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with Effective Antisense Gene Inhibition1
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The efficacy of two different cationic liposomes, Lipofectin and hemagglutinating virus
of Japan (HVJ)-cationic liposomes, on nuclear uptake of fluorescence-labeled phospho-
rothioate oligodeoxyribonucleotide (S-ODN) by ligament scar fibroblasts and suppres-
sion of decorin mRNA expression when antisense decorin S-ODN was transferred was
investigated. There was no significant difference in nuclear uptake of fluorescent ODN
between the two methods. However, only HVJ-cationic liposomes had a significant effect
on suppression of decorin mRNA expression levels. To address the discrepancy, the
molecular integrity of the transferred ODN in the cells was assessed by analysis of fluo-
rescence resonance energy transfer (FRET) within double-fluorescence-labeled S-ODN.
More than 70% of the ODN transfected by HVJ-cationic liposomes remained intact
within the nucleus at 20 h after transfection, while the majority of the ODN transferred
by Lipofectin was degraded at this point. These results suggest a strong relationship
between the nuclear integrity of transfected antisense ODN and its suppression of tar-
get mRNA expression.

Key words: antisense oligonucleotides, fluorescence resonance energy transfer, lipo-
some, Sendai virus.

Antisense oligonucleotides (ODNs) are potential therapeu-
tic agents which inhibit gene expression in a sequence-spe-
cific manner. Although the precise mechanism of antisense
action has not been fully elucidated (1, 2), it is widely
accepted that RNase H hydrolyses the RNA strand of an
RNA-ODN duplex and is probably responsible for the
major antisense effects of ODNs (3). Further, recent study
demonstrated that expression of target mRNA does not
begin to decline until after antisense ODN is seen in the
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nucleus (4). These findings together suggest that antisense
ODNs function mainly within the nucleus. Therefore, it is
reasonable to presume that success in antisense therapy
depends upon efficient delivery of ODNs into the cell nu-
cleus. Cationic lipids are widely used for this purpose and
have been shown to enhance the antisense effect of ODNs
in vitro in several types of cells (5-7). ODNs associated
with cationic liposomes are presumably introduced into
cells by endocytosis (5, 8). Therefore, a significant amount
of the ODN might be degraded in the endocytic pathways
before reaching the nucleus. Recently, a highly efficient
gene delivery method using hemagglutinating virus of
Japan (HVJ, Sendai virus) to enhance the fusion of anionic
liposomes to cell membranes has been developed (9, 10).
The HVJ-mediated gene delivery system using cationic lip-
ids for the liposomes has also been shown to be an effective
method of delivering genes to cells (.11). Using this tech-
nique, transfer of antisense ODN specific for the proteogly-
can decorin has been shown to effectively decrease decorin
mRNA levels in scar fibroblasts (12).

The present study was undertaken to investigate the
effectiveness of cationic liposomes (Lipofectin®) and HVJ-
cationic liposomes in delivering ODNs into the nuclei of
rabbit ligament scar fibroblasts in vitro. While both meth-
ods effectively delivered ODNs into the nuclei of these cells,
only HVJ-cationic liposome method suppressed target
mRNA expression. We hypothesized that the integrity of
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ODN transfected into nuclei by these two methods might
differ, and tested this hypothesis by fluorescence resonance
energy transfer (FRET) analysis (13,14). FRET is an inter-
esting example of a fluorescence-related phenomenon.
When the fluorescence spectrum of one fluorophore (donor)
overlaps with the excitation spectrum of another fluoro-
phore (acceptor), and when the donor and the acceptor are
in close physical proximity, the excitation of the donor
induces the emission of fluorescence from the acceptor as if
the acceptor had been excited directly, while the donor's
own fluorescence decreases. Uchiyama et al. demonstrated
the visualization of FRET under the fluorescence micro-
scope in sea uchin eggs after microinjection of double fluo-
rescence-labeled ODNs, but found that enzymatic digestion
of ODNs eliminated the efficiency of FRET in eggs. Based
on those results, they proposed potential use of FRET for
the detection of only intact ODNs in living cells after trans-
fection (13). The results of FRET analysis showed that
HVJ-cationic liposomes method were over three times more
efficient in delivering intact ODNs within the nuclei of
transfected cells than lipofectin. These results suggest a
correlation between the integrity of transfected ODN
within the nuclei and its effectiveness in suppressing tar-

MATERIALS AND METHODS

Synthesis of Oligonucleotides and Selection of Sequence
Targets—The sequences of phosphorothioate ODN against
rabbit decorin were: antisense, 5'-GGA-TGA-GAG-TTG-
CCG-TCA-TG-3'; sense, 5'-CAT-GAC-GGC-AAC-TCT-CAT-
CC-3' ( -1 to +19 of the rabbit sequence). This antisense
ODN specifically inhibits decorin mRNA in primary cul-
tured rabbit medial collateral ligament (MCL) scar fibro-
blasts and in MCL scar tissue in vivo (12). The antisense
sequence selected for further studies yielded the best sup-
pression of decorin mRNA levels among five sequences
tested in preliminary experiments. The other antisense se-
quences tested were: 5'-GTT-GCC-GTC-ATG-ATT-TAT-TT-
3' ( -9 to + 11); 5'-AGG-ATG-AGA-GTT-GCC-3' (0 to +15);
5'-TGA-GAG-TTG-CCG-TCA-TGA-3' (-2 to +16); and 5'-
GAG-AGT-TGC-CGT-CAT-GAT-3' ( -3 to +15). The first of
these sequences showed modest inhibition (-50%) of deco-
rin mRNA levels in vitw, while the other three sequences
yielded no inhibition of decorin mRNA levels in primary
cultures of rabbit MCL scar cells. The sequence of the 6-
carboxyfluorescein (FAMHabeled phosphorothioate ODN
was 5'-CTT-CGT-CGG-TAC-CGT-CTT-C-3' (19 bp). 6-FAM
was labeled on the 3' and 5' ends of the ODN. These ODNs
were synthesized and purified by the University of Calgary
Regional DNA Synthesis laboratory. The sequence of the
double- labeled phosphorothioate ODN was 5'-CGG-GGC-
TGA-TGA-GGC-CGA-AAG-GCC-GAA-ACG-GCT-3' (33 bp).
The chemically synthesized ODN was labeled with 6-car-
boxytetramethylrhodamine (TAMRA) and 6-FAM on the 3'
and 5' ends, respectively, and purified as previously report-
ed (13,14).

Preparation of HVJ-Cationic Liposomes and Cationic
Liposomes (Lipofectin)—HVJ-cationic liposomes were pre-
pared as described previously (11, 15). Briefly, a lipid mix-
ture which contained 6 mg of phosphatidylcholine, 3 mg of
cholesterol, and 0.75 mg of 3p-[A^(A^iV-dimethylamino-
ethane)carbamoyl] cholesterol was dissolved in chloroform

and then dried with a rotary evaporator. The dried lipid
mixture was hydrated with 200 \il of balanced salt solution
(BSS; 140 mM NaCl, 5.4 mM KC1, 10 mM Tris-HCl, pH
7.5) containing ODN (20 nmol). Liposomes were prepared
by vortexing and extrusion. The liposomes were fused with
HVJ that had been inactivated by ultraviolet irradiation.
The HVJ-liposome complexes were purified by ultracentrif-
ugation through a 30% (wAv) sucrose layer at 62,800 Xo for
90 min. Cationic liposomes (Lipofectin™/Gibco BRL) com-
posed of A^(l-(2,3-olioleyloxy)propyl)-AWiV-trimethyl-am-
monium chloride (DOTMA) and dioleolylphosphatidyletha-
nolamine (DOPE) in a 1:1 ratio (w/w) were prepared ac-
cording to the manufacturer's instructions. Briefly, the
ODN was diluted into 100 p.1 of prewarmed Opti-MEM
(Gibco BRL) in polystyrene plastic culture tubes. Lipofectin
was diluted similarly. The prediluted ODN and Lipofectin
mixtures were combined in polystyrene plastic culture
tubes. After 15 min, 800 p.1 of prewarmed Opti-MEM was
added. This mixture was immediately used for transfection.

Cell Culture—Primary rabbit medial collateral ligament
scar fibroblasts were obtained from ligament scar 3 wk
post-injury (16) and cultured in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum
(FCS) at 37°C in 5% CO,.

Fluorescence (6-FAM) Uptake Study—Before transfec-
tion, 2 X 105 cells were cultured on a coverslip in each well
of a 6-well plate. After 24 h, the cells were incubated with:
(a) naked 6-FAM-labeled ODN; (b) 6-FAM-ODN in Lipofec-
tin (either 10 or 20 n.g/ml); (c) 6-FAM-ODN in HVJ-cationic
liposomes for 8 h. The concentration of ODN was adjusted
to 0.1, 1, or 10 JJLM in each experiment. After transfection,
the cells were washed once with DMEM and twice with
phosphate buffered saline (PBS; 137 mM NaCl, 3 mM KC1,
8 mM Na^HPO,,, 1 mM KJLPO,,, pH 7.4), then fixed with
4% formalin in PBS at room temperature for 15 min. The
cells were mounted and observed with a fluorescence mi-
croscope (Axiophoto, Zeiss, Jena, Germany) after nuclear
staining with Hoechst 33258 dye (Sigma, St. Louis, MO),
and the ratio of the number of FAM-6-fluorescent nuclei to
that of Hoechst dye-stained (total) nuclei was calculated
using an image analysis system (Kontron Elektronik, Ger-
many). For the nuclear fluorescence uptake analysis, an
average of 4 fields taken at a magnification of 200 was used
(17). Data were analyzed using ANOVA (one-way) and Stu-
dent's £-test. All reported experiments were performed in
triplicate.

Decorin Antisense Study and Semi-Quantitative RT-
PCR—Since RNase H hydrolyses the RNA strand of a
RNA-DNA duplex and appears to be responsible for the
major antisense effects of ODNs (3), degradation of the tar-
get mRNA was measured by RT-PCR to evaluate the effi-
cacy of transfection. Sense ODN complimentary to the anti-
sense sequence was used as control.

Cells (2 x 105) were cultured in 6-well cell culture plates.
After 24 h, the cells were transfected using: (a) naked anti-
sense or sense ODNs for decorin (1 JJLM); (b) antisense or
sense ODNs for decorin (1 \iM) in Lipofectin (20 (xg/ml); (c)
antisense or sense ODNs for decorin (1 \iM) in HVJ-cat-
ionic liposomes. After 8 h of incubation, ODNs were re-
moved and cells were washed with DMEM, then cultured
further in DMEM supplemented with 10% FCS for 40 h.
The medium was then removed, 1 ml of TRIzol™ (Gibco/
BRL, MD) was added to each well, and total RNA was iso-
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lated from the cells by the TRIspin method (18). Semi-
quantitative RT-PCR was performed on the extracted RNA.
Briefly, 1 u.g of total RNA was reverse-transcribed using
the StrataScript™ RT-PCR kit (Stratagene, CA), and ali-
quots of cDNA were amplified by PCR using primer sets
specific for rabbit decorin and a constitutively expressed
housekeeping gene glyceraldehyde-3-phosphate-dehydroge-
nase (GAPDH). The rabbit decorin 5' primer (nucleotides
780 to 800) was 5'-TGT-GGA-CAA-TGG-TTC-TCT-GG-3';
the 3' primer (nucleotides 1239 to 1250) was 5'-CCA-CAT-
TGC-AGT-TAG-GTT-CC-3'. The rabbit GAPDH 5' primer
(nucleotides 211 to 230 of rabbit sequence) was 5'-TCA-
CCA-TCT-TCC-AGG-AGC-GA-3'; the 3' primer (nucleotides
488 to 507) was 5'-CAC-AAT-GCC-GAA-GTG-GTC-GT-3'.
The rabbit-specific primers were synthesized and purified
by the University of Calgary Regional DNA Synthesis Lab-
oratory. Cloning and sequencing of the amplified cDNA
fragments confirmed the identity of the products. Optimal
conditions for semi-quantitative RT-PCR have been
described previously (19-22) and assessments were in the
linear range of the assay.

Fluorescence Resonance Energy Transfer (FRET) Study—
Cells (1 X 105) were cultured in 6-well plates. After 24 h, 4
|xg of double-fluorescence-labeled ODN in Lipofectin or in
HVJ-liposomes was added to the cultured cells as described
above. After 20 h of transfection, FRET was microscopically
visualized using a fluorescence microscope with two special
filters (Diaphoto-TMD; Nikon, Tokyo) as previously de-
scribed (13, 14). Briefly, green images were observed
through a band-pass filter at 510-560 nm, and red images
were observed through a cutoff filter at wavelengths above
580 nm. For both types of imaging, infrared radiation was

Fig. 1. Fluorescence microscopy of scar cells transfected
with 1 u.M naked 6-FAM-labeled ODN (A), 1 .̂M 6-FAM-ODN
in Lipofectin (20 (ig/ml) (B), and 1 |AM 6-FAM-ODN in HVJ-
cationic liposomes (C). (X250). Increased nuclear uptake of
ODN is evident in cells treated with Lipofectin (B) and by HVJ-cat-
ionic liposomes (C).

TABLE I. Quantitative assessment of the nuclear uptake of a
6-FAM-labeled ODN into ligament scar fibroblasts using
various lipid and ODN concentrations.

Delivery method

Naked ODN

Lipofectin

HVJ-cationic liposomes

Cone, of lipid
(lig/ml)

10

20

Cone, of
ODN (M.M)

0.1
1

10
0.1
1

10
0.1
1

10
0.1
1

10

% nuclear uptake
of fluorescence

0
0
0
0.3

13.3
18.6
4.3

70.3
68.4*
8.7

74.6
82.6

eliminated with a heat-absorbing filter. The excitation light,
obtained at 470-490 nm by passage through a band-pass
filter, was removed from the fluorescence signal by use of a
dichroic mirror with a wavelength cut-off of 510 nm. All fil-
ters and the mirror were purchased from Olympus (Tokyo).
When excited with blue light at 470-490 nm, intact ODN
has a specific fluorescence spectrum with peaks at 515 nm
(6-FAM; a green image) and over 580 nm (TAMRA; a red
image). Fluorescence intensity over 580 nm is detectable
because of the FRET phenomenon. Unless the double-label-
ed ODN is intact, the fluorescence peak over 580 nm (red)
almost completely disappears, while the fluorescence peak
at 515 nm increases. Thus, green fluorescence within the
nuclei is indicative of the accumulation of ODN regardless
of the degradation of ODN, while the presence of red fluo-
rescence within the nuclei demonstrates the accumulation
of only intact ODN.

Nuclear fluorescence uptake analysis was performed as
described above. For statistical analysis, Student's £-test
was used. All experiments were performed in triplicate.

RESULTS

Nuclear Uptake of 6-Carboxyfluorescein (FAM)-Labeled
ODN—To evaluate the intracellular distribution of trans-
fected ODN, scar cells were visualized by fluorescent mi-
croscopy. Incubation of MCL scar fibroblasts with naked
ODNs resulted in weak staining in the cytoplasm of the
cells regardless of the concentration of the ODN (Fig. 1A
and Table I). ODNs complexed with Lipofectin showed an
improved cellular uptake, and nuclear fluorescence was ob-
served in a majority of the cells. Nuclear uptake of fluores-
cence varied with the concentration of lipid and ODN, and
most efficient uptake was observed with 20 |xg/ml Lipofec-
tin and 1 \>M ODN (approximately 70% of the cells had nu-
clear fluorescence, Fig. IB and Table I). At 10 |xM ODN, a
decrease in cell viability was detected (approximately 20%
dead cells). HVJ-cationic liposomes also enhanced cytoplas-
mic and nuclear uptake of the ODNs in scar cells. At both 1
p,M or 10 M-M ODN, more than 70% of MCL scar fibroblasts
exhibited nuclear fluorescence and cell viability was main-
tained (Fig. 1C and Table I).

# p<0.0024

* p<0.0016
140

120

I 100
§ 80
to 60

•J) 4 0

20

0

•Decrease in cell viability noted.

HVJ-cationic Lipofectin Naked ODN
liposomes

Fig. 2. Ratio of decorin mRNA expression in antisense ODN (1
fiM) treated ligament scar fibroblasts to that in sense ODN (1
u.M) treated scar fibroblasts 48 h after treatment with naked
antisense ODN, antisense ODN in Lipofectin (20 ng/ml), and
in HVJ-cationic liposomes.
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100

80

Fig. 3. Fluorescence microscopy of ligament scar cells in
which double-fluorescence-labeled ODN was, transfected by
use of HVJ-cationic liposomes (A, B, C) and Lipofectin (D, E,
F). Pictures were taken at 20 h after transfection. (A, D) Hoechst
33258 (nuclear) stain. (B, E) 6-Carboxyfluorescein (6-FAM) detection
by MNIB filter (excitation wavelength 470—490 nm, absorption
wavelength 515 nm). (C, F) 6-Carboxytetramethylrhodamine
(TAMRA) detection by a special filter (excitation wavelength 470-
490 nm, absorption wavelength > 580 nm). (X250).

Decorin Antisense Study—From the above results, all
subsequent decorin antisense experiments were performed
using ODN at a concentration of 1 \xM, and for the Lipofec-
tin-mediated delivery, 20 |xg lipid/ml of culture medium
was used. Forty-eight hours after transfection, when RT-
PCR testing was performed on the RNA extracted from
MCL scar fibroblasts incubated with naked decorin anti-
sense ODN, no suppression of decorin mRNA levels (97.4 ±
6.79% of sense control) (Fig. 2) could be detected. Likewise,
no significant suppression of decorin mRNA expression was
observed when the cells were transfected with lipofectin
containing the decorin antisense ODN (93.1 ± 40.4% of
sense control). In contrast, transfection with HVJ-cationic
liposomes containing the decorin antisense ODN led to a
significant suppression of decorin mRNA expression levels
(20.3 ± 14.0% of sense control; p < 0.002) (Fig. 2). In the
present antisense study, no significant difference in the ex-
pression levels of decorin mRNA was found between sense
ODN-treated scar fibroblasts and untreated scar fibro-
blasts.

FRET Study—Although Lipofectin facilitated the accu-
mulation of ODN within the cell nucleus, antisense decorin
ODN delivered into nuclei did not suppress decorin mRNA
levels when assayed by RT-PCR. To monitor the integrity of
ODN within the cell nucleus, FRET analysis was per-
formed. When transfected using Lipofectin, 82.7 ± 5.03% of
MCL scar fibroblasts showed green fluorescence, corre-
sponding to nuclear fluorescence by Hoechst 33258 (Fig. 3,
A and B). However, the majority of the cells emitted no red
fluorescence (Fig. 3F). Nuclear uptake analysis showed that
only 24.0 ± 7.21% of the cells emitted red fluorescence

2 60
Q.

u
3

20

T ft
-r

T

I
HVJ-cationic
liposomes

*
T

# *

ii
Lipofectin

# p<0.0021

*p<0.0002

D Total
^ Intact

Fig. 4. Percentage of cells with the fluorescence of total (both
intact and degraded) ODN (white) and of intact ODN (gray)
within the nuclei when transfected with Lipofectin and by
HVJ-cationic liposomes.

within the nuclei (Fig. 4). Therefore, the Lipofectin-medi-
ated delivery method led to the degradation of a high per-
centage of the double-labeled ODN in the majority of ODN-
bearing cells, either before nuclear localization or within
the nucleus. In contrast, most of the cells transfected with
HVJ-cationic liposomes emitted bright red fluorescence in
addition to the green fluorescence corresponding to nuclear
fluorescence (Fig. 3, A, B, and C), suggesting that a high
percentage of ODN was intact in the majority of trans-
fected cells. Nuclear fluorescence uptake analysis showed
that 82.7 ± 9.45% of the cells emitted green fluorescence
and 72.7 ± 12.1% of the cells emitted red fluorescence
within the nuclei (Fig. 4).

DISCUSSION

For effective antisense therapy, a vector should be used
which efficiently delivers ODNs into cells and allows them
to reach their target without degradation. In this regard,
the present study clearly demonstrated the usefulness of
HVJ-cationic liposomes for the effective delivery of anti-
sense ODN. Although both HVJ-cationic liposomes and
lipofectin were effective in accumulating ODN in the nuclei
of transfected cells, HVJ-liposomes proved to be the more
efficient in suppressing the target mRNA expression with
antisense ODN.

Interestingly, such differences in antisense effect be-
tween these two vector systems appeared to correlate with
the results of FRET analysis. This analysis showed that
88% (72.7% intact ODN divided by 82.7% labeled cells) of
HVJ-cationic liposome-treated cells bearing intra-nuclear
ODN fluorescence showed FRET after 20 h of culture. In
contrast, only 29% (24.0% intact ODN divided by 82.7%
labeled cells) of Lipofectin-treated cells bearing intra-nu-
clear ODN fluorescence did so. The extent of FRET is ex-
tremely sensitive to the distance between the two fluoro-
phores (6-FAM and TAMRA), being inversely proportional
the sixth power of the distance {14). Accordingly, even a
subtle dissociation of the two fluorophores by some degra-
dation of ODN can lead to the elimination of FRET. There-
fore, the discrepancy in FRET phenomenon between the
two different vector systems could be interpreted as reflect-
ing the difference in the integrity of ODN within the nuclei.
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Haemagglutinating virus of Japan (HVJ, Sendai virus) is
well known to enhance the fusion of liposomes to cell mem-
branes (10). Therefore, ODN trapped in HVJ-cationic lipo-
somes could be directly transferred into the cytoplasm
without lysosomal trafficking and possible degradation. In
contradistinction, with the use of cationic liposomes (in-
cluding Lipofectin), the major cellular uptake mechanism of
ODN is considered to be endocytosis (5, 8), creating the
potential for the degradation of ODN in lysosomes. There-
fore, the difference in the cellular uptake mechanisms of
ODN between these two vector systems might influence
the integrity of ODN transferred into the nucleus.

The nucleus has been regarded as a major location of
antisense action, with the binding of antisense ODN with
its target mRNA and subsequent degradation of the bound
mRNA by a nuclear enzyme, RNase H (1, 3-5). Taken
together, these results obtained with two different ODN
delivery methods suggest that the integrity of ODN within
the nuclei of target cells is of critical importance for effec-
tive suppression of a specific target molecule in antisense
therapy.

In summary, the present study demonstrates that HVJ-
cationic liposomes enhance the effective delivery of ODN
into cultured cells with preservation of the integrity of the
ODN, leading to significant antisense suppression of target
mRNA expression. In this study, rabbit ligament scar fibro-
blasts were used, but similar experiments with other cell
types have also indicated that HVJ-cationic liposomes
deliver plasmid DNA, ribozyme, and ODN effectively (11,
15). Therefore, this method could be applicable to numer-
ous gene therapies and a variety of cell targets.
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