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Abstract

RNA silencing or interference (RNAI) is a sequence-specific, post-transcriptional process of mRNA degradation. The degradation of
target gene mRNA can be induced by short dsRNA molecules (21-25-nt) corresponding to the sequence of the target gene to be silenced.
Short dsRNA molecules have been shown to be very effective in inducing RNA silencing in several human cell lines. In this study, we
have shown that short dSSRNA molecules corresponding to the human rhinovirus-16 (HRV-16) genome induce effective inhibition of the
viral replication in cell culture. This inhibition is sequence-specific and dose-dependent. A single or double nucleotide sequence change
in an effective dsRNA molecule can significantly reduce the ability of the molecule to induce RNA silencing. Reducing the length of
siRNA molecules to 19-nt or shorter abolishes their activity. Therefore, the results of this study demonstrate certain siRNA molecules are
inhibitory for the replication of HRV-16 when transfected into human cells; further studies are warranted to explore the potential clinical
value of these siRNA molecules as anti-human rhinovirus agents.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction lular mMRNAs in mammalian cell culture systentsit§ashir
et al., 200). More recently, it has also been shown to be
RNA silencing or interference (RNAI) is a process of functional in mice Hasuwa et al., 2002; Lewis et al., 2002;
post—transcriptional gene Silencing, which is initiated by |\/|0Caffrey et al.,, 2002 More importanﬂy, these studies
dsRNA molecules Baulcombe, 1996; Fire et al., 1998; have demonstrated that short dSRNA molecules (21-25-nt)
Montgomery et al., 1998 Mechanistically, it is believed  can efficiently induce RNAi in mammalian cell lines and
that upon introduction into or production of, long dsRNA in mice. Therefore, RNAi appears to represent a novel
molecules in the cell, these dsRNA molecules are first pro- platform technology for drug discovery.
cessed by an endonuclease, DICER, into 21-25-nt small To explore the utility of this technology for the discovery
interfering RNA (siRNA) moleculesBernstein et al.,, 2001;  of novel anti-viral agents, we have designed many differ-
Hammond et al., 2000; Hutvagner and Zamore, 2002; ent siRNA molecules corresponding to the genome of hu-
Ketting et al., 2001; Knight and Bass, 2Q0The resulting  man rhinovirus (HRV), a member of the picornavirus fam-
siRNA molecules then generate the RNA-induced silencing jly that is composed of more than 200 isotypes including
complexes (RISCs), which in turn degrade the target mRNA hepatitis A virus, and poliovirusQouch, 2001 HRV is a
molecules in the cellRernstein et al., 2001; Hammond positive-strand RNA virus and is a major causative agent of
et al., 2000; Hutvagner and Zamore, 2002; Ketting et al., the common cold@ouch, 2001 We then tested the ability
2001; Knight and Bass, 20R1IRNAi was initially discov-  of these siRNA molecules to induce the inhibition of HRV
ered in plants and subsequently in nematodsicombe,  replication in a cell culture assay and found that many of the
1996; Fire et al., 1998; Montgomery et al., 1998 has  sjRNA molecules are effective in inducing RNA silencing,
been shown to be very effective in the degradation of the cel- resulting in the inhibition of viral replication. The results of
this study demonstrate that SIRNA molecules derived from
* Corresponding author. Tek:1-317-276-2040; faxs-1-317-276-6510,  th€ HRV genome are potent inhibitors of HRV-16 replica-
E-mail addressZhaaGenshi@Lilly.com (G. Zhao). tion in the cell.
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Fig. 1. The locations of siRNA molecules and the organization of the HRV-16 genome. Top panel: The relative locations of the HRV siRNA molecules,
LZR-1, LZR-2, LZR-3, LZR-4, LZR-5, LZR-6, LZR-7, LZR-8, LZR-9, LZR-10, LZR-11, LZR-12, LZR-13, LZR-14, LZR-15, LZR-16, LZR-17, LZR-18,
LZR-19, LZR-20, LZR-21, and LZR-22 corresponding to the HRV coding region are shown and their respective nucleotide sequences are described in
Section 2 Bottom panel: The organization of the HRV-16 genome. The genome-linked protein VPg atethd, he Suntranslated region, the protein

coding region, the 3untranslated region, and the poly(A) tail.

2. Materials and methods Neo-1 and Neo-2, corresponding to the neomycin resistance
gene [ohmann et al., 1999and two siRNA molecules
2.1. Design and synthesis of siRNA molecules corresponding to the human hepatitis C virus, LZ-16 and

LZ-35 (Lohmann et al., 1999were also designed and syn-
The siRNA molecules designed consist of 19 nucleotides thesized as described above. The nucleotide sequences (the

corresponding to the various genes of HRV-1@é€ et al., sense-strand) of Neo-1, Neo-2, LZ-16, and LZ-35 are also
1995 and also seEig. 1andTable J and two additional de-  listed in Table 1 The siRNA molecules were synthesized
oxythymidine nucleotides located at thet8rminus of each  in vitro by Dharmacon Research, Inc., usingAZE chem-
molecule. The GC content of each siRNA molecule is about istry. The synthesized molecules were then de-protected
30-70% GC. The nucleotide sequences (the sense-strandand de-salted, and annealed.
of the siRNA molecules designed, LZR-1, LZR-2, LZR-3,
LZR-4, LZR-5, LZR-6, LZR-7, LZR-8, LZR-9, LZR-10, 2.2. siRNA transfection and rhinovirus plague assay
LZR-11, LZR-12, LZR-13, LZR-14, LZR-15, LZR-16,
LZR-17, LZR-18, LZR-19, LZR-20, LZR-21, and LZR-22 The synthesized siRNA molecules were transfected
are listed inTable 1 As controls, two siRNA molecules, into human HelLa cells (gift from R. Rueckert, Univer-

Table 1

Properties of siRNA molecules corresponding to the indicated segments of the HRV-16 genome

siRNA Nucleotide sequence (sense strand) Nucleotide locatioft (bp) Corresponding gene Inhibition (%6)
LZR-1 5-CGGUAAUCUUGUACGCCAGATT-3 63-81 5-UTR 5.6+ 4.7
LZR-2 5-CCAACAGUAGACCUGGUAGTAT-3 299-317 5UTR 6.5+ 2.8
LZR-3 5-GUGCACACAAUCCAGUGUGITT-3 480-498 5UTR 47+ 56
LZR-4 5-GAUGCAGCUUCCAGUGGUGTAT-3 728-746 vp4 91.6t 0.9
LZR-5 5-AGGAUGCAACGGCUAUAGATIT-3 966-984 vp2 25.6t 0.9
LZR-6 5-GAGAAACAACCUAGUGAUGTAT-3 1319-1337 vp2 49.& 18.8
LZR-7 5-UCCAUGUGCACUGCCUUGGITdT-3 1678-1696 vp3 —-0.47+ 94
LZR-8 5-GGACUGCAAACACUACCUUCTAT-3 1977-1995 vp3 93 0.38
LZR-9 5-CCAGACACAUACUCCUCAGATdT-3 2153-2171 vp3 70.5 16
LZR-10 5-UACCACAUCAAAUGCAGCCATdT-3 2404-2422 vpl 6.6 7.5
LZR-11 5-CAGGAGCACCUAUACCAACITAT-3 2769-2787 vpl 77.1%+ 6.6
LZR-12 5-GCCUAGUGACAUGUAUGUGATAT-3 3187-3205 2A 3.8t 13.2
LZR-13 5-CUCUUCAGAUCCGCAAACAITAT-3 3775-3793 2C 90.2 3.8
LZR-14 5-CAGAGCAGCUGAUACUAACITAT-3 4081-4099 2C 79.% 9.4
LZR-15 5-AUCACUCACUCUUGGCACCITdT-3 4542-4560 2C 48.% 235
LZR-16 5-CGCUCAGUAAGGACACCAGTAT-3 4913-4931 3A 79.9 2.8
LZR-17 5-UACCAACACAUGCUGACCCdTAT-3 5265-5283 3C 9.4t 6.6
LZR-18 5-GGUGGCAAUGGUAGAGAUGITIT-3 5642-5660 3C 61.%+ 9.4
LZR-19 5-GAUGGCUUGGAAGCUUUGGTAT-3 6017-6035 3D 34.8 0.9
LZR-20 5-CCUUGAUGUUAGAUGGAGAdTAT-3 6369-6387 3D 94t 0.47
LZR-21 5-GAAGCCAUAGCCAAGGAAGITAT-3 6722-6740 3D 65.8 2.8
LZR-22 5-CUCCUAAGACAUGAAUGGUITIT-3 7055-7073 3D 71.4: 3.8
LZ-16 5-GCGGGAUACAAUAUUUAGCITAT-3 4046-4064 4B 0
LZ-35 5-GGAAACUUGGGGUACCGCCATAT-3 7463-7481 5B 0
Neo-1 B-AUGGAUUGCACGCAGGUUCITdT-3 71-89 Neo 0
Neo-2 8-CUGUCAUCUCACCUUGCUCITdT-3 365-383 Neo 0

a1 ZR-1 to LZR-22 correspond to the genome of the HRV-1@€ et al., 1995 LZ-16 and LZ-35 correspond to the subgenomic replicon of the
human hepatitis virus CLohmann et al., 1999 and Neo-1 and Neo-2 correspond to the neomycin resistance gene of the subgenomic replicon of the
human hepatitis virus CLohmann et al., 1999

bThe siRNA-mediated inhibition of HRV replication was measured as describ&dtion 2using a plague assay. This experiment was carried out
twice each with two replicates. The percentage of inhibition was calculated by using the average number of plaques obtained from the cells that were
transfected with LZ-16, LZ-35, Neo-1, and Neo-2, using Oligofectamine, as the control (0% inhibition).
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sity of Wisconsin) as described below. HelLa cells, main-
tained in MEM with Earle’s Salts (Gibco BRL) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco
BRL) and 1% Pluronic F-68 (Sigma), were first seeded
(at 9 x 10° cells/plate) in plates (60 mm, Fischer) contain-
ing attachment medium (MEM with Earle’s Salts, Gibco
BRL) supplemented with 10% newborn calf serum (NCS)
(Gibco BRL). The medium was removed from the plates
before the cells were infected with 500plate of a stock

of HRV-16 that had been diluted to 200 plaque forming
units (PFU)/ml in the attachment medium. The infected
cells were incubated at 3& for 1h, allowing viruses
to attach and enter the cells. After the incubationuBO
of 20uM siRNA molecules and 34@l1 of Opti-MEM

51

preparations were subjected to RNA extraction using the
QiaRNeasy assay (Qiagen) according to the supplied kit pro-
tocols. The RNA collected was then counted using a scin-
tillation counter (LS6000-IC, Beckman).

3. Results and discussion

3.1. The siRNA molecules derived from the HRV genome
induced potent inhibition of viral replication in the cell

To test if the siRNA molecules corresponding to the
HRV-16 genome could induce RNA silencing, which results
in the inhibition of viral replication, we designed siRNA

serum-free medium (Gibco BRL) were added to one tube, molecules corresponding to the various parts of the viral
and 8ul of Oligofectamine (Gibco BRL) and 30l of genome and also control siRNA molecules corresponding
Opti-MEM serum-free medium were added to another to the neomycin resistance gene and the genome of the
tube. Both tubes were kept at room temperature for ap- human hepatitis virus C, and tested their ability to induce
proximately 5min and then mixed with each other. The RNA silencing in a HRV plaque assay. When infected cells
transfectant mixture was incubated at room temperaturewere treated with Oligofectamine, a transfection agent, but
for 20min (total volume 408.l) and then washed twice not siRNA molecules, a large, expected number of plaques
with Opti-MEM serum-free medium (room temperature). were formed (on average approximately 100 plaques/plate).
After the wash, the transfectant mixture was added in Similar results were obtained when infected cells were

408l of Opti-MEM serum-free medium. Then, 20
of the final mixture was added to each plate along with
800l of Opti-MEM (the final concentration of siRNA

transfected without or with the control siRNA molecules,
Neo-1, Neo-2, LZ-16, and LZ-35Té&ble 1. Together, these
results indicate that neither Oligofectamine nor the con-

molecules being 300nM). The plates were incubated attrol siRNA molecules tested significantly affected HRV

35°C for 4h and then overlaid with a 1:1 combination
of 1.6% SeaPlaque Agarose (BioWhittaker Molecular Ap-
plications) and 2 MEM medium [100ml 1& MEM
(Gibco BRL), 10 mlL-glu (Gibco BRL, 25 ml 7.5% sodium
bicarbonate (Gibco BRL), 10ml NEAA, 1060 (Gibco
BRL), 25ml NCS (Gibco BRL), 12ml 1M MgS® and
500ml water]. The plates were incubated at°G5for

3 days. After the incubation, the plates were fixed with
7.5% formaldehyde (Mallinckrodt) and stained with crys-
tal violet (Sigma). The number of plagues formed was
counted.

2.3. Quantitation of viral RNA in the cell

HelLa cells grown in 6-well plates to a density of approx-
imately 15 x 10° cells/well in MEM (Gibco BRL) supple-
mented with 10% NCS (Gibco BRL) were infected with
HRV-16 at a multiplicity of infection of 2. The viruses were
allowed to attach to the cells at 36 for 1 h. Infected cells
were washed twice with warm Opti-MEM (Gibco BRL)
and then treated with or without Actinomycin D jig/ml,
Sigma) for 2 h at 35C. The cells that had been treated with
or without Actinomycin D were then transfected with SIRNA

replication in the cell as measured by plague formation.
However, a significant reduction in plaque formation was
observed when infected cells were transfected with a num-
ber of siRNA molecules corresponding to the HRV-16
genome Table ). For example, when the HRV-16-infected
cells were transfected with LZR-4, LZR-6, LZR-8, LZR-9,
LZR-11, LZR-13, LZR-14, LZR-15, LZR-16, LZR-18,
LZR-20, LZR-21, or LZR-22, a significant decrease in vi-
ral plaque formation was observe@aple ). On the other
hand, when the HRV infected cells were transfected with
LZR-1, LZR-2, LZR-3, LZR-7, LZR-10, LZR-12, LZR-17,

or LZR-19, a low level of or no inhibition of viral plaque
formation was observedrgble ). These results show that
more than 50% of the siRNA molecules designed corre-
sponding to the HRV-16 genome induced RNA silencing
in the cell, which in turn specifically and significantly in-
hibited viral replication. Therefore, these results clearly
demonstrate the potential of using these RNA molecules
for the treatment of HRV infection. It is not clear as to why
the other 50% of the molecules designed failed to induce
RNA silencing. It is possible that certain regions of the
viral genome are not accessible for siRNA molecules to
interact with and subsequently elicit RNA silencing. For

molecules (300 nM) as described above in the presence orexample, all three siRNA molecules, LZR-1, LZR-2, and

absence of fg/ml Actinomycin D for 2h at 35C. After
the transfectiorH-uridine (NEN) (50uCi/well) was added

to the transfection mixtures that were incubated for an addi-

tional 3h. Cells were again washed with warm Opti-MEM
followed by the addition of cell lysis buffer. The resulting

LZR-3, corresponding to the’4intranslated region, failed

to induce RNA silencing. It is well established that this
region is heavily involved in RNA—protein and RNA-RNA
interactions Couch, 2001; Huang et al., 2001; Rohll et al.,
1994.
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3.2. The inhibition of HRV replication in the cell by siRNA central part of the sSiRNA molecules appears to be critical for
molecules is sequence-specific and dose-dependent activity.

In addition, we tested the effects of SiIRNA length on their

As described above, many siRNA molecules correspond- ability to induce inhibition of viral replication. When the

ing to the HRV-16 genome exhibited a significant inhibi- length of the SIRNA molecule was reduced from 21 to 19-nt
tion of viral replication in the cell. To establish that this or shorter, the sSiRNA molecules appeared to lose their ability
inhibition is sequence-specific, several siRNA molecules to induce inhibition of viral replication (data not shown).
were tested as controls. The control siRNA molecules cor- Interestingly, SIRNA molecules with a length of 22—-26-nt did
responding to the neomycin resistance gene (Neo-1 andnot exhibit an inhibition higher than that of the original 21-nt

Neo-2), and the HCV genome (LZ-16 and LZ-35) have
been shown to induce potent inhibition of the HCV replicon
replication in a human liver cell line (unpublished results).
However, these HCV specific SIRNA molecules did not
induce any significant inhibition of viral replication when

the HRV-16 infected cells were treated with these siRNA

siRNA molecule (data not shown). Therefore, the optimal
length for siRNA molecules appears to be 21-nt.

To establish whether the inhibition of HRV-16 replication
is dose-dependent, HelLa cells were infected with the virus
and transfected with the siRNA molecules LZR-4, LZR-8,
LZR-13, and LZR-20 at different concentrations, and the

molecules under the identical conditions as described aboveinhibition of the viral plaque formation was measured. As

(see alsdable J). We then introduced a series of nucleotide

shown inFig. 3, the inhibition of the viral plaque forma-

changes into LZR-4, a potent siRNA molecule that induces tion by the molecules increased linearly with the increase

a significant inhibition of HRV-16 replication. These nu-

of their concentrations up to about 30 nM. LZR-4, LZR-8,

cleotide changes resulted in mismatches between the siRNALZR-13, and LZR-20 showed Kg values of 0.93, 1.18,

molecule and the HRV-16 genome, as shownFig. 2

We then tested the resulting molecules for their ability to
induce the inhibition of HRV-16 replication as described in
Section 2 As shown inFig. 2, nucleotide sequence changes

0.79, and 0.73nM, respectively. Interestingly, when these
siRNA molecules were subjected to a similar analysis in
which the molecules were mixed with different amounts of
a control siRNA molecule to yield a final concentration of

at either the 3 or 5-end of the molecule (LZR-4-5 and 300 nM, a similar dose-dependent inhibition curve was ob-
LZR-4-6) did not significantly decrease the ability of the tained, except that the kg values determined under these
molecule to induce inhibition of viral replication. How- conditions were about two- to four-fold higher than those
ever, changes in the central part of the molecule (LZR-4-1, determined in the absence of the control siRNA molecule
LZR-4-2, LZR-4-3, and LZR-4-4) significantly hindered (data not shown). These results suggest that the presence
this ability. Together, the results of this study demonstrate of the control siRNA molecule inhibited the transfection
that the inhibition of the HRV replication in the cell by efficiency or the ability of the HRV siRNA molecules to

siRNA molecules is clearly sequence-specific and that the bind to the RISC complex, or both.
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Fig. 2. Effects of nucleotide sequence changes in LZR-4 on its ability to mediate the inhibition of HRV-16 replication in the cell. To determine the
effects of nucleotide sequence changes in LZR‘4GBUGCAGCUUCCAGUGGUG-3 on its ability to mediate the inhibition of HRV replication,

the following nucleotide sequence changes (in bold) were introduced, which resulted in the generation of the siRNA molecules, LZR-4-1, LZR-
4-2, LZR-4-3, LZR-4-4, LZR-4-5, and LZR-4-6 with the following nucleotide sequence§€AJGCAGCUGCCAGUGGUG-3, 5-GAUGCAGCUGA
CAGUGGUG-3, 5-GAUGCAGCAGACAGUGGUG-3, 5-GAUGCAGCAGAGAGUGGUG-3, 5-GAAGCAGCUUCCAGUGGUG-3 and 3-GAUGC
AGCUUCCAGUGCCUG-3, respectively. The resulting siRNA molecules were transfected into the HRV-infected HelLa cells and their ability to induce the
inhibition of HRV replication was determined by the plaque assay as descrit@=ttion 2 This experiment was performed twice each with four replicates.
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Fig. 3. Dose-dependent inhibition of HRV-16 replication in the cell medi-
ated by the viral specific SiRNA molecules. The siRNA molecules, LZR-4
(®), LZR-8 (©), LZR-13 (O), and LZR-20 W) were transfected into the
HRV infected cells at various concentrations (0.003-300nM) and their
ability to induce the inhibition of viral replication was assessed by plaque
formation as described iBection 2 This experiment was performed twice
each with two replicates.

3.3. The HRV RNA level in the cell was significantly
reduced when treated with the HRV siRNA molecules

The hallmark of RNAI is the degradation of cellular mR-
NAs, resulting in the reduction of mMRNA level in the cell.
To examine whether the inhibition of the HRV-16 replica-
tion is due to the reduction of the viral RNA levels in the

Phipps et al./Antiviral Research 61 (2004) 49-55
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cell, HelLa cells were treated with or without Actinomycin
D, infected with the virus in the presence or absence of this
inhibitor, respectively, and then transfected with the siRNA
molecules, LZR-4, LZR-13, and LZR-20 as described in
Section 2 The incorporation ofH-labeled nucleoside into
RNA was measured. We used this labeling method to quan-
tify viral RNA levels in the cell for the following reasons.
This method, as compared with those of Northern blotting
or quantitative PCR is quick, simple, quantitative, and does
not require the generation of DNA or RNA probes. In ad-
dition, using Northern blotting or quantitative PCR method
may require the generation of different probes for testing
different siRNA molecules, as the initiation sites of viral
RNA cleavage mediated by different sSiRNA molecules may
be different. Finally, it was not known how stable the de-
graded viral RNA molecules would be in the cell. Therefore,
this labeling method was employed for the detection of viral
RNA degradation.

By using this labeling method, the amount of the
3H-labeled RNA isolated from the cells treated with Acti-
nomycin D alone or Actinomycin D plus the control Neo-1
siRNA molecule was measuredrig. 4). Similarly, the
amounts of the®H-labeled RNA isolated from the cells
treated with Actinomycin D and the HRV specific SIRNA
molecules, LZR-13 and LZR-20 were measur&dg( 4).

As shown inFig. 4, the RNA levels in the cells treated with
the siRNA molecules LZR-13 and LZR-20 were signifi-
cantly lower than those in the control cells. As expected, the
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Fig. 4. siRNA-mediated inhibition of HRV-16 replication in the cell. HelLa cells were infected without or with HRV and treated without or with
Actinomycin D as described iBection 2 The cells were then transfected without or with siRNA molecules. After the transfegkientidine was added

to the growth medium as described before. After the incubation, RNA was isolated and quantified as des@ietcbim?2 The following treatments
were carried out: cells were not infected with HRV-16 (cellsiRV) or infected with the virus and treated with Oligofectamine (c¢lldRV) alone or

with the control siRNA Neo-1 (Neo-1) or the HRV-16 specific sSiRNA molecules (LZR-13 or LZR-20).
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amount of the labeled RNA in the Actinomycin D-treated This work was supported by the Lilly Research Labora-
uninfected cells was very low. Thus, these results indicate tories.
that the viral RNA was degraded in the cell, most proba-
bly resulting from siRNA-mediated RNA silencing. In the
absence of Actinomycin D, there was no significant differ-
ence in the RNA levels in the cells that were treated with
or without the ;IRNA Or. control SIRNA mOIecmeS (data Baulcombe, D.C., 1996. RNA as a target and an initiator of post-
not shown). This result is expected as in the absence of transcriptional gene silencing in transgenic plants. Plant Mol. Biol. 32,
Actinomycin D, host RNA synthesis was not inhibited and 79-88.
thereby the majority of the label was probably incorporated Bemstein, E., Caudy, A.A., Hammond, S.M., Hannon, G.J., 2001. Role
into the host RNA, rather than just the viral RNA. for a bidentate ribonuclease in the initiation step of RNA interference.
In summary, the results of this study have shown that _ Nature 409, 363-366.

. Bitko, V., Barik, S., 2002. Phenotypic silencing of cytoplasmic genes
several short dsRNA molecules corresponding to the HRV using sequence-specific double-stranded short interfering RNA and its

genome are potent, specific inducers of RNA silencing in  appiication in the reverse genetics of wild type negative-strand RNA
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