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aBsTRACT. DBT cells and several transfected cell lines which express antisense or sense RNA against the nucleocapsid protein gene of
mouse hepatitis virus (MHV) were examined for the yields of MHV. The transfected cells showed 95 and 99% reduction of virus yield at
9 and 12 hr postinfection (p.i.) as compared with untransfected DBT cells. A remarkable decrease in MHV-specific RNA synthesis was
observed in both transfected cell lines at 3.5 hr p.i. The result suggested that both antisense and sense RNAs inhibited viral replication at

the initial stage of infection.—KEY woRrDs: antisense RNA, mouse hepatitis virus, nucleocapsid protein, sense RNA.

Mouse hepatitis virus (MHV) is a member of the
Coronaviridae family, which causes a variety of diseases,
including hepatitis and encephalomyelitis in laboratory
mice [12, 33]. MHV is an enveloped virus containing a
helical nucleocapsid structure composed of a single-
stranded, positive-polarity RNA of approximately 31
kilobases (kb) in length [25]. In the replication cycle of
MHV, RNA-dependent RNA polymerase translated from
the 5’-portion of MHV genomic RNA [3, 17] transcribes
the virion RNA into a full length negative-stranded RNA
and subgenomic negative-stranded RNA [15, 26]. Geno-
mic RNA (mRNA1) and six species of subgenomic
mRNAs (mRNA2~7) form a 3’-coterminal nested set
extending for different lengths in the 5’-direction [18],
ending with an identical leader sequence of approximately
70 nucleotides [1, 16]. The free leader RNA species
initially synthesized dissociates from negative-stranded
RNA and then rebinds to the negative-stranded RNA at
the initiation sites of six subgenomic mRNAs, taking part
in leader-primed transcription [1].

An antisense RNA has been reported to inhibit the
expression of the target gene [6], resulting from the hybrid
formation. Inhibition of viral replication and multiplica-
tion by antisense RNA has been demonstrated [10, 14],
while the effects of antisense RNA on the multiplication
of positive-stranded RNA viruses in infected cells have
not been reported. In our previous paper, an antisense
oligonucleotide against leader RNA was shown to inhibit
MHV-multiplication in vitro [22]. The inhibition percen-
tage of viral multiplication by antisense oligonucleotide
was 75% at a concentration of 10 uM at 6 hr postinfection
(p.i.). It has been shown that a specific interaction occurs
between the nucleocapsid (N) protein which is encoded by
mRNA7 and the sequence of the leader RNA in the
transcriptional complex [31]. The N protein also plays an
important role in viral replication [2, 7]. Since neutralizing
monoclonal antibodies to the N protein protect mice
against a lethal challenge of MHYV, the N protein might be
important in the pathogenesis of MHV [24]. In the present
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study, we examined the effect of sense and antisense
RNAs against the N protein on MHV multiplication.

MATERIALS AND METHODS

Chemicals: DNA polymerase I Klenow fragment and
G418 were purchased from Nippon Gene Co. and Gibco
Laboratories, respectively. SP6 RNA polymerase was
from Takara Shuzo Co. RNase inhibitor and T7 RNA
polymerase were from Boehringer Mannheim GmbH.
32p_dCTP and **P-UTP (110 TBg/mmol) were from ICN
Radiochemical.

Plasmids: Plasmids which expressed antisense and sense
RNA were constructed as shown in Fig. 1. A ¢cDNA of
MHV-mRNA7 which was kindly provided by Dr. Siddell
[30] was inserted into the Pst I site (pGEM-MHV) of
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Fig. 1. Construction of recombinant plasmid pZIP-A and -S.
The cDNA of MHV-mRNA7 was inserted into plasmid
pGEM-1 at the Pstl site (pGEM-MHYV). The 1.8 kbp cDNA
fragment of mRNA7 was inserted into the BamHI site of
PZIP-Neo in both sense and antisense orientations, which
were designated pZIP-S and pZIP-A, respectively, as de-
scribed in Materials and Methods. T7 and SP6: bacter-
iophage T7 and SP6 RNA polymerase promoter; LTR:
Moloney murine leukemia virus-LTR; neo: neomycine
resistance gene.
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plasmid pGEM-1. After digestion of the pGEM-MHV
with HindIIl and EcoRI, a 1.8 kbp cDNA fragment of
MHV-mRNA7 was isolated and the sticky ends of this
fragment were filled in with the Klenow fragment of DNA
polymerase 1. Plasmid pZIP-Neo SV(X) 1 (pZIP-Neo) [5]
was cleaved with BamHI and filled in. The cDNA
fragment of MHV-mRNA7 was inserted into the pZIP-
Neo vector. The clones which expressed the mRNA7 in
sense and antisense orientations, designated pZIP-S and
pZIP-A, respectively, were selected based on their Avall
digestion patterns.

Virus, Cell and Transfection: The JHM strain of MHV
[19] was used in the present study. DBT cells [13] grown in
Eagle’s minimum essential medium (MEM) supplemented
with 5% calf serum (CS) at 37°C in a humidified 5% CO,
atmosphere, were transfected with the constructed plas-
mids using the standard calcium phosphate precipitation
procedure [9]. Briefly, 5x10° cells in 6-cm dishes were
treated with 10 ug of pZIP-A or -S DNA, and they were
replated on the following day at a density of 1x10° cells
per dish in selection medium containing 1 mg G418/m/.
G418-resistant clones were established two months later.

Viral infection and Plaque assay: The parent and
transfected DBT cells were infected with MHV-JHM at a
multiplicity of infection (m.o.i.) of 0.1 for 1 hr at 37°C.
After washing twice with CS-free MEM and adding MEM
with CS, the culture supernatants were titrated for
infectious progeny by plaque assay at each p.i. time.

Northern blot analysis: Cellular RNA samples were
prepared from the parent or transfected cells infected with
MHYV according to the method of Silver er al. [29], and
electrophoresed in 1.0 or 1.2% agarose gels containing
formaldehyde, and blotted onto nitrocellulose membranes
[20]. A probe cDNA of MHV-mRNA7 was **P-labeled by
nick-translation, hybridization, washing and autoradiogra-
phy were performed as described previously [22]. Using a
template (Fig. 1), sense and antisense RNA probes were
synthesized by reaction for 1 hr at 37°C in a mixture
containing 40 mM Tris-HCl (pH 7.5), 6 mM MgCl,, 2 mM
spermidine, 10 mM NaCl, 10 mM DTT, 10 mM ATP,
CTP and GTP, 1.85 MBq of ¥*P-UTP, 1 ug of linearlized
pGEM-MHV, 1.5 U/ul RNasin and 30 U of T7
polymerase for sense RNA probe or SP6 polymerase for
antisense RNA probe. Then, after adding 80 w/ of 1%
SDS to the mixture, synthesized RNA was extracted with
phenol:chloroform (1:1), purified from unincorporated
NTPs by Sephadex G50 chromatography and subjected to
Northern blot hybridization analysis as described pre-
viously [22].

RESULTS

Antisense and sense RNA expression vectors: Two
recombinant plasmids were constructed to see for anti-
sense and sense RNA to inhibit the multiplication of
MHV. A ¢cDNA of MHV-mRNA7 (1.8 kb) was inserted
into the pZIP-Neo vector in the sense or antisense
orientation, referred to as pZIP-S and pZIP-A, respec-

tively (Fig. 1). The pZIP-A or pZIP-S DNA was
transfected into DBT cells and several transfected cell
lines expressing antisense or sense RNA were selected by
G418. No difference in cellular viability and growth rate
was observed between the transfected and parent cells.

Northern blot analysis of RNA extracts from the four
transfected cell lines using a probe cDNA of mRNA7,
showed that RNAs 5 to 7 kb in size containing the N
protein gene sequence were synthesized (Fig. 2). The
RNA also hybridized with Neo and MLV-LTR sequences
(data not shown). The N protein of MHV was undetect-
able in the transfected cell lines expressing the sense RNA
by immunoprecipitation analysis using monoclonal and
polyclonal antibodies.

Inhibition of the MHV multiplication by antisense and
sense RNAs: After infection of the pZIP-Neo introduced
DBT cells with MHV-JHM at 0.1 m.o.i., no inhibition of
MHV multiplication was observed (data not shown),
indicating that the pZIP-Neo vector sequence did not
affect the MHV multiplication. Also the presence of G418
in the medium at a concentration of 1 mg/m/ did not affect
the multiplication of MHV.

The effects of antisense and sense RNAs against
mRNA7 on the viral multiplication were investigated in
two transfected cell lines which expressed either antisense

Fig. 2. Northern blot analysls of transfected
cells. The cellular RNA samples (10 ug)
prepared from the parent DBT cells and
the transfected cells were analyzed on a
1.2% denatured agarose gel and hybridized
with cDNA of MHV-mRNA7 as a probe.
lane 1: parent DBT cells; lane 2: S1 cells;
lane 3: S2 cells; lane 4: Al cells; lane 5: A2
cells.
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Table 1. Inhibition of MHV multiplication by antisense and sense RNAs
9 hr pi. 12 hr p.i.
Cell line PFU/m/®  Inhibition (%) PFU/m! Inhibition (%)

parent DBT  2.47x10° 1.47%x10°

Al 8.10x10° 96.7 9.52x10* 93.5

A2 4.28x10* 82.7 7.20x10° 51.0

S1 1.13x10* 95.4 1.90x10* 98.7

S2 3.35x10° — 1.60x10° —
a) Cells were infected with MHV-JHM at 0.1 m.o.i.

e PFU obtained from transfected cells
= [1- X
b) Percentage of inhibition = {1 (PFU obtained from parent DBT cells ) 100 (%)
Antisense Sense
probe probe
i 2 3 4
321 132 ;
Arfisense and 9 10
. senserfNA - T
N4
Sense Antisense O! : Y
RNA 285 - ¥ rwn - =~ @ " “Antisonse ANA
: 3 i
185 S o "“5
- MHV . iSe X BN
mANAT - e } bt ‘
5 6 7 8

Fig. 3. Northern blot analysis using single-stranded
RNA probes. The RNA samples (10 ug) prepared from
the transfected Al and S1 cells analyzed on a 1.0%
denatured agarose gel. Sense and antisense RNA
probes were synthesized from the pGEM-MHYV using
bacteriophage T7 and SP6 RNA polymerase, respec-
tively (Fig. 1). lane 1: parent DBT cells; lane 2: Al
cells; lane 3: S1 cells.

RNAs, Al and A2, or sense RNAs, S1 and S2, at several
intervals after infection with MHYV at 0.1 m.o.i. for 1 hr at
37°C. As shown in Table 1, the yield of infectious particles
from the both transfected cells expressing antisense or
sense RNA was remarkably reduced as compared with
that from the parent DBT cells. The Al cells exhibited
inhibition rates of 96.7 and 93.5% at 9 and 12 hr p.i.,
respectively, whereas the A2 cells 82.7% at 9 hr p.i. The
inhibitory effect was rapidly reduced with incubation time
showing 51.0% at 12 hr p.i. The S1 cells with sense RNA
expression strongly inhibited the MHV multiplication at
rates of 95 and 99% at 9 and 12 hr p.i., respectively. On
the other hand, no inhibitory effect was observed in S2
cells, which expressed the sense RNA with lower copy
numbers than S1 cells. The S1 and A1 cells were shown to
express high levels of sense and antisense RNA, respec-
tively (Fig. 3).

i . .. 4acﬁnprioble

Fig. 4. The effect of antisense and sense RNA on viral
mRNA synthesis. The Al, S1 and parent DBT cells were
infected with MHV-JHM. At 3.5 and 7 br p.i., the cellular
RNAs were prepared and analyzed on 1% denatured
agarose gel, and hybridized with cDNA of MHV-mRNA7
as a probe. lane 1: mock-infected parent DBT cells; lane 2:
infected parent DBT cells; lanes 3 and 10: infected A1 cells
at 3.5 and 7 hr.p.i.; lanes 4 and 9: infected S1 cells at 3.5
and 7 hr.p.i.; lanes S to 8 were rehybridized with f-actin
DNA as a probe after dehybridization of the filter.

Viral transcription in the transfected cell lines: Syncytia
formation first appeared in the infected cell monolayers at
6 to 7 hr p.i. and involving 80% cells at 12 hr p.i. To
investigate the inhibitory effects of antisense and sense
RNAs against MHV-mRNA7 on the MHV-specific
mRNAs synthesis, RNAs from MHV-infected Al and S1
cells at 3.5 and 7 hr p.i. were analyzed by Northern blot
hybridization using a probe cDNA of MHV-mRNA7 (Fig.
4). Since genomic RNA and all subgenomic mRNAs
contained a sequence complementary to mRNA7, all
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mRNA species were hybridized with cDNA of mRNA7.
At7hrp.i.,, MHV-mRNA3, 4,5, 6 and 7 were detected in
both infected Al and S1 cells. In the parent DBT cells
infected with MHV, only MHV-mRNA?7, a most abun-
dant mRNA species in infected cells, was detected at 3.5
hr p.i. The mRNA7 was not observed in either S1 or Al
cells.

DISCUSSION

In the present study, both antisense and sense RNAs
against MHV-mRNA7 were shown to inhibit MHV
multiplication. In MHV-infected cells, the positive-
stranded virion RNA is initially transcribed into a nega-
tive-stranded RNA being of full-length and subgenomic,
which is transcribed into subgenomic mRNA as a tem-
plate. Both positive- and negative-stranded RNAs might
be eligible for the targets of sense and antisense RNAs.
The N protein coded by mRNA7 may play a regulatory
role in the transcription and replication of MHV [2, 7, 31]
and all negative- and positive-stranded MHV RNAs
contain the related sequence of mRNA7. Thus mRNA7
might be an adequate target of antisense and sense RNAs
inhibiting MHV multiplication. Skinner and Siddell [30]
reported that the sequence of mRNA7 of the MHV-JHM
is similar to that of strain A59, showing a 94% overall
homology. Therefore, the transfected cell lines which
express the antisense or sense RNA complementary to the
N protein sequence of the MHV-JHM, may inhibit the
multiplication of other MHYV strains. After infection of Al
and S1 cells with MHV-AS59 at 0.1 m.o.i., 96 and 91%
inhibition at 9 hr p.i. were obtained.

In S2 cells expressing the sense RNA at a Jower level
than S1 cells, no inhibitory effect was observed. The A2
cells, which expressed a lower level of antisense RNA,
showed lower inhibitory effect than that of Al cells, and
the inhibitory effect decreased with incubation time. The
inhibitory effects might depend upon the level of sense or
antisense RNA expression.

We previously showed that 10 uM of an antisense
oligonucleotide against MHV-leader RNA reduced the
viral multiplication at 6 hr p.i. as well as the synthesis of
virus-specific mRNAs at 4.5 hr p.i. [22]. Also with higher
concentration of sense oligonucleotide, some inhibitory
effect was observed. Although the negative-stranded
RNAs was reported to appear at 3 hr p.i. [8] and mRNA7
was produced at 3.5 hr p.i. in MHV-infected cells (Fig. 4,
lane 2), no viral mRNA was detectable at 3.5 hr p.i. in the
Al and S1 cells. On the contrary, viral-specific mRNAs
were produced at the same level at 7 hr p.i. in both Al and
S1 cells, while the inhibition of MHV growth was
observed at 9 and 12 hr p.i., suggesting that the presence
of antisense and sense RNAs in the early steps of viral
replication might be important for inhibiting viral multi-
plication.

The mechanism by which the antisense and sense RNAs
inhibited viral transcription and multiplication remains
unclear. It has been proposed that the antisense RNAs

in A1 cells In S1 cells
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Fig. 5. Possible model for inhibition of MHV multiplication
in the SI and A1l cells. (A) and (B) indicate models of Al
cells and S1 cells, respectively.

can interfere with the translation of mRNA [11, 21],
though the sense RNA cannot. The antisense RNA may
also inhibit the transcription of the negative-stranded
RNA from virion RNA. During the initial stages (3.5 hr
p.i.) of infection in Al cells, antisense RNA is thought to
be hybridized with positive-stranded RNA (Fig. 5). On
the other hand, the sense RNA expressed in S1 cells might
be hybridized with negative-stranded RNAs being of
full-length and/or subgenomic. The inhibition may be
conformational in the activity of viral RNA polymerase
at/before 3.5 hr p.i. Several hours after infection, when
the MHV-RNAs dissociate from antisense or sense RNA,
the viral transcription might restart.

In the transfected cells expressing the sense RNA, the N
protein could not be detected in the present study. Neither
antisense nor sense RNA was spliced out although
pZIP-Neo contained the splicing signal (Fig. 3). The
unspliced form of the sense RNA or RNA with the LTR
and Neo gene sequence might not be translated into the N
protein. Therefore, the inhibitory effect of sense RNA
was not due to interference by the N protein synthesized
from the sense RNA in transfected cells.

A sense RNA has been shown to block replication of a
plant RNA virus genome by competitive inhibition of viral
replicase [23]. It has been reported that the cells express-
ing the sense RNA of the tat mRNA leader sequence and
the 5’-leader/gag region inhibit HIV-1 replication [14, 27,
32]. Since RNA-RNA and RNA-protein interactions are
crucial for HIV-1 replication and transcription [4], the
sense RNA could compete with HIV-1 mRNAs for
binding of RNA and/or protein resulting in inhibition of
HIV-1 multiplication. It has been reported that interac-
tion between the N protein and MHV mRNA and that
between the free leader RNA and the negative-stranded
RNA, are crucial for MHV replication [2, 15, 31]. The
sense RNA may act as a competitive inhibitor for the
binding of N protein resulting in the inhibition of MHV
multiplication.
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