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ABSTRACT To determine the mechanism of action re-
sponsible for the in vivo antitumor activity of a phosphoro-
thioate antisense inhibitor targeted against human C-raf
kinase (ISIS 5132, also known as CGP69846A), a series of
mismatched phosphorothioate analogs of ISIS 5132 or
CGP69846A were synthesized and characterized with respect
to hybridization affinity, inhibitory effects on C-raf gene
expression in vitro, and antitumor activity in vivo. Incorpora-
tion of a single mismatch into the sequence of ISIS 5132 or
CGP69846A resulted in reduced hybridization affinity toward
C-raf RNA sequences and reduced inhibitory activity against
C-raf expression in vitro and tumor growth in vivo. Moreover,
incorporation of additional mismatches resulted in further
loss of in vitro and in vivo activity in a manner that correlated
well with a hybridization-based (i.e., antisense) mechanism of
action. These results provide important experimental evi-
dence supporting an antisense mechanism of action underly-
ing the in vivo antitumor activity displayed by ISIS 5132 or
CGP69846A.

Unequivocal proof of the in vivo mechanism of action for any
drug has always been one of the greatest challenges facing the
molecular pharmacologist. This challenge is mainly due to the
difficulty in obtaining sound experimental evidence for drug
mechanisms in complex animal models or in humans. Indeed,
the mechanisms of action for many drugs that are used
routinely in the clinic today with significant therapeutic benefit
are poorly characterized. Unfortunately, without a clear un-
derstanding of a particular drug’s mechanism in vivo, improve-
ment in the drug’s pharmacological properties and advances in
the discovery of new drug classes based on novel mechanisms
of action will be greatly impeded.
Antisense oligonucleotides represent a new paradigm for

drug discovery that holds great promise for the delivery of
potent and specific drugs with fewer undesired side effects
(reviewed in refs. 1 and 2). This paradigm offers the oppor-
tunity to rapidly identify lead compounds based upon knowl-
edge of the biology of a disease process. With this knowledge,
the practitioner of antisense drug discovery can rapidly design,
synthesize, and test a series of compounds in animal models
and, because of the rational manner by which these compounds
are designed to act, can experimentally address their mecha-
nism of action in vivo with a relatively high degree of confi-
dence. The most compelling evidence to support antisense
mechanisms in living systems are (i) specific reduction in target
gene expression and (ii) gradual reduction in drug potency as
a result of incorporating increasing numbers of nonhybridizing
bases (mismatches) into the oligonucleotide (i.e., rank order
potency based on hybridization affinity). However, despite the
fact that oligonucleotides have been shown to exert potent

pharmacological activity in a variety of animal models, rigor-
ous analyses providing strong experimental evidence to sup-
port an antisense mechanism of action underlying in vivo
pharmacological activity have generally been lacking (2).
In this study, experimental evidence is provided supporting

a mechanism of action based on Watson–Crick (3) base pair
hybridization (i.e., antisense) underlying the in vivo antitumor
activity of a phosphorothioate oligodeoxyribonucleotide
(ODN) targeted against human C-raf kinase (C-raf ). Previ-
ously we have demonstrated that this ODN, ISIS 5132 (also
referred to as CGP69846A), is a potent inhibitor of tumor
growth in vivo, and its administration to tumor-bearing mice
results in reduced C-raf mRNA levels in tumors (4). We now
address the sequence specificity of ISIS 5132 by comparing the
effects of a series of mismatched analogs of this ODN on C-raf
expression in vitro and tumor growth in vivo. Our results
demonstrate a clear rank order potency that correlates with
hybridization affinity for the pharmacological effects observed
for ISIS 5132 and its mismatched analogs both in vitro and in
vivo.

MATERIALS AND METHODS

Oligonucleotide Synthesis. All oligonucleotides used in
these studies were phosphorothioate ODNs. Synthesis and
purification of phosphorothioate ODNs for tissue culture
experiments and animal studies were performed as described
(5–7). Briefly, ODNs were synthesized on an automated DNA
synthesizer (MilliGenyBiosearch model 8800 DNA synthe-
sizer) using modified phosphoramidate chemistry. For the
stepwise thiation of phosphite linkages, the oxidation step was
in 0.2 M [3H]1,2-benzodithiole-3-1,1,1-dioxide in acetonitrile.
After cleavage from the controlled pore glass and deblocking
in concentrated ammonium hydroxide at 558C (18 h), the
ODNs were purified by reverse-phase high-performance liquid
chromatography in methanolywateryNaOAc. Only ODNs
judged to be .90% full-length material by capillary gel
electrophoresis were used. The 20-mer RNA complement to
ISIS 5132, AAUGCAUGUCACAGGCGGGA, was synthe-
sized as described previously (7).
Melting Curves. Absorbance versus temperature curves

were measured at 260 nm using a Gilford Response II spec-
trophometer. The buffer contained 100 mM Na1, 10 mM
phosphate, and 0.1 mM EDTA (pH 7). ODN concentration
was 4 mM for each strand, which was determined from the
absorbance at 858C based on extinction coefficients calculated
according to Puglisi and Tinoco (8). Thermal melting temper-
ature (Tm) values, free energies of duplex formation, and
dissociation constants were obtained from fits of data to a
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two-state model with linear sloping base lines (9). Reported
parameters are averages of three experiments.
Oligonucleotide Treatment in Cell Culture. A549 lung car-

cinoma cells (10) growing on 10-cm plates at a density of
50–75% confluency were treated with ODNs in the presence
of cationic lipid (Lipofectin Reagent, GIBCOyBRL) as de-
scribed previously (4).
Northern Blot Analysis. For determination of mRNA levels

by Northern blot analysis, total RNA was prepared from cells
by the guanidinium isothiocyanate procedure (11) 24 h after
initiation of ODN treatment. Total RNA was isolated by
centrifugation of the cell lysates over a cesium chloride cushion
(4, 11). Northern blot analysis was as described previously (11).
RNA was quantitated and normalized to G3PDH mRNA
levels using a Molecular Dynamics PhosphorImager as de-
scribed (12).
Oligonucleotide Treatment in Tumor Models. Female

BALByc nude mice were obtained from Bomholtgard Breed-
ing and Research Center (Ry, Denmark) and were used when
10–12 weeks old. A549 tumor fragments were implanted
subcutaneously, and then serially passaged by a minimum of
three consecutive transplantations before the start of treat-
ment. Tumor fragments ('25 mg) were implanted subcuta-
neously into the left f lank of the animals with a 13-gauge trocar
needle under Forene anesthesia (Abbott). ODN treatments
were initiated when the tumors reached a mean tumor volume
of 100 mm3. ODNs (formulated in saline solution) were
administered intravenously daily by bolus infusion into the tail
vein at the indicated doses. Tumor volumes were calculated as
described (13). Each experimental condition included at least
five animals per group. Average tumor volumes and standard
deviations were calculated for each group and plotted.

RESULTS

We have previously identified a phosphorothioate ODN ‘‘an-
tisense-designed’’ inhibitor of human C-raf kinase (C-raf ) that
specifically inhibits the expression of C-rafmRNA and protein
in human cell lines in vitro (4). This ODN, ISIS 5132 (also
referred to as CGP69846A), designed to hybridize with 39-
untranslated sequences within human C-raf mRNA, has also
been shown to inhibit the growth of a variety of tumor types
in vivo using nude mouse tumor xenografts and to inhibit C-raf
mRNA expression in tumors in vivo (4). The sequence of ISIS
5132 is shown in Table 1.

To further address the mechanism of action of ISIS 5132, a
series of phosphorothioate analogs were synthesized contain-
ing between one and seven mismatches to the ISIS 5132
binding site (Table 1). Melting temperatures (Tm) along with
corresponding dissociation constants (Kd) were determined for
the duplexes of each of these ODNs with a 20-mer oligoribo-
nucleotide (RNA) complementary to ISIS 5132 (Fig. 1). As
expected for Watson–Crick-based nucleic-acid hybridization
(3), affinity decreased as the number of mismatches contained
within the ISIS 5132 sequence increased (Table 1). No coop-
erative binding was observed for ODNs containing more than
six mismatches.
To examine the specificity of ISIS 5132-mediated effects on

C-raf gene expression in vitro, A549 cells were treated with
either ISIS 5132 or mismatched ODNs over a range of
concentrations and C-rafmRNA levels were examined (Fig. 2).
ISIS 5132 treatment resulted in dose-dependent reduction in
C-raf mRNA levels, displaying an IC50 for this effect of '100

FIG. 1. Hybridization of phosphorothioate ODNs to a synthetic
20-mer oligoribonucleotide (RNA) corresponding to the ISIS 5132
target sequence within the 39-untranslated region of human C-raf
kinase mRNA. Indicated ODNs are described in Table 1. Absorbance
normalized at 958C versus temperature for an equimolar mixture of
antisense ODN and RNA complement. Tm values calculated from
these curves are shown in Table 1.

Table 1. Design, binding affinities, and activities of matched and mismatched phosphorothioate antisense ODNs targeted against human
C-raf kinase mRNA

ISIS
# Sequence Tm, 8C

Kd,
nM at 378C

Inhibition of C-raf
mRNA levels in
vitro (IC50, nM)

% inhibition of
tumor growth
in vivo

5132* TCCCGCCTGTGACATGCATT 59.5 0.27 100 80.6
11691 TCCCGCCTGCGACATGCATT 52.5 4.7 225 68.9
11689 TCCCGCCTGCTACATGCATT 45.9 72 500 54.4
11688 TCCCGCCTACTACATGCATT 40.2 730 1000 21.4
11687 TCCCGCCTACTTCATGCATT 35.3 3000 .1000 9.71
11686 TCCCGCCCACTTCATGCATT 30.5 .5000 .1000 0.00
11685 TCCCGCCCACTTGATGCATT 27.2 .5000 .1000 ND
10353 TCCCGCGCACTTGATGCATT .1000 0.00†

Tm and Kd were determined for the indicated phosphorothioate ODNs targeted to complementary 20-mer RNA. Underlined bases indicate
mismatches within the ISIS 5132 antisense ODN sequence, which targets RNA sequences within the 39-untranslated region of human C-raf. Kd
values for binding of oligonucleotides were calculated using G370 values derived from analyses of melting curves. Inhibition of C-raf mRNA levels
in vitro was determined by Northern blot analysis 24 h after ODN treatment, and IC50 values calculated from dose-response curves (results
representative of three independent experiments). Percent inhibition of tumor growth in vivo was determined at day 35 (see Fig. 3) by comparing
the average tumor volume in animals receiving ODNs with tumor volumes in animals not receiving ODN (saline control). ND, not determined.
Evaluation of the antitumor activity of ISIS 10353 was described previously (ref. 4). See text for methods.
*Also known as CGP69846A.
†From ref. 4.
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nM (Table 1). None of the mismatched ODNs were as potent
as ISIS 5132 in inhibiting C-raf mRNA expression. Further-
more, inhibition of C-rafmRNA levels gradually diminished as
the number of mismatches within the ISIS 5132 was increased.
No activity was observed for ODNs containing more than four
mismatches. These findings are the predicted results if the
effects of ISIS 5132 on C-rafmRNA expression were occurring
through a mechanism based onWatson–Crick hybridization to
cellular C-raf RNA.
ISIS 5132 and it’s mismatched ODN analogs were also

examined for antitumor activity in vivo against human A549
tumor xenografts. Fig. 3 shows the effects of ISIS 5132 and
mismatched ODNs containing between one and five mis-
matches on the growth of A549 tumors in mice over time.
ODNs were administered to tumor-bearing animals daily at a
dose of 0.60 mgykg. As reported previously (4), ISIS 5132 is a
potent inhibitor of tumor growth in this model. Daily admin-
istration of this ODN reduced tumor volume by '80% at day
35 after tumor implantation (Table 1). Similar to the effects
observed for the mismatched ODNs on C-raf mRNA expres-
sion in vitro, antitumor activity of ISIS 5132 was gradually
diminished as increasing numbers of mismatches were incor-
porated into the ODN (Fig. 3 and Table 1). Even the incor-
poration of a single mismatch resulted in a significant loss of
antitumor activity (80.6% versus 68.9% at day 35). No anti-

tumor activity was observed for ODNs containing more than
two mismatches.

DISCUSSION

Phosphorothioate ODNs have been reported to exert biolog-
ical effects through non-antisense mechanisms under certain
experimental conditions (reviewed in refs. 2 and 14–16). Such
studies have included both in vitro assays and, to a lesser extent,
in vivo animal models. Furthermore, it has been suggested that
the antitumor activity exerted by some phosphorothioate
ODNs may be due to either a non-sequence-related effect of
ODNs on binding to specific growth factors or a sequence-
specific effect of ODNs on stimulation of natural killer cell
activity in host animals (16–20). These reports, as well as
others (2, 14, 15), demonstrate the need to rigorously examine
the mechanism of action of a particular ODN before conclud-
ing that the pharmacological effects exerted by that ODN are
derived from an antisense mechanism of action.
Previously, we reported the identification of a phosphoro-

thioate antisense ODN (ISIS 5132 or CGP69846A) targeted
against human C-raf kinase that inhibits C-raf mRNA and
protein expression in vitro in a highly specific manner (4). We
also demonstrated potent in vivo antitumor activity for ISIS
5132 that correlated with reduced C-raf mRNA levels in

FIG. 2. Reduction in C-raf kinase mRNA levels in A549 lung carcinoma cells after treatment with ISIS 5132 and mismatched phosphorothioate
antisense ODNs. A549 cells grown in culture were treated with the indicated antisense ODNs (see Table 1) at increasing concentrations (100–1000
nM), and total RNA was prepared 24 h later and analyzed for C-raf and G3PDHmRNA levels by Northern blot analysis. (A) Northern blot analysis
of C-raf mRNA levels. ODN treatments are indicated. Concentrations used were as follows. Lanes: 1, 100 nM; 2, 200 nM; 3, 500 nM; 4, 1000 nM.
See Table 1 for ODN description. (B) Quantitation of C-raf mRNA levels shown in A after normalization to G3PDH mRNA levels. Quantitation
was performed by PhosphorImager analysis as described. Results are representative of three independent experiments.
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tumors. Furthermore, ISIS 5132 was reported to be completely
devoid of natural killer stimulatory activity (4). Although these
studies provide considerable experimental evidence for an
antisensemechanism of action underlying the in vivo antitumor
properties of ISIS 5132, additional studies addressing this issue
in greater detail were clearly warranted.
Possibly the most convincing experimental evidence to

support an antisense mechanism of action in vitro or in vivo is
rank order potency based on hybridization affinity. Although
demonstrating reduced levels of target mRNA or protein after
ODN administration is important evidence supporting anti-
sense mechanisms of action, it is clear that a variety of factors
including altered growth conditions can have marked effects
on gene expression. Thus, it is generally difficult to conclude
whether reduced tumor growth is the consequence or the cause
of reduced target gene expression.
In this study, we report on the rank order potency of

mismatched derivatives of ISIS 5132 using both in vitro and in

vivo assays. We demonstrate that the presence of a single
mismatch in the ISIS 5132 sequence results in a significantly
less potent inhibitor of C-raf mRNA expression in vitro and of
tumor growth in vivo. Moreover, incorporation of additional
mismatches results in further loss of in vitro and in vivo activity
in a manner that correlates well with a Watson–Crick (3)
hybridization-based (i.e., antisense) mechanism of action.
These results, along with the results described in our previous
studies (4), provide strong experimental evidence for an
antisense mechanism underlying the in vivo antitumor activity
displayed by ISIS 5132. More generally, these results demon-
strate the utility of antisense technology for the rational design
of pharmacological agents for therapeutic intent.
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FIG. 3. Effects of ISIS 5132 and mismatched phosphorothioate
ODNs on the growth of A549 tumors in nude mice. A549 tumors were
established subcutaneously in nude mice over a 12-day period as
described. Following establishment of tumors, indicated ODNs (see
Table 1) prepared in saline solution were administered once daily by
bolus intravenous injection at a dose of 0.60 mgykg, and tumor size was
determined and tumor volume was calculated over a 3-week period
following initiation of ODN treatment. The number of mismatches for
each ODN is indicated using the abbreviation ‘‘mis’’ for mismatch.
Each point represents the mean tumor volume in experimental groups
containing eight animals per group. Standard deviations per group at
each time point are indicated.
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