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ABSTRACT. Factors limiting the use of antisense phosphodiester oligodeoxynucleotides (ODNs) as therapeu-
tic agents are inefficient cellular uptake and intracellular transport to RNA target. To overcome these obstacles,
ODN carriers have been developed, but the intracellular fate of ODNs is controversial and strongly depends on
the means of vectorization. Polyamidoamine dendrimers are non-linear polycationic cascade polymers that are
able to bind ODNss electrostatically. These complexes have been demonstrated to protect phosphodiester ODN's
from nuclease degradation and also to increase their cellular uptake and pharmacological effectiveness. We
studied the intracellular distribution of a fluorescein isothiocyanate-labeled ODN vectorized by a dendrimer
vector and found that intracellular ODN distribution was dependent on the phase of the cell cycle, with a
nuclear localization predominantly in the G2/M phase. In addition, in order to evaluate the relevance of ODN
vectors in enhancing the inhibition of the targeted genes’ expression, we developed a rapid screening system
which measures the transient expression of two reporter genes, one used as target, the other as control and vice
versa. This system was validated through investigating the effect of the dendrimer vector on ODN biological
activity. Antisense sequence-specific inhibition of more than 70% of one reporter gene was obtained with a
chimeric ODN containing four phosphorothioate groups, two at each end. BIOCHEM PHARMACOL 58;1:95-107,
1999. © 1999 Elsevier Science Inc.
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ODNGl are being increasingly used as potential therapeutic
agents in clinical trials [1, 2]. Promising results have been
reported, particularly for the treatment of malignant cells
[3-5] and cells infected by viruses [6—8]. However, the
problems related to ODN stability in biological media and
their cellular uptake and transport to RNA targets have not
been completely resolved. Chemical modifications, espe-
cially in the phosphodiester ODN backbone, have been
performed to increase both ODN resistance to nucleases
and cellular uptake [9-11]. The phosphorothioate ODNs,
in which one non-bonding oxygen is replaced by a sulphur
atom, are the molecules most often employed as antisense
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ODNs. However, these resistant analogs pose problems
such as chirality and non-sequence-specific effects [12].
Vectorizing ODNs is a complementary approach aimed at
enhancing their efficiency. ODNs have been conjugated
with a wide series of molecules (e.g. cholesterol [13-15],
acridine [16], fusogenic peptide [17, 18]), encapsulated
within liposomes [19, 20] and immunoliposomes [21, 22],
and adsorbed on nanoparticles [23, 24], all of which have
yielded interesting results. ODNs have been demonstrated
to be protected against nuclease degradation when com-
plexed to poly-L-lysine [25] or cationic lipids [26-28].
Although some of these compounds raise problems specif-
ically related to stability in biological media and cellular
toxicity, certain molecules are promising and may ulti-
mately be used in vivo [29-31].

Among the candidates considered eligible for vectoriza-
tion of ODNs, dendrimeric structures have great potential.
Polyamidoamine dendrimers were first developed as new
delivery agents for DNA transfections [32]. They have a
spherical architecture with branches radiating from a cen-
tral core and terminating in charged amino groups. This
structure is able to complex nucleic acids, through electro-
static interactions, and to act as a buffer in the endosomal
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TABLE 1. ODN sequences used for biological assays

V. Hélin et al.

ODN Length Sequence Target Position*
AUG-B-gal 18-mer T gAyA ACG ACA TGG TGA CgT )T initiation codon B-gal 865-882
IN-B-gal 18-mer T GG TAG CGA CCG GCG CgTC internal coding region B-gal 3971-3988
AUG-GFP 18-mer TG C TCA CCA TGG TGG Cs)G(s)A initiation codon EGFP-N1 671-688
IN-GFP{ antisense  18-mer  G5A5yG CTG CAC GCT GCC G T(5,C internal coding region EGFP-N1 1198-1215
Control 21-mer  T(5,GyA ACA CGC CAT GTC GAT T, CsyT non-complementary to both plasmids

IN-GFP reverse
IN-GFP scramble
IN-GFP double

mismatch

18-mer
18-mer

18-mer Cg)T (G CCG TCG CAC GTC G g)A )G
Ti5Cis)C GCC CTG AGC TGA G5,C(s,G
GsyA (/G CTC CAC GCA GCC G, T(s,C

*The positions indicated correspond to the sequences targeted in the pCMVB-gal and pEGFP-N1 plasmids.

+This ODN sequence was also used for flow cytometry and confocal microscopy analysis with a phosphodiester analog containing an FITC group at each end.

compartment once inside cells [33]. Results obtained with
such complexes have shown that they protect phosphodi-
ester ODNs from nuclease degradation [33], improve the
cellular uptake of antisense ODNs [34, 35], and facilitate
inhibition of the expression of specific genes [36, 37].
Moreover, compared to many other ODN carriers, den-
drimeric structures offer significant advantages such as
excellent reproducibility, weak cytotoxicity, and rapid
complex formation [33, 35]. In this study we have
investigated, by flow cytometry and confocal microscopy
analyses, the effect of a dendrimeric structure (Super-
Fect™) on the uptake and intracellular distribution of a
3" and 5' labeled FITC-ODN as a function of cell cycle
phase.

In addition, the search for further chemical modifica-
tions and/or new vectors able to increase the biological
activity of ODNs is often hampered by the absence of a
rapid assay system. We have developed a rapid screening
system using two reporter genes under the control of the
same promoter to identify the biological activity of vector-
ized ODNs. One of the most interesting features of this
system is its ability to measure the inhibition of one gene’s
expression using another gene as a control for cytotoxic and
non-sequence-specific effects. The effectiveness of the den-
drimer in enhancing the biological activity of antisense
ODN s was tested using this screening system. An antisense
sequence-specific inhibition of 76% was obtained for one
reporter gene with a chimeric ODN containing four phos-
phorothioate groups, two at each end.

MATERIALS AND METHODS
Chemical and Transfecting Reagents

Ethylenediamine dihydrochloride, 1-ethyl-3(3’-dimethyl-
aminopropyl)carbodiimide, FITC isomer I, Hoechst 33342,
thymidine, 2'-deoxycytidine, and MTT (thiazolyl blue)
were purchased from Sigma. 5'-Phosphate-ON™ was pur-
chased from Clontech. Propidium iodide and CPRG were
purchased from Boehringer Mannheim. SuperFect™ (3
mg/mL) was purchased from Qiagen.

Cells and Media

HelLa (human epitheloid carcinoma cells; F. Clavel, Insti-
tut Pasteur, Paris, France) and NIH 3T3 (murine fibroblast
cells; F. Dautry, CNRS, Villejuif, France) cell lines were
grown in DMEM medium supplemented, respectively, with
10% and 5% of heat-inactivated FBS (GIBCO BRL),
streptomycin (100 wg/mL), and penicillin (100 U/mL).
The CEM-4 cell line (human T cells; A. M. Aubertin,
CNRS, Strasbourg, France) was maintained in RPMI 1640
with 10% of decomplemented FBS and antibiotics. All cell
lines were incubated at 37° in 5% CO,. The culture media,
trypsin, and PBS were pre-warmed to 37° before adding on
cells.

Plasmids and Oligonucleotides

The pCMVB-gal and pEGFP-N1 plasmids were purchased
from Clontech. The B-actin plasmid (pBACT5) was a
generous gift from Dr. F. Dautry (CNRS, Villejuif, France).
The ODNSs with two phosphorothioate bonds at the 5’ and

3" ends were synthesized and purified by Eurogentec (see

Table 1 for ODN sequences).

Synthesis and Purification of FITC-ODN

An oligonucleotide (IN-GFP antisense phosphodiester an-
alog) with a phosphate flanking the 5 and 3’ ends was
synthesized using the routine B-cyanoethyl phosphoramide
method and 5’-phosphate-ON™ as the phosphorylating
agent. A solution containing the 3’-5'-phophorylated oli-
gonucleotide (0.1-0.2 wmol) in 700 pL of water was
supplemented with 240 mg of ethylenediamine dihydro-
chloride (1.8 mmol) and 120 mg of 1-ethyl-3(3’-dimethyl-
aminopropyl) carbodiimide (0.6 mmol). The mixture was
vortexed and incubated at room temperature for 3 hr. The
oligonucleotide ethylenediamine derivative was then sepa-
rated from excess reagents by size exclusion on a NAP-10
column (Pharmacia LKB Biotechnology), followed by pre-
cipitation by adding a 10-fold excess of 2% LiClO, in
acetone. Subsequently, this derivative was dissolved in 60
pL of water and the solution was supplemented with 20 wL
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of 1 M carbonate buffer, pH 11, and 80 pL of dimethyla-
cetamide, and then 1 mg of FITC (2.5 wmol) was added.
The mixture was vortexed and incubated at room temper-
ature in the dark for 2-4 hr. The FITC-ODN conjugate
was separated from salts and free FITC by size exclusion on
a NAP-10 column and purified by 20% PAGE in the
presence of 7 M urea. The presence of an FITC group at the
ends of the ODN was confirmed by spectrophotometer
measurement. The ratio between the extinction of FITC at
490 nm and total extinction of FITC-ODN at 260 nm
corresponded to the presence of approximately two fluores-
cein residues to one ODN molecule.

Preparation of Plasmid and Oligonucleotide Complexed
to Transfecting Reagent

For the fluorescence analysis, 5 pwg of FITC-ODN was
mixed with 5 pL of SuperFect™ (15 pg) in a final volume
of 60 pL of DMEM (without FBS and antibiotics) for 10
min at room temperature. For the biological assay, 1.2 pg of
plasmids (0.8 pg of pPEGFP-N1 and 0.4 wg of pPCMVB-gal)
was mixed with 6 pwL of SuperFect™ (18 pg) in a final
volume of 150 pL of DMEM (without FBS and antibiotics)
for 10 min at room temperature. Different quantities of
ODNs (0.25 to 10 pg) were complexed to 6 pL of
SuperFect™ according to the same procedure. SuperFect™
is a dendrimeric structure presenting 140 terminal NH,
groups on its surface (sixty of which are positively charged
at pH 7) and with a molecular weight of 35,000. This
means that, for example, with 5 pg of an 18-mer ODN, the
SuperFect™/ODN charge ratio is 2/1.

Cell Transfection Protocol

The FBS used for cell transfection was always heat-inacti-
vated for 30 min at 56°. For the fluorescence analysis, cells
were seeded on 24-well plates or on Lab-Teck chambered
cover glasses (4 chambers, Nunc Inc.). The following day,
the 60 pL of the SuperFect™-FITC-ODN mixture was
diluted with 360 WL of 5% or 10% FBS in DMEM (for
HelLa and NIH 3T3 cells, respectively) and added to cells,
previously washed with PBS. For the biological assay, cells
were seeded on 6-well plates to obtain 60—80% confluency
(4.10° HeLa cells). The next day, cells were washed with
PBS and treated with the 150 pL of the SuperFect™-ODN
preparation diluted with 700 L of 10% FBS DMEM (with
antibiotics), 2 hr before the addition of the 150 pL of
SuperFect™ —plasmid mixture.

Flow Cytometry Analysis

For the flow cytometry analysis, cells were seeded on
24-well plates (8.10* HeLa and CEM-4 cells, 4.10% NIH
3T3 cells). The following day, 5 pg of FITC-ODN com-
plexed to SuperFect™ was incubated with cells for different
times. Adherent cells were trypsinized and then all cells
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were washed with PBS. Cells were centrifuged for 10 min at
400 g and resuspended in 400 pL of PBS containing 10
pg/mL propidium iodide. Mean cellular fluorescence inten-
sities for 5,000 or 10,000 viable cells (2,000 for CEM cells)
were determined on a Coulter EPICS Elite dual-laser flow
cytometer. Dead cells were excluded by two means: through
forward and side scatter gatings and by using propidium
iodide to stain the dead cells. For cell cycle measurements,
cells were resuspended in PBS containing 10 pg/mL pro-
pidium iodide and 20 wg/mL Hoechst 33342, incubated in
the dark for 30 min at 37° [38] and analyzed by dual-laser
flow cytometer. The cell cycles were obtained using the
advanced version of the Multicycle AV program developed
by P. Rabinovich (Seattle, WA, U.S.A.) and distributed by

Phoenix Flow Systems.

Confocal Microscopy Analysis
A Meridian ACAS 570 (Meridian Instruments), fitted with

an argon—ion laser and an Olympus IMT-2 inverted micro-
scope, was used for microscopy analysis. Excitation was
performed at 488 nm and the filter combination used to
detect emission was that conventionally used for fluores-
cein. The pinhole was set either at 225 or 400 (range of
40-1600) and the photomultiplier voltage at 25% for
optimal resolution. Cells were plated on Lab-Teck cham-
bered cover glasses (4 chambers) (5.10* HeLa cells and
2.10% NIH 3T3 cells). The following day, FITC-ODN
complexed to SuperFect™ was added as previously de-
scribed. After different times of incubation, cells were
washed twice with PBS, and 400 L of fresh medium was
added. Confocal microscopy analysis was then carried out
after incubating cells for different times in fresh medium.

FITC-ODN Stability Inside Cells

FITC-ODN (5 pg) delivered by SuperFect™ was incu-
bated for 16 hr with Hela cells in a 12-well plate. Cells
were washed three times with PBS, trypsinized, centrifuged,
and washed again three times with PBS. The pellet was
resuspended in 1 mL of water, vortexed, and kept for 30
min at —20°. FITC-ODN was then isolated by phenol
extraction, precipitated by adding a 10-fold excess of 2%
LiClO, in acetone, and analyzed by 20% PAGE containing
7 M urea. The gel was read using a fluoroimager (Storm

840, Molecular Dynamics).

Cell Synchronization

HeLa cells were synchronized using the double thymidine
block procedure [39]. Cells were seeded on 24-well plates
for flow cytometry analysis (8.10* cells) and on Lab-Teck
cover glass chambers (4 chambers) for flow cytometry and
confocal microscopy analysis in parallel (4.10% cells). A first
thymidine block was imposed by removing the growth
medium and providing fresh medium containing 2 mM
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thymidine. Cells were blocked for 16 hr and released from
the first block by washing with serum-free medium before
the medium was replaced with normal growth medium
containing 24 pM deoxycytidine for 9 hr. A second
thymidine block was imposed by adding serum-free medium
containing 2 mM thymidine. After 16 hr, cells were
released with normal fresh medium. The vectorized FITC-
ODN was then added to cells at different times for 4 hr of

incubation.

Biological Assay System

B-Galactosidase and green fluorescent protein [40] expres-
sion was detected 16 hr after plasmid co-transfection. Cells
were washed twice with PBS, and 400 pL of reporter lysis
buffer (Promega) was added for 15 min. Cells were then
scraped and centrifuged at 10,000 g for 15 min at 4°. For
the B-galactosidase assay, 5 wL of supernatant was mixed
with 100 L of a CPRG reaction buffer (4.6 mg/mL CPRG,
80 mM phosphate buffer pH 7.4, 0.7% B-mercaptoethanol
and 9 mM MgCl,) in a 96-well plate and incubated at 37°
for 20 min. B-Galactosidase activity was then detected by
reading the absorbance at 570 nm using an automatic
reader spectrophotometer (Dynatech Laboratories). The
amount of green fluorescent protein was directly measured
on the remaining supernatant with a spectrofluorimeter
(Kontron SEM 23/B) using a 488 nm excitation wavelength
and reading the emission at 507 nm.

mRNA Analysis

HelLa cells were treated with ODN and plasmids as previ-
ously described. Total cellular RNA was resolved on 1%
agarose gels containing 1.1% formaldehyde and transferred
to nitrocellulose membranes. The blots were then hybrid-
ized overnight with a GFP DNA probe *?P-radiolabeled
with [a-??P][dCTP by random primer labeling using a
commercially available kit (Oncor-Appligene). After wash-
ing, hybridizing bands were visualized using a phosphorim-
ager (Storm 840). The blots were then stripped of radioac-
tivity by boiling and reprobed with a **P-labeled B-actin
DNA probe to evaluate RNA loading.

Cytotoxicity Measurement

Cellular toxicity of the transfecting reagent was evaluated
under the different experimental conditions using the MTT
assay [41]. After washing cells with PBS, 100 pL of MTT (5
mg/mL in PBS) was added to each well. Cells were then
incubated at 37° for 90 min (6-well plate) or 3 hr (24-well
plate). Lysis buffer (1 mL; 10% SDS, 10 mM HCI) was then
added for an overnight incubation at 37°. After that, the
absorbance at 570 nm, which is directly correlated to cell
viability, was read.

V. Hélin et al.

RESULTS
Flow Cytometry Evaluation of Uptake Efficiency
and Kinetics

The ability of a dendrimeric structure (SuperFect™) to
facilitate ODN uptake was first evaluated on non-synchro-
nous murine fibroblast (NIH 3T3), human epitheloid
carcinoma (HelLa), and non-adherent human T lympho-
cyte (CEM-4) cell lines. Mean fluorescence was measured
taking into account only living cells. The flow cytometry
analysis showed insignificant fluorescence when the cell
lines were incubated with FITC-ODN alone. In contrast,
complexation of FITC-ODN to the transfecting reagent
strongly increased cellular fluorescence intensity in adher-
ent cell lines; the number of fluorescent cells was greater in
HeLa than in NIH 3T3 cells and the distribution around
the mean was less broad (Fig. 1). Interestingly, a small
proportion of cells exhibited a strong intensity of fluores-
cence, at least 10 times higher than the intensity of the
majority of fluorescent cells (Fig. 1, B"). This subpopulation
of intensely fluorescent cells represents 5 to 10% of the
total fluorescent cell population. The kinetics of the uptake
of FITC-ODN complexed to SuperFect™ was also evalu-
ated in HeLa cells. After 30 min, fluorescent cells could
already be detected. The percentage of fluorescent cells
increased progressively during the first 4 hr, reaching a
plateau of 80 to 90% (Fig. 2). Under our experimental
conditions, the cytotoxicity of the ODN-SuperFect™ com-
plex was found to be insignificant on HeLa cells and
approximately 30% on NIH 3T3 cells.

Investigation of Intracellular Distribution by
Confocal Microscopy

Flow cytometry analysis does not differentiate membrane-
bound from internalized fluorescence and does not indicate
precisely where fluorescence is located. The uptake analysis
was therefore completed by a confocal microscopy study on
non-synchronous Hela and NIH 3T3 cells. Uptake was
studied after different times of incubation (from 1 to 24 hr)
with FITC-ODN complexed to the dendrimer vector.
After 1 hr of incubation, ODN fluorescence was found on
the cellular membrane and inside of cells (Fig. 3A), and was
totally internal after 16 hr of incubation (Fig. 3B). These
results strongly suggested that the fluorescence observed
during flow cytometry corresponded to ODN uptake, con-
sidering that the FITC-ODN is not degraded once inside
cells (see below). Moreover, with the confocal microscope,
heterogeneity of the intracellular distribution of fluores-
cence was observed in the cell population with both
adherent cell lines, whatever the time of incubation with
vectorized FITC-ODN (from 1 to 24 hr). Two patterns of
fluorescence were detected: some cells exhibited perinu-
clear fluorescence and others showed strong nuclear fluo-
rescence (Fig. 4). The same heterogeneity of fluorescence
distribution was found in cell samples incubated for 16 hr
with vectorized FITC-ODN and analyzed at different times
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FIG. 1. Comparison of cellular fluorescence
intensities. Uptake of vectorized FITC-
ODN was determined after 16 hr of incu-
bation by flow cytometry analysis. (I) HeLa
cells: (A) control without FITC-ODN; (B)
FITC-ODN complexed to SuperFect™.
(II) NIH 3T3 cells: (A) control without
FITC-ODN; (B) FITC-ODN complexed
to SuperFect™. (III) CEM-4 cells: (A)
control without FITC-ODN; (B) FITC-
ODN complexed to SuperFect™. B’ (I, II,
and III): subpopulation of fluorescent cells
presenting a much higher level of fluores-
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after removal of the medium containing FITC-ODN (from
1 to 24 hr). Consequently, the two patterns of intracellular
distribution of fluorescence were not dependent on the
time cells were incubated with FITC-ODN or on the time
following the removal of the medium with FITC-ODN.
One of our hypotheses was that these two patterns of
fluorescence distribution observed by confocal microscopy
could be related to the difference in cellular intensity of
fluorescence detected by flow cytometry (Fig. 1, B and B).

1000

The fact that fluorescent cells were attached and pre-
sented well-demarcated cytoplasmic and nuclear mem-
branes, whatever the time of incubation with vectorized
FITC-ODN, was strong evidence of their viability. In
addition, we carried out experiments using propidium
iodide, which makes it possible to distinguish dead cells,
and fluorescent cells were found not to be stained by
propidium iodide (data not shown). No fluorescence was
detected inside cells with FITC, SuperFect™, or FITC-
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FIG. 2. Kinetics of the uptake of vectorized FITC-ODN. The
percentage of fluorescent HeLa cells was determined by flow
cytometry as a function of the time of incubation with FITC-
ODN complexed to SuperFect™.

ODN alone. FITC alone complexed to SuperFect™ pene-
trated cells, but the fluorescence distribution exhibited was
completely different from that observed with FITC-ODN.
In fact, on incubation with FITC alone, cellular fluores-
cence was not localized in the nucleus or in vesicles, but
was diffusely distributed in cells. Moreover, no significant
ODN degradation was observed when FITC-ODN, com-
plexed to SuperFect™, was extracted from HeLa cells after
16 hr of incubation and analyzed by PAGE (data not
shown). Consequently, the fluorescence observed inside
cells did not correspond to FITC alone or to degraded
FITC-ODN but rather to intact FITC-ODN.

Influence of Cell Cycle Phase on
Intracellular Distribution

A study of the cellular uptake and intracellular distribution
of FITC-ODN as a function of the cell cycle phase could
provide relevant information to explain the differences
observed in the fluorescent cell population by flow cytom-
etry and confocal microscopy. Hoechst staining was used to
determine the phase of the cell cycle by flow cytometry.
When the distribution in each phase of the cell cycle of the
subpopulation of intensely fluorescent cells (Fig. 1, B") was
compared to that of all fluorescent cells, an increase in the
percentage of cells in the G2/M phase and a decrease in the
G1 phase were observed (Fig. 5). The increased proportion
of intensely fluorescent cells in the G2/M phase was found
at all times of FITC-ODN incubation tested (Table 2), and
was reproducible from one experiment to another. Further-
more, for all fluorescent cells, the intensity of fluorescence
was determined for each phase of the cell cycle and was
found to be greater for cells in G2/M phase compared to
those in the S and G1 phases (Table 3). Moreover, the
addition of the ODN/SuperFect™ complex to cells did not
change their cell cycle distribution (data not shown).

In addition, confocal microscopy analysis showed that
dividing fluorescent cells always exhibited stronger nuclear
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FIG. 3. Localization of FITC-ODN fluorescence in cells. HeLa
cells were incubated for 1 hr (A) and 16 hr (B) with FITC-
ODN complexed to SuperFect™, and the localization of FITC-
ODN was determined by scanning with a laser confocal micro-
scope at 1 pum increments in the Z-axis from the upper surface
to the bottom of the cells (pinhole 400, range of 40-1600).
Curves A and B show the relative fluorescence intensity as a
function of the position on the Z-axis (cell membrane, from O to
3 pm and from 17 to 20 pm; inside of cell, from 3 to 17 pm).

fluorescence (Fig. 6). Considering the results obtained by
flow cytometry, the strong intensity of fluorescence of cells
in G2/M could then correspond to a nuclear FITC-ODN
localization. Consequently, the variations in cellular fluo-
rescence intensity dependent on the phase of the cell cycle
could suggest a difference in intracellular distribution. To
study this phenomenon in depth, HeLa cells were synchro-
nized with a double thymidine block, and the intracellular
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distribution of FITC-ODN was investigated by confocal
microscopy after 4 hr of incubation with cells (the phase of
the cell cycle was determined before confocal analysis by
flow cytometry in cells treated in exactly the same way).
Cells in the G2/M phase mainly exhibited nuclear fluores-
cence (Fig. 7), whereas cells in the G1 and S phases
presented a heterogeneous distribution of fluorescence.
When flow cytometry and confocal microscopy results were
compared, the intensity of fluorescence appeared to be
closely correlated with the FITC-ODN intracellular distri-
bution and dependent on the phase of the cell cycle. When
FITC-ODN was localized in the cell nucleus (G2/M
phase), the intensity of fluorescence was higher than when
it was localized in punctuated perinuclear vesicles.

Biological Activity of Vectorized ODNs

PROTEIN EXPRESSION. As shown above, the dendrimeric
structure promoted FITC-ODN uptake in different cell
lines. The antisense effect of vectorized ODNs was studied
using two plasmids coding for two different reporter genes
(B-gal and GFP). The reporter genes were under the
control of the same promoter to avoid possible bias result-
ing from an ODN interaction with the promoter region.
Four antisense ODNs were targeted on the initiation codon
(AUG-ODNE) or an internal coding region (IN-ODNs) of
each of the reporter genes (Table 1). A double mismatch, a
scramble, and a reverse sequence of one of the antisense
ODNs were tested as controls for antisense sequence
specificity (Table 1). In order to enhance ODN resistance
to nucleases, two phosphorothioate groups were introduced
at both the 3’ and the 5’ ends. The plasmids were
co-transfected simultaneously into HelLa cells using Super-
Fect™. The ODN complexed with the same transfecting
reagent was added to cells 2 hr before the plasmids. B-gal
and GFP expression was measured in the cell lysate, 16 hr
after plasmid co-transfection. The ratio between protein
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activities (R-) was determined using an ODN that was not
complementary to either plasmid (Table 1) to eliminate
possible variations in gene expression due to a polyanionic
effect caused by any short nucleic acid sequence. To
evaluate the inhibitory effect of the ODNs, the ratio
between protein activities was measured in the presence of
each ODN (Rpy)- The ratio between the above-described
ratios (Ropn/Re) allowed us to determine the inhibitory
activity of ODN. Thus, the non-targeted gene served as an
internal control for cytotoxic effects and non-sequence
specificity of the ODNs. No inhibition was observed when
the ODNs were not vectorized (data not shown). The
ODNs complexed to SuperFect™ exhibited a high inhibi-
tory efficiency (76% of GFP inhibition with 5 pg of
IN-GFP antisense). The ODNs targeting an internal cod-
ing region of each gene (IN-ODNs) were more efficient
that those targeting the initiation codon (AUG-ODNs).
When 5 pg of ODNs was complexed to SuperFect™, the
inhibition of their respective targets obtained with IN-@-
gal and IN-GFP ODNs was 54% and 76%, respectively, and
only 16% and 49% with AUG-B-gal and AUG-GFP ODNs
(SE = 8%). Different quantities of the ODN giving the best
result (IN-GFP antisense) were therefore complexed to
SuperFect™ and tested (Fig. 8). The biological effect
increased with the amount of ODN, and the dose-depen-
dent curve reached a plateau at approximately 75% inhi-
bition. Reverse and scramble ODNs presented a very weak
effect compared to the antisense ODN, and the inhibition
measured with the mismatch ODN (which contains 2
mismatches for 18 bases) reached a maximum of 34%.
Under the biological assay conditions, the cytotoxicity of
the ODN-SuperFect™ complex on HeLa cells was not
greater than 10%.

MRNA EXPRESSION. The observed inhibition of GFP
expression by IN-GFP antisense ODN was a sequence-
specific effect but did not permit us to pinpoint the
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FIG. 5. Two different cell cycle patterns in the fluorescent cell
population. (A) All fluorescent cells and (B) cells presenting a
very high intensity of fluorescence (Fig. 1, B’). HeLa cells were
incubated for 16 hr with the FITC-ODN-SuperFect™ com-
plex. The different phases of the cell cycle were determined by
flow cytometry after Hoechst staining using the Multicycle AV
program.

mechanism of ODN action. Total cellular RNA was there-
fore analyzed for the presence of GFP mRNA by Northern
blot hybridization in cells transfected with ODN and
plasmids. On blots hybridized with the GFP probe, RNA
from cells treated with control or scramble ODNs (Table 1)
migrated as a single 1 kb band, whereas two bands (around
0.6 and 0.3 kb) appeared with IN-GFP antisense ODN.
Figure 9 showed mRNA expression for different amounts of
antisense ODN, and the two bands of 0.6 and 0.3 kb
appeared clearly from 3 pg of ODN. The bands correspond-
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ing to B-actin showed that RNA loading and transfer were
approximately the same for each band.

DISCUSSION

ODN:s are capable of inhibiting or modulating the expres-
sion of target genes by an antisense mechanism or by other
mechanisms such as triplex formation or decoy, but their
activity is in part dependent on their ability to enter cells.
After penetration, ODNs must also escape lysosomal deg-
radation and proceed to interact with their RNA target.
Membrane proteins interacting with ODN have been
reported [42, 43], but these receptors are not always
sufficient to ensure the biological efficiency of ODNs,
especially in cell cultures. Consequently, carriers providing
improved ODN transport into cells deserve persistent
attention [5]. Among the eligible candidates likely to
enhance ODN efficiency, we have studied the effects of a
dendrimeric structure (SuperFect™ ) on the cellular uptake,
intracellular distribution, and biological activity of ODNs.

It has already been described that phosphodiester ODNs
labeled with an FITC group are protected in cells [34, 44];
here, we found that FITC-ODN complexed to SuperFect™
was not degraded inside cells. Consequently, the fluores-
cence observed during the different analyses corresponds to
intact FITC-ODN. The fluorescence analysis performed in
this study showed that non-vectorized ODNs were not
detected in the different cell lines used. This suggests weak
ODN uptake or even the complete absence of uptake. In
contrast, vectorized ODNs were found inside cells, and the
differences observed in uptake were dependent on the cell
line. The best results were obtained on adherent cell lines
(HeLa and NIH 3T3) (Fig. 1), where FITC-ODN uptake
was rapid and plateaued after 4 hr of incubation (Fig. 2).
Confocal microscopy analysis showed that some cells ex-
hibited a perinuclear punctuated fluorescence while others
showed obvious nuclear fluorescence (Fig. 4). These two
typical patterns of cell fluorescence have also been reported
with another dendrimeric structure and lipofectin [35].
When a kinetic study was performed by confocal micros-
copy, both types of fluorescence were observed whatever
the duration of FITC-ODN incubation with cells or the
time elapsed after removal of the medium with FITC-
ODN. This result suggests that nuclear accumulation is not
time-dependent, contrasting with results previously de-
scribed for other ODN carriers [27, 28]. The flow cytometry
analysis showed that some cells exhibited intense fluores-
cence (Fig. 1). These highly fluorescent cells presented a
greater percentage of cells in G2/M, whereas the number of
cells in Gl was lower when compared to the whole
population of fluorescent cells (Table 2). Another impor-
tant parameter is the sensitivity of FITC-ODN fluores-
cence to the acidity of the environment [45]. Vectorized
FITC-ODN may, in fact, exhibit less intense fluorescence
in vesicles with a low pH than when localized in a
compartment, such as the nucleus, with a higher pH. The
different fluorescence intensities of cells in each phase of
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TABLE 2. Comparison of the distribution of fluorescent cells in each phase of the cell cycle

Total fluorescent cellst

(B + B’ in Fig. 1)

Subpopulation of cells exhibiting a strong
intensity of fluorescencet (B’ in Fig. 1)

S S

Time* (hr) Gl (%) G2/M Gl (%) G2M
2 43.0 36.7 20.3 343 32.0 33.7

6 36.9 42.8 20.3 37.6 293 33.1

8 41.2 36.9 21.8 36.2 284 35.4
16 53.2 43.6 3.2 47.2 39.9 12.9
20 52.9 39.1 8.0 43.7 36.6 19.7
24 41.7 43.5 14.8 33.8 40.2 26.0
mean * SEM 448 £ 5.5 404 = 2.9 147 £6.1 38.8 = 4.4 344 45 268173

*HeLa cells were incubated for different times with FITC-ODN complexed to SuperFect™; cell cycle measurements were performed by flow cytometry after Hoechst staining.
1The distribution of cells in each phase of the cell cycle is compared between the total fluorescent cell population (B + B’, Fig. 1) and the subpopulation of intensely fluorescent
cells (B', Fig. 1); the % of cells in G2/M is greater for intensely fluorescent cells whatever the time of FITC-ODN incubation.

the cell cycle (Table 3) might therefore be reflecting
differences in intracellular compartmentalization of FITC-
ODN. In addition, if the various sites of fluorescence
observed by confocal microscopy are taken into account: i)
the majority of FITC-ODN in G1 and S phases might have
been localized inside endosomes or any other vesicle with
an acid environment (Fig. 4) and ii) the increased intensity
of fluorescence in the G2/M phase might have been due to
localization in the nucleus. (Fig. 7). Alterations in the
nuclear membrane during mitosis may facilitate FITC-
ODN penetration into the nucleus. Therefore, two hypoth-
eses can be formulated: i) the phase of the cell when the
ODN is delivered is the significant factor for its localiza-
tion, and there is no intracellular redistribution; and ii) the
apparent stationary level of the intracellular distribution
with time is the result of a nuclear accumulation when cells
go through the G2/M phase followed by a cytoplasmic
redistribution of ODNs. The different observations we
made show the influence of cell cycle phase on the
intracellular distribution of vectorized ODN, as previously
reported regarding the uptake of free ODN [46, 47].
Moreover, this confirms the relevance of targeting rapidly
dividing cells with antisense ODNs [48, 49]. Localization of
ODN in the nucleus could be facilitated and thus permit
the activation of RNase H-mediated degradation of the
targeted RNA [50, 51]. We also noted that the intensity of

fluorescence was higher for cells in the S phase compared to
cells in GI, which could reveal a modification of the
FITC-ODN environment at the G1/S transition.

The biological effect of ODNs complexed to the den-
drimer vector was also studied. A rapid screening system
allowing us to test compounds likely to enhance antisense
ODN effects was developed. Two different reporter genes
coding for readily measurable proteins, under the control of
the same promoter, were used. Biological ODN activity was
determined for one gene using the other gene as an internal
control of ODN specificity. In addition, a non-complemen-
tary ODN was used as a control of transfection and gene
expression. To limit the potential non-sequence-specific
effects of phosphorothioate ODNs [12] and to enhance
phosphodiester ODN ' resistance to nucleases, antisense
activity was evaluated using chimeric ODNs containing
only four phosphorothioate groups, two at each end. 18-mer
ODNs complementary to the initiation codon (AUG-
ODNs) and to an internal coding region (IN-ODNs) of the
reporter genes were tested (Table 1). The ODNs targeting
an internal region were found to be more effective. These
results confirm that the initiation codon is not always the
best target [5, 52]. Furthermore, the IN-ODN against the
GFP reporter gene appeared to be more active than the
IN-ODN against the B-gal plasmid. This might reflect
different degrees of accessibility of targeted sites in mRNAs,

TABLE 3. Fluorescence intensity of non-synchronous (I) and synchronous (II) HeLa cells in each phase of the cell cycle

1 11
Cells in G1 Cells in S Cells in G2 Cell cycle phase Mean fluorescence

Non-synchronized cells*

% of cells 48% 37% 15% Cells in S phase*¥ 4.95

Mean fluorescence 3.62 4.63 5.66 Cells in G2/M phase*¥ 6.34
Cells accumulated in

GI1 phase*f

% of cells 64% 15% 21%

Mean fluorescence 4.31 5.71 9.26

*HeLa cells were incubated for 4 hr with FITC-ODN complexed to SuperFect™; mean fluorescence of cells in each phase of the cell cycle was determined by flow cytometry

after Hoechst staining.

FTHeLa cells were treated with a double thymidine block, and cell cycle measurements were performed at different times after release from the double block.
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FIG. 6. Nuclear localization of
FITC-ODN inside a cell in mi-
tosis. HeLa cells were incubated
for 16 hr with FITC-ODN
complexed to SuperFect™ and
analyzed with a laser confocal
microscope (pinhole 400, range
of 40-1600). The figure is a
matrix of 12 optical sections of
a dividing cell scanned at 1-pm
increments along the Z-axis of
cells (pseudo-color representa-
tion: black = lower fluores-
cence < blue < green < yel-
low < red = higher fluores-
cence). The number in the
upper left corner is the position
of the section in the Z-axis.

a parameter which is very important yet difficult to predict
before cell experiments. The dependence of GFP expres-
sion on the quantity of IN-ODN reached a plateau (Fig. 8),
and the various charge ratios of the complex could account
for this. Indeed, the dose of the transfecting reagent
remains constant as the ODN dose increases, and excess
negative charges are then able to diminish uptake efficiency
[28, 35]. A GFP sequence-specific inhibition of 76% was
found with 5 pg of a chimeric ODN complexed to Super-
Fect™. In addition, the data obtained with the control
ODNs (scramble, reverse, and mismatch) support the
sequence specificity of the antisense effects observed (Fig.
8). The inhibition measured with the mismatch ODN can
be explained by the fact that its sequence differs from the

0

antisense ODN by only two bases (Table 1). In addition,
mRNA analysis was carried out to study the mechanism of
action of the efficient ODN in our screening assay system.
The two bands observed with IN-GFP antisense are fully
consistent with an RNase H-induced cleavage of the GFP
mRNA (Fig. 9). In fact, the expected size of the GFP
mRNA is around 1 kb and IN-GFP antisense targets the
1198-1215 position in the coding region. Consequently,
after cleavage by RNase H, two fragments of GFP mRNA of
0.6 and 0.4 kb should be created. The second band was
lower than expected (0.3 instead of 0.4 kb) but indeed
corresponds to the strand with a 3’ end free likely shortened
by 3’-exonucleases known to be very active in cells [27].
Consequently, this result is clear proof of an antisense

Color values
- 4095

- 3839
- 3583
- 3327
- 3071
- 2815

FIG. 7. Nuclear localization of FITC-ODN
in cells in G2/M phase. HeLa cells synchro-

- 2559
2303

2047
1791
1535
1279
1023

767

511
255

0

nized in G2/M were incubated 4 h with the
FITC-ODN-SuperFect™ complex and ana-
lysed with a laser confocal microscope. The
photograph is a 2-dimensional non-confocal
image. The nuclear fluorescence is outlined
by white arrows (in some cells the intensity
is so great that it diffuses to the cytoplasm).
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FIG. 8. Inhibition of GFP expression by vectorized ODNs.
Different quantities of IN-GFP ODNss (antisense and controls)
were complexed to SuperFect™ and incubated for 16 hr with
HeLa cells co-transfected with GFP and B-gal plasmids. The
percentage of inhibition was calculated as indicated in the text.
The IN-GFP antisense (®) and the IN-GFP controls (double
mismatch [[J], reverse [V, and scramble []) were added to cells
2 hr before the plasmid co-transfection.
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mechanism and the screening system we have described
appears to allow for the study of the biological activity and
specificity of various modified antisense ODNs and ODN
carriers.

In conclusion, we found that a dendrimeric structure
permits efficient vectorization of ODNs, giving an anti-
sense sequence-specific inhibition in the screening system
we developed. Moreover, our study confirms that flow
cytometry and confocal microscopy analyses are powerful
tools with which antisense ODN delivery and efficiency
can be optimized [34, 43, 53]. With the dendrimer vector,
the intracellular distribution of ODNss is cell cycle-depen-
dent, with nuclear localization facilitated in the G2/M
phase. Thus, if the nucleus were a privileged site for ODN
action—for example via an RNase H-dependent mecha-
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FIG. 9. Effect of vectorized ODNs on GFP mRNA. HelLa cells
were treated with different amounts of ODNs complexed to
SuperFect™ and co-transfected with plasmids. Sixteen hours
after co-transfection, cells were lysed and analyzed for transcrip-
tion of GFP and B-actin genes.

105

nism [54]—this result would have significance for the
treatment of rapidly dividing cells.
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