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The 5’ and 3’ untranslated regions (UTRs) of coxsackievirus B3 (CVB3) RNA form highly ordered secondary
structures that have been confirmed to play important regulatory roles in viral cap-independent internal
translation initiation and RNA replication. We previously demonstrated that deletions in different regions of
the 5’ UTR significantly reduced viral RNA translation and infectivity. Such observations suggested strongly
that viral RNA translation and replication could be blocked if highly specific antisense oligodeoxynucleotides
(AS-ODNs) were applied to target crucial sites within the 5’ and 3’ UTRs. In this study, seven phosphoro-
thioate AS-ODNs were synthesized, and the antiviral activity was evaluated by Lipofectin transfection of HeLa
cells with AS-ODNss followed by infection of CVB3. Analysis by Western blotting, reverse transcription-PCR,
and viral plaque assay demonstrated that viral protein synthesis, genome replication, and infectivity of CVB3
were strongly inhibited by the AS-ODNs complementary to different regions of the 5’ and 3’ UTRs. The most
effective sites are located at the proximate terminus of the 5’ UTR (AS-1), the proximate terminus of the 3’ UTR
(AS-7), the core sequence of the internal ribosome entry site (AS-2), and the translation initiation codon region
(AS-4). These AS-ODNs showed highly sequence-specific and dose-dependent inhibitory effects on both viral
protein synthesis and RNA replication. It is noteworthy that the highest inhibitory activities were obtained with
AS-1 and AS-7 targeting the termini of the 5’ and 3’ UTRs. The percent inhibition values of AS-1 and AS-7 for
CVB3 protein VP1 synthesis and RNA replication were 70.6 and 79.6 for AS-1 and 73.7 and 79.7 for AS-7,

respectively. These data suggest that CVB3 infectivity can be inhibited effectively by AS-ODNs.

Coxsackievirus B3 (CVB3) is a member of the genus En-
terovirus of the family Picornaviridae (3). This virus is the most
important viral myocarditis pathogen in humans and animals
(34). Such importance is reflected in data from the World
Health Organization global surveillance of viral diseases,
where the coxsackie B viruses were ranked the number one
cause of clinically evident cardiovascular diseases (14). In ad-
dition, there is considerable clinical and experimental evidence
indicating that dilated cardiomyopathy, another common heart
disease, may be a late consequence of viral myocarditis (19, 23,
34).

CVB3 is a single-stranded positive-polarity RNA virus. Like
other picornaviruses, the 5’ untranslated region (UTR) of the
CVB3 genome is unusually long (741 nucleotides [nt]) but, unlike
eukaryotic mRNAs, is not capped with a 7-methylguanosine
triphosphate group. Instead, it is covalently linked to a virus-
encoded oligopeptide (VPg) (31). The viral genome is approx-
imately 7.4 kb long with a polyadenyl tail at the 3’ end. The
primary sequence of the genomic RNA serves as mRNA to
direct synthesis of viral proteins using host protein transla-
tional machinery. Picornavirus RNA encodes a single long
polyprotein, which is processed initially into three precursor
polyproteins (P1, P2, and P3). Further processing of these
precursors by three virus-encoded proteases, 2A, 3C, and 3CD,
gives rise to mature structural and nonstructural proteins in-
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cluding four capsid proteins and the RNA-dependent RNA
polymerase essential for viral replication (27).

It has long been known that the majority of cellular mRNAs
in eukaryotic organisms initiate translation via a cap-depen-
dent ribosomal scanning mechanism (18, 26). However, the
initiation of protein translation in picornaviruses occurs by an
unusual mechanism involving direct internal binding of the
ribosome to a sequence element of the 5" UTR of viral RNA
(20), termed an internal ribosomal entry site (IRES) (9, 21,
22). The IRES directs binding of the small ribosomal subunit
to viral RNA near the 3’ border of the IRES, independent of
a cap structure at the 5’ terminus of the RNA. Recently, our
work has confirmed the presence of an IRES within the 5’
UTR of CVB3 RNA by mutational analysis using both bicis-
tronic plasmids and full-length CVB3 mutants (33, 54). Fur-
ther mapping of various mutations demonstrated that the cru-
cial sequence of the IRES of CVB3 is located roughly at
stem-loops G, H, and I, spanning nt 439 to 639. This critical
sequence was further analyzed by site-directed mutagenesis
and demonstrated that the critical nucleotides of the IRES
span the pyrimidine-rich tract between stem-loops G and H. A
46-nt deletion in this region abolished viral translation and
infectivity (33). Therefore, the IRES plays an important role in
the translation initiation of viral proteins. In addition, our
recent work also found that the 5" proximate terminus of 5’
UTR is critical for translation initiation of CVB3. Deletion of
nt 1 to 63 of 5" UTR greatly inhibited CVB3 translation (54).
Similar findings have been reported in other picornaviruses,
suggesting that the 5’ cloverleaf structure of the 5" UTR may
be responsible for viral replication (16, 53). In addition, recent
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reports have suggested that the 3" UTRs of several picornavi-
ruses are involved in viral RNA replication (35, 37, 41). Thus,
by blocking crucial sites within the 5" and 3" UTRs of CVB3
through sequence-specific hybridization, viral protein transla-
tion and RNA replication will be inhibited.

Antisense (AS) RNA or DNA oligonucleotides have been
considered promising agents for inhibiting viral replication due
in part to their high specificity for viral RNA sequences. These
agents have been successfully employed to inhibit human im-
munodeficiency virus (32), hepatitis B and C virus (5, 38, 39,
42), influenzavirus (2, 17), coronavirus (1), and respiratory
syncytial virus (40). Recently, the Food and Drug Administra-
tion approved the first AS-based therapeutic product for the
treatment of retinitis caused by cytomegalovirus infections in
patients with AIDS (11). Although viral replication could be
inhibited by unmodified oligonucleotides, their vulnerability to
nuclease attack, combined with their intracellular distribution
and uptake properties, have limited their therapeutic potential
(4, 24). To avoid this problem and to improve the cellular
uptake of oligonucleotides, phosphorothioate oligodeoxynu-
cleotides (ODNs) encapsulated in liposomes were used in this
study. Because the mode of AS action is highly specific, it is
essential to carefully select appropriate viral target sequences.
Based on our previous mutational mapping and other reports
on CVB3 and other picornaviruses (15, 33, 35, 37, 50, 54). The
5" and 3" UTRs of CVB3 RNA were chosen as the major
targets for designing As ODNS. In this report, seven AS-ODNs
were synthesized and evaluated in HeLa cells infected with
CVB3. Four of the seven showed specific and dose-dependent
inhibition of CVB3 gene expression. Two of the four targeting
the 5" and 3’ proximate termini of CVB3 genomic RNA dem-
onstrated the strongest antiviral activity.

MATERIALS AND METHODS

Design and synthesis of AS-ODNs. ODNG targeting the 5’ UTR were designed
based on our previous mutational mapping of the cis- and frans-acting transla-
tional sequence elements (33, 54), such as the putative translation initiation
factor binding site, the IRES, and the surrounding sequence of the initiation
codon. The ODNs located at the 3" UTR were designed according to the tertiary
structure of the 3' UTR of CVB3 RNA (35, 50). These three ODNs targeting the
3" UTR were designed to disrupt the kissing interaction of two predominant
hairpin loops. To avoid using too many control oligomers in the first round of the
evaluation, an ODN (AS-S) with the same length and an average GC content but
with a random sequence was designed as a general control of all seven ODNS.
After the highest inhibitory activities were obtained with AS-1 and AS-7, these
two AS-ODNs were chosen for further evaluation of their specificity using two
new controls for each, which were designed with scrambled and reverse se-
quences, respectively. The controls were analyzed with DNA Strider software to
avoid any sequence complementation with CVB3 genomic RNA.

The AS-ODNs were synthesized by the standard phosphoramidite chemistry
method using an Applied Biosystems DNA/RNA synthesizer on a 1-uM scale at
the Biotechnology Laboratory, University of British Columbia. In order to re-
place the phosphodiester bonds within the oligonucleotides with phosphorothio-
ates, the oxidation step was substituted with a sulfurization procedure using
Beaucage’s reagents. The oligonucleotide derivatives were purified by reverse-
phase high-pressure liquid chromatography and lyophilized, and the powder was
dissolved in distilled water. All oligonucleotides were 20-mers. Figure 1 shows
the location of each AS-ODN within the 5’ and 3" UTRs of CVB3 RNA (25)
used in this investigation. The AS-ODN sequences are shown in Table 1.

Virus, cell culture, and transfection. Stock CVB3 was generously provided by
Reinhard Kandolf and was stored at —80°C. Virus was grown in HeLa cells
(American Type Culture Collection), and titers were routinely redetermined at
the beginning of all individual experiments.

Transfection of HeLa cells with ODNs was conducted in 24-well plates. HeLa
cells were seeded in plates (1.2 X 10° cells/well) and grown in minimum essential
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medium (MEM) containing 10% fetal calf serum at 37°C. After incubation for
20 h, the cells reached about 85% confluency and were washed with phosphate-
buffered saline (PBS). A transfection mixture containing AS-ODN (final con-
centration of 1.0 or 10 uM) and 4 pg of Lipofectin (GIBCO-BRL) in 200 pl of
Opti-medium (GIBCO-BRL) was added to each well. The transfection mixture
was prepared as follows. In a sterile tube, 16 wl of Lipofectin was added to 384
wl of Opti-medium, mixed well gently, and kept at room temperature for 60 min.
In another sterile tube, 4 pl of the oligonucleotide at appropriate concentration
was added to 400 pl of Opti-medium, and the sample was mixed well gently and
kept at room temperature for 60 min. The two tubes were combined, mixed well,
and kept at room temperature for another 30 min. HeLa cells were overlaid with
this final transfection mixture of Lipofectin-ODN (200 pl/well) and incubated for
6 h at 37°C. Then the cells were washed with PBS and infected with 200 wl of
CVB3 supernatant at a multiplicity of infection (MOTI) of 0.01 for 60 min. After
infection, the cells were washed with PBS, overlaid with 200 pl of complete
MEM, and incubated for 24 h at 37°C in a humidified 5% CO, incubator. Finally,
the supernatants from each treatment were collected by centrifugation at 4,000 X
g for 5 min. The resulting supernatant was aliquoted and kept at —80°C until use.

Western blot detection of CVB3 structural protein VP1. Thirty microliters of
the resulting supernatant from each ODN treatment was denatured at 95°C for
3 min and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The sample was then transferred to a nitrocellulose membrane at 75 V for 60
min. The membrane was blocked with PBS containing Tween 20 and 5% milk at
room temperature for 2 h and then incubated with primary antibody (rabbit
immunoglobulin G to CVB3 VP1) (Denka Seiken Co., Ltd.) diluted 1:2,000 at
4°C overnight. The membrane was washed by PBS containing Tween 20 for 30
min and incubated with secondary antibody (anti-rabbit immunoglobulin G con-
jugated to horseradish peroxidase) (Transduction Ltd.). The membrane was
washed again for 30 min. The signal detection was conducted by the enhanced
chemiluminescence method per the manufacturer’s instructions (Amersham
Pharmacia Biotech, Inc.). Films were analyzed by densitometric scanning of the
bands, and the density values of CVB3 VP1 were represented as means =
standard deviations (SD). The means = SD of controls were normalized to a
value of 100. Mean * SD values of the treatment groups were calculated with
respect to the control values. All experiments were performed four times.

Detection of CVB3 RNA by RT-PCR. One hundred microliters of supernatant
containing CVB3 particles from each treatment was added to 1 ml of TRIZOL
Reagent (GIBCO-BRL). Viral RNA was extracted following the procedure
described in the instructional manual. At the final step, the pellets were dissolved
in 30 ul of diethyl pyrocarbonate-treated water and than kept at —80°C. Reverse
transcription (RT) was conducted according to the manufacturer’s instructions
(GIBCO-BRL) using 5 pl of extracted CVB3 RNA and 1.2 pl of 20 pM RT
primer (GCATTCAGCCTGGTCTCA, nt 780 to 797 of CVB3 RNA genome).
After incubation at 42°C for 60 min, the samples were heated at 99°C for 5 min
to stop the reaction. In order to amplify CVB3 cDNA, a PCR was carried out by
following the standard method in a volume of 100 wl containing 5 wl of RT
product and 2 .l of 20 uM upstream primer (AGCCTGTGGGTTGATCCCAC,
nt 8 to 27) and 2 pl of 20 pM downstream primer (AATTGTCACCATAAGC
AGCCA, nt 581 to 601). The reaction was run for 20 cycles with the following
parameters: denaturation at 94°C for 30 s, annealing at 58°C for 40 s, and
extension at 72°C for 45 s. For the negative control, water was substituted for
cDNA. Twenty microliters of PCR product from each sample was analyzed by
0.8% agarose gel electrophoresis. The bands were scanned using a densitometer,
and the mean density for each band was calculated as described above. Each
experiment was repeated three times.

Plaque assay. Viral plaque assay was carried out using supernatants collected
from the HeLa cell monolayers treated with AS-ODN at a final concentration of
10 pM. HeLa cells were seeded into 6-well plates (8 X 10° cells/well) and
incubated at 37°C for 20 h. When cell confluency reached approximately 90%,
cells were washed with PBS to remove fetal bovine serum and then overlaid with
1 ml of supernatant diluted 1:10. The cells were incubated at 37°C for 60 min, the
supernatants were removed, and the cell were washed with PBS. Finally, cells
were overlaid with 2 ml of sterilized soft Bacto Agar-MEM (1.5% Bacto
Agar-2X MEM [1:1]). The cells were incubated at 37°C for 72 h, fixed with
Carnoy’s fixative (75% ethanol-25% acetic acid) for 30 min and then stained
with 1% crystal violet. The plaques were counted, and the viral PFU per milliliter
was calculated. Supernatants from HeLa cell monolayer treated with control
AS-ODNs were used as controls. Each experiment was repeated three times. The
inhibitory activity of each AS-ODN was calculated with respect to the value for
the corresponding control.

Statistical analysis. All values are expressed as means * SD. Statistical sig-
nificance was evaluated using the Student ¢ test for paired comparison. A P value
of <0.01 was considered statistically significant.
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FIG. 1. Targets of the AS-ODNs within the proposed secondary structures of the 5’ and 3" UTRs of CVB3 RNA (50, 54). The 5" UTR (nt 1
to 741) contains three AS-ODN blocking sites. AS-1 blocks the proximal terminus of the 5’ UTR at nt 1 to 20. AS-2 (nt 557 to 576) and AS-3 (nt
583 to 602) target the IRES region. AS-2 is complementary to the polypyrimidine tract of the IRES core sequence. AS-3 targets the downstream
region of the AS-2 near the 3’ boundary of the IRES. AS-4 (nt 733 to 752) blocks the translation initiation codon AUG region including 9 nt of
the 5" UTR. Within the 3" UTR (nt 7300 to 7399), three AS-ODN targets were selected. AS-5 (nt 7301 to 7320) and AS-6 (nt 7340 to 7359) target
stem-loops L and M, respectively. AS-7 (nt 7380 to 7399) blocks the 3’ proximal terminus of the 3’ UTR. The general scrambled oligomer control,
AS-S, was synthesized at the same length and random sequence with no annealing target in the CVB3 genomic RNA. Additional oligomer controls
for AS-1 and AS-7 are listed with all other oligomers together in Table 1.

RESULTS

Establishment of in vitro cell system. To establish an opti-
mal in vitro evaluation system using HeLa cells, three param-
eters were tested. The first was cell confluency. The optimal
cell confluency for transfection should usually be 30 to 50%.
However, at this cell confluency, it is hard to determine the
effects of AS-ODNs on viral multiplication because most trans-

fected cells died quickly after only 12 h with CVB3 infection.
This observation was attributed to the high transfection effi-
ciency leading to nonspecific toxicity to the cells, especially at
a high oligonucleotide concentration. Through a series of ex-
periments, we found that the optimal cell confluency for AS-
ODN transfection followed by CVB3 infection is 85%, even
though the transfection efficiency would be somewhat affected.
The second consideration was the MOI. Unlike some viruses,

TABLE 1. AS phosphorothioate ODNSs used in anti-CVB3 evaluation

ODN¢ Sequence (5’ O 3') Target in CVB3 RNA®

AS-1 CAACCCACAGGCTGTTTTAA nt 1-20, 5’ end of the 5" UTR
AS-1-s CGTAGTACACTTACTAACGC Scrambled sequence of AS-1

AS-1-r AATTTTGTCGGACACCCAAC Reverse sequence of AS-1

AS-2 AGGAATAAAATGAAACACGG nt 557-576, IRES core sequence
AS-3 CAATTGTCACCATAAGCAGC nt 583-602, IRES, downstream of AS-2
AS-4 TGAGCTCCCATTTTGCTGTA nt 733-752, AUG start codon region
AS-5 TTATTTCAAATTGTCTCTAA nt 7301-7320, 3" UTR, stem-loop L
AS-6 TATCTGGTTCGGTTAGCACA nt 7340-7359, 3" UTR, stem-loop M
AS-7 CCGCACCGAATGCGGAGAAT nt 7380-7399, 3’ end of the 3" UTR
AS-7-s ACGACGTCGATCGAACGACG Scrambled sequence of AS-7

AS-7-r TAAGAGGCGTAAGCCACGCC Reverse sequence of AS-7

AS-S ACGTTGCAACGTCGTATCAT General scrambled sequence

“ All oligomers are 20 nt long. AS-S is scrambled AS as a general control.
® The nucleotide positions within CVB3 genomic RNA are shown (25).



1046 WANG ET AL.

140

ANTIMICROB. AGENTS CHEMOTHER.

(B)

Mean density

120
100

80
60

CVB3 VP1

40

20
O_

ASS AS-1

VP — b e i

AS2 AS3 AS-5

_— e — P

AS6 AS7

FIG. 2. Inhibitory effects of AS-ODN:S, at a final concentration of 10 uM, on CVB3 structural protein VP1 synthesis. (A) Western blot analysis.
HeLa cells were transfected with 10 .M AS-ODNs by a Lipofectin method for 6 h, infected with CVB3 at an MOI of 0.01 for 1 h, and then
incubated in complete MEM for 24 h. The cell-free supernatants containing viral proteins were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The viral protein VP1 was detected by Western blotting and enhanced chemiluminescence analysis using rabbit
antiserum to VP1. Seven AS-ODNs and a control oligomer (AS-S) are indicated above the lanes and correspond to the bars in panel B. (B)
Quantitation of VP1 protein in the inhibition assay using the AS-ODNs indicated in panel A. The VP1 bands were measured by scanning X-ray
film using a densitometer. The mean density of each product was calculated with respect to the control values as described in Materials and
Methods. Each experiment was repeated four times. The SD values of data are shown as error bars in the figures. The differences between the
values for AS-S and ODNs AS-1, AS-2, AS-3, AS-4, and AS-7 were statistically significant (P < 0.01).

CVB3 replicates and assembles very fast in HeLa cells. There-
fore, it is important to choose a suitable MOI for CVB3 to
evaluate the antiviral effects of AS-ODNs effectively. MOIs of
0.1, 0.01, and 0.001 were tested with the AS-ODNSs at a final
concentration of 10 pM. We found that an MOI of 0.01 was
the best choice for this experiment because the most meaning-
ful inhibitory effects were obtained under this condition. The
third parameter was the dosage of AS-ODNs. ODNs at two
different final concentrations (1 and 10 pM) were evaluated
under the optimal conditions mentioned above. Ten micromo-
lar appeared to be the best dosage for this in vitro evaluation
system (see Fig. 2). Under these conditions, additional exper-
iments were conducted by transfection of control ODN (AS-S)
to determine the toxic effects on HeLa cell growth with the
treatment using Lipofectin only as AS-S’s negative control.
The results demonstrated no significant differences between
the AS-S and Lipofectin groups in terms of cell growth, CVB3
VP1 synthesis, and RNA replication, indicating that AS-S is a
reliable control AS-ODN (data not shown). Last, the active
AS1, AS-7, and their corresponding scrambled and reverse
ODN controls (10 wM) were simply added to cell culture
without transfection for 6 h, and no cellular toxicity on HeLa
cells in terms of morphology and cell count was found.
Inhibitory effects of AS-ODNs on CVB3 VP1 protein synthe-
sis. To evaluate the effects of AS-ODNs on CVB3 translation,
viral structural protein VP1 was detected by Western blotting
after transfection. Since CVB3 RNA encodes a single long
polyprotein including structural and nonstructural proteins,
the synthesis of structural protein VP1 fully represents CVB3
translation efficiency. In order to compare the antiviral action
of each AS-ODN with the negative-control oligomer AS-S, the
statistically analyzed means and SD were normalized by a
value which converted the VP1 mean of control group AS-S to
100. Two different doses of ODNs were used to evaluate their

antiviral activities. When a 10 wM concentration ODNs was
used (Fig. 2), several oligomers showed potent antiviral activ-
ity. Of these oligomers, AS1 and AS7 blocking the termini of 5
and 3’ UTRs showed the strongest inhibitory effects on VP1
synthesis. Compared with the negative controls (AS-S), the
percent inhibition values of CVB3 VP1 synthesis were 84.6,
75.2,40.6, 56.3, and 88.5 for AS-1, AS-2, AS-3, AS-4, and AS-7,
respectively. However, no marked inhibitory activities were
observed in groups AS-5 and AS-6. On the contrary, ODN
AS-5 slightly stimulated the synthesis of CVB3 VP1, which may
be due to experimental variation, since similar results were not
obtained from other evaluations of the same ODN.

The evaluation was also performed at a final AS-ODN con-
centration of 1 wM. Similar inhibitory patterns were observed
but at a lower degree of inhibition (Fig. 3) compared with
treatment at the 10 pM dosage. The percentages of inhibition
for CVB3 VP1 synthesis were 67.9, 55.7, 33.1, 55.3, and 72.8 for
AS-1, AS-2, AS-3, AS-4, and AS-7, respectively. Again, no
significant inhibitory activities for AS-5 and AS-6 were ob-
served.

Based on the first round of evaluation, the two most active
oligomers, AS-1 and AS-7, were chosen for further evaluation.
The specificities of these two oligomers were confirmed by
using additional corresponding scrambled and reverse se-
quences as negative controls. At 10 wM dosage, the percent
inhibition values of CVB3 VP1 synthesis were 70.6 for AS-1
and 73.7 for AS-7 compared with the scrambled control value
(AS-1-s or AS-7-s). There were significant differences between
AS and scrambled oligomers. Similar inhibitory results were
obtained with reverse control groups, namely, 66.5 for AS-1
and 76.7 for AS-7 (Fig. 4).

Inhibitory effects of AS-ODNs on CVB3 RNA replication. To
evaluate the effects of AS-ODNs on CVB3 replication, viral
genomic RNA was amplified and quantitatively analyzed by
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FIG. 3. Inhibitory effects of AS-ODN, at a final concentration of 1 uM, on CVB3 structural protein VP1 synthesis. HeLa cells were transfected
with 1 wM AS-ODN by a Lipofectin method for 6 h, infected with CVB3 at an MOI of 0.01 for 1 h, and then incubated in complete MEM for
24 h. The cell-free supernatants were collected by centrifugation. The viral protein VP1 in supernatants was detected and quantitated by the
methods described in the legend to Fig. 2. Each experiment was repeated four times. The differences between the values for AS-S and ODNs AS-1,

AS-2, AS-3, AS-4, and AS-7 were statistically significant (P < 0.01).

RT-PCR and densitometry. We performed PCR with different
numbers of cycles and found that 20 cycles was optimal for
demonstrating the most significant differences among samples
treated with different AS-ODNs. In order to compare the
antiviral action of each AS-ODN with the negative-control
oligomer, the statistically analyzed means and SD were nor-
malized by a value, which converted the CVB3 cDNA mean of
the control group AS-S to 100. Two different doses of AS-
ODNs were used to evaluate their antiviral activities. When 10
wM ODN was applied (Fig. 5), the inhibitory trend on CVB3
RNA synthesis was quite similar to that seen for VP1 synthesis.
Of the seven oligomers, AS-1 and AS-7 blocking the termini of

140

5" and 3' UTRs, respectively, again showed the strongest an-
tiviral activity. Compared with the control oligomer AS-S, the
percentages of inhibition were 88.2, 63.3, 45.5, 59.9, and 87.9
for AS-1, AS-2, AS-3, AS-4, and AS-7, respectively. There
were no remarkable inhibitory effects on CVB3 RNA synthesis
for AS-5 and AS-6. When 1 puM AS-ODN was employed,
similar data were obtained (Fig. 6). The percentages of inhi-
bition for CVB3 RNA synthesis were 81.2, 58.1, 26.1, 50.9, and
79.1 for AS-1, AS-2, AS-3, AS-4, and AS-7, respectively. No
significant inhibitory effects were observed in groups AS-5 and
AS-6. Again, the evaluation was further conducted to confirm
the specificity of the most potent oligomers AS-1 and AS-7 by
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FIG. 4. Further controlled evaluation of specific inhibition of AS-1 and AS-7, at a final concentration of 10 wM, on CVB3 structural protein
VP1 synthesis. HeLa cells were transfected with 10 wM AS-1, AS-1-s, AS-1-r, AS-7, AS-7-s, or AS-7-r by a Lipofectin method and then infected
with CVB3 at an MOI of 0.01. After incubation, the cell-free supernatants were collected, and the viral protein VP1 for each sample was detected
(A) and quantitated by densitometry (B). The means * SD of the controls were normalized to a value of 100. Mean = SD values of ODN
treatments were calculated with respect to the control values. The data from four independent experiments were analyzed. The difference between
each control and its respective ODN was statistically significant (P < 0.01).
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FIG. 5. Inhibitory effects of AS-ODNS, at a final concentration of 10 pM, on CVB3 RNA replication. HeLa cells were transfected with 10 nM

AS-ODN by a Lipofectin method for 6 h, infected with CVB3 at an MOI

of 0.01 for 1 h, and then incubated in complete MEM for 24 h. The

cell-free supernatants were collected by centrifugation. Viral RNA was prepared from 100 pl of the resulting supernatant of each treatment.
RT-PCR was conducted for 20 cycles under standard conditions. (A) Agarose gel electrophoresis of RT-PCR products. Twenty microliters of PCR
product from each treatment was run on a 0.8% agarose gel. The AS-ODNs and the control (AS-S) are marked above the lanes. (B) Quantitation

of the viral RNA in the inhibition assays using AS-ODNs corresponding to

those in panel A. The bands of RT-PCR products were scanned using

a densitometer. The mean density of each band was calculated with respect to that of the control as described in Materials and Methods. Each
experiment was repeated three times. The differences between the values for AS-S and ODNs AS-1, AS-2, AS-3, AS-4, and AS-7 were statistically

significant (P < 0.01).

using their corresponding scrambled and reverse sequence as
negative controls. At 10 pM dosage, compared with the scram-
bled control AS-1-s and AS-7-s, the percentages of inhibition
of CVB3 RNA synthesis were 79.6 for AS-1 and 79.7 for AS-7.
There were significant differences of antiviral activity between
AS and scrambled oligomers. Similar data were obtained with
reverse control oligomers (80.3 for AS-1 and 78.7 for AS-7)

(Fig. 7).

Inhibitory effect of AS-ODN on CVB3 infectivity. A viral
plaque assay was employed to measure the antiviral activity of
AS-ODN:ss at the optimal dosage of 10 uM determined above.
The viral plaques were counted 3 days after overlaying soft
agar on a HeLa cell monolayer (Fig. 8), and the numbers of
PFU per milliliter were calculated. By normalizing the data
with that of the negative-control AS-S, we found that AS-
ODNs AS-1 and AS-7 showed the strongest antiviral activities
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FIG. 6. Inhibitory effects of AS-ODN:s, at a final concentration of 1 wM, on CVB3 RNA replication. HeLa cells were transfected with 1 uM
AS-ODN by a Lipofectin method for 6 h, infected with CVB3 at an MOI of 0.01 for 1 h, and then incubated in complete MEM for 24 h. Viral
RNA was detected by RT-PCR (A) and quantitated by densitometry (B) as described in the legend to Fig. 5. Each experiment was repeated three
times. The differences between the values for AS-S and ODNs AS-1, AS-2, AS-3, AS-4, and AS-7 were statistically significant (P < 0.01).
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FIG. 7. Further controlled evaluation of specific inhibition of AS-1 and AS-7, at a final concentration of 10 M, on CVB3 RNA replication.

HelLa cells were transfected with 10 uM AS-1, AS-1-s, AS-1-r, AS-7, AS-7-s, or AS-7-r by a Lipofectin method and followed by infection with CVB3

at an MOI of 0.01. After incubation, the cell-free supernatants were collected and the viral RNA was detected by RT-PCR (A) and quantitated

by densitometry (B) as described in the legend to Fig. 4. Each experiment was repeated three times. The difference between each control and its
respective ODN was statistically significant (P < 0.01).

(78.4 and 77.4%), followed by AS-2 (50.7%) and AS-4 (45%). very well with those obtained by measuring inhibitory effects
AS-3 showed only slight inhibition (18%) of plaque-forming on CVB3 VP1 production and RNA replication. These obser-
ability. However, AS-5 and AS-6 did not demonstrate notice- vations were further confirmed by plaque assays with AS-1 and
able inhibition of CVB3 infectivity. These results correlated AS-7 and their corresponding controls mentioned above. The

(B)

AS-4 AS-5 AS-6 AS-7

FIG. 8. Inhibition of plaque formation by AS-ODNs at a final concentration of 10 pM. (A) Viral plaque assay. HeLa cell monolayers at ~90%
confluency were infected for 1 h with supernatants containing viral particles and diluted 1:10, and then were overlaid with 2 ml of 0.75% Bacto
Agar—-MEM. Seventy-two hours postinfection, cells were fixed with Carnoy’s fixative and stained with 1% crystal violet. The plaques were counted,
and the viral titer (PFU per milliliter) was calculated. The bars in panel B represent the values (PFU per milliliter) obtained from four experiments.
The differences in values (PFU per milliliter) between AS-S and ODNs AS-1, AS-2, AS-3, AS-4, and AS-7 were statistically significant (P < 0.01).
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percent inhibition values of CVB3 infectivity normalized
against scrambled and reverse controls are 80.5 and 76.7 for
AS-1 and 79.9 and 80.1 for AS-7, respectively (Fig. 9).

DISCUSSION

The most important factor in determining effectiveness and
specificity of AS-ODNS is the selection of target sites within
CVB3 RNA. The unusually long 5" UTR of CVB3 RNA forms
a highly ordered secondary structure and plays an important
role in controlling viral translation, replication, and cardioviru-
lence (10, 33, 54). Our recent mutational mapping of the IRES
has confirmed that ribosomes initiate translation in CVB3 by
binding to the polypyrimidine stretch in the IRES of 5" UTR
and then migrating to the AUG initiation codon (54). In this
situation, AS-ODNs presumably block translation through the
inhibition of binding of ribosomes and/or other RNA-binding
proteins that are essential in forming the ribosomal complex
and in the migration of ribosomal subunits along the mRNA.
Therefore, it is possible that the AS-ODN (AS-2) functions in
translation arrest by blocking the landing of the ribosome
and/or RNA-binding proteins at the IRES (Fig. 1). In addition,
it should be noted that the polypyrimidine tract located be-

AS-7-s

FIG. 9. Further controlled evaluation of specific inhibition of plaque formation by AS-1 and AS-7 at a final concentration of 10 uM. All the
procedures are the same as described in the legend to Fig. 8 except that two more controlled oligomers, scrambled and reverse sequences, for each
AS-ODN were used. (A) Viral plaque assay. (B) Values (PFU per milliliter) for the control and treatment in each group. Each experiment was

repeated three times. The means = SD of controls were normalized to 100, and the values of treatments were calculated accordingly. The
difference between each control and its respective ODN treatment was statistically significant (P < 0.01).

AS-1r (A)

AS-7-r

tween stem-loops G and H (5'UUCAUUUU3J’, nt 562 to 569)
appears as an open single-stranded structure based on the
computer-predicted secondary structure model (54). This im-
plies that AS-ODN can easily form stable hybridization at this
region. From this point of view, it is obvious why this AS-ODN
showed such potent inhibitory effects, while another AS-ODN
(AS-3) also binding to IRES region did not show the same
potency in inhibiting the synthesis of CVB3 VP1. Because the
target site of AS-3 is in a hairpin-like secondary structure, it is
difficult for AS-3 to form a stable duplex with the viral se-
quence. Similar situations occurred for AS-5 and AS-6, target-
ing two hairpin-like structures of 3' UTR. As for AS-4 covering
the translation start codon, the strong inhibitory effect is ex-
pected, since AS-ODNs blocking the translation initiation
codon should theoretically show a certain degree of inhibitory
effect on a mRNA’s translation initiation. Similar observations
have been reported by other investigators (2, 5, 39, 49).
Interestingly, two of the AS-ODNs with the strongest inhib-
itory effects are located at both ends of CVB3 RNA. It is
known that the 5" and 3’ UTRs of the CVB3 RNA form highly
ordered tertiary structures serving as recognition features for
the RNA-binding domain of host proteins and have important
cis-acting functions in the replication and translation of the
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RNAs (8, 35, 37, 41, 53, 54). Evidence to date suggests that a
cloverleaf structure of poliovirus formed by the 5’-terminal 88
nt of the RNA binds viral proteins 3AB and 3CD and a host
protein of 36 kDa (16). A cellular factor that specifically binds
to the 3’ UTR of poliovirus, coxsackievirus, and rhinovirus was
detected. Mutations within the 3’ UTR, which decrease the
affinity of the RNA for the cellular factor, decrease RNA
replication and virus viability (36). Furthermore, our concur-
rent UV cross-linking experiments suggest that certain host
proteins are able to interact with both the 5" UTR (nt 1 to 249)
and 3" UTR (nt 7299 to 7399) terminal regions of CVB3
genome (P. K. M. Cheung, C. M. Carthy, L. Bohunek, A. K.
Wang, J. E. Wilson, B. M. McManus, and D. C. Yang, unpub-
lished data). The extensive stem-loops and secondary struc-
tures within the 5’ and 3’ UTRs are likely the recognition sites
of certain common binding proteins connecting both ends of
the viral genome (28-30). The interaction between the 5" and
3’ ends of the viral genome via common binding protein(s) has
been suggested to play a crucial role in viral replication and
possibly in translation initiation (28-30, 52). In addition, there
has been evidence of the viral 5" and 3" UTRs interacting to
enhance viral translation and/or transcription (42, 52); hence,
a closed-loop translation model of mRNA has been proposed
(6, 12, 46, 51). Thus, blocking the terminal region of CVB3
RNA either in the 5 UTR or 3" UTR can possibly inhibit
binding of cellular proteins which serve as translation or rep-
lication initiation factors and in turn, block the formation of a
circular replication unit of viral RNA. Such a mechanism may
explain why two AS-ODNs (AS-1 and AS-7) blocking termini
of CVB3 RNA showed such powerful inhibitory effects. In
addition, CVB3 translation and replication may affect each
other and thereby result in a negative-feedback effect. When
translation is inhibited, the synthesis of structural proteins
(such as VP1) and the nonstructural proteins (including RNA-
dependent RNA polymerase) essential for virus replication is
reduced, which will make it difficult for viral RNA transcrip-
tion and particle assembly to occur. Decreased viral RNA
synthesis will in turn reduce translation efficiency. More im-
portantly, some of the AS-ODNs may block not only the land-
ing of translational machinery but also the binding of the
protein factors required within viral RNA for gene expression.
Therefore, the AS-ODNs can inhibit CVB3 gene expression at
both the translational and transcriptional levels.

The patterns of inhibition observed in this study were con-
sidered sequence specific regarding AS-1 and AS-7 because
strict ODN controls (scrambled and reverse) for AS-1 and
AS-7 were used. However, it still can be argued that the anti-
viral effects may be due in part to the so-called sequence-
dependent but nonantisense effect in which sequence-specific
interactions between ODNs and cellular proteins occur (7, 45,
47, 48). Since our AS-ODN:s did not produce notable negative
effects on HeLa cell growth in the tests of toxicity, this possi-
bility is unlikely. Additionally, several reports indicated the
nonsequence-specific effects of ODNs, particularly with the
chemically modified molecules. For example, ODNs can bind
in a sequence-independent manner the gp120 protein of hu-
man immunodeficiency virus type 1, viral polymerases, RNase
H, bovine serum albumin, the receptor for platelet-derived
growth factor, and other cellular proteins (7, 13, 43-45).
Whether this similar event can happen in CVB3 needs to be
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explored in the future to determine the detailed mechanisms of
antiviral action of our AS oligomers.

In conclusion, AS phosphorothioate ODNs targeting the
termini of 5" and 3" UTRs, the core sequence of the IRES, and
the translation initiation codon region possess specific and
strong anti-CVB3 activity. This is the first report to demon-
strate that translation and replication of CVB3 in tissue culture
cells can be specifically inhibited by AS-ODNs. Our observa-
tions suggest that these oligomers have great potential for
further development as effective, ameliorative therapeutic
agents for the control of coxsackievirus-induced heart, pan-
creas, brain, liver, and muscle diseases.
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