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Heterogeneous nuclear ribonucleoprotein (hnRNP) Al has previously been shown to bind mouse hepatitis
virus (MHV) RNA at the 3’ end of both plus and minus strands and modulate MHV RNA synthesis. However,
a mouse erythroleukemia cell line, CB3, does not express hnRNP Al but still supports MHV replication,
suggesting that alternative proteins can replace hnRNP Al in cellular functions and viral infection. In this
study, we set out to identify these proteins. UV cross-linking experiments revealed that several CB3 cellular
proteins similar in size to hnRNP Al interacted with the MHV RNA. These proteins were purified by RNA
affinity column with biotinylated negative-strand MHYV leader RNA and identified by mass spectrometry to be
hnRNP A2/B1, hnRNP A/B, and hnRNP A3, all of which belong to the type A/B hnRNPs. All of these proteins
contain amino acid sequences with strong similarity to the RNA-binding domains of hnRNP Al. Some of these
hnRNPs have previously been shown to replace hnRNP Al in regulating RNA splicing. These proteins
displayed MHV RNA-binding affinity and specificity similar to those of hnRNP Al. hnRNP A2/B1, which is
predominantly localized to the nucleus and shuttles between the nucleus and the cytoplasm, was shown to
relocalize to the cytoplasm in MHV-infected CB3 cells. Furthermore, overexpression of hnRNP A/B in cells
enhanced MHV RNA synthesis. Our findings demonstrate that the functions of hnRNP Al in MHV RNA
synthesis can be replaced by other closely related hnRNPs, further supporting the roles of cellular proteins in

MHYV RNA synthesis.

Mouse hepatitis virus (MHV) belongs to the Coronaviridae
family of positive-sense, single-stranded RNA viruses. The rep-
lication of the viral RNA genome and transcription of viral
mRNAs occur exclusively in the cytoplasm of infected cells.
The viral RNA polymerase first replicates the viral genomic
RNA into negative-strand RNA, which is then used as the
template to replicate genomic RNA and transcribe sub-
genomic mRNAs, all of which contain an identical 5’ nontrans-
lated leader sequence of 72 to 77 nucleotides (18). RNA rep-
lication and transcription are regulated by several viral RNA
elements, including the 5'- and 3'-end untranslated regions,
leader RNA (22, 41), and intergenic sequences (24). These
regulatory RNA elements bind several cellular proteins, in-
cluding heterogeneous nuclear ribonucleoprotein (hnRNP) Al
and polypyrimidine tract-binding protein (PTB), also known as
hnRNP I (10, 12, 13, 20, 21, 38, 39).

There is considerable biochemical evidence suggesting pos-
sible interactions between the various RNA regulatory ele-
ments through these cellular and, possibly, viral proteins. In-
deed, hnRNP Al mediates the formation of a ribonucleoprotein
complex containing the MHV negative-strand leader and in-
tergenic sequences (40). Both hnRNP Al and PTB have been
shown to be involved in MHV RNA replication and transcrip-
tion (20, 21, 42). hnRNP Al is relocated from the nucleus to
the cytoplasm in MHV-infected cells (21). Furthermore, the
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overexpression of a C-terminally truncated hnRNP A1, which
was localized predominantly in the cytoplasm, caused strong
dominant-negative inhibitory effects on viral genomic RNA
replication and subgenomic mRNA transcription (34). In con-
trast, overexpression of wild-type hnRNP Al accelerated the
synthesis of all viral RNAs, suggesting that an intact hnRNP
Al is important for regulating viral RNA synthesis (34).
hnRNPs constitute a large group of RNA-binding proteins
which are classified into several families and subfamilies based
on shared structural and functional motifs (9, 16). The most
abundant hnRNPs are those belonging to the A/B type, with a
molecular mass around 40 kDa, such as A1/A1B, A2/B1, B2,
and A3. This family consists of a large number of isoforms with
extensive posttranslational modifications. These proteins have
a common molecular structure, with a highly conserved N-
terminal domain but a divergent glycine-rich auxiliary domain
at the C terminus. The N-terminal part consists of two tan-
demly repeated RNA-binding domains (RBD), which are di-
rectly involved in RNA binding. The C-terminal glycine-rich
domain contributes to the cooperative binding of the proteins
to RNA (8, 29), protein-protein interactions (7), and modula-
tion of RNA conformation (3). Due to their significant struc-
tural similarities, these proteins are typically referred to as
2XRBD-Gly proteins (4, 5). They have been shown to partic-
ipate in a variety of cellular functions, including mRNA splic-
ing, trafficking, and turnover (9, 16, 23). hnRNP A1l and A2/B1
are known to shuttle between the nucleus and the cytoplasm,
mediated by the M9 sequence located near the C terminus of
the proteins (26, 30, 35, 36). A mouse hnRNP A/B protein, also
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known as CA-rich G box-binding factor A (1, 15, 27), and its
rat homologues (19) can also regulate gene transcription.

Our previous studies have shown that hnRNP Al is involved
in MHV RNA replication in the mouse astrocytoma cell line
DBT (34). However, a more recent report showed that mouse
erythroleukemia cell line CB3, which is devoid of hnRNP Al,
could nevertheless support MHV RNA replication (33). It was
thus claimed that hnRNP A1l was not involved in MHV RNA
synthesis (33). However, the very fact that hnRNP Al deletion
is not lethal to CB3 cells does not invalidate the important role
of hnRNP A1l in cellular functions. Rather, it is likely that
alternative factors can replace hnRNP Al in this cell line.
Indeed, several hnRNP Al-related molecules can replace
hnRNP Al in regulating alternative splicing of cellular pre-
mRNAs (25) and human immunodeficiency virus pre-mRNA
splicing (6). It is very likely that this is also true for MHV RNA
synthesis in CB3 cells.

In this study, we identified cellular proteins that specifically
interact with MHV RNA in CB3 cells. These proteins were
identified as proteins of the hnRNP type A/B family, including
hnRNP A/B, hnRNP A2/B1, and hnRNP A3, all of which are
highly related to hnRNP Al. Biochemical and functional stud-
ies showed that they interact with MHV RNA and function in
its replication much as hnRNP Al does. Our results provide
further evidence that the hnRNP type A/B proteins are impor-
tant in MHV RNA synthesis.

MATERIALS AND METHODS

Cells and viruses. CB3 cells, a mouse erythroleukemia cell line (2), were
grown in suspension culture in Eagle’s minimal essential alpha medium supple-
mented with 10% fetal bovine serum. DBT cells were cultured in Eagle’s minimal
essential medium supplemented with 10% newborn calf serum and 10% tryptose
phosphate buffer. MHV strain A59 (31) was propagated in DBT cells and
maintained in virus growth medium containing 1% newborn calf serum.

RNA affinity column purification. CB3 cells were lysed in an equal volume (to
the cell pellet) of buffer A (10 mM HEPES [pH 7.8], 10 mM KCl, 1.5 mM MgCl,,
0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 20% glycerol)
without detergent on ice for 20 min and passed through a 25-gauge needle 20
times. The lysate was centrifuged at 1,000 X g for 20 min at 4°C, and the
supernatant (cytosolic fraction) and pellet (crude nuclear fraction) were col-
lected in separate tubes. The crude nuclear pellet was resuspended in an equal
volume (to the nuclear pellet) of buffer C (20 mM HEPES [pH 7.8], 420 mM
NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, 20% glycerol) and incubated on ice for 30 min. Nuclear
debris was removed by centrifugation at 4,000 X g for 20 min at 4°C. The
supernatant (nuclear fraction) was mixed with the cytosolic fraction to constitute
the CB3 whole-cell lysates.

The minus-strand MHYV leader RNA was transcribed in vitro from plasmid
pNX1-182 (10) by T3 polymerase in the presence of biotin-UTP with the T3
MegaScript system (Ambion, Austin, Tex.). The biotin-labeled RNA was puri-
fied by lithium chloride precipitation according to the manufacturer’s instruc-
tions. The RNA affinity column was prepared by incubating an excess amount of
the biotin-labeled RNA with streptavidin beads (Pierce, Rockford, Ill.) in bind-
ing buffer (5 mM HEPES [pH 7.5], 25 mM KCI, 2 mM MgCl,, 0.1 mM EDTA,
3.8% glycerol, 2 mM dithiothreitol) at 4°C overnight. The beads were blocked
with 1% bovine serum albumin in binding buffer at 30°C for 30 min and washed
five times with binding buffer before use.

CB3 total cell lysates were incubated with the RNA affinity beads in binding
buffer at 30°C for 30 min. The beads were then washed five times with binding
buffer and boiled in sodium dodecyl sulfate (SDS) sample buffer before loading
onto a 10% polyacrylamide gel containing SDS. After electrophoresis, the gel
was stained with Coomassie blue; individual bands were excised from the gel and
submitted to the W. M. Keck Facility at Yale University, New Haven, Conn., for
protein identification by mass spectrometry.

Plasmid construction. The cDNA of the murine hnRNP A/B prepared by
reverse transcription-PCR of RNA extracted from CB3 cells was cloned into
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pGEX-4T-1 (Amersham Biosciences, Piscataway, N.J.) for the bacterial expres-
sion of glutathione S-transferase (GST)-hnRNP A/B fusion proteins. For expres-
sion in mammalian cells, hnRNP A/B was Flag tagged at the N terminus by PCR
and cloned into pcDNA3.1 (Invitrogen, Carlsbad, Calif.).

UV cross-linking assay. The UV cross-linking assay was performed as previ-
ously described (13). In brief, CB3 or DBT cell extracts (30 pg of protein) or
recombinant GST-hnRNP A/B fusion proteins (10 ng), 200 pg of tRNA per ml,
and 10° cpm of an in vitro-transcribed, 3?P-labeled MHV RNA were incubated
for 10 min at 30°C. The reaction mixture was placed on ice and UV irradiated in
a UV Stratalinker 2400 (Stratagene, La Jolla, Calif.) for 10 min, followed by
digestion with 400 wg of RNase A per ml for 15 min at 37°C. The protein-RNA
complexes were then separated on an SDS-10% polyacrylamide gel and visual-
ized by autoradiography.

Antibodies. The monoclonal antibodies against hnRNP Al and A2/B1 were
generous gifts of G. Dreyfuss, University of Pennsylvania. The chicken polyclonal
antibody against hnRNP A1 was produced by Aves Labs, Inc. (Tigard, Oreg.)
by immunizing chickens with the purified mouse hnRNP Al protein ex-
pressed in Escherichia coli (21). The polyclonal anti-Flag antibody was pur-
chased from Affinity Bioreagents (Golden, Colo.). The polyclonal antibody
against green fluorescent protein (GFP) was obtained from Chemicon (Te-
mecula, Calif.).

Immunofluorescence staining. Cells were washed in phosphate-buffered saline
and fixed in 4% formaldehyde for 20 min at room temperature, followed by 5 min
in acetone at —20°C. Primary antibodies were diluted in 5% bovine serum
albumin and incubated with cells for 1 h at room temperature. After three
washes in phosphate-buffered saline, fluorescein-conjugated secondary antibod-
ies were added to cells at 1:200 dilution for 1 h at room temperature. Fluorescein
isothiocyanate- or tetramethyl rhodamine isothiocyanate-conjugated secondary
antibodies were used to generate green and red fluorescence, respectively. Cells
were then washed in phosphate-buffered saline and mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, Calif.).

Kinetics of MHV RNA synthesis in hnRNP A/B-transfected cells. Flag-hnRNP
A/B or GFP was cotransfected with the plasmid encoding the MHV receptor into
HEK-293 cells. At 24 h posttransfection, cells were infected with MHV A59 at a
multiplicity of infection of 1 (at 37°C for 1 h), washed with serum-free medium
twice, and incubated in medium containing 1% fetal calf serum. To label newly
synthesized viral RNA, actinomycin D (5 wg/ml) was added 1 h in advance and
50 p.Ci of [*H]uridine per ml (NEN, Boston, Mass.) was added to the medium at
specific time points for 1 h. The labeled cells were then collected, washed twice
with cold phosphate-buffered saline, and lysed in NTE buffer (150 mM NacCl, 50
mM Tris-HCI [pH 7.5], and 1 mM EDTA) containing 0.5% NP-40, 0.5 mM
dithiothreitol, and 40 U of RNasin per ml on ice for 20 min. After centrifugation,
cytoplasmic extracts were spotted on 3MM paper. The paper was washed with
10% trichloroacetic acid three times and 100% ethanol once; the remaining
radioactivity was counted in a scintillation counter.

RESULTS

Presence of hnRNP Al-related proteins in CB3 cells. To
identify the cellular proteins that can potentially participate in
MHYV RNA synthesis in CB3 cells, we first examined the ex-
pression of hnRNP A1 in CB3 cells and compared it with that
in its parental cell line, CB7, and DBT cells. The polyclonal
antibody against hnRNP A1 detected a major band of 35 kDa
(arrow in Fig. 1A) and several proteins of slightly higher and
lower molecular masses in both CB7 and DBT cells. This major
band has previously been identified as hnRNP Al by using a
monoclonal antibody against hnRNP Al (21). The remaining
proteins are likely proteins related to hnRNP A1l. The hnRNP
Al band was absent from CB3 cells. Northern blot analysis
with an hnRNP Al-specific probe also failed to detect any
hnRNP Al transcript in CB3 cells (data not shown). There-
fore, we conclude that CB3 cells are indeed devoid of hnRNP
Al. However, the remaining protein bands that were detected
in CB7 and DBT cells were also present in CB3 cells, suggest-
ing that hnRNP Al-like proteins are likely present in CB3
cells.

We then performed UV cross-linking assays to determine
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FIG. 1. Presence of hnRNP Al-related proteins in CB3 cells. (A) Immunoblotting of CB3, CB7, and DBT cell lysates with chicken polyclonal
antibody against hnRNP A1 (21). The arrow indicates hnRNP Al detected in CB7 and DBT cells but not in CB3 cells; the arrowhead indicates
the protein band present in all three cell lines. (B) UV cross-linking studies of CB3 and CB7 cell lysates with MHV minus-strand leader RNA (lanes
2 and 3). The cross-linked proteins were immunoprecipitated (IP) with a monoclonal antibody against hnRNP A1 (lanes 4 and 5). Lane 1 contained

RNA only. Sizes are shown in kilodaltons.

whether any cellular proteins may interact with MHV RNA in
CB3 or CB7 cells. At least two cellular proteins in CB7 cells
were found to bind to the MHV minus-strand leader RNA
(Fig. 1B, lane 3); one of these proteins was precipitated with
the monoclonal antibody against hnRNP Al (Fig. 1B, lane 5).
Interestingly, in CB3 cells, at least three proteins comparable
to hnRNP Al in size also cross-linked to MHV minus-strand
leader RNA (Fig. 1B, lane 2); however, none of them could be
precipitated with the monoclonal antibody against hnRNP A1l
(Fig. 1B, lane 4). Since the polyclonal antibody against hnRNP
Al did not work in immunoprecipitation (data not shown), we
could not determine unequivocally whether these proteins
were related to hnRNP Al. Nevertheless, this result indicates
that multiple cellular proteins with molecular masses similar to
that of hnRNP Al can interact with MHV minus-strand leader
RNA in CB3 cells.

Purification and identification of MHV RNA-binding pro-
teins in CB3 cells. To identify the cellular proteins that interact
with MHV RNA in CB3 cells, we performed RNA affinity
column purification with MHV minus-strand leader RNA as a
probe. By the one-step purification procedure (see Materials
and Methods), almost all of the MHV RNA-binding proteins
were removed from the CB3 cell lysates (flowthrough fraction,
Fig. 2A, lane 2). The proteins recovered from the affinity-
purified fractions interacted with minus-strand leader RNA,
but not plus-strand MHYV leader RNA (Fig. 2A, lanes 3 and 4).
It has previously been shown that some cellular proteins such
as PTB bind to MHV plus-strand leader RNA (13, 20); thus,
the lack of any cellular protein binding to MHV plus-strand
RNA in the purified fractions indicates that our purification
procedure specifically purified the binding proteins of the
MHYV minus-strand leader.

The affinity-purified fractions were separated by polyacryl-
amide gel electrophoresis and stained with Coomassie blue.
Approximately 13 proteins, ranging in molecular mass from 30
to 50 kDa, were detected. Six of the major bands were selected
for further identification by mass spectrometry. Remarkably,
except for band 1, which could not be identified, all of the
proteins were hnRNPs specifically belonging to the hnRNP type

A/B family (Fig. 2B). Band 6 also contained a possible mouse
homologue of the rat nucleic acid-binding factor pRM10, whose
function is unknown (GenBank accession no. AF108653). Fig-
ure 3 shows an amino acid sequence alignment of these pro-
teins. It is evident that these proteins show extensive sequence
similarity, particularly in the N-terminal half, where the RNA-
binding domains reside (9). The C-terminal half, which con-
tains the protein-interacting domain, is more divergent but
retains the Gly-rich motif (9). hnRNPs Al and A2 have the
highest degree of sequence identity. Most of these proteins are
known to be involved in cellular RNA metabolism (Table 1).
These proteins likely have very similar RNA-binding proper-
ties and similar functions. We conclude that multiple hnRNP
Al-related proteins bind to MHV minus-strand leader RNA in
CB3 cells. These proteins may perform functions in MHV
RNA synthesis in CB3 cells similar to those of hnRNP Al in
DBT cells.

In vitro interaction of hnRNP A/B proteins with MHV RNA.
To establish that the hnRNP Al-related proteins in CB3 cells
have properties similar to those of hnRNP Al in DBT cells, we
first performed UV cross-linking studies of MHV RNA with
lysates of these cell lines. The whole-cell lysates of CB3, CB7,
and DBT cells had very similar binding properties; a group of
proteins of approximately 35 to 40 kDa bound to the minus-
strand leader RNA but not to the plus-strand leader RNA
(Fig. 4A). These proteins bound very poorly to minus-strand
leader RNA that lacked the UCUAA repeats, (—)A4R (38).
Furthermore, these proteins bound weakly to the negative-
strand intergenic sequence (containing consensus sequence
UCUAAAUC) but not to the same sequences containing one or
two nucleotide mutations (negative-strand MG containing UC-
GAAAC and negative-strand MGG containing GCUAAAG)
(38). These binding properties are very similar to those re-
ported previously for DBT cell extracts and for purified
hnRNP Al (21, 38). The CB7 lysates bound slightly more
strongly to some RNA species than either the CB3 or DBT
lysates did; the reason is not clear. It is noteworthy that plus-
strand leader RNA bound an additional protein of approxi-
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FIG. 2. Affinity purification of MHV minus-strand leader—-RNA-binding proteins from CB3 cells. (A) UV cross-linking studies of the purified
proteins. CB3 whole-cell lysates (lane 1), affinity-column flowthrough (lane 2) and affinity-purified proteins (lane 3) were cross-linked to MHV
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identities of these proteins are indicated. Sizes are shown in kilodaltons.

mately 55 kDa, which is likely PTB (lanes 4 to 6, Fig. 4A) (20),
indicating the specificity of the UV cross-linking assay.

We then chose two of the hnRNP A/B molecules, hnRNP
A2 and hnRNP A/B, for further characterization. They were
fused to GST, and the purified GST fusion proteins were used
for UV cross-linking studies with various MHV RNA species
(Fig. 4B). GST-hnRNP A2 and GST-hnRNP A/B showed the
same patterns of binding to MHV RNA as those of GST-
hnRNP A1l and whole-cell lysates. They bound strongly to the
wild-type negative-strand leader RNA but not the plus-strand
leader RNA; deletion of the UCUAA repeats [(—)A4R] re-
duced but did not completely abolish the binding. Similarly,
they bound strongly to negative-strand IG sequences, but only
weakly to the mutant negative-strand IGs with one or two
nucleotide mutations [(—)MG and (—)MGG]. hnRNP A/B
also bound to plus-strand leader RNA; thus, it had a slightly
lower specificity. Overall, our results showed that these hnRNP
Al-related proteins have RNA-binding properties similar to
those of hnRNP Al.

Relocalization of hnRNP A/B proteins during MHV infec-
tion. MHV RNA synthesis occurs exclusively in the cytoplasm
of virus-infected cells. In order for hnRNP proteins to partic-
ipate directly in viral RNA synthesis, they have to be recruited
to the site of RNA synthesis. We have previously demonstrated
that hnRNP Al relocates from the nucleus to the cytoplasm of

MHV-infected cells (21, 34). To determine whether the other
type A/B hnRNPs participate in MHV RNA synthesis, we
performed immunostaining of CB3 cells after MHYV infection,
with either a polyclonal anti-hnRNP A1 antibody or a mono-
clonal anti-hnRNP A2/B1 antibody to localize hnRNP type
A/B proteins. Since CB3 cells do not express hnRNP Al and
the polyclonal antibody detected hnRNP Al-related proteins
(Fig. 1A), the signal detected by the polyclonal hnRNP Al
antibody in CB3 cells most likely represents other members of
the hnRNP A/B family.

In both CB3 and CB7 cells, a significant increase in the
cytoplasmic levels of hnRNP type A/B proteins and a corre-
sponding decrease in their nuclear levels were observed in
virus-infected cell syncytia (Fig. 5). There was virtually no
difference in staining between the CB3 and CB7 cells. Double
staining with the monoclonal antibody against the MHV N
protein and the polyclonal antibody against the whole MHV
AS9 virion showed that these cells also expressed the viral
structural proteins in the cytoplasm. By comparison, in the
uninfected cells, which did not have viral protein staining, the
hnRNP type A/B proteins were predominantly localized to the
nucleus. We have previously shown that, under similar condi-
tions, other nuclear proteins, including Sam68 and RCCI,
stayed in the nucleus of infected cells (21).



10588 SHI ET AL.

10 30
hnRNP Al
hnRNP A2
hnRNP A3

hnRNP A/B

e
=

EPSAAAA

MSDAAEEQPMETTGATENG

60
hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

M

110 120 130 140

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

RS
UNwa

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

©w»w
<00

MAMKK D

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

310

330 340

150

200

—me
cooo

350

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

hnRNP Al -
hnRNP A2
hnRNP A3 S
hnRNP A/B . .

hnRNP Al
hnRNP A2
hnRNP A3
hnRNP A/B

vl

FIG. 3. Amino acid sequence alignment of the hnRNP type A/B proteins. Conserved

TOwO

[2)»]

370
N F

I

S G

-GF
GY

o

oo

J. VIROL.

380
GPM

LRz
[e-1 %)
L w

NY

420

R F N

sequence present at the C terminus of hnRNP Al is underlined.

Role of hnRNP Al-related proteins in MHV RNA synthesis.
To establish that the hnRNP Al-related proteins identified in
this study play a role in regulating MHV RNA synthesis, we
attempted to overexpress these proteins in mammalian cells
and then examine their effects on MHV RNA synthesis. We

KGGNFGG -
GPMKSGNFGG

amino acids are highlighted in shaded boxes. The M9

first attempted to establish stable CB3 cell lines overexpressing
Flag-tagged hnRNP A/B. However, the amounts of the protein
expressed in these stable cell lines were not large enough for
our purpose. Therefore, we performed transient transfection
of Flag-tagged hnRNP A/B together with a plasmid expressing

TABLE 1. hnRNP A/B proteins that interact with MHV minus-strand leader RNA

MHYV RNA-binding protein Size (kDa) Putative function Reference(s)
hnRNP Al 34/36 RNA processing and transport 9,11
Mouse homologue of rat pRM10 ~34 Unknown GenBank accession no. AF108653
hnRNP A/B 38/40 Transcription regulation 1, 15, 19, 27
hnRNP A2/B1 38 RNA processing and transport 14, 25, 28, 32
hnRNP A3 40 RNA transport 23
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FIG. 4. UV cross-linking of cell lysates (A) and recombinant GST-hnRNP type A/B proteins (B) with various MHV RNAs. Six different RNA
species, i.e., MHV minus-strand leader [(—)Leader] and its mutant lacking the four UCUAA repeats [(—)A4R], plus-strand leader [(+)Leader],
and the minus-strand intergenic region [(—)IG] and two of its mutants [(—)MG and (—)MGG], were UV cross-linked with 30 pg of whole-cell
extract (A) or 10 ng of E. coli-expressed GST-hnRNP A/B proteins (B). The arrow in panel A identifies hnRNP Al-like proteins. The arrowhead

identifies PTB. Sizes are shown in kilodaltons.

the MHV receptor (37) into HEK-293 cells. As a control,
parallel cell cultures were transfected with a comparable vector
expressing GFP and the MHYV receptor.

Immunoblotting studies with an anti-Flag antibody showed
that hnRNP A/B was well expressed in the transfected HEK-
293 cells (Fig. 6A). At 24 h posttransfection, cells were infected

with MHV AS59 and, at various time points after infection,
labeled with [*H]uridine for 1 h in the presence of actinomycin
D to determine the rate of viral RNA synthesis. The results
showed that at every time point examined, [*H]uridine incor-
poration in cells expressing hnRNP A/B was much higher than
that in the control cells expressing GFP (Fig. 6B). Previously,
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we have shown that GFP does not affect the rate of MHV
RNA synthesis (data not shown). These results suggest that the
overexpression of hnRNP A/B has a stimulatory effect on
MHYV RNA synthesis. Therefore, hnRNP A/B likely partici-
pates directly in MHV RNA synthesis, similar to hnRNP Al,
as reported previously (34).

DISCUSSION

Our findings presented here showed that in the absence of
hnRNP Al, MHV minus-strand leader RNA interacts with

several alternative cellular proteins. Remarkably, almost all of
these proteins are related to hnRNP Al and belong to the
hnRNP A/B family. These results further suggest that the pre-
viously reported interaction of hnRNP Al with MHV RNA
(21) is very specific. All of the proteins have RNA-binding
properties similar to those of hnRNP Al and may perform
similar functions in MHV RNA synthesis. These proteins are
translocated to the cytoplasm during MHYV replication, and the
overexpression of hnRNP A/B in the cells stimulates MHV
RNA synthesis. Thus, it appears that the hnRNP A/B family of
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FIG. 6. (A) Expression of hnRNP A/B in HEK-293 cells. Cells were transfected with plasmids expressing the MHV receptor and either GFP
or hnRNP A/B. At 24 h posttransfection, cells were harvested, and immunoblotting with the anti-Flag antibody was performed. Sizes are shown
in kilodaltons. (B) Kinetics of viral RNA synthesis. Cells transfected as for panel A were infected with MHV AS59 at 24 h posttransfection at a
multiplicity of infection of 1. Cells were then labeled with [*H]uridine for 1 h at various time points in the presence of actinomycin D. The

trichloroacetic acid-precipitable counts were then determined.

cellular proteins collectively play an important role in MHV
RNA replication and transcription.

It is possible that different hnRNP A/B proteins can replace
each other in MHV RNA replication. The participation of
multiple hnRNP A/B proteins in viral replication is similar to
what has been observed for the roles of these proteins in other
viral and cellular RNA splicing events. These hnRNP A/B
family members have been shown to replace each other in
these functions (6, 25). It is interesting that even in DBT and
CB7 cells, both of which express hnRNP Al, there appear to
be multiple UV-cross-linked proteins with MHV minus-strand
leader RNA (Fig. 1B). These proteins were not characterized
in the previous studies (21) because it was thought that they
represented hnRNP Al isoforms. In light of the results pre-
sented here, it is likely that these proteins belong to the
hnRNP A/B family.

All of the hnRNP Al-related proteins are structurally sim-
ilar and are particularly homologous in their RNA-binding
domains at the N terminus. Therefore, it is not surprising that
these proteins can participate in similar functions in MHV

RNA synthesis. Our studies showed that hnRNP A/B has a
stimulatory effect on MHV RNA replication in HEK-293
cells. Thus, even in cell lines that are rich in hnRNP Al,
hnRNP A/B can exert its activity. Because of the poor trans-
fection efficiency, we were not able to do similar studies in
CB3 cells, which do not express hnRNP Al. Nevertheless, in
a stable CB3 cell line expressing a small amount of the
exogenous full-length hnRNP A/B, we did see a slight in-
crease in MHV RNA synthesis over that in the control cells
(data not shown).

We have also established several stable CB3 cell lines ex-
pressing a C-terminally truncated hnRNP A1 protein. In these
cell lines, MHV RNA replication was inhibited compared to
the control cells (unpublished observation). Thus, this trun-
cated hnRNP A1l could serve as a dominant-negative mu-
tant. Therefore, even in cell lines that do not express hnRNP
Al, the overexpression of hnRNP A1l can have a modulatory
effect on MHV RNA replication. The most likely explana-
tion is that hnRNP Al competes with other hnRNP A/B
family members because of sequence homology. This re-
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sult provides an additional piece of evidence in support of
the roles of the hnRNP A/B family in MHV RNA replica-
tion.

So far, several cellular hnRNP proteins have been shown to
interact with MHV RNA directly and modulate MHV RNA
synthesis. These include hnRNPs A1, A/B, and I (PTB). Thus,
cellular and viral proteins involved in various RNA-processing
activities may be crucial for MHV RNA replication. These
findings further strengthen the potential roles of cellular fac-
tors in viral RNA replication and transcription, as postulated
earlier (17). We believe that these studies have also settled
a controversy regarding the role of cellular factors, partic-
ularly hnRNP A1, in MHV RNA synthesis (33, 34). Clearly,
multiple hnRNP A/B proteins are involved in MHV RNA
synthesis.
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