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SUMMARY
We have investigated the use of a cationic lipid preparation to
enhance antisense oligonucleotide activity in human umbilical
vein endothelial cells. A liposomal preparation containing the
cationic lipid N-[1 -(2,3-dioleyloxy)propyl]-N,N,N-tnmethylammo-
nium chloride (DOTMA) was found to increase by at least 1000-
fold the potency of an antisense oligonucleotide (ISIS 1 570) that
hybridizes to the AUG translation initiation codon of human
intercellular adhesion molecule-i . In the presence of 8 �tM

DOTMA, 6-1 5-fold more ��S-ISIS 1 570 associated with cells, at
oligonucleotide concentrations from 0.01 to 5 �M, than did in the
absence of DOTMA. Both 35S-ISIS 1570 association with cells
and antisense activity were increased as a function of DOTMA
concentration and with increasing time of incubation with the
cationic lipid. Fluorescein-labeled ISIS 1 570 was used to assess

the intracellular distribution of the oligonucleotide in the presence
and absence of DOTMA. In the absence of DOTMA, the oligo-
nucleotide localized to discrete structures in the cytoplasm of
the cell, resulting in a punctate fluorescence pattern. In the
presence of DOTMA, cellular fluorescence markedly increased
and the oligonucleotide localized within the nucleus, as well as
to discrete structures in the cytoplasm. Accumulation of the
oligonucleotide in the nucleus in the presence of DOTMA was
time and temperature dependent. Nuclear accumulation was
inhibited by preincubation of the cells with monensin but not
chloroquine, NH4CI, nocodazole, colcemid, or brefeldin A. These
data demonstrate that cationic lipids increase antisense activity
by increasing the amount of oligonucleotide associated with cells
and altering intracellular distribution of the oligonucleotide.

Oligonucleotides designed to hybridize to specific mRNA

sequences have been used to inhibit the function of a number

of cellular and viral proteins (reviewed in Refs. 1-4). These

antisense oligonucleotides bind to mRNA or pre-mRNA

through normal Watson-Crick base pairing. Thus, if the DNA

sequence of a protein of interest is known, it is possible to

design complementary oligonucleotides that bind the target

RNA and inhibit expression of the protein. Unmodified oligo-

deoxyribonucleotides have been used to inhibit the expression

of several viral and cellular encoded proteins in cell culture (1-

13). However, these compounds are unstable in biological fluids

and display poor cellular uptake characteristics (1-4). Numer-

ous modifications of the phosphodiester backbone have been

performed to decrease the sensitivity of the oligonucleotides to

nucleases and/or to increase cellular uptake, yielding, for ex-

ample, phosphotriesters, methyiphosphonates, phosphoro-

thioates, phosphorodithioate, phosphoroselenoate, and a-an-
omers (1-4).

Due in part to readily available commercial supplies of mon-

omers and facile automated synthesis, methylphosphonates and

phosphorothioates are the most widely used modified oligonu-

cleotides in cellular assays. Both types of oligonucleotides ex-

hibit enhanced nuclease resistance. Elimination of the negative
charge on the phosphate backbone in the methylphosphonates

has been reported also to enhance cellular uptake (1, 2, 4, 14,

15). However, these compounds also exhibit decreased solubil-

ity in aqueous solutions. Phosphorothioate oligonucleotides

retain the negative charge on the phosphorous backbone and,

like unmodified deoxyoligonucleotides, are substrates for

RNase H, which may function as a terminating event in mam-

malian cells (1, 2, 4, 16). In contrast, methylphosphonate-

modified oligonucleotides are not substrates for RNase H (1, 2,
4, 16).

ICAM-1 is a 90-110-kDa membrane glycoprotein involved in
the trafficking of leukocytes out of the vasculature and in

antigen presentation to T cells (17, 18). ICAM-1 is normally
expressed at low levels on the surface of endothelial cells,
keratinocytes, fibroblasts, and leukocytes. Expression of

ICAM-1 is inducible by a number of cytokines, including IL-
1f3, tumor necrosis factor-a, and interferon-’y (17-20). Increased
expression of ICAM-1 has been demonstrated in a variety of
human diseases and has been shown to correlate with leukocyte

infiltration in the diseased tissue (21-24). Inhibition of ICAM-
1 expression is predicted to attenuate leukocyte infiltration into

inflamed tissue, resulting in anti-inflammatory activity.

ABBREVIATIONS: ICAM-1 , intracellular adhesion molecule-i ; DOTMA, N-[i-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride; D-PBS,
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Previously, we demonstrated that, in the presence of cationic

lipids, specific phosphorothioate antisense oligonucleotides

were capable of selectively inhibiting ICAM-1 expression (25).

The antisense oligonucleotide inhibited ICAM-1 expression by

at least two mechanisms, one of which resulted in a loss of the

target mRNA (25). Subsequently, using antisense oligonucleo-

tides designed to hybridize to ICAM-1, E-selectin, and vascular

cell adhesion molecule-i mRNAs, we have been able to dem-
onstrate selective inhibition of the respective protein without

affecting the synthesis of the other endothelial cell adhesion

molecule, demonstrating the specificity of the antisense oligo-
nucleotides.’ During the course of our studies on inhibition of

ICAM-i expression with antisense oligonucleotides, we ob-
served very modest inhibitory activity with phosphorothioate-

containing oligonucleotides and no inhibitory activity with

unmodified oligonucleotides. In an attempt to enhance cellular
uptake of the oligonucleotides, we found that cationic lipids

such as DOTMA (26) greatly increased biological activity of
phosphorothioate-containing oligonucleotides. We now report

the results of our studies on the mechanisms by which DOTMA

enhances biological activity of phosphorothioate antisense oh-

gonucleotides.

Materials and Methods

Cells and reagents. HUVEC were obtained from Clonetics (San
Diego, CA) and cultivated in EGM-UV (Clonetics). HUVEC were used
between the second and sixth passages. Human recombinant IL-113 and

tumor necrosis factor-a were purchased from R&D Systems (Minne-
apolis, MN). Human fibronectin and chlorophenol red-f3-D-galactopyr-

anoside were purchased from Boehringer Mannheim (Indianapolis, IN).

ICAM-1 monoclonal antibody 84H10 was purchased from AMAC Inc.
(Westbrook, ME). DOTMA solution (Lipofectin), biotinylated goat

anti-mouse, and 13-galactosidase-conjugated streptavidin were pur-
chased from Bethesda Research Laboratories (Bethesda, MD). Con-
trolled pore glass-bound DNA synthesizer reagents and 13-cyanoethyl-
diisopropylphosphoramidites were purchased from Applied Biosystems
(Foster City, CA). Opti-MEM was purchased from GIBCO (Grand

Island, NY). Fetal calf serum and D-PBS were purchased from Irvine
Scientific (Irvine, CA). Centrex filters were purchased from Schleicher
and Schuell (Keene, NH). l55� (octaatomic sulfur) was purchased from
Amersham (Arlington Heights, IL). FITC and RITC were purchased

from Sigma Chemical Co. (St. Louis, MO). Electron microscopy-grade

formaldehyde was purchased from Polysciences (Warrington, PA).
Primaria 96-well and 24-well plates were purchased from Falcon (Lin-

coln Park, NJ).
Oligonucleotide synthesis. Unmodified DNA oligonucleotides

were synthesized on an Applied Biosystems model 380B automated
DNA synthesizer (Foster City, CA), using standard phosphoramidate

chemistry with oxidation by iodine. For phosphorothioate oligodeoxy-

ribonucleotides, the standard oxidation bottle was replaced with a 0.2
M solution of 3H-1,2-benzodithiole-3-one 1,1-dioxide (27) in acetoni-

trile, for stepwise sulfurization of the phosphite linkages. The sulfuri-

zation wait step was increased to 68 sec and was followed by the

capping step. After cleavage from the controlled pore glass column and
deblocking in concentrated ammonium hydroxide at 55’ for 18 hr, the

oligonucleotides were purified by precipitation, two times, out of 0.5 M

NaCl solution with ethanol. Analytical gel electrophoresis was accom-
plished in 20% acrylamide, 8 M urea, 45 mM Tris-borate buffer, pH 7.0.

Oligodeoxynucleotides and their phosphorothioate analogs were judged

from polyacrylamide gel electrophoresis to be >80% full length mate-

rial.

Oligonucleotide labeling. Oligonucleotides were labeled with �5
at each internucleosidic bond, as described by Stein et al. (28). ISIS
1570 (5’-TGGGAGCCATAGCGAGGC-3’) was synthesized on 1-�zmol

columns, using hydrogen phosphate chemistry, and was sulfurized with

1 mCi%smol 355�, as described previously (28). Final specific activity of

the labeled oligonucleotide was 7 x iO� cpm/,.tmol. Oligonucleotides

were determined to be >80% full length material, by polyacrylamide

gel electrophoresis followed by autoradiography. For labeling with

fluorescent reporter groups, oligonucleotides were synthesized with a

six-carbon spacer attached to a 3’-amine group (Applied Biosystem
Inc.), using standard phosphoramidite chemistry as described above.
Oligonucleotides were labeled with fluorescein or rhodamine by incu-

bating 0.1 gtmol of oligonucleotide with 0.6 g�mol of FITC or RITC in 1

ml of 0.1 M sodium carbonate, pH 9.0, for 18 hr at 25’. The reaction

was stopped by the addition of 50 gd of 100 mM NH4C1 and was

incubated for 2 hr at 25�. Oligonucleotide was separated from free

FITC or RITC by gel filtration, using Sephadex G-25 equilibrated with
deionized water. Oligonucleotides were lyophilized dry and further
purified by precipitation with ethanol twice. Contamination with free
FITC or RITC was <0.5%, as determined by reverse phase high

performance liquid chromatography.

Oligonucleotide treatment of cells. Cells were washed three times

with Opti-MEM prewarmed to 37’. Opti-MEM containing indicated

concentrations of DOTMA solution was added to each well of the plate

(100 zl). Oligonucleotides were sterilized by centrifugation through 0.2-
gsm Centrex cellulose acetate filters. Oligonucleotides were added to the

wells as 20x stock solutions and were incubated for 4 hr at 37’ . Medium

was removed and replaced with the appropriate cell growth medium

(150 �zl) containing the indicated concentration of oligonucleotide. Cells

were incubated for an additional 3-4 hr at 3T and then stimulated

with the appropriate cytokine for 14-16 hr, as indicated. ICAM-1

expression was determined as described below.
ICAM-1 assay. ICAM-1 expression on the cell surface was deter-

mined by ELISA, using cells grown to confluence in 96-well plates.

Cells were washed three times with D-PBS and fixed for 20 mm in 2%

formaldehyde diluted in D-PBS. The cells were washed three times
with DPBS, blocked for 1 hr at 37’ with 2% bovine serum albumin in

D-PBS, and incubated with the ICAM-1 monoclonal antibody 84H10

(0.5 �sg/ml) for 1 hr at 37’. Antibody bound to the cells was determined

by incubation with a 1/1000 dilution of biotinylated goat anti-mouse

IgG followed by incubation with a 1/1000 dilution of f3-galactosidase-
conjugated streptavidin. The plates were developed with 100 gsl of 3.3

mM chlorophenol red-f3-D-galactopyranoside in 50 mM sodium phos-

phate, 1.5 mM MgC12, pH 7.0. Product formed was detected by the

absorbance at 575 nm. The data were expressed as percentage of control

activity, which was calculated as follows: [((ICAM-1 expression for

oligonucleotide-treated cytokine-induced cells) - (basal ICAM-1

expression))/((cytokine-induced ICAM-1 expression) - (basal ICAM-

1 expression))J x 100. Both basal and cytokine-treated cells were

pretreated with DOTMA.

Cell association of 35S-ISIS 1570. Cells grown in 24-well plates

were washed three times with Opti-MEM prewarmed to 3T. DOTMA

solution and oligonucleotide were added to the cells at the indicated

concentrations. At the indicated times, the medium was removed and
the cell monolayer was washed four times with D-PBS. Cells were

detached from the plate by incubation with 0.5 ml of 0.25% trypsin

solution for 20 mm. Cells were placed in a 20-ml scintillation vial; each
well of the plate was washed with 0.5 ml of D-PBS and combined with

the cells. The amount of radioactivity associated with the cells was

determined by counting in a liquid scintillation counter, with 10 ml of

scintillation cocktail.

Cellular localization of antisense oligonucleotide. HUVEC
were grown on fibronectin-coated glass microscopes slides (5 �sg/cm2).

Cells were treated with FITC-labeled oligonucleotide in the presence

or absence of DOTMA, as described above. At the indicated times, cells

were washed four times with D-PBS and fixed with 2% formaldehyde

in D-PBS for 20 mm at 25�. After fixation, cells were washed three
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times with D-PBS and mounted in glycerol mounting solution (10 mM

phosphate, pH 8.5, 150 mM NaC1, 70% glycerol). The subcellular

localization of the FITC-labeled oligonucleotide was determined by
fluorescent microscopy, using a Nikon Optiphot-2 fluorescent micro-
scope.

Results

Enhanced antisense oligonucleotide activity in the

presence of DOTMA. ISIS 1570, a phosphorothioate anti-
sense ohigonucheotide that is 18 bases in length (sequence of

TGGGAGCCATAGCGAGGC), was designed to hybridize to

the human ICAM-1 AUG translation initiation codon and was
used to inhibit IL-lfl-induced ICAM-1 expression in HUVEC

(25). Preincubation of HUVEC for 8 hr with increasing concen-

trations of ISIS 1570 (from 0.01 to 100 zM) before IL-1�3
addition to the cells failed to inhibit IL-1�3-induced ICAM-1
expression (Fig. 1). Cells pretreated for 4 hr with ISIS 1570 in

the presence of 10 �tg/ml DOTMA solution (8 �tM DOTMA),
followed by an additional 4-hr pretreatment period in the

absence of DOTMA, before addition of IL-i�3 (8-hr total pre-
treatment period) exhibited a concentration-dependent de-
crease in ICAM-1 expression (Fig. 1). Maximal inhibition oc-

curred between 0.1 and 0.3 �zM ohigonucleotide (Fig. 1). The

inhibition of ICAM-i expression by ISIS 1570 was demon-
strated to be sequence specific, as well as specific for ICAM-1

expression (25). The presence of 8 �tM DOTMA solution during
the 4-hr pretreatment period enhanced the potency of ISIS

1570 >1000-fold. Addition of Trypan blue to the cells during

the first 5 mm or last 5 mm of treatment with DOTMA did
not reveal an increased permeability of the cells to the dye

(data not shown). Thus, DOTMA treatment does not promote
a generalized increase in cellular permeability to all molecules.

Enhancement by DOTMA of oligonucleotide associa-

120

-20
0.01 0.1 1 10 100

Oligonucleotide (uMI

Fig. 1. Effect of DOTMA on antisense oligonucleotide activity. HUVEC
were treated for 4 hr with increasing concentrations of the ICAM-i
antisense oligonucleotide ISIS 1570, either in the presence of 8 �M

DOTMA (U) or in the absence of DOTMA (0). The medium was replaced
with EGM-UV plus oligonucleotide, and cells were incubated an additional
4 hr before stimulation with 5 units/mI IL-i 13. ICAM-i expression was
determined i 6 hr after addition of IL-i 13to the cells, by ELISA, as
described in Materials and Methods. Data represent mean ± standard
error of one experiment (three determinations). Similar results were
obtained in three separate experiments.

tion with cells. The effect of DOTMA solution on cellular

uptake of ISIS 1570 was determined using ISIS 1570 uniformly

labeled with 3Fi5 (28). The use of uniformly labeled oligonucle-

otide circumvents many of the problems associated with oligo-
nucleotides labeled at the 5 ‘ terminus, such as removal of the

label by phosphatases (27, 32). In the absence of DOTMA, ISIS

1570 associated with the cells in a concentration-dependent

manner (Fig. 2), as previously observed with other phosphoro-

thioate ohigonucleotides (29). Cells incubated with ��S4SIS

1570 in the presence of 8 �tM DOTMA exhibited between 6-
and 18-fold more ��SISIS 1570 associated with the cell at each
concentration examined. The plateau observed in the presence
of DOTMA could be due to saturation of the positively charged
lipid species with the negatively charged oligonucleotide. These
data demonstrate that the cationic lipid DOTMA enhanced
ohigonucleotide association with cells at all ohigonucleotide con-
centrations examined.

The optimum concentration of DOTMA was determined by

incubating cells for 4 hr in the presence of increasing concen-
trations of DOTMA plus 0.1 �zM ISIS 1570, in the absence of
serum. ICAM-1 expression was determined by ELISA, 16 hr

after IL-1$ addition to the cells. Inhibition of ICAM-1 expres-
sion by the antisense oligonucleotide was dependent upon the

concentration of DOTMA used (Fig. 3). Concentrations of
DOTMA of 24 �zM or greater resulted in significant toxicity of

the cells, as analyzed by loss of cells from the plate after the
overnight incubation. Inhibition of ICAM-i expression was not
due to the presence of DOTMA alone, because there was not a

significant difference in ICAM-1 expression between control

cells and cells incubated in the presence ofup to 16 zM DOTMA

(28)(data not shown). Cellular association of t�S�ISIS i570 was
determined in the presence of increasing concentrations of

DOTMA (Fig. 3). In agreement with the data examining ICAM-
1 expression, increasing concentrations of DOTMA resulted in
increased amounts of t�S.ISIS 1570 associated with the cells.

Cellular toxicity limited the amount of DOTMA that could be
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Fig. 2. Effect of DOTMA on cellular association of 35S-ISlS 1570. HUVEC
were treated for 4 hr with increasing concentrations of ��S-lSIS i 570, in
the absence (0) or presence (U) of 8 �M DOTMA. Cells were washed
four times with D-PBS, and the amount of 355-ISIS i570 associated with
the cells was determined by counting in a liquid scintillation counter.
Data represent mean ± standard error (four determinations) of one
experiment. Similar results were obtained in a second experiment.
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Fig. 4. Effect of treatment time with DOTMA on ISIS 1570 inhibition of
CAM-i expression. HUVEC were incubated with either 0.1 �M (0) or 1

�sM (U) ISIS 1570, in the presence of 8 �tM DOTMA, for the indicated
period oftime. At the indicated time, the cell growth medium was replaced
with EGM-UV plus oligonucleotide. The cells were incubated an additional
4 hr and then stimulated with 5 units/mI IL-i f3 for 16 hr. ICAM-i
expression was determined by ELISA, as described in Materials and
Methods. Each data point represents mean ± standard error (three
determinations).
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Fig. 3. Effect of increasing concentrations of DOTMA on activity of ISIS
1 570. HUVEC were incubated with iOO nM ISIS 1 570, in the presence
of increasing concentrations of DOTMA, for 4 hr. Medium was replaced
with serum-containing medium plus oligonucleotide for an additional 4
hr. Cells were stimulated with 5 units/mI IL-i/3 for i6 hr, and the level of
ICAM-i expression was determined by ELISA (0). HUVEC were incu-
bated with i jsM ��S-lSlS i 570 in the presence of increasing concentra-
tions of DOTMA for 4 hr. The amount of 35S-ISIS i570 associated with
the cells was determined as described in Materials and Methods 4.
Results represent mean ± standard error (four determinations).

added to the cells; therefore, it was not possible to determine

whether cellular association of the oligonucleotide reached a

plateau with respect to increasing concentrations of DOTMA.

For HUVEC, we have used DOTMA at a concentration of 8

�tM for the remaining studies; this concentration was a compro-

mise between efficacy and toxicity.

Kinetics of DOTMA-enhanced oligonucleotide effects.
The length of treatment time with DOTMA required to observe

antisense activity was determined. Cells were incubated for

various periods of time with either 0.1 j.tM or 1 �tM ISIS 1570,

in the presence of 8 �tM DOTMA. Optimal effects were observed

after 2-hr treatment with DOTMA at 1 .tM ISIS 1570 (Fig. 4).

An equivalent level of inhibition was obtained by 4 hr with 0.i

.tM ISIS 1570 (Fig. 4). The kinetics of ohigonucleotide cellular

association over a 6-hr time period were measured in the

absence and presence of 8 �tM DOTMA. In agreement with the
antisense activity, DOTMA markedly enhanced the rate of

cellular association of ISIS 1570 (Fig. 5). The right y-axis of

Fig. 5 corresponds to the amount of ohigonucheotide associated

with cells in the absence of DOTMA. The kinetics of cellular
association appeared to be biphasic, both in the presence and

in the absence of DOTMA (Fig. 5). Similar results were re-

ported for ISIS 1082, a phosphorothioate oligonucleotide that

targets herpes virus (29). The two phases were probably due to

rapid binding of phosphorothioate oligonucleotide to the cell
surface followed by internalization of the oligonucleotide. Ex-

trapolating the second phase of cellular association to fit a

straight line, the rate of ohigonucleotide association with cells

in the absence of DOTMA was 0.4 pmol of ohigonucleotide/10t

cells/hr and in the presence of DOTMA was 10.4 pmol of

ohigonucleotide/1OC cells/hr, a 25-fold increase in rate (4000

molecules of oligonucleotide/min/cell in the absence of

DOTMA and i04,000 molecules of ohigonucleotide/min/cehl in

the presence of DOTMA). These data demonstrate that

>�
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Fig. 5. Kinetics of DOTMA-enhanced oligonucleotide association with
cells. HUVEC were incubated with i � ��S-lSlS 1570, in the absence
0 or presence (0) of 8 MM DOTMA. At the indicated times, cells were
harvested, and the amount of 35S-lSlS i 570 associated with the cells
was determined, as described in Materials and Methods. The scale of
the right y-axis corresponds to the data obtained in the absence of
DOTMA. Each point represents mean ± standard error (four determina-
tions).

DOTMA enhances oligonucleotide cell association in a time-
and concentration-dependent manner.

To determine whether the 4-hr incubation time in the pres-

ence of DOTMA was sufficient to obtain the antisense effects,

cells were incubated for 4 hr in the presence of 8 �sM DOTMA
and increasing concentrations of ISIS 1570, afterwards the

medium was replaced with serum-containing medium in the

presence or absence of antisense oligonucleotide. After 16-hr

treatment with 5 units/ml IL-1�3, the level of ICAM-1 expres-

sion was determined by ELISA. ICAM-1 expression was inhib-
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ited only 5-10% more if the oligonucleotide was readded to the

cells after the initial 4-hr treatment in the presence of DOTMA

(Fig. 6). These data suggest that the 4-hr treatment period with

DOTMA was sufficient to inhibit expression of ICAM-i and
further incubation with the oligonucleotide after DOTMA

treatment did not significantly enhance the activity of the

ohigonucleotide.

Subcellular distribution of ISIS 1570 in the presence
and absence of DOTMA. It should be noted that, whereas
DOTMA enhanced the biological activity of the antisense oh-
gonucleotides by at least 1000-fold, cellular association in-

creased only 17-fold. One possible explanation for this discrep-
ancy was that DOTMA changed the subcehluhar distribution of
the ohigonucleotide. To evaluate the intracellular distribution

of ISIS 1570, the ohigonucleotide was labeled with FITC and
the distribution of the FITC-labeled oligonucleotide was ana-
lyzed by fluorescence microscopy. Incubation of cells with 1 j�M

FITC-labehed ISIS 1570 for 4 hr resulted in a faint punctate

distribution of the oligonucleotide within the cytoplasm of cells
(Fig. 7, B and C). Examination of the cells at higher magnifi-

cation demonstrated that the FITC-labeled ohigonucleotide was

associated with cytophasmic structures similar in size and dis-

tribution to lysosomes (Fig. 7, D and E). The localization of
FITC-habeled ISIS 1570 in endosome/lysosome-hike structures
is in agreement with other reports, which suggested that a

major route of cellular accumulation of oligonucleotides was by

endocytosis (15, 30).

Cells incubated with 1 �M FITC-labeled ISIS 1570 in the

presence of DOTMA exhibited bright nuclear fluorescence with
some cytoplasmic staining, primarily as bright punctate struc-

tures (Fig. 7, F, G, H, and I). The FITC-labeled ohigonucleotide
was excluded from nucleoli and appeared to be concentrated
within specific domains of the nucleus (Fig. 7, H and I). The

data obtained with the use of FITC-labeled oligonucleotide
agreed with those obtained using t5S-labeled oligonucleotide, in
that DOTMA significantly enhanced the amount of oligonucle-

otide associated with cells. To emphasize this point, the cells
shown in Fig. 7B, incubated in the absence of DOTMA, were

photographed at the same exposure as those in Fig. 7G, incu-

bated in the presence of DOTMA (8 sec). The exposure time
was increased from 8 sec to 72 sec for visualization of the

localization of the ohigonucleotide in Fig. 7C. These data dem-

onstrate that DOTMA not only enhanced cellular association

of ohigonucleotides but also markedly changed the intracellular

distribution of the ohigonucleotide. In the absence of DOTMA
the ohigonucleotide appeared to have localized in endosome

vesicles and/or lysosomes, whereas in the presence of DOTMA

the ohigonucleotide was predominantly localized in the nucleus.
The localization of the oligonucleotide in specific cellular

compartments was not due to the fluorescein dye, because

ohigonucleotides labeled with rhodamine or biotin, followed by
FITC-labeled streptavidin, gave identical results (data not

shown). Furthermore, the observed fluorescence was not due to
free fluorescein released after degradation of the oligonucleo-

tide, because cells incubated with 1 �zM fluorescein exhibited

very weak fluorescence that was not localized to discrete struc-

tures. In addition, our data, as well as others’ (31, 32), suggest

that phosphorothioate ohigonucleotides are stable under the

conditions used for these experiments. Similar intracellular

localization of FITC-labeled ISIS 1570 was observed in unfixed

cells, so the intracellular distribution of the oligonucleotide was

not an artifact of the fixation conditions.

The intracellular localization of FITC-labeled oligonucleo-
tide was examined at various times after addition to cells. As

early as 15 mm after addition ofohigonucleotides in the presence

Fig. 7. Subcellular localization of FITC-
labeled ISIS i 570. HUVEC were grown
on fibronectin-treated glass slides. Cells
were incubated with 1 �zM FITC-labeled
ISIS 1570 (A, B, C, D, and E) or 1 �M

FITC-Iabeled ISIS 1570 pIus 8 �M DOTMA
(F, G, H, and I) for 4 hr at 37#{176}.Cells were
washed four times with D-PBS, fixed with
2% formaldehyde, and observed by
phase contrast (A, D, F, and H) or fluores-
cence microscopy (B, C, E, G, and I), as
described in Materials and Methods.

0.10 0.20 0.30

Oligonucleotide (uMI

Fig. 6. Effect of readdition of ISIS 1570 to cell culture medium after
DOTMA treatment. HUVEC were incubated with increasing concentra-
tions of ISIS 1570, in the presence of 8 MM DOTMA, for 4 hr. Medium
was replaced with EGM-UV (U) or EGM-UV plus indicated concentrations
of ISIS 1570 (0) for 4 hr before stimulation with 5 units/mI IL-i fi for i 6
hr. ICAM-i expression was determined by ELISA, as described in
Materials and Methods. Results are mean ± standard error (three deter-
minations).
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of DOTMA, 5-10% of the cells exhibited weak nuclear fluores-

cence (data not shown). Examination of live cells in the pres-

ence of FITC-labeled ISIS 1570 and DOTMA revealed that

the FITC-labeled oligonucleotide first distributed diffusely

throughout the cytoplasm and then accumulated in the nucleus

(data not shown). These data suggest that, in the presence of

DOTMA, the oligonucleotide enters the cell through the cyto-

plasm, rather than being transported directly into the nucleus.

By 1 hr after addition of oligonucleotides to cells in the presence

of DOTMA, the percentage of cells exhibiting nuclear fluores-

cence increased to 65% (Fig. 8, A and B). At 1 hr most cells

also exhibited diffuse cytoplasmic fluorescence, as well as

strong punctate cytoplasmic fluorescence (Fig. 8B). The per-

centage of cells exhibiting nuclear fluorescence increased to

70-80% 4 hr after addition of oligonucleotide in the presence

of DOTMA (Fig. 8, E and F). The fluorescence intensity per

cell also increased with time. The FITC-labeled oligonucleotide

appeared to localize predominantly in nuclei and as bright

punctate structures in the cytoplasm (Fig. 8, E and F). Eight

hours after addition of oligonucleotide to cells (4 hr in the

presence of DOTMA and 4 hr in the absence of DOTMA), the

oligonucleotide remained associated with nuclei and in punctate

structures within the cytoplasm (Fig. 8, I and J). After 24 hr (4

hr in the presence of DOTMA and 20 hr in the absence of

DOTMA), fewer cells exhibited nuclear fluorescence and the

fluorescence intensity within nuclei was decreased (Fig. 8, M

and N). However, the cytoplasmic structures that accumulated

the oligonucleotide did not show a marked loss of fluorescence

intensity.

In the absence of DOTMA, there was not a marked change

in the subcellular distribution at any of the times examined. At

early times (15 mm), the oligonucleotide appeared to be pre-

dominantly localized on the cell surface (data not shown). At

1, 4, 8, and 24 hr, the oligonucleotide exhibited a punctate

distribution within the cytoplasm (Fig. 8, C and D, G and H,

K and L, 0 and P, respectively). At no time investigated (up

to 48 hr) did we find evidence of nuclear accumulation of

ohigonucleotide in the absence of DOTMA. The fluorescence

intensity of the punctate cytophasmic structures increased with

increasing times of oligonucleotide incubation. The cytoplasmic

structures with which the oligonucleotide associated in the

absence of DOTMA were smaller than the cytophasmic struc-

Fig. 8. Kinetics ofoligonucleotide localiza-
tion in the cell nucleus. HUVEC grown on
glass microscope slides were treated with
1 �sM FITC-labeled ISIS i 570, in either the
presence (A, B, E, F, I, J, M, and N) or
absence (C, D, G, H, K, L, 0, and P) of 8
�iM DOTMA. At 1 hr (A, B, C, and D), 4 hr
(E, F, G, and H), 8 hr (I, J, K, and L), or
24 hr (M, N, 0, and P) after the addition
ofthe oligonucleotide to the cells, the cells
were washed and fixed as described in
Materials and Methods.
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tures accumulating FITC-labeled oligonucleotide in the pres-

ence ofDOTMA (<1 zm versus 1-4 am). It is not clear whether
these represent distinct cytoplasmic structures or whether the

DOTMA mixture promotes fusion of the smaller cytoplasmic
vesicles.

To better understand the mechanism by which DOTMA

enhances cellular uptake of ohigonucleotide and nuclear accu-
mulation, the effects of various inhibitors of endocytosis on the

subcellular localization of the oligonucleotide were examined
in the presence and absence of DOTMA. Incubation of the cells

at 4#{176}in the absence or presence of DOTMA completely inhib-
ited accumulation of the FITC-labeled oligonucleotide within

cells (data not shown). Cells incubated at 4#{176}did exhibit fluo-
rescence on the cell surface, suggesting that the ohigonucheotide

was still capable of binding but was not internalized. The
lysosomotropic agent chloroquine did not significantly change

nuclear accumulation of FITC-labeled ISIS 1570 (Fig. 9, C and

D). In agreement with this result, incubation of HUVEC with

100 �tM chloroquine did not modify the sensitivity of the cells
to inhibition of ICAM-1 expression with ISIS 1570 (data not
shown). Examination of the cells under phase-contrast micros-
copy revealed that cells treated with 100 �tM chloroquine exhib-

ited large vacuoles in the cytoplasm of the cell (Fig. 9E). In the

absence of DOTMA the ohigonucleotide accumulated in cyto-
plasmic structures that were larger in size than those in un-

treated cells (Fig. 9F). Cells shown in Fig. 9, E and F, were
incubated with 5 �tM FITC-labeled ISIS 1570, to enhance vis-
ualization of the cytoplasmic structures in which the ohigonu-

cleotide accumulated. Similar results were obtained with 20
mM NH4C1 (data not shown).

Microtubules are involved in the later stages of endocytosis

(33, 34). Cells were pretreated for 30 mm with the microtubule-
depolymerizing agent nocodazole (33 �.tM) before the addition

of oligonucleotides. Nocodazole reduced the amount of oligo-
nucleotide accumulated in the nucleus, as determined by fluo-
rescence intensity (Fig. 9G); however, the percentage of cells

exhibiting nuclear fluorescence did not change. The number of

cytoplasmic structures containing fluorescent oligonucleotide
was also decreased in nocodazole-treated cells, and the struc-

tures were localized in the cell periphery rather than the per-

inuclear area. In the absence of DOTMA, nocodazole treatment
of cells did not markedly change the distribution of the oligo-
nucleotide (data not shown). Similar results were also obtained
with 1 �M colcemid (data not shown). Immunolocahization of

tubulin demonstrated that these concentrations of nocodazole
and colcemid promoted depolymerization of microtubules in

HUVEC (data not shown). Brefeldin A is a fungal metabolite
that interferes with membrane recycling between the endo-

plasmic reticulum and cis Golgi (35). Pretreatment of HUVEC
with 1 zg/ml brefeldin A did not markedly change the distri-

bution of oligonucleotide in the presence (Fig. 9, I and J) or

absence (data not shown) of DOTMA.
The monovalent carboxyhic ionophore monensin has been

demonstrated to block receptor-mediated endocytosis of mole-

cules and virus particles (36, 37). Treatment of cells with 5 �M

monensin almost completely eliminated nuclear accumulation

of FITC-labeled ISIS 1570 in the presence of DOTMA (Fig. 9,

K and L). Ohigonucleotide still accumulated in the cytoplasmic

vesicles in the presence of monensin (Fig. 9, K and L). In the

absence of DOTMA, monensin did not markedly change the

cellular distribution of the oligonucleotide (data not shown).

Discussion

Numerous studies have demonstrated that antisense oligo-

nucleotides, containing either phosphodiester internucleosidic
linkages, phosphorothioate linkages, or methylphosphonate-

linkages, inhibit expression of viral and host gene products (1-
13). It is inferred from these studies that oligonucleotides are

capable of entering cells and achieve sufficient concentrations,
within the same cellular compartment as the target mRNA or

pre-mRNA, to inhibit expression of target protein. Several

laboratories have investigated the mechanism of cellular uptake
of oligonucleotides (14, 15, 29, 30). These studies suggest that

phosphodiester and phosphorothioate oligonucleotides enter
cells by an endocytotic process, whereas methylphosphonates

enter cells by passive diffusion (14, 15). These conclusions were
based upon concentration, temperature, and energy dependence

of ohigonucleotide uptake, binding of phosphodiester oligonu-

cleotides to a specific membrane protein, and localization of
fluorescent probe-labeled oligonucleotides in a punctate pattern
within the cytoplasm of the cells, presumably in lysosomes.

Although these studies by no means unequivocally demon-

strated that phosphodiester- and phosphorothioate-containing

ohigonucleotides enter cells by endocytosis, the data are con-

sistent with these conclusions. It was not clear from these

studies how phosphodiester or phosphorothioate oligonucleo-

tides leave internalized membrane structures to become free in

the cytoplasm or nucleus, to interact with target mRNA.

We were unable to detect activity with antisense oligonucle-

otides directed against the AUG translation initiation codon of

ICAM-1, using phosphodiester or phosphorothioate oligonucle-

otides added directly to the growth medium of cells, in either

the presence or absence of serum. The lack of activity of the

ICAM-1 antisense oligonucleotide in the absence of DOTMA

was not unique to HUVEC. We also failed to obtain antisense

activity with the ICAM-1 oligonucleotide in A549 cells, A431

cells, primary human keratinocytes, and HeLa cells in the
absence of DOTMA. However, in the presence of DOTMA we

observed inhibition of ICAM-i expression in each of the cell
lines. The optimum ratio of DOTMA to oligonucleotide varied

as a function of the cell line. Preliminary data suggest that

DOTMA may not enhance oligonucleotide uptake into all types
of cells, because cellular uptake of FITC-labeled ISIS 1570 was

unaffected by the presence of DOTMA in HL-60 and RBL-1
cells.

Most studies that report inhibition of gene expression with

antisense oligonucleotides target either viral proteins or cellular

proteins thought to be involved in cellular proliferation. In the

case of the viral targets, some of the inhibition of viral gene
products could be due to nonspecific effects of the oligonucle-

otides on reverse transcriptase, DNA polymerase, or viral bind-

ing to the cell membrane (1-4, 38). Additionally, the enveloped

viruses, such as herpes, may markedly change the intracellular

distribution of the oligonucleotide in the infected cell, such that
the oligonucleotide becomes accessible to the target mRNA.

Many of the cellular proteins that were inhibited by antisense
oligonucleotides were tested in leukocytes or leukocyte-derived

cell lines (1-9, 13). It is not known whether leukocyte-derived

cells take up oligonucleotide by different mechanisms than do

the cells used for our studies. Alternatively, it is possible that

proliferation-associated proteins are more sensitive to inhibi-

tion with antisense oligonucleotides than are non-proliferation-
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Fig. 9. Effect of inhibitors on localization of FITC-labeled ISIS 1570. HUVEC were grown on glass microscope slides. The inhibitors were added to
the cells 20 mm before the addition of oligonucleotide and DOTMA. A and B, Phase contrast and fluorescence microscopy of cells incubated for 4
hr in the presence of 1 �M FITC-labeled ISIS i 570 plus 8 �M DOTMA; C and 0, phase contrast and fluorescence microscopy of cells incubated with
1 00 gsM chloroquine, 1 �LM FITC-labeled ISIS 1570, and 8 �M DOTMA for 4 hr; E and F, phase contrast and fluorescence microscopy of cells
incubated with 100 gsM chloroquine plus 5 �M FITC-labeled ISIS i570; G and H, phase contrast and fluorescence microscopy of cells incubated with
33 �M nocodazole, 1 MM FITC-labeled ISIS 1570, and 8 g�M DOTMA; I and J, phase contrast and fluorescence microscopy of cells incubated with 1
pg/mI brefeldin A, 1 gtM FITC-labeled ISIS 1570, and 8 �M DOTMA; K and L, phase contrast and fluorescence microscopy of cells incubated with 5
gzM monensin, 1 �M ISIS 1570, and 8 �M DOTMA.

associated gene products, or there may be different intracellular

localization of the target RNAs.

Additionally, it is not clear how the pharmacokinetics of

phosphorothioate oligonucleotides in cell culture, in the pres-

ence or absence of cationic lipids, relate to those found in

tissue, organs, and whole animals. Recent studies in mice (39)

have demonstrated that phosphorothioate oligonucleotides, in

the absence of any formulation, are distributed broadly in

tissues after intravenous and intraperitoneal administration.

Our laboratory has also conducted whole-animal pharmacoki-

netic experiments in mice and rabbits, which suggest that
phosphorothioate oligonucleotides are cleared from the blood

are excreted exclusively in the urine.2 Determination of whether
formulation of phosphorothioate oligonucleotides with cationic

lipids or other types of lipids alters their in vivo pharmacoki-
netics and pharmacology awaits further studies.

In the presence of the cationic lipid DOTMA, antisense
activity with phosphorothioate oligonucleotides was easily de-

tected; natural phosphodiester oligonucleotides failed to exhibit
any activity under similar experimental conditions. It is not

clear whether the lack of activity with phosphodiester oligo-
nucleotides was due to their increased nuclease sensitivity or
to a lack of interaction with DOTMA-containing vesicles. With

DOTMA-containing vesicles, it was possible to demonstrate
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specific antisense activity with phosphorothioate oligonucleo-

tides targeting several regions of the ICAM-1 mRNA (25).

DOTMA-containing lipid vesicles increased both the rate of

ohigonucleotide association with cells and, as a result, the extent

of oligonucleotide association with cells.
DOTMA-containing lipid vesicles not only enhanced the rate

of oligonucleotide uptake into cells but also markedly changed
the subcellular distribution of the ohigonucleotide. In the ab-

sence of DOTMA, the FITC-labeled ohigonucleotide appeared
to be associated with cytoplasmic structures consistent with

endosomal or lysosomal vesicles, based upon a punctate pen-

nuclear cytoplasmic fluorescence. These findings are in agree-
ment with other reports examining the cellular distribution of

oligonucleotides (15, 30, 40). The major difference in the dis-
tnibution of the oligonucleotide in the presence of DOTMA was
the localization of the ohigonucleotide in the cell nucleus. The

cytoplasmic distribution of the oligonucleotides in the presence

of DOTMA also appeared to be somewhat different, in that the

structures that accumulated ohigonucleotide were larger in size.

At the light microscopic level, it was not possible to identify

definitively whether the oligonucleotide was contained within
the cytoplasmic vesicles or associated with the surface of the
vesicles. Kinetic experiments suggest that, in the presence of

DOTMA, the oligonucleotide first enters the cell through the

cytoplasm and then accumulates in the nucleus. It is unlikely

that accumulation of the phosphorothioate oligonucleotide in

the nucleus was due to trafficking into the nucleus promoted
by DOTMA. However, it is not known whether DOTMA re-

mains associated with the ohigonucleotide within the nucleus.

Previous studies have demonstrated nuclear localization of
phosphorothioate and phosphodiester oligonucleotides mi-

croinjected into the cytoplasm ofthe cell (41, 42). Accumulation
within the nucleus appears to be mediated by diffusion through

nuclear pores, because it was not affected by ATP depletion
(41, 42). Thus, hiposomes composed of the cationic lipid
DOTMA appear to be an efficient method for delivery of

oligonucleotides into the cytoplasm of the cell, similar to direct
microinjection. The advantage of DOTMA-containing vesicles

is that ohigonucleotides can be introduced into large numbers

of cells.
The fact that phosphorothioate and phosphodiester oligo-

nucleotides appear to concentrate within the nucleus after

introduction into the cytoplasm may have important ramifica-
tions for mechanisms of action of antisense oligonucleotides.

We found that modified ohigonucleotides that support RNase
H activity were more effective in inhibiting ICAM-1 expression

(25). RNase H has been reported to be a nuclear enzyme (43);

thus, the ohigonucleotides are localized in the same cellular

compartment. Chin et al. (41) also reported that phosphodiester

and, to a lesser extent, phosphorothioate oligonucleotides co-
localize to Sm-staining structures. Sm is an autoantibody that
recognizes a common epitope on Ui, U2, U4, U5, and U6 small
nuclear nibonucleoprotein particles, which are thought to be

involved in pre-mRNA splicing (44). Thus, the oligonucleotides
may concentrate to areas of the nucleus where RNA processing

occurs. It is possible that high concentrations of oligonucleo-

tides in regions of the cell nucleus where RNA processing is

thought to occur may have undesired effects. However, at the
oligonucleotide concentrations used for our studies, we have

been able to demonstrate specific inhibition of the target pro-
tein (25).’

The mechanism by which DOTMA-containing lipid vesicles

enhance oligonucleotide uptake has not been entirely eluci-

dated. DOTMA vesicles are a 1:1 mixture of DOTMA and

dioleoyl phosphatidylethanolamine, which form 250-nm lipo-
somes (45). DNA is thought to bind initially to the surface of

the liposome by ionic interactions. The DOTMA-containing
vesicles interact with the cell membrane, possibly by initial

ionic interactions. Agents that increase lysosomal pH, such as

chloroquine and NH4C1, do not prevent accumulation of the
antisense oligonucleotide within the cell nucleus or block an-

tisense activity (data not shown). These results suggest that

acidification of the endosomal vesicles was not required for
release of the ohigonucleotide into the cytoplasm; thus, these

lipid vesicles do not behave as pH-sensitive liposomes. Fur-
thermore, microtubule-depolymenizing agents do not prevent
nuclear accumulation of the oligonucleotide; thus, nuclear ac-

cumulation was not dependent upon microtubules. Monensin,
a Na� ionophore that disrupts Na� and proton gradients across

biological membranes (36, 37), distinguishes nuclear versus

cytoplasmic localization of oligonucleotides in DOTMA-treated
cells. In the presence of monensin, the accumulation of oligo-

nucleotide in the cell nucleus was markedly reduced, whereas

accumulation in cytoplasmic vesicles was unchanged. The ef-
fects of monensin were probably not due to increasing the pH

of endocytotic vesicles, because chloroquine and NH4CL had
no effect on antisense activity or nuclear accumulation of

oligonucleotides. Thus, monensin may prevent fusion of
DOTMA vesicles with the plasma membrane. From these ex-

periments, it is not known whether the effect of monensin is
directly on the DOTMA vesicle or on the cell. The calcium

ionophore A23187 did not prevent accumulation of oligonucle-

otide within the cell nucleus (data not shown); therefore, it is
unlikely that the effects of monensin were due solely to increas-
ing the permeability of DOTMA vesicles to ions.

In addition to enhancing and modifying distribution of the
oligonucleotides, cationic lipids may also enhance antisense

activity by increasing the rate at which the oligonucleotide

hybridizes to its target mRNA. Pontius and Berg (46) recently
reported that cationic detergents, such as dodecyltrimethylam-

monium bromide and cetyltnimethylammonium bromide, en-
hance the rate of renaturation of complementary DNA strands

by as much as 104-fold. In addition, the cationic detergents
stabilized the duplex to thermal denaturation. DOTMA, as well

as the detergents used by Pontius and Berg (46), contain a

quaternary amine and long aliphatic groups. Thus, it would be

predicted that DOTMA and other cationic lipids would exhibit

similar activity. Experiments are currently in progress to ad-

dress what role enhanced hybridization kinetics play in the

activity of cationic lipids.

Covalent attachment of lipophilic molecules to oligonucleo-
tides, such as cholesterol, undecyl, dodecanol, and tnieth-

ylammonium, 1,2-di-O-hexadecyl-rac-glycerol-’H-phosphate, has
been performed to enhance cellular uptake of oligonucleotides

(40, 47-49). In addition, conjugation of poly-L-lysine or poly-

L-lysine plus hepanin to ohigonucleotides, to neutralize the

negative charge of the phosphate backbone, has been reported

(50, 51). In many instances, the increase in activity was not

marked or the oligonucleotides lacked sequence specificity (48-

50, 52). Furthermore, conjugation methods are time consuming

and not amenable to screening of large numbers of molecules.
Liposomes have been used to enhance c-myc-containing anti-
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sense ohigonucleotides (53). In the case of liposomes, the oh-

gonucleotide had to be encapsulated before addition to cells

and may be restricted to only a few cell types, such as phagocytic
cells. These results demonstrate that cationic lipids such as
DOTMA enhance accumulation of ohigonucleotides in a number
of cell types, resulting in a marked enhancement of antisense
activity. Using DOTMA-containing vesicles, we have been able
to demonstrate specific antisense activity against a number of
targets, including ICAM-1, and have been able to identify
rapidly the optimum target site on a mRNA for antisense
oligonucleotides (25). DOTMA has an advantage over other
cell culture delivery methods, in that no preformulation of the

liposome with the ohigonucleotide was required. The main dis-
advantages of DOTMA are toxicity and markedly decreased

activity in the presence of serum. Newer cationic lipid formu-

lations are available that reportedly exhibit decreased toxicity
(54, 55). Thus, cationic lipids have proven to be useful for
delivery of antisense oligonucleotides into cells in culture and
potentially could be of use for the delivery of antisense oligo-

nucleotides into animals.
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