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3.3. Cyrotoxicity

The cytotoxicities of CL and CL/Brij 35/sito-G encapsulat-
ing asODN at the concentrations from 0 to 9 pM (asODN) were
determined by MTT assay, respectively. As shown in Fig. 4, the
cytotoxicities of both cationic liposomes were increased with
the elevation of asODN concentration, particularly in the high
concentration range from 3.6 to 9.0 uM. The increased
cytotoxicity may be caused by the cationic lipid DC-Chol,
since the DC-Chol concentration was elevated accompanied
with the elevation of asODN concentration. However, there was
no significant difference in the cell viability between CL and
CL/Brij 35/sito-G group in the tested concentration range. This
indicated that the co-modification of Brij 35 and sito-G brought
little influence to the cytotoxicity of cationic liposomes.

3.4. Cellular uptake and intracellular distribution in fluores-
cence microscopy and CLSM

After treated with CL/Brij 35/sito-G encapsulating 1.8 uM of
. FITC-asODN, the cells were observed through the fluorescence
microscopy. Consistent with the results of transfection efficien-
cy (Fig. 1) and antigens production (Fig. 2), most cells showed
strong fluorescence intensity (data not shown), indicating that
CL/Brij 35/sito-G led to high transfection efficiency. Besides, it
could be observed that the cell-associated fluorescence intensity
increased within the time period during 0 to 6 h and the
fluorescence intensity at 24 h was similar to that at 6 h (data not
shown).

In CLSM, FITC-asODN and rhodamine-DOPE for lipo-
somes were used at the same time to serve as the fluorescence
probes. In the CLSM images, the green, red and blue
fluorescence indicated FITC-asODN, lipids and the nuclear,
respectively. A series of CLSM section images (labelled as 1,
2,.. and 8 from top to bottom of the cell in order) were
obtained by scanning the primary rat hepatocytes at an interval
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Fig. 4. Viability of HépGZ.Z.lS cells treated with CL and CL/Brij 35/sito-G at
the concentrations from 0 to 9 uM of asODN for 3 days. The cell viability was .
determined by MTT assay. Each value represented the mean+8.D. (n=3).

Fig. 5. Series of CLSM section images of the primary rat hepatocyte treated with
CL/Brij 35/sito-G encapsulating FITC-asODN. The CL/Brij 35/sito-G was
labelled with thodamine by adding 1.0% (molar ratio) rhodamine-DOPE in the
liposome formulation. The concentration of FITC-asODN was 1.8 uM. After
treatment for 6 h, Hoechst 33258 was added into the medium to stain the nuclear
for 30 min. The green, red, and blue fluorescence indicated FITC-asODN, the
lipids, and the nuclear, respectively. The three groups of A, B and C were
obtained from different excitation wavelengths. Group A showed the nuclear,
grdup B showed the asODN, and group C showed the rhodamine labelled
cationic liposomes. Group D was obtained by overlaying group A, B and C
through the image process system of CLSM, and showed the overall
fluorescence characteristics of the cell. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

of 1 pm thickness (Fig. 5). As shown in Fig. 5B, there was
continuous green fluorescence in the nuclear which meant that
the most amount of the asODN was distributed or accumulated
in the nuclear lumen. The continuous red fluorescence
appeared in the cytoplasm but not in the nuclear (Fig. 5C),
and this might indicate the lipids or liposomes did not enter the
nuclear lumen after penetrating into the cell. In the cytoplasm,

“especially near the nuclear, the punctuate green and red

fluorescence appeared at the same place (Fig. 5D). In section
B4--B6, a few punctuate fluorescence particles appeared on the
cell membrane just like those in the cytoplasm, indicating
some of the asODN-encapsulating liposomes was endocytosed
to form endosomes. These fluorescence particles in the
cytoplasm seemed to be the endosomes that had not yet
released the asODN. :

3.5. Mechanisms of the cellular uptake of CL/Brij 35/sito-G

The cellular uptake and delivery mechanisms of the
encapsulated asODN in CL/Brij 35/sito-G were studied by
evaluating the HBsAg inhibition effect of asODN in ELISA and
by observing its intracellular distribution in CLSM,

In the presence of asialofetuin, the HBsAg inhibition effects
of CL/sito-G and CL/Brij 35/sito-G were reduced, while that of
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Fig. 6. Effect of asialofetuin on HBsAg inhibition effect of the asODN
encapsitlated in the cationic liposomes. HepG2.2.15 cells were treated with the
cationic liposomes encapsulating asODN (3.6 uM) for 3 days, in the presence or
absence of asialofetuin (1 mg/ml). The HBsAg production was determined by
ELISA. Each value represented the mean=S.D.(n=3). **P<0.01, significantly
different.

CL was not (Fig. 6). As the result, the inhibition effects of CL/
sito-G and CL reached almost the same level. Asialofetuin
decreased the HBsAg inhibition effects of the sito-G contained
cationic liposomes (i.e. CL/sito-G and CL/Brij 35/sito-G) but
affected little on the non-sito-G contained cationic liposomes
(i.e. CL), because the recognition of ASGPR to sito-G could be
blocked when the sito-G contained cationic liposomes were
co-incubated with 1.0 mg/mL asialofetuin which could be
recognized by ASGPR specifically. However there was no
statistically significant difference between “with” and “with-
out” asialofetuin for the HBsAg inhibition effect of CL/Brij 35/
sito-G, in which Brij 35 seemed to decrease the specific
recognition of ASGPR to sito-G in CL/Brij 35/sito-G. The
phenomenon could be explained according to the followings:
(1) Both Brij 35 and sito-G have amphiphilic structure and
could insert into the bilayer membrane of liposomes. Since Brij
35 has a long PEG chain that could extend outside and bring
steric hindrance [22], it might prevent part of ligands from
binding with the surface receptor and thus decrease the
specificity of CL/Brij 35/sito-G to hepatocytes; (2) Brij 35
compensated the transfection reduction induced by asialofe-
tuin, because both sito-G and Brij 35 could enhance the
transfection via different mechanisms, such as ASGPR
pathway for sito-G and facilitating membrane fusion for Brij
35. Consequently when the effect of sito-G was blocked, the
transfection reduction was not so much because of the
transfection enhancement of Brij 35 through facilitating
membrane fusion.

Wortmannin is known as an inhibitor of endocytosis [23].
When the cells were co-incubated with wortmannin, the
antigens inhibition effect of CL/Brij 35/sito-G was drastically
decreased by 70.7% for HBsAg (Fig. 7a) and 50.1% for HBeAg
(Fig. 7b), compared with that of absence wortmannin group.
This indicated that endocytosis was one of the uptake pathways
for the encapsulated asODN.

Nigericin is known as an antibiotic that can dissipate the
pH gradient across the endosome membrane and thus inhibit
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the delivery of asODN from the endosomes via membrane
fusion [23]. When the cells were co-incubated with
nigericin, the antigens inhibition effect of CL/Brij 35/sito-
G was sharply decreased by 44.1% for HBsAg (Fig. 7a)
and 46.2% for HBeAg (Fig. 7b). This suggested that
nigericin inhibited the delivery of CL/Brij 35/sito-G from
endosomes via membrane fusion between liposome and
endosome membrane.

Fig. 8 showed us the CLSM images of the primary rat
hepatocytes treated with CL/Brij 35/sito-G (Fig. 8a), and with
CL/Brij 35/sito-G in the presence of wortmannin (Fig. 8b),
nigericin (Fig. 8¢) and asialofetuin (Fig. 8d), respectively. In
the presence of wortmannin, there were lots of punctuate
fluorescence particles (red and green) on the cell membrane
but few or no in the cytoplasm, and only weak continuous
fluorescence (red and green) in the cytoplasm and the nuclear.
This showed us that wortmannin, an endocytosis inhibitor,
inhibited the cellular uptake of CL/Brij 35/sito-G via
endocytosis. In the presence of nigericin, there were more
punctuate particles (red and green) in the cytoplasm than in
the absence of nigericin, but very weak continuous fluores-
cence (red and green) in the cytoplasm and nuclear. A
possible explanation was that after the liposomes entered the
cells via endocytosis to form endosomes, nigericin inhibited
the delivery of asODN from liposomes via membrane fusion
between endosomes and liposomes. In the presence of
asialofetuin, the cell showed similar fluorescence distribution
but weaker fluorescence intensity compared with that in the
absence of asialofetuin. This suggested that when the
ASGPR-mediated endocytosis was blocked competitively by
asialofetuin, the transmembrane ability of CL/Brij 35/sito-G
was reduced, which was consistent with the previous results,
i.e., the antisense effect of CL/Brij 35/sito-G in the absence of
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Fig. 7. Effect of wortmannin and nigericin on the antigens inhibition effect of the
asODN encapsulated in CL/Brij 35/sito-G. HepG2.2.15 cells were treated with
CL/Brij 35/sito-G encapsulating asODN (3.6 uM) for 3 days, in the presence or
absence of wortmannin (0.1 M) or nigericin (1.0 uM). The antigens production
was determined by ELISA. Each value represented the mean=S.D. (n=3).
**P<0.01, significantly different.
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Fig. 8. CLSM images of the primary rat hepatocyte treated with CL/Brij 35/sito-G encapsulating FITC-asODN (1.8 uM). The CL/Brij 35/sito-G was labelled with
hodamine by adding 1.0% (molar ratio) rhodamine-DOPE in liposome formulations. The concentration of FITC-asODN was 1.8 uM. The inhibitors such as
asialofetuin, wortmannin and nigericin were added into the medium with the final concentrations 1.0 g/ml, 0.1 uM and 1.0 uM, respectively. After treatment for 6 h,
Hoechst 33258 was added into the medium to stain the nuclear. The green fluorescence indicated FITC-asODN, the red indicated the lipids and the blue indicated the
nuclear. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

asialofetuin was higher than that m the presence of
asialofetuin (Fig. 6).

4. Discussion

In this study, the novel cationic liposomes co-modified with
ligand and nonionic surfactant, was developed as a gene transfer
carrier to deliver an anti-HBV asODN orientedly. to the
hepatocytes. Although the cellular uptake of asODN was
dependant on cell types, cell culture conditions, media,
sequences, length of the sequences etc., people usually took it
for granted that gene (oligonucleotides and plasmids) could not
enter the cells easily because of the strong electrostatic repulsion
between the nucleotides chain and the cell membrane. Our

results showed that free asODN could be taken up by
hepatocytes even at the relatively low concentration
(0.36 uM), despite insufficient antigens inhibition effect
compared with the effect of the asODN encapsulated in cationic
liposomes. The possible reason is the inherent strong uptake
ability of hepatocytes, based on the large cell size and biological
requirements for the strong metabolic ability of the liver. Similar
to our results, Robaczewska et al. reported strong fluorescence
intensity of the hepatocytes when injected with free FITC-
asODN solution [24] and Soni et al. reported more efficient virus
inhibition of free asODN solution than that of unmodified neutral
asODN-encapsulating liposomes when injected to ducklings
infected with duck HBV [25]. With the co-modification of Brij
35 and sito-G, CL/Brij 35/sito-G showed not only high efficient
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transfection and antigens inhibition but hepatocyte-targeting
effect based on the receptor binding competition test, and the co-
modification did not increase cytotoxicity to the hepatocytes,
even when the cells were treated with the cationic liposomes for
as long as 3 days. Phosphorothioate oligonucleotides are known
to be resistant to nuclease degradation, but not resistant to
RNaseH degradation [26]. When the concentration of asODN in
the cytoplasm was elevated to a certain level, there might be
relatively more RNaseH to be activated quickly, and therefore
the degradation of the asODN was accelerated. Besides,
HepG2.2.15 is a cell line that can stably produce HBV
mRNAs and antigens. In spite of the treatment with asODN,
the HBV DNA integrated into the cell chromosome could still
transcript more and more mRNAs all the time to make up for the
degradation of the mRNA, so the virus or the virus antigens
could not be cleared completely by the asODN, which was why
the antigens inhibition was not complete.

Through CLSM, people could clearly observe the distribu-
tion of the fluorescence probes in the cells and get some detailed
information about the intracellular behaviors of the liposomes
and the asODN. It was known that when microinjected to the
cytoplasm, free FITC-asODN could substantially accumulate in
the nuclear rapidly by passive diffusion through the membrane.
Interestingly, we found that asODN encapsulated in the co-
modified cationic liposomes accumulate in the nuclear after
transfer into the cells (Fig. 5). One of the possible reasons was
that the asODN was recruited and immobilized by the
interaction between asODN and the positively charged intra-
nuclear components such as histones [27]. Another reason was
that the asODN might be associated with the intracellular RNA
matrix [28]. As for the antisense therapy, the accumulation of
asODN' in the nuclear was advantageous, because mRNA,
which was aimed at by asODN, would be transcripted in the
nuclear first and then diffuse out to the cytoplasm. In Figs. 5 and
8, there were many fluorescent particles near the nuclear or on
the nuclear membrane, which suggested that maybe the
endosomes were associated with the nuclear membrane and
then the asODN would be delivered based on the membrane
interaction. Shi et al. reported that the cationic liposomes—
asODN complex was released from the artificially ruptured
endosomes with the dissociation of cationic lipids and asODN
at the nuclear membrane [28]. Some cationic polymers such as
polyethylinemine (PEI) could mediate the entry of plasmid
DNA into the nuclear at the nuclear membrane [29].

The ASGPR-mediated targeted gene carriers were developed
by many groups, such as cationic liposomes, polymers, and
recombinant lipoproteins, for the gene to be delivered to the
liver, especially to hepatocytes. Since HBV only replicates in
hepatocytes but does not in other cells, it is required to confirm
the hepatocyte specificity of ligand in the liver-targeting gene
delivery carrier. We already reported that the distribution of SG
and Brij 35 co-modified liposomes in rat hepatocytes {contain-
ing ASGPR on the cell surface) were higher than in non-
hepatocytes (containing no ASGPR), and the transfection in
HepG2.2.15 cells could be inhibited by pretreating the cells
with galactose [30]. Also, the distribution of *H-labelled SG
cationic liposomes in rat hepatocytes was higher than that of

non-SG liposomes [17]. Furthermore, transfection of SG-
liposomes as gene delivery carrier in HepG2 cells was more
efficient than in HeLla human cervix carcinoma cells, 293
human kidney epithelial cells and Y1 mouse hormone-secreting
adrenal cortex cells [31]. Hwang et al. suggested that the
cationic liposomes containing sito-G on the liposomes surface
brought significant improvement to the transfection efficiency
in HepG2 cells and attributed this improvement to the ASGPR
recognition to sito-G [16], but provided no direct evidence
about receptor binding test. Asialofetuin or galactosylated
albumin were often used to evaluate the hepatocyte-targeting
effect via ASGPR in vitro or in vivo, because they could bind to
ASGPR specifically and thus block the receptor completely. In
the presence of asialofetuin or galactosylated albumin the
hepatocyte-targeting effect would be inhibited completely and
the transfection efficiency would also be decreased [32-34]. In
this study, the modification with sito-G in the cationic
liposomes (CL/sito-G and CL/Brij 35/sito-G) enhanced the
transfection efficiency and improved the antigens inhibition
effect in vitro. Moreover, the receptor binding competition test
with asialofetuin suggested that the improvement was depen-
dent on the ASGPR-mediated pathway, which meant that sito-G
would be a useful ligand in the ASGPR-mediated hepatocyte-
targeting.

Endocytosis and membrane fusion were the major pathways
of the asODN cellular uptake, and the former was usually the
primary step in the efficient gene transfection. Noguchi et al.
suggested that either wortmannin (endocytosis) or nigericin
(membrane fusion) might completely inhibit the asODN
transfection, becaise membrane fusion was the subsequent
step upon endocytosis [35]. In our experiments, as for the co-
modified cationic liposomes, both wortmannin and nigericin
partly inhibited the asODN transfection, which suggested that
there might be some cellular uptake pathways for the co-
modified cationic liposomes other than endocytosis and
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Fig. 9. A schematic representation shows the cellular uptake and delivery of
asODN from CL/brij35/sito-G in hepatocytes. Endocytosis pathway: the
liposomes were taken up by the membrane endocytosis with endosomes formed
and then asODN was released by membrane fusion between the endosomes and
the Jiposomes. ASGPR pathway: the liposomes were taken up based on the
specific recognition of the ligand sito-G by ASGPR and the endosome was
formed. Membrane fusion pathway: asODN was released into the cytoplasm at
the membrane by the fusion between cell membrane and liposome membrane.
After being released, most of the asODN would be accumulated into the nuclear.
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membrane fusion in endosomes. For example, fusion might also
occur between liposomes and cell membrane and the asODN
would be released across the cell membrane, because Brij 35
could destabilize the cell membrane as the nonionic surfactant
and thus induce the lipid exchange between liposomes and cell
membrane [18]. Different lipids and cell types could result in
different cellular uptake processes of the cationic liposomes, as
reviewed by Duzgune and Nir [19]. As reported previously,
phosphatidylcholine (PC) like DPPC was generally inhibitory
to membrane fusion while phosphatidylethanolamine (PE) like
DOPE could facilitate it, and consequently, PE-cationic
liposomes showed more efficient transfection than PC-cationic
liposomes [19]. In this study, although containing DPPC as co-
lipid, the cationic liposomes resulted in membrane fusion in
endosomes. Considering that Brij 35 has a long oxyethylene
chain which would destabilize the endosome membrane [18]
and a long alkyl chain which might improve the fluidity of
cationic liposomes, it could be presumed that it was the addition
of Brij 35 that improved the transmembrane ability of the
cationic liposomes by fusion process. Kim et al. also reported
that Tween 80 could enhance “lipofection” of the emulsion—
DNA complexes, and presumed that Tween 80 had the
fusogenic property [18]. Besides, sito-G might also contribute
partly to the membrane fusion because of its penetration-
enhancing effect [16].

With the help of several inhibitors acting on different steps
for the encapsulated asODN to be delivered into the cells, the
cellular uptake mechanisms of the encapsulated asODN in CL/
Brij 35/sito-G (Fig. 9) were concluded to be a complicated
process which involved at least endocytosis, membrane fusion
and ASGPR-mediated pathway (also endocytosis). Sito-G
showed to be a useful ligand in the liver-targeting gene
delivery, and Brij 35 seemed to be able to facilitate the
membrane fusion in the lipofection. Based on this conclusion, it
might be most meaningful for combining the ligand with the
nonionic surfactant in the oriented delivery of asODN to
optimize the transfection in vivo, because the enhanced
endocytosis by the ligand, and the facilitated delivery from
the endosomes by the nonionic surfactant, would be achieved at
the same time. If necessary, some bio-surfactants that may be
safer could be used to substitute Brij 35 in vivo.
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DNA/Lipid Complex Incorporated with Fibronectin to Cell Adhesion
Enhances Transfection Efficiency in Prostate Cancer Cells and Xenografts
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Previously we have described the development and applications of lipid-based nanoparticles for gene deliv-
ery vector. In an attempt to improve transfection efficiency using the cell adhesion of extracellular matrix (ECM)
to DNA/lipid complex (nanoplex), the mRNA expression of integrin 021 and CD44 in prostate cancer cells was
detected as adhesion molecules for fibronectin (Fn), collagen I (Col) and laminin (Lam) using a commercially
available ¢cDNA array (GEArray™) system. These ECM proteins could enhance DNA transfection activity in
cells when coated on the nanoplex. Among the ECM proteins, Fn-coating nanoplexes significantly increased
transfection activity 2-fold in prostate cancer PC-3 cells, and exhibited higher DNA transfection activities to PC-
3 xenografts, compared with commercially available cationic polymer in vivo jetPEL. These results indicated that
Fn-coating nanoplexes could facilitate efficient transfection of prostate tumor cells.

Key words adhesion molecule; prostate tumor; nanoparticle; transfection; fibronectin; collagen I

Extracellular matrix (ECM) consists of a group of well-
characterized glycoproteins, which are present at the epithe-
lial-mesenchymal interface of both begin and malignant tis-
sues."” Tumor cell adhesion to ECM components such as fi-
bronectin (Fn), laminin (Lam) and collagen 1 (Col) is medi-
ated via integrin subunits, and ECM components play a
major role in the invasion and metastasis of tumor cells.?

ECM protein and adhesion molecules have been used
for tumor gene delivery. The arginin—glycine-aspartic acid
(RGD) sequence is well known to serve as a recognition
motif in multiple ligands for several different integrins such
as integrin avp3 and a5p1 et al.¥ RGD-modified liposomes*
and polymers®” have been developed as gene transfer
vectors. An electrostatic complex consisting of a cationic
liposome, an integrin oS5 B1-targeting peptide, and plasmid
DNA, was efficiently vector transfected to tumor cells.®” Re-
cently, it has been reported that calcium phosphate/DNA
complex with ECM proteins, especially Col and Fn, led to
remarkably high transgene expression in mammalian cells.!®
Cells can attach to ECM proteins via plasma membrane
receptor proteins. Therefore, ECM proteins for adhesion to
tumor cells can be useful for gene delivery to increase gene
expression by enhancing the association of genes with cells.
However, no attention was paid to the complexation of lipid-
based cationic liposomes or nanoparticles with ECM pro-
teins.

Lipid-based cationic nanoparticles could deliver DNA
with significantly high transfection efficiency into prostate
tumor cells.!? To improve nanoparticle-mediated transfection
for in vivo application, the effect of cell adhesion of nanoplex
on gene transfer efficiency was investigated. First, mRNA ex-
pression of integrin @231 and CD44 in prostate cancer cells
was detected as adhesion molecules for Fn, Col and Lam
using a commercially available cDNA array (GEArray™)
system. Second, we prepared a ternary complex of the
nanoparticle/DNA complex (nanoplex) with Fn, Col and
Lam (Fn, Col and Lam nanoplex) and evaluated transfection
activity in PC-3 cells and xenografts.

* To whom correspondence should be addressed. e-mail: yoshie@hoshi.ac.jp

MATERIALS AND METHODS

Cell Culture Prostate tumor LNCaP and PC-3 cells were
supplied by the Cell Resource Center for Biomedical Re-
search, Tohoku University (Miyagi, Japan). The cells were
grown in a RPMI-1640 medium (Life Technologies, Inc.,
Grand Island, NY, U.S.A.) supplemented with 10% heat-in-
activated fetal bovine serum (FBS) (Life Technologies, Inc.)
and kanamycin (100 pg/mi) at 37 °C in a 5% CO, humidified
atmosphere.

Cell Spreading For coating Fn, Col and Lam onto tissue
culture dishes, Fn (human fibronectin, BD Bioscience, Bed-
ford, MA, U.S.A.), Col (human collagen I, Morinaga Institute
of Biological Science, Yokohama, Japan) and Lam (mouse
laminin, Harbor Bio-Products, Norwood, MA, US.A)), re-
spectively, were diluted to 50 pg/ml with PBS (pH 7.4), and
added to 35mm tissue culture dishes. The plates were incu-
bated for 1h at 37°C. After coating the plates, they were
washed 3 times in PBS, and were plated 1X10° PC-3 or
LNCaP cells in RPMI-1640 medium onto the dishes. After
3h incubation, the unattached cells were removed by ex-
changing the medium, and the attached cells on the dishes
were examined microscopically for the number of spread
cells.

¢DNA Array Total RNA from LNCaP or PC-3 cells was
extracted using the RNasy mini kit (Qiagen, Hilden, Ger-
many). Non-radioactive human extracellular matrix and an
adhesion molecule gene array (Super Array, Inc., MD, U.S.A))
were used to analyze the gene expression profile of extracel-
lular matrix and adhesion molecules according to the manu-
facturer’s protocol. The results were analyzed using free

"ScanAlyze software (developed by Dr. Michael Eisen),

which converts a grayscale TIFF image of spots into numeri-
cal data (median pixel intensity), and then the gene expres-
sion profiles were compared using GEArray analyzer soft-
ware (Super Array, Inc.). Normalized intensities were calcu-
lated from each array by subtracting the negative control
from each spot.

Preparation of Plasmid DNA The plasmid pCMV-luc
encoding the luciferase gene under the control of the CMV

© 2007 Pharmaceutical Society of Japan
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promoter was constructed as previously described.'” A pro-
tein-free preparation of these plasmids was purified follow-
ing alkaline lysis using maxiprep columns (Qiagen).

Preparation and Size Measurement of Nanoparticles
and Nanoplexes Cholesteryl-3 f-carboxyamidoethylene-N-
hydroxyethylamine (OH-Chol) was synthesized as previously
described.') Tween 80 was obtained from NOF Co., Ltd.
(Tokyo, Japan). Lipid-based nanoparticles were prepared
with lipids (OH-Chol : Tween 80=10: 1.3 mg) in 10 ml water
by the modified ethanol injection method as previously de-
scribed."” The nanoplex at a charge ratio (+/-) of cationic
lipid to DNA of 3/1 was formed by the addition of 9.5 ul of
the nanoparticle solution to 2 g DNA in 50 ul of 50mm
NaCl solution with gentle shaking and leaving at room tern-
perature for 10 min. To prepare ternary complexes with ECM
protein (Fn, Col and Lam nanoplex), the nanoplex with 2 ug
DNA was mixed with 2 or 5 ug of Fn, Col and Lam, respec-
tively, and incubated for 10min. The particle size distribu-
tions and {-potentials were measured by the dynamic light
scattering method and the electrophoresis light scattering
method, respectively (ELS-800, Otsuka Electronics Co., Ltd.,
Osaka, Japan), at 25 °C after the dispersion was diluted to an
appropriate volume with water.

Luciferase Assay For transfection, Fn, Col and Lam
nanoplexes, respectively, were diluted in 1 ml of medium
supplemented with 10% FBS and then incubated for 24 h.
Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, U.S.A.)
lipoplex at a charge ratio (+/—) of 2/1 of cationic lipid to
DNA was prepared according to the manufacturer’s protocol.
Luciferase expression was measured as counts per second
(cps)/ug protein using the luciferase assay system (Pica gene,
Toyo Ink Mfg. Co., Ltd., Tokyo, Japan) and BCA reagent
(Pierce, Rockford, IL, U.S.A.) as previously reported.'®

Cell Viability The cell viabilities upon transfection
using Fn, Col and Lam nanoplex were evaluated with a cell
proliferation assay kit (Dojindo, Kumamoto, Japan). Cells
were placed in a 96-well plate in the medium containing
serum, and were transfected with nanoplex of 0.2 ug plasmid
DNA with ECM protein (0.2 ug). After 24h of incubation,
the cell viabilities were measured according to the manufac-
turer’s protocol.

In Vivo Transfection To generate PC-3 tumor xenografts,
1X107 cells suspended in 50 ul of RPMI medium were inoc-
ulated subcutaneously into the flank of male BALB/c nu/nu
mice (7 weeks of age, CLEA Japan, Inc., Tokyo, Japan). To
prepare Fn nanoplex, the nanoplex with 10 ug DNA at a
charge ratio (+/—) of cationic lipid to DNA of 3/1 was
mixed with 10 pg of Fn as described above section. The Fn
nanoplex was administered to the xenografts with a tumor
volume of about 200—300mm® by intratumoral injection
(10 ug of plasmid DNA/tumor) as previously reported.'¥
In vivo jetPEl, a commercially available cationic polymer
transfection reagent (PolyPlus-transfection, Likirch, France),
was used according to the manufacturer’s protocol for in vivo
administration. Twenty-four hours after injection, p-luciferin
(potassium salt) dissolved in PBS (125mg/kg of body
weight) was injected into the mouse peritoneal cavity (i.p.)
and subsequently anesthetized by i.m. injection of 50 mg/kg
body weight of pentobarbital (Nembutal, Dainippon Pharma-
ceutical Co., Ltd., Osaka, Japan). In vivo bioluminescence
imaging was performed using an NightOWL LB981 NC100
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system (Berthold Technologies, Bad Wildbad, Germany). A
gray scale body-surface reference image was collected using
a NightOWL LB981 CCD camera. Photons emitted from lu-
ciferase within the mice and transmitted through its tissues
were collected and integrated for a 2 min period. Overlay of
the real image and luminescence representation allowed the
localization and measurement of luminescence emitted from
xenografts. The signal intensities from manually derived re-
gions (ROI) of interest were obtained and data were ex-
pressed as photon flux (count/s). Background photon flux
was defined from an ROI of the same size placed in a nonlu-
minescent area near the mice and then subtracted from the
measured luminescent signal intensity.

Statistical Analysis Data were compared using analysis
of variance and evaluated by Student’s ¢ test or Welch’s ¢ test.
A p value of =0.05 was considered significant.

RESULTS AND DISCUSSION

Previously we reported that a lipid-based nanoparticle
composed of OH-Chol as a cationic lipid showed signifi-
cantly high transfection efficiency into prostate tumor cells
when complexed with plasmid DNA in the presence of
50mm NaCl solution.'” In this study, we improved this
nanoparticle by coating ECM proteins onto nanoplex to en-
hance fransfection activity into PC-3 and LNCaP cells.
LNCaP and PC-3 are prostate cancer cell lines with low and
high metastatic potential, respectively.'>

First, we tested three different ECM proteins for their cell
adhesion to a plastic surface. In PC-3 cells, cell adhesion was
increased by coating with Fn, Col and Lam (Fig. 1A), but in
LNCaP cells, it was only slightly increased by coating with
Fn (Fig. 1B). These results indicated that ECM proteins
could strongly associate with adhesion molecules on the cell’
surface of high metastatic PC-3 cells compared with low
metastatic LNCaP cells.

To identify which adhesion molecule on the cell surface of
a prostate tumor promoted adhesion with ECM protein-coat-
ing plates, we utilized a commercially available ECM and ad-

_hesion molecule-specific cDNA array (GEArray™) system

for the analysis of 96 genes (Table 1). In PC-3 cells, strong
mRNA expression was observed for 2 genes, CD44 and
catenin 1, moderate mRNA expression for 4 genes, integrin
B1, hyaluronidases, PECAM-1 and maspin, weak mRNA ex-
pression for 7 genes, Meth, E-cadherin, CEA, catenin delta
1, cathepsin L, fibronectin 1 and integrin &2. In LNCaP
cells, strong mRNA expression was observed for 5 genes,
Meth, CEA, catenin f1, catenin delta 1 and hyaluronidases,
moderate mRNA expression for 2 genes, E-cadherin and in-
tegrin 1, and weak mRNA expression for 3 genes, cathepsin
L, fibronectin 1 and maspin. We found the mRNA expression
of CD44 and integrin 021 for the receptors of Fn, Col or
Lam in PC-3 cells, but not in LNCaP cells. These expression
profiles in genes corresponded with previous studies'®'? and
confirmed that the adhesion of PC-3 cells to the tissue cul-
ture plate was increased by coating with ECM proteins than
that of LNCaP cells (Fig. 1).

Next, we prepared nanoplex coating with ECM proteins
and evaluated transfection activity into PC-3 and LNCaP
cells. The average size of non-coated nanoparticle was ap-
proximately 120—130nm with about +50mV of {-poten-
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A.PC-3 cells

(7%

Fig. 1.

B. LNCaP cells

Photomicrografts of PC-3 (A) and LNCaP (B) Plated on a Cell Culture Plate Coated with ECM Protein

Cells were incubated for 1 h with non-coated, Fn-, Col- or Lam-coated tissue culture palates. Magnification X 200.

Table 1. Differential Expression of Genes in PC-3 and LNCaP Cells
Gene name PC-3 LNCaP
Meth + +++
CD44 +++ -
E-cadherin + ++
CEA + +++
Catenin Bi +++ +++
Catenin deltal + +++
Cathepsin L .+ +
Fibronectin 1 + +
Integrin o2 + -
Integrin 81 ++ : ++
Hyaluronidases ++ +++
PECAM-1 ++ -
Maspin ++ +

. This table shows the optical density of the spot in cDNA array. Median pixel inten-
sity of each spot in cDNA array was calculated using ScanAlyze software, which is a
program for DNA microarray imaging and extracts median pixel intensity (range: 0—
65536) from the image data of spots. +++: pixel intensity >25000, ++: 250600—
15000, +: 15000—5000, —: <5000.

tial, and the size of non-coated nanoplex mixed with 2 ug
plasmid DNA and the nanoparticle increased to 800nm
(about +39mV of {-potential). In ECM protein-coated
nanoplexes, their size depended on ECM protein. When the
nanoplex of 2 ug plasmid DNA was complexed with 2 ug of
Fn and Col, the sizes of Fn and Col nanoplexes decreased to
approximately 230 and 430 nm, respectively, and their {-po-
tential decreased to —16.3 and +8.0mV, respectively, sug-
gested Fn and Col coating on nanoplexes. In contrast, when
the nanoplex of 2 yg plasmid DNA was complexed with 2 ug
of Lam, the size of the Lam nanoplex was greatly increased
in size (11 um) and {-potential was decreased to +14.2mV.
It was not clear why the size of the nanoplex decreased after
mixing with Fn and Col.

We examined the effect of ECM proteins on the transfec-
tion mediated by the nanoplexes. Enhanced transfection was
observed when 2 ug of Fn and Lam was associated with
nanoplexes of 2 pg plasmid DNA (Fig. 2A). Two and five mi-
crograms of these proteins showed a similar level of lu-
ciferase gene expression, indicating that 2 ug of ECM pro-

teins were sufficient for transfection. In LNCaP cells, trans-

fection efficiency was slightly increased by coating with Fn
or Col, but not significantly compared to the non-coated
nanoplex (Fig. 2B). Fn, Col and Lam nanoplexes exhibited

slightly decrease of cell viabilities (74, 86 and 85%, respec-
tively, compared with that of non-coated nanoplex (89%))
(data not shown). Many parameters including- size of
nanoplex are known to affect transfection efficiency.'®!'”
Large lipoplexes over 700 nm in mean diameter induced effi-
cient transfection than lipoplexes with 250 nm.2® The size of
Lam nanoplex (11um) was greatly larger than that of Fn and
Col nanoplexes; therefore, Lam nanoplex might increase
gene transfer efficiency in PC-3 cells.

Our results demonstrated that the association of Fn with
cationic nanoplex produced a ternary complex, which
showed much higher transfection activity into PC-3 cells. Fn
is a large (440 kDa) multidomain extracellular matrix protein
with an RGD site that is not exposed in its native compact
conformation. Fn adopts a conformation that is more open
than its compact conformation when bound to liposome vec-
tor.2") This open confirmation exposes a hidden RGD site in
Fn that stimulates binding to adhesion molecules.?” In our
study, the hidden RGD site of the Fn nanoplex might be ex-
posed. CD44 expression was seen in PC-3 cells but not
LNCaP cells. CD44 can bind to Col, Fn and Lam,?? and the
ligands of integrin 21 are Lam and Col.?» This suggested
that Fn nanoplex was likely to bind mainly to CD44, and to
increase the association of nanoplex with the cells, resulting
in enhanced transfection efficiency in PC-3 cells.

Among ECM-coated nanoplexes, the Fn nanoplex (2 ug
Fn for 2 ug plasmid DNA) was injectable in size (230 nm)
and increased transfection efficiency in PC-3 cells, being
comparable to lipofectamine 2000. Therefore, we decided to
use Fn nanoplex for in vivo gene delivery by direct injection
into PC-3 tumor xenografis. As a control, we used commer-
cially available transfection polymer in vivo jetPEI, because
non-coated nanoplex was not injectable in size. To analyze
the level of luciferase expression, we imaged mice and quan-
tified bioluminescence using an NightOWL LB981 NC100
system, expressed as photon/s/tumor. Figure 3 shows the effi-
ciency of Fn nanoplex (10 ug Fn for 10 ug plasmid DNA) to
carry DNA' into PC-3 tumor xenografts in nude mice. Fn
nanoplex showed significantly 4-fold more efficient transfec-
tion activity than in vivo jetPEI (Figs. 3A, B). This finding
suggested that Fn proteins with exposed conformation could
effectively interact with the corresponding receptors, allow-
ing the strong induction of expression in metastatic prostate
tumor. Considering the simplicity, level of efficiency, and
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Fig. 2. The Effect of ECM Protein Complexed with Nanoplex on Luciferase Gene Expression in PC-3 (A) and LNCaP (B) Cells
The nanoplex of 2 ug plasmid DNA was complexed with 2 ug or 5 yg of Fn, Col or Lam. *p<0.05, *+p<0.0] compared with non-coated nanoplex.

A Fn nanoplex

Fig. 3. Tumor Transfection in Vivo

. Invivo JetPEI

]

W

Luciferase activity (photon: count x 10%/sec/tumor) w
after background correction
w

Fn nanoplex

In vivo jetPEl Il

Xenografis of PC-3 tumor cells were directly injected with 10 ug plasmid DNA by Fn nanoplex (Fn 10 ug) and in vivo jetPEI polyplex, respectively. Arrowheads indicate solid

tumor injected DNA into xenografts. Twenty-four hours after i.t. injections, mice were i

ged and biol

1ce was quantified. A shows pseudocolor luminescent images from

blue (least intense) to red (most intense), representing light emitted from tumors superimposed over a grayscale reference image of representative mice from each group of threc. B,

ntification of emitted photons from each tumeor. #*p<0.01 compared with Fn nanoplex.
p

minimal cost, this technique emerges as a valuable tool for
gene delivery.

In conclusion, we focused on the alternation of ECM and
adhesion molecules in the progression of prostate cancer, and
found that Fn-coated nanoplex increased transfection effi-
ciency in metastatic prostate tumor. These results indicated
that extracellular matrix-coated nanoplex could facilitate the
efficient transfection of prostate tumor cells. ‘
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Combination of non-viral connexin 43 gene therapy and docetaxel
inhibits the growth of human prostate cancer in mice
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Abstract. Docetaxel (DTX) is used for the treatment of
advanced hormone refractory prostate cancer. Connexin 43
(Cx43) is a tumor suppressor gene, and transfection of the
Cx43 gene increases sensitivity to several chemotherapeutic
agents. The objective of this study was to evaluate the effective-
ness of combination therapy of Cx43-expressing plasmid
DNA (pCMV-Cx43) and DTX both in vitre and in vivo
using a non-viral vector in human prostate cancer PC-3 cells.
Transfection of pCMV-Cx43 into the cells neither inhibited
tumor growth nor increased gap junctional intercellular

communication; however, combination therapy of pCMV-

Cx43 and DTX significantly inhibited cell growth. Forced
expression of Cx43 in the cells induced apoptotic cells by
down-regulation of Bcl-2 expression and significantly more
up-regulation of caspase-3 activity than either treatment
alone. The combination of repeated intratumoral injection
of pCMV-Cx43 (10 pg/tumor) with non-viral vector and a
single intravenous injection of DTX (15 mg/kg) was compared
with a repeated injection of Cx43 alone and a single injection
of DTX alone on PC-3 tumor xenografts. Significant anti-
tumoral effects were observed in mice receiving combined
treatment, compared with DTX alone. The data presented
here provide a rational strategy for treating patients with
“advanced hormone refractory prostate cancer.

Introduction

Prostate cancer is a significant problem and is reported to
be the leading cancer diagnosed in man (1). Cytotoxic
chemotherapy has shown significant palliative benefit in
the treatment of androgen-independent prostate cancer, but
with no survival advantage demonstrated to date (2). Current
chemotherapy is limited by drug tolerance and the ultimate
emergence of resistant disease (3). Novel approaches incor-
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Medicinal Chemistry, Hoshi University, Shinagawa-ku, Tokyo 142-
8501, Japan

E-mail: yoshie@hoshi.ac.jp

Key words: prostate cancer, connexin 43, docetaxel, PC-3 cells,
cytotoxicity, gene therapy, non-viral vector, combination therapy

porating potentially more active and less toxic agents that may
overcome drug resistance mechanisms need to be investigated.
Increased understanding of the tumor biology of prostate
cancer offers promise of novel treatments for this disease.

Docetaxel (DTX), a member of the taxane family, is
semisynthesized from an inactive taxoid precursor extracted
from the needles of the European yew, Taxus baccata. DTX
has shown clinical activity in a wide spectrum of solid tumors
including breast, lung, ovarian, and prostate cancers (4,5).
The known basic cellular target of DTX is the microtubule.
Furthermore, DTX down-regulates genes for cell proliferation,
mitotic spindle formation, transcription factor, and oncogenesis,
and up-regulates genes related to the induction of apoptosis
and cell cycle arrest in prostate cancer PC-3 and LNCaP cells
6.,7).

Connexins (Cxs) are a family of transmembrane proteins
that enable gap junctional intercellular communication (GIIC)
(8). GIIC is one mechanism of growth control that involves
cell-cell contact (9). In general, cancer cells exhibit altered
Cxs expression, with a profile that is often significantly reduced
or undetectable. Connexin 43 (Cx43) and connexin 32 (Cx32)
expressions were reduced in prostate tumor biopsy in contrast
to normal prostate epithelial cells (10-13). Since Cx43 is a
tumor-suppressor gene, Cx43 gene therapy was reported
(14-16). Transfection of Cx43 in human mammary carcinoma
MDA-MB-435 cells (17), human glioblastoma U251 and
T98G cells (16), lung cancer PG cells (18) and prostate cancer
LNCaP cells (19) significantly reduces cell growth in vitro
and/or in vivo. Transfection of Cx43 in human glioblastoma
U251 cells (20) and ovarian carcinoma SKOV-3 cells @2n
increased sensitivity to several chemotherapeutic agents.
However, the effect of transfection of the Cx gene combined
with DTX on prostate tumor PC-3 cells has not been reported
to our knowledge.

In this study, we investigated whether the transfection of
plasmid DNA (pCMV-Cx43) coding for the Cx43 gene by
non-viral vector combined with DTX increased the inhibition
of PC-3 cell growth. A novel combination of pCMV-Cx43
and DTX induced significantly greater growth inhibition in
PC-3 cells and tumor xenografts than DTX alone. This
combination increased apoptosis via the down-regulation of
Bcl-2 expression and up-regulation of caspase-3 activity.

Materials and methods

Cell culture. PC-3 and LNCaP cells were supplied by the Cell
Resource Center for Biomedical Research, Tohoku University.
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PC-3 and LNCaP cells were grown in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and kanamycin (100 pxg/ml) at 37°C in a 5% CO,
humidified atmosphere.

Plasmid constructions. Plasmid pCMV-Cx43 encoding the
Cx43 gene under the control of CMV promoter was constructed
as previously described (22). Plasmid pCMV-luc encoding
the luciferase gene under the control of the CMV promoter
was constructed as previously described (23). pGL3-basic
(Promega, Madison, WI) was used as a control plasmid. A
protein-free preparation of the plasmid was purified following
alkaline lysis using maxiprep columns (Qiagen, Hilden,
Germany).

Sensitivity to DTX assay. PC-3 and LNCaP cells were seeded
separately at a density of 1x10* cells per well in 96-well plates
and maintained for 24 h before transfection in RPMI medium
supplemented with 10% FBS. Cells at 30% confluence in
the well were transfected with 0.2 yg of pCMV-Cx43 or
pGL3-basic using lipofectamine 2000 (Invitrogen Corp.,
Carlsbad, CA) according to the manufacturer's instructions and
incubated for 24 h. The culture medium was then exchanged to
medium containing various concentrations of DTX (Taxotere,
Sanofi-Aventis, Paris, France) ranging from 0.1 to 1,000 ng/ml
and incubated for another 48 h. In co-transfection, cells were
transfected with 0.2 ug of pCMV-Cx43 or pGL3-basic using
lipofectamine 2000 in medium containing DTX (0.1-1,000 ng/
ml) and incubated for 72 h. The cell number was determined
with WST-8 assay (Dojindo Laboratories, Kumamoto, Japan).

Fluorescent dye transfer. FACS analysis of the GJIC reported
by Robe et al (24) was modified. Briefly, cells grown in 35-mm
dishes were labeled for 1-h incubation with either 5 uM calcein-
AM (acetomethylic ester, Dojindo) or 5 uM Dil (Lambda
Probes & Diagnostics, Graz, Austria) in the medium. The
two labeled cells were mixed in equal proportions in 35-mm
dishes and incubated for 12 h. Subsequently, pPCMV-Cx43 or
pGL3-basic was transfected into mixed cells in the presence
or absence of 50 uM 18a-glycyrrhethinic acid (18GA, MP
Biomedicals, Germany). After 24-h incubation, the cells were
trypsinized, washed in phosphate-buffered saline pH 7.4
(PBS), and processed for FACS analysis of calcein-AM and
Dil fluorescence with a FACSCalibur flow cytometer as
previously reported (22). Data for 10,000 fluorescent events
were obtained by calcein-AM fluorescence (530/30 nm) and
Dil fluorescence (585/42).

Cell cycle analysis. PC-3 cells were seeded at a density of
1x108 cells on 35-mm dishes. Cells were transfected with
pCMV-Cx43 or pGL3-basic in the presence or absence of
10 ng/m]l DTX in medium. After 24-h incubation, the cells
were harvested with EDTA after washing with ice-cold PBS.
Detached cells were washed once with ice-cold PBS and
gently suspended in PBS-EtOH (70%) and fixed overnight
at 4°C. For staining, fixed cells were washed once in PBS
and then resuspended in PBS with 50 pg/ml propidium
iodide (PI) and 0.5% RNase A. After 30 min at 37°C, cells
were processed for FACS analysis of PI fluorescence by a
FACSCalibur flow cytometer as described in the above section.
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Western blotting. PC-3 cells were seeded at a density of
1x105 cells on 35-mm dishes. Cells were transfected with
pGL3-basic or pPCMV-Cx43, respectively. Twenty-four hours
after transfection, the culture medium was replaced with
medium containing 10 ng/ml DTX and incubated for 24 h.
Cells were suspended in lysis buffer (1% Triton-X 100 and
protease inhibitor cocktail set IIT (Calbiochem, Darmstadt,
Germany) in PBS), and then centrifuged at 15,000 rpm for
10 min. The supernatants were resolved on a 15% sodium
dodecyl sulphate-polyacrylamide gel by electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane (FluoroTrans® W, PALL Gelman Laboratory, Ann
Arbor, MI). Expression of Cx43, Bcl-2 and B-actin protein
was identified using rabbit anti-Cx43 polyclonal antibody
(Sigma, St. Louis, MO), rabbit anti-Bcl-2 polyclonal antibody
(Stressgen, Canada) or rabbit anti-B-actin polyclonal antibody
(Lab Vision, CA), respectively. Goat anti-rabbit IgG peroxidase
conjugate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
was used as the secondary antibody. These proteins were
detected with peroxidase-induced chemiluminescence (Super
Signal West Pico Chemiluminescent Substrate, Pierce).
Optical density of the bands on the film was quantified using
ImageQuant TL (Amersham Biosciences, NJ) with correction
for the optical density of the corresponding B-actin band.

Apoptosis analysis. PC-3 cells were seeded at a density of
1x105 cells on 35-mm dishes. The cells were transfected with
pGL3-basic or pCMV-Cx43, respectively. Twenty-four hours
after transfection, the culture medium was replaced with
medium containing 10 ng/ml DTX and incubated for 24 h.
Apoptotic cells were detected with an annexin V-FITC
apoptosis detection kit (Sigma) or caspase-3 apoptosis detection
kit (Santa Cruz Biotechnology) according to the manufacturer's
instructions.

Assessment of PC-3 tumor growth. For transfection in vivo,
we prepared cationic nanoparticle (NP) as previously reported
(25). Briefly, NP was formulated using 1 mg/ml cholesteryl-
3B-carboxyamidoethylene-N-hydroxyethylamine (OH-Chol)
as a cationic lipid, and 5 mol% Tween-80, and was prepared in
10 ml of water by the modified ethanol injection method (25).

Male BALB/c nu/nu mice (6-8 weeks of age) were pur-
chased from CLEA Japan Inc. (Tokyo, Japan). To generate
PC-3 tumor xenografts, 1x10” PC-3 cells suspended in 50 ml
of medium containing 60% reconstituted basement membrane
(Matrigel: Collaborative Research, Bedford, MA) were
inoculated subcutaneously into the flank region of the mice.
Tumor volume was calculated using the formula, tumor volume
= 0.5ab?, where a and b are the larger and smaller diameters,
respectively. When the average volume of PC-3 xenograft
tumors reached 200 mm? (day 0), these mice were selected
for treatment with DTX alone, pGL3-basic, pCMV-Cx43,
pGL3-basic plus DTX, and pCMV-Cx43 plus DTX. For
transfection into tumors, the nanoplex was formed by the
addition of NP (15.8 ul) to 10 g of pCMV-Cx43 or pGL3-
basic with gentle shaking and standing at room temperature
for 10 min. Nanoplexes of 10 pg plasmid per tumor were
directly injected into xenografts on days 0 and 1. DTX at a
dose of 15 mg/kg was injected i.v. on day 0. Tumor volume
was measured on days 0, 3, 6,9, 11, 13, 15. On day 15, all
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Figure 1. Cx43 expression and GJIC transfected with pCMV-Cx43 in PC-3
cells. (A) Western blot analyses of Cx43 in the cells 24 h after transfection
with pCMV-Cx43 or pGL3-basic. (B) Effect of Cx43 transfection on gap
junctional intercellular communication (GJIC) analyzed by flow cytometry.
Calcein- AM-labeled cells were mixed with Dil-labeled cells, and transfected
with pCMV-Cx43 or pGL3-basic. Cells were incubated for 24 h in the
presence or absence of 50 uM 18GA.

mice were sacrificed after anesthetization by i.m. injection of
pentobarbital (Nembutal, Dainippon Pharmaceutical Co.,
Ltd., Osaka, Japan), and the tumor weights were measured.
The data are shown as the mean + SE. Animal experiments
were conducted with ethical approval from our institutional
animal care and use committee.

Statistical analysis. The statistical significance of the data
was evaluated with Student's t-test. A P<0.05 was considered
significant.

Results

Effect of Cx43 expression on PC-3 cells. We initially charac-
terized the expression of Cx43 in PC-3 cells. In this study,
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we used pGL3-basic as a control plasmid. Cx43 expression was
observed strongly in pCMV-Cx43-transfected cells, but weakly
in pGL3-basic-transfected cells (Fig. 1A). Next, we examined
whether the transfection of pCMV-Cx43 induced growth
inhibition in the cells. Seventy-two hours after transfection,
Cx43 expression did not significantly induce a suppressive
effect in PC-3 cells (data not shown).

To investigate whether the expression of Cx43 protein by
pCMV-Cx43 caused the formation of gap junctions, we
assessed the transfer of calcein-AM, a cytoplasmic dye that
crosses gap junctions, in co-culture with calcein-AM-loaded
cells and cells marked with Dil, a non-diffusible membrane
fluorescent dye, by FACS analysis. As shown in Fig. 1B, GJIC
(%) was not significantly increased in pPCMV-Cx43-transfected
cells compared with pGL3-basic-transfected cells. Moreover,
pCMV-Cx43-transfected cells treated with 18GA, GJIC
inhibitor did not decrease either the GJIC (%) compared with
pGL3-basic- or pCMV-Cx43-transfected cells (Fig. 1B).

In vitro sensitivity of DTX. To evaluate the in vitro growth
inhibitory effect of combination therapy of Cx43 and DTX, the
WST-8 assay was initially performed. When PC-3 cells were
transfected with pGL3-basic or pPCMV-Cx43 in the presence of
DTX, pCMV-Cx43-transfected cells (ICs, = 1.1 ng/ml) showed
53-fold higher sensitivity to DTX than pGL3-basic-transfected
cells (ICs, = 58.7 ng/ml) (Fig. 2A). However, when PC-3
cells were treated with DTX 24 h after the transfection of
pGL3-basic or pPCMV-Cx43, pCMV-Cx43-transfected cells
(ICs, = 1.4 ng/ml) showed 279-fold higher sensitivity to
DTX than pGL3-basic-transfected cells (ICs, = 390.0 ng/ml)
(Fig. 2B). When PC-3 cells were transfected with pCMV-Cx43
24 h after treatment with DTX, cytotoxicity could not be
evaluated since cells were almost dead even at 1 ng/ml of
DTX (data not shown). Therefore, in subsequent in vitro
experiments, the cells were treated with DTX 24 h after
transfection of pCMV-Cx43.
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DTX ( ng/ml ) DTX ( ng/ml )
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pGL3-basic 58.7 100.0 pGL3-basic 390.0 100.0
pCMV-Cx43 1.1 1.8 pCMV-Cx43 1.4 0.4

Figure 2. Concentration-dependent effect of DTX on cytotoxicity in Cx43-transfected cells. (A) Cells were transfected with 0.2 #g of pCMV-Cx43 or pGL3-
basic in the presence of DTX and incubated for 72 h. (B) PC-3 cells were transfected with pCMV-Cx43 or pGL3-basic for 24 h. After incubation, cells were
treated with various concentrations of DTX and incubated for another 48 h. The number of viable cells was determined by WST-8 assay. n=3 for each sample.

**p<0.01; compared with pGL3-basic.
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Figure 4. Decrease of Bcl-2 expression in PC-3 cells by combination therapy
of Cx43 and DTX. Cells were transfected with pGL3-basic or pCMV-Cx43
for 24 h. Culture medium was replaced with medium containing of 10 ng/ml
DTX and incubated for another 24 h. Bcl-2 expression was examined by
Western blot analyses, quantified using densitometry.

We next assessed the effect of pCMV-Cx43 and DTX on
the cell cycle 24 h after transfection into PC-3 cells by flow
cytometric analysis. Transfection of pCMV-Cx43 into the
cells did not affect the cell cycle (Fig. 3A and B), but DTX
- caused an increase in G,/M populations (53.1%) (Fig. 3C).
Co-transfection of pCMV-Cx43 with DTX resulted in
substantial accumulation in G, (58.4%) populations (Fig. 3D).

Effect of Bcl-2 expression and apoptosis activity on PC-3
cells. Recently, it has been reported that transfection of Cx

down-regulated the levels of Bcl-2 (20,26,27). Therefore, to
investigate whether transfection with pCMV-Cx43 and/or
treatment with DTX affected Bcl-2 expression in PC-3 cells,
we examined the levels of protein expression of Bcl-2 in the
cells by Western blotting. Either pCMV-Cx43-transfection or
DTX treatment down-regulated the levels of Bcl-2 (Fig. 4).
Moreover, pPCMV-Cx43-transfected cells treated with DTX
exhibited the most down-regulated level of Bcl-2 compared
with pGL3-basic-transfected cells (Fig. 4).

Next, we examined the apoptotic effect in cells transfected
with Cx43 and/or treated with DTX by annexin V assay. As
shown in Fig. 5A, pCMV-Cx43 transfection or treatment
with DTX increased apoptosis in the cells compared with
pGL3-basic transfection. Moreover, the incidence of apoptosis
was highest in pCMV-Cx43-transfected cells treated with
DTX.

To investigate the apoptosis mechanism by combination
therapy of Cx43 and DTX, we measured caspase-3 activity.
As shown in Fig. 5B, caspase-3 activity in pCMV-Cx43-
transfected cells, pGL3-basic-transfected cells with DTX and
pCMV-Cx43-transfected cells with DTX was 1.6-, 1.4- and
2.0-fold higher than that in pGL3-basic-transfected cells,
respectively. Forced expression of Cx43 in the cells induced
significantly more up-regulation of caspase-3 activity than
either treatment alone. These results suggest that the constitutive
expression of Cx43 may play a role in the enhancement of
apoptosis by chemotherapeutic agents.

Synergistic inhibition of the growth of PC-3 tumor xenografis.
The efficacy of combination therapy of Cx43 and DTX in
inhibiting the growth of subcutaneous PC-3 tumors was
evaluated. We previously reported that NP could efficiently



INTERNATIONAL JOURNAL OF ONCOLOGY 30: 225-231, 2007

>

[\
=]

ot
W

w

Apoptosis cells (%)
(Annexin V (+), PI (-))
S

=]
+DTX

pGL3-basic
pCMV-Cx43
pGL3-basic
pCMV-Cx43
+DTX

229

B

Caspase-3 activity
(Fluorescent intensity)

S N A O

pGL3-basic
pCMV-Cx43
pGL3-basic
+DTX
pCMV-Cx43
+DTX

Figure 5. Apoptotic cells and caspase-3 activity by combined treatment with Cx43 and DTX on PC-3 cells. Cells were transfected with pGLJTbasic or pPCMV-Cx43
and incubated for 24 h. Culture medium was replaced with medium containing 10 ng/ml DTX, and incubated for another 24 h. Apoptotic cells and caspase-3
activity were detected by annexin V assay (A) and caspase-3 fluorometric assay (B). (B), n=3 for each sample. **p<0.01.
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deliver DNA into PC-3 xenografts (28). Therefore, we used
NP as a DNA transfection vector for in vivo experiment. The
anti-turnor effect was evaluated by direct injection of the
nanoplex of pCMV-Cx43 or pGL3-basic into the xenografts
once a day on two occasions (day 0 and 1) following one i.v.
injection of DTX (day 0) according to a previous report on
in vivo combination gene therapy with DTX (29). No
significant decrease in tumor weight was observed in mice
treated with pCMV-Cx43 (Fig. 6B). A growth inhibitory
effect was observed in mice treated with DTX alone or
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Figure 6. /n vivo combination therapy of PC-3 tumor xenografts with Cx43
and DTX in mice. When the average volume of PC-3 xenograft tumors
reached 200 mm? (day 0), these mice were selected for treatment with DTX
alone, pGL3-basic, pCMV-Cx43, pGL3-basic plus DTX and pCMV-Cx43
plus DTX. Nanoplexes of 10 ug plasmid per tumor were directly injected
into xenografts on days 0 and 1. DTX at a dose of 15 mg/kg was injected i.v.
on days 0. Tumor volume (A) was measured on days 0,3,6,9, 11, 13, 15.
On day 15, all mice were sacrificed, the tumor weight (B) was measured and
macroscopic tumor appearance (C) was evaluated. Data are shown as the
mean * SE (A) or mean + SD (B). n=4 for each group. *p<0.05.

pGL3-basic plus DTX compared with control mice (Fig. 6A
and B). pGL3-basic plus DTX exhibited a similar tumor
suppressive effect with DTX alone, indicating that DNA
transfection did not increase tumor growth inhibition. A
significant growth inhibitory effect was observed in combi-
nation therapy of pCMV-Cx43 and DTX compared with
DTX alone (Fig. 6A and B). A comparison of tumor weight
and the appearance after excision also demonstrated that
tumor growth was attenuated in mice treated with pCMV-Cx43
and DTX (Fig. 6B and C).
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Discussion

The limited efficacy of cytotoxic chemotherapy remains a
major problem in the treatment of advanced hormone-refractory
prostate cancer (30); therefore, novel cancer gene therapy
needs to be developed. In this study, we found that Cx43
expression in PC-3 cells significantly enhanced DTX cyto-
toxicity through down-regulation of Bcl-2 expression and
activation of the apoptosis pathway. Furthermore, the combi-
nation of non-viral Cx43 gene therapy and DTX significantly
suppressed the growth of tumor xenografts compared to DTX
alone. This is the first report to highlight that the expression of
Cx43 in association with DTX has potential as a tumor
growth inhibitor.

Dysregulation of Cx expression is thought to be asso-
ciated with carcinogenesis; however, there is relatively little
information regarding the mechanism of altered Cx expression
in prostate cancer. The tumor-suppressing effects of Cx genes
largely depend on the Cx species and the cell types used (31).
Transduction of Cx32 and Cx43 by retroviral gene transfection
into the Cx-deficient prostate cancer cell line LNCaP produced
growth inhibition in vitro and in vivo, and cell differentiation
associated with gap junction formation (19). Transduction of
Cx26 by adenoviral gene transfection into LNCaP and PC-3
cells produced growth inhibition by a GJIC function (26).
Regarding Cx43, the expression of Cx43 in PC-3 cells could
not form gap junctions (32). In our study, the transfection of
pCMV-Cx43 into PC-3 cells exhibited neither the inhibition of
cell growth nor increased GJIC (Fig. 1); however, transfection
into the cells increased apoptotic cells and caspase-3 activity
(Fig. 5). Cx43 expression in PC-3 cells might regulate
apoptosis via a GJIC-independent mechanism.

Combination therapy of Cx43 and DTX was significantly
more cytotoxic when cells were treated with DTX 24 h after
Cx43 transfection compared with treatment with DTX and
transfection at the same time. It suggested that Cx43 expression
24 h after transfection affected sensitivity to DTX. We also
found that combination therapy 72 h after transfection increased
growth inhibition in LNCaP cells (IC;, for DTX = 32 and
4.2 ng/ml in pGL3-basic- and pCMV-Cx43-transfected cells,
respectively) (data not shown). Combination therapy using
the Cx gene and chemotherapeutic agents for cancer has been
reported. Cx43 transfected into human glioblastoma cells (20)
and ovarian carcinoma cells (21) led to the down-regulation
of Bcl-2 and increased sensitivity to paclitaxel and doxorubicin.
In our study, DTX treatment caused an increase in Gy/M
populations into PC-3 cells (Fig. 3C), and also induced the
down-regulation of Bcl-2 expression and up-regulation of
caspase-3 activity in PC-3 cells (Figs. 4 and 5). This finding
corresponds with previous reports that DTX induced the
down-regulation of Bcl-2 expression in prostate tumor LNCaP
and PC-3 cells (33,34), and that down-regulation of Bcl-2
expression by Bcl-2 antisense activated caspase-3 activity in
PC-3 cells (35). Combination therapy of pCMV-Cx43 and
DTX increased G,/M populations, enhancing down-regulation
of Bcl-2, and growth inhibition in vitro more than DTX
alone.

The combination of repeated intratumoral injections of
pCMV-Cx43 (10 pg/tumor) with non-viral vector and a single
intravenous injection of DTX (15 mg/kg) was compared with
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a repeated injection of Cx43 alone and a single injection of
DTX alone in PC-3 tumor xenografts. Significant antitumoral
effects were observed in mice receiving combined treatment,
compared with DTX alone. The efficacy in vivo might result
from direct effects of Cx43 on inducing apoptosis and
indirect effects on enhancing the cytotoxicity of DTX by
down-regulating Bcl-2. It has been reported that paclitaxel
increased the transfection efficiency of cationic liposome
by inhibiting targeting endosomes to lysosomes (36,37).
Therefore, using the combined lipid-mediated transfection of
genes with DTX for cancer gene therapy might be a powerful
technique due to the effect of enhanced gene expression.
Inhibiting Bcl-2 expression by Cx43 in prostate cancer cells,
which could restore their sensitivity to chemotherapeutic
agents, would be a new therapeutic strategy against prostate
cancer.

From a clinical point of view, the doses of DTX used in
the combined strategy will be minimal, and will prevent
significant toxicity due to DTX. Low doses of DTX can thus
be administered in humans for a prolonged period of time,
or alternatively, a shorter duration of combined treatment
may be administered without loss of effectiveness. Enforced
expression of Cx43 increased sensitivity for DTX via the
down-regulation of Bcl-2 expression in PC-3 cells. Combining
non-viral Cx43 gene therapy with DTX resulted in greater
growth suppression of PC-3 in vitro and in vivo. The data
presented here provide a rational strategy for treating patients
with advanced hormone refractory prostate cancer.
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