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Abstract

Antisense oligonucleotides (ODNs) are promising novel therapeutic agents against viral infections and cancer. However, problems
with their inefficient delivery and inadequate stability have to be solved before they can be used in therapy. To circumvent these
obstacles, a wide variety of improvements, including phosphorothioate ODNs and liposomes as a carrier system, have been developed.
This study was designed to compare the effects of two cationic liposomes on the intracellular delivery and stability of ODNs in CaSki cell
cultures. Also the stability of 3'-end phosphorothioate ODNs were investigated. The 3'-modification neither had any effect on the delivery,
nor protected the ODNs against degradation. The cellular delivery and stability of ODNs was improved with both cationic liposomes, but
a cationic liposomal preparations containing dimethyldioctadecylammonium bromide and dioleoylphosphatidylethanolamine
(DDAB /DOPE) was more efficient than commercially available N-(1-(2,3-dioleoyloxy)propyl)-N, N, N-trimethylammoniummethylsulfate
(DOTAP). The improved cellular delivery was largely due to the stabilization of ODNs by cationic liposomes. The improved stability in
the culture medium indicates that the cationic liposomes per se protect the ODNs from enzymatic degradation. Indeed, intact ODNs were

found in the cytoplasm and nucleus only when delivered by cationic liposomes.
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1. Introduction

Antisense oligonucleotides (ODNs) designed to hy-
bridize to specific mRNA or double-stranded DNA se-
quences are potential therapeutic agents against viral infec-
tions and cancer [1-4]. Before practical applications of
ODNs a number of problems, including poor biological
stability and cell delivery have to be solved. Therefore,
modified analogs of ODNs have been developed, e.g., the
phosphorothioate ODNs [3-5]. Although the fully thioated
(and other modified) ODNs are more resistant to nucle-
ases, they have several non-sequence-specific effects, in-
cluding reduced hybridization, non-selective protein bind-
ing, alteration in cell morphology and proliferation [6—10).
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To reduce these side-effects partially modified phosphodi-
ester ODNs have been developed [11]. It was recently
shown that even a single 3'-phosphorothioate linkage in-
creased the stability of ODNs in the culture medium
[12,13]. Also some recent modifications of ODNs, like
cholesterol and poly(L-lysine) conjugations, seem to im-
prove their cellular uptake [14,15].

The mechanisms by which antisense ODNs enter the
cells are not fully understood. Some evidence is available
on the existence of ODN-receptors on the cell surface
[16,17], and consequently, the uptake of ODNs has been
shown to depend on the time and concentration [6,17—19].
Their cellular stability and uptake without chemical modi-
fications or carriers is ineffective [20]. Phosphatidylcholine
liposomes have proved to be efficient carriers of ODNs. At
the same time, these liposomes increase the stability of
ODNs in culture medium {18,21,22]. Of the liposomes,
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especially cationic liposomes can deliver ODNs efficiently
into the cells [23-28] due to complexing the anionic ODNs
on their surface on the basis of electrostatic interactions
[22]. Most of the studies have dealt with N-(1-(2,3-di-
oleyloxy)propyl)-N, N, N-trimethylammonium chloride
(DOTMA) [23-28]. Recently, a new cationic liposome
containing DDAB and DOPE was introduced showing an
efficient delivery of DNA into cells {29]. The effects of
DDAB /DOPE on the delivery of antisense ODNs has not
been studied by other groups.

The aim of the present study was to compare the effects
of DDAB/DOPE and commercially available DOTAP on
the delivery and stability of ODNs in the CaSki cells. The
stability of ODNs was analysed in the culture medium,
cytoplasm, and nucleus. CaSki cells (a human cervical
carcinoma-derived cell line containing human papillo-
mavirus (HPV) 16 DNA) were used with the future aim to
develop a local, liposomal antisense therapy against HPV
infections. The effects of sulfurization of the 3'-phos-
phodiester linkage and the length of ODN on its degrada-
tion and cellular uptake were also studied.

2. Materials and methods

2.1. Cell culture

CaSKi cells, a human cervical cancer cell line contain-
ing HPV 16 DNA (approx. 600 copies), were grown in
Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated (at 56°C for 60 min) fetal calf serum
(Gibco, Paisley, Scotland, UK) at 37°C in 5% CO,. The
experiments were performed on 24-well plates (Nunc,
Roskilde, Denmark) with 10° cells/well in a 500 ul
volume. ODNs and liposomes were added 12 h after
seeding of the cells, and incubated for 2, 5 or 8 h. The
concentrations of ODNs and liposomal oligonucleotides
were 5 and 0.1 uM.

2.2. Antisense oligonucleotides

Antisense (phosphodiester) oligonucleotides and 3'-end
modified phosphorothioate analogs (AntiSense reagent,
Pharmacia, Uppsala, Sweden) were synthesized on an au-
tomated DNA synthesizer (Gene Assembler Plus, Pharma-
cia, Uppsala, Sweden). These ODNs were complementary
to the initiation region of HPV 16 early 7 gene, which is
one of the genes coding the major transforming proteins in
HPV-induced malignancies [30]. In the present study, fol-
lowing ODNs were used: unmodified 12- and 23-mers and
their 3"-end sulfurized analogs. The sequences of unmodi-
fied and modified 12-mers and 23-mers were 5'-ATCTC-
CATGCAT-3 and 5-ATCTCCATGCAsST-3', 5-AATG-
TAGGTGTATCTCCATGCAT-3 and 5-AATGTAG-
GTGTATCTCCATGCAST-3, respectively.

The ODNs were purified by reverse-phase fast protein
liquid chromatography (FPLC system, Pharmacia, Upp-
sala, Sweden) on a PepRPC HR 5 /5 reverse-phase column
(Pharmacia, Uppsala, Sweden), and eluted by an aceto-
nitrile gradient (5-30%, BDH), in 0.1 M triethylammo-
nium acetate buffer (Fluka, Buchs, Switzerland). The
equivalent molar amounts of 12- and 23-mers were 5'-end
labelled with [y-*2PJATP (3000 Ci/mmol, Amersham,
UK) using T4 polynucleotide kinase (Biolabs, Beverly,
MA, USA) at 37°C for 45 min as recommended by the
supplier and precipitated by ethanol to remove the non-re-
acted [*2P]ATP.

2.3. Liposomes

Two cationic liposomes were used, a commercially
available Transfection-reagent DOTAP (Boehringer-Man-
nheim, Pentzberg, Germany), and a cationic liposomal
preparation containing dimethyldioctadecylammonium bro-
mide (DDAB) and dioleoylphosphatidylethanolamine
(DOPE) (2:5, w/w) as described previously [29]. The size
distribution of the lipid dispersions was determined by
quasielastic light scattering (Nicomp Submicron Particle
Sizer, Model 370, Santa Barbara, CA). The mean diame-
ters of liposomes were 86 nm (DDAB /DOPE) and 43 nm
(DOTAP). In the experiments, the final concentration of
DOTAP or DDAB was 10 uM. The concentration of both
liposomal ODNs (12- and 23-mers) was 0.1 uM. Thus, the
—/+ charge ratios (ODN /cationic lipid) were 0.12 and
0.23 giving a net positive charge to ODN-liposome-com-
plexes to allow fusion between the cell membranes and the
ODN-liposome complexes. Previously similar charge ra-
tios of oligonucleotides to Lipofectin™ (DOTMA /DOPE,
1:1, w/w) have been used succesfully [25,27].

2.4. Delivery and stability experiments

After incubation with ODNs and liposomes, the culture
medium was removed, and the cells were washed twice
with ice-cold phosphate-buffered saline (PBS), pH 7.2,
containing 1% bovine serum albumin (BSA). After wash-
ings, the cells were trypsinated, washed again with PBS
containing BSA and centrifuged 1000 X g for 5 min.
Separation of the cell membrane-binding fraction was per-
formed by using the acid-salt elution method as described
by Haigler et al. and modified by Gao et al. [31,32]. The
cell pellet was suspended with a solution of 0.2 M acetic
acid and 0.5 M sodium chloride, pH 2.5, at 4°C for 10 min
to eluate the surface-bound ligands and centrifuged 1000
X g for 5 min. The cell-associated radioactivity resistant
to the acid-salt treatment represented the intracellular
ODNSs. Delivery of ODNs into the nuclear fraction was
determined according to the method of Roop et al. and
modified by Gao et al. [32,33]. In brief, the cells were
washed with a solution of 0.5% Nonidet P-40, 0.25 M
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sucrose and 1.5% citric acid for 10 min at 4°C, and
centrifuged 1000 X g for 10 min. The washings were
repeated three times. The radioactivity of the supernatants
and the final pellet resistant to Nonidet P-40 treatment
represented the cytoplasmic and the nuclear fractions, re-
spectively.

The radioactivities of the culture medium, washings,
supernatants and pellets were determined by the method of
Cerenkov in a liquid scintillation counter (Wallac 1409,
Pharmacia, Uppsala, Sweden). The stability of ODNs in
the culture medium, cytoplasmic fraction and nuclear frac-
tion were analyzed using 20% polyacrylamide gel (PAGE)
in 7 M urea. The samples of ODNs in the medium were
analyzed per se, the intracellular ODNs were analyzed
after separating the membrane-bound fraction, and the
nuclear ODNs after separating both the membrane-bound
and the cytoplasmic fractions. ODN sizing markers con-
tained 8 to 32 bases (Pharmacia, Uppsala, Sweden). A 2
w] sample was mixed with 4 ul of loading buffer (96%
formamide, 20 mM EDTA, 0.05% Bromophenol blue, and
0.05% xylene cyanol) and applied to the gel. Electrophore-
sis was performed at 45 W for 3.5-5 h at room tempera-
ture. After fixation, the gels were dried at 65°C for 2 h and
exposed to Kodak XAR film at —70°C for 12 h to 11 days
with an intensifying screen.

2.5. Delivery and stability of non-liposomal oligonu-
cleotides

At first, the delivery and stability of unmodified and
3'-end modified (phosphorothioate) 12- and 23 mers were
compared. Approx. 10° cpm of labelled and 5 uM of
unlabelled ODNs were added into each well, and incubated
for 2, 5 and 8 h. After incubation, the delivery and stability
of the ODNs were analyzed as described above. Cellular
delivery of the ODNs was studied in triplicate in a single
experiment. The stability of the ODNs was analyzed twice
from the different samples (medium, cytoplasm, nucleus)
in separate gel runs.

2.6. Delivery and stability of liposomal oligonucleotides

The delivery and stability of 3'-end modified 23- and
12-mers with cationic liposomes were studied. At the
beginning of the experiments, labelled and unlabelled
ODNs were mixed, and incubated with DDAB /DOPE or
DOTAP liposomes at room temperature for 10 min. Ap-
prox. 10 cpm of labelled and 0.1 M of unlabelled 12- or
23-mers with or without liposomes (at concentration of 10
uM of cationic DDAB or DOTAP) were added into each
well, and incubated for 2, 5 and 8 h. After incubation, the
cellular uptake and stability were analyzed as described
above. The delivery experiments of 12- and 23-mers were
carried out in triplicates. The stability of 12- and 23-mers
was analysed twice from different samples in separate gel
runs.

3. Results

3.1. Delivery and stability of non-liposomal oligonu-
cleotides

After incubation with the unmodified and 3'-end modi-
fied ODNS, the cell-associated radioactivity was 0.1-3.2%
(Fig. 1a). The cell associated radioactivity of all ODNs
was approx. 7-13-fold higher after 8 h than after 2 h.
Cellular delivery of the 12-mers was slightly more effi-
cient than that of the 23-mers. The modification of ODNs
at the 3'-terminus did not have any effect on the cell
associated radioactivity. After 8 h, the nucleus-associated
radioactivity of all ODNs was under 0.4% (Fig. 1b). At all
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Fig. 1. The percentage of cell-associated radioactivity (a) and nucleus-as-
sociated radioactivity (b). The cellular and nuclear uptake of unmodified
and 3'-end modified 12- and 23-mers were compared. The CaSki cells
were incubated with the ODNs as described in Materials and methods.
The concentration of ODNs was 5 uM. After 2, 5 and 8 h of incubation,
the different fractions were extracted from the cells and measured by
liquid scintillation counter. The radioactivity associated with the cells (a,
sum of the counts from the cell membrane, cytoplasmic and nuclear
fractions) and nucleus (b) is presented as percentages of the total counts
added to the well. The experiment was carried out as triplicates, and the
error bars represent the range of the data.
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Fig. 2. The stability of 12- and 23-mers in the culture medium. The
unmodified and 3-end modified 12- and 23-mers were incubated in
CaSki cell cultures. The concentration of ODNs was 5 uM. After
incubations, the samples from the culture medium were analysed by 20%
PAGE in 7 M urea. Lanes 1-4: 12-mer after 0, 2, 5, and 8 h of
incubation. Lanes 5-8: modified 12-mer after 0, 2, 5, and 8 h of
incubation. Lanes 9-12: 23-mer after 0, 2, 5, and 8 h of incubation.
Lanes 13-16: modified 23-mer after 0, 2, 5, and 8 h of incubation. Lane
17: ODN- size markers: range 8—30 bases. 10- and 20-mers are marked
by arrows.

times, approx. 40% of the cell-associated radioactivity
localized in the plasma membrane with all ODNs (varia-
tion 35-55%). After 2 h, approx. 55% of the cell-associ-
ated radioactivity was found in the cytoplasm and 5% in
the nucleus, while after 8 h, the radioactivity decreased to
50% in the cytoplasm and increased to 10% in the nucleus.

Fig. 2 shows the degradation of ODNs in the culture
medium. The modification of ODNs at the 3'-end with a
thioate group did not increase their stability. Already after
2 h of incubation, part of the 23-mers (lanes 10 and 14)
and most of the 12-mers (lanes 2 and 6) were degraded,
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Fig. 3. The percentage of cell-associated radioactivity (a) and nucleus-as-
sociated radioactivity (b) after ODN delivery with the cationic liposomes.
The 3'-end modified 23-mer ODNs were incubated with the
DDAB /DOPE or DOTAP. The concentration of ODNs was 0.1 uM, and
cationic liposomes 10 uM. After incubations, the cellular fractions were
extracted and analysed as described in Fig. 1. The cell- and nucleus-asso-
ciated radioactivities were presented as percentages of the total counts
added into the well. The experiments were carried out as triplicates, and
error bars represent the range of the data.

and after 8 h, nearly all the 23-mers were degraded (lanes
12 and 16) and no intact 12-mers were seen (lanes 4 and
8). The repeated PAGE showed similar results.

3.2. Delivery and stability of liposomal oligonucleotides

Both cationic liposomes, DDAB/DOPE and DOTAP,
improved the cellular delivery of the 3'-end modified

Fig. 4. The stability of modified 23-mers with the liposomes in the culture medium (a), cytoplasm (b), and nucleus (c). The 3'-end modified 23-mers were
incubated with the cationic liposomes. The concentration of ODNs and cationic liposomes were 0.1 and 10 uM, respectively. After incubations, the
samples from the culture medium, cytoplasm and nucleus were analyzed by 20% PAGE in 7 M urea. The concentrations of the control ODNs were 0.1 (a),
0.005 (b), and 0.001 (¢} uM, respectively. Lane 1: ODN-size markers, range 826 (a and b) and 8—32 (c) bases. 10- and 20-mers are marked by arrows.
Lane 2: control ODN, modified 23-mer without incubation. Lanes 3-5: modified 23-mer without liposomes, with DDAB /DOPE, and with DOTAP after 2
h of incubation. Lanes 6—8: modified 23-mer without liposomes, with DDAB/DOPE, and with DOTAP after 5 h of incubation. Lanes 9—11: modified
23-mer without liposomes, with DDAB /DOPE, and with DOTAP after 8 h of incubation.



K. Lappalainen et al. / Biochimica et Biophysica Acta 1196 (1994) 201-208 205

1 2 3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 910 11

1 2 3 4 5 6 7 8 9 10 11




206 K. Lappalainen et al. / Biochimica et Biophysica Acta 1196 (1994) 201-208

23-mer ODNs into the CaSki cells (Fig. 3a). The increase
of cell-associated radioactivity with the liposomes was
most prominent after 2 h of incubation. At 2 h the radioac-
tivity of the CaSki cells increased 4.5-times by
DDAB/DOPE and 2.0-2.5-times by DOTAP liposomes
compared to ODNs without liposomes. The relative effi-
ciency of the cationic liposomes compared to ODNs with-
out liposomes decreased during the incubation time. After
8 h the cell associated radioactivity was only 1.5-fold with
liposomes compared to that without liposomes. Results of
the liposomal 12-mers were parallel with the liposomal
23-mers (data not shown).

Both cationic liposomes improved the delivery of 23-
mer ODNs into the nucleus (Fig. 3b). After 2 h, the
nucleus associated radioactivity increased almost 20-times
by DDAB/DOPE, and almost 10 times by DOTAP when
compared to ODNs in solution. After 8 h, the nucleus-as-
sociated radioactivity was approx. 2—3-fold higher with the
liposomes, as compared to the non-liposomal ODNs (Fig.
3b). Results of the liposomal 12-mers were similar (data
not shown).

With both 12- and 23-mers, 30—-40% of the cell-associ-
ated radioactivity was found in the plasma membrane, and
50-60% in the cytoplasm, when the liposomes were not
used. With DDAB/DOPE and DOTAP, 25-35% and
40-55% of the cellular radioactivity was in the plasma
membrane and cytoplasm, respectively. The nucleus con-
tained approx. 25% of the cell- associated radioactivity
when delivered by DDAB/DOPE (range from 21.8 to
32.9%), and approx. 20% when delivered by DOTAP
(range from 14.1 to 30.9%). Without liposomes 4—15% of
the cell-associated radioactivity was present in the nucleus.
After 2 h, a 3.5-5.0-times higher fraction of the cellular
radioactivity was delivered to the nucleus by the liposomes
as compared to that without liposomes. After 8 h, a
1.5-2.0-times higher fraction of the cell-associated ra-
dioactivity was present in the nucleus by using the lipo-
somes.

The stability of the ODNs in the culture medium and in
the cells increased with the cationic liposomes. In the
culture medium (Fig. 4a), only a small fraction of the
23-mers without the liposomes was intact after 2 h of
incubation (lane 3), and no intact 23-mers were detected
after 5 and 8 h of incubation (lanes 6 and 9). Part of the
ODNSs delivered with DOTAP were intact after 2 and 5 h
of incubation, but none after 8 h (lanes 5, 8, 11). The
stability of the ODNs was highest with the DDAB /DOPE.
At all times, most of the ODNs were 23-mers (Fig. 4a,
lanes 4, 7, 10). Similarly, the stability of the ODNSs in the
cytoplasm and the nucleus increased with the cationic
liposomes, especially with the DDAB /DOPE (Fig. 4b and
c). All ODNs without the liposomes were degraded already
at 2 h in the cytoplasm and nucleus (Fig. 4b and c, lane 3),
while most of the ODNs given with the DDAB/DOPE
were intact in the cytoplasm even after 8 h of incubation,
and a major fraction of 23-mer was also found in the

nucleus (Fig. 4b and c, lane 10). The signals in all
fractions (medium, cytoplasm, and nucleus) were more
intense from the radioactive ODNs with the DDAB /DOPE
than with DOTAP. The results of repeated PAGEs were
similar. Also the results with the 12-mers were similar to
those obtained with the 23-mers (data not shown).

4. Discussion

The nuclease-resistant phosphorothioate ODNs are con-
sidered as promising analogs to the phosphodiester ODNs.
However, the thioated ODNs have caused several non-se-
quence-specific effects in vitro [6-10], and possibly simi-
lar problems occur also in vivo. Also the number of
stereoisomers of ODNs increase with the number of thioate
groups added [34]. For these reasons, only minimal modifi-
cation of the ODN is advisable. Previously, it was shown
that one thioate group at 3'-end protected ODNs against
nucleases in cell culture medium [12]. However, according
to our results, this modification did not protect ODNs
against degradation in CaSki cell cultures (Fig. 2). Thus,
this modification is not adequate, and other methods are
needed to protect the ODNs against degradation.

The length of the ODN chain effected the cellular
uptake so that the delivery of the 12-mers into the CaSki
cells was more effective than that of the 23-mers. The
thioate group at the 3'-end did not have any significant
effect on the cellular uptake.

The delivery of the ODNs was faster and more efficient
with the liposomes. However, in our experiments, the
DDAB/DOPE and DOTAP did not improve the delivery
of ODNs as much as expected from the previous studies,
where the cellular uptake increased to 10- to 15-fold
[23,26]. One reason could be that different cell type was
used. Fast degradation of non-liposomal ODNs in CaSki
cell cultures releases radioactive ATP from the ODNs. The
cellular uptake assays measured also the delivery of ra-
dioactive ATPs, which enter the cells easier than the
ODNs. In the case of DDAB/DOPE complexed ODNs,
degradation in the culture medium was much smaller, and
thus, Figs. 3 and 4 underestimate the difference between
the liposomal and non-liposomal delivery. Based on the
total radioactivity in the cells (Fig. 3a), and on the elec-
trophoresis results (Fig. 4) DDAB /DOPE delivered more
intact oligonucleotides into the cells than oligonucleotide
solution did.

Both cationic liposomes potentiated the delivery of the
ODNs also into the nuclear fraction. Previous studies have
also shown that ODNs delivered by DOTMA were located
in nucleus [23,28]. Cumin et al. reported that up to 54% of
the radioactivity was found in the nuclei in Chinese ham-
ster ovary cells when DOTMA was used [24]. The problem
with a subcellular fractionation is that endosomes and
lysosomes might partly contaminate the nuclear fraction,
and it is difficult to isolate pure subcellular compartments
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from each other [4,35]. Thus the nuclear fraction may be
an overestimate, because some non-liposomal [35] and
liposomal [36] ODNs are endocytosed and localize in
endosomes. Despite this fact, the cationic liposomes in-
creased substantially the stability and delivery of ODNs
into this subcellular fraction including the nucleus. Further
studies are needed to fully elucidate the intracellular distri-
bution of ODNs, e.g., at electron microscopic level, which
is in progress in our laboratory.

The most important finding of our study is that
DDAB /DOPE significantly increased the stability of the
ODNs in the culture medium, cytoplasm and nucleus as
well as the cellular delivery of intact ODNs. Also DOTAP
improved the stability and delivery, but less than
DDAB/DOPE. Capaccioli et al. compared the cellular
uptake and stability of ODNs delivered by DOTAP,
DOTMA or dioctadecylamidoglycyl spermine (DOGS)
[37]. In this study DOTAP was the most efficient vehicle.
On the basis of that and our results, DDAB /DOPE might
be more efficient method for intracellular delivery of
ODNs. The disadvantage of DDAB/DOPE is that it is
more toxic to the cells than DOTAP at higher concentra-
tions (40 uM) [38]. However, according our recent results
no difference are seen in the toxicity between
DDAB/DOPE and DOTAP at the concentration of 10
M [38], which is the concentration used in the present
study. If the toxicity of DDAB/DOPE does not interfere
with the applications, DDAB/DOPE is a better vehicle
than DOTAP.

The improved stability in the culture medium indicates
that the cationic liposomes per se, protect the ODNs
against the enzymatic degradation, and consequently, can
deliver intact ODNs into the cells, in contrast to non-lipo-
somal ODNs. After 2 h, less than 10% of the non-lipo-
somal 23-mers were intact in the culture medium (Fig. 4a,
lane 3). Consequently less than 10% of the cell-associated
radioactivity was derived from the intact 23-mers. The
total amount of intact ODNs inside the cells was thus less
than 0.05%. Instead, the majority (nearly 100%) of the
DDAB /DOPE- delivered 23-mers were intact in all frac-
tions (i.e., the medium, cytoplasm and nucleus) (Fig. 4).
The cell-associated radioactivity of the 23-mers was ap-
prox. 2.5% with the DDAB/DOPE, indicating that the
DDAB /DOPE increased the delivery of intact ODNs over
50-fold into the cells compared to that without liposomes.
It is much more than simply indicated in Fig. 3a and b,
which show also the radioactivity of degraded ODNs. In
fact, no intact ODNs were detected inside the cells after
incubation without liposomes. According to the membrane
fusion theory, cationic liposomes mostly fuse with the
plasma membrane and ODNs are released into the cyto-
plasm. Intracellular endo- and exonucleases may degrade
ODNs in the cells [28]. By increasing the intracellular
concentration of intact ODNs, liposomal delivery may
prolong the enzymatic half-life of ODNs, because as satu-
ration of enzymes is approached the half-life is increased

according to Michaelis-Menten kinetics. Thus liposomes
protect ODNs directly in the medium, and possibly indi-
rectly in the cells.

In previous experiments, the cationic liposomes caused
100- or 1000-fold increase in the biological efficacy of
antisense ODNSs, although the cellular uptake was in-
creased ‘only’ to 10- to 15-fold [23,26]. On the basis of
our study, the increased stability together with the changed
intracellular delivery of the ODNs might explain their
higher biological activity. The probable potentiated deliv-
ery of ODNs into the nucleus is an important advantage,
especially when the triple helix techniques are used.

The delivery of ODNs varied in different experiments
(Figs. 1a and 3a). This is probably due to the interexperi-
ment variation of cell density, previously shown to influ-
ence the delivery of ODNs [39]. Despite this, the delivery
of the liposomal ODNs into the cells and nucleus increased
in parallel in all experiments compared to that without
liposomes. Also the percentage of radioactivity in different
cellular fractions was the same in all experiments. Thus,
the results within the same experiment can be compared to
each other. Comparing the data in Fig. 2 with those in Fig.
4a, shows the effect of oligonucleotide concentration on
their stability. All 23-mers without the liposomes were
degraded at the concentration of 0.1 uM already in 5 h
(Fig. 4a, lane 6), while after 8 h of incubation, part of the
23-mers were intact at the concentration of 5 uM (Fig. 2,
lanes 12 and 16). This may be due to the longer half-life of
nuclease induced degradation at 5 uM compared to 0.1
uM.

In conclusion, the delivery of the intact ODNs was slow
and inefficient without the cationic liposomes.
DDAB /DOPE and DOTAP improved the cellular delivery
of intact antisense ODNs by protecting them against nucle-
ases in medium, by increasing the total uptake of ODNs in
CaSki cells, and by increasing the nuclear localization of
ODNs in cells. Only with liposomal delivery intact ODNs
were seen in the cytoplasm and nucleus. Of these two
cationic liposomes, DDAB /DOPE enhanced both the de-
livery and stability of the ODNs significantly more than
did DOTAP.
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