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ABSTRACT MATERIALS AND METHODS

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

Chemicals

All commercial chemicals were reagent grade and were used
without further purification except where otherwise stated.
DNA synthesis reagents, except oxidizers, were from Perseptive
Biosystems Ltd (Voisins le Bretonneux, France). Anhydidustyl
hydroperoxide (3 M in toluene) was from Fluka and was

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

diluted with anhydrous methylene chloride (AldrichH3,2-
Benzodithiole-3-one-1,1-dioxide (Beaucage's reagent) was a
gift from Isis Pharmaceuticals (Carlsbad, CA).

Oligonucleotide synthesis

Pro-oligos were synthesized on an ABI synthesizer model 381
DNA using either o-methyl benzyl phosphoramidite
(5; C.Dell’Aquila et al; submitted for publication) ad-phos-
INTRODUCTION phonate (6), 5SDmtr-thymidine and-butyl SATE phosphora-

It is well established that the potential application of antisens@lidite thymidine (3). Fluorescein labeling was performed
oligonucleotides is mainly hampered by their instability inusing the carboxyfluorescein phosphoramidite derivative
biological fluids and poor cell penetration (for a general(Fig. 1) (C.Dell'Aquilaet al, submitted for publication). The
discussion see ref. 1 and other related chapters in the booro-oligos were purified by HPLC and characterized by mass
These hurdles are related to their polyanionic structure an@nalysis.
could be overcome by using the pro-drug approach (2). In thii\nal sis
respect, we have recently shown that chemical derivatization y
of the internucleoside linkages with enzymolabile SATE ( High performance liquid chromatography (HPLC) analyses
acetylthioethyl) protecting groups converts the parent oligowere performed on a Waters-Millipore instrument equipped
nucleotides to neutral phosphotriester pro-drugs (3). Such pravith a Model 600E solvent delivery system, a Model U6K
oligonucleotides, incorporating either methyl-SATEaCetylthio-  injector and a Model 486 UV detector. A reverse phasg C
ethyl) ort-butyl-SATE (S-pivaloylthioethyl) protecting groups, Nucleosil (5pm) column (150x 4.6 mm; Macherey-Nagel,
have been shown to resist enzymatic degradation by nucleas@srmany) was used at a flow rate of 1 ml mifThe retention
and to be selectively deprotected in cell extracts (as a model ¢iime of each pro-oligo was determined using the following
the intracellular medium) (3,4). conditions: isocratic 50 mM triethyl ammonium acetate pH 7.0
We further expected that the lower charge density of sucfor 7 min; a gradient of 0-80% acetonitrile over 74 min in the
pro-oligos could result in increased cellular uptake. Howeversame buffer.
neutral SATE pro-oligos are highly lipophilic and hence hardly MALDI-TOF mass spectra were recorded on a Voyager
soluble in aqueous media. Therefore, approaches to selectivatyass spectrometer (Perseptive Biosystems, Framingham, MA)
introduce some negative charges have been developed (4-6juipped with a nitrogen laser. One microliter of pro-oligo
the corresponding pro-oligos werkl&beled with fluorescein. sample (0.1 A, ,nin 100l water:acetonitrile, 50:50 v/v) was
We report in this paper that such model (g}Bu-SATE  exchanged on ammonium Dowex 50W X8 resin before addition
pro-oligos present an increase in cellular permeation agf 10l of a saturated solution of 2,4,6—trihydroxyacetophenone
compared to the parent oligo. More precisely, it seems thatia acetonitrile:water (1:1 v/v) and il of ammonium citrate
correlation exists between uptake efficacy and the overallpH 9.4, 100 mM in water). This mixture was placed on a plate
lipophilicity of the pro-oligo. and dried at ambient temperature and pressure.

microscopy.
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Table 1. Structure of the fluorescein-labelé®u-SATE pro-oligosl-9
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Cells and cell culture medium, the pro-oligo solution in Opti-MEM was added and
’

HelLa GH cells (derived from HelLa 229) and CCL 39 ChineseC€lls were incubated at 3¢, 5% CQ for various times.
hamster cells were cultured on 90 mm plates as exponentially2Sequently, the pro-oligo solution was discarded, cells were

rowina subconfluent monolavers in RPMI 1640 medium or ashed three times for 5 min with PBS at room temperature
gDuIbecgco’s modified Eagle’s ¥nedium respectivelv. su Ie_and fixed in most cases for 5 min in 3.7% (v/v) formaldehyde
9 ' P Y, SUPPI€54 tion in PBS at room temperature. However, other fixation

mented W'th.z mM glutamine and 10% (v/v) fetal calf serum. rocedures, such as fixation in ethanol:acetic acid (95:5 v/v)
To test the different compounds on cells, cell monolayers Wer%r 5 min at —20C or with methanol for 6 min at —2C, were
treated with a non-enzymatic cell dissociation mediumy g, performed. Moreover, internalization was also evaluated
(Sigma), and 15 000 cells/well were plated on 8-well Lab-Teck it any fixation, but following the same washing protocol.
plates (Nunc Inc., Naperville, IL) and cultured overnight. The after fixation, cells were washed three more times for 3 min
culture medium was discarded and cells were washed onggin pBS before incubation at room temperature for 2 min with
with phosphate-buffered saline (PBS) pH 7.4, before a 30 mipypescht 33258 (50 ng/ml) solution in PBS for nuclei staining.
preincubation step in Opti-MEM medium (Gibco, Cergy- apfter three additional washes with PBS, cells were then
Pontoise, France). Preincubation Opti-MEM medium wasnounted directly with Vectashield™. The distribution and the
discarded and the cells were incubated with the pro-oligo solutiofevel of fluorescence was observed on a Zeiss Axiophot fluo-
rescence microscope equipped with a 100 W mercury lamp as
previously described (7). Images were captured with a slow
Stock solutions of fluorescein-labeleédBu-SATE oligonucleo- scan charge-coupled device camewCE 8/1 DX) and
tides and control oligonucleotide were dissolved in TE bufferanalyzed using Adobe Photoshop v.5.0 software.

(10 mM Tris—HCI, 1 mM EDTA, pH 8) at a concentration of
100uM and stored at —2@ until further use. Pro-oligo solutions
were prepared just before experiments at the appropria@ESULTS AND DISCUSSION

concentration from stock solutions in il0of TE completedup  Table 1 presents the evaluatédhorescein-(dT,), pro-oligos
to 100 ul with Opti-MEM. After removal of the preincubation containing between 4 and 1Bu SATE protecting groups. As

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

these compounds (excep} contain SATE phosphotriesters

their solid phase synthesis must preciude any basic Conditionsi’ ure 2. Incubation of SATE pro-oligo2-6 with HelLa cells. Fluorescence

hence the use of a.ph0t0|ablle linker (8) and our limitation t m?croscépy of HelLa cells incugated gvith an equivalent doswmof each

model dodecathymidylates. SATE pro-oligonucleotide for 1 h at 3€. (A) Compound; (B) compound;
Introduction of phosphodiester linkages in predeterminedcC) compound4; (D) compound5; (E and F) compound6. Images were

positions was performed using two selective methodsacquired with the same camera settings for all pro-oligos.

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 the>-methylbenzyl phosphite protecting groups

(). Pro-oligos6-9 were obtained using both the phosphora-cjrcumvent or to limit extracellular stability problems of the

midite and H-phosphonate chemistries for SATE phospho-gifferent compounds, incubations were performed in serum-free

triester and phosphodiester linkages, respectively (6). Comr%edium, namely Opti-MEM. Since pro-oligo8-9 were

oligo 1 was synthesized using standétgbhosphonate chemistry o nstituted with phosphodiester linkages which could be

with a final sulfurization by treatment with elemental sulfur (9). hydrolyzed by endonucleases, incubation experiments were

Fluorescein was introduced at theehd of the pro-oligos1E9) carried out in serum-free medium to exclude any problem of

using a phosphoram|_d|te derivative c.)f hexamethylene 4’.56Iegredation that could lead to misinterpretation. Under both
carboxy fluorescein with Fmoc protecting groups on phenolic

functions and as-methylbenzyl protecting group on the phos- |detnt|callI |r|1cu(tj>at|on ?roceduresd(sijauratlgn of the mcuba}tl.ct).n and
phorus atom (Fig. 1). extracellular dose of compounds6) and camera acquisition

The relative retention times (RT) for each oligo derivative, asettings, the behavior of the different pro-oligos appeared to be

reflection of their relative hydrophobicity (10), were deter_3|gn|f|cantly (.jlfferent..Flrstz the parent oligonucleotide in the
mined using a G, reverse phase HPLC system (Table 1). It isPhosphorothioate series without a SATE group (compd)nd
noteworthy that the retention time of the pro-oligos increase¥/as used as a control oligonucleotide. When incubated with
with the number of SATE groups and concomitant diminutionteLa cells for up to 3 h at an extracellular dose of}i,

of the negative charge number. In addition, compouhaisdé  fluorescein-labeled compouridvas only very faintly detected
(with seven SATE groups) only differ by the replacement of(data not shown). This cell line was also incubated witulD

six oxo by six thiono groups, which thus gives rise to an importan€arboxyfluorescein without showing any fluorescent signal.

increase in hydrophobicity. The fluorescein moiety was found to be stable in total cell
) extract by mass spectrum analysis (MALDI-TOF). Pro-oligos
Cellular uptake of the pro-oligos 2-6 showed a different ability for uptake when incubated with

The cellular uptake of the different fluorescein-labeled pro-oligogieLa cells for 1 h at a dose of 1M (Fig. 2). When compared

synthesized in this study was estimated directly by fluorescenagnder identical camera parameter settings, a variation in the
microscopy. The incubation of these pro-oligos was performethtensity of fluorescence entrapped within cells was obvious,
without addition of any transfecting reagent. However, todepending on the pro-oligo. In summary three main magnitudes
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Figure 3. Incubation of SATE pro-olig® (10 uM for 1 h at 37C) with Hela
cells. (A andB) Two different cells with characteristic perinuclear labeling.

D7-2F0002 D7-2F0003

of fluorescence could be observed among this series of pro-

oligos. Pro-oligo® and3 induced a very low cellular labeling Figure 4. Incubation of SATE pro-oligo$ (10 uM for 1 h) with HeLa cells at
(Fig. 2A and B, respectively), but, as low as the signal was, 87 (A andB) and £C (C andD).

could be significant when compared to the control oligonucleo-

tide. For instance, compounds 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 fluorescenc@dditionally, the toxicity of such pro-oligos was also evaluated
microscopy, Figure 2 is set to show all the oligonucleotidesy performing a MTT test (7) for 24 h at the doses used in this
Wl_th |dent|cal_ incubation and acquisition parameters. Prostydy (1 and 1uM). Despite the much longer incubation time
oligos4 and5 induced a stronger signal which could be easilyfor this toxicity assay compared to our standard incubation
detected at that dose and under our camera settings (Fig. Zfme (from 1 to 3 h), cell viability was not affected.

and D, respectively). However, pro-olig6 showed the i therefore seemed obvious that the overall lipophilicity of
strongest signal among this first series of pro-oligos (Fig. 2Bnese pro-oligos was a key factor in their uptake. However,
and F). The internalization of pro-oligé could be detected o jiminary data with pro-olig6 in the presence of 10% serum
unambiguously at lower doses, down to 100 nM (data noEeemed to indicate a decrease in uptake, as observed with cationic

shown). - : . .
lipid—phosphorothioate ol leotid I 11).
Based on the relative lipophilicity of oligok-6 (expressed Ipid-—phosphorothioate oligonucleotide complexes (11)

as their RT in Table 1), a relationship between uptake an@emperature effect on pro-oligo uptake

lipophilicity thus appeared to be a key factor in explaining thelt is commonly accepted that performing incubation assays
reported pro-oligo internalization. As the most lipophilic pro_Ohgo’with cells at low temperature (i.e°@) with soluble extracellular

oligo 6 (among compound&-6), was much more efficientl . ;
tal?en u(p by cglls, apsecond s)et of more lipophilic pro_oligos,compounds dramatically reduced the endocytosis pathway,

oligos 7-9 (see Table 1 for pro-oligo structures), was furtherhich could eventually induce their cellular uptake. To further

evaluated under identical conditions as described above. whéfvestigate the way in which SATE pro-oligos enter the cell,

uptake of this new series of pro-oligd@s9 was compared to Incubation of cells with compounl was performed at“C.
pro-oligo 6 uptake, the fluorescence signal associated with th&2asically, cells were cooled td@ for 1 h before being incubated
cells appeared to be slightly stronger for pro-oligoandg  With pre-cooled solutions of pro-oligos for 1 h. Rinsing and
(data not shown). However, the fluorescent signal for the mogarly fixation were also performed at@ before mounting the

hydrophobic pro-oligo, olig®, showed a very different pattern Slides for fluorescent microscopy observation. Despite these
(Fig. 3A and B); first, the overall fluorescent signal wasincubation procedures, substantial detection of intracellular

remarkably reduced in terms of intracellular fluorescencdluorescence could be detected without variation in its cellular
intensity and, second, general cellular labeling was vergpgublocalization. A first quantification of the internalized fluo-
punctated, mainly around the cell nucleus, thus suggestingscence indicated that >50% of the signal could still be
entrapment of this pro-oligo in the endosome pathway. Moredetected under these conditions (Fig. 4), thus excluding uptake
over, significant fluorescent punctation was also visible at th@f the pro-oligo through the endosome pathway. The hydro-
cellular membrane level (data not shown), although the solubilitphobic properties of these pro-oligos could of course suggest a
of this latter compound was assessed independently in thdirect membrane fusion process to explain their uptake. Along
incubation medium. these lines, the observed reduction in uptake at low temperature

The uptake of these pro-oligos was also evaluated in CCL 3€ould reflect a relative loss of the membrane fusion process
cells without exhibiting a different pattern in terms of fluorescentoccurring once the pro-oligos were entrapped in endosome
intensity and cellular distribution (data not shown). vesicles under standard incubation conditions.
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Figure 6. (A) The cell nucleus stained with Hoechst's reagent. Darker areas
correspond to nucleoleiB) Diffuse labeling of the cell with faint nucleolar
accumulation.

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

Figure 5. Confocal microscopy of the SATE pro-oligos on Hela cells.
(A) Confocal acquisitions of HelLa cells incubated witlu¥ of 6 for 1 h at

37°C. Confocal acquisition with @ step of 0.1um was performed. A single . .
confocal view corresponding to a meditzstep. Images were acquired with the Fluorescence microscopy after several fixation procedures

Iiggirfqgrza ;&Ze?s fgggﬁzgn%'iﬁéﬁenfj;ggv :}’astt;rgl'p'rgzgt‘fsui’zesfctsig%””edAﬂ artefactual effect in cellular internalization and/or in sublocali-
of the confocal views corresponding to the line shown by arrows in (A). Thezation due to the fixation procedure is often suggested when
scale bar in (A) indicates 50m. performing this kind of study (13). To investigate such a possibility,
various fixation procedures among those most employed were
performed in addition to the fixation with formaldehyde used
o ) in the above experiments. These included fixation with
Subcellular localization of the pro-oligos and confocal ethanol:acetic acid (95:5 v/v) and with methanol, both atG2hd
microscopy for 5 or 6 min, respectively. No variation in the rate of internal-
When cells are incubated with non-permeant molecules sud@ation of the different pro-oligos or in their sublocalization
as fluorescein-labeled oligonucleotides, a punctated area correas observed. Additionally, pro-oligbuptake was also deter-
sponding to the endosome vesicles is usually observed. It iwined in living cells without any fixation at iM after a 1 h
also accepted and has been demonstrated that once an oligasubation (Fig. 6). An identical propensity for pro-oligao
nucleotide reaches the cytosol, it should then migrate to thenter the cells was observed as diffuse labeling. A faint accu-
nucleus (12). In this study no particular pattern concerning thenulation of the pro-oligo was noticeable at the nucleolar level
intracellular route and/or distribution of the pro-oligos synthe<(Fig. 6). Similar experiments with pro-oligos-9 at 10 uM
sized here was observed. In no cases was specific labeling sfiowed intracellular fluorescence signals comparable to those
subcellular structures related to the endosome system, suchasserved after cell fixation.
perinuclear vesicles, observed under our experimental conditions. . o
Most of the compounds we used showed their associated ﬂu?f—'me course of internalization
rescence to be diffuse in the whole cell without any particulaiTo investigate a discrete sublocalization of the pro-oligo
cytoplasmic localization in general, suggesting that pro-oligaluring uptake, such as membrane- or vesicle-associated fluo-
uptake could bypass the endosome pathway. rescence, a time course experiment was performed. Basically,
Moreover, a large majority of cells incubated with pro-oligo HeLa cells were incubated with|iM pro-oligo 6 for 2, 5, 10,
6 showed fluorescence mainly concentrated in the nucleud5, 30, 45 and 60 min. Cellular fluorescence could be unam-
with nucleolar accumulation. To confirm the intracellular biguously detected after only 2 min incubation (data not
localization of pro-oligo 6, confocal microscopy was shown). However, the signal appeared to reach a maximum
performed on HelLa cells incubated withuM pro-oligo6 for  level at 10 min. Shorter than that duration no fluorescence
1 h (Fig. 5). A full series of optical sections withzastep of could be found associated with any cellular substructure,
0.1um was collected. Figure 5A shows a single confocal viewwhich favors the hypothesis of simple diffusion through the
corresponding to a mediumstep. Figure 5B is a cumulative plasma membrane due to the lipophilicity of th8u-SATE
lateral projection of the confocal views corresponding to thero-oligo. Moreover, internalization of the pro-oligo appeared
line shown by arrows in Figure 5A. Both views show theto be relatively fast.
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