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Abstract

Respiratory syncytial virus (RSV), which presents the primary cause of bronchiolitis and pneumonia among infants and causes significant mor-
bidity and mortality in immunodeficient patients, remains a health problem worldwide. Unfortunately, an effective vaccine is currently unavailable
and pharmacologic treatment needs further optimization for RSV disease. Because RSV is a non-segmented negative-strand RNA virus, it may be
sensitive to the genome RNA cleaving by DNAzyme, an artificial nucleic acids molecule with high catalytic capability of cleaving complementary
RNA molecules. Thus, RSV-targeted DNAzymes potentially present as a therapeutic candidate of RSV diseases. In this study, DNAzymes targeting
the RSV genomic RNA or mRNA were designed and synthesized, one of which (DZn1133) did cleave RSV RNA in vitro, inhibit the transcription
and expression of F viral gene, reduce the RSV yield by about 7 logs and protect more than 90% RS V-infected Hep-2 cells from a cytopathic effect
at 8 wuM. Moreover, 10 wild RSV strains isolated from clinic patients including both subgroups A and B were all suppressed by DZn1133 with

greater anti-RSV activity than antisense DNA or ribavirin.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Respiratory syncytial virus (RSV) is the one of the most
important pathogens of respiratory tract infections in the pedi-
atric population worldwide (Collins et al., 2001; Hall, 2001;
Klig and Shah, 2005), particularly problematic among infants
that are born prematurely or with congenital lung diseases or
heart diseases (Collins and Pollard, 2002; Walsh et al., 2004).
Furthermore, RSV can be considered a prime candidate for the
development of long-term pulmonary sequelae, because 70%
of children with RSV lower respiratory tract infections, even
whose initial illness did not require hospitalization (Long et al.,
1995), experience impaired pulmonary function for up to 10
years afterwards (Schwarze et al., 1997).
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Although the importance of RSV as a respiratory pathogen
has been acknowledged for over 30 years and the highly prior-
itized research on RSV vaccines has spanned nearly 4 decades,
unfortunately a successful vaccine remains elusive and the only
prophylactic therapies available are RSV-IVIG and palivizumab
antibodies (Groothuis et al., 1993; Johnson et al., 1997). While
effectively reducing the hospitalization rate (The Impact-RSV
Study Group, 1998), these prophylactic administrations are
problematic and costly and, therefore, only recommended for
use in high-risk infants (Meissner et al., 2004; Stevens and Hall,
2004). To date, the nucleoside analog ribavirin, licensed for the
treatment of RSV infection, is the only clinically available anti-
RSV drug. Despite evidence that ribavirin-treated patients have
experienced fewer subsequent sequelae, the antiviral efficacy
of ribavirin in infants with RSV needs to be further confirmed
and the significant effect on long-term pulmonary morbidity
is still under debate (Law et al., 1997; Ventre and Randolph,
2004). Thus, the development of novel pharmacologic treat-
ment holds the promise of reducing morbidity, mortality and
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chronic consequences caused by RSV (Chavez-Bueno et al.,
2005; Domachowske and Rosenberg, 2005).

Currently, viral genome destruction represents an attrac-
tive target for therapeutic intervention, particularly for non-
segmented negatively stranded RNA virus such as RSV, because
arresting virus replication by cleavage of viral genome would
be desirable (Zhang et al., 2005). Single-stranded DNA can
also fold into well-defined, sequence-dependent tertiary struc-
tures, specifically bind to a variety of target sequences, and
exhibit catalytic activities (Santoro and Joyce, 1997) similar
to those of ribozymes or RNases (Fedor, 2000; Raj and Liu,
2003). The 10-23 type deoxyribozymes (DNAzymes), selected
via in vitro evolution from a DNA combinatorial library, are
artificial active nucleic acids with high catalytic capability of
cleaving complementary RNA molecules (Santoro and Joyce,
1997). They consist of two antisense arms and a catalytic core
of 15 nucleotides (nt), which bind the target RNA in a sequence-
specific manner through Watson—Crick base pairing and cleave it
between a paired pyrimidine base and a free purine base (Cairns
et al., 1999; Cairns and Sun, 2004).

In our previous study, the first report of the application of
DNAzymes as an anti-RSV agent, the inhibition of RSV A2
strain in cultured cells by the subgroup A RSV NS2 gene targeted
DNAzyme, DZ604, was demonstrated, which achieved a reduc-
tion of virus yield by only 2 logs at 5 M and could not effect
the subgroup B RSV (Zhao et al., 2003a). In this study, with the
aim to develop a universal efficacious DNAzyme covering both
subgroups A and B RSV, four different DNAzymes targeting
the RSV N, M2 and F genes were synthesized. One of these
DNAzymes, DZn1133, effectively inhibited viral replication,
completely eliminated virus yield and dramatically protected
cells from the RS V-induced cytopathic effect (CPE) with higher
efficacy than ribavirin.

2. Materials and methods
2.1. DNAzymes design and synthesis

According to Santoro and Joyce (1997), two universal tar-
get sequences in N and M2 genes (genomic RNA) and two
individually target sequences in F genes (mRNA) of subgroups
A and B were identified for DNAzymes. The corresponding
DNAzymes (DZn1133, DZm7601, DZfal612 and DZfb1630)
are shown in Table 1. The structures of DZn1133, an inactive
control (muDZn1133) of DZn1133 with single-base mutation in
the catalytic core (muDZ T4 — A) (Zaborowska et al., 2002),

a 19 nt antisense oligonucleotide (ASn1133) targeting the same
sequences of DZn1133, and the target RNA sequence of RSV
A2 stain genomic nucleotides 1133 + 9 are shown in Fig. 1A-C.
All the oligonucleotides were chemically synthesized using an
ABI 392 DNA/RNA synthesizer. To increase the stability of
these oligonucleotides, the three bases at the 3’ end and two
bases at the 5’ end were substituted with phosphorothioate and
the 3’ end was further cholesterol conjugated to increase cel-
lular uptake (Fig. 1D). These modified oligonucleotides were
employed both in the in vitro cleavage assays and cell culture
assays.

2.2. Cell culture and virus production

Hep-2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO-BRL, Gaithersburg, MD) containing
10% heat-inactivated fetal bovine serum (FBS, Hyclone, Logan,
UT), 2mM L-glutamine, 100 unit/ml penicillin and 100 pg/ml
streptomycin at 37 °C in a 5% CO; atmosphere. The RSV stan-
dard strain CH18537 (kindly gift from Prof. Qian Yuan, Capital
Pediatric Research Institute, Peking, China), strain A2 (stored
in our lab) and 10 isolated wild strains (six from Chongging
Children’s Hospital of China and four from Peking Children’s
Hospital of China provided by Prof. Kun-Ling Shen, Table 2)
were grown in Hep-2 cells and purified by centrifugation on
discontinuous sucrose gradients (Ueba, 1978) before the viral
titer was determined by the end-point dilution method in Hep-
2 cells. Viral identifications were confirmed by virus-specific
monoclonal antibody (Chemicon International Inc. catalog no.
3105, USA), and the subgroups of the isolated wild strains were
determined by semi-nest PCR as described previously (Zhao
et al., 2003b). To confirm the target sequences of DZs in the
wild strains of RSV, cDNAs were obtained from genomic RNA
containing the target sites, DNA sequencing was performed sub-
sequently.

2.3. Invitro DNAzyme cleavage assays

To assess the cleavage activity of DNAzymes to the target
sequence of RSV, in vitro cleavage assays were performed.
The cDNAs of N, M2 and F genes were obtained by RT-PCR
from genomic RNA or mRNA of RSV (A2 strain and CH18537
strain) using specific primers, and were subcloned into the plas-
mid of pBluescript II KS+ (Stratagene, La Jolla, CA) before
in vitro transcription with T7 polymerase using MAXIscript kit
(Ambion, Austin, TX). Five picomole transcript RNA (final con-

Table 1

Targets and sequences of oligonucleotides

Target gene Cleavage site Oligonucleotide Sequence

N gene of both subgroups 1133 +9 on A2 genomic RNA DZn1133 5 ‘TGGGGCAAA{GGC TAGCTACAACGA]ACAAAGATG -3
M2 gene of both subgroups 7601 & 8 on A2 genomic RNA DZm7601 5 _AACTGGGG{GGCTAGCTACAACGAIAAATATGT —3

F gene of subgroup A 1630 4 10 on A2 mRNA DZfal630 5'—CAATTAATGAIGGCTAGCTACAACGAJAACAATATTA —3'
F gene of subgroup B 1612 4 10 on CH18537 mRNA DZfb1612 5’ —CTATTAATGAIGGCTAGCTACAACGAJAACAATACTA —3'

Bases in the frames are the catalytic cores.
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Fig. 1. Structures and modifications of oligonucleotides. (A) The sequence of DZn1133 in complex with its substrate RNA. The conserved 9 nt gene-start sequence
of N gene is underlined and the cleavage should occur at the arrow-indicated position. (B) Inactivated DZn1133 (muDZn1133) with a mutation at the fourth position
from T4 to A in the catalytic core. (C) A 19nt antisense (ASn1133) targeting the same substrate of DZn1133. (D) The structure of cholesterol-conjugated and
phosphorothioate-modified DNAzyme. Here only modified DZn1133 is shown, Structures of modification of muDZ and AS were same as in (D).

centration was 5 x 10~7 mol/l) was subjected to in vitro cleav-
age with 5 pmol DZ (final concentration was 5 x 10~7 mol/l),
muDZ or AS (Fig. 1D) by incubation at 37 °C in 10 mM MgCl,,
250 mM Tris—HC1 (pH 7.4) solution for 30, 60, 90, 120 and
240 min. The cleavage products were electrophorized on 8%
polyacrylamide—7 M urea gels, and quantified with a densito-
meter (Totallab, Nonlinear Dynamics Ltd., UK) after silver stain
according to Palfner et al. (1995).

2.4. Virus infections and cell treatments

Monolayers of cultured Hep-2 cells were infected by incu-
bating with RSV (multiplicity of infection, MOI=0.1) at 37 °C
for 2h in 96-well plates, followed by adding DZ, muDZ and
AS (Fig. 1D) or ribavirin (ICN Biochemicals, Aurora, OH) in a
serial of 2-fold dilution ranging from 1/8 to 16 times of median
effective concentration (ECsg, determined in MTT assays of
cell viability, as described below). Media were refreshed at 12 h

Table 2

Information of RSV strains

RSV stain Subgroup Resource

A2 A Stored in our lab

CH18537 B Kindly gift from Prof. Qian Yuan
CQ 381513 A Isolated in Chongging, China
CQ 381573 A Isolated in Chongging, China
CQ 381942 A Isolated in Chongging, China
CQ 381946 A Isolated in Chongging, China
CQ 381170 B Isolated in Chongging, China
CQ 033116 B Isolated in Chongging, China
Beijing 01 A Isolated in Peking, China
Beijing 02 B Isolated in Peking, China
Beijing 03 A Isolated in Peking, China
Beijing 04 A Isolated in Peking, China

post-infection and the same compounds were added at the cor-
responding concentrations.

2.5. Inhibition assays of viral cytopathologic effect

In order to demonstrate the antiviral effect of DNAzymes on
RSV-induced CPE, we monitored viral syncytium formation by
light microscopy and quantitated the cell viability by the MTT
assay.

After infections and treatments as described above, all the
cells were photographed microscopically when nearly 100% of
untreated RSV-infected cells showed CPE. The assay of cell
viability in this study was based on the quantitative colorimetric
MTT assay as described previously (Watanabe et al., 1994).
Briefly, at the time of complete CPE in untreated RS V-infected
cells, 10 wl solution of MTT (Sigma, St. Louis, MO, 7.5 mg/ml)
was added to each well and incubated for 4h at 37 °C before
adding 100 .l of DMSO to dissolve the crystallized formazan.
Absorbance of supernatant at 450 nm was measured and the
viability percent was calculated by the following formula:
percent=[(ODt)v — (ODc)v]/[(ODc)m — (ODc)v] x 100%.
Here, (ODt)y, (ODc)y and (ODc)m correspond to the
absorbance of supernatant from the treated virus-infected
cells, the untreated virus-infected cells, and the mock infected
controls, respectively. The ECs9 was then determined by
regression analysis.

2.6. Inhibition assays of RSV replication

A series of experiments were undertaken to estimate the anti-
RSV activity of the DNAzymes on the RSV gene transcription,
protein expression and virus yield. On day 3 post-infection,
RSV F mRNA was semi-quantified by RT-PCR of total RNA
obtained from RSV-infected Hep-2 cells. The amplified prod-
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ucts were separated by electrophoresis on 1.5% agarose gels
and the corresponding quantities of F mRNA were normalized
to the internal-control of human p-actin mRNA.

At 48 h post-infection, the expressions of RSV F protein in
cells were assayed by the cell-ELISA technique as described
(Kang and Pai, 1989), using anti-F monoclonal antibody (Cat.
No. R1595-36, USBiological, MA, USA) as primary antibody.
After the incubation with secondary antibody and colorization,
the absorbance was measured at 460 nm and the inhibition
percentage of virus F protein expression was determined
as follows: percentage =[(ODc)y — (ODT1)v]/[(ODc)v —
(ODc)Mm] x 100%. Here, (ODT)v, (ODc)v, (ODc)Mm represent
the absorbance of the treated RSV-infected cell, the untreated
RSV-infected cell, and the mock-infected control, respectively.

When nearly 100% of untreated RS V-infected cells showed
CPE on average 5 day post-infection (the timing and severity
of CPE were variable among different RSV strains), the super-
natants were harvested and virus titer was determined by plaque
forming assay on confluent monolayer of Hep-2 cells. The titer
of virus produced by untreated RS V-infected cells was used as
a control to calculate the percent reduction of virus yield by the
test compounds.

2.7. Cytotoxicity

Cytotoxicity of the compounds was examined by the determi-
nation of cell viability by the similar procedure of MTT method
described in Section 2.5. In brief, DZn1133, mutDZn1133 and
ASn1133 were serially diluted in 2-fold from 4 to 128 uM,
ribavirin was serially diluted in 2-fold from 64 to 4096 pM.
Drug-infected CPE was observed microscopically every day.
After 5 days, the MTT method was performed and the 50% cyto-
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toxic concentration (CCso) was determined by logistic regres-
sion analysis. The selectivity index (SI) was determined using
the formula: SI=CCs5y/ECsy.

2.8. Statistical analysis

A statistical program SPSS® (Version 10.0, SPSS Co. Ltd.,
USA) was used to calculate all means and standard deviations.
Differences between two groups and among multiple groups
were evaluated by the Student’s 7-test and the Kruskal-Wallis
non-parametric analysis of variances, respectively. Differences
with P-values of less than 0.001 were considered statistically
significant.

3. Results
3.1. Invitro cleavage reaction of DNAzymes on RNA

To investigate the cleavage of RSV genomic RNA by
DNAzymes that is prerequisite for virus inhibition, a series of
cleaving experiments with in vitro transcribed RNA of RSV
genome were performed. One of these DNAzymes, DZn1133,
targeted against bases 1133 +9 of RSV genomic RNA, was
found to be most efficient in the cleavage of 453 nt in vitro-
transcribed N gene RNA substrate at the anticipated position
after 2 h incubation, generating the size-matching products with
297 and 156 nt fragments (Fig. 2A). Moreover, RNA substrates
decreased and the products increased with the incubation time
prolonged in the cleavage reaction (Fig. 2B), resulting the cleav-
age percentages of 15.09, 26.45, 42.13, 53.20 and 67.90% at the
incubation time of 30, 60, 90, 120 and 240 min, respectively
(Fig. 2C). Whereas neither its inactive controls (muDZn1133)
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Fig. 2. Invitro cleavage activity of DNAzymes. (A) RNA substrates were incubated with DZn1133, DZm7601, Dzfal612 and DZfb1630 at an equimolar concentration
for 240 min. RNA substrates of DZn1133 and DZm7601 are negative-strands (genome RNA), while for Dzfal612 and DZfb1630, the substrates are positive-strands
(mRNA). DZn1133 cleaved the substrate at the anticipated site generating 297 and 156 nt products. There was not a detectable cleavage by DZm7601, Dzfal612 or
DZfb1630. (B) RNA substrates were incubated with equimolar DZn1133 and the cleavage increased with the incubation time. (C) Fragments cleaved by DZn1133
were quantified after silver stain and the fraction percentage plotting incubation time is illustrated (substrate without DZn1133 was taken as no cleavage). (D)
muDnZ1133 or ASn1133 did not show cleavage activity after 60 and 240 min incubation.
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nor 19nt antisense oligonucleotide (ASn1133) targeting the
same sequences gave any detectable cleaved products (Fig. 2D),
suggesting the sequence-specific, time-dependent and catalytic
cleavage capacity of DZn1133 on RSV N genome RNA. There-
fore, we used DZn1133 for further investigations.

3.2. Protection effect of DNAzyme against RSV-induced
CPE

The protection of DNAzyme on the RS V-infected Hep-2 cell
was evaluated by the assays of viral syncytium formation and
cell viability. On 5 day post-infection averagely, nearly 100% of
untreated RSV-infected cells showed RSV-induced CPE. How-
ever, DZn1133 did block the syncytial pathologic change of Hep-
2 cells caused by RSV, which became more potent along with the
increased concentration of DNAzyme. In fact, the RS V-infected
cells were morphologically indistinguishable from uninfected
control on the day 5 post-infection when treated with 2 uM
DZn1133. However, ribavirin and ASn1133 showed moderate
ability to inhibit the RSV-induced CPE, and muDZn1133 did
not showed a protective effect (data not shown).

The quantitative evaluation of cell viability was based on
the colorimetric MTT assay (Watanabe et al., 1994). Excitingly,
DZn1133 did suppress RSV-induced cell destruction, and the
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-
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viability of infected cell was increased in a dose-depended man-
ner with DZn1133, resulting in nearly complete protection of
infected cells at 4 uM (representative data from the tests with
6 RSV strains covering both subgroups A and B are shown in
Fig. 3A). According to the results from all 12 RSV strains illus-
trated in Fig. 3B, though the treatment of ribavirin provided
significant effect with an average viability percent of 74.4% at
400 uM, an optimal inhibition of RSV-induced cell destruction
was obtained with the DZn1133 resulting in average protec-
tion percent of 95.7% at a concentration of 8 uM (P <0.001).
The calculated ECsg of DZn1133, ASn1133 and ribavirin are
0.9955+0.49, 11.1716 £2.3 and 47.39 + 11.32 M, respec-
tively (Table 3). The muDZn1133 was ineffective, confirming
that catalytic cleavage of RSV RNA by DNAzyme is crucial for
cell protection from RSV-induced CPE.

3.3. Inhibition effect of DNAzyme on RSV gene
transcription

The capacity of the DNAzyme to inhibit RSV mRNA
transcription was assessed on 3 day post-infection by semi-
quantified RT-PCR using F mRNA specific primers, and the
representative data from A2-infected cells are shown in Fig. 4A.
After the normalization of RT-PCR amplification by the internal-
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Fig. 3. Inhibition of viral CPE. (A) RS V-infected Hep-2 monolayers were grown in the absence or presence of compounds at various concentrations. Dose-dependent
viabilities of RS V-infected cells were assessed by MTT assay and presented as protection percentage. Representative results from six RSV strains covering subgroups
A and B are illustrated here. (B) Boxplots show the median, interquartile range and outliers of cell viability percentage protected by oligonucleotides at 8 uM and

by ribavirin at 400 uM against 12 individual RSV strains.
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Table 3
Anti-RSV activity and cytotoxicity in Hep-2 cells
RSV strain ECso (LM) CCsp (LM) SI?

DZn1133 ASnl1133 Ribavirin DZn1133 ASnl1133 Ribavirin DZn1133 ASnl1133 Ribavirin
A2 1.2073 13.7045 52.79 45.90 50.88 606.48 38.02 3.71 11.49
CH18537 0.7404 9.7738 47.11 44.36 45.89 643.64 59.91 4.70 13.66
Beijing 01 0.9821 12.0935 35.9 45.05 43.78 536.67 45.88 3.62 14.95
Beijing 02 2.0304 14.9038 57.47 50.90 36.00 598.00 25.07 2.42 10.41
Beijing 03 1.7392 11.2111 70.05 57.02 67.00 633.68 32.79 5.98 9.05
Beijing 04 0.3387 10.3004 36.85 42.96 56.93 640.75 126.84 5.53 17.39
CQ 381573  0.9403 8.9038 40.73 36.79 52.46 600.48 39.12 5.89 14.74
CQ 381513  1.0043 9.9803 58.6 42.17 48.11 674.12 41.99 4.82 11.5
CQ 381942 0.7844 11.0606 53.46 36.77 35.67 554.68 46.88 3.22 10.38
CQ 381946  1.1097 12.5490 44.67 46.24 45.57 576.07 41.67 3.63 12.9
CQ 381170  0.5337 6.4903 39.08 43.07 43.09 569.79 80.7 6.64 14.58
CQO033116  0.5355 13.0881 31.97 40.61 38.86 559.64 75.84 2.97 17.51
Average 0.9955+0.49 11.1716+£2.30 47.39+11.32 4432+561 47.02£8.99 599.50+42.01 54.56+28.13 443+£136 13.21+2.74

2 The selective indices (SI) displayed were obtained by dividing the CCs( obtained for each compound for each RSV strain by its respective ECsy.
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Fig. 4. Inhibition of RSV F gene transcription. RSV-infected cells were grown in the absence or presence of compounds. After 3 days, RT-PCR was performed
using RSV F gene and human B-actin-specific primers. (A) PCR products of F mRNA from A2-infected cells under the treatment of compounds are shown as a
representative example. (B) After the quantification of RSV F gene transcription by measuring the density of electrophoresis bands, which was further normalized
to the internal-control B-actin mRNA, dose-dependent reductions of F mRNA in six RSV strains covering subgroups A and B are illustrated (taken the amounts of F
mRNA in non-treated RS V-infected cells as 100%). (C) Boxplots show the median, interquartile range and outliers of F mRNA amounts in 12 individual RS V-infected
cells under the treatment of compounds at eight times of ECs.
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control of B-actin mRNA, the analysis revealed a gradual
decrease in the levels of the F mRNA with increasing concentra-
tions of DZn1133 and ribavirin. However, DZn1133 displayed
greater inhibition efficacy on the F gene transcription of RSV
A2 than ribavarin, because the amounts of F mRNA under
the treatments of DZn1133 and ribavirin were 100% versus
100%, 57.49% versus 93.56%, 34.44% versus 82.9%, 16.38%
versus 64.47%, 0% versus 37.22% and 0% versus 29.19% at
serial 2-fold dilution of agent concentration (Fig. 4B1). Simi-
lar results were obtained when either subgroups A or B RSV
was used (Fig. 4B2-B6). Moreover, the F gene transcriptions of
all 12 RSV strains were complete arrested when treated with
DZn1133 while remained 30.0% under the treatment of rib-
avirin (at eight times of EC50 of DZn1133) with statistically
significant difference (P <0.001, Fig. 4C). Same suppression
of viral transcription (P =0.003, Fig. 4C) under the treatment of
ASn1133 was achieved at 1/8 of the doze of ribavirin. The slight
decrease of F mRNA induced by muDZn1133 demonstrated
its low capacity on the inhibition of RSV gene transcription
(P=0.013, Fig. 4A-C).

3.4. Inhibition effect of DNAzyme on RSV protein
expression

At 48 h post-infection, the inhibitory effect of DZn1133 on
RSV replication was further evaluated at virus protein level by

A1. A2 strain A3.CQ381513

37

cell-ELISA technique. The F protein suppression of 6 represen-
tative strains was illustrated as percent inhibition (Fig. SA). In
all the cases, DZn1133 showed higher activity on the inhibition
of F protein expression in comparison to ribavirin. In fact, the
quantifications of F protein in the cells, infected with 12 strains
of RSV, showed that DZn1133 vigorously inhibited viral F pro-
tein expression by 86.69% at eight times of ECsy (Fig. 5B).
However, mutated DNAzyme could not decrease the expression
of F protein effectively (Fig. 5A and B).

3.5. Inhibition effect of DNAzyme on RSV virus yield

After infection with RSV and treatment with DZn1133,
muDZn1133, ASn1133 or ribavirin at serial 2-fold dilution of
concentrations, the supernatants were harvested and the virus
titers were determined by plaque forming assay when com-
plete CPE was shown in untreated RS V-infected cells. DZn1133
drastically diminished the virus production in a dose-dependent
manner and inhibited the virus yield of RSV by 5-7 logs when
compared with untreated RS V-infected cells, resulting in com-
plete elimination of both subgroups A and B RSV at eight times
the ECsq (representative data shown in Fig. 6A and B). How-
ever, the titers of RSV remained at an average of 2.55 logs in
the supernatants of RSV-infected cells, regardless of the treat-
ment of ribavirin at eight times the ECsg (Fig. 6B). Treatment
of ASn1133, an antisense DNA corresponding to the DZn1133
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of compounds at eight times of ECs.

binding sequences, provided similar results and blocked RSV
production by an average of 3.26 logs. Conversely, the inactive
mutant of DZn1133, muDZn1133, had a slight effect on virus
yield (Fig. 6A and B).

3.6. Cytotoxicity

The CCsg and SI values obtained from DZn1133, ASn1133
and ribavirin in Hep-2 cells are shown in Table 3. Thus, DZn1133
and ASn1133 showed a similar CCsq. Because of the lower ECs
of DZn1133, it has an SI of 54.56 £ 28.13 against RSV in Hep-
2 culture cells in vitro. The SI value obtained from ribavirin
and ASn1133 against RSV was 13.21 £2.74 and 4.43 + 1.36,
respectively. In contrast, mutDZn1133 did not have a detectable
selective antiviral activity against RSV because its SI was lower
than 1.

4. Discussion

Two main factors should be considered for the selection of
DNAzyme cleavage site against the target RNA. Firstly, the tar-
get site should be essential for the virus. Among the viral proteins
encoded by RSV genomic RNA (3/-NS1-NS2-N-P-M-SH-G-
F-M2-L-5") (Collins et al., 2001), three viral proteins (nucle-

ocapsid protein N, large protein L and phosphoprotein P) are
minimally required to reconstitute the functional transcription
complex of (—)RNA viruses (Teng and Collins, 1998; Oomens
et al., 2003). For RSV, the optimal transcription, although not
replication, further requires the transcription anti-termination
protein M2-1 (Collins et al., 1995). In addition, the fusion pro-
tein F is essential for the characteristic cytopathology of RSV,
marked by the formation of syncytia (Pastey et al., 2000; Cianci
et al., 2005). Another consideration is that the target sequence
should be highly conserved in different RSV strains. RSV iso-
lates can be classified into two subgroups, designated A and B
(Mufson et al., 1985; Sullender et al., 1993), which differ in all
11 known viral proteins and can be further classified into sub-
types. Epidemics of RSV are accompanied by the occurrence
of numerous strains of both A and B subgroups (Guney et al.,
2004), the genotype varies from year to year (Kuroiwa et al.,
2004), although subgroup A usually predominates and causes
slightly more severe disease (Devincenzo, 2004). An anti-RSV
agent should protect against the divergent subgroups A and B
and try to cover all the subtypes. Fortunately, each gene in RSV
genomic RNA begins with a conserved 9 nt gene-start signal, 3'-
CCCCGUUUA, and transcription starts at the first nucleotide.
This holds for all but the L gene, which has the signal sequence
of 3’-CCCUGUUUUA (Kuo et al., 1997). However, the binding



Y.-Y. Xie et al. / Antiviral Research 71 (2006) 31-41 39

site for DNAzymes should include 14-22 nucleic acids (7-11 nt
for two binding arms on each side).

According to these strategies in target site choosing, we iden-
tified the gene-start signal sites of N, M2 genes as the universal
targets and F gene signal sequences for individual targets of sub-
groups A and B, and four corresponding DNAzymes (DZn1133,
DZm7601, Dzfal612 and DZfb1630). One of these DNAzymes,
DZn1133, targeted against N gene at the bases 1133 +9 of
RSV genomic RNA (Fig. 1A), was found to be most effi-
cient in the cleavage of in vitro-transcribed RNA substrate in
a time-dependent manner (Fig. 2B). DZm7601, Dzfal612 and
DZfb1630 failed to exhibit cleavage activity in several repeated
assays (Fig. 2A). These failures may be due to the fold of
single-stranded substrate RNA into secondary structures through
Watson—Crick base pairing, which probably makes the bind-
ing sites inaccessible to the DNAzymes and affect the cleavage
results (Cairns et al., 1999). With the computer-assisted analy-
sis of the secondary structure of RNA, the M2 gene target site
and both F gene signal sequences of subgroups A and B were
predicted at stably pairing locations, while the target of N gene
signal should be unstably paired and accessible to DZn1133
(data not shown). As well as the results in the RNA cleavage
assay, no effective results were observed in protecting the RSV-
induced CPE by DZm7601, Dzfal612 and DZfb1630 (data not
shown).

The effects of DZn1133 and ribavirin on RSV were further
assessed side by side in a cell culture system. DZn1133 displayed
more inhibition efficacy on viral replication by testing with 12
strains of RSV covering subgroups A and B, resulting in com-
plete ablation of F gene transcription (Fig. 4C) and the decrease
of F protein expression by 86.69% (Fig. 5B) at eight times of
ECsg (approximately 8 wM). Surprisingly, DZn1133 could dra-
matically reduce the virus yield with an elimination of RSV yield
(Fig. 6B) and provide almost complete protection of infected
cell from RSV-induced CPE with an ECs5p 0of 0.9955 £+ 0.49 uM
(Fig. 3). Since the syncytium reduction and cell protection of
RSV-infected cells perhaps reflect the functional protection of
anti-RSV agents (Kahn et al., 1999; Techaarpornkul et al., 2001),
DZn1133 may provide potent activity against RSV diseases. The
ribavirin as well as ASn1133 moderately affected on RSV in our
research, and muDZn1133 whose catalytic loop was inactivated
while the target-binding flanks were intact, lost the anti-RSV
activity that DNAzyme and antisense DNA experienced. The
ineffective inhibition of muDZn1133 on RSV may be explained
by its losing capacity to cleave the target sequence in compari-
son to DZn1133 and its bonding to the complementary sequence
with less stability than ASn1133 due to the redundant inactive
catalytic loop.

The majority of RSV inhibition by DZn1133 may be asso-
ciated with the cleavage of RSV genomic RNA at the site of
N gene start signal. By this cleaving, replication of vRNA is
inhibited, consequently resulting in all the viral proteins are
reduced. Thereinto, our data demonstrate that the destruction
of viral genome promotes the decrease of F gene transcription
and expression. Since the fusion protein F is by far the most
important viral glycoprotein that is central to the pathologic
cell fusion activity (Pastey et al., 2000; Cianci et al., 2005),

one of the potential mechanisms for the functional protection
of DZn1133 to RS V-infected cell is probably the effective inhi-
bition of the F protein expression. Furthermore, cutting of N
genome RNA may lead to ablation of N protein expression. The
N protein binds tightly to genomic and antigenomic RNA of RSV
to form an RNAse-resistant nucleocapsid, protecting the RNA
from degradation by RNAses in cells (Bitko and Barik, 2001).
Without the protection of N protein, RNA of RSV progeny tem-
plate may change to be highly sensitive to nuclease and thus
be unstable in the nuclease-rich cytoplasm. Previously, we have
demonstrated that DZ604, the first reported DNAzyme against
RSV by targeting the start signal of the NS2 gene, was found
efficient to cleave corresponding substrate of in vitro-transcribed
RNA. However, this DNAzyme only achieved a reduction of
virus yield by 85.56% and could not protect RS V-infected cells
from CPE at the concentration of 5 wM. An explanation for the
lack of protection by NS2-targeted DNAzyme to infected cells
may be that the protein NS2, as a nonstructural protein, was not
crucial for RSV replication, because it can be deleted only with
decreases in virus growth in vitro and in vivo (Teng and Collins,
1999; Jin et al., 2000).

Antiviral DZ against virus may have potential side effects
because of the presence of multiple target nucleotides within the
human genome. Because the available target sites of RSV for DZ
choosing are limited, such potential side effect is inevitable in
DZ design. It is noted that parts of target sequence for DZn1133
(17 nucleosides at most) of RSV is also found in a number of
human EST as well as in some genes with known functions (Dias
et al., 2000; Matsuda et al., 2003). However, theoretically DZ
strictly targets to RNA rather than affecting genomic DNA and
mRNA is continuously express in most cases, it is hardly possi-
ble to completely silent a certain human mRNA that is identical
with sequence. And clinically, anti-RSV DZ will probably have
minimal side effect as they are designed to be administered as
an aerosol directly into the respiratory tract, which may limit
acute systemic toxicity. In our cell culture study, the CC50 of
DZn1133 in Hep-2 cell, a human larynx epidermoid carcinoma
cell line, is about 44pM (Table 3), thus demonstrated a more
acceptable SI value than ribavirin. This result should be careful
assayed and cautious evaluated in vivo.

In conclusion, DZn1133 is the first DNAzyme can efficiently
inhibited wild strains of RSV covering both subgroups A and
B in cultured cells and provide protection against RSV-induced
CPE, presumably by directly cleaving N gene of RSV genomic
RNA, sequentially reducing the expression of viral proteins. This
compound might be a potential anti-RSV therapeutic agent with
improved efficacy for clinical applications.
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