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1. INTRODUCTION

Mouse hepatitis virus (MHV) RNA synthesis, including replication of
viral genome and transcription of subgenomic mRNAs, has been shown to
be regulated by several viral RNA elements, including 5’-untranslated region
(5’-UTR), cis- and trans-acting leader RNA, intergenic (IG) sequence, and
3’-UTR (Lai and Cavanagh 1997). Biochemical evidence suggests that these
regulatory sequences likely interact with each other either directly or
indirectly, probably through protein-RNA and protein-protein interactions
involving both viral and cellular proteins (Zhang and Lai 1995). Several
cellular proteins have been found to bind these regulatory sequences by UV-
crosslinking experiments (Furuya and Lai 1993, Huang and Lai 1999); three
of these proteins have been identified to be heterogeneous nuclear
ribonucleoprotein A1 (hnRNP Al) (Li et al 1997), polypyrimidine-tract-
binding protein (PTB) (Huang and Lai 1999, Li et a/ 1999), and poly(A)-
binding protein (PABP) (Spagnolo and Hogue 2000).

hnRNP Al is involved in pre-mRNA splicing and transport of cellular
RNAs (Dreyfuss et a/ 1993). It is predominantly a nuclear protein, but also
shuttles between the nucleus and the cytoplasm (Pifiol-Roma and Dreyfuss
1992). The cytoplasmic hnRNP A1 has been implicated in the regulation of
mRNA stability (Hamilton et a/ 1993, Henics et al 1994) and translation
(Svitkin et al 1996). hnRNP Al binds MHV (-)-strand leader and IG
sequences (Fig. 1) (Furuya and Lai 1993). The extent of binding of hnRNP
Al to the (-)-strand IG sequences correlates with the efficiency of
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transcription from the IG site (Zhang and Lai 1995). In MHV-infected cells,
hnRNP A1 relocates to the cytoplasm, where viral RNA synthesis occurs (Li
et al 1997). hnRNP Al also interacts with the MHV nucleocapsid (N)
protein (Wang and Zhang 1999), which is required for MHV RNA synthesis
(Compton et al 1987). Furthermore, hnRNP Al mediates the formation of a
ribonucleoprotein complex containing the MHV (-)-strand leader and IG
sequences (Zhang et al 1999). hnRNP Al and PTB bind to the precisely
complementary sites on the (-)- and (+)-strand RNA, respectively, of the
leader region of MHV RNA (Li et al 1997, Li et al 1999), and also the 5°-
and 3’-ends of both the (+)- and (-)-strand RNAs (Huang and Lai 1999,
unpublished) (Fig. 1). The complementarity of their binding sites on both
ends of MHV RNA suggests that hnRNP Al and PTB may mediate the
interaction between these regions to form a ribonucleoprotein complex,
which functions in MHV RNA synthesis.
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Figure 1. Schematic drawings of the cellular proteins that interact with MHV RNA.

2. MATERIALS AND METHODS

2.1 Cells

Permanent DBT cell lines were established by transfecting pcDNA3.1
alone or the plasmid containing an open reading frame for the Flag-tagged
hnRNP Al or hnRNP A1AC, under the control of a CMV immediate-early
gene promoter, into DBT cells and selected with 0.5 mg/ml G418.

2.2 Electrophoretic mobility shift and UV-crosslinking
assays

Different amounts of GST-fusion proteins and the *?P-labeled (-)-strand
MHYV 5’-end RNA (182 nt) were incubated for 10 min at 30°C. The protein-
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RNA complexes were then separated on a 4% nondenaturing polyacrylamide
gel according to the published procedures (Furuya and Lai 1993). UV-
crosslinking assay was performed as described (Huang and Lai 1999).

3. RESULTS

3.1 The effects of the wt and mutant hnRNP A1l on
MHYV RNA synthesis

We established murine DBT cell lines stably expressing the Flag-tagged
wt hnRNP Al (DBT-A1) or a mutant hnRNP A1, which has a 75-amino acid
deletion from the C terminus (DBT-A1AC) (Fig. 2). This mutant lacks part
of the glycine-rich domain and the M9 sequence responsible for shuttling
hnRNP Al between the nucleus and the cytoplasm (Siomi and Dreyfuss
1995, Weighardt et a/ 1995). The Flag-tagged wt hnRNP A1l was localized
almost exclusively in the nucleus, whereas the mutant hnRNP Al was
localized predominantly in the cytoplasm (data not shown) as predicted.
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Figure 2. Diagrammatic structure of the wt and mutant hnRNP Al. RBD, RNA-binding
domain; Gly, glycine-rich region.

We assessed the production of genomic and subgenomic MHV RNAs in
these cell lines by Northern blot analysis. At 8 h p.i, there were
significantly higher steady-state levels of all of the viral RNA species in
DBT-A1 cells than in DBT-VEC cells, which were transfected with the
empty vector (Fig. 3A). In contrast, no viral RNA was detected in DBT-
A1AC cells at that time point. At 16 h p.i., viral RNA levels of DBT-VEC
and DBT-A1 cells decreased generally because of the loss of dead cells,
while the smaller subgenomic RNAs became detectable in DBT-A1AC cells
(data not shown). By 24 h p.i., most viral RNA species became detectable in
DBT-AIAC cells, while most of the DBT-Al cells had already been
completely lysed. Therefore, the wild-type hnRNP Al accelerated MHV
RNA synthesis, whereas its mutant significantly delayed it.

We also detected a defective-interfering (DI) RNA species (arrow in Fig.
3A), which appeared to be inhibited to a greater extent than other RNA
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species in DBT-A1AC cells. To confirm this result, we further studied
replication of another DI RNA. DBT cells were infected with MHV-A59
and transfected with DIssE RNA of JHM (Makino and Lai 1989); the virus
released was passaged twice in DBT cells and used to infect various cell
lines. Similar to the A59 DI RNA, the replication of DIssE RNA was much
more strongly inhibited than that of MHV genomic and subgenomic RNAs
in DBT-A1AC cells (Fig. 3B). Our results thus suggest that MHV DI RNA
replication is more dependent on the function of cytoplasmic hnRNP Al.

Relative CAT nctivity
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Figure 3. MHV RNA replication (A, B) and transcription (C) in DBT cells. Northern blot
analysis of MHV RNA (A) or DIssE RNA (B). (C) CAT assay of A59-infected DBT cells
transfected with the 25CAT DI RNA. The values represent averages of three independent
experiments.

3.2 hnRNP A1AC inhibits transcription of MHV DI
RNAs

To demonstrate that MHV RNA transcription machinery is defective in
cells expressing the mutant hnRNP A1, we studied transcription of an MHV
DI RNA, 25CAT (Liao and Lai 1994). The 25CAT RNA was transfected
into MHV-AS59-infected cells 1 h after infection. At 8 h p.i., CAT activity in
DBT-A1 cells was higher than that in DBT-VEC cells (Fig. 3C). On the
other hand, the CAT activity was very low in DBT-A1AC cells. At24 hp.i.,
CAT activity in DBT-A1 cells became less than that in DBT-VEC cells
because of the loss of dead DBT-Al cells. CAT activity in DBT-A1AC
remained significantly lower than that in DBT-VEC cells. Thus, there was
an inhibition of mRNA transcription from the DI RNA, consistent with the
results observed for the mRNA transcription from the wt viral genome.
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Figure 4. Electrophoretic mobility shift assay for the RNA-binding properties of the wt and
mutant hnRNP A1 using the **P-labeled (-)-strand MHV leader RNA.

33 Characterization of the interaction between hnRNP
Al and MHV RNA

To explore the mechanism of the inhibitory effects of hnRNP A1AC, we
examined the MHV RNA-binding ability of this mutant by electrophoretic
mobility shift assay. GST-hnRNP Al protein, but not GST, efficiently binds
the (-)-strand MHV leader RNA to form an RNA-protein complex (Fig. 4).
The complex increased in size with the increasing amounts of GST-hnRNP
Al (Fig. 4). A similar RNA-binding pattern was also observed for hnRNP
AIAC. Furthermore, UV-crosslinking experiments showed that increasing
amounts of purified GST-hnRNP AI]AC efficiently competed with the
cellular endogenous hnRNP Al for the binding of (-)-strand MHV leader
RNA (data not shown), indicating that the binding of hnRNP A1AC to RNA
was not affected. Also, the ability of hnRNP A1AC to bind viral proteins N
and gene 1 protein was not affected; however, this mutant protein failed to
bind a cellular protein, p250, which was associated with the wild-type
hnRNP Al (data not shown).
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Figure 5. Detection of MHV RNA-binding proteins in CB3 and CB7 cells by UV-
crosslinking.
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34 hnRNP Al-related proteins bind to MHV RNA in
CB3 cells

A mouse erythroleukemia cell line, CB3, was reported to lack detectable
hnRNP Al expression (Ben-David et al/ 1992). However, MHV was still
able to replicate efficiently in these cells. Since hnRNP Al protein is
involved in a variety of important cellular functions, it is conceivable that
other gene products may substitute for the function of hnRNP Al in CB3
cells. We performed UV-crosslinking assays to detect MHV RNA-binding
proteins present in CB3 and its parental cell line, CB7. hnRNP Al was
present only in DBT and CB?7 cells as determined by immunoprecipitation
with the monoclonal antibody against hnRNP Al (Fig. 5). Three proteins
comparable to hnRNP Al in size that could interact with the MHV (-)-strand
leader RNA were detected in CB3 cells, but none of them reacted with the
antibody against hnRNP Al. The size of these proteins was slightly larger
than hnRNP Al in the DBT cell extracts. These proteins may represent
hnRNP Al-related proteins. Therefore, multiple cellular proteins may have
the capacity to be involved in MHV RNA synthesis.

4, DISCUSSION

There is increasing evidence that RNA viruses subvert cellular factors for
replication and transcription of viral RNAs (Lai 1998). In the present study,
we showed that MHV RNA transcription and replication were enhanced by
the overexpression of the wt hnRNP Al protein, but inhibited by the
expression of a dominant-negative hnRNP Al mutant in DBT cell lines. Our
results suggest that hnRNP Al is a host protein involved in the formation of
a cytoplasmic transcription/replication complex for viral RNA synthesis.

hnRNP A1AC caused a preferential inhibition of at least two DI RNA
species, suggesting that the inhibition of MHV replication by the hnRNP Al
mutant was most likely a direct effect on viral RNA synthesis rather than an
indirect effect on other aspects of cellular or viral functions. Since hnRNP
Al binds directly to the cis-acting MHV RNA sequences critical for MHV
RNA transcription and replication, it is most likely that hnRNP Al may
participate in the formation of the transcription/replication complex. hnRNP
Al may modulate MHV RNA transcription or replication by participating in
the processing, transport and controlling the stability of viral RNAs.
Alternatively, hnRNP Al may participate more directly in viral RNA
synthesis in a similar role to that of transcription factors in DNA-dependent
RNA synthesis, such as maintaining favorable RNA conformation for RNA
synthesis.
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The mechanism of the dominant-negative effects of hnRNP A1AC is still
not clear. hnRNP A1AC retains the MHV RNA-binding and self-association
ability (Fig. 4) and is capable of binding the viral proteins that are required
for RNA replication. Preliminary data, however, suggest that the mutant
protein is unable to bind certain cellular proteins, which may be involved in
MHYV RNA synthesis.

In summary, our data provide evidence that hnRNP Al is directly or
indirectly involved in MHV RNA transcription and replication. Our results
also suggest that other related cellular proteins may substitute for the role of
hnRNP Al in MHV RNA synthesis. For example, other hnRNP proteins,
such as hnRNP A2/B1 and hnRNP B2, are potential candidates because of
their similarity in size, sequence (especially in RNA-binding domains),
structure and function to hnRNP Al (Dreyfuss et a/ 1993). Identification of
the proteins in hnRNP Al-deficient CB3 cells will unveil more cellular
factors that regulate MHV RNA synthesis.
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