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nonviral approaches are effective in expressing transgenes
at therapeutic levels and most of them, including plasmid
DNA complexes with polymers or lipids/liposomes,
generally suffer from unacceptably low levels of transgene
expression [2]. By marked contrast, hydrodynamic
injection of naked plasmid DNA results in the expression
of transgenes at a level high enough to exhibit effects
in various experimental models [3-5]. The level of this
hydrodynamic injection method is as high as that achieved
with adenoviral vectors [6], which are one of the most
effective viral vectors developed thus far.

In addition to the level of expression, its duration is
another important parameter determining the therapeutic
effects of gene transfer, and sustained transgene
expression at therapeutic level is necessary for effective
gene therapy. Long-term expression will reduce the
frequency of dosing, which leads to an improvement in
the quality of life of patients receiving gene transfer.
Unfortunately, the hydrodynamic injection method, a
most efficient method for in vivo gene transfer, generally
produces shorter transgene expression than the use
of viral vectors or other nonviral methods, such as
intramuscular injection of naked plasmid DNA [1].

Bacterial DNA and bacterially-derived plasmid DNA
have an expected frequency (one out of 16) of CpG
dinucleotides, whereas mammalian DNA has a much
lower frequency (one out of 50-100) of CpG dinucleotides
and its cytosine is highly methylated [7]. Unmethylated
CpG dinucleotides, or CpG motifs, which are uncommon
in mammalian DNA, stimulate mammalian immune cells
through Toll-like receptor 9 (TLR9). This recognition
results in the production of pro-inflammatory cytokines,
especially when DNA is administered as a DNA/cationic
liposome complex [8,9]. Pro-inflammatory cytokines have
been reported to reduce the transgene expression in
later periods of gene transfer [10,11]. In addition,
the cytosine residue of the CpG motif can be a
target for methylation by DNA methyltransferases.
It has been reported that approximately 30% and
70% of CpG sites in the cytomegalovirus (CMV)
promoter/enhancer were methylated at days 1 and 7,
respectively, after intramuscular injection of adenoviral
vectors [12]. It was concluded that methylation is a
major mechanism responsible for the reduced expression
from adenoviral vectors. Similarly, CpG methylation
could reduce transgene expression from plasmid vectors.
This hypothesis has been, at least partially, proven in
previous studies using pGZB plasmid vector in which
CpG motifs were present only in the Ori and cDNA
regions [13]. Recently, it was shown that the deletion
of CpG motifs in plasmid improves the duration of
in vivo transgene expression when administered as a
DNA/polymer complex [14]. These lines of experimental
evidence suggest that a reduction in CpG content in
plasmid DNA comprises a universal method of increasing
the duration of transgene expression.

We demonstrated that pGZB plasmid encoding murine
interferon (IFN)-f or IFN-y (pGZB-Muf and pGZB-
Muy, respectively) exhibits a prolonged expression of
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corresponding IFNs and better inhibitory effects against
pulmonary metastasis of tumor cells than conventional,
CpG-replete IFN-expressing plasmids [15,16]. A further
increase in the duration of transgene expression could
be achieved by reducing the remaining CpGs in the
plasmids. In the present study, we constructed several
types of plasmids with different CpG contents encoding
firefly luciferase, and examined the duration of transgene
expression after intravenous injection into the tail vein of
mice by the hydrodynamic injection method. The effects
of CpG methylation and pro-inflammatory cytokines on
the expression were also evaluated. Based on the results
obtained using luciferase-expressing plasmids, a plasmid
vector that achieves persistent transgene expression of
IFN-y was successfully developed.

Materials and methods

Cell cultures and mice

A mouse colon carcinoma cell line CT-26 was cultured
in RPMI1640 supplemented with 10% fetal calf serum.
Male 7-week-old BALB/c mice and male 4-week-old ICR
mice, approximately 20 g in weight, were purchased
from Shizuoka Agricultural Cooperative Association for
Laboratory Animals (Shizuoka, Japan), maintained on
a standard food and water diet under conventional
housing conditions, and were used within 1 week of
delivery. BALB/c mice were used only in tumor metastasis
experiments. All animal experiments were approved by
the Animal Experimentation Committee of the Graduate
School of Pharmaceutical Sciences, Kyoto University.

Plasmid DNA

pcDNA3.1 was purchased from Invitrogen (Carlsbad,
CA, USA). pCMV-Luc and pGZB-Luc were as described
previously [16,17]. pCMV-Luc(CMV-syn) was constructed
by inserting the Bglll/HindlIl CpG-free CMV-syn promoter
fragment of the pGZB-Luc into the Bglll/HindlIII site of
pCMV-Luc. pCpG-Luc was constructed by inserting the
Bglll/Nhel firefly luciferase ¢DNA fragment amplified by
the polymerase chain reaction (PCR) from pCMV-Luc into
the Bglll/Nhel site of pCpG-mcs (InvivoGene, San Diego,
CA, USA). pCpG-ALuc was constructed by inserting the
Bglil/Nhel firefly luciferase gene and the Sh ble gene
fragment from pORF-LucSh-ACpG (InvivoGene), which
contains no CpG dinucleotides, into the Bglll/Nhel site
of pCpG-mes. pCpG-Luc(CMV-syn) was constructed by
inserting the Sdal/HindIll CpG-free CMV-syn promoter
fragment amplified by PCR from the pGZB-Luc into the
Sdal/Hind1ll site of pCpG-Luc. IFN-y-expressing plasmid
vectors, pPCMV-Muy and pGZB-Muy, have been described
previously [16,17]. pCpG-Muy was constructed: by
inserting the Bglll/Nhel IFN-y c¢DNA fragment amplified
by PCR from pCMV-Muy into the Bglll/Nhel site of pCpG-
mes. Table 1 summarizes the size, number of CpG motifs,
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Table 1. Properties of plasmid DNA used in this study

Plasmid Size (kbp) Number of CpG? Promoter cDNA

PCMV-Luc 71 846 My Luciferase

pCMV-Luc(CMV-syn) 6.8 772 CMV-syn Luciferase

pGZB-tuc 45 282 CMV-syn Luciferase

pCpG-Luc 4.7 194 EF1 Luciferase

pCpG-Luc(CMV-syn) 4.6 194 CMV-syn Luciferase

pCpG-Aluc 36 0 EF1 Modified luciferase gene fused to Sh ble gene
pCMV-Muy 6.4 686 v Mouse IFNy

pGZB-Muy 33 116 CMV-syn Mouse {FNy

pCpG-Muy 35 20 EF1 Mouse iFNy

#Numbers of CpG dinucleatides in plasmid DNA are indicated. syn, synthetic.

promoter and ¢cDNA of plasmid DNA used in the present
study.

Methylation of cytosine residues in
plasmid DNA

Plasmids (pCMV-Luc, pCMV-Luc(CMV-syn), pGZB-Luc,
pCpG-Luc, pCpG-ALluc, pCMV-Muy, pGZB-Muy and
pCpG-Muy )} were treated with SssI CpG methylase (New
England Biolabs, Ipswich, MA, USA), which methylates
cytosine residues of CpG dinucleotides. Mock-methylated
plasmids, which were treated in the same manner as
methylated ones without the addition of methylase,
were used as controls. Methylation of cytosine residues
was confirmed by restriction digestion with Hpall, a
methylation-sensitive restriction enzyme.

Preparation of DNA/cationic liposome
complexes

Cationic liposomes consisting of N-[1-(2,3-dioleyloxy)
propyl]-n,n,n-timethylammonium chloride and choles-
terol in a 1:1 molar ratio were prepared as described
previously [10]. Cationic liposomes and pcDNA3.1 were
mixed in 5% dextrose at a charge ratio (—/+) of 1:2.24
and left at 37°C for 30 min to form a DNA/cationic
liposome complex, or lipoplex.

Hydrodynamic injection of plasmid
DNA into mice

Mice received an injection via the tail vein of plasmid
DNA dissolved in 1.6 mi of saline over 5s [3]. In most
experiments, the dose of plasmid DNA was set to 0.2-0.3
pmol/mouse, which corresponded to 0.43-14pg of
DNA/mouse. To examine the effect of pro-inflammatory
cytokines, lipoplex consisting of 25 ug of pcDNA3.1 was
injected in a normal manner into the tail vein, 1 h after
the hydrodynamic injection of naked plasmid DNA.

Luciferase assay

At indicated periods after injection, the liver was har-
vested and homogenized in 5mi/g of a lysis buffer
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(0.1M Tris, 0.05% TritonX-100, 2 mM ethylenediaminete-
tracetic acid, pH7.8). The homogenates were centrifuged
at 10000 g for 10 min at 4 °C. Then, 5 pl of the super-
natant was mixed with 50 pl of luciferase assay buffer
(Picagene; Tokyo-Ink, Tokyo, Japan) and the chemilumi-
nescence was measured with a luminometer (Lumat LB
9507; EG&G Bethhold, Bad Wildbad, Germany).

Measurement of pro-inflammatory
cytokines in the liver

At 2h after injection of 1 g of naked plasmid DNA
(pCMV-Luc or pCpG-ALuc) or lipoplex consisting of 25 pug
of pcDNA3.1, the liver was isolated and homogenized
in 2 ml of phosphate-buffed saline containing a cocktail
of protease inhibitors. Then, the homogenates were
centrifuged at 15000 g for 10min at 4°C. The
concentrations of tumor necrosis factor (TNF)-a and
interleukin (IL)-6 in supematants were measured using
enzyme-linked immunosorbent assay (ELISA) kits (TNF-«
Mouse ELISA Kit, R&D systems, Minneapolis, MN, USA;
BD OptEIA™ Mouse IL-6 ELISA set, BD Bioscience, San
Jose, CA, USA).

Measurement of serum concentrations
of IFN-y

At indicated periods after injection, 50-150 ul of blood
was collected from the tail vein. The blood samples were
incubated at 4°C for 2h to allow clotting and then
centrifuged at 8000 g to abtain serum. The concentration
of IFN-y in the serum was analysed by ELISA using
a commercial kit (Ready-SET-Go! Mouse IFN-© ELISA;
eBioscience, San Diego, CA, USA).

Experimental pulmonary metastasis

CT-26 cells were trypsinized and suspended in Hanks’
balanced salt solution (HBSS). Cell suspensions contain-
ing 1 x 10° CT-26 cells in 200 ul of HBSS were injected
into the tail vein of syngeneic BALB/c mice to estab-
lish experimental pulmonary metastasis. At 4 days after
tumor inoculation, plasmid DNA was injected in the tail
vein by the hydrodynamic injection method at a dose of
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0.2 pmol/mouse. At 21 days after inoculation of tumor
cells, mice were sacrificed and the number of metastatic
colonies on the lung surface was counted.

Statistical analysis

Differences were statistically evaluated by Student’s ¢-test.
p < 0.05 was considered statistically significant.

Results

Time-course of luciferase activity in the
liver after injection of
luciferase-expressing plasmid DNA
with different CpG contents

To examine the effect of CpG motifs in the promoter
region, we compared the expression profiles of two
luciferase-expressing plasmid vectors, pCMV-Luc and
pCMV-Luc(CMV-syn), both of which have almost identical
characteristics (Table 1) except for the CpG motifs in
the CMV promoter. Figure 1 shows the time-courses
of luciferase activity in the liver after hydrodynamic
injection of naked pCMV-Luc or pCMV-Luc(CMV-syn)
at a dose of 0.3 pmol/mouse. The luciferase activity
in the liver was very high at 6 and 24h after
injection, then declined over time. There were no
significant differences in the luciferase activity in the liver,
although pCMV-Luc(CMV-syn), the plasmid containing
no CpG motifs in the promoter, exhibited a relatively
higher activity than pCMV-Luc 3 and 7 days after
injection.

Next, expression profiles from other plasmids with
different CpG contents were compared. Although the
luciferase activity at 1 day after injection of naked plasmid
DNA was not so different among the plasmids used,
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Figure 1. Time-course of the luciferase activity in the liver after
hydrodynamic injection of pCMV-Luc, pCMV-Luc(CMV-syn),
pGZB-Luc, pCpG-Lue, pCpG-Luc(CMV-syn) or pCpG-ALuc at a
dose of 0.3 pmol/mouse. The results are expressed as the mean
+ SD of four mice. (®) pCMV-Luc (C) pCMV-Luc(CMV-syn)
(0) pGZB-Luc (A) pCpG-Luc (M) pCpG-Luc(CMV-syn) (A)
pCpG-/ALuc. RLU, relative luminescence unit
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the activity at 3 and 7 days after injection of pCpG-
Luc, pCpG-ALuc or pCpG-Luc(CMV-syn) was significantly
(p < 0.05) higher than that of the other kinds of plasmids,
including pGZB-Luc. These results showed a trend in
which transgene expression from plasmids is prolonged
when those with low CpG contents are used for gene
transfer.

Effect of cytosine methylation on
luciferase expression

Cytosine residues of CpG dinucleotides in pCMV-
Luc, pCMV-Luc(CMV-syn), pGZB-Luc, pCpG-Luc and
pCpG-ALuc were methylated or mock-methylated. All
methylated plasmids were resistant to digestion by Hpall,
a methylation-sensitive restriction enzyme that recognizes
the sequence CCGG, whereas mock-methylated plasmids,
except for that of pCpG-ALuc, were digested by Hpall
(Figure 2A). Figure 2B shows the luciferase activity in the
liver at 6 and 48 h after injection of methylated or mock-
methylated plasmids. The luciferase activity at 6 h after
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Figure 2. Effect of cytosine methylation on luciferase activity in
the liver after hydrodynamic injection of luciferase-expressing
plasmid DNA. (A) pCMV-Luc, pCMV-Luc(CMV-Syn), pGZB-Luc,
pCpG-Luc or pCpG-ALuc was methylated with SssI methylase
or mock-methylated and, then treated with Hpall. Each
sample (0.1pg) was run on a 1% agarose gel and DNA
was detected using ethidium bromide. (B) Methylated or
mock-methylated pCMV-Luc, pCMV-Luc(CMV-syn), pGZB-Luc,
pCpG-Luc or pCpG-ALuc was injected into mice at a dose of
0.3 pmol/mouse. Luciferase activity in the liver was measured
at 6 or 48 h after gene transfer. The results are expressed
as the mean + SD of four mice. Open columns, methylated
plasmid; solid columns, mock-methylated plasmid. *p < 0.05,
**p < 0.01 compared to the mock-methylated group. RLU,
relative luminescence unit
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injection (when pCMV-Luc produces a peak luciferase
activity) of methylated pCMV-Luc was approximately 1.5
log less than that obtained with mock-methylated pCMV-
Luc (p < 0.01). At 48 h after injection, an approximately
2 log difference in luciferase activity was apparent
between methylated and mock-methylated pCMV-Luc. In
addition, the luciferase activity from methylated pGZB-
Luc and pCMV-Luc(CMV-syn) was significantly lower
than that from mock-methylated pGZB-Luc and pCMV-
Luc(CMV-syn), respectively. A similar trend was also
observed for methylated and mock-methylated pCpG-Luc,
although the differences were not statistically significant.
pCpG-ALuc, which contains no CpG motifs, exhibited
almost identical luciferase activity, irrespective of the
treatment with SssI CpG methylase. Therefore, it can be
concluded that the differences in transgene expression
between methylated and mock-methylated plasmids are
due to the results of methylation of the plasmid CpG
motifs.

Effect of pro-inflammatory cytokines
on luciferase expression

CpG motifs in plasmid DNA trigger the release of pro-
inflammatory cytokines, including TNF-o, even when
administered as a naked form [11,15], which was
considered to reduce the level of transgene expression
through several mechanisms [18,19]. DNA lipoplex
induced a large amount of TNF-o secretion in serum
after intravenous injection, which was much higher
than that induced by the injection of any CpG-replete
plasmid in naked form by the hydrodynamic injection
method [11]). Therefore, DNA lipoplex was used to
induce the production of pro-inflammatory cytokines to
examine whether transgene expression is reduced by pro-
inflammatory cytokines. Mice received a hydrodynamic
injection of naked luciferase-expressing plasmid DNA,
followed by an intravenous injection of DNA lipoplex
consisting of pcDNA3.1, an empty plasmid DNA, after
an interval of 1 h. Figures 3A and 3B show the levels of
TNF-a and IL-6, respectively, in the liver at 2 h after
injection of DNA lipoplex or naked plasmid DNA. High
levels of these cytokines were detected in the liver of
mice receiving the DNA lipoplex, and the level of TNF-
« was significantly greater than that of mice receiving
hydrodynamic injection of a naked plasmid DNA, pCMV-
Luc or pCpG-ALuc. High levels of these cytokines were
also observed in the serum of mice only when the DNA
lipoplex was injected (data not shown). Figure 3C shows
the luciferase activity in the liver at 6 and 48 h after
injection of pCMV-Luc or pCpG-ALuc. The luciferase
activities expressed from both pCMV-Luc and pCpG-
ALuc were hardly affected by the administration of DNA
lipoplex. These results strongly support the hypothesis
that CpG DNA-induced pro-inflammatory cytokines are
not a major factor determining the duration of transgene
expression.

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 3. Effect of DNA-induced pro-inflammatory cytokines on
luciferase activity in the liver after hydrodynamic injection of
luciferase-expressing plasmid DNA. (A, B) Mice received an
intravenous injection of pcDNA3.1 lipoplex at a dose of 25 pug
of DNA/mouse or a hydrodynamic injection of pCMV-Luc or
pCpG-ALuc at a dose of 1pg of DNA/mouse. At 2 h after
injection, the levels of TNF-¢ (A) and IL-6 (B) in the liver were
measured. The results are expressed as the mean + SD of
three mice. NT, no treatment group. The TNF-« level in the
NT group was almost negligible. **p < 0.01 compared to the
NT group; ¥ < 0.05, 17 < 0.01 compared to the lipoplex-treated
group. (C) pCMV-Luc or pCpG-ALuc was injected into mice at
a dose 1 pg/mouse (0.22 and 0.43 pmol/mouse for pCMV-Luc
or pCpG-ALuc, respectively). Mice were injected with (open
columns) or without (solid columns) pcDNA3.1 lipoplex at a
dose of 25 pg of DNA/mouse, 1 h after hydrodynamic injection
of plasmid DNA. Luciferase activity in the liver was evaluated at
6 or 48 h after gene transfer. The results are expressed as the
mean =+ SD of three mice. RLU, relative luminescence unit

Serum IFN-y concentration after
injection of IFN-y-expressing plasmid
DNA

Figure 4A shows the time-courses of the IFN-y concen-
tration in mouse serum after hydrodynamic injection
of pCMV-Muy, pGZB-Muy or pCpG-Muy at a dose of
0.2 pmol/mouse. Sustained IFN-y concentrations were
observed in mice receiving either CpG-reduced plasmid
DNA: pGZB-Muy or pCpG-Muy. More than 1000 pg/ml
of IFN-y was detected in the serum from 6-31 days
after injection of pCpG-Muy, or from 6 h to 7 days after
injection of pGZB-Muy, whereas the concentrations were
below the detection limit (15 pg/ml) at 36 h or later after
injection of pCMV-Muy. The initial IFN-y concentration
after injection of pGZB-Muy was much greater than that
after injection of pCpG-Muy (p < 0.05). On the other
hand, the IFN-y concentration after injection of pCpG-
Muy was higher than that after injection of pGZB-Muy
(p < 0.05) on the third day and thereafter. These pro-
files of IFN-y expression from these two plasmid vectors
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Figure 4. Time-course of the concentration of IFN-y in serum
after hydrodynamic injection of IFN-y-expressing plasmid DNA.
(A) pCMV-Muy, pGZB-Muy or pCpG-Muy was injected into mice
at a dose of 0.2 pmol/mouse. The results are expressed as
the mean + SD of three mice. (J, pCMV-Muy; A, pGZB-Muy;
0, pCpG-Muy. (B) Methylated or mock-methylated pCMV-Muy,
pGZB-Muy or pCpG-Muy was injected into mice at a dose of
0.2 pmol/mouse. The results are expressed as the mean + SD
of four mice. Open symbols, methylated plasmid; solid symbols,
mock-methylated plasmid. (@, pCMV-Muy; A A, pGZB-Muy;
O@, pCpG-Muy

resulted in a large difference in the peak-to-trough ratio.
The ratio calculated for the first 31 days of pCpG-Muy
was 57, which was much smaller than that of pGZB-Muy
(1700), indicating that pCpG-Muy produces a constant
IFN-y concentration over a long period of time.

Effect of cytosine methylation on IFN-y
expression

To examine the effect of methylation on transgene
expression from IFN-y-expressing plasmids, pCMV-Muy,
pGZB-Muy and pCpG-Muy were treated with Sssl
methylase. Figure 4B shows the time-courses of the IFN-
y concentration in mouse serum after hydrodynamic
injection of methylated or mock-methylated plasmids
encoding mouse IFN-y at a dose of 0.2 pmol/mouse.
The IFN-y concentration in serum after injection of
methylated pCMV-Muy or pGZB-Muy was significantly
lower than that obtained with mock-methylated pCMV-
Muy or pGZB-Muy. Although the initial levels of the [FN-y
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Figure 5. Effect of IFN-y gene transfer on the experimental
pulmonary metastasis of CT-26 cells in mice. Tumor-bearing
mice were injected intravenously with saline, pCpG-ALuc,
pGZB-Muy or pCpG-Muy at a dose of 0.2 pmol/mouse by the
hydrodynamic injection method, 4 days after tumor inoculation.
Then, 21 days after tumor inoculation, mice were sacrificed
and the number of metastatic colonies on the lung surface was
counted. The results are normalized to the value of the no
treatment (NT) group and expressed as the mean + SD of at
least four mice. **p < 0.01 compared to the NT group

concentration after injection of methylated pCpG-Muy
were approximately 55% of those obtained with mock-
methylated pCpG-Muy, the level was almost identical
to that of mock-methylated pCpG-Muy at 7 days after
injection and thereafter.

Effects of IFN-y gene transfer on
pulmonary metastasis of tumor cells

At 4 days after inoculation of CT-26 cells into the tail
vein, pCpG-ALuc, pGZB-Muy or pCpG-Muy was injected
into mice at a dose of 0.2 pmol/mouse. Figure 5 shows
the number of metastatic colonies on the lung surface
measured at 21 days after inoculation. pGZB-Muy and
pCpG-Muy significantly reduced the number of colonies
t041.0 + 13.5% (p < 0.01) and 26.9 + 10.5% (p < 0.01),
respectively, of that found in the no treatment group. No
significant reduction was obtained by the injection of
saline (118.2 + 16.1%) or pCpG-ALuc (104.8 £ 16.7%).

Discussion

Cytokine-supported tumor immunotherapy is one of the
most promising strategies for cancer gene therapy. IFN
gene transfer is considered to be useful for gene ther-
apy because IFNs have a variety of biological functions,
including antiproliferative and immunomodulatory activ-
ities, which are capable of contributing to the host’s
defense against tumors [20-24]. In fact, IFN genes are
being used in clinical as well as preclinical trials of can-
cer gene therapy. We have reported that hydrodynamic
injection of plasmid vectors expressing IFN-f or IFN-y is
effective in inhibiting the growth of hepatic metastasis of
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mouse colon carcinoma CT-26 cells [15]. However, it was
also found that the IFN gene transfer by this method was
only marginally effective against pulmonary metastasis of
the tumor cells. This result may be associated with the
transient concentration of the IFNs in the lung tissue as
well as in plasma after the injection of the conventional
plasmid DNA encoding IFN-$ or IFN-y.

In a previous study, we succeeded in increasing the
potency of IFN gene therapy against pulmonary metastasis
of rumor cells by using CpG-reduced IFN-expressing
plasmid DNA, pGZB-Muy and pGZB-Mug [16]. These
results of the previous study provided experimental
evidence that sustained transgene expression of IFN is
important for obtaining good therapeutic results with
respect to the inhibition of the metastatic growth of
tumor cells in mice. However, substantial numbers of
CpG motifs remained in the plasmids constructed based
on the pGZB vector (Table 1), which would restrict a
prolonged expression from the plasmid vectors. Therefore,
in the present study, we initially examined the effect
of the number and location of CpG motifs on the
duration of transgene expression from naked plasmid
DNA administered to mice by the hydrodynamic injection
method, and then attempted to improve the efficacy of
IFN cancer gene therapy by developing IFN-expressing
plasmid DNA with the ability to achieve more sustained
transgene expression.

Reduction in the number of CpG motifs is widely
considered to be an effective means of increasing the
duration of transgene expression. However, the impact
of the position of the CpG motif in plasmids remains
unclear. The results obtained using luciferase-expressing
plasmid vectors suggest the following possibilities. When
the expression from firefly luciferase-expressing plasmids
was compared, the duration of transgene expression
correlated well with the total number of CpG mortifs
in plasmid vectors (Figure 1 and Table 1). Early studies
suggested the special importance of CpG motifs in
the promoter/enhancer regions {12,25], but the resuits
obtained in the present study suggest that the removal or
replacement of CpG motifs in these regions is not sufficient
to increase the duration of transgene expression.

The CpG motif-dependent duration of transgene
expression . suggests that the presence of the CpG
motif in plasmid DNA interferes with the transgene
expression from the vectors. Several possibilities have
been proposed regarding the adverse effects of the CpG
motif on transgene expression. A major possibility is
methylation of the cytosine residue of CpG motifs by DNA
methyltransferases {26,27]. It is reported that methylated
CpG motifs recruit methyl-CpG binding proteins, and
that transgene expression is transcriptionally repressed
{28,29]. Irvine etal. [30] reported that methylation
in the promoter and coding regions has a combined
effect on transcriptional suppression. In vitro methylation
of plasmid vectors showed a trend for transgene
expression being dependent on methylation of the
cytosine residue of CpG motifs (Figures 2B and 4B). In
addition, the methylation-induced reduction in expression
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was prominent with plasmids containing many CpG
motifs, but was not seen with the non-CpG plasmid
DNA, pCpG-ALuc. However, detailed examination of the
data also indicated that methylation itself is not the
whole mechanism behind the suppression of transgene
expression. The expression from methylated pCMV-Luc,
pGZB-Luc, pCMV-Muy and pGZB-Muy decreased with
time (Figures 2B and 4B), indicating that additional
events, such as the recruitment of methyl-CpG binding
proteins, are also involved in methylation-mediated
suppression of expression. No significant differences
were observed in the profile of transgene expression
between methylated and mock-methylated pCpG-ALuc
(Figure 2B), indicating the importance of reducing the
number of CpG motifs in plasmid vectors for sustained
transgene expression. The cytosine methylation of pCpG-
Luc by Sssl methylase resulted in some reduction in the
luciferase activity at 48 h after injection, although the
activity was not significantly different from that by the
mock-methylated counterpart. On the other hand, the
time-courses of luciferase activity in mouse liver were
almost superimposed between the pCpG-Luc- and the
pCpG-ALuc-injected groups, at least for the first 7 days
after injection (Figure 1). These results could be explained
by assuming that the rate and extent of CpG methylation in
mouse liver is lower than that induced by Sssl methylase,
and/or that CpG methylation in the cDNA region has less
effects on transgene expression than that in other regions,
such as promoter and ori.

Unmethylated CpG motifs in plasmid vectors have
been found to stimulate the innate immune response by
interacting with the host TLR9, and to trigger the release
of pro-inflammatory cytokines [31-33]. These cytokines
have been shown to have a variety of effects on transgene
expression from vectors [34-36]. Reyes-Sandoval et al.
[34] reported that CpG motif-mediated immune responses
promote the activation of transgene product-specific B and
T cells. In addition, it has been reported that vector-
induced pro-inflammatory cytokines inhibit transgene
transcription directly through shutdown of the promoter
[37]. Furthermore, apoptosis of transfected cells may
be another reason for the loss of transgene expression
induced by the immune response [38]. Although naked
plasmid DNA is a weak inducer of pro-inflammatory
cytokines following administration to mice compared with
DNA lipoplex, it induced the production of TNF-« after
hydrodynamic injection [11]. In addition, the level of the
cytokine was proportional to the number of CpG motifs
in the plasmid DNA and cytosine methylation abolished
cytokine production [11]. Therefore, the production of
pro-inflammatory cytokines induced by the presence of
CpG motifs in plasmid DNA could be another reason for
the suppression of transgene expression from plasmids
with many CpG motifs. To examine this possibility,
DNA lipoplex was used to induce the production of
pro-inflammatory cytokines because it is a far better
inducer than naked plasmid DNA (Figures 3B and 3C).
To avoid the fact that the delivery, or expression, from
naked plasmid DNA given by the hydrodynamic injection
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method is affected by the administration of DNA lipoplex,
as well as following production of pro-inflammatory
cytokines, DNA lipoplex was administered 1 h after the
hydrodynamic delivery of luciferase-expressing plasmid
DNA. Even although a large amount of TNF-« and IL-
6 was produced by the administration of DNA lipoplex
to mice that had received a hydrodynamic injection of
naked plasmid DNA, the luciferase activity in the liver was
hardly affected by the treatment (Figure 3). Therefore, it
is reasonable to conclude that pro-inflammatory cytokines
induced by the CpG motifs of plasmid vectors are not
significantly involved in the suppression of transgene
expression from naked plasmid DNA.

Reduction of CpG motifs from plasmid vectors was
found to be effective in increasing the duration of
transgene expression of IFN-y, and the plasmid pCpG-
Muy that contains only 20 CpG motifs, all of which
are in the ¢DNA of mouse IFN-y, exhibited a very
prolonged transgene expression (Figure 4A). The results
using methylated plasmids (Figures 2B and 4B) suggest
that CpG motifs in the IFN-y ¢cDNA have less effects on
transgene expression than those in the firefly luciferase
¢DNA. This difference in the effect of the CpG motif
in the ¢cDNA region between pCpG-Luc and pCpG-Muy
could be explained by the difference in the number of
CpG motifs: only 20 motifs in the IFN-y ¢cDNA and 194
in the luciferase cDNA (Table 1). Taken together, these
results suggest that methylation of CpG motifs in cDNA
region, even if it occurs, does not affect the expression
of transgene from plasmid vectors when the CpG motif is
only in the cDNA region and its numbers are limited.

The difference in the duration of transgene expression
observed in the present study cannot be solely due to the
difference in CpG content of the plasmid vector. Another
possible major factor is the type of promoter, and there
are several concerns relating to the use of CMV promoters
[39-41]. Compared with CMV promoters, the human
elongation factor 1 (EF1) promoter of pCpG-Luc, pCpG-
ALuc and pCpG-Muy appears to achieve a prolonged
transgene expression because it is a cellular promoter.
It has been shown that the transgene expression from a
plasmid containing an EF1 promoter is lower than that
from a plasmid containing a CMV promoter, but that it
declines much more slowly [42]. In addition, IFN-y is
a potent anti-viral agent that has been shown to inhibit
the viral transcription of CMV [43,44] and transgene
expression from the CMV promoter [45]. However, little
difference was observed between the EF1 promoter and
the CpG-free CMV promoter with respect to the duration
of transgene expression of luciferase (Figure 1). These
findings strongly suggest that CpG content is a more
important factor-than the type of promoter with respect
to the duration of transgene expression.

In conclusion, we have demonstrated that the total
number of CpG motifs, especially those in the regions
outside cDNA, is an important factor determining the
sustainability of transgene expression after hydrodynamic
injection of naked plasmid DNA into mice. Prolonged
expression of IFN-y was successfully achieved, which

Copyright '© 2009 John Wiley & Sons, Ltd
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was effective in inhibiting the experimental pulmonary
metastasis of tumor cells. Together with the fact that
the plasmid DNA-induced cytokine production is almost
completely explained by the presence of the CpG motif
in DNA invivo (Yoshida et al., unpublished data), the
present study provides experimental evidence that the
CpG reduction in plasmid DNA is indispensable for a safe
and effective in vivo gene therapy for diseases that require
sustained transgene expression.
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Reactivation of Silenced Transgene Expression in Mouse
Liver by Rapid, Large-Volume Injection of Isotonic Solution

Makiya Nishikawa, Ayumi Nakayama, Yuki Takahashi, Yasushi Fukuhara, and Yoshinobu Takakura

Abstract

Rapid, large-volume injection, or so-called hydrodynamic injection, of naked plasmid DNA gives high trans-
gene expression in mouse liver, and this method has been applied to liver-directed gene transfer in humans
with slight modifications. To prove that injection-induced biological changes are involved in hydrodynamic in-
jection-induced, high-level transgene expression in mouse liver, isotonic solutions were injected into mice that
had received a hydrodynamic injection of plasmid DNA. Transgene expression in the liver was increased by
such injections irrespective of the cDNA, promoter, and type of solution. This reactivation was repeatable and
detectable even 3 months after gene transfer. Parameters required for reactivation were similar to those re-
quired for the hydrodynamic injection of plasmid DNA. Plasmid DNA-polyethyleneimine complex-based trans-
gene expression in mouse liver was also reactivated by the same treatment. DNA microarray and quantitative
RT-PCR analyses revealed that the expression of immediate-early response genes c-fos and c-jun was increased
70- and 100-fold, respectively. Activator protein (AP)-1- or nuclear factor (NF)-xB-dependent transgene ex-
pression was increased by an injection of isotonic solutions. These findings indicate for the first time that a
rapid, large-volume injection of isotonic solution activates the transcription factors AP-1 and NF-«B in the liver,

which in turn increases the transcription of genes delivered by hydrodynamic injection or other methods.

Introduction

HYDRODYNAMIC DELIVERY of naked plasmid DNA has be-
come a “gold standard” for achieving transgene ex-
pression in mouse liver in vivo (Kobayashi et al., 2005). This
has been applied to study the function of genes of interest
in live animals (Ehrhardt ef a/., 2005). Because this method
does not require any lipids or polymers for it vivo gene trans-
fer, it has been considered safe for use in clinics to deliver
therapeutic genes and short hairpin RNA. Naked plasmid
DNA was delivered to human liver by hydrodynamic de-
livery using balloon-catheters (Khorsandi cf al., 2008).
Budker and coworkers reported intravascular delivery of
naked plasmid DNA under high pressure to the liver (Bud-
ker ¢f al., 1996) or to skeletal muscle (Budker ef al., 1998), the
mechanism of which could be similar to that of the hydro-
dynamic injection. Since Liu and cowarkers (1999) and
Zhang and coworkers (1999) reported hydrodynamic injec-
tion-mediated high transgene expression, the mechanism of
this gene transfer has been explored in detail (Kobayashi et
al., 2001, 2004; Zhang ef al, 2004; Budker ef al, 2006;
Sebestyén e al., 2006). We reported that hydrodynamic in-
jection transiently increases the permeability of the cell mem-

brane (Kobayashi et al., 2004). Zhang and coworkers (2004)
reported that liver fenestrae are enlarged and pores are cre-
ated on cell membranes by injection. Through the pores, plas-
mid DNA and other membrane-impermeable macromolec-
ular compounds enter cells (Kobayashi et 4., 2001). On the
other hand, transaminases and green fluorescent protein
(GFP) expressed in liver cells were released from the cells
{Kobayashi et al., 2004). Suda and coworkers (2007) found
that some hepatocytes of mice receiving a hydrodynamic in-
jection have diluted cytoplasm, suggesting that injected so-
lutions have direct access to the cytoplasm.

The level of transgene expression achieved by the hydro-
dynamic injection of naked plasmid DNA is high compared
with other nonviral approaches. It is often evaluated with
firefly luciferase, and the amount of this protein, expressed
as relative light units (RLU), is used as an indicator of the
level of transgene expression. We have developed several
approaches to liver-specific gene transfer methods, includ-
ing sugar-conjugated polymers or liposomes (Nishikawa cf
al., 1998, 2000; Kawakami ¢f al., 2000; Morimoto et al., 2003)
and electroporation-mediated gene transfer (Sakai cf ol.,
2005; Thanaketpaisarn ¢t al., 2005). In these cases, a 1- to 5-
mg/kg dose (ie., 20-100 pg/20-g mouse) of plasmid DNA
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was injected and expression levels of 102-10° RLU/sec/mg
protein were obtained in mouse liver with a plasmid ex-
pressing firefly luciferase under the control of the cyto-
megalovirus (CMV) promoter, pCMV-Luc (Nishikawa cf al.,
2000). The same plasmid gave 10 RLU/sec/mg protein or
higher expression when injected by the hydrodynamics-
based procedure at doses of 5 ug/mouse or greater
(Kobayashi ¢t al., 2004). The plasmid DNA injected at a dose
as low as 10 ng/mouse gave luciferase activity in the liver
of 10 RLU/ sec/mg protein. Thus, expression is extremely
efficient when plasmid DNA is hydrodynamically injected
into mice. In other words, no other nonviral gene delivery
method is as efficient as those using hydrodynamic injec-
tions or viral vectors.

The great discrepancy between hydrodynamic injection
and other nonviral gene transfer methods in terms of the
level of transgene expression could be attributed to bio-
logical changes in the liver induced by the injection proce-
dure. Because the volume and speed of the injections used
are quite different from physiological blood flows, physio-
logical and biological conditions can be altered by the in-
jection. Ochiai and coworkers (2007) reported that mice re-
ceiving a second hydrodynamic injection showed a greater
level of transgene expression compared with those receiv-
ing no additional injections. On the basis of these findings,
they suggested an involvement of the activation of tran-
scription factors in this observation, but no experimental
evidence was provided. Loser and coworkers (1998) dem-
onstrated that silenced transgene expression from a plas-
mid vector was increased by administration of endotoxin
when the transgene was driven by a CMV promoter, sug-
gesting the presence of a mechanism of reactivation of si-
lenced transgene expression.

To prove that any biological changes in mouse liver are
involved in the high transgene expression levels obtained by
hydrodynamic injection of naked plasmid DNA, mice that
had received a hydrodynamic injection of naked plasmid
DNA were injected again with an isotonic solution contain-
ing no plasmid DNA. Various parameters were evaluated,
including the cDNA and promoter of plasmids; the type of
isotonic solutions; and the volume, speed, timing, and re-
peats of additional injections. Here we show that the injec-
tion of isotonic solutions reactivates silenced transgene ex-
pression in mouse liver. This reactivation was independent
of plasmid or solution used, but was dependent on the vol-
ume and speed of injection. A hydrodynamic injection of iso-
tonic solutions greatly increased mRNA expression of c-fos
and c-jun, and activated transcription factors activator pro-
tein (AP)-1 and nuclear factor (NF)-«xB. These findings ex-
plain why the hydrodynamic injection of naked plasmid
DNA is highly efficient compared with other nonviral gene
transfer methods.

Materials and Methods
Chemicals

Isotonic 0.9% sodium chloride solution was purchased
from Otsuka Pharmaceutical Factory (Tokushima, Japan).
Ringer’s solution was obtained from Fuso Pharmaceutical In-
dustries (Osaka, Japan). TransIT-QR delivery solution was
purchased from Mirus Bio (Madison, W1). In vivo jetPEl was
purchased from Polyplus-transfection (Hikirch, France).

NISHIKAWA ET AL.

Animals

Male ICR mice (6 weeks old, about 28 g) were purchased
from the Shizuoka Agricultural Cooperative Association for
Laboratory Animals (Shizuoka, Japan). Animals were main-
tained under conventional housing conditions and received
humane care according to the criteria outlined in the Guide

for the Care and Use of Laboratory Animals (Institute of Labo-

ratory Animal Resources, 1996). The protocols for animal ex-
periments were approved by the Animal Experimentation
Comnittee of the Graduate School of Pharmaceutical Sci-
ences of Kyoto University (Kyoto, Japan).

Plasmid DNA

pCMV-Luc (Nishikawa ¢t al., 2000) and pCMV-Muy (No-
mura et al., 1999) were constructed as reported previously.
pGL3-control vector and pRL-SV40, which encode firefly lu-
ciferase and Renifllz luciferase under the control of the simian
virus 40 (SV40) promoter, respectively, were purchased from
Promega (Madison, WI). Mercury pathway profiling luciferase
system 1 (pTA-Luc, pAP-1-Luc, pNFxB-Luc, pGRE-Luc, pCRE-
Luc, and pSRE-Luc) and pEGFP-N1 encoding enhanced green
fluorescent protein (GFP) were purchased from Clontech
(Mountain View, CA). pCpG-Luc and pCpG-ALuc, which en-
code firefly luciferase or a firefly luciferase fusion protein, re-
spectively, under the control of the human elongation factor-1

'(EF-1) promater, were constructed with pCpG-mcs (InvivoGen,

San Diego, CA) and pORF-LucSh-ACpG (InvivoCen) as re-
ported elsewhere (Mitsui ef a/., unpublished data). pAAT-Luc,
a plasmid expressing firefly luciferase under the control of the
human «y-antitrypsin (AAT) promoter, was kindly provided
by X. Xiao (University of North Carolina, Chapel Hill, NC}.
Table 1 shows the promoters and the number of binding sites
for AP-1 and NF-«B in the plasmids used in the present study.

Hydrodynamic injection

Naked plasmid DNA dissolved in isotonic solutions was
injected into the tail vein of mice. Unless otherwise indicated,
10 ug of plasmid DNA dissolved in 2.2 ml (8% of body
weight) of 0.9% sodium chloride solution was injected over
5 sec (Liu ef al,, 1999).

Hepatic gene transfer

Under light anesthesia with diethyl ether, mice received
an injection of 10 or 100 pg of naked pCMV-Luc in 20-30 pl
of 0.9% sodium chloride solution into the right lobe of the
liver. At 4.5 days after gene transfer, mice received an injec-
tion of 0.9% sodium chloride solution. In a separate set of
experiments, 50 pg of pPCMV-Luc was mixed with in vfvo jet-
PEl at an N/P ratio of 10, and the complex formed was in-
jected into the portal vein (the N/P ratio refers to the num-
ber of nitrogen residues of jetPEl per DNA phosphate). At
6.5 days after gene transfer, mice received an injection of
0.9% sodium chloride solution. In both cases, luciferase ac-
tivity in mouse liver was determined 12 hr after the rapid,
large-volume injection. '

Luciferase imaging

Imaging was perforimed in a two-step process using Win-
Light32 software, as reported elsewhere (Hyoudou ¢t al., 2007).

- 768 -



REACTIVATION OF TRANSGENE EXPRESSION

1M

ProMotER AND NunMBer OF BINDING SiTEs For AP-1 anp NF-aB v Prasatin VECTORS?

Number of binding

sites
Plasmid DNA Pronioter cDNA AP-1 NF-xB
pCMV-Luc Human CMV Firefly luciferase 2 4
pGL3-control Human SV40 Firefly luciferase 2 0
pCpG-Luc Human EF1 Firefly luciferase 7 9
pCpG-ALuc Human EF1 Firefly luciferase 7 9
fusion protein
PAAT-Luc Human AAT Firefly luciferase 6 0
pRL-5V40 Human 5V40 Renilla huciferase 3 2
pEGFP-N1 Human CMV EGFP 2 4
pCMV-Muy Human CMV Murine [FN-y 2 4
pTA-Luc TATA box Firefly luciferase 0 0
pAP-1-Luc TATA box + AP-1 Firefly luciferase 4 0
pNFxB-Luc TATA box + NF-«B Firefly luciferase 0 4
pGRE-Luc TATA box + GRE Firefly luciferase 0 0
PSRE-Luc TATA box + SRE Firefly luciferase 0 0
PCRE-Luc TATA box + CRE Firefly luciferase 0 0

*The number of binding sites for AP-1 and NF-«B was counted using databases for transcriptional regulation (Heinemeyer ef al., 1998},

Luciferase assay

Liver homogenates were centrifuged at 13,000 X g, and an
aliquot of the supernatant was mixed with firefly luciferase
assay buffer (Picagene; Toyo Ink, Tokyo, Japan) to detect fire-
fly luciferase activity. The light produced was immediately
measured with a luminometer (Lumat LB 9507; Berthold
Technologies, Bad Wildbad, Germany). Renilla luciferase ac-
tivity was measured in a similar manner with a Picagene

dual kit (Toyo Ink).

Detection of GFP-positive cells

Mice were killed and the livers were then embedded in
Tissue-Tek O.C.T. embedding compound (Sakura Finetek,
Tokyo, Japan), frozen in liquid nitrogen, and stored in 2-
methylbutanol at —80°C. Frozen liver sections (thickness, 10
um) were made with a cryostat (Jung Frigocut 2800E; Leica
Microsystems, Wetzlar, Germany) by a routine procedure.
The sections were directly observed by fluorescence mi-
croscopy (Biozero; Keyence, Osaka, Japan) without any fix-
ation.

Enzyme-linked immunosorbent assay for interferon-y

Abaout 100 pl of blood was collected from the tail vein at
the indicated times after gene transfer. The blood samples
were kept for 2-3 hr to allow clotting and then centrifuged
to obtain serum. The concentration of interferon (IFN)-y in
the serum was determined by enzyme-linked immunosor-
bent assay (ELISA), using a commercial kit (Ready-SET-Go!
mouse IFN-y ELISA; eBioscience, San Diego, CA).

Real-time polymerase chain reaction

Mice were killed and total RNA was extracted from ap-
proximately 50-mg liver samples, using Sepasol RNA I su-
per (Nacalai Tesque, Kyoto, Japan). After RNase-free DNase
I treatinent (Takara, Tokyo, Japan), reverse transcription was
performed with SuperScript {1 (Invitrogen, Carlsbad, CA)

and oligo(dT) primer according to the manufacturer’s pro-
tocol. For a quantitative analysis of mRNA expression, real-
time polymerase chain reaction (RT-PCR) was carried out
with total cDNA, using a LightCycler instrument (Roche Di-
agnostics, Basel, Switzerland}). The oligodeoxynucleotide
primers used for amplification were as follows: c-fos, forward
(5'-gctgacagatacactccaa-3")  and  reverse  (5'-gacctccagt-
caaatcea-3'); c-jun, forward (5'-gtgecaactcatgetaacg-3) and
reverse (5'-gcaaccagtcaagtictcaag-3'); c-myc, forward (5'-ac-
caccageacgactct-3') and reverse (5’-agacgtggcacctcttga-3');
and mkp-1, forward (5'-tcaacgtctcagcecaattgtect-3) and re-
verse (5'-cgtccagctitacceggttagte-3'). Amplification products
were detected online via intercalation of the fluorescent dye
SYBR green (LightCycler-FastStart DNA master SYBR green
Lkit; Roche Diagnostics). The cycling conditions were as fol-
lows: initial enzyme activation at 95°C for 10 min, followed
by 55 cycles at 95°C for 10 sec, 58°C for 5 sec, and 72°C for
12 sec. All cycling reactions were performed in the presence
of 3.5 mM MgCl,. Gene-specific fluorescence was measured
at 72°C.

Serum fransaminase activities

Mice received a hydrodynamic injection of 10 ug of naked
pCMV-Luc in 0.9% sodium chloride solution and a rapid,
large-volume injection of 0.9% sodium chloride solution with
a 4-day interval. Blood was serially collected by cutting the
tip of the tail. Serum aspartate transaminase {AST) and ala-
nine transaminase (ALT) activities were determined with test
reagents (Transaminase Cll test Wako; Wako Pure Chemi-
cal, Osaka, Japan). Control values were determined with
blood obtained from age-matched, untreated mice.

Statistical analysis

Differences were statistically evaluated by Student ¢ test
or by one-way analysis of variance followed by the Fisher
PLSD multiple comparison test. The level of statistical sig-
nificance was set at p <= 0.05.
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Results

Rapid, large-volume injection reactivates silenced
transgene expression in mouse liver

The expression of firefly luciferase from a plasmid vector
pCMV-Luc was transient in mouse liver (Nishikawa ef al.,
2000), and such transient expression from plasmid vectors
was also reported by others (Herweijer ¢t al., 2001). There-
fore, this plasmid was injected in naked form into the tail
vein of mice by the hydrodynamics-based procedure, and
successive images were acquired from the same mice. Fig-
ure 1A-] shows luminescent images of mice receiving a sin-
gle injection of naked pCMV-Luc in 0.9% sodium chloride
solution at a dose of 10 pg/mouse. Two groups of three mice

each were used to trace the time course of luminescence in-

tensity in individual mice, and the orders of mice were kept
unchanged from Fig. 1A to E (group 1), and from Fig. 1F to
J (group 2). Thus, Fig. 1A and F indicates the results of two
different groups of mice under identical experimental con-
ditions, which is also the case for Fig. 1B and G. Luciferase
activity in the liver was high at 6 hr (Fig. 1A and F) but fell
to a low level 3 days after gene transfer (Fig

. 1B and G), in-
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dicating that the expression is transient. These mice then re-
ceived a second injection of 0.9% sodium chloride solution
containing no plasmids, in the same manner as the hydro-
dynamic injection. In vivo imaging of mice clearly demon-
strated that only mice receiving the injection 12 hr before the
imaging showed increased luminescence irrespective of the
interval between the injections (Fig. 1C- E) Figure 1K shows
luciferase activity in the liver of mice 4 davs after the hy-
drodynamic injection of naked pCMV-Luc. The mice were
injected with 0.9% sodium chloride solution at the indicated
times before the measurement of luciferase activity. Lucifer-
ase activity was increased by the second injection irrespec-
tive of the time interval between the injection and the assay,
and a broad peak was observed from 6 to 24 hr after the sec-
ond injection. These results are in a good agreement with
those reported by Ochiai and coworkers (2007). The level
achieved by the second injection was about 3% of the peak
level (1.14 X 10° RLU/sec/mg protein) of the initial trans-
gene expression measured 6 hr after gene transfer. In addi-
tion, the mouse receiving the second injection 3.5 days after
gene transfer showed detectable luminescent signals on day
4, but no detectable signals on day 8 or 12 (Fig. 1C-E, the

2 m‘l-
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Luciferase (RLU/sec/mgq protein) x

No nj 3h 6h 12h 24h

Time after 2nd injection

FIG. 1

Time course of transgene expression in mice receiving a hydrodynamic injection of 0.9% sodium chloride solution

containing 10 g of naked pCMV-Luc. (A-J) Luminescent images were taken (A and F) 6 hr, (B and G) 3 days, (C and H)
4 days, (D and I) 8 days, and (E and J) 12 days after gene transfer. Arrows indicate that the mice received additional in-
jections of 0.9% sodium chloride solution 12 hr before imaging. In (A-E) and (F-J), three mice each were used to trace the
time course of luminescence intensity in individual mice, and the orders of mice were kept unchanged. (K) Mouse liver
was excised 4 days after gene transfer, and luciferase activity in the supernatant of liver homogenates was determined. Mice
received a rapid, large-v ()Iume injection of 0.9% sodium chloride solution containing no plasmid DNA at the indicated times
before the assay. Results are expressed as means *+ SD of three or four mice. ‘;r < 0.05 compared with the no-injection group.
(L-O) Luminescent images were taken (L and M) 1 month and (N and O) 3 months after gene transfer, and the mice indi-
cated with arrows received a rapid, large-volume injection of 0.9% sodium chloride solution containing no plasmid DNA.
Before (L and N) and 12 hr after (M and 0) the injection, luminescent images were obtained. *This mouse was found dead
just before the imaging at 3 months after gene transfer because of deep anesthema, so it was not shown in (N and O). The
orders of mice were kept unchanged in (L-O) except for the dead mouse. Because of the reduction in the luminescent in-
tensity with time, different parameters from those in (A-J) were used for the detection of luminescence at 1 and 3 months
after gene transfer.
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mouse on the left). These results suggest that reactivated ex-
pression is also transient as observed after the hydrodynamic
injection of naked pCMV-Luc.

In a different set of mice, multiple injections of 0.9% so-
dium chloride solution were performed. Each injection
greatly increased the luminescence (Fig. 1F-]), although all
mice showed no significant luminescence 12 hr before the
additional injections (Fig. 1G; and data not shown). Lumi-
nescent images were then obtained 1 and 3 months after the
hydrodynamic injection of naked pCMV-Luc. The lumines-
cence in the liver was much higher in mice receiving an in-
jection of 0.9% sodium chloride solution 12 hr before the
imaging compared with untreated animals (Fig. 1L-O).
Again, reactivation was found to be dependent on the injec-
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Reactivation depends on plasmid dose, volume, and
speed of injection, but not on type of isotonic solutions

Figure 2A~H shows luminescent images of mice receiving
a hydrodynamic injection of naked pCMV-Luc at a dose of
I pg/mouse (Fig. 2A-D) and 50 pg/mouse (Fig. 2E-H). The
luminescence intensity detected 6 hr (Fig. 2A and E) or 1 day
(Fig. 2B and F) after gene transfer corresponded to the plas-
mid dose, and much greater intensity was detected in mice
receiving the high dose. Thereafter, expression decreased
and no significant luminescence was detected 3 days after
injection when a fixed set of parameters was used for de-
tection (Fig. 2C and G). A second injection of 0.9% sodium
chloride solution greatly increased intensity in the liver,

which was again proportional to the plasmid dose with
which mice had been injected (Fig. 2D and H). These lumi-

tion of 0.9% sodium chloride solution (indicated by arrows),
transient, and repeatable.
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FIG. 2. Effect of plasmid dose, volume and speed of injection, and type of isotonic solution on the reactivation of trans-
gene expression in mouse liver. (A-H) Luminescent images were taken (A and E) 6 hr, (B and F) 1 day, (C and G) 3 days,
and (D and H) 4 days after a hydrodynamic injection of naked pCMV-Luc at a dose of 1 g (A-D) or 50 pg (E-H). Each
mouse received a rapid, large-volume injection of 0.9% sodium chloride solution containing no plasmid DNA on day 3.5.
(I) Mice received a hydrodynamic injection of 1 pg (open columns) or 50 pg (solid columns) of pCMV-Luc. Then, 3.5 days
after gene transfer, mice received a rapid, large-volume injection of 0.9% sodium chloride solution. Luciferase activity in
mouse liver was determined at the indicated times after gene transfer. Results are expressed as means * SD of at least four
mice. (J) Mice received an injection of 10 pg of pCMV-Luc dissolved in 2.2, 1.1, or 0.2 ml of 0.9% sodium chloride solution
at a speed of 2.2 ml/5 sec. Luciferase activity in mouse liver was determined 6 hr after gene transfer. Results are expressed
as means * SD of at least three mice. (K) Mice received a hydrodynamic injection of 10 pg of pCMV-Luc. Then, 3.5 days
after gene transfer, mice received an injection of 2.2, 1.1, or 0.2 ml of 0.9% sodium chloride solution at a speed of 2.2 ml/5
sec. Luciferase activity in mouse liver was determined 12 hr after the second injection. Results are expressed as means =
SD of at least three mice. *p < 0.05 compared with the no-injection group. (L) Mice received an injection of 10 pg of pCMV-
Luc dissolved in 2.2 ml of 0.9% sodium chloride solution at a speed of 2.2 ml/5 sec, 2.2 ml/10 sec, or 2.2 ml/20 sec. Lucif-
erase activity in mouse liver was determined 6 hr after gene transfer. Results are expressed as means = SD of at least three
mice. (M) Mice received a hydrodynamic injection of 10 pg of pPCMV-Luc. At 3.5 days after gene transfer, mice received an
injection of 2.2 ml of 0.9% sodium chloride solution at a speed of 2.2 ml/5 sec, 2.2 ml/10 sec, or 2.2 ml/20sec. Luciferase
activity in mouse liver was determined 12 hr after the second injection. Results are expressed as means = SD of at least
three mice. *p < 0.05 compared with the no-injection group. (N) Mice received a hydrodynamic injection of 10 pg of pCMV-
Luc. Then, 3 days after gene transfer, mice received an injection of 0.9% sodium chloride solution, 5% dextrose solution,
Ringer's solution, or TransIT-QR delivery solution. Luciferase activity in mouse liver was determined 12 hr after the sec-
ond injection. Results are expressed as means = SD of four mice.
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nescence results were confirmed by the quantitative lucifer-
ase assay data (Fig. 2I).

Because the injection volume is a parameter affecting the
level of transgene expression by hydrodynamics-based gene
transfer (Liu ef al., 1999), the effect of the volume of 0.9% so-
dium chloride solution on luciferase activity in the liver was
examined. When the volume of the hydrodynamic injection
of naked pCMV-Luc was changed from 2.2 ml (8% of body
weight, the hydrodynamic injection) to 1.1 ml (4%) and 0.2
ml (0.7%) at a constant speed of 2.2 ml/5 sec, the expression
level decreased in proportion to the volume (Fig. 2J). Less
than 1% luciferase activity was obtained when the volume
was reduced to half or less, compared with the hydrody-
namic injection. The effect of injection volume on reactiva-
tion was then examined in mice that had received a hydro-
dynamic injection of pCMV-Luc 3.5 days before the second
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injection (Fig. 2K). Injection of 0.9% sodium chloride solu-
tion in a reduced volume of 1.1 or 0.2 ml hardly increased
luciferase activity in the liver.

We then examined the effects of the speed of injection, an-
other important parameter determining the level of trans-
gene expression. Mice received an injection of 2.2 ml of 0.9%
sodium chloride solution containing pCMV-Luc over 5, 10,
or 20 sec. Luciferase activity in the liver after injection of
pCMYV-Luc was proportional to the speed of injection (Fig.
2L). Again, the effect of injection speed on reactivation was
examined. Even although the same volume of 0.9% sodium
chloride solution was injected into mice that had received
the hydrodynamic injection of pCMV-Luc, no significant in-
crease in luciferase activity was observed when 2.2 ml of
0.9% sodium chloride solution was injected over 10 or 20 sec
(Fig. 2M).
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FIG. 3. Effect of promoter and cDNA on the reactivation of transgene expression in mouse liver. (A) Mice that had re-
ceived a hydrodynamic injection of 10 pg of pGL3-control vector were given a rapid, large-volume injection of 0.9% so-
dium chloride solution at the indicated periods before the luciferase assay. Luciferase activity in mouse liver was deter-
mined 4 days after gene transfer (the first injection). Results are expressed as means = SD of at least three mice. *p < 0.05
compared with the no-injection group. (B-G) Luminescent images were taken (B and E) 12 hr, (C and F) 7.5 days, and (D
and G) 14.5 days after a hydrodynamic injection of naked pCpG-ALuc at a dose of 1 p2g. Mice in the upper panels received
a rapid, large-volume injection of 0.9% sodium chloride solution containing no plasmid DNA on day 7 and day 14. In (B-D)
and (E-G), three mice each were used to trace the time course of luminescence intensity in individual mice, and the orders
of mice were kept unchanged. Arrows indicate that the mice received additional injections of 0.9% sodium chloride solu-
tion 12 hr before imaging. (H-J) Mice received a hydrodynamic injection of (H) 1 g of pCpG-ALuc, (I) 1 g of pCpG-Luc,
or (J) 10 pg of pAAT-Luc. Seven (H and 1) or 3 days (J) after gene transfer, a group of mice received a rapid, large-volume
injection of 0.9% sodium chloride solution containing no plasmid DNA. Luciferase activity in mouse liver was determined
at the indicated times after gene transfer. Results are expressed as means + SD of at least four mice. *p < 0.05 compared
with the no-injection group. (K) Mice that had received a hydrodynamic injection of 10 pg of pRL-SV40 were given a rapid,
large-volume injection of 0.9% sodium chloride solution at the indicated times before luciferase assay. Luciferase activity
in mouse liver was determined 4 days after gene transfer (the first injection). Results are expressed as means = SD of at
least three mice. *p << 0.05 compared with the no-injection group. (L and M) Mice that had received a hydrodynamic injec-
tion of 1 g of pEGFP-N1 were (L) left untreated or (M) injected with a rapid, large-volume injection of 0.9% sodium chlo-
ride solution 5 days after gene transfer. On day 6, mice were killed and the frozen liver sections made were observed with
a fluorescence microscope. (N) Mice that had received a hydrodynamic injection of 20 g of pPCMV-Muy were given a rapid,
large-volume injection of 0.9% sodium chloride solution 4 days after gene transfer (indicated with an arrow). Blood sam-
ples were sequentially obtained from the tail vein, and the concentration of mouse IFN-y in serum was determined by
ELISA. Low levels (<0.1 ng/ml) of endogenous [FN-y production were detected in the saline-treated mice (data not shown).
Results are expressed as means *= SD of six mice. *The serum IFN-vy concentration at 96 hr was below the detection limit
of the ELISA.
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Because the volume of sodium chloride solution used is
almost comparable to the blood volume, the ingredients of
the solution used may be involved in this reactivation. Fig-
ure 2N shows luciferase activity in the liver of mice receiv-
ing a hydrodynamic injection of pCMV-Luc in 0.9% sodium
chloride solution. Each type of isotonic solution was injected
into mice 3 days after gene transfer and luciferase activity
was examined 12 hr after the second injection. In addition to
0.9% sodium chloride solution, 5% dextrose solution,
Ringer’s solution, and TransiT-QR delivery solution were in-
jected into mice. No significant differences were observed
among the groups examined.

Sifenced expression is reactivated irrespective of
promoter or cONA

To examine whether reactivation is specific to the plasmid
DNA used, reactivation of transgene expression from other
plasmid vectors were examined. Figure 3A shows the firefly
luciferase activity in mouse liver after a hydrodynamic in-
jection of firefly luciferase-expressing pGL3-control vector
under the control of the SV40 promoter. Luciferase activity
was significantly increased by the second injection of 0.9%
sodium chloride solution. To examine whether reactivation
is limited to viral promoters, such as CMV and 5V40 pro-
moters, or also applicable to cellular promoters, plasmids ex-
pressing firefly luciferase under the control of cellular pro-
moters were used and reactivation was examined as
described previously. Figure 3B-G shows the luminescent
images of mice receiving a single injection of naked pCpG-
ALug, a plasmid expressing a derivative of firefly luciferase
under the control of the human EF-1 promoter. The duration
of transgene expression from pCpG-ALuc was longer than
that from pCMV-Luc, but luciferase activity was significantly
increased by the second injection (Fig. 3C) and the third in-
jection (Fig. 3D), compared with those receiving no addi-
tional injections (Fig. 3F and G). The quantitative measure-
ment of luciferase activity of liver homogenates confirmed
these findings (Fig. 3H). Expression of normal firefly lucif-
erase under the control of the human EF-1 promoter was also
reactivated by the second injection of 0.9% sodium chloride
solution (Fig. 31). Similar results were obtained with pAAT-
Luc (Fig. 3]), a plasmid expressing firefly luciferase under
the control of the human AAT promoter. In addition, the ex-
pression of Renilla luciferase (Fig. 3K), green fluorescent pro-
tein (GFP; Fig. 3L and M), and murine interferon-y (IFN-y;
Fig. 3N) was also reactivated by rapid, large-volume injec-
tion of 0.9% sodium chloride solution. These results indicate
that reactivation of silenced transgene expression is a uni-
versal event irrespective of the cDNA or promoter of plas-
mid DNA.

Reactivation is not dependent on mode of gene transfer

To examine whether reactivation is unique for plasmid
DNA delivered by the hydrodynamic injection, two differ-
ent methods were used for gene transfer to mouse liver, then
0.9% sodium chloride solution was injected. Low transgene
expression was detected 6 hr after gene transfer by direct in-
jection of naked pCMV-Luc into the liver (6.5x 10
RLU/sec/mg protein at 20 pg) or intraportal injection of
pCMV-Luc complexed with in wvive jetPEL (8.1 X 10°
RLU/sec/mg protein at 50 ug). Luciferase activity fell over
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time in both cases, and low levels of activity were detected
for the direct injection of naked pCMV-Luc into the liver (Fig.
4A) or for pCMV-Lue/in vivo jetPEl complex (Fig. 4B) on day
5 or 7, respectively. Activity was significantly increased by
a rapid, large-volume injection of 0.9% sodium chloride so-
lution 12 hr before the assay.

mANA expression of c-fos and c-jun in mouse liver is
upregulated by hydrodynamic injections

Injection-induced reactivation of transgene expression
suggests that the expression efliciency of plasmid DNA is
upregulated by injections. Therefore, we examined the
changes in the mRNA expression of endogenous genes in
the liver. A DNA microarray analysis using mouse genome
430A 2.0 chips (Affymetrix Japan, Tokyo, Japan) revealed
that the expression of many genes was changed by a hy-
drodynamic injection of 0.9% sodium chloride solution
containing no plasmids. Table 2 summarizes 20 genes, the
expression of which was greatly activated or repressed by
the injection. Among those changed, c-fos and c-jun were
the genes whose expression was greatly increased 1 hr af-
ter the injection. Thus, the expression of c-fos, c-jun, and
other immediate-early genes (c-myc and mkp-1) was exam-
ined by quantitative RT-PCR. Figure 5A shows the time
course of mRNA expression levels of these immediate-
early genes in mouse liver after a rapid, large-volume in-
jection of 0.9% sodium chloride solution. The levels of c-
fos and c-jun mRNAs were considerably increased soon
after the injection: about 70- and 100-fold increases were
observed in the mRNA levels of c-fos and c-jun, respec-
tively. The expression of c-myc and mkp-1 was not so
greatly changed.
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FIG. 4. Effect of the mode of gene transfer on the reactiva-
tion of transgene expression in mouse liver. (A) Mice that
had received a tissue injection of 10 or 100 ug of naked
pPCMV-Luc into the liver were given a rapid, large-volume
injection of 0.9% sodium chloride solution 4.5 days after gene
transfer. Luciferase activity in mouse liver was determined
12 hr after the second injection. Results are expressed as
means * SD) of at least five mice. *p < 0.05 compared with
the no-injection group. Open columns, no additional injec-
tion; solid columns, 0.9% sodium chloride solution injection.
(B) Mice that had received an injection of 50 pg of pCMV-
Luc/in vivo jetPEl complex (an N/P ratio of 10) into the por-
tal vein were given a rapid, large-voluine injection of 0.9%
sodium chloride solution 6.5 days after gene transfer. Lucif-
erase activity in mouse liver was determined 12 hr after the
second injection. Results are expressed as means + SD of
three mice. *p < 0.05 compared with the no-injection group.
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TabLe 2. GENES WHOSE EXPRESSION 15 GREATLY INFLUENCED BY HYDRODYNAMIC
InjecTion oF 0.9% Somiunt CHLORIDE SOLUTION?

Entrez  Representative Gene HD/NT
Category gene 1D public 1D symibol Description NT HD ratio
Upregulated 14281  AV026617 Fos FBJ osteosarcoma oncogene 16.5 44964 2725

12702 BB241535 Socs3 Suppressor of cytokine signaling 3 273 21018 770

13654  X06746 Eqr2 Early growth response 2 1.0 660  66.0

240913 BB443585 Adanitsd A disintegrin-like and 0.7 445 636

metallopeptidase (reprolysin type)
with thrombospondin type 1 motif, 4

11910  BC019946 Att3 Activating transcription factor 3 21.1 13233 627

75571 AKO006554 Spata9 Spermatogenesis associated 9 0.2 113 565

20296  AF065933 Cel2 Chemokine (C-C motif} ligand 2 1.5 825 550

20310  NM_009140  Cxcl2 Chemokine (C-X-C motif} ligand 2 53 2804 529

216643  BC027245 Gabrp y-Aminobutyric acid 0.6 315 525

(GABA-A) receptor, pi
16476 NM_010591  Jun jun oncogene 79.2 37229 470
Downregulated 66775  BB521459 Piplad? Protein tyrosine phosphatase-like A 115 0.2 0.017
domain containing 2

68022 AV 169581 2210407P  RIKEN cDNA 2210407721 gene 11.7 0.2 0.017

21Rik

12763 AW112184 Cruah Cytidine 18.0 0.3 0.017

monophospho-N-acetylneuraminic
acid hydroxylase
77012 AK018056 57305967  RIKEN cDNA 5730596P11 gene 123 0.2 0.016
T1RIk

319366  Al452210 C920008N  RIKEN cDNA C90008N22 gene 26.0 04 0.015

22Rik

27083/ NM_021365 Xirdb/ X-linked lymphocyte-regulated 4B/ 98.8 15 0.015

434794/ Xirda/ X-linked lymphocyte-regulated 4A/

619334 Xirde X-linked lymphocyte-regulated 4E

236604/  AV212090 4933439C  RIKEN cDNA 4933439C20 gene/ 311 0.4 0.013

320951 20Rik/ Phosphatidylserine decarboxylase

Pisd

14853  NM_008179 Gspt2 G, to S phase transition 2 54.5 07 0013

327766  BB469903 Tiem26 Transmembrane protein 26 203 0.2 0.010

94094  BI653857 Trim34 Tripartite motif protein 34 85.2 0.8 0.009

“Expression profiles of whole mouse liver were obtained with Mouse Genome 430A 2.0 chips (Affymetrix Japan K K.). An untreated mouse
(NT) and a mouse receiving a hydrodynamic injection of 0.9% sodium chloride solution (HD) were used for the analysis. The liver was col-
lected 1 hr after the injection for the HD mouse. Using the expression levels of the NT and HD mice, the ratio of expresston was calculated,
and 10 genes mostly activated and 10 genes mostly repressed are listed. Italicized values indicate an “absent” call by the Affymetrix software,

AP-1- and NF-xB-dependent transgene expression is
increased by hydrodynamic injections

¢-Fos and c¢-Jun ave the components of AP-1, and the c-
Fos:c-Jun heterodimer binds to the 12-O-tetradecanoylphor-
bol 13-acetate response element, or AP-1-binding site, and
then activates transcription synergistically (Bannister et al.,
1994; Hess ¢t al., 2004). To examine changes in the activity of
transcription factors, plasmid vectors that contained binding
sequences for transcription factors, that is, AP-1, NF-«B, the
glucocorticoid response element (GRE), the serum response
element (SRE), or the cAMP response element (CRE), were
injected into mice. Mice injected with pAP-1-Luc or pNFxB-
Luc showed significantly greater luciferase activity com-
pared with those injected with a control plasmid, pTA-Luc
(Fig. 5B). Mice injected with other plasmids showed less lu-
ciferase activity, suggesting a lower contribution of GRE,
CRE, and SRE to the event. We then examined whether AD-

I and NF-xB are activated by hydrodynamic injections. Fig-
ure 5C shows the time course of luciferase activity in the liver
of mice injected with pTA-Luc, pAP-1-Luc, or pNF«B-Luc.
Lucilerase activity in the liver was significantly increased by
the second injection in mice receiving pAP-1-Luc or pNFxB-
Luc. The AP-1-dependent expression of firefly luciferase was
much greater than that dependent on the NF-xB activity. To-
gether with the fact that all the plasmid vectors except for
pTA-Luc have binding elements for either ar both AP-1 and
NF-xB (Table 1), these results suggest that the activation of
these two transcription factors influences the reactivation of
silenced transgene expression.

Repeated hydrodynamic injections can be performed with
limited additional damage

To estimate possible liver damage induced by repeated
hydrodynamic injections, serum AST and ALT activities
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FIG. 5. Effect of hydrodynamic injections on the mRNA expression of immediate-early genes and the activity of tran-
scription factors. (A) Total mRNA extracted from the liver of mice receiving a hydrodynamic injection of 0.9% sodium chlo-
ride solution was subjected to quantitative RT-PCR analysis. Each mRNA level was normalized on the basis of the expres-
sion level of gapdh in each sample. The v-fold induction was then calculated on the basis of the mRNA levels in untreated
mice and those receiving an injection. Results are expressed as the mean of three mice. Solid circles, c-fos; open circles, c-
jto; open squares, c-niyc; solid triangles, nkp-1. (B) Mice were injected with a firefly luciferase-expressing plasmid PNA at
a dose of 10 ug/mouse by the hydrodynamics-based procedure. Luciferase activity in mouse liver was determined 6 hr af-
ter gene transfer. Results are expressed as means = SD of three mice. *p < 0.05 compared with the no-injection group. TA,
pTA-Luc; AP-1, pAP-1-Luc; NF-xB, pNF«xB-Luc; GRE, pGRE-Luc; SRE, pSRE-Luc; CRE, pCRE-Luc. (C) Mice that had re-
ceived a hydrodynamic injection of 10 ug of firefly luciferase-expressing plasmid DNA were injected rapidly with a large
volume of 0.9% sodium chloride solution 3 days after gene transfer. Luciferase activity in mouse liver was determined at
the indicated times after the second injection. Results are expressed as means * SD of four mice. Open columns, pTA-Luc;

solid columns, pAP-1-Luc; hatched columns, pNFxB-Luc.

were measured. Mice received two hydrodynamic injections
with a 4-day interval, and serum samples were serially ob-
tained from injected and untreated mice. As reported in pre-
vious papers (Liu ef al., 1999; Kobayashi et al., 2004), the first
hydredynamic injection of naked pCMV-Luc resulted in a
transient increase in the both serum AST and ALT levels (Fig.
6). The second injection of 0.9% sodium chloride solution in-
duced less change in AST and ALT, and the serum levels of
these enzymes returned to normal within 7 days of the first
injection. To confirm whether a second hydrodynamic in-
jection is as effective as the first injection in terms of gene
delivery, we compared luciferase activity in mouse liver 6 hr
after hydrodynamic injection of pCMV-Luc. Luciferase ac-
tivity in the liver of mice receiving a hydrodynamic injection
of 0.9% sodium chloride solution followed by a hydrody-
namic injection of pCMV-Luc was 1.23 (+0.49) x 108
RLU/sec/mg, protein, whereas that of mice receiving only a
hydrodynamic injection of pCMV-Luc was 3.21 (£0.74) X
10% RLU/sec/mg protein. Therefore, the second injection
would have an impact on liver similar to that of the first hy-
drodynamic injection insofar as the delivery of plasmid DNA
is concerned.

Discussion

Transgene expression at a level high enough to exhibit its
therapeutic activity is a major challenge for in vivo gene trans-
fer, especially when using plasmid-based nonviral vectors.
The development of intravascular delivery methods for
naked plasmid DNA (Budker et al., 1996, 1998) as well as the
following hydrodynamic injection of naked plasmid DNA,
developed in 1999 (Liu cf al,, 1999; Zhang et al, 1999), has
greatly increased the level of transgene expression achieved

by plasmid DNA-based approaches. Ochiai and coworkers
(2007) reported that the level of transgene expression in
mouse liver was increased by a second hydrodynamic injec-
tion, and suggested involvement of the activation of tran-
scription factors by such injections. The present study indi-
cates for the first time that this hydrodynamic injection of
isotonic solution activates transcription factors AP-1 and NF-
B in mouse liver, which would, at least partially, explain the
high transgene expression achieved by this injection method.
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FIG. 6. Serum AST and ALT levels in mice receiving hy-
drodynamic injections. Mice that had received a hydrody-
namic injection of 10 pg of pCMV-Luc were given a rapid,
large-volue injection of 0.9% sodium chloride solution 4
days after gene transfer (indicated with an arrow). Blood was
serially collected 1, 3, 5, 7, and 11 days after the first injec-
tion, and (A) serum AST and (B) serum ALT levels were
measured. Results are expressed as means * SD of more
than four mice. Solid circles: age-matched, untreated mice;
open circles: injected mice.
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Despite the volume and speed of injection being beyond
the range of physiological conditions, hydrodynamic injec-
tion of naked plasmid DNA is tolerable, at least in mice, and
can even be applied to humans when some delivery modi-
fications are considered. In actual fact, clinical applications
of the concept of this gene delivery method have already
been performed in the United Kingdom, using balloon-
catheters (Khorsandi ¢t al., 2008). In the present study, we
have demonstrated that additional hydrodynamic injections
induce less change in serum AST and ALT levels compared
with the first injection (Fig. 6). The reason for the difference
has not been fully explained yet, but these findings increase
the possibility of repeated applications of rapid, large-vol-
ume injections not only for repeated gene transfer but also
for reactivation of silenced transgene expression.

The type of solutions injected may affect physiological and
biological parameters, so that typical isotonic solutions were
used for the second injection. Ringer’s solution contains so-
dium chloride, potassium chloride, and calcium chloride at
the same concentrations as in body fluids, whereas 5% dex-
trose contains only dextrose (glucose) and no salts. The in-
gredients of TransIT-QR delivery solution have not been dis-
closed. No significant differences were observed in the level
of transgene expression when any one of these solutions was
injected (Fig. 2N}. Therefore, the ingredients seem to have
little effect on the reactivation of silenced transgene expres-
sion in mouse liver.

Activation of transcription factors and subsequent trans-
gene activation under various experimental and clinical con-
ditions have been reported. Administration of endotoxin in-
creased silenced transgene expression when the transgene
was driven by a CMV promoter (Loser ¢f al., 1998). Radia-
tion is another stimulus that greatly activates CMV pro-
moter-driven transgene expression (Vereecque et al., 2003).
Ischemia followed by reperfusion of blood flow also activates
various transcription factors, such as NF-«B (Kim et al., 2005).
Partial hepatectormny is also a well-known treatment to acti-
vate transcription factors involving inflammatory processes
{Taub, 1996). We found that a hydrodynamic injection is an-
other way of increasing the mRNA expression of immedi-
ate-early genes c-fos and c-jren. Expression of other molecules
was also greatly changed by the injections; many upregu-
lated and downregulated genes were identified and 10 genes
in each category are listed in Table 2. Changes in the ex-
pression of genes other than immediate-early genes would
also be involved in the reactivation of silenced transgene ex-
pression by hydrodynamic injections, but the details need
further study. In the present study we examined the ex-
pression of immediate-early genes such as c-nyc and mkp-1,
but except for ¢-fos and c-jun their expression did not change
markedly. These findings led us to examine whether hydro-
dynamic injection activates transcription factors, including
AP-1. Changes in AP-1 activity, due to changes in the ex-
pression of AP-1 family members, posttranslational modifi-
cation, or both, occur in response to a wide variety of events
(Wisdom, 1999). As expected from the mRNA expression
data, AP-1- and NF-«B-dependent transgene expression was
greatly increased by hydrodynamic injections (Fig. 5B),
demonstrating the activation of these transcription factors.

Results of the present study have clearly demonstrated
that the reactivation of silenced transgene expression is a uni-
versal phenomenon relating to the hydrodynamic injections,
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because reactivation was observed with various types of
plasmid vectors examined (Fig. 3). There are several concerns
relating to the use of the CMV promoter (Kay ef al., 1992a,b;
Herweijer et al., 2001), one of the promoters most frequently
used in the present study. However, reactivation was not
limited to the CMV promoter, but was also applicable to the
SV40 promoter, another viral promoter, and cellular pro-
moters, such as the human EF-1 promoter and the human
AAT promoter (Fig. 3). Transgene expression from plasmids
having the EF-1 promoter was prolonged compared with
that from plasmids having the CMV, 5V40, or AAT promoter
(data not shown), but expression from EF-1 promoter-con-
taining plasmids was also reactivated (Fig. 3B-1). On the
other hand, the extent of reactivation was highly dependent
on the type of promoters and /or other experimental condi-
tions, such as plasmid dose. Although further studies are
needed to elucidate the reasons for the differences, the ex-
tent of reactivation may reflect the responsiveness of each
promoter to the stimuli induced by hydrodynamic injections.
Together with the results after direct injection of naked
PCMV-Lucand after intraportal injection of pPCMV-Luc com-
plexed with in vivo jetPEI (Fig. 4), these results strongly sug-
gest that rapid, large-volume injection of isotonic solution
reactivates silenced transgene expression in mouse liver ir-
respective of the various conditions for gene transfer.

Another important finding of this study was that admin-
istered plasmid DNA could remain for a relatively long pe-
riod of time in a form that could be activated transcription-
ally, even when the expression became undetectable by
standard detection methods. An early study by Herweijer
and coworkers (2001) also reported that plasmid DNA re-
mained even after expression from plasmids became unde-
tectable. The expression of firefly luciferase could be detected
even on day 90 after gene transfer (Fig. 10), when mice re-
ceived a rapid, large-volume injection of 0.9% sodium chlo-
ride solution 12 hr before imaging. These results suggest that
part of the DNA delivered to liver cells remains undegraded
within cells for a long period of time. Thus, reactivation, not
readministration, of plasmid vectors could be an effective ap-
proach to achieving sustained, or pulsatile, transgene ex-
pression. Stimuli other than large-volume injections might
be available if they can induce the activation of transcription
factors similar to hydrodynamic injection.

In conclusion, we have demonstrated for the first time that
a rapid, large-volume injection of isotonic solution increases
the mRNA levels of c-fos and c-jun; activates transcription
factors AP-1 and NF-«B; and reactivates silenced transgene
expression in mouse liver, when the genes are driven by the
CMV, SV40, EF-1, or AAT promoter. The present study has
clearly shown that AP-1 and NF-«B are actually activated in
mouse liver and that reactivation is a universal phenomenon
relating to hydrodynamic injection. These findings shed new
light on the mechanism of regulation of transgene expres-
sion after in vivo gene transfer and open up novel opportu-
nities to control transgene expression in the liver without ad-
ministering additional vectors.
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