JOURNAL OF VIROLOGY, Jan. 2007, p. 446-456
0022-538X/07/$08.00+0 doi:10.1128/JV1.01705-06

Vol. 81, No. 2

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Suppression of Coronavirus Replication by Inhibition of the MEK

Signaling Pathway”’
Yingyun Cai, Yin Liu, and Xuming Zhang*

Department of Microbiology and Immunology, University of Arkansas for Medical Sciences, Little Rock, Arkansas 72205

Received 7 August 2006/Accepted 13 October 2006

We previously demonstrated that infection of cultured cells with murine coronavirus mouse hepatitis virus
(MHYV) resulted in activation of the mitogen-activated protein kinase (Raf/MEK/ERK) signal transduction
pathway (Y. Cai et al., Virology 355:152-163, 2006). Here we show that inhibition of the Raf/MEK/ERK
signaling pathway by the MEK inhibitor UO126 significantly impaired MHYV progeny production (a reduction
of 95 to 99% in virus titer), which correlated with the phosphorylation status of ERK1/2. Moreover, knockdown
of MEK1/2 and ERK1/2 by small interfering RNAs suppressed MHYV replication. The inhibitory effect of UO126
on MHYV production appeared to be a general phenomenon since the effect was consistently observed in all six
different MHYV strains and in three different cell types tested; it was likely exerted at the postentry steps of the
virus life cycle because the virus titers were similarly inhibited from infected cells treated at 1 h prior to,
during, or after infection. Furthermore, the treatment did not affect the virus entry, as revealed by the virus
internalization assay. Metabolic labeling and reporter gene assays demonstrated that translation of cellular
and viral mRNAs appeared unaffected by UO126 treatment. However, synthesis of viral genomic and sub-
genomic RNAs was severely suppressed by UO126 treatment, as demonstrated by a reduced incorporation of
[*H]uridine and a decrease in chloramphenicol acetyltransferase (CAT) activity in a defective-interfering
RNA-CAT reporter assay. These findings indicate that the Raf/MEK/ERK signaling pathway is involved in

MHYV RNA synthesis.

Murine coronavirus mouse hepatitis virus (MHV) is an en-
veloped, positive-strand RNA virus. MHV contains four or five
structural proteins, depending on the viral strain. The spike (S)
protein is the virion surface glycoprotein that facilitates virus
binding to the host cell receptor and entry into cells. Thus, it is
responsible for virus infectivity (24). The hemagglutinin-ester-
ase protein is present only in some MHV strains such as JHM
(45, 54); its role in virus infection is not clear. The membrane
(M) and small envelope (E) proteins are important for virion
assembly and morphogenesis (4, 51). The nucleocapsid (N)
protein is associated with the viral RNA genome to form the
nucleocapsid (49); it may also play a role in viral replication
and translation (9, 50).

Infection of host cells by MHV is initiated by binding of the
viral S protein to the receptor on the cell surface. This inter-
action induces conformational change of the S protein and
facilitates fusion of viral envelope with plasma membranes or
with endosomal membranes after endocytosis (17, 36). Upon
entry, the viral nucleocapsid is released into cytoplasm. It has
been shown that dephosphorylation of the N protein occurs
immediately after entry, and it is thus suggested that dephos-
phorylation and dissociation of the N protein from the incom-
ing genomic RNA are a prerequisite for viral replication (19,
20). As a positive-strand RNA virus, the MHV genome functions
as an mRNA for the synthesis of the viral RNA-dependent RNA
polymerase (RdRp) polyprotein via the cap-dependent transla-
tion mechanism, which is subsequently processed into 16
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nonstructural peptides (nsps 1 to 16) (2, 3, 5, 12, 13, 21, 30, 31,
37, 42, 44, 47). The polymerase complex in turn initiates viral
RNA synthesis, including genomic RNA replication and sub-
genomic mRNA synthesis. In addition to the RdRp, a number
of host cell proteins such as heterogeneous nuclear ribonucle-
oprotein Al, polypyrimidine tract binding protein, poly(A)-
binding protein, mitochondrial anicotase, and the synaptotag-
min binding cytoplamic RNA-interacting protein (SYNCRIP)
have been implicated in modulation of MHV RNA synthesis
(7, 16, 27, 28, 35, 48, 57). However, the mechanisms by which
these cellular proteins regulate MHV RNA synthesis are
largely unknown.

The Raf/MEK/ERK signaling pathway is one of the three
mitogen-activated protein kinase (MAPK) cascades that play
important roles in the regulation of cell growth and differen-
tiation (41). Activation of the extracellular signal-regulated
kinase (ERK) signaling pathway follows three signal cascades.
Upon stimulation, Raf kinase is activated, which then activates
the MAPK MEK1/2 by phosphorylation of its serine residues
(25). Subsequently, the activated MEK1/2 in turn activates
ERK1/2 by phosphorylation of its tyrosine and threonine
residues (8). Finally, the activated ERKI1/2 translocates
from cytoplasm to nucleus and phosphorylates a large number
of downstream substrates such as transcription factors c-myc,
Ets, Elk-1, and Egr-1, which ultimately regulate gene expres-
sion (10). Therefore, the ERK signaling pathway involves a
wide range of cellular functions including cell proliferation,
differentiation, and survival (10, 43). These functions may play
a role in virus propagation as well, since viruses are obligate
intracellular parasites. Indeed, several viruses including human
cytomegalovirus (HCMV), human immunodeficiency virus
type 1, influenza virus, respiratory syncytial virus, Borna dis-
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ease virus, and coxsackievirus B3 have been shown to manip-
ulate the host ERK signaling pathway to regulate viral repli-
cation and gene expression (18, 22, 32, 38, 39, 52, 53).
However, the role of the MEK/ERK signaling pathway in coro-
navirus replication is not known.

In a previous study we found that the Raf/MEK/ERK sig-
naling pathway was activated in cultured cells by MHV infec-
tion (6). In the present study we examined the role of the
Raf/MEK/ERK signaling pathway in MHYV replication by us-
ing the MEK inhibitors (14), with the goal of identifying par-
ticular steps of the virus life cycle being regulated by this
signaling pathway. We found that MHV production was se-
verely inhibited by the MEK inhibitor UO126 and siRNAs to
MEK1/2 and ERK1/2. Further experiments revealed that
UO126 had an inhibitory effect on the synthesis of viral
genomic and subgenomic RNAs but did not affect viral entry
and viral protein translation. These data demonstrate that the
Raf/MEK/ERK signaling pathway plays a role in coronavirus
RNA synthesis.

MATERIALS AND METHODS

Viruses, cells, and reagents. MHV strain JHM (33) was used throughout the
present study. For some experiments, MHV strain A59 (26), MHV type 1
(MHV-1), MHV-2, and MHV-3 (kindly provided by Michael Lai, University of
Southern California) and Penn98-1 (kindly provided by Ehud Levi, University of
Pennsylvania) were also used. Penn98-1 is a recombinant virus containing the
MHV A59 genome backbone with the replacement of the spike gene from
MHYV-2. The mouse astrocytoma cell line (DBT) (23) was used for virus prop-
agation, plaque assay, and all other experiments involving cell culture throughout
the present study. DBT cells were cultured in 1X minimum essential medium
(MEM) containing 10% tryptose phosphate broth and 7.5% newborn calf serum
(Gibco). All MHV strains were propagated in DBT cells in MEM without serum.
Mouse fibroblast 17CI-1 (kindly provided by Susan Baker, Loyola University of
Chicago), NIH 3T3, and baby hamster kidney (BHK) cells were used in some
experiments. Antibodies specific to the phosphorylated and unphosphorylated
forms of ERK1/2 and to MEK1/2 were purchased from Cell Signaling, Inc.

The MEK1/2 inhibitors UO126 and PD98059 (purchased from Cell Signaling,
Inc.) were dissolved in dimethyl sulfoxide (DMSO). Both do not compete for
ATP-binding or ERK-binding to MEK and, therefore, they are noncompetitive
inhibitors (1, 15). The inhibitory effect of the two compounds is very selective.
UO126 has very little, if any, effect on the kinase activities of ERK, MEKK,
protein kinase C, Abl, Raf, JNK, Cdk2, Cdk4, MKK-3, MKK-4, and MKK-6
(15). It has been shown that PD98059 blocks the activation (phosphorylation) of
MEKI1 by its upstream kinase Raf-1 (1), whereas UO126 is not only capable of
blocking the activation of MEK by upstream kinases but also inhibiting the
MEK1/2 activity (11). UO126 is a more potent MEK1/2 inhibitor than PD98059
(15). siRNAs specific to MEK1/2 and ERK1/2 were purchased from Santa Cruz
Biochem., Inc., and the EGFP-siRNA was obtained from Invitrogen.

Western blot analysis. DBT cells were grown to a monolayer in 60-mm petri
dishes and were infected with MHV or mock infected. Cells were harvested and
lysed in 50 wl of strong lysis buffer (25 mM HEPES [pH 7.5], 0.5% sodium
deoxycholate, 1% Triton X-100, 0.2% sodium dodecyl sulfate [SDS], 5 mM
EDTA, 1 mM Na;VO,, 20 mM glycerophosphate, 50 mM NaF) containing
protease inhibitor cocktail tablets (Roche) and phosphatase inhibitor (Sigma).
The lysates were sonicated three times for 20 s each time on ice. The protein
concentration was measured by using Bio-Rad protein assay kit (Bio-Rad).
Equal amounts of cell lysates were boiled for 5 min, chilled on ice, and pelleted
by centrifugation before being loaded onto gels. Proteins were separated by
SDS-10% polyacrylamide gel electrophoresis (PAGE). The proteins were then
transferred to nitrocellulose membrane (MSI) for 7 h at 40 V in a transfer buffer
(25 mM Tris, 200 mM glycine, 20% methanol, 0.02% SDS). After being blocked
with 5% skim milk in Tris-buffered saline (TBS) for 1 h at room temperature, the
membrane was washed three times in TBS containing 0.5% Tween 20 and then
immunoblotted with a primary antibody (1 pg/ml) overnight at 4°C, followed by
a secondary antibody coupled to horseradish peroxidase (1:1,000 dilution;
Sigma) for 1 h at room temperature. The presence of the immunolabeled protein
was detected by enhanced chemiluminescence (ECL) using peracid as a substrate
(Amersham), followed by autoradiography.
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Virus internalization assay. DBT cells were incubated with MHV at a multi-
plicity of infection (MOI) of 2 at 4°C for 1 h. Unbound viruses were then
removed by three washes with phosphate-buffered saline (PBS). The cells were
either maintained at 4°C or incubated at 37°C for another hour to allow virus
internalization, in the presence of UO126 (50 pM) or DMSO, followed by
washing with cold PBS and treatment with protease K (0.5 mg/ml) at 4°C for 45
min to remove the bound but uninternalized virus particles. Internalized viruses
were titrated by infectious center assay. Briefly, the infected cells were then
serially diluted in MEM and added onto uninfected DBT cell monolayers. After
incubation for 5 h, detached cells and medium were removed and 0.8% agarose
was overlaid onto the monolayer as in the plaque assay. Two days later, plaques
were counted after neutral red staining.

[*H]uridine labeling of viral RNA. DBT cells were infected with MHV or
mock infected. The actinomycin D (10 pg/ml) with UO126 (50 wM) or with
control DMSO were added to the medium at 1 h postinfection (p.i.). The
infected cells were labeled with [*H]uridine (50 wCi/ml; Amersham Biosciences)
at 2 h p.i. At various time points p.i., intracellular total RNAs were isolated and
purified with Trizol reagent according to the manufacturer’s instruction (Invitro-
gen). RNA samples with an equal volume were precipitated with 10% trichlo-
roacetic acid (TCA). The radioactivities were determined by liquid scintillation
counting (Beckman 2500T). The radioactivity reflects the amount of [*H]uridine
that was incorporated into viral RNAs during synthesis.

Metabolic labeling of viral and cellular proteins. DBT cells were infected with
MHYV or mock infected. After starvation for 30 min in methionine-free medium
(Sigma), cells were labeled with 50 pCi of [**S]methionine/ml for 30 min at
various time points p.i., washed extensively with PBS, and lysed in the strong lysis
buffer as described above for Western blot analysis. Proteins in the cell lysates
were separated by SDS-10% PAGE, and the gel was developed by phosphor-
imaging (Molecular Dynamics).

B-Gal. DBT cells were washed twice with PBS and harvested by adding 1 ml
of PBS and scraping into a tube. The cells were centrifuged at 12,000 X g for 15 s,
and the supernatant was removed. Then, 125 pl of 0.25 M Tris (pH 8.0) was
added into the tube, and the cells were mixed by vortexing. The cells were lysed
by freezing and thawing three times, and the lysates were clarified from debris by
centrifugation at 12,000 X g for 5 min. For B-galactosidase (B-Gal) assay, 3 pl of
a 100X Mg solution (0.1 M MgCl,, 4.5 M B-mercaptoethanol), 66 ul of 1x
ONPG (o-nitrophenyl-B-p-galactopyranoside), 30 pl of cell extract, and 201 pl of
0.1 M sodium phosphate (pH 7.5) were mixed together. The reaction was incu-
bated at 37°C for 30 min until a faint yellow color has developed. Then, 500 pl
of 1 M Na,CO; was added to stop the reaction. The optical density of the
samples was read at a wavelength of 420 nm.

Plasmid construction. The plasmid pUTR-CAT was made in three steps. In
the first PCR, a 200-nucleotide (nt) fragment corresponding to the 5" untrans-
lated region (5'UTR) of MHV-JHM was amplified from p25CAT (29) by using
the primer pair 5'L9 (5'-TGA TTG GCG TCC GTA CGT ACC-3', correspond-
ing to the sequence at nt 9 to 29) and 3'UTR-CAT (5'-TTT TCT CCA TTA
TGC AAC CTA TG-3', complementary to the sequence at nt 202 to 214 with a
12-nt sequence overhang at the 5’ end of the CAT gene). In the second PCR, a
560-nt fragment of the CAT gene was synthesized from 25CAT plasmid using the
primer pair 5’"UTR-CAT (5'-GTT GCA TAA TGG AGA AAA AAA TC-3',
corresponding to CAT gene sequence at nt 1 to 15 with an 8-nt overhang at nt
207 to 214 of DI genome sequence) and 3'CAT 542 (5'-TTA CGC CCC GCC
CTG CCA-3’, complementary to the CAT sequence at nt 542 to 560). The PCR
products from these two sets of reactions were separated by agarose gel electro-
phoresis; the corresponding DNA fragments were excised from the gels and
purified with a gel extraction kit (QIAGEN). The two PCR fragments were then
mixed and used as a template for a third PCR. The third PCR was carried out
with the primer pair 5'L9 and 3'CAT542. The PCR products from the third PCR
were digested with SnaBI and BspEI and directionally cloned into the SnaBI and
BspEI sites of p25CAT, resulting in the generation of pUTR-CAT. In this
plasmid, the CAT gene is directly fused with the 5 UTR of MHV-JHM and also
contains the 3’ UTR of MHV-JHM.

In vitro transcription. Plasmid DNAs of p25CAT, pUTR-CAT, or
pUTRdelta86 were digested with Xbal. The linearized DNA fragments were
purified through gel purification. The T7 in vitro transcription reaction was set up
according to the manufacturer’s protocol (mMessage mMachine kit; Ambion).
The reaction was assembled in the RNase-free microtube containing 1 pg of
linearized template DNAs, 2 pl of enzyme mixture, 10 pl of 2X NTP/Cap, and
2 ul of 10X reaction buffer. The reaction was incubated at 37°C for 4 h.

DNA and RNA transfection. For DNA plasmid transfection, the Lipo-
fectamine reagent was used according to the manufacturer’s protocol (Invitro-
gen). Briefly, DBT cells were grown in six-well plates to 60% confluence. A total
of 500 ng of pSV-B-Gal plasmid (Promega) and 3 ul of the Lipofectamine
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FIG. 1. MHYV propagation was impaired by treatment with inhibitors of the Raf/MEK/ERK signaling pathway. (A) DBT cells were pretreated
with UO126 (50 M) or DMSO for 1 h prior to infection and were infected with MHV-JHM at an MOI of 2. UO126 or DMSO was present in
the medium throughout the infection. At the indicated time points p.i., the virus titer was determined by plaque assay. The data are the average
of three independent experiments, and error bars denote the standard deviation. (B) The experiments were performed as in panel A except that
the inhibitor treatment was omitted in one set of samples during the first hour of infection (UO126-1I). UO126-1 denotes the presence of UO126
throughout the infection. Virus titers were determined by plaque assay at 8 and 12 h p.i. (C and D) Effects of inhibitors UO126 and PD98059 on
ERK1/2 phosphorylation (C) and virus production (D). DBT cells were infected with MHV-JHM at an MOI of 2 or mock infected. After 1 h of
incubation, the inocula were removed, and cells were cultured in fresh medium containing UO126 or PD98059 at various concentrations as
indicated or DMSO. At 8 h p.i., phosphorylated or total ERK1/2 was detected by Western blot analysis (C), and virus titers were determined by
plaque assay (D). Values are expressed as means of three independent experiments. Error bars represent the standard deviations.

reagent were diluted separately in 100 pl of serum-free OPTI medium (Gibco)
without antibiotics and then mixed. The DNA-Lipofectamine mixture was incu-
bated at room temperature for 30 min. DBT cells were washed with PBS, and 300
prl of OPTI medium was added to each well of the cell culture. The DNA-
Lipofectamine mixture (200 pl) was then added to each well, and the cell culture
plates were incubated at 37°C for various time periods as indicated. For viral
genomic RNA and in vitro-transcribed DI-RNA transfection, DOTAP was used
according to the manufacturer’s instructions (Roche). Briefly, 5 pg of RNA was
mixed with 30 pl of DOTAP in 70 pl of 20 mM HEPES (pH 7.4). The mixture
was then added to the cells.

CAT assay. The chloramphenicol acetyltransferase (CAT) assay was carried
out as described previously (58). Briefly, cell lysates were prepared as described
above for B-Gal assay, except that the lysates were incubated at 60°C for 10 min
before centrifugation. The CAT assay reaction containing 5 wl of n-butyl coen-
zyme A (5 mM), 50 ul of cell lysate, 66 pl of 0.25 M Tris-HCI (pH 8.0), and 4 pl
of ['"*C]chloramphenicol (0.05mCi/ml) was incubated at 37°C for 16 h and was
terminated by the addition of 300 pl of mixed xylenes (Sigma Aldrich). The
mixture was vortexed for 30 s and spun at 12,000 X g for 3 min. The upper phase
(xylenes) was transferred to a new tube, and 100 pl of fresh 0.25 M Tris-HCI (pH
8.0) was added. Finally, 200 pl of upper xylene phase was transferred to a
scintillation vial containing scintillation fluid. The radioactivity of the butyrylated
chloramphenicol products was measured in a liquid scintillation counter, which
represents the CAT activity.

RESULTS

MHY propagation was impaired by treatment with inhibi-
tors of the Raff/MEK/ERK signaling pathway. We previously
showed that infections of DBT and 17CI-1 cells with MHV
activated the Raf/MEK/ERK signaling pathway, as evidenced
by an increased phosphorylation level of ERK1/2 (6, and un-
published data). To assess the biological relevance of the
ERK1/2 activation, we used specific inhibitors of the Raf/
MEK/ERK signaling pathway. DBT cells were pretreated 1 h
prior to infection with UO126 at a concentration of 50 uM or
with DMSO as a negative control. Cells were then infected
with MHV strain JHM at an MOI of 2. UO126 or DMSO was
present in the medium throughout the entire period of infec-
tion. At various time points p.i., virus titers were determined by
plaque assay. As shown in Fig. 1A, the progeny virus produced
in UO126-treated DBT cells was ca. 95 to 99% less than that
in the DMSO-treated control cells from 6 to 14 h p.i. The
inhibitory effect of UO126 on virus propagation was readily
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FIG. 2. MHV propagation was suppressed by siRNAs specific to MEK1/2 and ERK1/2. (A) DBT cells were transfected with siRNAs to
MEKI1/2 or EGFP-siRNA as a negative control. At 48 h posttransfection, cells were infected with MHV at an MOI of 2. At 12 h p.i.,, MEK1/2
proteins were detected by Western blotting with monoclonal antibodies specific to MEK1/2. Beta-actin was used as an internal control. (B) The
experiments were carried out exactly as in panel A, except that the ERK1/2 siRNAs were used for transfection and ERK1/2 antibodies were used
for Western blot analysis. (C) Virus titers were determined at 12 h p.i. by plaque assay. The data are the averages of three experiments, and error

bars denote the standard deviations.

detectable at 6 h p.i. but not at 4 h p.i. This result demonstrates
that treating the cells with the MEK inhibitor UO126 sup-
pressed MHV propagation in DBT cells, suggesting that the
Raf/MEK/ERK signaling pathway may play a role in MHV
propagation.

Because this experiment was carried out in the presence of
UO126 before, during, and after virus infection, to exclude the
possibility that the UO126 has a direct effect on virion infec-
tivity, we removed the UO126 compound during virus infection
for 1 h to avoid direct contact of the UO126 with the virus and
added it back to the cells after 1 h of infection. The virus titers
were determined at 8 and 12 h p.i. and were compared to those
in the presence of UO126 throughout the infection. As shown
in Fig. 1B, the virus titers decreased to a similar extent regard-
less of whether UO126 was present during the 1 h infection.
This result thus confirms that the UO126 indeed has an inhib-
itory effect on MHYV propagation. Furthermore, the result also
indicates that the inhibitory effect of UO126 is likely exerted
through cellular mechanisms rather than directly on virion
infectivity.

To further provide a biological correlate, we determined
the phosphorylation status of the downstream components
ERKI1/2 after treatment with two MEK inhibitors. We found
that both inhibitors inhibited ERK1/2 phosphorylation at 8 h
p.i. (Fig. 1C). However, the inhibitory effect of the two inhib-
itors was markedly different, with a significant inhibition ob-
served for UO126 at 25 uM. In contrast, ERK1/2 phosphory-
lation was only slightly reduced by treatment with the PD98059
compound even at 100 wM. This finding suggests that the
PD98059 might not be as effective as UO126 in inhibiting
MHYV propagation. To address this hypothesis, we determined
the virus titers at 8 h p.i. after the treatment with UO126 and
PD9Y8059. Indeed, the inhibitory effect on virus titers was dose
dependent for both inhibitors, and it correlated with the ability
of the compounds to inhibit ERK1/2 phosphorylation (Fig.
1D). PD98059 was significantly less effective in suppressing

virus growth (a 50% reduction in virus titer at a concentration
of 50 uM) than UO126 (a 99% reduction in virus titer at the
same concentration) (Fig. 1D). Such a correlation suggests that
the Raf/MEK/ERK signaling pathway may play a role in MHV
propagation. Since UO126 is a much more potent inhibitor
than PD98059, we used UO126 in all subsequent experiments.

MHYV propagation was suppressed by siRNAs specific to
MEK1/2 and ERK1/2. To provide direct evidence that the
Raf/MEK/ERK signaling pathway is involved in regulation of
MHYV replication, DBT cells were transfected with small inter-
fering RNA (siRNAs) specific to MEK1/2 and ERK1/2 or a
nonspecific EGFP-siRNA as a negative control. At 48 h post-
transfection, cells were infected with MHV at an MOI of 2. At
12 h p.i., the level of MEK1/2 and ERK1/2 proteins was de-
termined by Western blot analysis, and virus titers were deter-
mined by plaque assay. As shown in Fig. 2A and B, the expres-
sion levels for MEK1/2 and ERK1/2 proteins were reduced by
ca. 50% after siRNA treatment in both mock- and virus-in-
fected cells, compared to those treated with the nonspecific
EGFP-siRNA, indicating specific knockdown of MEK1/2 and
ERK1/2 by siRNAs. Moreover, treatment with siRNAs specific
to MEK1/2 and ERK1/2 decreased virus titers by ca. 1.5 log,,
(Fig. 2C). These results indicate that knockdown of MEK1/2 or
ERK1/2 has a detrimental effect on MHV propagation, thus
demonstrating a role for the raf/MEK/ERK signaling pathway
in MHYV replication.

The inhibitory effect of UO126 on MHV production was
neither virus strain specific nor cell type specific. To deter-
mine whether UO126 has a general inhibitory effect on coro-
navirus propagation, we used various MHV strains. These
strains have diverse biological and pathogenic properties. For
example, JHM is the most neurovirulent and causes acute
encephalitis and demyelination, as well as persistent infection
in the central nervous system, whereas MHV-3 is primarily
hepatotropic, causing fulminant hepatitis in animals. DBT cells
were infected with JHM, A59, MHV-1, MHV-2, MHV-3, or
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FIG. 3. The inhibitory effect of UO126 on MHV production was
neither virus strain specific nor cell type specific. (A) DBT cells were
infected with MHV-JHM, -AS59, Penn98-1, MHV-1, MHV-2, or
MHYV-3 at an MOI of 2. After 1 h of incubation, the inocula were
replaced with medium containing either UO126 (50 uM) or DMSO.
Virus titers were determined by plaque assay at 8 h p.i. (B) Various
types of cells, including DBT, 17 Cl-1, and NIH 3T3 cells, were in-
fected with MHV-JHM at an MOI of 2. At 1 h p.i.,, UO126 (50 uM)
or DMSO was added to the medium, and virus titers were determined
at 8 h p.i. The data represent the means of three independent exper-
iments. Error bars denote the standard deviations.

Penn-98-1 at an MOI of 2 and treated with UO126 (50 uM) or
DMSO. Virus titers were measured by plaque assay at 8 h p.i.
As shown in Fig. 3A, virus titers for all six strains were signif-
icantly inhibited by treatment with UO126 (the reduction in
virus titers ranged from 2 to 3 log,).

Next, we determined whether the inhibitory effect of UO126
was cell type specific. We chose three types of cells that are
susceptible to MHYV infection. These cells (DBT, 17Cl-1, and
NIH 3T3) were infected with the JHM strain at an MOI of 2
and treated with 50 puM UO126 or DMSO at 1 h p.i. Virus
titers were inhibited by UO126 in all three types of cells tested,
although there was some variation among the cell types (Fig.
3B). Taken together, these results demonstrate that the inhib-
itory effect of UO126 on MHYV production was neither virus
strain specific nor cell type specific.

U0126 inhibited MHV propagation at early steps of the
virus life cycle but did not block virus internalization. To
identify which step(s) of the virus life cycle was inhibited by

J. VIROL.

UO126 treatment, we started with experiments to assess the
earliest step, i.e., virus entry. We performed the internalization
assay to address this question. DBT cells were incubated with
MHV-JHM at an MOI of 2 at 4°C for 1 h to allow virus
binding. Virus-bound cells were washed with cold PBS and
were either maintained at 4°C or moved to 37°C for another
hour to allow virus internalization in the presence of UO126
(50 uM) or DMSO. Cells were then treated with protease K to
remove the viruses remaining on the cell surface. The cells
were then serially diluted, and virus titers were determined by
infectious center assay. As shown in Fig. 4A, the virus titer was
virtually the same in cells treated with UO126 as those with
DMSO at 37°C. The low titers seen in cells remained at 4°C
suggested an inefficient removal of the bound virus by protease
K. Nevertheless, these data indicate that UO126 has no signif-
icant effect on virus entry.

Next, we investigated the postentry steps. Since we consis-
tently used the virus at an MOI of 2 throughout the present
study, we wanted to first establish a precise growth kinetic with
this MOI to better understand the drug action. As shown in
Fig. 4B, the one-step growth curve indicates that the eclipse
period appeared to be 5 h p.i.; progeny viruses began to be
detectable at 6 h p.i. Accordingly, we added UO126 to the
culture at various time points (i.e., 1, 3, and 5 h) p.i. prior to the
production of progeny virus (Fig. 4B) to examine the potential
early steps that UO126 inhibits. When UO126 was added at 1 h
p.i., the virus titer was decreased ~2 log, (Fig. 4C). The virus
titer was decreased ~1.5 log,, when UO126 was added at 3 h
p.i. When UO126 was added at 5 h p.i., the reduction in virus
titer was less than 1 log,, (Fig. 4C). These results indicated that
the inhibitory effect of UO126 on MHV propagation was likely
exerted largely on the early postentry steps of the virus life
cycle, including protein translation and RNA synthesis, al-
though these experiments could not completely exclude the
possibility of the effect on late steps of the virus life cycle, such
as assembly and budding.

UO0O126 did not inhibit cellular and viral protein translation.
For positive-strand RNA viruses, initiation of viral RNA rep-
lication requires de novo synthesis of the viral RdRp and its
associated proteins. The polymerase polyprotein of coronavi-
rus is translated from the viral genome via the same cellular
cap-dependent mechanism. Thus, if the cellular or viral trans-
lation machinery is inhibited by UO126, it is conceivable that
all subsequent steps in the virus life cycle would be affected.
For this reason, we first determined whether UO126 has an
inhibitory effect on cellular translation. DBT cells were treated
with UO126 (50 uM) or DMSO alone for 11.5 h, and protein
synthesis was monitored by labeling with [**S]methionine. At
12.5 h posttreatment, cells were lysed, and proteins were sep-
arated by SDS-PAGE. Overall, there was no obvious difference
in the amount and species of the proteins between UO126-
treated and DMSO-treated cells (Fig. 5A). We then used an
alternative approach to quantitatively determine the potential
effect of UO126 on cellular translation. DBT cells were trans-
fected with a B-Gal reporter plasmid, whose gene expression is
under the control of simian virus 40 early promoter and en-
hancer (Fig. 5B). Consistent with the results from radiolabel-
ing, the B-Gal activity in UO126-treated cells was similar to
that in DMSO-treated cells (Fig. 5B). Taken together, these
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FIG. 4. UO126 inhibited MHV propagation at early steps of the
virus life cycle but did not block virus internalization. (A) Virus inter-
nalization assay. DBT cells were infected with MHV-JHM at an MOI
of 2 at 4°C to allow virus binding. After 1 h of incubation, the infected
cells were washed with cold PBS. In the presence of UO126 (50 uM)
or DMSO, infected cells were either maintained at 4°C or moved to
37°C for an additional hour to allow the virus to internalize into cells.
At the 1 h posttemperature shift, bound but uninternalized viruses
were removed by treatment with protease K. The treated cells were
then serially diluted and plated onto a DBT monolayer for 5 h. The
medium was then removed, and agarose was overlaid on the mono-
layer as in the plaque assay. Values represent the means of three
independent experiments. Error bars denote the standard deviation.
(B) One-step growth curve. DBT cells were infected with MHV-JHM
at an MOI of 2. At each time point p.i. as indicated, the virus titer was
determined by plaque assay. Arrows indicate the time point for the
addition of the drug as described in panel C. (C) DBT cells were
infected with MHV-JHM at an MOI of 2. At various time points p.i. as
indicated (1, 3, or 5 h p.i.), the cells were treated with UO126 (50 uM)
or DMSO. Virus titers were determined at 8 h p.i. The values are the
means of three independent experiments. The error bars denote the
standard deviations.
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FIG. 5. Translation of cellular and viral mRNAs was not inhibited
by UO126. (A) Uninfected DBT cells were treated with UO126 (50
uM) or DMSO for 11 h and labeled with [**S]methionine (50 wCi/ml)
for 30 min. One eighth of the cell lysates for each sample was analyzed
by SDS-10% PAGE, and the gel was autoradiographed. (B) The top
panel shows a simplified diagram of the structure of pSV-B-Gal. The
transcription of B-Gal gene is under the control of simian virus 40 early
promoter and enhancer. For the bottom panel, DBT cells were trans-
fected with plasmid pSV-B-Gal and treated with either UO126 (50
wM) or DMSO at 5 h posttransfection. The p-Gal activity was mea-
sured at 24 h posttransfection. The data represent the means of six
independent experiments. Error bars denote the standard deviation.
(C) The top panel shows a diagram of the reporter mRNA (UTR-CAT
RNA). 5'UTR and 3'UTR are derived from MHV-JHM sequences.
For the bottom panel, DBT cells were transfected with in vitro-tran-
scribed UTR-CAT RNA and treated with UO126 (50 uM) or DMSO.
The CAT activity was measured at 5 or 8 h posttransfection. Values are
means of six independent experiments. Error bars denote the standard
deviations.

results demonstrate that UO126 at the concentration of 50 uM
had no inhibitory effect on cellular translation.

These results also imply that UO126 does not have an in-
hibitory effect on viral translation since the cell and the virus
use the same translation machinery. However, there is a pos-
sibility that virus infection may alter the translation machinery
in favor of viral translation (50), and thus viral translation may
have a different sensitivity to UO126 treatment. To address
this issue, we designed a minigenomic RNA, in which the viral
coding genes were replaced with the CAT reporter gene,
whereas the 5’'UTR and 3'UTR are identical to the viral ge-
nome (Fig. 5C, top panel). Thus, the CAT activity expressed
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FIG. 6. Inhibition of MHV gene expression by UO126. (A) Inhi-
bition of viral RNA synthesis by UO126. DBT cells were infected with
MHV-JHM at an MOI of 2 and treated with UO126 or DMSO in the
presence of actinomycin D (10 wg/ml). At 2 h p.i., [*H]uridine was
added to the medium at a concentration of 50 w.Ci/ml. The viral RNAs
were isolated at various time points p.i. as indicated and were precip-
itated by TCA. The radioactivity levels of the TCA precipitates were
determined by a scintillation counter and are expressed as counts per
minute. The data indicate the means of three separate experiments.
Error bars denote the standard deviations. (B) Inhibition of viral
protein synthesis by UO126. DBT cells were infected with MHV-JHM
at an MOI of 2, treated with UO126 [UO126 (+)] or DMSO
[UO126(—)] at 1 h p.i., and labeled with [**S]methionine (50 wCi/ml)
at various time points for 30 min. Cell extracts were prepared at the
end of the 30 min labeling. One-eighth of each sample with equivalent
cell numbers was analyzed by SDS-10% PAGE, and the gel was au-
toradiographed. Arrows indicate the position of three predominant
MHYV structural proteins (S, N, and M).

from the minigenome would most likely quantitatively reflect
the efficiency of viral genome translation. Indeed, we found
that the CAT activity was detectable at 5 h posttransfection of
the in vitro-transcribed minigenomic RNAs and continued to
increase. Significantly, the CAT activities in UO126-treated
and DMSO-treated cells were virtually identical (Fig. 5C, bot-
tom panel) at 8 h posttransfection. These results establish that
UO0126 did not have any inhibitory effect on cellular and viral
protein translation at this concentration.

UO0126 inhibited viral gene expression. We then examined
the effect of UO126 on viral RNA synthesis. DBT cells were
infected with MHV-JHM at an MOI of 2. At 1 h p.i,, cells were
treated with UO126 (50 wM) or DMSO in the presence of
actinomycin D (10 pg/ml). At 2 h p.i., newly synthesized viral
RNAs were labeled with [*H]uridine (50 wCi/ml) and were
isolated at different time points p.i. Labeled viral RNAs were
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FIG. 7. UO126 inhibited viral RNA synthesis. In the top panel is a
schematic diagram depicting the bicistronic structure of the reporter
25CAT DI RNA (see Materials and Methods). ORF1, the first ORF of
the DI RNA; IG, MHV intergenic sequence essential for CAT gene
transcription; the second ORF is the CAT gene. For the lower panel,
DBT cells were transfected with in vitro-transcribed 25CAT DI RNA. At
5 h posttransfection, cells were infected with MHV-JHM at an MOI of 2
and treated with UO126 (50 uM) or DMSO at 1 h p.i. CAT activities were
determined at 8 h p.i. The data indicate the means of three independent
experiments. Error bars represent the standard deviations.

then quantified after TCA precipitation. As shown in Fig. 6A,
the amounts of radiolabeled, TCA-precipitable RNAs were
approximately 10- to 100-fold lower in the cells treated with
UO126 than in those treated with DMSO alone from 4 to 12 h
p.i. The reduced incorporation of [*H]uridine indicated that
viral RNA synthesis was inhibited by UO126.

We next examined the effect of UO126 on viral protein syn-
thesis. MHV-infected DBT cells were labeled with [**Smethi-
onine for 30 min in the presence or absence of UO126. At various
time points p.i., cells were lysed, and proteins were separated by
PAGE. As shown in Fig. 6B, the amounts of viral structural
proteins were clearly reduced in UO126-treated cells compared
to those in DMSO-treated cells, demonstrating that UO126 also
inhibited the synthesis of MHV proteins. However, this inhibition
of viral structural proteins was likely a secondary effect from
inhibition of viral mRNA synthesis (see next section).

UO0126 inhibited viral genomic and subgenomic mRNA syn-
thesis. To further establish whether UO126 has a specific effect
on viral RNA synthesis, we used the DI-CAT reporter system
to monitor viral RNA synthesis. The transfection of a DI-CAT
RNA into helper virus-infected cells results in the expression
of CAT activity (29, 58). The CAT activity thus quantitatively
reflects on the efficiency of subgenomic mRNA transcription
and translation, as well as the efficiency of genomic RNA
replication. DBT cells were transfected with in vitro-tran-
scribed DI-RNA. At 5 h posttransfection, the cells were in-
fected with MHV-JHM at an MOI of 2. UO126 (50 uM) or
DMSO was added to the medium at 1 h p.i. The CAT activities
were determined by CAT assay at 8 h p.i. As shown in Fig. 7,
the CAT activity decreased ~100-fold in the presence of
UO126 compared to that in the presence of DMSO alone.

Virus particles were used to establish infections in all of the
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FIG. 8. UO126 specifically inhibited viral genomic RNA replica-
tion. (A) Schematic diagram of the DI RNA-CAT reporter construct.
Two primers used for RT-PCR are indicated with arrows, and the size
of the expected RT-PCR product is also shown. (B) BHK cells were
cotransfected with MHV-JHM viral genomic RNA and in vitro-tran-
scribed 25CAT DI RNA. Cells were treated with UO126 (50 pM) or
DMSO at 5 h posttransfection and then harvested at 12 and 24 h
posttransfection. Intracellular RNAs were extracted and RT-PCR was
performed to measure the genomic DI-RNA replication. 3-Actin was
used as an internal control. (C) CAT activity. The experiments were
done as in panel B, except that the cell lysates were used for the CAT
assay. Values are means of three independent experiments. Error bars
represent the standard deviations.

experiments described above. If UO126 inhibits the uncoating
step after entry but before polymerase translation, as did the
proteasome inhibitor MG132 (55), then virus replication
would be delayed or reduced in UO126-treated cells. To ad-
dress this possibility, we isolated viral genomic RNAs from
sucrose-gradient purified virus particles and then cotransfected
them with the DI-CAT reporter RNA (Fig. 8A) into BHK
cells. At 5 h posttransfection, the transfection mixture was
removed, and fresh medium containing UO126 (50 pM) or
DMSO was added. Cells were then harvested at 12 and 24 h
posttransfection. Intracellular RNAs were extracted, and re-
verse transcription-PCR (RT-PCR) was performed to deter-
mine the level of DI genomic RNA replication. The results
showed that the genomic RNA replication was significantly
inhibited by UO126 treatment, while in the absence of UO126,
DI genomic RNA continued to replicate from 12 to 24 h
posttransfection (Fig. 8B). Similarly, the CAT activity was
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FIG. 9. UO126 specifically inhibited the synthesis of viral sub-
genomic mRNAs. (A) Schematic diagram of DI-25CAT and DI-
UTRS6 reporter constructs. Two primers used for RT-PCR are indi-
cated with arrows, and the size of the expected RT-PCR product is also
shown. (B) DBT cells were infected with MHV-JHM at an MOI of 5.
At 1 h p.i., cells were transfected with 25CAT or UTR-86 DI RNA.
The RNA-transfection mixtures were removed from the culture at 3 h
p-i. RNAs were isolated either at 3 or 8 h posttransfection. RT-PCR
was performed to determine the DI-genomic RNA replication.
(C) The CAT activity expressed from UTR86 DI RNA. BHK cells
were cotransfected with viral genomic RNA and in vitro-transcribed
UTR-86 DI RNA. Cells were treated with UO126 (50 pM) or DMSO
at 5 h posttransfection. The CAT activity was measured at 12 and 24 h
posttransfection. Values are the means of three independent experi-
ments. Error bars represent the standard deviations.

o

=10-fold lower in the UO126-treated cells than in the control
DMSO-treated cells at 12 and 24 h posttransfection (Fig. 8C).
These data further establish that UO126 specifically inhibited
viral RNA synthesis, including genomic RNA replication.
Since the CAT activity measured in the experiment described
above represented both the replication of viral genomic RNA and
the synthesis of subgenomic mRNAs, we wanted to determine
whether UO126 has an inhibitory effect on subgenomic mRNA
synthesis independent of its effect on genomic RNA replica-
tion. Another DI construct UTR-86 was used in this experi-
ment, which contains a deletion from nt 60 to nt 85 in the
5'UTR of DI-25CAT (Fig. 9A) and is defective in replication
(56). The inability of UTR-86 to replicate was confirmed by
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RT-PCR in an experiment in which UTR86 RNA was trans-
fected into helper MHV-infected DBT cells (Fig. 9B). To de-
termine the CAT activity, BHK cells were cotransfected with
MHV-JHM genomic RNA and in vitro-transcribed UTR-86
DI RNA. At 5 h posttransfection, the transfection mixture was
removed, and fresh medium containing UO126 (50 pM) or
DMSO was added. The CAT activity was determined at 12 and
24 h posttransfection. Because UTR-86 is replication defective
(56; Fig. 9B), the CAT activity would solely reflect the effi-
ciency of subgenomic mRNA synthesis. As shown in Fig. 9C,
the CAT activity was sixfold lower in the UO126-treated cells
than in the control DMSO-treated cells at 24 h posttransfec-
tion. These data further demonstrate that UO126 also specif-
ically inhibited MHV subgenomic mRNA synthesis. We thus
conclude that the MEK inhibitor UO126 specifically inhibited
the viral genomic and subgenomic mRNA synthesis.

DISCUSSION

We have shown previously that the Raf/MEK/ERK signaling
pathway was activated upon MHYV infection in cultured cells
(6). In the present study, we show that two specific inhibitors of
MEK1/2 (UO126 and PD98059) suppressed MHV propaga-
tion. Furthermore, the inhibitory effects of the MEK1/2 inhib-
itors on virus propagation positively correlated with their in-
hibitory effects on phosphorylation of the substrate ERK1/2
(Fig. 1C and D), suggesting a role for the Raf/MEK/ERK
pathway in MHV propagation. In support of this conclusion is
our finding that knockdown of MEK1/2 and ERKI1/2 with
specific siRNAs significantly suppressed MHV replication
(Fig. 2). In addition, we recently showed that MHV infection
induced transcription factor Egr-1 expression in DBT cells (6).
Since Egr-1 is a downstream substrate of the Raf/MEK/ERK
signaling pathway, its induction by MHV was blocked by treat-
ing the cells with the MEK inhibitor UO126. Importantly,
knockdown of Egr-1 by siRNA inhibited MHV replication by
more than 2 log,,. These findings strongly support the notion
that the Raf/MEK/ERK signaling pathway plays a beneficial
role in MHV production, possibly through the activation of its
downstream components such as Egr-1 (6).

The inhibitory effect of UO126 on virus propagation was
examined in three different cell types and with six different
MHYV strains. The results demonstrated that UO126 has a
general inhibitory effect on MHYV propagation, independent of
cell type and virus strain (Fig. 3). Moreover, UO126 at the
concentration of 50 wM used throughout the present study did
not affect cell viability (as determined by trypan blue staining)
(data not shown) and cellular transcription and translation
(Fig. 5), suggesting that the inhibition of MHYV replication is
not an indirect effect due to the toxicity of the drug to the host
cell. It has been shown that activated ERK1/2 enhanced the
infectivity of human immunodeficiency virus (HIV), whereas
treatment of cells with the MEK1/2 inhibitor PD98059 signif-
icantly inhibited HIV infectivity (52, 53). Treating cells with
UO126 also significantly inhibited the propagation of influenza
A virus, Borna disease virus, Coxsackievirus B3, and HCMV
(18, 32, 38, 39). Thus, it appears that the MEK1/2 inhibitors
have a broad effect on propagations of viruses from various
families (positive-strand and negative-strand RNA viruses, ret-
roviruses, and DNA viruses). Alternatively, the Raf/MEK/
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ERK signaling pathway may be a common pathway that reg-
ulates not only the growth of host cells but also the growth of
the infecting viruses. In this regard, our current findings add a
new member to the growing list of viruses whose growth is
modulated by the Raf/MEK/ERK signaling pathway. These
findings also identify UO126 as a potential antiviral candidate
for treatment of coronavirus-caused diseases.

The inhibitory effect of UO126 on the MHYV life cycle was
further investigated in the present study. Our data showed that
treatment of cells with UO126 suppressed virus propagation at
the step of viral RNA synthesis, but not viral entry and protein
translation. This result suggests that the antiviral action of
UO126 may be different from the proteasome inhibitor
MG132 that has been shown to inhibit MHV uncoating from
endosomes or lysosomes after virus internalization (55) or the
inhibitors (E-64, CA-074, and Z-FY-DMK) of the endosomal
cysteine proteases cathepsins B and L that inhibited severe
acute respiratory syndrome coronavirus and MHV-2 infections
by inhibiting the cleavage of the viral spike protein (34, 40, 46).
Although our results cannot completely exclude the possibility
that UO126 may also have an inhibitory effect on virus entry
and uncoating, experiments with direct transfection of genomic
viral and DI RNAs, which bypass the entry and uncoating steps
prior to viral replication, establish that the inhibition involves
postentry steps of the virus life cycle. The finding that the
reporter DI RNA translation (Fig. 5C) was not affected by
UO126 treatment further supports the notion that the trans-
lation of the polymerase polyprotein from the incoming viral
genomic RNA is not inhibited by treatment with UO126. Thus,
the reduction of radiolabeled viral RNAs in UO126-treated
cells at early times postinfection must have resulted from in-
hibition of viral RNA synthesis. These results suggest that the
antiviral action of UO126 on MHYV is also different from those
on other viruses. For example, UO126 inhibits influenza A
virus propagation by interfering with the RNA import and
export functions of NEP/NS2 proteins, resulting in blockage of
the import of incoming ribonucleoproteins into the nucleus or
nuclear retention of newly assembled ribonucleoproteins, and
consequently in inhibition of virion formation. However,
UO126 does not affect the RNA synthetic process of influenza
A virus (39). For the HCMYV, the phosphorylation of the viral
immediate-early genes IE1-72 and IE2-86 was significantly in-
hibited by UO126 treatment, resulting in inhibition of the viral
DNA synthesis and viral progeny production (18). However, a
detailed mechanistic understanding of the inhibition of UO126
on MHV RNA synthesis requires the identification of partic-
ular cellular factors that are the components of the Raf/MEK/
ERK signaling pathway or the targets of UO126. In this pur-
suit, the transcription factor Egr-1 may provide an opportunity
as a candidate cellular factor to address this important issue in
the future.
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