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ABSTRACT

Model t-Bu-SATE pro-dodecathymidines labeled with
fluorescein and exhibiting various lipophilicities
were evaluated for their uptake by cells in culture.
Pro-oligonucleotides with appropriate lipophilicity
were found to permeate across the HeLa cell
membrane much more extensively than the control
phosphorothioate oligo or than the hydrophilic pro-
oligos. Fluorescence patterns of internalization were
consistent with a diffusion mechanism resulting in
the appearance of a uniform cytoplasmic distribution
and nuclear accumulation, as confirmed by confocal
microscopy.

INTRODUCTION

It is well established that the potential application of antisense
oligonucleotides is mainly hampered by their instability in
biological fluids and poor cell penetration (for a general
discussion see ref. 1 and other related chapters in the book).
These hurdles are related to their polyanionic structure and
could be overcome by using the pro-drug approach (2). In this
respect, we have recently shown that chemical derivatization
of the internucleoside linkages with enzymolabile SATE (S-
acetylthioethyl) protecting groups converts the parent oligo-
nucleotides to neutral phosphotriester pro-drugs (3). Such pro-
oligonucleotides, incorporating either methyl-SATE (S-acetylthio-
ethyl) ort-butyl-SATE (S-pivaloylthioethyl) protecting groups,
have been shown to resist enzymatic degradation by nucleases
and to be selectively deprotected in cell extracts (as a model of
the intracellular medium) (3,4).

We further expected that the lower charge density of such
pro-oligos could result in increased cellular uptake. However,
neutral SATE pro-oligos are highly lipophilic and hence hardly
soluble in aqueous media. Therefore, approaches to selectively
introduce some negative charges have been developed (4–6);
the corresponding pro-oligos were 5′-labeled with fluorescein.

We report in this paper that such model (dT)12 t-Bu-SATE
pro-oligos present an increase in cellular permeation as
compared to the parent oligo. More precisely, it seems that a
correlation exists between uptake efficacy and the overall
lipophilicity of the pro-oligo.

MATERIALS AND METHODS

Chemicals

All commercial chemicals were reagent grade and were u
without further purification except where otherwise state
DNA synthesis reagents, except oxidizers, were from Persep
Biosystems Ltd (Voisins le Bretonneux, France). Anhydroust-butyl
hydroperoxide (3 M in toluene) was from Fluka and wa
diluted with anhydrous methylene chloride (Aldrich). 3H-1,2-
Benzodithiole-3-one-1,1-dioxide (Beaucage’s reagent) wa
gift from Isis Pharmaceuticals (Carlsbad, CA).

Oligonucleotide synthesis

Pro-oligos were synthesized on an ABI synthesizer model 3
DNA using either o-methyl benzyl phosphoramidite
(5; C.Dell’Aquila et al.; submitted for publication) orH-phos-
phonate (6), 5′-Dmtr-thymidine andt-butyl SATE phosphora-
midite thymidine (3). Fluorescein labeling was performe
using the carboxyfluorescein phosphoramidite derivati
(Fig. 1) (C.Dell’Aquila et al., submitted for publication). The
pro-oligos were purified by HPLC and characterized by ma
analysis.

Analysis

High performance liquid chromatography (HPLC) analys
were performed on a Waters-Millipore instrument equippe
with a Model 600E solvent delivery system, a Model U6
injector and a Model 486 UV detector. A reverse phase C18
Nucleosil (5µm) column (150× 4.6 mm; Macherey-Nagel,
Germany) was used at a flow rate of 1 ml min–1. The retention
time of each pro-oligo was determined using the followin
conditions: isocratic 50 mM triethyl ammonium acetate pH 7
for 7 min; a gradient of 0–80% acetonitrile over 74 min in th
same buffer.

MALDI-TOF mass spectra were recorded on a Voyag
mass spectrometer (Perseptive Biosystems, Framingham, M
equipped with a nitrogen laser. One microliter of pro-olig
sample (0.1 A260 nmin 100µl water:acetonitrile, 50:50 v/v) was
exchanged on ammonium Dowex 50W X8 resin before additi
of 10 µl of a saturated solution of 2,4,6–trihydroxyacetopheno
in acetonitrile:water (1:1 v/v) and 1µl of ammonium citrate
(pH 9.4, 100 mM in water). This mixture was placed on a pla
and dried at ambient temperature and pressure.
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Cells and cell culture

HeLa GH cells (derived from HeLa 229) and CCL 39 Chinese
hamster cells were cultured on 90 mm plates as exponentially
growing subconfluent monolayers in RPMI 1640 medium or
Dulbecco’s modified Eagle’s medium, respectively, supple-
mented with 2 mM glutamine and 10% (v/v) fetal calf serum.
To test the different compounds on cells, cell monolayers were
treated with a non-enzymatic cell dissociation medium
(Sigma), and 15 000 cells/well were plated on 8-well Lab-Teck
plates (Nunc Inc., Naperville, IL) and cultured overnight. The
culture medium was discarded and cells were washed once
with phosphate-buffered saline (PBS) pH 7.4, before a 30 min
preincubation step in Opti-MEM medium (Gibco, Cergy-
Pontoise, France). Preincubation Opti-MEM medium was
discarded and the cells were incubated with the pro-oligo solution.

Fluorescence microscopy

Stock solutions of fluorescein-labeledt-Bu-SATE oligonucleo-
tides and control oligonucleotide were dissolved in TE buffer
(10 mM Tris–HCl, 1 mM EDTA, pH 8) at a concentration of
100µM and stored at –20°C until further use. Pro-oligo solutions
were prepared just before experiments at the appropriate
concentration from stock solutions in 10µl of TE completed up
to 100 µl with Opti-MEM. After removal of the preincubation

medium, the pro-oligo solution in Opti-MEM was added an
cells were incubated at 37°C, 5% CO2 for various times.
Subsequently, the pro-oligo solution was discarded, cells w
washed three times for 5 min with PBS at room temperatu
and fixed in most cases for 5 min in 3.7% (v/v) formaldehyd
solution in PBS at room temperature. However, other fixati
procedures, such as fixation in ethanol:acetic acid (95:5 v
for 5 min at –20°C or with methanol for 6 min at –20°C, were
also performed. Moreover, internalization was also evalua
without any fixation, but following the same washing protoco
After fixation, cells were washed three more times for 3 m
with PBS before incubation at room temperature for 2 min wi
Hoescht 33258 (50 ng/ml) solution in PBS for nuclei stainin
After three additional washes with PBS, cells were the
mounted directly with Vectashield™. The distribution and th
level of fluorescence was observed on a Zeiss Axiophot flu
rescence microscope equipped with a 100 W mercury lamp
previously described (7). Images were captured with a sl
scan charge-coupled device camera (κCF 8/1 DX) and
analyzed using Adobe Photoshop v.5.0 software.

RESULTS AND DISCUSSION

Table 1 presents the evaluated 5′-fluorescein-(dT)12 pro-oligos
containing between 4 and 10t-Bu SATE protecting groups. As

Table 1.Structure of the fluorescein-labeledt-Bu-SATE pro-oligos1–9
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these compounds (except1) contain SATE phosphotriesters
their solid phase synthesis must preclude any basic conditions,
hence the use of a photolabile linker (8) and our limitation to
model dodecathymidylates.

Introduction of phosphodiester linkages in predetermined
positions was performed using two selective methods.
Compounds2–6 were synthesized using phosphoramidite
chemistry with t-Bu-SATE and o-methylbenzyl building
blocks (Fig. 1). Negative charges were created upon iodine
treatment of theo-methylbenzyl phosphite protecting groups
(5). Pro-oligos6–9 were obtained using both the phosphora-
midite and H-phosphonate chemistries for SATE phospho-
triester and phosphodiester linkages, respectively (6). Control
oligo 1 was synthesized using standardH-phosphonate chemistry
with a final sulfurization by treatment with elemental sulfur (9).
Fluorescein was introduced at the 5′-end of the pro-oligos (1–9)
using a phosphoramidite derivative of hexamethylene 4,5-
carboxy fluorescein with Fmoc protecting groups on phenolic
functions and ano-methylbenzyl protecting group on the phos-
phorus atom (Fig. 1).

The relative retention times (RT) for each oligo derivative, a
reflection of their relative hydrophobicity (10), were deter-
mined using a C18 reverse phase HPLC system (Table 1). It is
noteworthy that the retention time of the pro-oligos increases
with the number of SATE groups and concomitant diminution
of the negative charge number. In addition, compounds4 and6
(with seven SATE groups) only differ by the replacement of
six oxo by six thiono groups, which thus gives rise to an important
increase in hydrophobicity.

Cellular uptake of the pro-oligos

The cellular uptake of the different fluorescein-labeled pro-oligos
synthesized in this study was estimated directly by fluorescence
microscopy. The incubation of these pro-oligos was performed
without addition of any transfecting reagent. However, to

circumvent or to limit extracellular stability problems of the
different compounds, incubations were performed in serum-f
medium, namely Opti-MEM. Since pro-oligos2–9 were
constituted with phosphodiester linkages which could
hydrolyzed by endonucleases, incubation experiments w
carried out in serum-free medium to exclude any problem
degredation that could lead to misinterpretation. Under bo
identical incubation procedures (duration of the incubation a
extracellular dose of compounds1–6) and camera acquisition
settings, the behavior of the different pro-oligos appeared to
significantly different. First, the parent oligonucleotide in th
phosphorothioate series without a SATE group (compound1)
was used as a control oligonucleotide. When incubated w
HeLa cells for up to 3 h at an extracellular dose of 10µM,
fluorescein-labeled compound1 was only very faintly detected
(data not shown). This cell line was also incubated with 10µM
carboxyfluorescein without showing any fluorescent sign
The fluorescein moiety was found to be stable in total ce
extract by mass spectrum analysis (MALDI-TOF). Pro-oligo
2–6 showed a different ability for uptake when incubated wit
HeLa cells for 1 h at a dose of 10µM (Fig. 2). When compared
under identical camera parameter settings, a variation in
intensity of fluorescence entrapped within cells was obviou
depending on the pro-oligo. In summary three main magnitud

Figure 1. Building blocks used for the synthesis of fluorescein-labeled pro-oligos
1–9.

Figure 2. Incubation of SATE pro-oligos2–6 with HeLa cells. Fluorescence
microscopy of HeLa cells incubated with an equivalent dose (10µM) of each
SATE pro-oligonucleotide for 1 h at 37°C. (A) Compound2; (B) compound3;
(C) compound4; (D) compound5; (E and F) compound6. Images were
acquired with the same camera settings for all pro-oligos.
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of fluorescence could be observed among this series of pro-
oligos. Pro-oligos2 and3 induced a very low cellular labeling
(Fig. 2A and B, respectively), but, as low as the signal was, it
could be significant when compared to the control oligonucleo-
tide. For instance, compounds2 and 3 required a 10-fold
increase in the acquisition time to induce a visible signal (data
not shown). However, to maintain the relative intensity
between these compounds as observed under fluorescence
microscopy, Figure 2 is set to show all the oligonucleotides
with identical incubation and acquisition parameters. Pro-
oligos4 and5 induced a stronger signal which could be easily
detected at that dose and under our camera settings (Fig. 2C
and D, respectively). However, pro-oligo6 showed the
strongest signal among this first series of pro-oligos (Fig. 2E
and F). The internalization of pro-oligo6 could be detected
unambiguously at lower doses, down to 100 nM (data not
shown).

Based on the relative lipophilicity of oligos1–6 (expressed
as their RT in Table 1), a relationship between uptake and
lipophilicity thus appeared to be a key factor in explaining the
reported pro-oligo internalization. As the most lipophilic pro-oligo,
oligo 6 (among compounds1–6), was much more efficiently
taken up by cells, a second set of more lipophilic pro-oligos,
oligos 7–9 (see Table 1 for pro-oligo structures), was further
evaluated under identical conditions as described above. When
uptake of this new series of pro-oligos7–9 was compared to
pro-oligo6 uptake, the fluorescence signal associated with the
cells appeared to be slightly stronger for pro-oligos7 and 8
(data not shown). However, the fluorescent signal for the most
hydrophobic pro-oligo, oligo9, showed a very different pattern
(Fig. 3A and B); first, the overall fluorescent signal was
remarkably reduced in terms of intracellular fluorescence
intensity and, second, general cellular labeling was very
punctated, mainly around the cell nucleus, thus suggesting
entrapment of this pro-oligo in the endosome pathway. More-
over, significant fluorescent punctation was also visible at the
cellular membrane level (data not shown), although the solubility
of this latter compound was assessed independently in the
incubation medium.

The uptake of these pro-oligos was also evaluated in CCL 39
cells without exhibiting a different pattern in terms of fluorescent
intensity and cellular distribution (data not shown).

Additionally, the toxicity of such pro-oligos was also evaluate
by performing a MTT test (7) for 24 h at the doses used in th
study (1 and 10µM). Despite the much longer incubation time
for this toxicity assay compared to our standard incubati
time (from 1 to 3 h), cell viability was not affected.

It therefore seemed obvious that the overall lipophilicity o
these pro-oligos was a key factor in their uptake. Howev
preliminary data with pro-oligo6 in the presence of 10% serum
seemed to indicate a decrease in uptake, as observed with cat
lipid–phosphorothioate oligonucleotide complexes (11).

Temperature effect on pro-oligo uptake

It is commonly accepted that performing incubation assa
with cells at low temperature (i.e. 4°C) with soluble extracellular
compounds dramatically reduced the endocytosis pathw
which could eventually induce their cellular uptake. To furth
investigate the way in which SATE pro-oligos enter the ce
incubation of cells with compound6 was performed at 4°C.
Basically, cells were cooled to 4°C for 1 h before being incubated
with pre-cooled solutions of pro-oligos for 1 h. Rinsing an
early fixation were also performed at 4°C before mounting the
slides for fluorescent microscopy observation. Despite the
incubation procedures, substantial detection of intracellu
fluorescence could be detected without variation in its cellu
sublocalization. A first quantification of the internalized fluo
rescence indicated that >50% of the signal could still
detected under these conditions (Fig. 4), thus excluding upt
of the pro-oligo through the endosome pathway. The hyd
phobic properties of these pro-oligos could of course sugge
direct membrane fusion process to explain their uptake. Alo
these lines, the observed reduction in uptake at low tempera
could reflect a relative loss of the membrane fusion proce
occurring once the pro-oligos were entrapped in endoso
vesicles under standard incubation conditions.

Figure 3. Incubation of SATE pro-oligo9 (10 µM for 1 h at 37°C) with HeLa
cells. (A andB) Two different cells with characteristic perinuclear labeling.

Figure 4. Incubation of SATE pro-oligos6 (10 µM for 1 h) with HeLa cells at
37 (A andB) and 4°C (C andD).
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Subcellular localization of the pro-oligos and confocal
microscopy

When cells are incubated with non-permeant molecules such
as fluorescein-labeled oligonucleotides, a punctated area corre-
sponding to the endosome vesicles is usually observed. It is
also accepted and has been demonstrated that once an oligo-
nucleotide reaches the cytosol, it should then migrate to the
nucleus (12). In this study no particular pattern concerning the
intracellular route and/or distribution of the pro-oligos synthe-
sized here was observed. In no cases was specific labeling of
subcellular structures related to the endosome system, such as
perinuclear vesicles, observed under our experimental conditions.
Most of the compounds we used showed their associated fluo-
rescence to be diffuse in the whole cell without any particular
cytoplasmic localization in general, suggesting that pro-oligo
uptake could bypass the endosome pathway.

Moreover, a large majority of cells incubated with pro-oligo
6 showed fluorescence mainly concentrated in the nucleus,
with nucleolar accumulation. To confirm the intracellular
localization of pro-oligo 6, confocal microscopy was
performed on HeLa cells incubated with 1µM pro-oligo 6 for
1 h (Fig. 5). A full series of optical sections with az step of
0.1µm was collected. Figure 5A shows a single confocal view
corresponding to a mediumz step. Figure 5B is a cumulative
lateral projection of the confocal views corresponding to the
line shown by arrows in Figure 5A. Both views show the

intracellular and, more particularly, the intranucleolar accumulat
of pro-oligo 6. This nucleolar accumulation could also b
noted in some cells for other compounds, such as pro-oligo7
and8. However, further studies should be performed to reconc
the apparent differences occurring in the final compartmentaliza
of these pro-oligos.

Fluorescence microscopy after several fixation procedures

An artefactual effect in cellular internalization and/or in subloca
zation due to the fixation procedure is often suggested wh
performing this kind of study (13). To investigate such a possibili
various fixation procedures among those most employed w
performed in addition to the fixation with formaldehyde use
in the above experiments. These included fixation wi
ethanol:acetic acid (95:5 v/v) and with methanol, both at –20°C and
for 5 or 6 min, respectively. No variation in the rate of interna
ization of the different pro-oligos or in their sublocalizatio
was observed. Additionally, pro-oligo6 uptake was also deter-
mined in living cells without any fixation at 1µM after a 1 h
incubation (Fig. 6). An identical propensity for pro-oligo6 to
enter the cells was observed as diffuse labeling. A faint ac
mulation of the pro-oligo was noticeable at the nucleolar lev
(Fig. 6). Similar experiments with pro-oligos7–9 at 10 µM
showed intracellular fluorescence signals comparable to th
observed after cell fixation.

Time course of internalization

To investigate a discrete sublocalization of the pro-olig
during uptake, such as membrane- or vesicle-associated f
rescence, a time course experiment was performed. Basica
HeLa cells were incubated with 1µM pro-oligo 6 for 2, 5, 10,
15, 30, 45 and 60 min. Cellular fluorescence could be una
biguously detected after only 2 min incubation (data n
shown). However, the signal appeared to reach a maxim
level at 10 min. Shorter than that duration no fluorescen
could be found associated with any cellular substructu
which favors the hypothesis of simple diffusion through th
plasma membrane due to the lipophilicity of thet-Bu-SATE
pro-oligo. Moreover, internalization of the pro-oligo appeare
to be relatively fast.

Figure 5. Confocal microscopy of the SATE pro-oligos on HeLa cells.
(A) Confocal acquisitions of HeLa cells incubated with 1µM of 6 for 1 h at
37°C. Confocal acquisition with az step of 0.1µm was performed. A single
confocal view corresponding to a mediumz step. Images were acquired with the
Lasersharp 1024 software and processing system. Images were scanned at
1024× 1024 pixels resolution. (B) The cumulative lateral projection (x–z section)
of the confocal views corresponding to the line shown by arrows in (A). The
scale bar in (A) indicates 50µm.

Figure 6. (A) The cell nucleus stained with Hoechst’s reagent. Darker are
correspond to nucleolei. (B) Diffuse labeling of the cell with faint nucleolar
accumulation.
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CONCLUSION

The data reported in this paper demonstrate that, under our
experimental conditions, modelt-Bu-SATE (dT)12 pro-oligos
with an appropriate hydrophobicity are membrane diffusable
compounds which are localized homogeneously in the cytoplasm
and are accumulated in the nucleus. This high uptake is a
necessary requirement for putative use of pro-oligos as phar-
maceutical agents, provided that they can be selectively
demasked intracellularly. Along this line, complementary
experiments with pro-oligos bearing nuclease-resistant phos-
phorothioate diester linkages are in progress. It is hoped that
specific pro-oligos able to selectively inhibit gene expression
will be obtained in the future.
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