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ABSTRACT. Antisense oligonucleotides are potentially a powerful tool for the therapeutic manipulation of
genes associated with cancer. However, pharmacological applications of oligonucleotides have been hindered by
the inability to effectively deliver these compounds to their sites of action within cells. In this study, we have
prepared peptide–oligonucleotide conjugates with the intent of improving intracellular delivery. The phospho-
rothioate oligonucleotide component of the conjugates was complementary to a site flanking the AUG of the
message for P-glycoprotein, a membrane ATPase associated with multidrug resistance in tumor cells. Two types
of peptide–antisense oligonucleotide conjugates, but not mismatched control conjugates, provided substantial
inhibition of cell surface expression of P-glycoprotein. Surprisingly, the peptide–oligonucleotide conjugates were
more potent in the presence of serum than when used under serum-free conditions; this is in striking contrast
to most other approaches for intracellular delivery of nucleic acids. Effective inhibition of P-glycoprotein
expression was attained with submicromolar concentrations of antisense conjugates under serum-replete
conditions. The combination of relatively modest molecular size and good efficacy in the presence of serum
proteins suggests that peptide–antisense oligonucleotide conjugates may have significant promise for in vivo
therapeutic applications. BIOCHEM PHARMACOL 60;1:83–90, 2000. © 2000 Elsevier Science Inc.
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Antisense oligonucleotides offer the possibility of highly
selective pharmacological manipulation of gene expression
[1–4]. This strategy may be particularly important in cancer
therapeutics, allowing the regulation of genes involved in
tumor progression or resistance to therapy [5, 6]. P-glycop-
rotein, the product of the MDR1 gene, is an ATP-driven
transmembrane pump that can expel a wide variety of drug
molecules from cells [7, 8]. Overexpression of P-glycopro-
tein in tumor cells confers a MDRi phenotype that can
impede the effectiveness of cancer chemotherapy [9, 10].
Thus, a number of approaches have been devised to attempt
to reverse the MDR phenotype, either through inhibition
of P-glycoprotein function [11] or through reduction in its
expression using molecular techniques [12, 13].

We and others have sought previously to inhibit expres-
sion of P-glycoprotein message and protein using antisense
oligonucleotides [14–18], but with only moderate success.
One of the major problems with antisense pharmacology is

the inefficient delivery of oligonucleotides to their sites of
action in the cytoplasm and nucleus [3, 19]. Most attempts
to overcome this problem have involved complexing oli-
gonucleotides with polycationic carrier entities, such as
cationic liposomes [20]. One major liability with this
approach is that most of the carrier or delivery entities
tested thus far do not function well in the presence of serum
[19, 21], although there are some exceptions to this [22]. In
addition, liposomal complexes are particulate in nature,
with sizes ranging up to microns. Thus, cationic liposome/
oligonucleotide complexes would be unlikely to work in the
in vivo milieu where plasma proteins are abundant, and
where the complexes would be subject to rapid clearance by
filtration and other mechanisms [19].

Recently, a new approach to the intracellular delivery of
large molecules has emerged. This is based on the use of
several types of “delivery peptides” that seem to have the
ability to carry large, polar molecules including peptides,
oligonucleotides, and even proteins across cell membranes.
Two examples of delivery peptides are a 35-amino-acid
sequence (“Tat”) from the HIV Tat protein [23, 24], and a
16-amino-acid sequence (“Ant”) from the Drosophila An-
tennapedia protein [25, 26]. Antennapedia-type peptides
have already been used to deliver oligonucleotides, includ-
ing peptide–nucleic acids, into neuronal cells [26, 27], but
their general applicability is unclear. Other types of pep-
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tides, containing hydrophobic motifs, have also been used
for antisense delivery [28].

Inhibition of MDR1 gene expression is a challenging task
for antisense approaches since, in highly drug-resistant
cells, the gene is amplified, the message is abundant and
stable, and the protein has a long half-life [14]. Nonethe-
less, here we report significant inhibition of P-glycoprotein
expression using conjugates formed from versions of the Tat
and Ant delivery peptides and a phosphorothioate oligo-
nucleotide that flanks the AUG site of the MDR1 message
[14]. Importantly, these peptide–oligonucleotide conju-
gates are quite effective in the presence of serum, unlike the
situation with many other nucleic acid delivery agents.

MATERIALS AND METHODS
Cells

NIH 3T3 cells transfected with a plasmid containing the
human MDR1 gene (pSK1 MDR) were a gift from M. M.
Gottesman [29]. The MDR-3T3 cells were grown in
DMEM containing 10% FBS and 60 ng/mL of colchicine in
an atmosphere of 95% air, 5% CO2.

Peptide–Oligonucleotide Conjugate Synthesis

Fluorescently labeled peptide–oligonucleotide conjugates
were synthesized via disulfide bond formation [30, 31].
Specifically, phosphorothioate 20-mer anti-MDR 59-
d(CCA-TCC-CGA-CCT-CGC-GCT-CC)-39 and mis-
match 59-d(CCA-TAC-CAA-CAT-CAC-GCT-CC)-39
deoxyoligonucleotides were derivatized with 39-Amino-
Modifier C7 and 59-Thiol-Modifier C6 S-S (Glen Re-
search) during solid phase synthesis. After ammonia depro-
tection, the 59-thiol function was activated with the 2-pyri-
dylthio (PyS) moiety [30] followed by HPLC purification of
the activated oligonucleotides. The resulting PyS-S-59-
oligo-39-NH2 compounds were coupled with a 6-fold excess
of 5 (and 6)-carboxytetramethylrhodamine N-hydroxysuc-
cinimidyl ester (TAMRA, SE) (Molecular Probes) and
subsequently were isolated by gel filtration on Sephadex
G-25. Before the final conjugation, the availability and
content of the SH groups in the peptides were assessed by
reaction with Ellman’s reagent [32]. Disulfide bond forma-
tion between the labeled PyS-activated oligonucleotides
and Tat and Ant peptides (3-fold excess) was carried out in
0.3 M KBr, 0.02 M K2HPO4 (pH 7.5), 5 M urea, 20%
CH3CN. After ion-exchange HPLC purification and de-
salting, the purity of the conjugates was assessed by HPLC
(see Fig. 1) and PAGE. Cleavage of the conjugate with
dithiothreitol regenerated the original peptide and oligo-
nucleotide.

Treatment of Cells with Peptide–Oligonucleotide
Conjugates

The experimental protocols were similar to those described
previously [15]. Briefly, MDR 3T3 cells were grown in

162-mm flasks to 95% confluency and then seeded into
100-mm dishes at 5 3 106/dish in 10% FBS/DMEM and
incubated for 24 hr. The cells were washed twice with PBS.
Peptide–oligonucleotide conjugates, oligonucleotides com-
plexed with Lipofectin (as a positive control), and oligo-
nucleotides with no delivery agent (as negative controls)
were mixed in Opti-MEM and incubated with cells at 37°
overnight. Oligonucleotide concentrations ranged from
0.05 to 1.0 mM in various experiments (see legends).

Uptake and Subcellular Distribution of
Peptide–Oligonucleotide Conjugates

Cells treated with fluorescent oligonucleotides or peptide–
oligonucleotide conjugates were harvested by trypsinization
and then examined by fluorescence microscopy or by flow
cytometry. For microscopy, cells resuspended in 1 mL of
10% FBS/DMEM were incubated for 6 hr on fibronectin-
coated cover slips. The fluorescence patterns were analyzed
on a Zeiss Axiophot equipped with a 100-W mercury lamp,
an oil immersion objective (FLUAR 40X/1.30 Oil/0.17),
and an H5546 filter. Images were captured with a slow scan
charge-coupled device 3CCD Video Camera System (Carl
Zeiss, Inc., ZVSTM3C75DE) interfaced to a PC using the
MetaMorph Imaging System (Version 3.5, Universal Imag-
ing Corp.). For flow cytometry analysis, cells were resus-
pended in 500 mL PBS and measured for the accumulation
of TAMRA marker using a Becton Dickinson flow cytom-
eter with Cicero software (Cytomation).

Pharmacological Effects of Peptide–Oligonucleotide
Treatment

Analysis of the pharmacological effects of peptide–oligo-
nucleotide conjugates was based on a previously described
assay [14] involving antisense inhibition of P-glycoprotein
expression in mouse 3T3 cells stably transfected with the
human MDR1 gene. The cell surface expression of P-
glycoprotein was determined by immunostaining and quan-
titation by flow cytometry, as described [14, 15]. Briefly, the
MRK16 anti-P-glycoprotein antibody (Kamiya Biochemi-
cals), which is directed against an external epitope, was
employed as the primary antibody. An R-phycoerythrin-
conjugated goat anti-mouse IgG (Sigma) was used as the
second antibody. The level of R-phycoerythrin fluores-
cence in viable cells (as determined by light scatter) was
quantitated using the Cicero software application (Cyto-
mation) on a Becton-Dickinson flow cytometer.

RESULTS AND DISCUSSION

Peptide–oligonucleotide conjugates joined by S-S linkages
were prepared as described above and were analyzed by
ion-exchange HPLC. The HPLC profile of the Ant-20
conjugate seen in Fig. 1 is typical for these compounds. The
chart below Fig. 1 indicates the amino acid and base
sequence for each of the conjugates used in this study, as
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well as for the parent anti-MDR phosphorothioate oligo-
nucleotide [14]. The Tat conjugate uses an active fragment
[33] of the larger Tat sequence [23]. All of the conjugates
readily dissolved in buffer, at least at the micromolar levels
used in these studies. More complete studies of the physico-
chemical properties of the peptide–oligonucleotide conju-
gates are currently underway.

As illustrated in the flow cytometry profiles in Fig. 2, the
conjugates accumulated in cells to a much greater degree

than “free” oligonucleotide (oligo-20), but to a lesser degree
than oligonucleotide complexed with a cationic lipid car-
rier. The accompanying fluorescence micrographs illustrate
that both the cationic lipid carrier (Fig. 2A) and the
peptide–oligonucleotide conjugate (Fig. 2B) resulted in
accumulation of fluorescent oligonucleotide in the cell
nucleus. In addition, punctate cytoplasmic fluorescence
indicative of endosomal vehicle was also observed with
both delivery agents, but to a greater extent with the

FIG. 1. Analysis of peptide–oligonucleotide conjugates. The figure illustrates an HPLC profile for the Ant-20 conjugate with a
TAMRA fluorophore. A Polysil CA 4 3 150 mm column was used with a linear gradient of 0.18 to 1.35 M KBr over 60 min in 0.1
M KH2PO4 (pH 6.5), 5 M urea, 25% CH3CN. The ordinates are absorbance at 251 nm (top panel, for oligonucleotide absorbance)
and 550 nm (bottom panel, for fluorophore absorbance), and the abcissa is time in minutes. The chart under the HPLC profile provides
the peptide and nucleic acid sequences of the antisense and mismatch peptide–oligonucleotide conjugates used in this study.
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FIG. 2. Analysis of the cellular uptake of oligonucleotide by MDR-3T3 cells. The left panels are fluorescence microscopy images of
the subcellular distribution of TAMRA-fluorophore-labeled oligonucleotides. The right panels are flow cytometry profiles reflecting
total cell uptake of TAMRA-fluorophore-labeled oligonucleotides. (A) Oligonucleotide 20 complexed with Lipofectin (20 mg/mL)
(positive control); (B) peptide–oligonucleotide conjugate Tat-20; (C) oligonucleotide 20 with no delivery agent (negative control). The
concentration of TAMRA-labeled oligonucleotide 20 in panels A–C was 0.5 mM. Similar patterns of uptake and subcellular
distribution were seen with the Ant-20 conjugate. In all flow cytometry profiles, the abcissa represents relative fluorescence, while the
ordinate is the number of cells at each level of fluorescence.
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peptide conjugate. Cells treated with “free” oligonucleotide
(Fig. 2C) had virtually no intracellular fluorescence.

The pharmacological effects of the peptide–oligonucle-
otide conjugates in inhibiting expression of P-glycoprotein
are illustrated in Fig. 3 for the case of the Ant-20 sample
and its controls. The expression of cell surface P-glycopro-
tein was quantitated by flow cytometry, using an antibody
that is directed to a P-glycoprotein epitope displayed on the
external surface of cells. In the experiments illustrated in
Fig. 3, the cells were exposed to the peptide–oligonucle-
otide conjugates in serum-free culture medium. The P-
glycoprotein expression profile observed in cells that were
not exposed to oligonucleotides (Fig. 3E) and the profile
observed in cells treated with a control peptide–oligonucle-
otide conjugate having a 4-base mismatch (Fig. 3F) are
essentially the same. However, in cells exposed to increas-
ing concentrations of the Ant-20 antisense peptide-oligo-
nucleotide conjugate (Fig. 3, A–C), there is a progressive
left-shift of the flow cytometry profile, indicating reduced
P-glycoprotein expression. Thus, treatment with 1 mM
Ant-20 shifts 34% of the population into the window that
encompasses the unstained control (Fig. 3D), where 1 mM
of the mismatch conjugate does not result in any significant
shift. Very similar results were obtained with the Tat-20
peptide–oligonucleotide conjugate and its controls (not
shown). Treatment with 1 mM antisense oligonucleotide
complexed with Lipofectin, a cationic lipid carrier, shifted
19% of the cell population (Fig. 3G); the unstained control
for this experiment is Fig. 3H. This degree of reduced
expression of P-glycoprotein is comparable with our previ-
ous results using this same antisense sequence and cationic
lipids [14].

We wished to evaluate whether the peptide–oligonucle-
otide conjugates would also function in the presence of
serum proteins. Thus, experiments with the Ant-20 and
Tat-20 conjugates and their controls were done, exposing
the cells to the conjugates in the presence of 10% FBS or in
serum-free medium. As seen in Fig. 4, both conjugates
caused a dramatic left-shift of the flow cytometry profiles
when used in the presence of serum. Indeed, using either
the Tat-conjugate or the Ant-conjugate, 0.1 mM peptide–
oligonucleotide conjugate was sufficient to shift over 50%
of the population into the window overlapping the un-
stained controls. The effects seen in the presence of serum
(Fig. 4, D and E) were substantially greater than in its
absence (Fig. 4, A and B). The mismatched controls had
essentially no effect (not shown). The greater effectiveness
of the peptide–oligonucleotide conjugates in serum was a
very surprising result, and stands in contrast to any other
antisense delivery approach of which we are aware. For
example, antisense oligonucleotides complexed with Lipo-
fectin are virtually without effect in the presence of 10%
serum ( [34], and data not shown).

The shape of the flow cytometry profile in Fig. 4
indicates that only a fraction of the total population was
affected by treatment with conjugates, but in that fraction
there was a dramatic reduction in P-glycoprotein expres-

sion. However, as seen in Fig. 2, most of the cells took up
the conjugate. One possible explanation is that a threshold
level must be reached before the conjugate is effective;
alternatively, there may be intrinsic heterogeneity in the
responsiveness of the cell population.

Because of the limited amount of peptide–oligonucle-
otide conjugates currently available, we have not tested the
degree to which these conjugates can affect drug resistance.
Based on previous experience [14] with anti-MDR anti-
sense, we believe that the degree of inhibition of P-
glycoprotein expression seen here would result in a 2- to
3-fold increase in drug uptake in the total cell population.
Thus, although current results are encouraging, they would
result in only a modest reversal of MDR. Use of more
potent chemically modified oligonucleotides [15] rather
than the phosphorothioates used here might further enhance
the efficacy of the peptide–oligonucleotide conjugates.

The discovery of relatively short peptide sequences that
promote the intracellular delivery of large molecules prom-
ises to open up interesting avenues for using macromole-
cules as therapeutic agents. The Tat sequence has been
shown to permit the delivery of proteins into cells [23, 35],
and the Ant sequence has been used to deliver peptides [36]
and oligonucleotide derivatives [26, 27]. The mechanism of
transmembrane delivery via the Tat and Ant peptides is
still somewhat mysterious; however, it seems likely that
neither specific cell surface receptors nor active endocytosis
is involved [25, 33].

Here we have extended the use of the Tat and Ant
delivery peptides to the challenging problem of modulating
the expression of the P-glycoprotein drug efflux pump.
Previous work from our laboratory [14, 15] and from others
[16, 17] has demonstrated the possibility of inhibition of
P-glycoprotein expression using antisense oligonucleotides.
However, current results seem to be a substantial improve-
ment over previous efforts. Perhaps most importantly, the
peptide–oligonucleotide conjugates work extremely well in
the presence of serum, unlike most other oligonucleotide
delivery agents [19]. This, coupled with the relatively small
size of these agents (MW 5 9,000–10,000), opens up
interesting possibilities for using conjugates of delivery
peptides and antisense oligonucleotides in the in vivo setting.

Another indication of the value of the peptide–oligo-
nucleotide conjugates lies in the fact that we have attained
significant inhibition of P-glycoprotein expression with
submicromolar amounts of a relatively ineffective phospho-
rothioate oligonucleotide. This is quite striking; in previous
studies, much higher levels of this same phosphorothioate
antisense compound were required when used with a
cationic lipid delivery system [14], and effects at submicro-
molar levels were attained only with novel, chemically
modified oligonucleotides such as methoxyethoxy deriva-
tives [15]. In summary, conjugates of polybasic delivery
peptides such as Tat and Ant and antisense oligonucleo-
tides may offer a promising means for inhibition of the
expression of cancer-associated genes both in cell culture
and in the in vivo milieu.
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FIG. 4. Serum dependence of antisense effects. Inhibition of P-glycoprotein expression in the absence (A–C) or presence (D–F) of
serum (10%) using peptide–oligonucleotide conjugates: Tat-20 (A and D), Ant-20 (B and E), untreated cells (C and F). The
concentration of peptide–oligonucloetide conjugates in all cases was 0.1 mM. P-glycoprotein expression was measured by flow
cytometry. The abcissa represents relative fluorescence, while the ordinate is the number of cells at each level of fluorescence. Results
are representative of several independent experiments.

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
FIG. 3. Concentration-dependent inhibition of P-glycoprotein expression using the Ant-20 conjugate. P-glycoprotein expression was
measured by immunostaining and flow cytometry after overnight incubation of MDR-3T3 cells in serum-free Opti-MEM with various
concentrations of Ant-20 conjugate or with controls. (A) 0.05 mM Ant-20; (B) 0.1 mM Ant-20; (C) 1 mM Ant-20; (D) unstained
control (no anti-P-glycoprotein antibody); (E) untreated, stained positive control cells; (F) 1 mM Ant-20 mismatch control; (G) treated
with a 1 mM concentration of the 20-mer antisense oligonucleotide complexed with Lipofectin; (H) unstained control for G. The
abcissa represents relative fluorescence, while the ordinate is the number of cells at each level of fluorescence. The numbers on the
scans represent the percent of the total population that falls into the window (window 1) that encompasses an unstained control.
Results are representative of several independent experiments.
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