus when
the nuclear membrane structure disappears during the M-phase
of mitosis (Moritimer et al., 1999; Tseng et al., 1999). Nuclear
translocation has been reported to be the rate-limiting step in
the gene transfer process rather than the cell entry (Zhou et
al., 2004). Lack of an efficient translocation of pDNA into the

Abbreviations: pDNA, plasmid DNA; NF-kB, nuclear factor kB; NPC,
nuclear pore complex; ROS, reactive oxygen species; CMV, cytomegalovirus;
PMS, phenazine methosulfate.
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nucleus through the NPC, where it is transcribed, results in unac-
ceptably low levels of transgene expression by most nonviral
gene transfer methods. Nonviral vectors, such as cationic lipids
(liposomes) and polymers, could protect pDNA from nuclease
degradation, and improve its cellular entry, but they may not
assist pDNA in its nuclear entry, because pDNA is eventually
released from the complexes before entering the nucleus (Zabner
et al., 1995; Xu and Szoka, 1996).

Dean et al. demonstrated that any eukaryotic promoter,
enhancer, insulator, or regulatory specific sequence plays impor-
tant roles in the nuclear targeting of DNA (Dean et al., 2005);
following cytoplasmic microinjection, pDNA is translocated
into the nucleus in association with several types of transcrip-
tion factors (Dean, 1997; Dean et al., 1999). One of the most
important transcription factors in the nuclear entry of pDNA is
nuclear factor kB (NF-kB). NF-kB protein localizes in the cyto-
plasm in a bound form with its inhibitory protein, IxkB, which
shields the nuclear localization signal of NF-kB. Once cells are
exposed to any signal that activates NF-kB, specific IkB fam-
ily members rapidly undergo stimulus-coupled phosphorylation,
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ubiquitination and proteasome-mediated degradation, resulting
in the liberation of active NF-«k B heterodimers. Afterentering the
nucleus, the activated NF-kB can bind specifically to its corre-
sponding NF-«B binding sequence in DNA, leading to enhanced
transcription and expression of downstream genes (Pahl, 1999).
It has also been reported that pPDNA can be translocated into the
nucleus by inserting NF-«xB binding sequences (Mesika et al.,
2001). In a previous study, we demonstrated that an intravenous
injection of pDNA/cationic liposome complex (lipoplex) acti-
vated the NF-«B in mouse lung, and this activation can be used
to enhance lipoplex-mediated transgene expression by inserting
NF-«B binding sequences into pDNA (Kuramoto et al., 2006).

These pieces of evidence suggest that the NF-«B activity of
cells, which is a function of various physiological conditions,
influences the level of transgene expression by pDNA-based
gene transfer. Abnormally high NF-kB activity can be found
in affected organs of patients with rheumatoid arthritis, asthma
and inflammatory bowel disease (Kumar et al., 2004), as well
as in acute lymphoblastic leukemia, breast cancer and diverse
solid tumor-derived cell lines (Visconti et al., 1997). NF-xB
is generally thought to be involved in the primary oxidative
stress—response, acting as a redox-sensitive transcription fac-
tor. Reactive oxygen species (ROS) can function as components
of signal transduction cascades in many cellular processes and
act as common second messengers following cellular exposure
to agents that induce NF-«kB activation (Gius et al., 1999). ROS,
such as hydrogen peroxide, have been reported to induce NF-
kB activation in some types of cells (Mercurio and Manning,
1999; Bowie and O’Neill, 2000) and are signal molecules that
play important roles in tumor growth and metastasis (Zhu et al.,
2002; Rhee, 1999; Yoon et al., 2002).

In this study, to increase the transgene expression by nonvi-
ral vectors for cancer gene therapy, we first examined whether
NF-kB is activated in colon carcinoma cells and whether this
activation can be further increased by the treatment of cells with
phenazine methosulfate (PMS) or hydrogen peroxide. Then,
we designed new pDNA constructs by inserting NF-«B bind-
ing sequences to a conventional pDNA and examined whether
the addition of the sequences is effective in increasing trans-
gene expression. We propose here that the insertion of a suitable
number of NF-kB binding sequences into pDNA is an effective
approach to increasing transgene expression in cells in which
NF-«B is transiently or constitutively activated.

2. Materials and methods
2.1. Chemicals

PathDetect® NF-xB cis-reporting pNF-kB-Luc plasmid was
purchased from Stratagene (La Jolla, CA). Plasmid DNA
encoding renilla luciferase under the control of SV40 pro-
moter (pSV40-RL) was purchased from Promega (Madison,
WI). Oligonucleotides were purchased from Nihon Gene
Research (Sendai, Japan); a pair with a consensus NF-«B bind-
ing sequence (5-TCAGAGGGGACTTTCCGAGAGG-3' and
3’-AGTCTCCCCTGAAAGGCTCTCC-5’, the underlined part
represents an NF-k B binding sequence) and another pair without
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the binding sequence (5'-AGTGTCAGCACGTGGAGATGCG-
3’ and 3-TCACAGTCGTGCACCTCTACGC-5'). [y->?PJATP
was purchased from Amersham (Tokyo, Japan). Lipofec-
tamine2000 was purchased from GIBCO-Invitrogen (Carlsbad,
CA). Opti-MEM® was obtained from Gibco BRL (Grand Island,
NY). Dual-Luciferase™ Reporter Assay was purchased from
Wako Pure Chemical (Osaka, Japan). All other chemicals were
of the highest purity available.

2.2. Preparation of pDNA constructs

pCMV-Luc was constructed by inserting the firefly luciferase
cDNA fragment from pGL3-control vector (Promega, Madison,
WI) into the HindIIl/Xbal site of pcDNA3 vector (Invitro-
gen, Carlsbad, CA) as previously reported (Sakurai et al.,
2001). pCMV-kB(n)-Luc (n=5, 10 or 20) was constructed
as follows. The five repeats of the NF-«B binding sequence
were amplified from pNF-«B-Luc by PCR using a set of
primers (5'-primer, GAAGATCTATGTCTGGATCCAAGCTA;
3'-primer, TGTTCGCGAATACCCTCTAGAGTCACC) con-
taining the BglIl (5-end) and Nrul (3’-end) site, then the
PCR product was digested with the restriction enzymes. Then,
the DNA fragment was cloned into the BglI/Nrul site of
pCMV-Luc to obtain pCMV-kB5-Luc as reported previously
(Kuramoto et al., 2006). To construct pCMV-kB10-Luc, the
five repeats of the NF-kB binding sequence were ampli-
fied from pCMV-kBS-Luc with a set of primers (5’-primer,
TGTTCGCGAATGTCTGGATCCAAGCTA; 3'-primer, GGT-
GACTCTAGAGGGTATGGATCCCG) containing the BamHI
site and the BamHI-digested fragment was inserted into the
BamHI site of pCMV-kB5-Luc. The 10 repeats of the NF-
kB binding sequence were amplified from pCMV-kB10-Luc
with a set of primers (5'-primer, TGTTCGCGAGTC-
GACGGATCGGGAGATCT, 3’-primer, ATCTGGCCCGTA-
CATCGCGA) containing Nrul sites and the Nrul-digested
fragment was inserted into the Nrul site of pPCMV-kB10-Luc to
obtain pCMV-kB20-Luc. The sequences of these pDNA prepa-
rations were confirmed by automated sequencing. Fig. 1 shows
the schematic presentation of these pDNA constructs. Each
pDNA was amplified in E. coli strain DH5a, then isolated and
purified using a Qiagen Endofree™ Plasmid Giga Kit (Qiagen
GmbH, Hilden, Germany). The lipopolysaccharide concentra-
tion in a pDNA sample was estimated with a LAL assay kit
(Limus F Single Test Wako; Wako Pure Chemical, Osaka, Japan)
and found to be less than 22 pg/pg DNA. Then, purified pDNA
was dissolved in a sterilized endotoxin-free 5% dextrose solution
and stored at —20 °C until use.

2.3. Invitro transfection and reporter gene assay

Mouse colon carcinoma colon 26 cells were maintained
in RPMI-1640 (Life Technologies Gibco BRL) supplemented
with 10% heat-inactivated FBS, penicillin G (100 U/ml) and
streptomycin (100 wg/ml) and 4 mM L-glutamine at 37°C in
a 5% COp/air humidified atmosphere. Cells were plated on
12-well culture plates at a density of 3 x 10° cells per well
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Fig. 1. Schematic presentation of pDNA encoding firefly luciferase cDNA under the control of the human CMV immediate carly promoter (black arrow). Each
striped box indicates an NF-xB binding sequence (5-GGGGACTTTCC-3'). The numbers in parentheses indicate the size of each pDNA.

and incubated for 24 h prior to transfection. A pDNA (0.5 p.g)
encoding firefly luciferase, i.e., pPCMV-Luc or pCMV-«kB(n)-
Luc (n=35, 10 or 20), and pRL-SV40 (0.1 p.g) were complexed
with 1.8 ug Lipofect AMINET™2000 (GIBCO-Invitrogen) in
1 ml Opti-MEM. The lipoplex formed was added to the cells and
incubated for 4 h. Cells were incubated with PMS (1 or 2 pM) or
hydrogen peroxide (100 wM) for 10h. At 22 h after transfection,
the cells were scraped off into a lysis buffer (0.1 M Tris, 0.05%
Triton X-100, 2mM EDTA, pH 7.8), transferred to a 1.5ml
tube and subjected to three cycles of freezing in liquid nitrogen
for 3 min and thawing in a water bath at 37 °C for 2 min. The
homogenates were centrifuged at 10,000 x g for 8 min at 4 °C.
Then, 10 ul of the supernatant was mixed with 100 .l luciferase
assay buffer for luciferase assay and then 100 pl of renilla assay
buffer was added to the same tube for the renilla assay using
the Dual-Luciferase™ Reporter Assay kit (Promega, Madison,
WI). The chemiluminescence was measured in a luminometer
(Lumat LB 9507, EG&G Berthold, Bad Wildbad, Germany).
The luciferase activities were measured and the expression effi-
. ciency of pCMV-Luc or pCMV-kB(n)-Luc was evaluated by
calculating the ratio of the firefly/renilla luciferase activities.
The renilla luciferase was used to normalize any experimental
variations among samples, such as transfection efficiency.

2.4. Preparation of nuclear protein extracts

The nuclear protein extracts were collected from colon 26
cells using a nuclear extract kit (Active motif, CA). The con-
centration of nuclear protein in the supernatant of the extract
was determined with the Protein Quantification Kit-Wide range
(Dojindo Molecular Technologies Inc., Kumamoto, Japan). To
activate NF-kB, colon 26 cells were treated with 4 uM PMS, and
the nuclear protein extracts were collected as described above.

2.5. Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously (Zhou et
al., 1999). The oligonucleotide containing an NF-kB bind-
ing sequence and its antisense oligonucleotide were separately
end-labeled with [y->2P]ATP using polynucleotide kinase T4
(MEGALABEL™, Takara Bio Inc, Otsu, Japan). Both end-
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labeled oligonucleotides were purified from unincorporated
[y-32P]JATP using a Sephadex G-50 column (Pharmacia, Upp-
sala, Sweden) and recovered in TNE buffer (10 mM Tris-HC],
0.1M NaCl, 1 mM EDTA, pH 7.5). The purfied oligonu-
cleotides were incubated for 10 min at room temperature for
annealing to obtain the radiolabeled double-stranded DNA probe
for EMSA. An aliquot of 60 g extracted nuclear protein was
incubated with a binding buffer (20 mM Hepes, pH 7.9, 0.5 mM
EDTA, pH 8.0, SOmM KCl, 10% glycerol, 0.5mM DTT,
0.5 mM PMSF) and 2 p.g salmon sperm DNA for 15 min on ice.
Then, 1.5 x 106 cpm of the radiolabeled double-stranded DNA
probe was added to the sample followed by an additional 30 min
incubation at 4 °C. Two microliters 0.1% bromphenol blue dye
was used as a marker. An aliquot of 20 .l of the resulting solu-
tion was electrophoresed on a 4% nondenaturing polyacrylamide
gel for 90 min at 150V in TBE buffer in a cold room. 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 using a Bio-Image Analyzer System (BAS-
2500, Fuji Photo Film). The specificity of the observed signals
was also confirmed by using the unlabeled double-strand DNA
without any NF-kB binding sequence.

2.6. Statistical analysis

Differences were statistically evaluated by one-way ANOVA
followed by the Student-Newmann—Keuls multiple comparison
test using SPSS software, and the level of statistical significance
was P <0.05.

3. Results
3.1. NF-xB activity in colon carcinoma cells

NF-kB activity was detected by EMSA. The nuclear fractions
of colon carcinoma cells were subjected to electrophoresis using
32p.labeled double-stranded oligonucleotides having an NF-xB
binding sequence. A band representing the presence of proteins
that bind to the DNA probe was detected in the nuclear frac-
tion of colon 26 cells under normal culture conditions (Fig. 2,
lane 1), suggesting that NF-«B is constitutively activated in the
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Fig. 2. EMSA analysis of nuclear NF-kB in colon 26 cells. Nuclear
proteins extracted from colon 26 cells were analyzed using double-
stranded oligonucleotides containing an NF-«B binding sequence (5'-
TCAGAGGGGACTTTCCGAGAGG-3') end-labeled with [y-?P]ATP. Lane 1,
untreated cells. Lanes 2-4, PMS (4 uM), treated cells for 10h, followed by Oh
(lane 2), 3h (lane 3), or 10h (lane 4) incubation in PMS-free medium.

4

proliferating colon 26 cells. The amount of nuclear NF-«B was
increased by PMS treatment (Fig. 2, lane 2). In addition, the acti-
vation of NF-kB was also observed at 3 and 10 h after treatment
(Fig. 2, lanes 3, and 4, respectively). These results indicate that
ROS, which are generated by PMS, activate NF-«B in colon 26
cells, and that the activation lasts for at least 10 h after removal
of PMS.

3.2. Increased transgene expression by increasing NF-xB
binding sequences in pDNA

Fig. 3 shows the transgene expression in colon 26 cells after
transfection of pCMV-Luc, pCMV-kB5-Luc, pPCMV-kB10-Luc
or pCMV-kB20-Luc. Under control conditions, pPCMV-kB5-
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Fig. 3. Transgene expression in colon 26 cells by pCMV-Luc and pCMV-kB(n)-
Luc (n=5, 10 or 20). Colon 26 cells were transfected with lipoplex consisting
of one of the firefly luciferase-expressing pDNAs (0.5 ug per well) and pRL-
SV40 (0.1 ng per well) for 4h. At 22h after transfection, firefly and renilla
luciferase activities were measured and expressed as the ratio of these activi-
ties (mean £ $.D.). *A statistically significant difference (P <0.05) compared
with pCMV-Luc; fa statistically significant difference (P < 0.05) compared with
pCMV-kBS-Luc: ns. not significant.

Luc produced a 1.74-fold increase in transgene expression in
colon 26 cells compared with pPCMV-Luc (P <0.05). Increasing
the number of the NF-xB binding sequences to 10 or 20 fur-
ther increased the expression (P <0.05 against pCMV-Luc or
pCMV-kB5-Luc). A positive correlation between the number of
NF-(B binding sequences added and transgene expression was
observed (R%=0.938). However, the expression almost reached
a plateau level when the number of sequence added was 10,
and there was no statistically significant difference between
the expression levels of pCMV-kB10-Luc and pCMV-«B20-
Luc.

3.3. Effects of PMS on transgene expression in colon
carcinoma cells

Fig. 4A shows the transgene expression by pCMV-Luc or
pCMV-kB(n)-Luc in colon 26 cells treated with different con-
centration of PMS. With any pDNA, the addition of PMS, which
generates superoxide anion and hydrogen peroxide, increased
the transgene expression in a PMS concentration-dependent
manner. Similar results were obtained when the cells were
treated with hydrogen peroxide (data not shown). However,

“under all the conditions examined, pDNA with many NF-«B

binding sequences showed higher transgene expression than
those with fewer. These results clearly indicate that the novel
pDNAs with 10 or 20 NF-«xB binding sequences are effective
in achieving high transgene expression in cells where NF-kB is
highly activated. Linear correlations were observed between the



