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AbstractÐWe have designed and studied antisense oligodeoxynucleotides (oligonucleotides; oligos) which we call `pseudo-cyclic
oligonucleotides' (PCOs). PCOs contain two oligonucleotide segments attached through their 30-30- or 50-50-ends. One of the seg-
ments of the PCO is an antisense oligo complementary to a target mRNA, and the other is a short protective oligo that is 5±8
nucleotides long and complementary to the 30- or 50-end of the antisense oligo. As a result of complementarity between the antisense
and protective oligo segments, PCOs form intramolecular pseudo-cyclic structures in the absence of the target RNA. The antisense
oligo segment of PCOs used for the studies described here is complementary to an 18-nucleotide-long site on the mRNA of the
protein kinase A regulatory subunit RIa (PKA-RIa). Thermal melting studies of PCOs in the absence and presence of the com-
plementary RNA suggest that the pseudo-cyclic structures formed in the absence of the target RNA dissociate, bind to the target
RNA, and form heteroduplexes. The results of RNase H cleavage assays suggest that PCOs bind to complementary RNA and
activate RNase H in a manner similar to that of an 18-mer conventional antisense PS-oligo. In snake venom (a 30-exonuclease) or
spleen (a 50-exonuclease) phosphodiesterase digestion studies, PCOs are more stable than conventional antisense oligos because of
the presence of 30-30- or 50-50-linkages and the formation of intramolecular pseudo-cyclic structures. PCOs with a phosphorothioate
antisense oligo segment inhibited cell growth of MDA-MB-468 and GEO cancer cell lines similar to that of the conventional anti-
sense PS-oligo, suggesting e�cient cellular uptake and target binding. The nuclease stability studies in mice suggest that PCOs have
higher in vivo stability than antisense PS-oligos. The studies in mice showed similar pharmacokinetic and tissue distribution pro®les
for PCOs to those of antisense PS-oligos in general, but rapid elimination from selected tissues. # 1999 Elsevier Science Ltd. All
rights reserved.

Introduction

Progress in the discovery and development of antisense
oligonucleotides as therapeutic agents is continuing at a
rapid pace.1±6 For the e�ective use of an oligonucleo-
tide, it must interact with the target mRNA by Watson±
Crick base pairing, activate RNase H for mRNA clea-
vage, be stable towards nucleases, and be taken up by
cells e�ciently.2±5 Oligodeoxynucleotide phosphoro-
thioates (PS-oligos) possess all these properties and
have been studied extensively for their in vitro and in
vivo biological activity,3±10 safety,2,11±13 and pharmaco-
kinetic pro®les.13±18 The potential application of PS-
oligos as therapeutic agents is currently being evaluated

in a number of human clinical trials.3±6 In order to fur-
ther improve the potential of PS-oligos as antisense
agents, various mixed-backbone oligonucleotides
(MBOs) have been introduced and evaluated.19±23 In
MBOs, desirable properties of PS-oligos are maintained
while undesirable properties are minimized by a combi-
nation of modi®cations in oligonucleotides. MBOs con-
taining 20-O-alkylribonucleotides have been studied
extensively and have yielded promising results in terms
of biological activity and general toxicity.21,24,25 In
addition, MBOs have shown signi®cant increase in in
vivo stability compared to PS-oligos, which has allowed
administration by oral route26 and may allow less fre-
quent administration by other routes. Based on their
advantages over PS-oligos, MBOs have become the ®rst
choice of second-generation antisense oligonucleotides
and are currently being studied for their potential in
human clinical trials.

In continuation of our e�orts to improve the properties
of PS-oligos as therapeutic agents, we have considered
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structural changes in PS-oligos. In our earlier studies we
reported self-stabilized oligonucleotides, a PS-oligo
containing a hairpin loop region at the 30-end which
provided increased in vivo nuclease stability and
improved biological activity, and more importantly
improvement in toxicity compared to a PS-oligo with-
out a secondary structure at the 30-end.11,27±29 Follow
up studies by others have also yielded encouraging
results.30

To further improve the properties of PS-oligos, we
report here the design of antisense oligonucleotides
referred to as `pseudo-cyclic oligonucleotides' (PCOs).
In PCOs, two oligonucleotides are linked to each other
by a 30-30-linkage, one oligonucleotide of which is
antisense to the target mRNA and the other is a pro-
tective oligonucleotide complementary to ®ve to eight
nucleotides at the 50-end of the antisense oligonucleo-
tide (Fig. 1).

Under physiological conditions in the absence of target
mRNA, PCOs adopt an intramolecular cyclic or
pseudo-cyclic structure as a result of complementarity
between antisense and protective oligos, as shown in
Figure 1. The 30-30-linkage between protective and anti-
sense oligos provides increased nuclease stability from
the 30-end. The pseudo-cyclic structure formation at the
50-end imparts additional nuclease stability against 50-
nucleases. The PCOs may stay in linear form or hybri-
dized form (Fig. 1) depending on the temperature, salt
concentration, and length of the protective oligonucleo-
tide. If the PCO is in the intramolecular pseudo-cyclic
form, it may exhibit fewer of the polyanionic-related
side e�ects (e.g. complement activation and prolonga-
tion of partial thromboplastin time) known to occur
with PS-oligos, because there are fewer exposed phos-
phorothioate linkages. The new design is aimed to
improve pharmacokinetic and tissue distribution and
increase elimination of antisense oligos from tissues, in
addition to reducing polyanion related side e�ects,
while retaining similar biophysical, biochemical and
biological properties as that of PS-oligos.

To study the potential of PCOs, we have used a PS-
oligo (18-mer) complementary to the regulatory subunit
of PKA-RIa.31 An antisense oligonucleotide com-
plementary to this region of PKA-RIa mRNA has been
studied in detail in vitro and in vivo models31±33 and is
currently being evaluated in human clinical trials.34

Results and Discussion

The 18-mer PS-oligo (1) (Table 1) that is com-
plementary to the mRNA of regulatory subunit of pro-
tein kinase A (RIa) used in this study has been shown to
be e�ective in inhibiting the growth of various cancer
cells in vitro and the growth of tumors in mouse
xenograft models by a sequence-speci®c antisense
mechanism.31±36 We have synthesized two sets of oligo-
nucleotides that contain (1) phosphodiester backbones
in both antisense and protective oligo segments (50-50-
and 30-30-orientations), and (2) phosphorothioate back-
bone in the antisense oligo segment and phosphodiester
backbone in the protective oligo segment (30-30 orienta-
tion). The ®rst set with phosphodiester backbones in
both the oligo segments was used for evaluating pre-
liminary in vitro properties, and the second set was used
to evaluate in vitro as well as in vivo properties.

PCOs containing phosphodiester antisense segment

First, we synthesized oligo 2 (Table 1), which has an 18-
mer phosphodiester oligonucleotide (PO-oligo) as the
antisense oligonucleotide and a 6-mer as the protective
PO-oligo linked by their 50-50-ends. As a control, we
synthesized oligo 3 (Table 1), in which the antisense
oligonucleotide is the same as in oligo 2, but which
contains two mismatches in the protective PO-oligo.

Thermal melting studies. The Tm value of oligo 2 alone
was 51.9�C, whereas oligo 3 alone showed a broad
transition without a de®ned Tm value, indicating that
antisense oligonucleotide hybridizes to the com-
plementary 6-mer protective oligonucleotide and forms
an intramolecular pseudo-cyclic structure, as shown in
Figure 1. Alternately, oligo 2 can form linear tandem
and/or cyclic intermolecular complexes under experi-
mental conditions. However, the non-denaturing poly-
acrylamide gel and concentration-dependent thermal
melting experiments suggest formation of only intra-
molecular cyclic structures and not intermolecular cyclic
or linear tandem structures (data not shown). Oligo 3,
which had two mismatches in the protective oligonu-
cleotide, fails to hybridize with the antisense oligonu-
cleotide and remains in the linear form.

In the presence of the complementary RNA (50-
CUGUGAGUGAGAACAGGUGUCACCU-30), oli-
gos 2 and 3 had Tm values of 76.7 and 76.8�C, respec-
tively, suggesting that the antisense oligonucleotides of
oligos 2 and 3 hybridized to the target RNA and formed
stable heteroduplexes. The Tm values were recorded by
mixing the hybridized form of oligo 2 and the com-
plementary RNA at room temperature (21�C) rather
than heating to 85�C, and then cooling the mixture to

Figure 1. Graphical representation of oligonucleotides showing two
regions of pseudo-cyclic oligonucleotide (PCO) Ð an antisense oligo
and a protective oligo. In pseudo-cyclic form, the antisense and pro-
tective oligos of a PCO hybridize to each other. In the presence of a
complementary RNA, the PCO adopts a linear form because of the
higher stability of the heteroduplex between antisense oligo and the
target RNA.
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Table 1. Oligonucleotide sequences, secondary structures and Tms in the absence and presence of the target RNA

Oligo no. Sequencea Secondary structureb Tm (�C) in the absence and presence of RNAc

Absence Presence

1 Ð 67.7

2 51.9 74.8

3 bt 76.3

4 56.5 76.7

5 bt 76.8

6 bt 66.9

7 48.0 68.1

8 50.2 67.1

9 55.3 67.4

10 bt 68.3

11 bt 68.2

a Open and plain letters represent phosphodiester (PO) and phosphorothioate (PS) linkages, respectively; underlined bases represent mismatches.

b and represent 50-50- and 30-30-linkages, respectively.
c See Experimental for bu�er conditions; bt represents broad transition without a de®ned melting temperature.
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destabilize the intramolecular pseudo-cyclic structure of
oligo 2 to favor duplex formation with the RNA. These
results suggest that the intramolecular pseudo-cyclic
structure of oligo 2 destabilizes by itself in the presence
of the complementary RNA and forms a stable hetero-
duplex. The thermal stability of the duplex of oligo 2
and the RNA was higher than the thermal stability of
the intramolecular pseudo-cyclic structure of oligo 2
(Table 1), which would also favor destabilization of the
pseudo-cyclic structure of oligo 2.

In vitro nuclease stability. To determine if the pseudo-
cyclic form of oligo 2 confers upon it greater nuclease
stability than found with oligo 3, both oligos 2 and 3
were incubated with snake venom phosphodiesterase
(SVPD). Aliquots of the incubation mixtures were
removed at 0, 5 and 30 min, and analyzed by CGE.
Figure 2 shows that oligo 2 was relatively more stable
than oligo 3: intact oligo 2 was still detectable after
30min, whereas oligo 3 was completely degraded even
at the 5-min time point under the same experimental
conditions. These results suggest that in spite of the
presence of two 30-ends in these oligos, only oligo 2 is
more stable against the 30-exonuclease SVPD, because
of the presence of the intramolecular pseudo-cyclic
structure.

In the next step we synthesized and studied oligos 4 and
5 in which antisense and protective PO-oligos were
linked by 30-30-linkages. Oligos 4 and 5 had Tm values
similar to those of oligos 2 and 3, respectively (Table 1).
In nuclease stability experiments against spleen phos-
phodiesterase (a 50-exonuclease), oligo 4, which exists in
a pseudo-cyclic form, was more stable (as in the case of
oligo 2); oligo 5, which cannot form intramolecular
pseudo-cyclic structures, was digested completely (as in
the case with oligo 3; data not shown). These results
suggest that pseudo-cyclic structure formation provides
antisense oligonucleotides with increased stability
against exonucleases than terminally protected oligonu-
cleotides in vitro37 and in vivo.38,39

PCOs containing phosphorothioate antisense segment

Encouraged by these results, we synthesized oligos 6±9,
which consisted of 18-mer PS-oligo as the antisense oli-
gonucleotide and PO-oligo as the protective oligonu-
cleotide linked through their 30-ends (30-30-linkage) to
evaluate further for their in vitro and also in vivo prop-
erties. Although several modi®cations can be used in the
protective oligo region, in the present study we used
phosphodiester modi®cation in order not to increase the
phosphorothioate content of the oligo. The length of the
protective oligo varied from 5- to 8-mer (oligos 6±9,
respectively) (Table 1). As controls, we synthesized oli-
gos 10 and 11 containing two and three mismatches,
respectively, in the protective oligonucleotide. These
controls corresponded to oligos 6 and 9 in length. Oligo
1, an 18-mer PS-oligo without a protective oligonucleo-
tide appendage, was synthesized for comparison.

Thermal melting studies. Thermal melting studies
showed that oligo 6 alone had a broad transition,
whereas oligos 7±9 alone had Tm values of 48, 50.2 and
55.3�C, respectively. These results suggest that oligo 6,
in which the protective oligonucleotide was only ®ve
nucleotides long, did not form a stable pseudo-cyclic
structure with the 50-region of the antisense oligonu-
cleotide (PS-oligo). The stability of the pseudo-cyclic
structures of oligos 7±9, in which the length of protec-
tive oligonucleotide increased from six bases to eight
bases long, respectively, increased progressively. Oligos
10 and 11, which contained mismatches in the protective
oligo segment, showed broad melting transitions with-
out de®nitive Tm values. In the presence of the com-
plementary RNA, oligos 6±11 showed similar Tm values
(Table 1), suggesting that all oligos adopted the linear
form in the presence of RNA and formed hetero-
duplexes.

RNase H assay. Opening of cyclic structures of PCOs in
the presence of target RNA was further con®rmed by an
experiment in which oligos 6±11 were incubated with

Figure 2. Capillary gel electrophoresis pro®les of oligos 2 (left panel) and 3 (right panel) in the presence of snake venom phosphodiesterase at time
points (a) 0min, (b) 5min, and (c) 30min in both the panels. In all the panels the late eluted peak corresponds to intact oligo.
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the complementary RNA that was labeled at the 50-end
with 32P and Escherichia coli RNase H. RNase H binds
to the DNA±RNA heteroduplex and cleaves RNA at
the 30-end of the RNA of the heteroduplex.23,40 The
cleavage pattern of RNA in the presence of oligos 6±11
was similar to that of oligo 1 (Fig. 3), suggesting that
these oligos adopted a linear form in the presence of the
complementary RNA and that all oligonucleotides
formed heteroduplexes with the target RNA; these het-
eroduplexes were substrates for RNase H, which is one
of the important properties required for antisense
activity.

Inhibition of cell growth. Having established that these
oligonucleotides formed intramolecular pseudo-cyclic
structures under physiological conditions and adopted a
linear form and bound to the target in the presence of
the complementary RNA, we performed further experi-
ments to determine if the pseudo-cyclic structures would
be taken up by cells, bind to the mRNA, and ultimately
exert biological activity similar to that of oligo 1, which

does not have a protective oligo appendage and also
does not form any intramolecular structures. Studies
were carried out using oligos 1, 6 and 8 to examine
inhibition of cancer cell growth of MDA-MB-468
(breast cancer) and GEO (colon cancer) cell lines using
anchorage-dependent and anchorage-independent
assays. In these assay systems, use of lipids is not
required for delivery of oligonucleotides.41,42 In addi-
tion, we wanted to avoid the use of lipids, because PCOs
have variable polyanionic natures, and their encapsula-
tion with lipids may not be consistent. Oligo 1 has been
extensively studied against a number of cancer cell lines
and has been shown to inhibit cell growth by an anti-
sense mechanism.31±33,35,36 Results of percentage growth
inhibition using these oligonucleotides are summarized
in Figure 4. All oligonucleotides showed similar dose-
dependent growth inhibitory activity. These results
con®rm that oligos 6 and 8, which have the same anti-
sense sequence as that of oligo 1, had similar cell growth
inhibitory activity and that the protective oligonucleo-
tide portion of oligos 6 and 8 did not interfere in their
biological activity. Future studies will focus on
exploring non-sequence-speci®c activities, if any, of the
protective oligonucleotide portion with appropriate
controls.

In vivo nuclease stability. Having established that oligos
7±9 adopt intramolecular pseudo-cyclic forms under
physiological conditions, adopt a linear form in the
presence of the complementary RNA, maintain binding
a�nity to activate RNase H, and have biological activ-
ity, we were interested in examining the in vivo nuclease
stability of these oligonucleotides compared to oligo 1.
We studied three oligos, 1, 6 and 8, for their compara-
tive in vivo stability. We administered these three oligos
intravenously to mice at a dose of 50mg/kg. At 1 and
3 h after administration, blood was collected in hepar-
inized tubes and plasma samples were prepared. Oligo-
nucleotides were extracted from the plasma using the
protocols reported earlier43 and labeled with 32P using
polynucleotide kinase. The analysis of the labeled oli-
gonucleotides by polyacrylamide gel electrophoresis
showed the presence of intact as well as degradation
products of oligos 1, 6 and 8 in plasma (Fig. 5). Analysis
of the results of oligos 6 and 8 showed primarily the
presence of bands with slower mobility than intact 18-
mer oligo 1, while oligo 1 showed the presence of
degradation products, suggesting that the 30-30-linkage
between the protective and the antisense oligonucleo-
tides provides increased nuclease stability. It is worth
mentioning that degradation of oligos 6 and 8 produces
an 18-mer PS-oligonucleotide (oligo 1) that contains at
least one nucleotide attached via a 30-30-linkage as the
intermediate product, which will also provide increased
stability, even after degradation of protective oligo (see
Fig. 5).

Pharmacokinetic and tissue disposition. The above
results show that oligos 6 and 8 have increased in vivo
stability compared to oligo 1 and that the increase in
stability of oligos 6 and 8 is the result of formation of
intramolecular pseudo-cyclic structures (oligo 8) under
physiological conditions as well as protection of 30-end

Figure 3. RNase H cleavage pro®le of 50-32P-labeled RNA in the pre-
sence of oligos 1, 6, 8, 10 and 11 in lanes 2±6, respectively. Lane 1,
labeled C, represents control in the absence of antisense oligonucleo-
tide. The slowest moving band on the gel represents intact RNA.
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by 30-30-linkage (oligos 6 and 8). We undertook a pre-
liminary pharmacokinetic tissue disposition study of
oligo 8 in mice. We administered 2mg/kg of oligo 8 (a
mixture of 35S-labeled and unlabeled oligo) sub-
cutaneously to mice to understand if there are any sig-
ni®cant di�erences in pharmacokinetic and tissue
distribution pro®les compared to PS-oligos in general.
At 3, 48 and 96 h after administration, mice were
sacri®ced and liver, kidney, heart, lung and spleen were
collected. Tissues were homogenized and radioactivity
levels were quantitated. Concentration of oligo 8 based
on the radioactivity levels in tissues is presented in
Figure 6A and B. It shows that oligo 8 was distributed
to major organs and the tissue disposition pro®le was
similar to what has been reported for other PS-oligos.16±18

However, notable changes were observed in clearance
from the tissues compared with PS-oligos.6,14±16 Figure
6A shows the percentage of the administered dose dis-
tributed to liver, kidney and spleen at 3, 48 and 96 h.
Figure 6C shows more than 60% of the administered
dose was excreted in urine in 7 days. Clearance of oligo
from tissues was more rapid than what has been
observed with PS-oligos in general.6,14±16 This observa-
tion suggests that oligo 8 remains in the intramolecular
pseudo-cyclic form in tissues, interacts less with macro-
molecules, and is thereby rapidly eliminated from these
tissues. However, further studies are needed to establish
this proposal and such studies are currently underway.

Conclusions

In conclusion, our studies demonstrate that PCOs con-
taining 30-30 (or 50-50) linkages adopt intramolecular
pseudo-cyclic structures under physiological conditions
as indicated by thermal melting, and in vitro and in vivo
nuclease stability studies. These PCOs adopt a linear
form in the presence of complementary target RNA and
bind to the target RNA as indicated by thermal melting
and RNase H cleavage studies. Preliminary studies
show that PCOs maintain similar antisense activity in
cell cultures as that of a control antisense PS-oligo.
These results showed that PCOs permitted design of

Figure 5. In vivo stability of oligos 1, 6 and 8 in plasma at 1 h (lane 2)
and 3 h (lane 3) after administration to mice.

Figure 4. Inhibition of (A) anchorage-independent growth of GEO cancer cells and (B) anchorage-dependent growth of MDA-MB-468 cancer cells
by oligos 1, 6 and 8 at 0.2 mM (no shade), 0.5mM (light shade) and 1mM (dark shade).
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antisense oligos with similar biophysical and biological
properties as those of ®rst generation antisense PS-oli-
gos with favorable pharmacokinetic, tissue distribution
and rapid elimination from liver and kidney. The
advantage we foresee with PCOs is that their formation
of intramolecular pseudo-cyclic structures may allow
for less interaction with non-targeted macromolecules
(including nucleic acids and proteins) and also reduced
polyanionic-related side e�ects, and will linearize in the
presence of the target mRNA only. Further studies are
ongoing to fully evaluate the potential of PCOs as
e�ective antisense agents.

Experimental

Synthesis and analysis of oligonucleotides

The synthesis of oligonucleotides was carried out on a
1-mmol scale on a Biosearch 8900 DNA synthesizer
using deoxynucleoside-30-phosphoramidites (PE Biosys-
tems, Framingham, MA) for chain elongation from the
30- to 50-end and deoxynucleoside-50-phosphoramidites
(Glen Research, Sterling, VA) for chain elongation from
the 50- to 30-end. All oligonucleotides, except oligo 1,
were synthesized in two steps. First, oligonucleotides
(except oligos 2 and 3) were synthesized from the 50- to
the 30-end by using 30-dimethoxytrityl-deoxynucleoside-
CPG (Glen Research, Sterling, VA) and appropriate
deoxynucleoside-50-phosphoramidites using a modi®ed
RNA synthesis program in which the detritylation time
and detritylation solution volume were doubled com-
pared to the standard RNA synthesis program. The
second part of the oligonucleotides (except for oligos 2
and 3) was synthesized from the 30- to the 50-end by
using deoxynucleoside-30-phosphoramidites and a stan-
dard DNA synthesis program. Oligos 2 and 3 were
synthesized ®rst from the 30- to the 50-end, then from the
50- to the 30-end using appropriate CPG support bound
nucleoside, nucleosidephosphoramidites, and a synth-
esis program. Oligo 1 was synthesized using deoxy-
nucleoside-30-phosphoramidites and a standard DNA
synthesis program. Oxidation following each coupling

was carried out using 3H-1,2-benzodithiol-3-one-1,1-
dioxide to obtain a phosphorothioate linkage or using
iodine reagent to obtain a phosphodiester linkage as
desired. Deprotection of all oligonucleotides was com-
pleted by incubating with the concentrated ammonium
hydroxide solution at 65�C overnight. Oligonucleotides
were puri®ed using preparative polyacrylamide gel elec-
trophoresis and desalted using C18 Sep-Pak cartridges
(Waters). Analysis of the oligonucleotides was carried
out using capillary gel electrophoresis (CGE). The pur-
ity of the oligonucleotides based on A260/mass ratio
was >98%, and based on CGE was 95%, the rest being
n-1, n-2, etc. products. The concentrations of the oligo-
nucleotides were determined by measuring absorbances
at 260 nm and using extinction coe�cients, which were
calculated by the nearest neighbor method.44

Synthesis of 35S-labeled oligonucleotide

For 35S-labeling, oligo 8, which contained four H-phos-
phonate linkages at the 50-end of antisense oligonucleo-
tide, was synthesized. For labeled product, synthesis of
oligo 8 was carried out in three steps: the ®rst and sec-
ond steps were carried out as described above. In the
third step, the last four couplings were carried out using
nucleoside-H-phosphonates and H-phosphonate chem-
istry. Oxidation of the last four H-phosphonate linkages
was carried out with 35S-elemental sulfur (0.5±2.5Ci/
mg, Amersham) as reported earlier.16 35S-Labeled oligo
8 was puri®ed using preparative 20% polyacrylamide
gel electrophoresis and desalted using C18 Sep-Pak car-
tridges. The speci®c activity of oligo 8 obtained was
0.2 mCi/mg.

Thermal melting experiments

Melting temperatures of oligonucleotides alone and in
the presence of complementary RNA were determined
in a bu�er containing 100mM NaCl, 2mM MgCl2,
0.1mM Na2EDTA, and 10mM sodium phosphate,
pH 7.4.22,23 Each oligonucleotide was taken alone or
mixed with complementary RNA (50-CUGUGAGU-
GAGAACAGGUGUCACCU-30) at a 1:1 ratio in an

Figure 6. Tissue disposition (A and B) and elimination in urine (C) of oligo 8 following subcutaneous administration to mice. In (A) and (B) no
shade, light shade and dark shade bars represent tissue disposition of oligo at 3, 48 and 96h, respectively, after administration to mice. The data
represent mean�SD from at least two mice.
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eppendorf tube and dried in a speed vac, and resus-
pended in 1mL of bu�er. The ®nal concentration of the
oligonucleotide and the complementary RNA was 1 mM
each. The samples containing oligo alone were heated at
85�C for 2min, and cooled immediately on ice for 5min
to allow formation of intramolecular duplexes. The
samples containing oligo with the complementary RNA
were incubated at room temperature (21�C) for 1 h.
Then the UV absorbance curves as a function of tem-
perature were recorded on a Lambda 20 UV±vis spec-
trometer (Perkin±Elmer) at 260 nm using a linear
movement multicell holder (6 cells). The temperature
was controlled by a PTP-6 Peltier System attached to
the spectrometer. The heating rate was 0.5�C/min. The
data were collected on a Dell computer interfaced with
the instrument and processed with UV-WinLab software
which came with the instrument. The melting tempera-
tures (Tms) were measured from ®rst derivative curves.
Each Tm value was an average of at least two measure-
ments and the reproducibility was within�1.0�C.

Nuclease-stability of oligonucleotides

One A260 unit of oligonucleotide was heated to 90�C for
2min in a bu�er containing 100mM NaCl, 2mM
MgCl2, 25mM Tris±HCl, pH 7.5, and then cooled
down quickly to 0�C. The annealed samples were incu-
bated with snake venom phosphodiesterase (0.1 mg,
Boehringer Mannheim) at 37�C for 5 or 30min. The
digestion was stopped by heating to 90�C for 5min. The
digested oligos were desalted using C18 Sep-Pak car-
tridges before analysis by CGE (Model 2200, Beckman
Instruments).

RNase H mediated cleavage experiments

RNA was labeled with 32P at the 50-end using T4 poly-
nucleotide kinase (Pharmacia) and [g-32P]ATP (Amer-
sham), as reported earlier.23 Oligos 1, 6, 8, 10 and 11
were dissolved in 10 mL bu�er (30mM Hepes/KOH,
pH 8.0, 75mM KCl, 6mM MgCl2, 1.5mM DTT,
75 mg/mL BSA), heated at 85�C for 1min and then
cooled on ice for 5min. About 50,000 cpm of 32P-end
labeled RNA (50-CUGUGAGUGAGAACAGGU-
GUCACCU-30) in 4mL of water was added to the
annealed oligonucleotide in bu�er solution (10 mL),
and incubated at 37�C for 10min. E. coli RNase H
(0.65 mL of 1:10 diluted, Pharmacia) was added to the
mixture and incubated at 37�C for 10min. The reac-
tion was stopped by the addition of 1 mL of 0.5M
EDTA and 20 mL of formamide and analyzed using
20% denaturing polyacrylamide gel electrophoresis and
autoradiography.

In vivo stability of oligos

Oligos 1, 6 and 8 were administered intravenously to
CD-1 mice (20±25 g) at a dose of 50mg/kg. Blood was
collected from mice at 1 and 3 h after administration in
heparinized tubes. The plasma (100mL) was incubated
with proteinase K (60 mg, Sigma) in extraction bu�er
(0.5% SDS, 10mM NaCl, 20mM Tris±HCl, pH 7.6,
10mM EDTA) for 2 h at 60�C. The samples were

extracted twice with phenol:chloroform (1:1, v/v) and
precipitated with ethanol after addition of glycogen
(1 mg). The samples were 50-end labeled with [g-32P]ATP
(Amersham) using T4 polynucleotide kinase (10 units,
New England Biolabs) and then analyzed using 20%
denaturing polyacrylamide gel electrophoresis and
autoradiography.

Pharmacokinetics and tissue disposition

Oligo 8 was administered subcutaneously at a dose of
2mg/kg (a mixture of unlabeled and 35S-labeled oligo 8)
in 100 mL saline to CD-1 male mice (20±24 g, Charles
River, Wilmington, MA). At 3, 48 and 96 h after
administration, two mice at each time point were
euthanized by exposure to metofane (Malinkrodt
Veterinary, Mundelein) followed by cervical dislocation.
Blood was collected in EDTA containing tubes (Becton
Dickinson, Franklin Lakes, NJ). Liver, kidney, spleen,
heart and lungs were removed and blotted on a piece of
gauze, weighed and stored at ÿ20�C. For counting of
35S, 50 mL of plasma was added to 1mL TS-2 (Research
Product International, Mt Prospect, IL), swirled and
mixed with 250 mL 10% glacial acetic acid. The sample
was swirled again until uniform, then 18mL of 3a70B
scintillation cocktail (Research Product International)
was added. Samples were prepared in triplicate and
incubated overnight at room temperature before count-
ing. Pieces of tissues in triplicate, weighing between 10
and 50mg, were placed in scintillation vials to which
was added 1mL of tissue solubilized TS-2. The vials
were incubated for 2±4 h at 50�C, mixed with 250 mL of
10% glacial acetic acid; after mixing, 18mL of 3a70B
scintillation cocktail was added. The vial was again
swirled and left overnight to diminish chemilumines-
cence. The radioactivity level was counted using a
Beckman liquid scintillation counter.

Inhibition of cell growth

Cell culture: MDA-MB-468 human breast cancer cells
were procured from the American Type Culture Collec-
tion (Rockville, MD). The cells were routinely maintained
in a 1:1 (v/v) mixture of Dulbecco's modi®ed eagle's
medium (DMEM) and Ham's F12 medium supple-
mented with 10% heat-inactivated fetal calf serum,
20mM Hepes (pH 7.4 ), penicillin (100U/mL) and
streptomycin (100 mg/mL) (Flow, Irvine, UK). GEO
cells were kindly provided by Dr. M. Brattain (Baylor
College of Medicine, Houston, TX). GEO cells were
maintained in McCoy's medium supplemented with
10% heat-inactivated fetal bovine serum, 20mM Hepes
(pH 7.4), penicillin (100U/mL) and streptomycin
(100 mg/mL) in a humidi®ed atmosphere of 95% air and
5% CO2 at 37

�C.

Anchorage-dependent growth assay. The assay was car-
ried out as reported earlier.39 Typically, MDA-MB-468
cells (104 cells/well) were seeded into 48-multiwell clus-
ter dishes (Becton Dickinson, Milan, Italy) and treated
every 24 h with the indicated concentrations of oligos.
After 5 days of growth, the cells were trypsinized and
counted with a hemocytometer.
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Clonogenic assay. GEO cells (5�103 cells/well) were
seeded in 0.3% Difco bactoagar (Difco, Detroit, MI)
supplemented with complete culture, as reported ear-
lier.38 This suspension was layered over 0.5m of 0.8%
agar-medium base layer in 24-multiwell cluster dishes
(Becton Dickinson, Milan, Italy). After 12 days, the
colonies were stained with nitroblue tetrazolium, and
colonies larger than 50 mm were counted with an Artek
880 colony counter (Artek Systems, Farmingdale, NY).
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