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Sequences and structures within the terminal genomic regions of plus-strand RNA viruses are targets for the binding of host
proteins that modulate functions such as translation, RNA replication, and encapsidation. Using murine norovirus 1 (MNV-1),
we describe the presence of long-range RNA-RNA interactions that were stabilized by cellular proteins. The proteins potentially
responsible for the stabilization were selected based on their ability to bind the MNV-1 genome and/or having been reported to
be involved in the stabilization of RNA-RNA interactions. Cell extracts were preincubated with antibodies against the selected
proteins and used for coprecipitation reactions. Extracts treated with antibodies to poly(C) binding protein 2 (PCBP2) and het-
erogeneous nuclear ribonucleoprotein (hnRNP) A1 significantly reduced the 5'-3’ interaction. Both PCBP2 and hnRNP A1 re-
combinant proteins stabilized the 5'-3" interactions and formed ribonucleoprotein complexes with the 5 and 3’ ends of the
MNV-1 genomic RNA. Mutations within the 3’ complementary sequences (CS) that disrupt the 5’'-3'-end interactions resulted in
a significant reduction of the viral titer, suggesting that the integrity of the 3'-end sequence and/or the lack of complementarity
with the 5’ end is important for efficient virus replication. Small interfering RNA-mediated knockdown of PCBP2 or hnRNP A1l

resulted in a reduction in virus yield, confirming a role for the observed interactions in efficient viral replication. PCBP2 and
hnRNP Al induced the circularization of MNV-1 RNA, as revealed by electron microscopy. This study provides evidence that
PCBP2 and hnRNP A1 bind to the 5’ and 3’ ends of the MNV-1 viral RNA and contribute to RNA circularization, playing a role

in the virus life cycle.

N oroviruses (NoVs) are the causative agents of nonbacterial
gastroenteritis in humans and are responsible for almost all
viral gastroenteritis outbreaks worldwide (1-3). The genus Noro-
virus within the family Caliciviridae comprises nonenveloped ico-
sahedral viruses with a single-stranded positive-polarity RNA ge-
nome. NoV genomic RNA typically contains three open reading
frames (ORFs): ORF1 encodes a polyprotein precursor that is pro-
cessed to give rise to 6 or 7 nonstructural proteins. ORF2 and
ORF3 encode the major and minor capsid proteins VP1 and VP2,
respectively. Both VP1 and VP2 are synthesized from a sub-
genomic RNA (4). In the case of murine norovirus 1 (MNV-1), a
fourth potential ORF (ORF4) has been identified that is highly
conserved between strains and encodes a protein (VF1) involved
in the regulation of the innate immune response to NoV infection
(5).

Attempts to grow human noroviruses (HuNoVs) in cell cul-
ture have been largely unsuccessful (6); therefore, the finer details
of the NoV replication cycle remain unclear. However, the iden-
tification of the first MNV-1 strain and its routine laboratory
propagation in the murine macrophage cell line Raw264.7 provide
a cell culture system to investigate the molecular mechanisms of
NoV translation and replication (6, 7). The NoV genome is
flanked by a very short 5’ untranslated region (UTR) covalently
linked to the viral VPg protein and by a polyadenylated 3" UTR
(8). VPg functions as a proteinaceous cap substitute and is able to
bind to eukaryotic initiation factors to promote viral translation
(9-12).

MNV-1 is an enteric pathogen that shares many molecular and
biological properties with HuNoV (13). The 5'-end sequence of
both the genomic and subgenomic RNAs is highly conserved
among several members of the family Caliciviridae (14, 15). More-
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over, their 5'- and 3’-end regions contain several conserved RNA
secondary structures, with various sizes and positions, implicated
in viral replication (16-18), as well as viral pathogenesis (14).
Translation and replication of the positive-strand RNA viruses
take place in the cytoplasm of the infected cells. Several lines of
evidence support the hypothesis that an interaction between the 5’
and 3’ ends of viral RNA genomes regulates the translation and
RNA replication of many viruses (19-21). However, the mecha-
nism by which the 5" and 3’ ends associate and the fine details of
how different conformations of the RNA participate in viral trans-
lation and replication remain unclear. Several variations in the
way in which this interaction occurs have been observed, with
each virus developing its own strategies to allow these 5'-3"-end
contacts. Some of these interactions can occur via direct RNA-
RNA contacts, as in the case of dengue virus genomic RNA, where
complementary sequences (CS) present in the viral genome ends
are necessary for RNA replication and viral viability (22, 23). Se-
quence complementarity is necessary but not sufficient in some
cases to direct these 5'-3"-end interactions (24); therefore, cellular
proteins act as facilitators to maintain the interactions. In the case
of bovine viral diarrhea virus (BVDV) and hepatitis C virus
(HCV), with RNA genomes that lack a 5’ cap structure and a 3’
poly(A) tail, 5'-3" genomic-RNA contacts are mediated by the
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TABLE 1 Conserved bases in the complementary regions of 50 different
MNV isolates”

Group and Predicted §'-3’
number of 5’ region 3’ region contact
isolates formation
1 (16) AACAAGAAG UUUUGU +
2 (7 AACAAAAAG UUUUGU +
3 (1) AAUAAGAAG UUUUGU +
4 (9) AAUAAGAAG UUUCUGU +
5 (8) AACAAGAAG UUUCUGU +
6 (2) * AGCAAAAAG UUUCUGU +
7 (3) * AGUAAAAAG UUUCUGU +*
8 (2) AACAAAAAG UUUCUGU +
9 (2) AAUAARAAG UUUCUGU +
{ IS E—
N K K

“*, amino acid N was changed to S; **, isolates in which the predicted contacts involve
alternative 5’ sequences. The groups were formed with isolates having the same
nucleotides in the sequences shown.

NFAR proteins (25, 26). More recently, the role of the cellular
poly(rC) binding protein 2 (PCBP2) in the circularization of the
HCV RNA genome has been described (27). Members of the fam-
ily Picornaviridae contain genomic RNAs that are polyadenylated
at their 3" ends and do not have a cap structure at their 5’ ends.
They contain highly structured 5" UTRs able to bind to cellular
and viral proteins that promote and regulate viral translation, as
well as replication (24, 28). In the case of poliovirus, PCBP2 forms
a complex on the 5" UTR with the viral protease-polymerase pre-
cursor (3CD), which can then interact with the cellular poly(A)
binding protein (PABP) bound to the 3’ poly(A) tail, promoting
the synthesis of the negative-polarity RNA (29-32).

Recently, an interaction between the 5 and 3" ends of the Nor-
walk virus (NV) genomic RNA has been reported, where the
RNA-RNA interactions are further stabilized by cellular proteins
(33), although the identities of the cellular proteins involved in
this process have yet to be determined. Here, we report the iden-
tification of similar long-range RNA-RNA interactions between
the 5’ and 3’ ends of the MNV-1 genome. We also demonstrate
that the cellular factors PCBP2 and heterogeneous nuclear ribo-
nucleoprotein (hnRNP) A1 play key roles in this interaction that
are required for efficient viral replication.

MATERIALS AND METHODS

Computer-generated secondary-structure analysis. Computational
analysis of the RNA secondary structures was performed using the Mfold2
software (34) with default settings through the Web interface at http:
//frontend.bioinfo.rpi.edu/applications/mfold/.

The following 50 full-length genomic sequences were downloaded
from GenBank and used to evaluate the degree of conservation of nucle-
otides (nt) 64 to 69 (ACAAGA) and 7323 to 7328 (UUUUGU) among
different MNV isolates: group 1, EU004662.1, EU004661.1, EU004660.1,
EU004659.1, EU004658, EU004657.1, EU004656.1, EU004655.1,
EU004654.1, EF014462.1, EU004662.1, AY228235.2 EU004675.1,
EU004672.1, EU004681.1, and EU004682.1; group 2, FJ446720.1,
HQ317203.1, AB435515.1, AB435514.1, EU004683.1, EU004677.1, and
EU004674; group 3, JF320653.1; group 4, JF320651.1, JF320650.1,
JF320648.1, JF320647.1, JE320645.1, JE320646.1, JF320644.1, JE320649.1,
and EU004663.1; group 5, EU004673.1, EU004664.1, FJ446719.1,
EU004671.1, EF531291.1, EU004680.1, EU004679.1, and EU004678.1;
group 6, EU004668.1 and EU004670.1; group 7, EU004667.1,
EU004666.1, and EU004669.1; group 8, EF531290.1 and DQ911368.1;
group 9, EU004670.1 and EU004668.1 (Table 1).
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Cell culture. The murine leukemia macrophage-like cell line
Raw264.7 (obtained from ATCC) and baby hamster kidney cells express-
ing T7 DNA polymerase (BSR-T7 cells) used during reverse-genetics re-
covery of mutant viruses (obtained from Klaus Conzelmann, Ludwig-
Maximilians-University, Munich, Germany) (14, 35) were cultured as
described previously. The murine microglial BV-2 cell line was cultured as
described previously (36, 37).

Protein expression and purification. For the expression of His-
hnRNP A1, Escherichia coli DH5a cells were transformed with the pProEX
Hta hnRNP A1 plasmid, generated in our laboratory. Cells from a single
colony were grown in LB medium at 37°C at an optical density at 600 nm
(ODyyy) of 0.6. Isopropyl-p-p-thiogalactopyranoside (IPTG) was added
at a final concentration of 0.7 mM, and protein expression was induced
for 3 h. Expression and purification of His-PCBP2 from the pET22B:
PCBP2 plasmid (kindly provided by Bert Semler, University of California,
Irvine, CA) was carried out as described previously (29). Expression and
purification of His-tagged PABP from the expression vector (a kind gift
from R. Andino, University of California, San Francisco, CA) was per-
formed as described previously (31). Protein concentrations were deter-
mined using the Bradford assay (38). Proteins were stored at 4°C until
they were required.

Preparation of Raw264.7 S10 cell extracts. Raw264.7 cell extracts
were prepared essentially as described previously (39).

In vitro transcription of regions of the MNV-1 genomic RNA. Two
RNA molecules corresponding to the first 146 nt from the MNV-1 5" end
and the complete 3" UTR without the poly(A) tail of the MNV-1 genomic
RNA were synthesized by in vitro transcription using T7 RNA polymerase
from the PCR-amplified cDNAs containing the respective regions. The
PCR was performed using the complete MNV-1 ¢cDNA, generously do-
nated by H. W. Virgin (Washington University School of Medicine, St.
Louis, MO, USA), as a template. All sense primers used in the PCR con-
tained the bacteriophage T7 promoter sequence (TAATACGACTCACT
ATAGG). Oligonucleotides T7 Fwd (TAATACGACTCACTATAGG) and
3'UTR-Mut Rev (AAAATGCATCTAACTACCACAAAGAAAAGAAAG
CAGTAAGCAGAAATCATTTTCGTGGGGGGTTTCTCTTCCAACCC
TATAGTGAGTCGTATTA) were used for the synthesis of the mutant
3’-UTR RNA. Oligonucleotides 5’-Comp Fwd (TAATACGACTCACTA
TAGGGTGAAATGAGGATGGCAACGCCATCTTCTGCGCCCTCTGT
GCGCAACACAGAGAAACGCAAAAGTGGGGAGGCTTCGTCTAAA
GCTAGTG) and 5'-Comp Rev (GTAATTAATTTCGTCTTCGCTCTCC
GAAGAGAGGGGGCTAGGTGCTCCAAAGGAGACACTAGCTTTAG
ACGAAGCCTCCC) were used for the synthesis of the mutant 5'-end
RNA. The resulting PCR products were purified with a QIAquick gel
extraction G-50 kit (Qiagen) before they were used as templates for RNA
synthesis. After transcription, the reaction mixture was treated with
DNase (Epicentre Biotechnologies) at 37°C for 30 min to remove the
DNA template in the presence of RNase inhibitors (Roche). Unincorpo-
rated nucleotides were removed by phenol extraction, followed by isopro-
panol precipitation. For the synthesis of radiolabeled and biotin-labeled
RNA transcripts, [a->*P]UTP and biotin-16-UTP were included in the
transcription reaction mixture. In some cases, the ferritin H-chain iron-
responsive element (IRE-fer) (40) or an RNA of 60 nt that corresponded
to the FL-LAP sequence of the C/EBP transcription factor RNA (41) was
used as the nonrelated RNA, as indicated.

RNA coprecipitation assay. The RNA coprecipitation assay was per-
formed as described previously (26, 33). The amount of His-hnRNP A1 or
His-PCBP2 recombinant protein used is indicated for each experiment.
Quantification of the precipitated a-**P-labeled RNA under different
conditions was obtained from band intensities in the scanned images
using Image]J software (http://rsb.info.nih.gov/ij) and expressed as arbi-
trary intensity units, with the positive-control samples designated 100
units. In the assays performed in the presence of antibodies, 0.2 g of each
antibody was preincubated with the S10 extracts for 15 min at room tem-
perature prior to the addition of the RNA.
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EMSA. Electrophoretic mobility shift assays (EMSAs) were performed
as described previously (14).

RNA in vitro transcription and capping for the recovery of infec-
tious MNV-1. The pT7:MNV-13'Rz infectious clone containing the
MNV-1 sequence was linearized with the Nhel restriction enzyme and
used for in vitro transcription as previously described (42). RNA was
capped using the ScriptCap system (Epicentre) according to the manu-
facturer’s instructions (42).

For RNA transfection, BSRT7 cells, previously reported to produce the
highest virus yields (43), were seeded in a 6-well plate at 2.5 X 10° cells/
well and incubated for 24 h in antibiotic-free Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS). The
cells were transfected with the capped RNA, using Lipofectamine 2000
following the manufacturer’s instructions (Invitrogen) (42). For virus re-
covery, cells were incubated for 24 h at 37°C prior to freezing at —80°C.
Virus titration was performed by 50% tissue culture infective dose
(TCIDs,) in Raw264.7 cells. Viral protein expression was analyzed by
harvesting cells in RIPA buffer and performing Western blot analysis of a
normalized sample.

Coimmunoprecipitation of viral RNA during infection. The interac-
tion of hnRNP A1l and PCBP2 with MNV-1 RNA was studied during
infection using RNA coimmunoprecipitation. Briefly, Raw264.7 cells
were infected with MNV-1 at a multiplicity of infection (MOI) of 5. Cell
lysates were prepared 12 h postinfection (p.i.) using lysis buffer (10 mM
Tris, pH 7.0, 150 mM NaCl, 1% Triton, 1 mM dithiothreitol [DTT], and
protease inhibitors) and used in subsequent immunoprecipitations. Im-
munoprecipitations were carried out using a rabbit polyclonal antibody to
hnRNP Al (Santa Cruz Biotechnology, Santa Cruz, CA), a monoclonal
antibody to PCBP2 (Santa Cruz Biotechnology, Santa Cruz, CA), and a
rabbit polyclonal antibody to the viral RNA polymerase NS7 (or control
purified rabbit IgG using protein A/G-Sepharose beads) (Santa-Cruz Bio-
technology, Santa Cruz, CA). Viral RNA coimmunoprecipitated in the
immune complexes was isolated using Trizol reagent (Invitrogen) and
subsequently amplified by reverse transcription (RT)-PCR. Reverse tran-
scription was performed using the Titan one-tube RT-PCR system
(Roche) with primers 3D-FWD (CCCCCCATGCTTCCCCGCCC) and
3D-REV (TCACTCATCCTCATTCACAAAG) to amplify the complete
NS7 region of the MNV-1 genome (44).

Immunofluorescence assays. Raw264.7 cells were grown on glass cov-
erslips and infected with MNV-1 at an MOI of 5 for 16 h. After this time,
the coverslips were treated with cytoskeleton buffer (CB) (10 mM mor-
pholineethanesulfonic acid [MES] [Sigma M-8250], 150 mM NaCl, 5 mM
EGTA, 5 mM MgCl,, and 5 mM glucose) for 5 min and permeabilized in
4% paraformaldehyde solution containing 0.2% Triton X-100 for an ad-
ditional 5 min at room temperature. The coverslips were washed three
times for 5 min with phosphate-buffered saline (PBS), and the cells were
fixed with 4% paraformaldehyde for 20 min at room temperature. The
coverslips were washed three times for 5 min each time with PBS, blocked
with 5% gelatin from porcine skin (Sigma) in PBS for 40 min at room
temperature, washed three times for 5 min each time with PBS, and incu-
bated with the primary antibody (anti-hnRNP A1 or anti-PCBP2) in PBS
at 1% at 4°C overnight. Then, the coverslips were washed three times for 5
min each time with cold PBS and incubated with the corresponding sec-
ondary antibody (Alexa Fluor 488 [green]; Invitrogen) for 1 h at room
temperature, washed three times with PBS, and incubated with the anti-
MNV-1 NS7 antibody diluted 1:100 in 5% gelatin-PBS solution at 37°C
for 1 h. The coverslips were washed three times with PBS, incubated with
Alexa Fluor 594 (red) (Invitrogen) for 1 h at room temperature, washed
three times with PBS, and incubated with 1 pg/ul of 4'6’-diamidino-2-
phenylindole (DAPI) for 2 min. The coverslips were washed six times with
PBS and three times with distilled water. Finally the coverslips were re-
moved and treated with Vecta-Shield (Vector Laboratories A.C.). Samples
were examined with a Zeiss LSM-700 confocal microscope.

siRNA-mediated knockdown of hnRNP A1 and PCBP2. For siRNA-
mediated knockdown of hnRNP Al and PCBP2 expression, actively
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growing BV-2 cells were transfected with siRNAs (hnRNP-E2:sc-38271,
hnRNP-A1:sc-35576, and control nonspecific siRNA [GCGCGCUUUG
UAGGAUUCG]) according to the protocol recommended by the manu-
facturer using the Neon Transfection System (Invitrogen). Cells (6 X 10°)
were electroporated with 100 pmol of siRNA duplexes at 1,700 V, 10 ms,
and 3 pulses. Twelve hours posttransfection, the cells were infected with
MNV-1 (MOI = 5 TCIDj/cell), and samples were harvested for RNA
isolation, virus titer determination, and Western blotting at 18 h p.i. The
virus titer was determined by TCIDs, and the viral RNA copy number
was quantified using RT-quantitative PCR (qPCR) as described previ-
ously (14, 45). The results were plotted using Sigma Plot, and two-way
analysis of variance (ANOVA) was performed as a method of statistical
analysis. The P value obtained was <0.001 for qPCR experiments. For the
TCID,,, experiments, the P value was <0.01. The viability of untreated
and small interfering RNA (siRNA)-treated cells was also determined at
48 h using Cell Titer 96 (Promega), following the manufacturer’s instruc-
tions, and found to be unaffected.

Preparation of the RNA template for EM. For visualization of
RNA by electron microscopy (EM), an RNA template was designed,
which consisted of the 5’ end (nt 1 to 146) and 3’ UTR of the MNV-1
genome flanking a 930-bp region of double-stranded RNA (dsRNA)
to avoid an RNA secondary structure. The 930-bp fragment from
the luciferase-coding sequence was amplified from the plasmid
pRS424LuclresDen2CapDeleted by PCR (kindly donated by Rosa del An-
gel) using primers MNV-1-LUC-5'-FWD (GCGAAGACGAAATTAATT
ACGCTTCCAAGGTGTACGACCC) and MNV-1-LUC 3'-REV (AAAAT
GCATCTAACTACCACAAAGAAAAGAAAGCAGTAAGCAGAAATCA
TTTTCACAAAAGGTTTCTCTTCCAACTTACTGCTCGTTCTTC
AGCA), which allow the addition of nt 127 to 146 and the complete 3’
UTR from the MNV-1 genome in the 5" end and downstream of the
luciferase gene, respectively. The complete 146-nt sequence from the 5’
end was amplified using the primer pair MNV-15"TR-FWD (TAATACG
ACTCACTATAGGGTGAAATGAGGATGGCAACGCCATCTTCTGCG
CCCTCTGTGCGCAACACAGAGAAACGCAAAAACAAGAAGGCTTC
GTCTAAAGCTAGTG), which contains the sequence of the T7
polymerase promoter (underlined) upstream of the MNV-1 5’-end se-
quence, and MNV-15'TR-REV (GTAATTAATTTCGTCTTCGCTCTCC
GAAGAGAGGGGGCTAGGTGCTC CAAAGGAGACACTAGCTTTAG
ACGAAGCCQC). Both amplified cDNAs were subsequently fused by PCR to
produce a complete amplicon of 1,173 bp containing the luciferase gene pre-
ceded bya T7 polymerase promoter fused to the MNV 5’ end and followed by
the complete 3'-UTR sequence of MNV-1. The amplicon to produce anti-
sense luciferase RNA was generated using a similar strategy from the plasmid
pRS424LuclresDen2CapDeleted. PCR was performed using the primer pair
LUC-NEG-FWD (ATGGCTTCCAAGGTGTACGA) and LUC-NEG-REV
(TAATACGACTCACTATAGGGTTACTGCTCGTTCTTCAGCA) con-
taining aT7 polymerase promoter sequence (underlined).

The complete 1,173 bp and the luciferase amplicons were in vitro tran-
scribed as described above, and both the complete RNA and the RNA that
consists of the negative sequence of the luciferase gene were treated with
DNase I to remove the DNA templates. Partially double-stranded RNA
molecules were prepared by annealing equal amounts of positive- and
negative-strand RNA in annealing buffer (10 mM HEPES, pH 7.4, 100
mM KCI, 0.2 mM EDTA) at 95°C and slowly cooling them to 4°C. The
integrity of the RNA was confirmed by gel electrophoresis prior to use.

Electron microscopy. Protein-RNA complexes were formed as previ-
ously described with some modifications (27). One hundred nanograms
of bovine serum albumin (BSA) or a mixture of 100 ng each of hnRNP A1
and PCBP2 was incubated with 1.5 g of RNA in 15 pl of RNA-protein
binding buffer (20 mM HEPES and 50 mM KCl) for 20 min at room
temperature and stabilized by cross-linking with 1% glutaraldehyde at
4°C overnight. Fifty-microliter droplets, consisting of 10 ng/pul RNA, 10
mM Tris-HCI, pH 8, 1 mM EDTA, 50% formamide, and 100 ng/p.l cyto-
chrome ¢ to maintain the RNA conformation, were incubated for 2 min at
4°C (27).
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FIG 1 Computer analysis of the 5'-3"-end contacts of the MNV-1 genomic RNA wt region. (A) Genome schematic of the secondary structures formed within
the first 146 nt and the last 75 nt (3" UTR) of the MNV-1 genomic RNA. The positions of the CS and the AUG initiation codon are highlighted. (B) Predicted
secondary structure formed between the first 146 nt and the last 75 nt (3" UTR) of the MNV-1 genomic RNA. An expanded drawing shows CS formed in the
predicted structure. The secondary structures were predicted using Mfold2 software (http://mfold.rna.albany.edu) with a AG value of —70.6 kcal/mol. The Ns
represent the genome sequence between the 5" and 3’ ends. (C) Predicted secondary structures formed between the first 146 nt and the last 75 nt (3" UTR) of 9
different representative isolates and/or strains of MNV-1, corresponding to groups 1 to 9 shown in Table 1 and in Materials and Methods. The numbers in

parentheses are the number of isolates in each group.

RNA diffused to a hypophase surface and was picked up on Formvar-
coated grids (300 mesh). The grids were stained with 10 nM uranyl acetate in
90% ethanol for 20 s and dried with isopentane prior to rotary shadowing
with platinum (35 A of platinum-palladium [Pt/P]] at 8°C). The RNA con-
formation was observed with a transmission electron microscope (JEM 14005
JEOL Company). Micrographs were taken at X 100,000 magnification.

RESULTS

Identification of RNA-RNA contacts. We have previously de-
scribed the occurrence of 5'-3" RNA interactions within the NV

11374 jviasm.org

genome that initially occur by direct RNA-RNA interactions but
are further stabilized by cellular proteins (33). To determine the
relevance of these 5'-3"-end contacts in NoV replication, the pres-
ence of potential interactions in the MNV-1 genome was exam-
ined, as MNV-1 remains the only NoV that can undergo a full
infectious life cycle in cell culture. In silico analysis was carried out
using the Mfold-2 program (34) on RNA sequences consisting of
the first 146 nt of the 5" end and the complete 3' UTR of the
MNV-1 genome (Fig. 1A). The limit of the 5" RNA sequence was
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FIG 2 The interaction between the 5" and 3’ ends of the MNV-1 genomic RNA requires cellular proteins and CS complementarity, and antibodies to hnRNP A1
and PCBP2 affect these interactions. (A) Schematic representation of the 5'-3" CS. Mutations introduced in the 5’ end (solid circles) and the compensatory
mutations in the 3’ end (open circles) are highlighted. (B) Coprecipitation assay of the a-**P-labeled wt 3’ UTR (lanes 1 to 5) and the biotin-labeled wt 5’ end
(lanes 2, 3, and 5) of the MNV-1 genomic RNA or an irrelevant related biotin-labeled RNA (lane 4) in the absence (lanes 1 and 2) or presence (lane 3) of 10 g
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chosen because it contains the majority of the most conserved
predicted stem-loop elements in the 5" end (18). A spacer se-
quence consisting of 45 N nucleotides between the 5" and 3’ RNA
sequences was used to facilitate RNA folding (33). A folding pre-
diction with a AG of —70.6 was obtained, where all stem-loop
structures predicted previously and confirmed by biochemical
mapping were conserved (18, 45). In addition, a base-pairing re-
gion formed from a sequence of 6 nt (64 to 68) of the 5" end
(ACAAGA) and nt 7323 to 7328 within the 3" UTR (UUUUGU)
was predicted (Fig. 1B). To evaluate the degree of conservation of
the 5" ACAAGA and the 3' UUUUGU nucleotide sequences be-
tween MNV-1 isolates, 49 sequences were analyzed (Table 1). The
majority of the nucleotide variations in the 5" CS represent syn-
onymous changes, with the exception of 2 isolates, indicating the
importance of the amino acid conservation in this coding region.
The 3" UUUGU sequence is also well conserved, although a C
insertion in the middle of the region is present in half of the
MNV-1 isolates analyzed (Table 1). Despite these changes, all the
genomes retain the ability to form the predicted 5'-3"-end con-
tacts, although in 1 isolate, the contacts involve alternative 5’ se-
quences (Fig. 1C).

Cellular proteins mediate the interaction between the 5" and
3’ ends of the MNV-1 genomic RNA. To further determine if the
interactions between the 5" and 3’ ends of the MNV-1 genomic
RNA predicted by the in silico analysis also occurred in vitro, co-
precipitation assays were performed in which biotin-labeled 5
MNV-1 RNA was used to precipitate a->*P-labeled 3’-UTR RNA.
Under the conditions previously described (26, 33), a modest in-
teraction between the 5" and 3’ ends of the MNV-1 genomic RNA
was observed (Fig. 2B, lane 2), which was increased significantly in
the presence of cellular proteins from MNV-1 permissive
Raw264.7 cells (Fig. 2B, lane 5). In addition, the observed RNA-
RNA interactions in the presence of cellular proteins were specific,
since a nonrelated protein, such as BSA (Fig. 2B, lane 3), or an
irrelevant biotin-labeled RNA did not allow complex formation
(Fig. 2B, lane 4) (41).

To analyze if complementarity of the RNA was required for the
observed coprecipitation, similar RNA coprecipitation studies
were performed using a 3'-UTR RNA containing six mutations
predicted to disrupt the interaction with the 5’ end (Fig. 2A and
C). Changes introduced in the 3" UTR were chosen to conserve the
stem-loop structures in the region. Replacement of the 6 bases in
the a->*P-labeled 3" UTR RNA (3’ mutant), as shown in Fig. 2A,
reduced the level of coprecipitation with wild-type (wt) biotin-
labeled 5" end RNA (Fig. 2C, lane 6), indicating that the sequence
or the complementarity of the region is important for interaction
with the 3" UTR in the presence of cellular proteins. However,
when compensatory mutations were included in the 5'-end RNA
(5" comp), restoring complementarity with the 3'-mutated region

Norovirus Genome Circularization

(AG, —79.6, compared to the AG value of —70.6 of the wt se-
quences), the ability to coprecipitate the 3" UTR was restored (Fig.
2C, lane 8), indicating that complementarity and not the specific
sequence is required for efficient 5'-3" RNA interactions to occur
in the presence of cellular proteins.

Identification of cellular proteins that interact with the 5’
end and the 3’ UTR of the MNV-1 genomic RNA. We hypothe-
sized that the primary interaction between the 5’ and the 3’ ends
of the MNV-1 genome require RNA-RNA contacts in the CS but
the participation of cellular proteins is required to stabilize these
interactions. As our study was focused on the identification of
factors that may contribute to the stabilization of the 5'-3" RNA-
RNA interactions, we selected proteins for further study on the
basis of whether the proteins were known to bind the MNV-1
genome (references 14, 17, and 45 and unpublished data). Based
on these criteria and the availability of reagents, we initially se-
lected La, hnRNP A1, PCBP2, nucleolin, and PTB for further anal-
ysis. To determine if any of the selected targets might be involved
directly in the stabilization of the 5'-3" RNA-RNA interactions,
cell extracts were preincubated with antibodies specific to the var-
ious proteins prior to the RNA coprecipitation assay (Fig. 2D). We
hypothesized that antisera to proteins involved in this interaction
would reduce the ability of the biotin-labeled 5’-end RNA to co-
precipitate the a->*P-labeled 3' UTR RNA, on the assumption
that the antisera block the RNA binding or the protein-binding
interaction domains required for stabilization. The reactivity of
each antibody used was previously tested by Western blotting
(data not shown). Protein extracts preincubated with anti-La and
anti-PTB antibodies were able to precipitate labeled RNA with an
efficiency similar to that of the protein extract alone (Fig. 2D, lanes
2, 6, and 1, respectively). However, preincubation with the anti-
hnRNP Al or anti-PCBP2 antibody decreased complex forma-
tion. This reduction in complex formation was observed in at least
3 independent experiments and was not due to the presence of
RNAs, as the a-*?P-labeled 3'-UTR RNA integrity was not af-
fected by the presence of each antibody alone (Fig. 2E).

Role of recombinant proteins PCBP2 and hnRNP Al in the
stabilization of the 5'-3'-end contacts from the MNV-1 genomic
RNA. Given that anti-hnRNP A1l and anti-PCBP2 were able to
reduce complex formation and that both proteins bind to the
MNV-1 genomic RNA and have been implicated in the stabiliza-
tion of viral RNA-RNA interactions (27, 49), we next examined if
these proteins could promote the interaction of the 5" and the 3’
ends of the MNV-1 genomic RNA. Therefore, a coprecipitation
assay was performed using biotin-labeled 5'-end and «-**P-la-
beled 3’-UTR RNA probes in the presence of both PCBP2-His and
His-hnRNP Al recombinant proteins (Fig. 3A). The 3'-UTR
probe contains the last 77 nt from the MNV-1 genomic RNA
without the poly(A) tail, since no differences in the coprecipita-

BSA and 10 p.g Raw264.7 S10 (lanes 4 and 5). ext, extract; *, a-**P-labeled; b, biotin-labeled. The error bars indicate standard deviations from three independent
experiments. (C) Coprecipitation assay of the a-**P-labeled wt 3’-UTR (lanes 1 to 3) or the a-**P-labeled mutant (mut) 3'-UTR (lanes 4 to 8) RNAs and the
biotin-labeled wt 5"-end (lanes 2, 3, 5, and 6) or the mut 5'-end (5’ comp) RNAs (lanes 7 and 8) in the absence (lanes 1, 2,4, 5, and 7) or presence (lanes 3, 6, and
8) of 10 jug Raw264.7 S10 extracts. (D) Complex formation in the presence of specific antibodies. Coprecipitation assay of the a-**P-labeled wt 3’ UTR and the
biotin-labeled wt 5" end of the MNV-1 genomic RNA with Raw264.7 cell extracts (all lanes), alone (lane 1 from left) or incubated in the presence of anti-La (lane
2), anti-hnRNP Al (lane 3), anti-PCBP2 (lane 4), anti-NCL (lane 5), and anti-PTB (lane 6) antibodies prior to addition to the coprecipitation reaction mixtures.
Precipitated a-**P-labeled RNA levels were quantified using Image] software and expressed as arbitrary intensity units. The error bars represent the standard
deviations from three independent experiments. (E) RNA integrity in the presence of antibodies. The a-**P-labeled 3’-UTR RNA was interacted alone (far left
lane) or in the presence of 0.2 pg of anti-La (La), anti-hnRNP A1l (A1), anti-PCBP2 (PCBP2), anti-NCL (NCL), anti-PTB (PTB), and anti-PABP (PABP)

antibodies or 0.2 pg of micrococcal nuclease (far right lane).
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FIG 3 hnRNP Al and PCBP2 contribute to CS binding, and mutations that disrupt the CS affect the formation of the coprecipitated complex. Coprecipitation
assay between a-?*P-labeled wt 3’ UTR and the biotin-labeled wt 5" end (A), a-**P-labeled mut 3’ UTR and the biotin-labeled wt 5" end (B), and a-**P-labeled
mut 3" UTR and the biotin-labeled comp 5’ end (C) were carried out in the presence of cell extracts (lanes 2), His-hnRNP Al (lanes 2), PABP (lanes 3),
PCBP2-His (lanes 4), all recombinant proteins (lanes 5), His-hnRNP Al and PABP (lanes 6), His-hnRNP Al and PCBP2-His (lanes 7), and PABP and
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error bars represent the standard deviations from three independent experiments.
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tion complexes formed with or without the poly(A) tail from NV
(33) or MNV-1 (data not shown) were observed. Low levels of
RNA coprecipitation between the 5" and 3’ ends of the MNV-1
genomic RNA were observed in the presence of the individual
recombinant protein His-hnRNP A1, PABP, or PCBP2-His (used
asacontrol) (Fig. 3A, lanes 2, 3, and 4, respectively), as well as with
both His-hnRNP A1 and PABP or PCBP2-His and PABP (Fig. 3A,
lanes 6 and 8, respectively). However, when the interaction was
performed in the presence of the three recombinant proteins or
with both hnRNP A1 and PCBP2, increased complex formation
was observed (Fig. 3A, lanes 5 and 7, respectively), indicating that
hnRNP A1l and PCBP2 contributed to the MNV-1 5’- and 3'-end
contacts. The efficiency of RNA coprecipitation observed using
the Raw264.7 cell extracts was greater than that observed with the
recombinant proteins PCBP2-His and His-hnRNP A1, suggesting
that other proteins present in the cell extract may contribute to
the stabilization of the RNA-RNA interactions (Fig. 3A, lane 1). The
differences in the intensities of the complexes formed with the three
recombinant proteins or with His-hnRNP Al and PCBP2-His
(Fig. 3A, compare lanes 6 and 8) could be related to a negative
effect of PABP in the reaction mixture, due to its association with
one or both recombinant proteins or to the RNAs (48).

To determine if the mutations included in the 3’-UTR RNA
that disrupt the 5'-3"-end contacts affect complex formation, sim-
ilar coprecipitation assays were performed in the presence of the
a->*P-labeled 3’ UTR mutant RNA. Notably, the labeled wt and
mutant 3" UTRs had similar specific activities. Low levels of com-
plex formation were observed in the assays with His-hnRNP Al,
PCBP2-His, or PABP alone or with both His-hnRNP Al and
PABP or PCBP2-His and PABP, as well as with the three recom-
binant proteins (Fig. 3B). Finally, to determine if the mutations
included in both the 5’-end and the 3’-UTR RNAs, which com-
pensate for the 5'-3’-end contacts, restore the ability for complex
formation, similar coprecipitation assays were performed in the
presence of the a->*P-labeled 3’-UTR mutant and biotin-labeled
5’-end RNAs. No complex formation was observed in the assays
with His-hnRNP A1, PCBP2-His, or PABP alone or with both
His-hnRNP Al and PABP or PCBP2-His and PABP. However,
when the assays were performed with both His-hnRNP Al and
PCBP2-His, complex formation was observed (Fig. 3C). Taken
together, these results indicate that both CS in the 5" and 3’ end
RNAs and the presence of the His-hnRNP Al and PCBP2-His
recombinant proteins are required for the in vitro stabilization of
the 5'-3"-end contacts of the MNV-1 genomic RNA.

Mutations in the complementary sequences affect hnRNP A1
and/or PCBP2 binding and virus replication. Since both PCBP2-
His and His-hnRNP A1 recombinant proteins were able to stabi-
lize the 5'-3'-end interactions of the MNV-1 genomic RNA in
vitro, the abilities of both proteins to interact directly with the 5’
and 3" ends of the MNV-1 genomic RNA were further analyzed.
PCBP2 has been previously identified as a component of an RNP
formed on the 5’ and the 3’ ends of the NV (14, 17) and the
MNV-1 genome (14, 39), and hnRNP A1 was recently reported to
bind to the MNV-1 3" UTR (45). Therefore, the ability of the
recombinant His-hnRNP A1 to bind to the 5" or the 3" end of the
MNV-1 genomic RNA was confirmed by EMSA (Fig. 4A to D).
His-hnRNP A1 was able to interact with both the 5" and the 3’
wild-type ends of the MNV-1 genomic RNA in a dose-dependent
manner, forming stable RNP complexes (Fig. 4A and B, lanes 1 to
4). In addition, the ability of the His-PCBP2 protein to bind in a
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dose-dependent manner to both the 5" and the 3’ ends of the
MNV-1 genome was also established (Fig. 4C and D, lanes 1 to 4).
While both hnRNP A1-His and His-PCBP2 were able to bind to
the corresponding RNAs that contain the mutations GGGGUG
and CCCCAC in the 5" and 3’ CS, respectively (Fig. 4A to D, lanes
5 to 8), a reduction in complex formation was observed with all
the 5" and 3’ mutant RNAs.

The specificity of the interaction of His-hnRNP Al with the
MNV-1 5'-end and 3’-UTR RNAs was confirmed by both the
inability of heterologous competitor RNA to compete for RNP
complex formation and the ability of nonlabeled homologous
RNA to compete (Fig. 4E). Moreover, none of the proteins were
able to bind to an irrelevant stem-loop-labeled RNA of 60 nt that
corresponds to the FL-LAP sequence of the C/EBP transcription
factor RNA (Fig. 4F) (41).

Taken together, the results shown above suggest that the viral
genome contains CS in the 5" and 3’ ends of the MNV-1 genomic
RNA that are stabilized by cellular proteins. To determine if these
interactions were important during authentic viral RNA replica-
tion, two mutant cDNA constructs were produced (Fig. 5A and
B), containing changes in the 3'-UTR sequence that would disrupt
the 5'-3" interactions (Table 1). The CS UUUUGU present in the
3" UTR was changed to CCCCAC (mutant M1) and to AAAAAA
(mutant M2), both predicted to disrupt complementarity with the
5’ region. Virus recovery, expressed as TCID5,/ml 24 h posttrans-
fection, was used as a measure of a single cycle of virus replication,
as the cells used (a derivative of baby hamster kidney cells,
BSRT7), although permissive for virus replication, lack a suitable
receptor to allow multicycle replication. Therefore, variations in
the virus titer in this assay are reflective of a difference in the viral
translation/replication kinetics only. Viral titers from the mutant
viruses were significantly lower (>100-fold) than those of the
wild-type virus (P < 0.05) (Fig. 5B). Detection of the viral NS7
protein by Western blotting carried out on lysates of transfected
BSRT7 cells was also performed as an indicator of the transfection
efficiency, confirming that equal levels of primary cap-dependent
translation occurred (Fig. 5C). These results indicate that either
the integrity of the 3’-end sequence itself or the lack of comple-
mentarity with the 5" end is important for efficient virus replica-
tion.

To further determine if the RNA-RNA interactions were nec-
essary for viral replication, mutations within the 5" CS predicted
to reconstitute the RNA-RNA interactions were introduced into
the wt MNV-1 cDNA. However, since the CS is located within a
highly conserved coding region, nucleotide changes were not pos-
sible without alterations to the amino acid sequence of the NS1/2
protein. The wt 5" CS ACAAGA (Asn-Lys-Lys) was changed to
GTAGGAG (Asn-Arg-Arg) or ACAGGAG (Ser-Arg-Arg) and
tested within the wt cDNA; these coding changes resulted in a
significant reduction in viral recovery from a cDNA clone con-
taining a wt 3" end, M1, or M2 (data not shown), indicating that
conservation of the amino acids is important for virus replication.

hnRNP A1l and PCBP2 interact with MNV-1 RNA during vi-
rus replication. To validate that both hnRNP Al and PCBP2 as-
sociate with MNV-1 RNA during authentic virus replication, an
RNA coimmunoprecipitation assay was performed (Fig. 6A).
Both PCBP2 and hnRNP1 were immunoprecipitated from MNV-
1-infected Raw264.7 cell extracts; the copurified RNA was ex-
tracted from the immunoprecipitated complex and subjected to
RT-PCR using MNV-1-specific primers. As expected, MNV-1
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FIG 4 Mutations in the CS affect hnRNP A1 and/or PCBP2 binding to the 5 and 3’ ends of the MNV-1 genomic RNA and virus replication. (A to D) EMSA
showing the recombinant hnRNP A1-His (A and B) and His-PCBP2 (C and D) interaction with the [a->*P]UTP-labeled wt 5’ end (A and C, lanes 1 to 4) and
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RNA was copurified with the viral RNA polymerase (NS7), but
also with PCBP2 and hnRNP Al (Fig. 6A). No viral RNA was
amplified when an irrelevant purified rabbit IgG antibody (Fig.
6A, IgG) was used or when the assay was performed with nonin-
fected cells. Taken together, these results confirm that hnRNP A1l
and PCBP2 are associated with MNV-1 RNA during viral replica-
tion.

hnRNP Al and PCBP2 are associated with the viral replica-
tion complex. Given the association of both hnRNP Al and
PCBP2 with the MNV-1 genomic RNA in infected cells, it was
important to determine their subcellular localization during
MNV-1 infection. Analysis of the localization of both hnRNP A1l
and PCBP2 after MNV-1 infection of Raw264.7 cells was per-
formed using confocal microscopy. Immunostaining analysis
showed that hnRNP A1 (green) is located mostly in the nuclei of
noninfected Raw264.7 cells (Fig. 6B, top row). During MNV-1
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infection, although hnRNP A1l remained predominantly nuclear,
those cells expressing high levels of NS7 showed an increase of
hnRNP Al staining in the cytoplasm that correlated with a de-
crease in the nuclear hnRNP A1 levels (Fig. 6B, bottom row). The
costaining of NS7 (red) and hnRNP Al resulted in a degree of
signal overlap in the perinuclear area, where the majority of the viral
antigen or dsRNA has been found (45, 50) (Fig. 6B). The presence of
hnRNP Al in the nuclei and the cytoplasm of the infected cells was
confirmed by the biochemical separation of nuclear and cytoplas-
mic fractions (Fig. 6D). Annexin II showed that the cytosol and
nuclear fractions were well separated. Infection was demonstrated
by the presence of NS7; the detection of NS7 in the nuclear frac-
tions is due to the copurification of the replication complexes
closely associated with the perinuclear membranes (50). In con-
trast, the distribution of PCBP2 in the noninfected Raw264.7 cells
was detected throughout the nucleus and the cytoplasm, and it
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FIG 5 Nucleotide changes within the 3" UTR of recovered viruses obtained
from BSRT7 cells transfected with the in vitro-transcribed capped RNA
pT7MNV-1:3'RZ infectious clone containing a 6-nt mutation. (A) The 6-nt
changes within M1 and M2. (B) Virus recovered at 24 h posttransfection and
total virus levels assayed by TCIDs, in Raw264.7 cells. The limit of detection
was 50 TCID;,/ml. Transfections were performed in triplicate, and the average
log titers are plotted, together with standard errors. Significance was also tested
using one-way ANOVA compared to the wild type. *, P < 0.05. (C) Western
blot analysis was carried out on lysates of transfected BSRT7 cells to assess the
translation of NS7. Ctrl, total mock-transfected cell lysates. Frameshift (F/S)
was also used as a recovery negative control. The data shown are representative
of at least 3 independent experiments.

was mostly unaffected by MNV-1 infection (Fig. 6C, top row).
Some degree of signal overlap of NS7 was also observed, with
punctate foci of PCBP2 being found within the NS7-positive pe-
rinuclear area (Fig. 6C, bottom row).

Inhibition of expression of hnRNP Al and PCBP2 results in
the reduction of MNV1 replication. The results presented above
show that hnRNP A1 and PCBP?2 stabilize the in vitro 5'-3"-end
contacts of the MNV-1 genomic RNA and bind to the viral RNA in
MNV-1 infected cells, suggesting that this association could have a
role during viral replication. To confirm the role of hnRNP A1 and
PCBP2 in the MNV-1 life cycle, BV2 cells were transfected with
specific siRNAs directed toward hnRNP Al or PCBP2, and the
levels of both proteins were detected by Western blot assay. BV2
cells, previously shown to be highly permissive for MNV-1 infec-
tion (37, 45), were chosen for these assays, since they allow robust
and reproducible siRNA knockdown of host factors in compari-
son with Raw264.7 cells, where transfection of either siRNAs or
short hairpin RNA (shRNA)-expressing plasmids has been largely
unsuccessful (45). Transfection of specific siRNAs resulted in a
decrease in hnRNP A1 and PCBP2 levels (Fig. 7A and B, respec-
tively) compared to cells transfected with an irrelevant siRNA.

The consequences of hnRNP Al and PCBP2 knockdown for
MNV1 replication were evaluated by monitoring the levels of
RNA and infectious virus produced. hnRNP A1l knockdown was
found to significantly reduce MNV-1 RNA levels (Fig. 7C, left bar)
in comparison to the RNA levels obtained from the cells treated
with an irrelevant siRNA (Fig. 7C, right bar). Moreover, a reduc-
tion of genomic RNA production in PCBP2 knockdown cells was
also observed (Fig. 7C, middle bar).

In agreement with the observed effect on RNA levels, cells
transfected with hnRNP A1 or PCBP2 siRNA displayed reduced
viral titers compared to the viral titers observed in the irrelevant-
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siRNA-treated cells both at high (Fig. 7D) and low (data not
shown) MOL. The viability and growth of cells was unaffected by
siRNA treatment (data not shown), and therefore, the observed
decreased replication of MNV-1in hnRNP Al and PCBP2 siRNA-
transfected cells was specific and not due to an indirect effect re-
sulting in gross changes in cellular metabolism. Although the lev-
els of RNA and the viral titer were not drastically reduced, these
results taken together indicate that both hnRNP Al and PCBP2
participate in the MNV-1 life cycle.

hnRNP Al and PCBP2 induce MNV-1 RNA circularization.
The ability of hnRNP A1 and PCBP2 to bind to both the 5" and the
3" ends of the MNV-1 genomic RNA, as well as its association with
the MNV-1 genomic RNA in infected cells, suggests that these
proteins may have a role in the MNV-1 replicative cycle. More-
over, the coprecipitation of the 5 end and the 3" UTR in the
presence of both proteins suggests that they could be involved in
the MNV-1 RNA circularization. To support this idea, the pro-
tein-mediated changes of the MNV-1 RNA conformation were
observed by EM. To avoid the secondary structures of single-
stranded RNAs, RNA consisting of the single-stranded MNV-1 5
end and 3" UTR-flanking 933-bp double-stranded RNA of the
luciferase gene were generated (Fig. 8A). After interacting with
both hnRNP A1-His and His-PCBP2 proteins or unrelated BSA,
the RNAs were observed by EM. In the absence of protein or in the
presence of BSA, the RNA molecules appeared in linear confor-
mation (Fig. 8B, left and middle). In the presence of both hnRNP
A1l-His and His-PCBP, circularization of the RNA molecules was
observed (Fig. 8C, right), indicating that, as noted for other RNA
viruses, MNV-1 genome circularization is at least partially medi-
ated by cellular factors, including hnRNP A1 and PCBP (20, 25—
27,31, 49).

DISCUSSION

The majority of the cis-acting signals required for the regulation of
translation and viral replication of positive-strand RNA viruses,
such as NoVs, are thought to be located in the 5'- and 3’-terminal
regions of the viral genomes. Since both processes arise from the
same molecule and depend on both terminal regions, long-dis-
tance interactions within the viral RNA genomes take place to
ensure an efficient mechanism to guarantee the generation of the
viral progeny (22, 23, 27, 31). These interactions can occur via
direct RNA-RNA interactions (22, 23) or can be mediated by cel-
lular proteins (20, 31).

We have previously demonstrated by in vitro coprecipitation
assays that 5'-3"-end interactions occur in the NV genomic RNA
in the presence of cellular proteins (33); however, to further de-
termine if these interactions could have a role during NoV repli-
cation, the formation of 5'-3"-end interactions was analyzed in the
RNA of MNV-1, the only NoV that replicates efficiently in tissue
culture. By computational analysis, a 6-nt complementarity was
predicted to occur between the 5" end and the 3" UTR of the
MNV-1 genomic RNA. These sequences and the predicted 5'-3'
interactions are conserved across several MNV-1 strains, yet sin-
gle-nucleotide synonymous variations within the 5° CS were
found, indicating the importance of amino acid conservation
in this coding region. The 3’ CS was also highly conserved,
showing that the sequences within the UTRs are involved in
maintaining the cis-acting RNA structures involved in the viral
life cycle (18, 45).

In this study, the in vitro coprecipitation assays showed that in
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FIG 6 hnRNP A1 and PCBP2 subcellular localization and interaction with the viral RNA during MNV-1 replication. (A) Antisera to MNV-1 NS7, hnRNP Al,
and PCBP2 precipitated viral RNA from MNV-1-infected cells. Viral RNA was coimmunoprecipitated from MNV-1-infected Raw264.7 cell extracts using an
antibody directed against viral polymerase (NS7) or anti-hnRNP A1 or anti-PCBP2 antibodies, respectively. Purified IgG (IgG) was used as a negative control.
RNA was extracted from the immunoprecipitated complex or from an aliquot of the input lysate and subjected to RT-PCR using MNV-1-specific primers as
detailed in Materials and Methods. The RT-PCR products were visualized on a 1% agarose gel. (B and C) Subcellular localization of hnRNP A1 (B) and PCBP2
(C) in mock-infected and MNV-1-infected Raw264.7 cells. Mock-infected Raw264.7 cells (top rows) or Raw264.7 cells infected with MNV-1 for 16 h at an MOI
of 5 (bottom rows) were immunostained with an anti-hnRNP A1 (B) or an anti-PCBP2 (C) monoclonal antibody, followed by anti-mouse Alexa Fluor 488
(green) and DAPI (blue) staining. To identify the infected cells, the MNV-1 NS7 protein was immunostained with an anti-NS7 antibody, followed by anti-rabbit
Alexa Fluor 594 (red) staining. The cells were observed using the Zeiss LSM 700 confocal microscope. The images depict single confocal slices taken from z-stacks.
The colocalization coefficients of NS7 with hnRNP A1 and PCBP2 determined by ZEN 2010 software were 0.11/1 and 0.46/1, respectively. Enlarged views of the
boxed areas are shown on the right. 3D, maximally projected z-stack. (D) Western blot of the hnRNP Al protein in nuclear and cytoplasmic extracts from
mock-infected (Mock) and MNV-1-infected (INF) Raw264.7 cells. The annexin II expression levels were used to show that cytosol and nuclear extracts were well
separated. The actin expression levels were used as protein-loading controls. The data shown are representative of at least 3 independent experiments.

silico-predicted RNA-RNA contact is required to allow the bind-  in a reduction in complex formation, suggesting that both the
ing of cellular proteins that further stabilize the interaction. Thisis  integrity of the CS and the presence of cellular proteins are needed
similar to our previously described analysis of NV RNA (33). for the in vitro stabilization of the 5'-3'-end contacts of the
Moreover, the disruption of the RNA-RNA interactions resulted MNV-1 genomic RNA.
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FIG 7 hnRNP A1 and PCBP2 siRNA affect virus replication. (A and B) BV-2 cells were transfected with an irrelevant siRNA or an siRNA specific for either
hnRNP A1 (A1) (A) or PCBP2 (B) for 12 h. (C and D) The treated cells were then infected with MNV-1 at an MOI of 5 for 18 h, and RNA (C) and virus titer (D)
determinations were performed by qRT-PCR or TCIDs, assays, respectively. Detection of La protein was used as the loading control. Detection of NS7 indicates
infection. The error bars represent the standard deviations from three independent experiments. ***, P < 0.001 for qRT-PCR, and **, P < 0.01 for TCID;,

experiments by two-way ANOVA.

In this study, two of the proteins directly involved in the stabi-
lization of the 5’-3" RNA-RNA interactions were identified as
hnRNP A1l and PCBP2. hnRNP Al is one of the most abundant
and best-studied components of hnRNP complexes; together with
other hnRNP proteins, hnRNP A1l packages nascent pre-mRNAs
for processing in the nucleus (reviewed in references 46, 47, and
51) It is broadly distributed throughout the nucleoplasm and
shuttles continuously between the nucleus and the cytoplasm
(47), associates with poly(A) RNAs from both compartments, and
is involved in several RNA metabolic processes, such as pre-
mRNA splicing and trafficking. The N-terminal domain of
hnRNP A1 contains two RNA recognition motifs (RRMs), which
are known as unwinding protein 1 (U1), while the C-terminal
region, particularly rich in glycine (52, 53), is involved in protein-
protein interactions and also contributes to stable RNA binding
(54). This protein facilitates the efficient annealing of cRNA or
DNA molecules in vitro and the base-pairing interactions between
small nuclear RNAs and pre-mRNAs (55, 56). In fact, sequence-
specific RNA binding and RNA annealing are necessary for the
ability of hnRNP Al to regulate alternative splicing. The reanneal-
ing activity of hnRNP A1l is involved in the modulation of RNA
secondary structures via its RNA helicase activity (57). This activ-
ity may be related to the roles that hnRNP A1 has in the translation
and/or replication of numerous RNA viruses, such as mouse hep-
atitis virus (MHV) (49, 58), HCV (25, 59), dengue virus (60),
enterovirus 71 (EV71) (61, 62), and Sindbis virus (61).

PCBP2, also known as hnRNP E2 and aCP2, is a shuttling
protein involved in a remarkable array of biological processes,
such as mRNA stability and the translational control of specific
cellular mRNAs (27, 63-65). PCBP2 specifically interacts with nu-
cleic acids containing tandem poly(C) motifs as a general mecha-
nism for the stabilization of long-lived cellular mRNAs (66, 67). It
stabilizes the a-globin and collagen la (22) mRNAs in vivo
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through its interaction with three pyrimidine-rich patches within
their 3’ UTRs (68-70). PCBP2 is also implicated in the stabiliza-
tion of viral RNAs and in the regulation of translation and/or
replication and gene expression of several viruses, including po-
liovirus (30, 71-73), hepatitis A virus (HAV) (74), human papil-
lomavirus (HPV) (75), vesicular stomatitis virus (VSV) (76), and
HCV (27).

The precise binding sites of PCBP2 to the 3’ end of the MNV-1
genome have been determined; the most prominent PCBP2 bind-
ing site in the 3' UTR has been mapped in the UUUUCUUU
sequence present in the loop of the SL3 structure (nt 7350 to 7362)
(14). An additional PCBP2 binding site within the 3" UTR has
been proposed, although not yet identified. In addition, two
poly(C) sequences within the first 146 nt of the MNV-1 genomic
RNA, located specifically in nt 24 to 38 and 110 to 121, correspond
to potential PCBP2 binding sites (unpublished data). The interac-
tion of hnRNP A1 within the 3" UTR of the MNV-1 RNA has been
recently reported, although no specific binding site, interaction
with the 5’ end, or function of the interaction was described (45).
In this work, hnRNP A1 was found to interact with both the 5" and
the 3" ends of the MNV-1 genome. Although the precise binding
sites were not determined, the specific AGAAG sequence respon-
sible for the interaction of hnRNP A1 with the MHV RNA (49) is
present within nt 67 to 71 of the MNV-1 genomic RNA, near the 5
complementarity region (Fig. 1A). Downstream of this region, a
UAGUGU sequence (nt 86 to 91) may also represent another pu-
tative hnRNP A1 binding site, since UAGAGU or the related se-
quence UAGGGU allows hnRNP Al binding to its own pre-
mRNA (77). Finally, an AU-rich element (nt 136 to 145) could
also indicate another putative binding site (78, 79). It is interesting
that both hnRNP A1 and PCBP2 are particularly involved in the
circularization of viral RNAs and promote viral replication;
hnRNP Al and PTB are responsible for the MHV 5’-3’-end con-
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FIG 8 MNV-1 RNA circularizes in the presence of hnRNP Al and PCBP2. (A) Scheme of the structure of the RNA molecule used (see Materials and Methods).
(+), positive sense RNA molecule; (—), antisense RNA molecule. (B) RNA electron micrographs. RNA molecules with 5" ends and 3" UTRs were incubated with
BSA or hnRNP A1l and PCBP2 and observed under EM. (C) Amplification of a circular molecule. One hundred molecules were counted for each set, and the

percentages of circular, pseudocircular, and linear RNA molecules are indicated.

tacts (49), while PCBP2, PABP, and the viral protease-polymerase
3CD participate in the circularization of PV genomic RNA (31).
Moreover, two PCBP2 molecules have recently been implicated in
the circularization of HCV through a 5’- and 3'-UTR interaction
(27).

The ability of PCBP2 and hnRNP A1l to specifically bind to
both the 5" and 3’ ends of the MNV-1 genomic RNA in infected
cells, as well as the physical RNA-RNA interaction stimulated by
these proteins, as observed by EM, provide evidence of a possible
role during NoV genome circularization. It has been proposed
that hnRNP A1 has the ability to stabilize RNA-RNA interactions
either by a single molecule simultaneously binding to two differ-
ent nucleic acid strands or by the dimerization of two hnRNP A1l
molecules bound to two complementary strands (57). However,
the requirement for both hnRNP Al and PCBP2 to stabilize the
RNA-RNA interactions of the MNV-1 genomic RNA suggests that
both molecules bound near the CS could contribute to bring to-
gether both ends of the RNA molecules. It is worth noting that a
physical interaction of PCBP2 and hnRNP A1 has not as yet been
reported.

The communication between the 5" m7GpppN cap and the
poly(A) tail on eukaryotic mRNAs is mediated by cellular proteins
and results in the synergistic enhancement of translation initia-
tion, contributing to the control of mRNA expression in the eu-
karyotic cell (80-82). Moreover, long-range contacts that occur in
the positive-strand RNA viral genomes often promote either RNA
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translation (83) or replication (31, 84) from a single molecule and
can take place by RNA-RNA (22, 23) or RNA-protein (25-27, 31)
interactions. Bringing the initiation sites for translation and RNA
synthesis physically together also provides a strategy to recruit the
ribosome or the replicase to the appropriate sites and to coordi-
nate the two processes. The importance of the complementarity
between the two ends of the MNV-1 genomic RNA, as well as the
role of both hnRNP A1 and PCBP2 in virus production, was dem-
onstrated in this work. In addition, the significant reduction in the
recovery of infectious viruses containing mutations within the
3’-UTR CS that modify the interaction observed with the wild-
type CS (M1 and M2) could be a consequence of the disruption of
the 5'-3"-end interactions and/or the result of alterations in the
structured regions within the 3’ UTR of the genomic RNA impli-
cated in efficient viral replication. Unfortunately, due to the highly
conserved amino acid sequence within the nonstructural proteins
NS1/2, we were unable to provide additional evidence of the role
of the CS sequence using reconstitution experiments, as nonsyn-
onymous changes in this region were debilitating in the presence
or absence of a mutated 3" UTR.

The requirement for both hnRNP Al and PCBP2 during
MNV-1 replication was confirmed by the specific knockdown of
each protein, which in both cases displayed comparable inhibitory
effects on MNV-1 RNA and virus production, thus suggesting that
both proteins are positive regulators required for efficient MNV-1
replication. However, although statistically significant and repro-
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ducible reduction in virus replication was observed, dramatic re-
duction in the RNA levels and viral titer was not achieved. One
explanation of this observation could be the fact that proteins in
the hnRNP A/B family are sometimes functionally interchange-
able; therefore, the function of hnRNP Al may be partially re-
placed by the presence of another hnRNP, and a more drastic
inhibitory effect may be observed only after both proteins are
knocked down (61). It is also worth noting that the levels of cel-
lular RNA binding proteins are often increased in immortalized
cells, and therefore, partial complementation due to overexpres-
sion of other cellular factors involved in genome circularization
could occur. Further studies will require the use of primary cells to
further delineate the functions of hnRNP Al and PCBP2 in the
MNV-1 life cycle.

hnRNP A1l and PCBP2 have been implicated in a number of
functions related to viral gene expression, such as maintaining
secondary and tertiary RNA structures, bringing the initiation
sites for translation and RNA synthesis physically together, and
promoting either internal ribosome entry site (IRES)-dependent
or non-IRES-dependent translation. Moreover, they also have
been implicated in the RNA replication and stability of several
RNA viruses (27, 30, 85, 86); thus, it is possible that these proteins
may have a role in promoting or coordinating MNV-1 translation
and/or RNA replication. It has been suggested that binding of
either PTB or PCBP2 to the 3’ polypyrimidine tract [p(Y)] within
the MNV-1 genomic RNA has a repressive effect on virus transla-
tion, since increased levels of viral proteins were produced by vi-
ruses lacking this region (14); moreover, the function of PTB as a
negative regulator of feline calicivirus (FCV) translation has been
demonstrated (87). In addition to PCBP2 and hnRNP A1, numer-
ous other proteins have been recently reported as being recruited
to the ends of the MNV-1 genome (45) and may also be implicated
in the formation of ribonucleoprotein complexes that participate
in multiple aspects of the viral life cycle.

Taken together, these results suggest that hnRNP Al and
PCBP2 bind the 5" end and the 3" UTR of the MNV-1 genomic
RNA and contribute to genome circularization and the virus life
cycle. These data add NoVs to the growing list of RNA viruses in
which genome circularization plays a role in the virus life cycle.
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