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ABSTRACT

In this study, we have examined the potential
of second-generation antisense chimeric 2'-O-
(2-methoxy)ethyl/DNA phosphorothioate oligonu-
cleotides (ONs) to affect cell growth through
non-antisense mechanisms. Evaluation of a series
of ONs demonstrated that only a small number were
cytotoxic atconcentrations close to thoserequired for
antisense activity. Toxicity of the ONs appeared to
be sequence dependent and could be affected by
base and backbone modifications. Caspase-3 activa-
tion occurs with some ONs and it is most likely
secondary to necrosis rather than apoptosis, since
cells treated with toxic ONs did not show chromatin
condensation, but did exhibit high-extracellular lact-
ate dehydrogenase activity. Caspase-3 activation
does not correlate with and appears not to be required
for the inhibition of cell proliferation. Toxicity was
only observed when ONs were delivered intracellu-
larly. The mechanism by which one of the most
cytotoxic ON produces cytotoxicity was investigated
in more detail. Treatment with the cytotoxic ON
caused disruption of lysosomes and Pepstatin A,
a specific inhibitor of aspartic proteases, reduced
the cytotoxicity of the ON. Reduction of lysosomal
aspartic protease cathepsin D by prior treatment
with cathepsin D-specific antisense ON did not at-
tenuate the cytotoxicity, suggesting that other aspar-
tic proteases play a crucial role in the cellular
proliferation inhibition by ONs.

INTRODUCTION

Inhibition of gene expression by antisense technology is
widely used to determine function of genes in cell culture
and in animals. In addition, there is much interest in the thera-
peutic potential of the technology with one approved antisense
oligonucleotide (ON) on the market and multiple antisense
ON s in clinical trials. The safety and tolerability of antisense
ONs in rodents, primates and man is well established
[reviewed in (1,2)]. Overall, both first- and second-generation
antisense ONs are well tolerated at therapeutically relevant
doses. In cell culture assays, one of the undesirable effects
noted is the non-antisense mediated cytotoxicity at high doses

of ONs [reviewed in (3)]. Although there is no evidence for
similar cytotoxicity occurring in vivo, cellular toxicity com-
plicates interpretation of gene functionalization experiments
in cell culture. There are reports describing non-antisense
effects of ONs that were added at high concentrations to the
culture medium of cells. First-generation phosphorothioate-
modified oligodeoxyribonucleotides have been shown to
interact with extracellular proteins such as growth factor
receptors and viral coat proteins (4,5). Other investigators
have noted that phosphorothioate oligodeoxyribonucleotides
are rather benign when added to cultured cells (6).

Most studies, currently using antisense ONs, transfect the
ONss into cells by means of cationic lipids, cationic polymers
or electroporation. There have been several studies character-
izing non-antisense effects of ONs under these conditions of
cellular delivery. Papucci and co-workers demonstrated that
lipotransfection of Rat-1""° fibroblasts with single- or double-
stranded ON’s at concentrations >20-30 uM resulted in mitotic
arrest and apoptosis independently of the sequence of ONs (7).
These concentrations are > 10-500 nM concentrations typ-
ically used for antisense experiments. Nur et al. (8) have
shown that the treatment of Balb/c 3T3 cells with phosphoro-
thioate oligodeoxyribonucleotides at concentrations of
200 nM, in the presence of cellfectin, induced apoptosis
that could be attenuated by the caspase-3 inhibitor z-
DEVD-FMK. More recently, Raffo et al. (9) have reported
that a phosphorothioate ON designed to inhibit Bcl-2 expres-
sion inhibited cell growth and generated reactive oxygen
species by a non-antisense mechanism. We have also found
that many first-generation phosphorothioate ONs inhibit cell
proliferation at high concentrations, by an apparent non-
antisense mechanism.

The last decade has brought new discoveries to the field of
antisense technology. Addition of new chemistries, such as 2’-
O-(2-methoxy)ethyl (2’-MOE) modifications has resulted in
ONs with more attractive properties, such as increased potency
and longer duration of action (10). In general, optimized
second-generation antisense ONs have been shown to reduce
their target mRNA levels at concentrations <100 nM, when
introduced into cells using cationic lipid-mediated transfection
or <10 uM when electroporated. However, there is some
variance in relative potencies based upon the cell line used.
In most cases, such treatments have no effect on cell viability,
thus appear to be better tolerated than first-generation phos-
phorothioate ONs. However, we have found that a few second-
generation ONs, some designed as controls, thus, not being
complementary to any known human gene, were observed
to substantially affect cell proliferation rate at doses of
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100-300 nM. In this report, we demonstrate that a limited
number of second-generation antisense ONs may inhibit cell
proliferation when transfected into cultured cells in a
sequence-specific manner. To provide more information on
the mechanism of antiproliferative potency of second-
generation antisense ONs, we investigated sequence and
chemistry effects on the ability of a particularly toxic ON
to affect cell growth rate as well as caspase-3 activation. In
addition, we used protease inhibitors to dissect the pathway of
cytotoxicity. Our results suggest that the transfection of a
cytotoxic ON into cell results in destabilization of lysosomes
and release of lysosomal products that activate an aspartyl
protease, resulting in the inhibition of cell proliferation. We
were also able to identify several structural elements that
contribute to the ability of ONs to activate caspase-3 and
inhibit cellular growth.

MATERIALS AND METHODS
Materials

Tissue culture cells (A549 and HepG2) were obtained from
American type culture collection (Rockville, MD). HTS
Fluorometric caspase-3 activity assay, Lab-Tek chambered
borosilicate cover glass system and protease inhibitors were
purchased from VWR (West Chester, PA). Propidium iodide
and staurosporine were products of Sigma-Aldrich (St Louis,
MO) and donkey serum was purchased from Chemicon
(Temecula, CA). CA-074 Me was obtained from Peptides
international (Louisville, KY). CyQUANT cell proliferation
kit was purchased from Molecular probes (Eugene, OR). Lipo-
fectin, DMEM and FBS were purchased from Invitrogen
(Carlsbad, CA). Donkey anti-rabbit IgG flourescein-linked
whole secondary antibody was purchased from Amersham
Biosciences (Piscataway, NJ), while antibiotic—antimycotic
(AA) mixture and Opti-MEM were purchased from Gibco
(Carlsbad, CA). Collagen type I from rat-tail was from BD
Biosciences (San Diego, CA). Anti-Fas primary antibody was
purchased from Oncogene (La Jolla, CA), while anti-cathepsin
D antibody came from Zymed laboratories (So San Francisco,
CA). GraphPad Prism was purchased from GraphPad software
(San Diego, CA). CytoTox-ONE Homogenous membrane
integrity assay kit was purchased from Promega (Madison, WI).

ON synthesis

All ONs were synthesized as described previously (10,11).
After synthesis, each ON was purified by anion exchange
chromatography and desalted by reverse phase liquid chroma-
tography. The final product was analyzed using liquid
chromatography mass spectroscopy on Agilent Series 1100
Spectrometer and capillary electrophoresis for homogeneity
and purity. The ONs were at least 90% full length and
contained not more than 10% phosphodiester. All other
impurities were <2%.

Cell culture and transfection of ONs

For Lipofectin-mediated transfection, A549 and HepG2 cells
were plated with a density of 10° cells/ml in DMEM contain-
ing 10% fetal bovine serum (FBS) and 1x AA mixture, at 37°C
in the presence of 5% CO, overnight. The following day the
media was aspirated and replaced with prewarmed Opti-MEM

containing ON-Lipofectin mixture (3 pg of Lipofectin per
100 pmol of ON). After 4 h, the transfection mixture was
exchanged for fresh DMEM+FBS+AA and cells were left
for additional 44 h at 37°C in the presence of 5% CO,.
For electroporation, cells were resuspended in prewarmed
Opti-MEM at the density 2.5 million cells/ml and aliquoted
in 100 pul fractions. ONs were directly added to these fractions
and cells were electroporated in 1 mm cuvettes with one 6 ms
pulse at 80 V. Cell were diluted to 2 x 10° cells/ml in
prewarmed DMEM+FBS+AA and incubated for 48 h at 37°C
in the presence of 5% CO,.

Cell viability, caspase-3 and LDH activity
determination

A549 or HepG2 cells were plated in collagen coated 96-well
microtiter plates, and treated with ONs the next day. Forty-
eight hours after transfection, cell viability was determined
using CyQUANT cell proliferation kit; caspase-3 activation
was measured with HTS caspase-3 activity assay and extra-
cellular LDH activity was measured with CytoTox-ONE
Homogenous membrane integrity assay kit according to the
manufacturer’s instructions.

Inhibition studies

Protease inhibitors and antioxidants were added to the trans-
fection mixture at the specified concentrations. Where applic-
able DMSO (1% final concentration) was used as a negative
control. To ensure that inhibitors did not affect transfection
process, their effects on the activity of a PTEN antisense ON
(12) to reduce PTEN expression were examined.

Immunofluorescence microscopy

AS549 cells were plated on borosilicate cover glasses and trea-
ted the next day with either ON in the presence of Lipofectin or
250 nM staurosporine. Twenty-four hours after treatment,
cells were washed twice with phosphate-buffered saline
(PBS), fixed for 10 min in 4% paraformaldehyde, washed
again twice with PBS and permeabilized for 5 min in 1:1
mixture of acetone and ethanol. After permeabilization,
cells were washed twice with PBS and incubated overnight
with a primary anti-cathepsin D antibody in 5% donkey serum/
PBS. Next day, the cells were washed twice with PBS
followed by a 1 h incubation with FITC-labeled secondary
antibody in 5% donkey serum/PBS. Cells were washed again
twice with PBS and incubated for 5 min with 5 pg/ml solution
of propidium iodide in PBS, then the cells were washed twice
with PBS and visualized in both FITC and TRITC channels on
Nikon Eclipse TE300 microscope at the magnification of 60x.

RESULTS

Second-generation antisense ONs inhibit cell
proliferation and activate caspase-3 in a
sequence-dependent manner

To investigate the cytotoxicity of second-generation antisense
ONs, we evaluated 43 ONs for effects on cell proliferation and
caspase-3 activity (Table 1). These ONs were designed not to
be complementary to any known human gene, thus all toxicity
caused by them should, in principle, be non-antisense related.



Table 1. Screening ONs for the toxicity in A549 cells
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ISIS no. Sequence % Cell number Fold caspase-3
activity
100 nM 300 nM 1 uM 300 nM

126965 CCAGGGCTGCCTCAGACACA 39.0+£6.5 148 £0.6 73+£0.6 200.6 + 15.3
128425 CCTGTGGCAGCTTCTCCTGT 56.8+3.4 212+ 1.6 89+ 14 729+ 6.5
147200 ATCTTTTGCATAGCAGCACA 659 +4.0 285+ 1.7 109 £0.7 255+39
129688 TTCGCGGCTGGACGATTCAG 820+ 1.4 36.2+5.0 93+03 24+1.6
131410 CCTGGCCATCACTGAATCCA 82.8 4.4 39.1%6.1 102 +32 89.7+3.6
145649 GCCCACTCCAGTACTTCTGA 83.4+84 416*14 9.8+ 1.0 8.6+ 1.5
146003 CGAGGTCTGAGTGATGTGGT 89.1+32 418+ 1.8 142+6.2 514+55
113529 CTCTTACTGTGCTGTGGACA 65.1 £ 1.5 45.0+4.38 119+ 1.6 62+0.8
185560 TGTCTCTTGCCTCTTCAGCA 79.1£5.0 458 £4.7 105+ 1.7 109 +£5.0
147454 GTCTGTCACCTCCAACACAT 775+2.8 469+54 121 £ 1.6 46%0.5
129686 CGTTATTAACCTCCGTTGAA 785+ 17.8 499 +£3.5 142 +38 149+38
135075 GGAGTCCATGAGGAGCTGTC 782 +28 522140 242+ 0.6 109 £ 1.1
185540 CGGTGTCTGTAGTGGCTTGA 799 +35 532+74 216 +4.1 4.0+05
120221 CTCCAGCGCCTCCACCAGGC 61.5+29 53.4+6.9 145+2.1 37.6 £ 3.0
101763 GCTTCGTCCACAGAGATCCG 858 +2.5 547+ 8.6 11.2+£43 81+1.2
129700 TAGTGCGGACCTACCCACGA 94.7+5.0 55.0+3.0 13.1£13 20+£05
129605 CCTGCTCCCTCTAATGCTGC 878 +2.4 555+1.6 13.0+£1.9 18.0+£3.7
127505 CTGCTCTCCGCATCACGCAT 66.7£3.9 55.7+£6.9 340+ 1.5 49+05
129689 GAGGTCTCGACTTACCCGCT 81.3+9.8 58.0+6.8 156 +£2.6 29+1.0
134696 GAGGCCTCCGCCAGACTCAA 88.3+4.7 59.4+55 31.0+2.7 299+ 1.6
129695 TTCTACCTCGCGCGATTTAC 90.8 £ 8.1 60.1 £3.9 109 £ 1.6 17.8 £ 2.1
129787 CAAGGTCGCACACCACCTGC 919+ 11.1 620+ 1.6 2701438 48+ 14
109197 TGCCCTCCCGGCACTGAGTG 85.6+7.0 62.4+£22 13.1+1.2 56%038
144477 CCCAGCACCTGGTTTGCCGT 90.1 £ 11.7 63.6+34 29.0£0.8 57+1.6
129698 TTTGATCGAGGTTAGCCGTG 952+ 1.6 653+23 179+23 22+0.6
122291 TATTCCACGAACGTAGGCTG 79.1 £9.1 66.4 £ 6.7 232+43 84+0.7
116948 AGCGCAGACAAACCCATCAC 81.6 + 6.4 66.4 £ 8.1 13.8£23 63.1+27
134599 ATGCAGCTTTTTGGTCAGCA 893+ 1.2 66.5+5.3 26.1 24 9.1+ 1.7
101761 TGTGGTGTGAACACATTTAA 88.9+3.0 69.1 £6.3 74+18 19.6 £ 0.7
147418 TTGAAGAGTCGCTCCCACTG 87.7+6.9 69.3+22 33.0+49 4405
129692 ACATGGGCGCGCGACTAAGT 91.9+£26 69.6 £4.3 303 +4.1 153+64
129696 ATTCGCCAGACAACACTGAC 99.2+£6.3 712 £5.1 26.6 £2.8 6.6+ 1.6
134785 AGGACCACGGGCTCCCACTC 829+ 1.1 749+ 14 31.6+32 8.6x19
219646 GCTTCTCAATGGCATTGTGG 849+ 1.2 792 +£7.7 54.1+£9.6 43+1.0
135377 TGTATCTTGGACTTCTGAGC 842+99 79.6 £2.2 36.2+4.1 150+48
199048 CCTGCTCACTCTAATGCTGC 91.8+9.7 79.7 £ 12.9 50.7+79 53%05
124189 GCCAGAAAGCTCAAACTTGA 87.3% 1.6 82.6 £4.3 252 +4.1 6.1 12
128426 CCCGTCGTTCTAAGAGAGAC 107.2 £ 12.9 83.6£0.8 30.8 £2.0 10.5+0.9
129694 GTACAGTTATGCGCGGTAGA 974+24 853 %72 346+ 4.6 74+ 1.1
105390 CTGATCATAGCGAGTAAGTA 914 +2.1 86.4+44 347+82 128+ 1.3
130358 NNNNNNNNNNNNNNNNNNNN 90.7+4.8 892+ 1.0 65.1 +3.8 14+0.3
199047 CCTGATCCCTCTAATGATGC 89.2 +8.8 90.2 £6.3 73.6 £7.6 20+0.8
129687 ACAAGCGTCAACCGTATTAT 93.0+£99 91.9+34 454 +£6.9 7.0+£27
Lipofectin only treatment 103.5+9.0 974+24 755135 12+0.2

All ONs are second-generation gapmers: they contain phosphorothioate linkers and 5-methylcytosines (nucleotides in plain font are 2’-deoxyribo, underlined: 2'-
MOE).Cells were treated with indicated doses of ONs for 44 h following 4-h transfection in the presence of Lipofectin (3 pg/ml per 100 nM ON). Cell number for each
treatment was measured with CyQUANT cell proliferation kit and untreated cell control (UTC) was assigned a value of 100%. The caspase-3 activity was measured
using HTS Fluorometric caspase-3 activity assay, the value for activity normalized for the cell number with UTC is designated as 1. All measurements have been
performed in triplicate. Mean values and standard deviations were calculated using GraphPad software. ONs are distributed in the table according to their ability to
inhibit cell proliferation at a dose of 300 nM.

Human lung carcinoma cells, A549 were treated with 100-
1000 nM of these ONS, in the presence of Lipofectin reagent.
Forty-eight hours post-treatment, cell number was measured
using CyQUANT cell proliferation kit and caspase-3 activity
was measured with a fluorometric caspase-3 activity assay
(zDEVD-AFC). This group of ONs exhibited variable effects
on cell proliferation and caspase-3 activation (Table 1). It
should be noted that the absolute value obtained for the
inhibition of cell proliferation and caspase-3 activation varied
in each experiment. However, the rank order potency
remained the same. To allow a direct comparison of the effects
of ONgs, the data presented in table were derived from a single
experiment. Most of the ONs had no significant effect on cell

viability at 100 nM, but markedly inhibited cell proliferation at
concentrations of 1 uM, which corresponded to 30 pg/ml of
Lipofectin reagent. An ON containing a random mixture of
bases at each position, ISIS 130358, had minimal effects on
cell growth and caspase activation (Table 1). ISIS 126965
caused as much as 85% reduction in cell number and was
able to induce caspase-3 activity ~200 times relatively to
untreated cell control (UTC) at a concentration of 300 nM.
ISIS 129696 reduced cell number by 30% and induced
caspase-3 activity approximately seven times relatively to
UTC at the same concentration. Lipofectin alone, used as a
negative control, had a minimal effect on cell proliferation and
caspase-3 activation at concentrations <25 pg/ml. These
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results clearly indicate that the sequence of ON plays an
important role in cytotoxicity. To test if activation of
caspase-3 correlates with antiproliferative activity, we com-
pared data obtained with CyQUANT cell proliferation and
caspase-3 activity measurement kits using GraphPad Prizm
software. Analysis of the data with linear regression failed
to demonstrate a significant correlation [* = 0.3047 and
P-value (runs test) 0.0468], indicating that caspase activa-
tion may not be directly linked to inhibition of proliferation
by ONs and vice versa.

To help put these data in perspective with regard to antisense
experiments, we performed a dose-response study to comp-
are the concentrations required to inhibit gene expression
with those that result in cytotoxicity. We selected two ONs:
ISIS 126965, an ON that came up in our screen as a potent
cell proliferation inhibitor and ISIS 129696, an ON which
was less cytotoxic. For the antisense ON, we employed ISIS
116847, a second-generation antisense ON designed to target
PTEN mRNA (12). The PTEN antisense ON failed to inhibit
PTEN expression when added to the culture media of cells
without transfection agent. Similarly, the ONs failed to produce
toxicity when added to the culture media at concentrations as
high as 50 uM (data not shown). ISIS 116847 inhibited PTEN
expression in a dose-dependent manner with an EDs, of 56 nM
when delivered to cells in the presence of a cationic lipid (Figure
1). The most toxic ON we identified, ISIS 129695 (Table 1),
exhibited an EDs of 180 nM for inhibition of cell proliferation,
while ISIS 129696 exhibited an EDs value of 600 nM for in-
hibition of cell proliferation. These values were 3- and 10-fold
greater than that required to produce a downregulation of
PTEN expression by ISIS 116847 (Figure 1). To determine if

cytotoxicity is dependent on the transfection method, we elec-
troporated the same ONs into A549 cells. Electroporation is less
efficient in delivering ONSs into the cytosol; thus, higher con-
centrations of ONs were used. The differences between doses
required to inhibit PTEN expression and those that resulted in
the inhibition of cell proliferation were better separated (Figure
1) following electroporation (10- and 30-fold), suggesting that
the cationic lipid, in part contributes to the toxicity.

Cytotoxicities of second-generation ONs are not
cell line specific

Totestifthe antiproliferative effects produced by treatment with
ON s are unique to A549 cells, we compared the toxicity profiles
following transfection with 300 nM ONs in A549 and a
human hepatocellular carcinoma cell line HepG2 (data not
shown). Using GraphPad Prizm software, a strong correlation
for the inhibition of proliferation was found [r2 = (.45,
P < 0.0001, P-value (runs test) 0.73]. We also demonstrated
agood correlation between the rank order potency for producing
cytotoxicity in HepG2 and a p53-null, hepatocellular
carcinoma cell line Hep3B (data not shown). These results
indicate that the observed cytotoxicity appears to be cell
type-independent.

Multiple (5-MeCT)-repeats may contribute to the
cytotoxicity of ONs

The results described above, suggest that ONs may inhibit
cell proliferation and induce caspase-3 activity in a sequence-
specific manner. Although there was no clearly defined motifs
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Figure 1. Dose—response of gene downregulation versus cytotoxicity of ONsin A549 cells. Cells were transfected with various amounts of either ISIS 126965 or ISIS
129696 for toxicity studies or ISIS 116847 for PTEN downregulation analysis (Lipofectin-mediated transfection or electroporation). Forty-eight hours after
transfection, the cell number was measured with CyQUANT cell proliferation kit and PTEN mRNA level was determined using Tagman quantitative

RT-PCR. Values for UTC are designated as 100%.



common to all highly cytotoxic ONs, our preliminary data
analysis indicated a possible correlation between the presence
of 5-methylcytosine-thymine (5-meCT) pairs in the sequence
of ON and cytotoxicity (i.e. ISIS 129695, 128425, 185560 and
147454). To directly test this concept, a group of ONs, con-
sisting of 5-meCT repeats was designed and synthesized. To
help rule out the possibility that these ONs affect cell prolif-
eration via inhibition of a gene expression by full or partial
hybridization, the ONs had degenerated sequence in their
ends or middle (Table 2). ISIS 269387, an ON containing
deoxy-(5-meCT)s gap with degenerated 2’-MOE wings proved
to be highly toxic in A549 cells, inhibiting cell proliferation to
~25% of control (at 300 nM) and increasing caspase-3 activity
to >700% (at 100 nM) of untreated cell control (Table 2). ISIS
269386, a 20 nt-long ON that had a degenerated 2'-deoxy gap
and flanking 2’-MOE-(5-meCT), 5 had less pronounced effects
with cell proliferation reduced by 35% and caspase-3 activity
increased by 150%. ISIS 327027, a 10mer oligodeoxyribonu-
cleotide with a sequence identical to the gap portion of ISIS
269387, failed to activate caspase-3 and inhibit cell prolifera-
tion. These results indicate that the presence of 2’-deoxy-
(5-meCT) gap is important for proliferation inhibition and
caspase-3 activation, although length of ON or presence of
2'-MOE wings may also play a role. To further define the role
of 5-meCT in producing cytotoxicity, the 5-meCT gap in ISIS
269387 was shortened (ISIS 294151-294154, Table 2). The
ONss were tested for caspase-3 activation and inhibition of cell
proliferation in A549 cells (Table 2). Regression analysis of
the data indicated a good exponential correlation between
caspase-3 activation by ON and its oligodeoxyribonucleotide
5-meCT content (> = 0.98). No clear correlation between the
number of 5-meCT pairs in the gap of ON and its ability to

Table 2. Test of the involvement of (5-meCT),, motif in the cytotoxicity of ON

ISIS no.  Sequence % Cell % Caspase-3
number activity
(300 nM) (100 nM)
327027  CTCTCTCTCT 90.8 +5.7 94.9 +26.0
269386 ~ CTCTCNNNNNNNNNNCTCTC 65.6 + 1.6 162.8 +29.8
269387  NNNNNCTCTCTCTCTNNNNN 228+32  7347x37.0
294151  NNNNNNTCTCTCTCNNNNNN  67.8 £5.8  384.6 +42.5
294152 NNNNNNNCTCTCTNNNNNNN 614 +3.8 2349 £ 16.0
294153 ~ NNNNNNNNTCTCNNNNNNNN  47.0 + 3.0 1753 £19.5
294154 ~ NNNNNNNNNCTNNNNNNNNN  50.1 +2.9 123.6 + 12.6
294155  NNNNNNTCTCTCTCTNNNNN 554 +6.3 4675 %24.1
294156  NNNNNCNCTCTCTCTNNNNN  57.7+10.6 408.0 £24.8
294157  NNNNNCTNTCTCTCTNNNNN 556+ 11.5 239.1 +£26.9
294158  NNNNNCTCNCTCTCTNNNNN 442+ 12 4233 %575
294159  NNNNNCTCTNTCTCTNNNNN  68.8 £ 12.6 721.8 £44.9
294160  NNNNNCTCTCNCTCTNNNNN 451 +33  766.6 £31.3
294161  NNNNNCTCTCTNTCTNNNNN 742+97 2902 x114
294162  NNNNNCTCTCTCNCTNNNNN  385+26 4928 £81.3
294163  NNNNNCTCTCTCTNTNNNNN 723 +45  476.0 £52.3
294164  NNNNNCTCTCTCTCNNNNNN  68.7+9.8  598.1 £ 54.8
327858  NNNNNCTCTCTCTCTNNNNN 77.0+10.0 151.0%+11.0

Nucleotides in plain font are 2’-deoxyribo, underlined: 2’-MOE; non-5-methy-
lated cytosines are initalics. A549 cells were treated with indicated doses of ONs
for 44 h following 4-h transfection in the presence of Lipofectin (3 pg/ml per
100 nM ON). Cell number for each treatment was measured with CyQUANT
cell proliferation kit and caspase-3 activity was measured using HTS Fluoro-
metric caspase-3 activity assay. Untreated cell control (UTC) was assigned a
value of 100%. All measurements have been performed in triplicate. Mean
values and standard deviations were calculated using GraphPad software.
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affect cellular proliferation was detected. Next, the gap in ISIS
269387 was ‘sequentially degenerated’ i.e. every 5-meC or
T was replaced by N (G,A,T or 5-meC), resulting in ONs
ISIS 294155-294164 (Table 2). Overall, there was no specific
5-meC or T within the gap that contributed to cytotoxic-
ity, although replacement of the 5-meC at position 12 (ISIS
294161) did appear to reduce toxicity significantly (Table 2).
To determine if methylation of cytosines contributed to cyto-
toxicity, the 5-meC in the gap were replaced with unmodified
cytosine in the ISIS 269387 sequence (ISIS 327858). Replace-
ment of 5-meC with C decreased caspase-3 activation and
inhibition of cell proliferation of the treated cells (Table 2).

Identification of chemical moieties involved in the
cytotoxicity of ONs

To better understand the effect of chemical modifications on
cytotoxicity of the ONs, we performed a structure—activity
relationship (SAR) study of ONs derived from ISIS
126965, a cytotoxic ON. Derivatives of ISIS 129605, a mildly
toxic ON, were used as controls (Table 3).

Sequence changes. Sequence changes in the deoxyribo-gap of
ISIS 126965 (ISIS 327862 and ISIS 330690) had dramatic
effects on the caspase-3 induction and modest effects on in-
hibition for cell proliferation, while substitutions in the 2’-O-
methoxyethyl flanking sequences had less pronounced effect,
with ISIS 330691 retaining partial activation of caspase-3.

Table 3. Structure—activity relationship (SAR) study

ISIS no.  Sequence % Cell % Caspase-3
number activity
(300 nM) (100 nM)
126965 CCAGGGCTGCCTCAGACACA 27+3 2408 + 347
327862 CCAGGGATGCATCAGACACA  45+5 265 + 30
330690 CCAGGATCATTCTGAACACA 59+7 67 £23
330691 TTGAAGCTGCCTCAGGTGTG 53+6 669 + 68
327859 CCAGGGCTGCCTCAGACACA 49+6 1943 + 759
327860 CCAGGGCTGCCTCAGACACA 79 £ 11 1464 + 64
327861 CCAGGGCTGCCTCAGACACA 28 +4 372 £ 18
330686 CCAGGGCTGCCTCAGACACA 71 +38 120 + 42
330687 CCAGGGCTGCCTCAGACACA 43+ 10 769 + 36
330689 CCAGGGCTGCCTCAGACACA 56+3 116 £ 17
330692 CCTGGGCTGCCTCTGACACA S51+16 276 + 17
330693 CCAGGGCTGCCTCAGACACA 76 £7 119 £ 10
330694 CCAGGGCTGCCTCAGACACA 25+4 2008 * 189
sil26965 ccagggcugccucagacaca 86x11 109 £ 25
ggucccgacggagucugugu
129605 CCTGCTCCCTCTAATGCTGC 60+ 11 156 + 31
189525 CCTGCTCCCTCTAATGCTGC 55+13 104 £ 51
194563 CCTGCTCCCTCTAATGCTGC 51+£2 67 £ 31
199041 CCTGCTCCCTCTAATGCTGC 38+3 148 + 103
199043 CCTGCTCCCTCTAATGCTGC 37+3 504 £51
199044 CCTGCTCCCTCTAATGCTGC 36 +3 444 £ 89
199046 CCTGCTCCCTCTAATGCTGC 48+ 6 207 + 26

Nucleotides in plain font are 2'-deoxyribo, single underlined: 2’-MOE; double
underlined are 2'-OMe; 2'-ribonucleotides are in small font. Non-5-methylated
cytosines are in italics, nucleotides liked by phosphodiester are in boldface.
A549 cells were treated with indicated doses of ON for 44 h following 4-h
transfection in the presence of Lipofectin (3 pg/ml per 100 nM ON). Cell
viability was assessed by CyQUANT cell proliferation kit, caspase-3 activity
was measured using HTS Fluorometric caspase-3 activity assay. In both cases,
values for UTC were designated as 100%. All measurements have been per-
formed in triplicate. Mean values and standard deviations were calculated using
GraphPad software.
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Interestingly a version of ISIS 126965 with degenerated 2'-
MOE wings had toxicity profile similar to its parent (data not
shown), supporting that the fact that oligodeoxyribonucleotide
portion of ON contributes to cytotoxicity. These results also
suggest that the effects of ISIS 126965 are not antisense-
mediated.

Base modifications. In agreement with results described
above, substitution of 5-methylcytosines with unmethylated
cytosine nucleotides in the ISIS 126965 sequence (ISIS
327859, ISIS 327860) led to a decrease in the anti-proliferative
effects of the ON, which changes in a gap containing more
pronounced effect.

Linker modifications. Replacement of the phosphorothioate
modification with phosphodiesters in the 2'-MOE wings
(ISIS 330694) did not decrease the anti-proliferative effect,
but did decrease caspase activation. We did not modify the
phosphorothioate linkers for the oligodeoxyribonucleotides in
the middle of the ON due to the concerns that loss of stability
would make interpretation of results difficult (13).

Ribose modifications. Replacement of the deoxy nucleosides
with 2’-O-methyl (ISIS 330686) or 2’-MOE (ISIS 330689)
nucleosides reduced both caspase activation and anti-prolifer-
ative effects, with caspase activation most dramatically affec-
ted. A uniform phosphorothioate oligodeoxyribonucleotide
(ISIS 330687) was also less toxic than the chimeric parent.
Distribution of the 2'-MOE throughout the sequence,
while keeping the same number of 2’-MOE and 2'-
deoxyribonucleotides (ISIS 330693) also reduced toxicity
compared with ISIS 126965. Replacement of 2'-MOE
wings with 2’-OMe (ISIS 327861) significantly decreased
the potential of ON to activate caspase-3, with its antiproli-
ferative potency staying the same. The fact that uniform 2'-
deoxyribo (ISIS 199043) and 2'-OMe gapmer (ISIS 199044)
versions of control ON ISIS 129605 were more toxic than their
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parent clearly indicates that 2’-MOE gapmers are not neces-
sarily more toxic than their full 2’-deoxy or 2'-OMe gapmer
counterparts. As a matter of fact, we found in several cases that
a replacement of 2’-MOE wings with 2’-OMe rendered non-
toxic ON quite toxic. For example, ISIS 322173, a 2'-OMe
analog of ISIS 199047 (see Table 1), decreased cell viability
down to 33% of UTC (versus 90% for ISIS 199047) at the dose
of 300 nM plus Lipofectin, and was 10-fold more potent in
caspase-3 activation than its 2’-MOE counterpart. The 2'-MOE
modification is significantly more stable than the 2'-OMe
modification; thus, the increased toxicity of ISIS 126965
compared with ISIS 327861 and ISIS 330687 may be, in
part, explained by being more stable in cells.

To help support that the cytotoxicity observed for ISIS
126965 was not due to an antisense effect, we tested an
siRNA variant (si126965) and found it to be not toxic at
the doses tested in both assays (Table 3). The data presented
demonstrates that the toxicity of ON depends not only on its
sequence, but also on its chemistry.

Time course of cytotoxicity and caspase-3 activation

The kinetics of caspase activation and antiproliferative effects
were analyzed following treatment of A549 cells with ISIS
129695 and 129696. A549 cells were transfected with 300 nM
of ONs in the presence of Lipofectin and cells were analyzed at
various times after transfection; Lipofectin reagent alone and
transfection media (Opti-Mem) were used as negative con-
trols. Lipofectin alone did not affect proliferation rate, com-
pared with a 4 h Opti-Mem treatment. Treatment with ISIS
129696 slows cell growth up to 3 days. After that time cells
resume normal growth rate. Cells treated with ISIS 126965
exhibited dramatic reduction in proliferation rate at all tested
time points (Figure 2A). Treatment of cells with ISIS 129696
slightly increased caspase-3 activity compared with controls.
Caspase-3 activity sharply rose at 12 h post-treatment with

——ISIS 126965 ——1SIS 129696
500+
400+
3004
2004
100+
O- I 1 I 1
0 25 50 75 100 125
Time (hr)

Figure 2. Time course of cell growth and caspase-3 activation after transfection with ONs. A549 cells were treated with Opti-Mem alone, Lipofectin (9 pg/ml)
in Opti-MEM or with 0.3 pM of ISIS 126965 or ISIS 129696 in the presence of Lipofectin (3 pg/ml per 100 nM ON). Cells were collected at 12, 24, 36, 48, 74 and
98 h after the beginning of the transfection. (A) Cell number was measured with CyQUANT cell proliferation kit. (B) Caspase-3 activity was measured using HTS
caspase-3 activity assay. The data are presented in relative fluorescence units (RFU).



ISIS 126965, peaked at 60 h and by the end of experiment
decreased, almost down to the levels in cells transfected with
ISIS 129696 (Figure 2B). This decrease in caspase activity
could be due to the consumption of caspase-3.

Treatment with toxic ONs leads to necrosis rather
than apoptosis

Although cytotoxic ONs induce an increase in caspase-3
activity in cells, it was not clear if this was a direct pro-
apoptotic effect of the ON versus a secondary activation of
caspases resulting from necrosis. We analyzed A549 cells
treated with our most toxic ON ISIS 126965 for chromatin
changes. No chromatin condensation was observed 30 or 60 h
post-treatment (data not shown). On the other hand, treatment
resulted in more than a 50-fold increase over untreated cell
control in extracellular lactate dehydrogenase (LDH) activity
(Table 4). In general, there was good correlation between the
ability of ON to inhibit cell proliferation and their potency to
increase the extracellular levels of LDH. The fact that toxic
ONs cause release of LDH activity suggests that treatments
induce necrosis in A549 cells.

Treatment with ISIS 126965 causes the disruption
of lysosomes

Although the molecular mechanisms by which cationic lipids
or electroporation introduce ONs into the cytosol of cells is
poorly understood, it has been suggested that cationic lipids/
ON complexes may initially be endocytosed with the ON
escaping endosomal/lysosomal structures (14,15). Several
cytotoxic substances have been demonstrated to act through
disruption of lysosomes (16). To test if transfection of cells
with ISIS 129695 leads to the destabilization of lysosomes, we
monitored the localization of cathepsin D, a lysosomal pro-
tease, in A549 cells treated with either 300 nM of ISIS 126965
or ISIS 130358 in the presence of Lipofectin. Staurosporine
was used as a positive control (17). Twenty-four hours after
transfection, the cellular localization of cathepsin D was
detected using immunofluorescence microscopy. In untreated
cells and cells treated with non-toxic ON, cathepsin D
was localized in vesicular structures in the cytoplasm.
Staining pattern for cathepsin D in cells treated with either

Table 4. Treatment of A549 cells with toxic ONs leads to increase in
extracellular LDH activity

Treatment Fold LDH activity
Lipofectin 14+0.2

ISIS 199047 1.5+04

ISIS 129696 1.8£0.1

ISIS 116948 69+22

ISIS 199044 262 +2.1

ISIS 367861 52.1%6.1

ISIS 126965 523+ 1.1

ISIS 269387 118.7 + 18.6

A549 cells were treated with 300 nM of various ONs in the presence of Lipo-
fectin (3 pg/ml per 100 nM ON) or Lipofectin alone, 48 h after transfection,
extracellular LDH activity was measured with CytoTox-ONE Homogenous
membrane integrity assay kit. The value for activity normalized for the cell
number with UTC is designated as 1. All measurements have been performed in
triplicate. Mean values and standard deviations were calculated using GraphPad
software. ONs are distributed in the table according to their ability to activate
extracellular LDH at a dose of 300 nM.
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staurosporine or ISIS 126965 was different from untreated
cells. In both cases, there was an increase in staining intensity
for cathepsin D in the cytosol with a diffuse cytosolic staining
apparent, indicating that both treatments lead to the translo-
cation of cathepsin D into cytosol (Figure 3). Both treatments
also resulted in the release of FITC-dextran from vesicular
cytosolic structures to cytosol in A549 cells that were pre-
loaded prior to treatment (data not shown).

Role of cellular proteases in the proliferation
inhibition by ONs

Although our data suggests that there was not a good correla-
tion between inhibition of cell proliferation and activation of
caspase-3, we wanted to determine if inhibition of this
caspase had a protective effect. Treatment of cells with 100 nM
z-DEVD-FMK completely inhibited caspase-3 activity (data

Propidium lodide Cathepsin D Antibody

Figure 3. Treatment of A549 cells with staurosporine or ISIS 126965 releases
cathepsin D from lysosomes. A549 cells (A) untreated or treated with (B)
250 nM of staurosporine, (C) 0.3 uM of ISIS 130358 in the presence of
Lipofectin (3 pg/ml per 100 nM ON) or (D) 0.3 uM of ISIS 126965 in the
presence of Lipofectin (3 pg/ml per 100 nM ON), were simultaneously stained
24 h after transfection with propidium iodide and anti-cathepsin D FITC-
labeled antibody and examined by fluorescent microscopy.
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not shown) and reduced the anti-proliferative effects of
doxorubicin and anti-Fas monoclonal antibody, but failed to
rescue A549 cells treated with 300 nM of toxic ON (Table 5).
Other caspase inhibitors, (z-VAD-FMK, Boc-D-FMK,
z-YVAD-FMK, z-VDVAD-FMK, z-WEHD-FMK, z-VEID-
FMK, z-IEDT-FMK and z-LEHD-FMK) also failed to attenu-
ate the anti-proliferative effects of ISIS 129695 (data not
shown).

Lysosomal proteases can also play an important role in the
cell death process (18). To assess the involvement of two such
proteases, cathepsins B and D, in the toxicity of ONs, we
treated A549 cells with a group of ONs in the presence of
CA-074 and Pepstatin A, inhibitors of cathepsins B and D,
respectively. CA-074 failed to demonstrate any protective
effects at 100 uM, as a matter of fact, it decreased cell viab-
ility. Pepstatin A, on the other hand, attenuated the toxicity of
ONs (Table 6). To determine if cathepsin D plays a role in
cellular proliferation inhibition by ONs, we identified a spe-
cific antisense ON to cathepsin D. This antisense ON inhibited
cathepsin D expression by >80% at a dose of 100 nM in the
presence of Lipofectin, as measured by western blot and qRT-
PCR (data not shown). Our results indicated that the reduction
in cellular cathepsin D levels had no effect on the ability of
ISIS 129695 to affect the growth rate (data not shown). There
are two possible explanations for this result. First, it is possible
that 80% reduction in cathepsin D may not be adequate or
second, since Pepstatin A was demonstrated to inhibit other

Table 5. Inhibition of caspase-3 cannot attenuate the toxicity of ONs in
A549 cells

Treatment % Control cell number

No inhibitor z-DEVD-FMK
Anti-Fas Ab 64.1 £2.7 1124+ 1.9
Doxorubicin 575123 89.8+7.8
ISIS 126965 20.5+3.7 21.0+ 3.4

Cells were treated for 4 h in the presence or absence of 100 uM z-DEVD-FMK
with 50 ng/ml of mouse monoclonal anti-human Fas antibody, 0.5 pM
doxorubicin or 300 nM ISIS 126965 in the presence of Lipofectin (3 pg/ml
per 100 nM ON) in Opti-Mem for 4 h. Then, transfection mixture was replaced
with fresh media and 48 h after the beginning of transfection, the cell number
was measured with CyQUANT cell proliferation kit. All measurements have
been performed in triplicate. Mean values and standard deviations were
calculated using GraphPad software. The value for UTC is designated as 100%.

Table 6. Pepstatin A, but not CA-074 attenuates the toxicity of ONs in
A549 cells

Sample No inhibitor CA-074 Pepstatin A
UTC 100 £9.3 89.9 +14.9 106.1 + 14.3
ISIS 126965 20.8 £3.1 128 +3.8 74.0 £ 4.7
ISIS 199044 39.0 £ 10.5 26.0 £ 6.1 67.0 £20.8
ISIS 199046 82.5+18.6 773 +17.8 99.9 +11.5

Cells were treated for 4 hin the presence or absence of either 100 uM CA-074 Me
or Pepstatin A Me with 300 nM of various ONSs in the presence of Lipofectin
(3 pg/ml per 100 nM ON) in Opti-Mem for 4 h. Then, transfection mixture was
replaced with fresh media and 48 h after the beginning of transfection, the cell
number was measured with CyQUANT cell proliferation kit. All measurements
have been performed at least in triplicate. Mean values and standard deviations
were calculated using GraphPad software. The value for UTC is designated
as 100%.

aspartic proteases besides cathepsin D (19-22), another aspartic
protease may be responsible for the toxicity of ISIS 126965.

DISCUSSION

While using various second-generation antisense ONs in cell
culture for in vitro gene functionalization experiments, we
noted that occasionally an ON would exhibit effects on cell
viability that appeared to be independent of an antisense mech-
anism of action. We did not observe a correlation between
cellular toxicity of ONs and toxicities in mice (data not
shown), suggesting that the effects may be limited to cell
culture. Nevertheless, antisense ONs are widely used in cell
culture experiments and recognition that these effects occur is
important in interpreting results, even if limited to a
few sequences. Phosphorothioate oligodeoxyribonucleotides
inhibit cell proliferation at concentrations 2- to 3-fold higher
than required to inhibit target gene expression. In this paper,
we present a study of in vitro toxicity of second-generation
antisense ONs, 2'-MOE phosphorothioate gapmers. These
ONs have several advantages over first-generation phospho-
rothioate oligodeoxyribonucleotides, including increased
potency, longer duration of action and decreased immune
stimulation in animals (10,23,24). In addition, we have
found that they tend to produce less non-specific cytotoxic
effects on cultured cells than first-generation ONs.

Our results suggest that only a small number of 2’-MOE
modified ONs that we tested inhibit cell proliferation and
activate caspase-3, at the concentration of 100 nM, which is
at the high end of concentrations used for antisense experi-
ments. These effects were not due to synthetic impurities in
tested ONs, since different preparations of the same ON
behaved similarly in our assays. Although, we cannot unequi-
vocally rule out that the effects of the cytotoxic ONs are not
due to the inhibition of a target gene by antisense and antisense
mechanism, our results suggest the effects are not antisense
mediated. First, the ONs used in the study were designed so
that they were not complementary to known human mRNAs,
although, several ONs had three mismatches to human genes.
Second, concentrations required to produce effects on cell
proliferation are 3- to 30-fold higher than those typically
required to inhibit target gene expression. Third, the observed
toxicity of degenerate ONs supports a non-antisense mechan-
ism. Fourth, an siRNA consisting of the same sequence as ISIS
129695 failed to exhibit cytotoxicity. We have published pre-
viously that there is a good correlation between sites on a
target RNA that work for RNase H-dependent ONs and
siRNA ONs (25). Finally, some of the ONs were tested and
found to be cytotoxic in mouse cells in addition to human cells.
It is feasible that the sequence to which the ON potentially
binds, to produce the observed toxicity, is conserved between
human and mouse. However, in aggregate, we suspect that the
cytotoxic effects are not antisense mediated.

The observed toxicity was sequence dependent, but the only
sequence motif that could be identified, which contributed to
cellular cytotoxicity, was the presence of (5-meCT) repeats.
Redistribution or uniform replacement of deoxyribonucleo-
tides with 2’-modified nucleosides in most cases negated
the toxicity. The 5-methyl deoxycytosine modification also
appeared to contribute to cytotoxicity, as replacement with



deoxycytosine decreased the anti-proliferative effects and
caspase activation. However, many ONs containing 5-
methyl deoxycytosine exhibited minimal toxicity, suggesting
that it is not just the presence of the modification but perhaps
its sequence context that contributes.

There was not a good correlation between ONs that inhib-
ited cell proliferation and activation of caspase-3, suggesting
that there may be more than one mechanism by which ONs
produce cytotoxicity. Alternatively, the kinetics for activation
of caspase-3 may vary from ON to ON; thus, we failed to
sample for caspase-3 activity at the optimal time for each ON.
However, we did examine kinetics of caspase-3 activation for
several ONs that markedly inhibited cell proliferation and only
marginally activated caspase-3, and failed to identify a time
when caspase-3 was markedly activated. The fact that various
caspase inhibitors failed to protect cells from antiproliferative
effects of highly toxic ON, suggests that the inhibition of cell
proliferation does not depend on caspase-3 activation.

We used one of the more cytotoxic ONs, ISIS 129695, to
investigate the mechanism of toxicity. It has been published
previously that cultured cells readily accumulate ONs intra-
cellularly when added to the culture media (26,27). However,
for most cultured cells, the ON appears to reside in cytoplas-
mic vesicular structures and fails to produce specific antisense
effects. Cationic lipid mediated transfection and/or electro-
poration is required for antisense ONs to gain access to the
target RNA in the cytosol or nucleus for most cultured cells,
such as A549 (27). Similarly, we demonstrate that the ONs
used in this study only produce cellular toxicity when intro-
duced into cells by methods that allow antisense ONs to gain
access to cellular RNA’s, such as cationic lipids or electro-
poration. These results suggest that the ON interacts with
intracellular molecules rather than on the cell surface to pro-
duce cytotoxicity. Delivery of macromolecules into cells is not
a benign process. Often, one must carefully optimize between
efficient delivery and cytotoxicity. Our results suggest that the
cationic lipid mixture, Lipofectin, enhanced the toxicity of
ISIS 126965. There was a 3-fold improvement between the
ED50 to inhibit PTEN expression by an antisense ON, and
toxicity when the ONs were delivered by electroporation com-
pared with Lipofectin. We have also observed that several
other cationic lipids and dendrimers also enhance toxicity
of ONs (data not shown), suggesting that the effects were
not limited to Lipofectin reagent.

To obtain some insights in the mechanism of ON cellular
toxicity, we decided to identify proteases, other than caspases,
that can serve as mediators of this toxicity. Several cytotoxic
substances, such as staurosporine (16), affect cell viability
through the destabilization of lysosomes and release of exe-
cutionary proteases. To test if modified ONs act the same way,
we employed immunofluorescent microscopy to monitor the
release of cathepsin D, a lysosomal protease, as a marker of
lysosomal disruption. We showed that treatment with toxic
ONss, but not with the non-toxic ones, leads to the redistribu-
tion of cathepsin D in the cells. Using lysosomal protease
inhibitors, we demonstrated that decrease in cell number trig-
gered by toxic ON can be attenuated by Pepstatin A, an in-
hibitor for cathepsin D and other aspartic proteases (21,22),
but not by a cathepsin B inhibitor CA-074. Since inhibition of
cathepsin D expression with siRNA had no effect on the tox-
icity of ON and Pepstatin A was demonstrated to inhibit other
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proteases (20-23), we conclude that these ONs affect cell
viability through an aspartyl protease other than cathepsin D.

The present report demonstrates that while in general
second-generation ONs are benign in cell culture at concen-
trations required for antisense activity, in some rare instances
these ONs can affect cell proliferation in an antisense-
independent manner. The obtained data provides insight
into the mechanism of this cytotoxicity and helps us to
eliminate the potentially undesirable features in the design
of antisense ONs, such as 5-methyldeoxycytosine-
deoxythmidine repeats. Further analysis is warranted to better
define the pathways and to facilitate the design of ONs that
have less cytotoxicity in cell-based assays.
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