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The success of anti-sense strategies has been limited,
at least in part, by the poor uptake of these agents into
the target cells. In keratinocytes, there is conflicting
evidence as to the amount and location of oligonucleo-
tide uptake into these cells, with variable proportions
of cells reported to take up oligodeoxynucleotide, and
also cytoplasmic and nuclear localization reported. In
this study, the uptake of oligodeoxynucleotides in
cultured normal human keratinocytes and the HaCaT
cell line was quantitated in the presence of various
lipids designed to enhance uptake and in varying
culture conditions. About 12% of cells in a confluent
normal human keratinocyte culture showed nuclear
uptake, with a small and variable proportion showing
cytoplasmic localization after 24 h incubation with

Delivery of anti-sense oligodeoxynucleotides (ODN)
into cells remains one of the major hurdles facing
therapeutic strategies of this type. A number of cell
lines have been shown to internalize ODN poorly, if
at all (MCF-7 cells, HaCaT keratinocytes; Noonberg

et al, 1993), whereas some primary cell isolates such as keratinocytes
(Noonberg et al, 1993) and malignant cell types such as leukemia
and melanoma cells (Beltinger et al, 1995) are more amenable to
ODN internalization. Cell lines including V79, HeLa, and H9
(Iverson et al, 1992) have been shown to be more amenable to
ODN penetration.

Systemic treatment with ODN is confounded by the dual
problems of lack of ODN stability and potential toxicity of ODN
and/or carrier molecules such as cationic lipids. Treatment of
pathologic conditions affecting the skin, however, may avoid these
problems to a large degree by the utilization of local application of
anti-sense therapy by topical application to an affected area.
Keratinocytes, therefore, are attractive experimental tools for the
testing of both in vitro and in vivo anti-sense therapies. A large
number of conditions affecting the skin involve overexpression of
proteins which could be targeted using ODN, and these include
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1 µM oligodeoxynucleotide. Uptake of oligodeoxy-
nucleotide was found to be increased by liposome
encapsulation (to a maximum of 28.1% K 2.1% of
cells), low confluence (39.5% K 2.5%), and further
increased by a combination of the two conditions
(55.4% K 4.3%). HaCaT cell populations showed
sparse but consistent uptake of oligodeoxynucleotide,
with about 1% of cells showing nuclear localization in
the presence of 1 µM oligodeoxynucleotide, increasing
to 13.5% K 4.9% in the presence of cationic lipid
(Tfx-50) in low confluence HaCaT monolayers. We
conclude that normal keratinocytes exhibit reliable,
substantial uptake of oligonucleotides in conditions
controlled for confluence and aided by liposome
encapsulation. Key words: anti-sense/delivery/propyne.
J Invest Dermatol 112:699–705, 1999

both malignant (skin carcinoma) and nonmalignant (hyperprolifer-
ative dermatoses) conditions.

Previous studies have shown that keratinocytes in culture do
internalize ODN, although the proportion of cells internalizing
ODN has varied greatly. Noonberg et al (1993) found that 15%–
30% of keratinocytes in a given culture exhibited nuclear localization
of fluorescently labelled ODN, and Nestle et al (1994) reported
µ30% of cells possessing positive nuclei. Hertl et al (1995) found
that keratinocytes showed cytoplasmic uptake of phosphorothiate
ODN which did not result in a successful anti-sense effect, but
when Lipofectin was used, the pattern of uptake changed and an
anti-sense effect was observed. In contrast, Giachetti and Chin
(1996) found that 9% of cultured keratinocytes exhibited nuclear
localization of ODN, and these workers attributed variations in
ODN uptake in cultured cells to the degree of differentiation
of each culture. Giachetti and Chin (1996) also reported that
differentiated cells in an artificial skin model were by far the most
likely to exhibit nuclear localization of ODN. We have examined
the uptake of ODN under varying culture conditions in pooled
keratinocyte isolates, individual isolates, and the spontaneously
immortalized keratinocyte line HaCaT, in an attempt to identify
conditions likely to result in consistent, significant nuclear localiz-
ation of ODN.

Cationic lipids have been shown to be effective aids for increasing
internalization of ODN (Lewis et al, 1996). Questions still remain,
however, as to the efficacy of a given liposome type in a variety
of cell systems and the suitability of these agents considering their
reported toxicity. A further aim of this study was to determine
whether commercially available liposomes could reproducably pro-
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duce nontoxic increases in ODN uptake in cultured keratinocytes,
and if so, to determine the most effective of three commonly used,
commercially available agents.

Modifications of ODN have resulted in more potent and stable
agents for use as anti-sense therapeutics. C-5 propyne-pyrimidine
modified phosphorothioate ODN have been shown to have
enhanced RNase H stimulatory activity at lower concentrations
than phosphorothioates lacking the C-5 propyne modification.
They have also been shown to act via an RNase H dependent
mechanism that occurred in cell nuclei (Wagner et al, 1993).
Therefore, ODN penetration into the nucleus was used in this
study as the requirement for successful ODN delivery. Finally, the
uptake of these ODN was determined and compared with that of
unmodified phosphorothioate ODN of the same size. Whereas it
was not within the scope of this study to examine target mRNA
knockout, these modified ODN are considered to be more effective
than unmodified phosphorothioate ODN (Wagner et al, 1993),
and hence the uptake of these high-affinity ODN was considered

MATERIALS AND METHODS

Cell culture The spontaneously immortalized keratinocyte cell line,
HaCaT (Boukamp et al, 1988) was kindly provided by Professor N. Fusenig
(German Cancer Research Center, Heidelberg, Germany) and maintained
as monolayer cultures at 5% CO2 at 37°C in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and used at passages 33–55.
Normal human keratinocytes (NHK) were isolated from normal skin of
healthy adult volunteers after punch biopsy (approved by Royal Children’s
Hospital Ethics in Human Research Committee), maintained in Keratino-
cyte-SFM (KSFM, Gibco BRL) and used at passages 2–5 (Murashita
et al, 1995).

Incubation of cells with ODN/lipid Cells were seeded on to 24 mm
coverslips in culture dishes at either low (about 50%) or high (90%–100%)
confluence. Confluence was determined at the time of ODN addition by
digital imaging and counting cell area as a proportion of total area.
Coverslips were then inverted on to 96 well culture plates containing
KSFM with fluorescein isothiocyanate (FITC)-conjugated ODN and
liposome, in such a way that the cells were in contact with medium,
enabling the use of an upright fluorescence microscope. Cells were
incubated for 1–24 h, and then imaged using either conventional fluores-
cence microscopy or fiberoptic confocal microscopy.

Oligonucleotides 39 FITC-conjugated 15 mer phosphorothioate and
C-5 dU/dC propyne-modified phosphorothioate ODN were synthesized
(Beckman, Sydney, Australia), with sequences as follows: R451p (propyne):
59 UAACACGAUACGCGA 39; R451 (no propyne): 59 UAACACGAU-
ACGCGA 39; CB1 (propyne): 59 UUCCAGUGACUUCCC 39.

The CB1 sequence is complementary to bases 683–697 of human cyclin
B1 (Flanagan et al, 1996).

Single nucleotides were FITC-labeled (C5-propynyl 29 deoxy cytosine
and 29 deoxy adenosine) and used as controls, as was unconjugated FITC.
Single nucleotides were used at 5 µM each, resulting in 10 µM total
nucleotide concentration, which was found to result in a concentration of
FITC that resulted in visible fluorescence after 24 h.

Cationic lipids The following commercially available lipids were used:
Lipofectin (Gibco BRL, Melbourne, Australia), Tfx-50 (Promega, Haw-
thorn, Victoria, Australia), and Lipofectamine (Gibco BRL) at concentra-
tions ranging from 1 to 40 µg per ml. The ODN–liposome complexes
were prepared as described by the manufacturer. Briefly, the ODN and
lipid were added together in one-tenth of the final volume in KSFM,
vortexed and allowed to form complexes for 10–15 min, before being
diluted to final volume.

Confocal and conventional fluorescence microscopy Quantitation
of cellular uptake of ODN was performed using conventional fluorescence
microscopy (Leitz Diaplan fluorescence microscope). Results were
expressed as the percentage of cells containing highly fluorescent nuclei,
by counting the fluorescent cells and total cells in the same field of view
at 4003 magnification, and 10 fields of view were counted for each
duplicate well. Each experiment (involving duplicate wells for each
condition) was performed three times. Confocal laser scanning microscopy
was also performed, using an Optiscan F900e fiberoptic confocal microscopy
system with a 360 objective lens (1.4 NA, 633 nm diameter optical fiber).
Cells were treated using the same method as described above, and were

viewed to determine the intracellular location of ODN. A number of
1 µm optical sections were taken for each cell to ensure that erroneous
conclusions were not drawn from misleading single sections.

Trypan blue exclusion was used to assess cell viability after incubation
of cells in the ODN and ODN/lipid containing medium. Cells were
transferred to fresh medium containing 0.01% Trypan blue for 5 min, and
the percentage of cells staining positive for Trypan blue was determined
in 10 fields of view for each well, and the mean determined for each
treatment condition.

Analysis of ODN stability Subconfluent normal human keratinocytes
or HaCaT keratinocytes in 9.4 cm2 wells were incubated in KSFM
containing 1 mM 15 mer FITC-conjugated ODN with or without 2 µg
Tfx-50 per ml for 24 h. To remove surface-bound ODN, cells were washed
in phosphate-buffered saline and phosphate-buffered saline containing 1%
bovine serum albumin, then incubated in 0.5 M NaCl, 0.2 M acetic acid
for 10 min at 4°C. Cells were lysed in 10 mM Tris–HCl, pH 8.3, 50 mM
KCl, 1.5 mM MgCl2, and 1% Triton X-100 for 30 min at 4°C. Lysates
were centrifuged at 20,000 3 g for 5 min and the pellets resuspended in
25 µl water containing 2 mg proteinase K per ml for 1 h at 56°C.
Formamide (25 µl) was added and the sample heated to 55°C for 5 min.
The samples were analyzed on a 19% polyacrylamide gel containing 90 mM
Tris-borate, 2 mM EDTA, 7 M urea and transferred on to a Zeta-Probe
membrane (Bio-Rad, Sydney, Australia). The membrane was blocked with
10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% (vol/vol) Tween 20
containing 5% skim milk powder for 1 h at room temperature, then
incubated with alkaline phosphatase-conjugated anti-fluorescein immuno-
globulin (Vistra fluorescence western blotting kit, 1:2500 dilution; Amer-
sham, Bucks, U.K.) for 1 h at room temperature. Bands were visualized
by chemifluorescence.

Statistical analysis Results were analyzed for statistical significance using
one-way analysis of variance (ANOVA) followed by Dunnett’s post-test
for individual differences. p 5 0.05 was taken to indicate a statistically
significant difference.

RESULTS

Localization of ODN in normal human adult keratinocytes
A proportion of NHK in a monolayer were found to contain
ODN in the nucleus after incubation with fluorescently labelled
ODN. Figure 1(a) shows fluorescence images of NHK containing
nuclear localized ODN after 24 h incubation with 1 µM FITC-
ODN. Uptake was heterogeneous, with higher proportions of
ODN containing nuclei in cells around population margins and in
dividing cells. A small number of keratinocytes in some cultures
did exhibit cytoplasmic fluorescence after 24 h incubation with
1 µM ODN; however, the majority of intracellular ODN observed
after incubation with ODN was located in the nucleus. Uptake of
ODN in keratinocytes isolated from different individuals was
assessed, and no difference was observed between a number of
different isolates (data not shown).

The use of cationic lipids to generate ODN/liposome complexes
resulted in homogeneous granular cytoplasmic ODN localization
in addition to heterogeneous nuclear localization of ODN (Fig 1b).
Ninety to 100% of NHK incubated with 1 µM ODN complexed
with between 1 and 20 µg Tfx-50 per ml exhibited granular
fluorescence, whereas the proportion of nuclear-positive cells
increased with increasing Tfx-50 up to 2 µg per ml. A similar
pattern of consistent cytoplasmic ODN and increasing nuclear
ODN with increasing liposome concentration was observed for
each liposome used.

Localization of ODN in HaCaT cells Whereas some HaCaT
cells were found to contain nuclear localized ODN (Fig 1c), far
fewer HaCaT cells were found to internalize ODN than NHK
cells. As for NHK, ODN was generally found in dividing cells and
around population margins. Liposome encapsulation resulted in
increased cytoplasmic and nuclear uptake of ODN, as was described
for NHK (Fig 1d).

The fluorescence observed after ODN addition in these experi-
ments was shown to be due to ODN, as unconjugated FITC and
single nucleotides (dA or propynyl dC) were excluded by the
vast majority (.99%, data not shown) of cell nuclei in both
cases (Fig 1e).



VOL. 112, NO. 5 MAY 1999 OLIGONUCLEOTIDE UPTAKE IN KERATINOCYTES 701

Figure 1. Uptake of FITC-ODN in
human keratinocyte monolayers in the
presence and absence of Tfx-50. Ker-
atinocyte monolayers were incubated at
37°C in KSFM containing FITC-conjug-
ated 15 mer C-5 propyne-dU/dC phos-
phorothioate oligonucleotide, R451p
(1 µM), in the absence of Tfx-50 or in the
presence of 2 µg Tfx-50 per ml, or FITC-
conjugated C-5 propynyl dC (5 µM) and
dA (5 µM). (A) NHK with R451p showing
heterogeneous nuclear ODN localization;
(B) NHK with R451p and Tfx-50, show-
ing nuclear and perinuclear ODN localiz-
ation; (C) HaCaT cells with R451p,
showing heterogeneous nuclear ODN
localization; (D) HaCaT cells with R451p
and Tfx-50 showing nuclear and peri-
nuclear ODN localization; (E) NHK with
dA and C-5 propynyl dC showing no
nuclear localization. Scale bar: 10 µm.

Figure 2. Confocal microscopy of
FITC-ODN uptake in human
keratinocyte monolayers. Keratinocyte
monolayers were incubated at 37°C in
KSFM containing FITC-conjugated
15 mer C-5 propyne-dU/dC phos-
phorothioate oligonucleotide, R451p
(1 µM), in the absence of Tfx-50 or in the
presence of 2 µg Tfx-50 per ml, or FITC-
conjugated C-5 propynyl dC (5 µM) and
dA (5 µM). (A) NHK with R451p showing
heterogeneous nuclear ODN localization;
(B) NHK with R451p and Tfx-50, show-
ing nuclear and perinuclear ODN localiz-
ation; (C) HaCaT cells with R451p,
showing nuclear ODN localization in a
dividing cell; (D) HaCaT cells with R451p
and Tfx-50 showing nuclear and peri-
nuclear ODN localization; (E) NHK with
dA and C-5 propynyl dC showing no
nuclear localization. Scale bar: 10 µm.

Confocal microscopy of ODN uptake in NHK and HaCaT
cells To ensure that the localization of ODN observed in these
cell monolayers was indeed nuclear and not perinuclear, and to
compare the ODN internalization of NHK cells with that of
HaCaT cells, laser scanning confocal microscopy was used. Images
of NHK cells and HaCaT cells incubated in the same concentrations
of ODN and liposome were obtained and compared. Figure 2
shows images demonstrating nuclear localization of ODN using
laser scanning confocal microscopy of NHK cells and HaCaT cells
incubated in KSFM containing 1 µM ODN for 24 h. Optical
sections of ODN-positive cells clearly show nuclear localization of
ODN in both NHK (Fig 2a, b) and HaCaT cells (Fig 2c, d),
whereas fluorescently labelled single nucleotides (deoxyadenosine
and C-5 propynyl deoxycytosine) were unable to penetrate cell
nuclei (Fig 2e).

Quantitation of ODN uptake in NHK and HaCaT cells Cells
containing nuclear fluorescence could be identified using ODN
concentrations ranging from 50 nM to 20 µM. In confluent
monolayers the proportion of ODN containing cells increased with
ODN concentration in the range from 50 nM to 2 µM, reaching
a maximal percentage of cells containing nuclear fluorescence of
12.1% 6 2.1% (200 nM ODN, mean 6 SEM of 10 fields of view,
in three experiments containing duplicate wells).

In confluent HaCaT keratinocyte monolayers incubated with
1 µM ODN, 1.6% 6 1.3% of cells contained nuclear fluorescence.
In confluent HaCaT cell monolayers there was no effect on uptake
of increasing ODN concentration, in that the proportion of positive
HaCaT cells in a population was 1.5% 6 0.8% in the presence of
50 nM ODN and 1.8% 6 1.0% in the presence of 5000 nM.

Effect of monolayer confluence on ODN uptake in
keratinocytes ODN uptake was determined in confluent and
subconfluent NHK and HaCaT cell monolayers, as in preliminary
experiments up to 90% of very low confluence NHK were found
to contain nuclear fluorescence. Subconfluent monolayers were
defined as being about 50% confluent at the time of the cell
counting (as determined by the number of cells in a fixed field of
view). In both NHK and HaCaT cells, subconfluent cells were
found to take up significantly more ODN than confluent cells (see
Fig 3). In NHK monolayers, subconfluence resulted in a significant
increase in the proportion of positive cells over confluent (3.1-
fold, n 5 6, p , 0.05), whereas in HaCaT cells, subconfluence
produced a 3.9-fold increase (n 5 6, p , 0.05) in the proportion
of positive cells (Fig 3).

Effects of liposome on ODN uptake in HaCaT cells and
NHK cells The effects of three commercially available liposomes
(Tfx-50, lipofectin and lipofectamine) were determined at a range
of concentrations (1–40 µg per ml). Figure 4 shows the effect of
the three liposome preparations used on ODN uptake in NHK
(Fig 4A) and HaCaT keratinocytes (Fig 4B). Both Tfx-50 and
lipofectin produced significant increases in the percentage of
cells taking up ODN, in terms of both nuclear and cytoplasmic
localization; however, only nuclear localization is quantitated in
this study. Tfx-50 significantly increased uptake of ODN in NHK
cells at 2 and 5 µg per ml, whereas lipofectin increased ODN
uptake in these cells at 10 µg per ml (Fig 4A). The maximal
percentage of nuclear uptake of 1 µM ODN in NHK cells was
55.4% 6 4.3% (1 µM ODN, 2 µg Tfx-50 per ml), whereas in
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Figure 3. The effect of confluence on FITC-ODN uptake in human
keratinocyte monolayers. Keratinocyte monolayers (NHK) were incub-
ated at 37°C in KSFM containing FITC-conjugated 15 mer C-5 propyne-
dU/dC phosphorothioate oligonucleotide, R451p (1 µM). Cells were
seeded at low (about 50%) confluence or high (90%–100%) confluence
and incubated in ODN-containing medium for 24 h prior to imaging. u,
Confluent monolayer; j, 50% confluent monolayer. *Significant difference
from the confluent monolayer (n 5 4–6, p , 0.05).

subconfluent HaCaT cells, the maximal liposome assisted uptake
of ODN was 13.5% 6 4.9% (5 µg Tfx-50 per ml) (Fig 4B).

The effect of increasing ODN concentration on ODN uptake
was performed in confluent and subconfluent NHK monolayers
(Fig 5). Increasing ODN concentration resulted in increased
nuclear uptake until concentrations of 0.5–1.0 µM were reached
in both confluent and subconfluent populations, after which there
appeared to be no further increase in ODN uptake with higher
ODN concentration (Fig 5). Again, the effect of confluence was
striking, with a maximum of 28.1% 6 2.1% confluent cells taking
up ODN under these optimal conditions in confluent cells,
compared with 55.4% 6 4.3% for subconfluent cells (Fig 5).

The optimal liposome type and concentration determined from
Fig 4 (2 µg Tfx-50 per ml) was also complexed with a range of
ODN concentrations, and ODN uptake was determined. It was
found that as ODN concentration increased, the proportion of
positive cells increased with increasing ODN concentration until
1 µM where it reached a maximum of 55.4% 6 4.3% (Fig 5).
The greatest increase of nuclear stained cells compared with the
same concentration of uncomplexed ODN was observed with
200 nM ODN (1.8-fold increase in uptake compared with 200 nM
ODN, no Tfx-50 treatment, see Fig 5). From these results, the
optimal charge ratio of ODN to liposome was µ1.0; i.e., there
was no significant net charge on the lipid/ODN complexes formed
at these concentrations.

Effects of ODN/liposome complexes on cell viability There
was no significant toxicity associated with 24 h incubation of NHK
cells in medium containing ODN (up to 20 µM), with less than
0.1% of cells receiving this treatment failing to exclude Trypan
Blue. All of the liposome formulations used, however, caused some
cell toxicity as determined by this assay. The greatest toxicity was
seen after incubation with 20 µg lipofectamine per ml
(26.5% 6 3.9%); however, both Tfx-50 and lipofectin caused
greater than 10% of cells to take up Trypan Blue at 20 µg per ml
(Fig 6). These results indicate that of the three liposome formula-
tions used, only Tfx-50 produced a significant increase in ODN
uptake in the absence of any significant toxicity (at 2 and 5 µg
per ml).

Time course for ODN uptake Figure 7 shows summary data
of experiments performed to determine the time course of ODN
uptake in NHK cells. The majority of cells taking up ODN over
24 h appear positive after 2 h, and the pattern of ODN uptake
over time was similar for both ODN only and liposome assisted
uptake. Also, the amount of ODN in these cells clearly increased

Figure 4. The effect of three commercially available liposome types
on FITC-ODN uptake in low (about 50%) confluence human
keratinocyte monolayers. Keratinocyte monolayers were incubated at
37°C in KSFM containing FITC-conjugated 15 mer C-5 propyne-dU/
dC phosphorothioate oligonucleotide, R451p (1 µM). Cells were seeded
at low (about 50%) confluence and incubated in ODN-containing medium
for 24 h prior to imaging. (A) NHK; (B) HaCaT keratinocytes. j, Tfx-
50; m, lipofectin; ., lipofectamine. *Significant difference from the
percentage uptake with 0 µg liposome per ml (n 5 4–6, p , 0.05).

visibly over the 0–6 h incubation period; however, there was no
clear visible difference in the amount of intracellular fluorescence
between the 6 and 24 h time points.

Effect of ODN modification and sequence The percentage
uptake of an ODN of randomized sequence (R451p), one targeted
ODN (CB1, targeted to cyclin B1 mRNA sequence), and a non-
propyne-modified ODN with the same sequence as ODN 1 (R451,
non-propyne) were determined. Uptake of 1 µM 15 mer ODN
was not found to be dependent on ODN sequence because a
random ODN showed similar uptake characteristics as a targeted
ODN in these cells, both alone and when complexed with Tfx-
50. There were no observable differences in ODN uptake properties
between any of the ODN used. A phosphorothioate ODN with
no propyne substitutions also showed no difference in uptake
properties to propyne-modified ODN (data not shown).

Oligonucleotides are stable in the keratinocyte nucleus To
determine whether the nuclear fluorescence we observed using
fluorescence and confocal microscopy following oligonucleotide
delivery is indicative of the presence of intact 15 mer ODN, we



VOL. 112, NO. 5 MAY 1999 OLIGONUCLEOTIDE UPTAKE IN KERATINOCYTES 703

Figure 5. The combined effect of monolayer confluence and Tfx-
50 on FITC-ODN uptake in human keratinocyte monolayers.
Keratinocyte monolayers (NHK) were incubated at 37°C in KSFM
containing FITC-conjugated 15 mer C-5 propyne-dU/dC phosphoro-
thioate oligonucleotide, R451p (1 µM), in the absence of Tfx-50 or in
the presence of 2 µg Tfx-50 per ml. Cells were seeded at low (about 50%)
confluence or high (90%–100%) confluence and incubated in ODN-
containing medium for 24 h prior to imaging. j, Confluent, no Tfx-50;
d, confluent, 2 µg Tfx-50 per ml; m, 50% confluent, no Tfx-50; ., 50%
confluent, 2 µg Tfx-50 per ml. *Significant difference from the confluent
monolayer for that ODN concentration; 1, significant difference from the
no Tfx-50 value for that ODN concentration (n 5 6, p , 0.05).

Figure 6. The effect of 1 µM FITC-ODN/liposome complexes
on cell viability over 24 h in human keratinocyte monolayers.
Keratinocyte monolayers (NHK) were incubated at 37°C in KSFM
containing FITC-conjugated 15 mer C-5 propyne-dU/dC phosphoro-
thioate oligonucleotide, R451p (1 mM), conjugated with 0–20 mg liposome
per ml. Cells were seeded at low (about 50%) confluence and incubated
in ODN-containing medium for 24 h prior to imaging. j, Tfx-50; m,
lipofectin; ., lipofectamine. *Significant toxicity compared with the ODN
alone treatment (n 5 4–6, p , 0.05).

analyzed internalized oligonucleotide by denaturing polyacrylamide
gel electrophoresis followed by immunoblotting. Subconfluent
NHK and HaCaT cells were incubated with 1 µM 15 mer FITC-
R451, with or without 2 µg Tfx50 per ml. Under these conditions
a large proportion of the internalized oligonucleotide was located
inside the keratinocyte nucleus (Figs 1 and 2). After 24 h,
keratinocytes were washed and cell extracts prepared as in Materials
and Methods. Internalized FITC-R451 was then analyzed as
described. As shown in Fig 8, internalized FITC-R451 was intact
after 24 h in both NHK and HaCaT cells following incubation
with or without Tfx50. As a large proportion of the internalized
ODN is located in the nucleus, our inability to detect ODN

Figure 7. Time course for FITC-ODN uptake into 50% confluent
human keratinocyte monolayers. Keratinocyte monolayers (NHK)
were incubated at 37°C in KSFM containing FITC-conjugated 15 mer
C-5 propyne-dU/dC phosphorothioate oligonucleotide, R451p (1 µM),
in the absence of Tfx-50, in the presence of 2 µg Tfx-50 per ml or in the
presence of 20 µg lipofectin per ml. Cells were seeded at low (about 50%)
confluence, incubated in ODN-containing medium, and imaged at regular
intervals over 24 h. j, No liposome; m, 2 µg Tfx-50 per ml; ., 20 µg
lipofectin per ml.

Figure 8. Internalized FITC-ODN is intact after 24 h in vitro NHK
or HaCaT keratinocytes were incubated with 1 µM FITC-ODN
and 2 µg Tfx-50 per ml for 24 h. Cells were lysed and ODN detected
by western blotting using an anti-fluorescein antibody. Lanes 1–4, HaCaT
cells; lanes 5–8, NHK; lanes 1, 2, 5, and 6, cells transfected without lipid;
lanes 3, 4, 7, and 8, lanes transfected with Tfx-50 (T).

degradation in the cell extracts implies that the ODN observed as
nuclear fluorescence represents intact ODN within a 24 h period.

DISCUSSION

Anti-sense ODN are potentially exciting therapeutic agents, as they
promise high specificity for a particular molecular target; however,
advances in this area have been slowed by a number of technical
difficulties, particularly involving problems associated with delivery
of the agent into the nucleus of the target cells. Owing to their
charge (negative for phosphodiester and phosphorothioate backbone
ODN) and size (about 5000 MWU for a 15-mer ODN), these
agents enter many cell types poorly if at all. There is still much
debate as to the mechanism of uptake of ODN in cells that do
internalize these agents. An 80 kDa cell surface protein has been
described (Loke et al, 1989) that binds ODN and is believed to
result in internalization of the ODN into the cell nucleus, although
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other cell-surface proteins may be involved (Beltinger et al, 1995).
It has been suggested that the active process by which DNA
fragments are internalized into the cell may be a mechanism for
recovering the DNA excreted by apoptotic cells (Bennett, 1993).

The experiments described in this study were designed to clarify
the parameters involved in the uptake of anti-sense ODN into
cultured keratinocytes, as there is some conflicting evidence regard-
ing this issue. It was found that in confluent NHK monolayers,
about 12% of cells contained nuclear fluorescence after 24 h
incubation with 1 µM ODN, a similar figure to that given by
Giachetti and Chin (1996), somewhat lower than the 15%–30%
reported by Noonberg et al (1993) and the 30% reported by Nestle
et al (1994). It is likely that variations in culture conditions (including
confluence) and ODN concentrations used in the different studies
result in the varying uptake properties observed. The suggestion
by Giachetti and Chin (1996) that only a subpopulation of
differentiated keratinocytes is likely to take up ODN may not
reflect all situations, as in subconfluent monolayers (maintained in
low calcium medium, which would be expected to promote low
levels of differentiation), a far greater proportion of cells were
found to internalize ODN.

The reported pattern of uptake of ODN in the absence of
liposome has also varied in the existing literature. Whereas Nestle
et al (1994) found that ODN first localized in the cytoplasm in
granules before appearing in the nucleus after 4 h, Hertl et al (1995)
reported only cytoplasmic ODN after 24 h. In this study, after
24 h incubation with ODN there was a small amount of cytoplasmic
localization of ODN in regions of keratinocyte monolayers, in
addition to prominent nuclear accumulation. It appears from these
data that three types of cells exist in a population of keratinocytes
with respect to ODN uptake; cells which effectively exclude all
ODN, cells which allow ODN entry into the cell but not the
nucleus, and cells which allow ODN entry into the cytoplasm and
then the nucleus. It has been suggested that the mechanism of
transport of ODN from cytoplasm to nucleus involves simple
diffusion, as these agents are small enough to pass through nuclear
pores (Beltinger et al, 1995), and therefore it is perhaps surprising
to observe cytoplasmic fluorescence in the absence of nuclear
fluorescence in some keratinocyte subpopulations after 24 h in this
study. A number of investigators have found that microinjection
of ODN into the cytoplasm of live cells results in rapid nuclear
accumulation (Chin et al, 1990; Leonetti et al, 1991). The reason
ODN can be found in cytoplasm and not the nucleus of cells after
24 h is not clear; however, it is possible that this ODN observed
is bound to mRNA or other intracellular molecules, or trapped in
endosome or lysosomal structures, thus preventing entry into
the nucleus.

The time course observed for uptake of ODN without lipid was
fairly rapid (less than 4 h), as has been previously reported in
keratinocytes (Nestle et al, 1994)). The time course for uptake of
lipid conjugated ODN observed was similar to that for ODN
alone, although no measurements were taken between 2 and 6 h,
and the different time courses may have been evident at this point.

A consistent observation in a large number of studies of ODN
uptake found that dividing cells are more likely to internalize ODN
than nondividing cells. Noonberg et al (1993) showed that M phase
arrest for 12 h could increase the ODN uptake in their experiments
from 15% to 30% to nearly 80%, and hence it is likely that the
greater proportion of dividing cells present in a subconfluent
population are responsible for the increase in ODN uptake. Cell
division, however, is not the only determinant of ODN uptake, as
subconfluent HaCaT cell populations do not show as much uptake
as subconfluent NHK populations. It is likely that a combination
of factors including cell cycle state and differentiation state influence
ODN uptake in keratinocytes.

ODN uptake in both confluent and subconfluent keratinocyte
populations was increased by the utilization of cationic liposome–
ODN complexing. Both nuclear and cytoplasmic ODN increased
greatly in the presence of these agents, and these agents were
particularly effective in subconfluent cells. Of the three commer-

cially available liposome types used, only Lipofectin and Tfx-50
produced significant increases in ODN uptake, and only Tfx-50
did so at a nontoxic concentration as assessed by Trypan Blue
exclusion. The use of liposomes as ODN uptake enhancers has
repeatedly shown that great variability exists in the optimal liposome
type and concentration for different cell types (Felgner et al, 1987).
It is interesting to note, then, that the relative beneficial effects of
the respective liposome types were similar for the immortalized
keratinocyte line used to that for the NHK cells used, as these two
cell types exhibited quite different ODN uptake properties in
the absence of liposomes. As liposome encapsulation resulted in
widespread cytoplasmic ODN localization in both HaCaT cells
and NHK, whereas the proportion of positive nuclei was far greater
in NHK, it appears that there is no direct relationship between the
amount of cytoplasmic and nuclear localization of ODN.

As cationic lipids are thought to increase ODN uptake by
neutralizing or even reversing the negative charge of the ODN to
allow for more favorable interaction with negatively charged cell
surfaces it has been often suggested that the charge of the overall
complex is crucial for the uptake characteristics of that complex.
Lewis et al (1996) found that a positive charge ratio of up to 24
was optimal in CV-1 cells using a variety of liposome types,
including lipofectin. In this study, however, a charge ratio of µ1.0
was found to be optimal for both cell types, suggesting that charge
neutralization only was required for optimal interaction of the
ODN–liposome complex with the cell surface.

As has previously been reported in a number of cell types
including keratinocytes, uptake characteristics for ODN of 15–20
nucleotides are not dependent on ODN sequence (Noonberg et al,
1993; Zhao et al, 1996). We also report that C-5 propyne
modification of the ODN used in this study did not affect uptake
of these agents. It is likely that the receptor mediated endocytosis
first reported by Loke et al (1989) is responsible for (liposome-
independent) uptake of ODN in these cells, and the relative levels
of expression of this cell surface protein for a given cell line may
influence the level of ODN uptake into that cell line. Whatever
the mechanism of ODN penetration into these cells, it appears that
the uptake is not affected by C-5 propyne modification.

From the results presented in this study, we conclude that
optimized conditions for uptake of ODN in cultured keratinocytes
consist of subconfluent populations and utilization of nontoxic
concentrations of an appropriate liposome formulation (e.g., 2 µg
Tfx-50 per ml). Using these conditions, a controlled and substantial
(.50% cells) amount of nuclear localized ODN may be delivered
into this cell type.

This work was funded by the AusIndustry Syndicated Research and Develop-
ment Scheme.
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