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Cellular proteins play many important roles during the life cycle of all viruses. Specifically, host cell nucleic
acid-binding proteins interact with viral components of positive-stranded RNA viruses and regulate viral transla-
tion, as well as RNA replication. Here, we report that nucleolin, a ubiquitous multifunctional nucleolar shuttling
phosphoprotein, interacts with the Norwalk virus and feline calicivirus (FCV) genomic 3’ untranslated regions
(UTRs). Nucleolin can also form a complex ir vitro with recombinant Norwalk virus NS6 and -7 (NS6/7) and can
be copurified with the analogous protein from feline calicivirus (p76 or NS6/7) from infected feline kidney cells.
Nucleolin RNA levels or protein were not modified during FCV infection; however, as a consequence of the infection,
nucleolin was seen to relocalize from the nucleoli to the nucleoplasm, as well as to the perinuclear area where it
colocalizes with the feline calicivirus NS6/7 protein. In addition, antibodies to nucleolin were able to precipitate viral
RNA from feline calicivirus-infected cells, indicating a direct or indirect association of nucleolin with the viral RNA
during virus replication. Small interfering RNA (siRNA)-mediated knockdown of nucleolin resulted in a reduction
of the cytopathic effect and virus yield in CrFK cells. Taken together, these results demonstrate that nucleolin is a

nucleolar component that interacts with viral RNA and NS6/7 and is required for feline calicivirus replication.

The Caliciviridae family of small positive-stranded RNA viruses
includes viruses that infect both animals and humans, causing a
wide range of diseases. Human caliciviruses (HuCVs), which en-
compass the genera Norovirus and Sapovirus, have received in-
creased attention because of their established role as etiologic
agents of acute gastroenteritis (19). In particular, noroviruses
(NoVs) are the most commonly detected pathogens both in spo-
radic cases and outbreaks of gastroenteritis (19, 53). Since
HuCVs are not conveniently propagated in cell culture, other
animal caliciviruses, such as the rabbit hemorrhagic disease virus,
the murine norovirus (MNV), and feline calicivirus (FCV), have
been used as surrogates to study various aspects of the calicivirus
life cycle in cell culture (59).

It has been widely established that the replicative cycle of
positive-strand RNA viruses requires interactions between vi-
ral components and various host cell factors (2, 35, 36). In
particular, the interaction of host cell nucleic acid-binding pro-
teins with structured RNA elements, usually present at the 5’
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and 3’ ends of the viral genome, has been extensively impli-
cated in viral translation and replication (2). These interactions
often contribute to the host specificity, tissue tropism, and
pathology of infections.

One of the best-studied mammalian RNA viruses, for which
the role of host-virus RNA structure interactions has been
extensively characterized, is poliovirus (PV). Poliovirus trans-
lation and negative-strand RNA synthesis are coordinated by
the interaction of a complex of host proteins: poly(C) binding
protein (PCBP) and poly(A) binding protein (PABP), viral
RNA, and polymerase precursor 3CD (4, 23, 33). In addition,
the immunodepletion of nucleolin, a host RNA binding pro-
tein that interacts with the PV 3’ untranslated region (UTR),
from a PV cell-free replication system inhibits early yields of
PV virions (59). Nucleolin has also been implicated in polio-
virus translation via interaction with the viral internal ribosome
entry site (IRES) (37).

Numerous other host cell factors have been implicated in the
life cycle of several positive-strand RNA viruses. The transla-
tion and replication of hepatitis C virus (HCV) RNA depends
on several host cell proteins, such as La and polypyrimidine
tract-binding protein (PTB) (15) and Rck/p54, LSml, and
PatL1, which regulate the fate of cellular mRNAs from trans-
lation to degradation in the 5'-to-3’ deadenylation-dependent
mRNA decay pathway. The requirement of these proteins for
efficient HCV RNA translation is linked to the interaction with
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cis-acting RNA elements located in the 5" and 3’ UTRs of the
viral genome (51). These proteins are also implicated in the
replication of brome mosaic virus and the bacteriophage QB
(22, 46). Other host factors, such as TIAR and the closely
related protein TIA-1, components of stress granules (SG),
bind to the 3’ stem-loop minus-strand RNA of the West Nile
virus, facilitating replication (44). Finally, the cellular proteins
La, PTB, Y box-binding protein 1, PABP, and the translation
elongation factor eEF-1la bind to the dengue virus 3' UTR
(14). In particular, PTB translocates from the nucleus to the
endoplasmic reticulum (ER) during dengue virus infection and
plays a role in modulating dengue virus replication (1).

For caliciviruses, in vitro interaction between several host
cell nucleic acid-binding proteins and the 5’ and 3’ ends of
Norwalk virus (NV) (30, 31) and FCV genomic RNA (42) have
been reported. PCBP, La, hnRNP-L, poly(A) binding protein,
and PTB were identified among the proteins that bound to the
NV 3" UTR. However, other proteins, with molecular masses
from 120 to 33 kDa, that also bound to the same region were
not identified (31). Recently, it was established that PTB is
required for efficient FCV replication in a temperature-depen-
dent manner (42). Moreover, it was observed that as the levels
of viral proteins rise during the course of virus infection, the
nuclear-cytoplasmic shuttling of PTB is altered, causing an
increase in the cytoplasmic levels of this protein and an inhi-
bition of viral translation initiation, contributing to the stimu-
lation of viral RNA replication (42). In the present study, we
report the identification of a host cell protein with a molecular
mass of 105 kDa that interacts with the 3’ UTR of the NV and
FCV genomes as nucleolin. FCV infection had no apparent
effect on the steady-state levels of either nucleolin RNA or
protein; however, FCV infection resulted in nucleolin relocal-
ization from the nucleoli to nucleoplasm and the perinuclear
area, where it colocalizes with the FCV NS6/7 proteins. Finally,
using small interfering RNA (siRNA) against nucleolin, we
showed a marked inhibitory effect on FCV replication in CrFK
cells, confirming a functional role for nucleolin in the calicivi-
rus life cycle.

MATERIALS AND METHODS

Cells and virus infection. HeLa cells were grown in Dulbecco’s minimal
essential medium supplemented with 10% newborn calf serum, 5,000 U/ml of
penicillin, and 5 pg/ml of streptomycin. The culture medium was changed every
other day until the cells reached confluence. CrFK cells obtained from the
American Type Culture Collection (ATCC) (Rockville, MD) were grown in
Eagle’s minimal essential medium with Earle’s balanced salt solution (BSS) and
2 mM L-glutamine (EMEM) that was modified by the ATCC to contain 1.0 mM
sodium pyruvate, 0.1 mM nonessential amino acids, 1.5 g/liter sodium bicarbon-
ate. The medium was supplemented with 10% horse serum, 5,000 U of penicillin
and 5 pg/ml of streptomycin. Both cell lines were grown in a 5% CO, incubator
at 37°C. CrFK infection with the FCV F9 strain (obtained from the American
Type Culture Collection) was performed as previously described (50).

UV treatment of FCV was conducted as previously described, with minor
modifications (55). Briefly, virus stocks (1 ml at 8 X 10° PFU/ml) were placed on
ice and irradiated with UV light (254 nm, Ultralum UV lamp) for 15, 30, 45, 60,
and 90 min at a distance of 5 cm. UV-treated viruses were analyzed for infectivity
on CrFK cells to confirm inactivation. Virus irradiated for 45 min, which resulted
in a complete loss of infectivity, was used in immunofluorescence assays to
control for any nonspecific effects of host cell proteins which may be present in
the virus preparations.

In vitro transcription. Two RNA molecular species that correspond to the
complete 3" UTRs from NV (nucleotides 7588 to 7654) and FCV (nucleotides
7707 to 7699) were produced by in vitro transcription, using T7 RNA polymerase,
from two PCR-amplified cDNAs containing the respective regions. The NV
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c¢DNA 3’ UTR was obtained by PCR as described previously (31). The FCV 3’
UTR cDNA was obtained by one-step reverse transcription (RT)-PCR from
infected CrFK cells, using a sense primer that contains the bacteriophage T7
promoter sequence (5 TAATACGACTCACTATAGGGTCATATATCCCTT
TGGG 3') and an antisense primer (5" CCCTGGGGTTAGGCGCAGG 3').
The RT-PCR was performed using a murine leukemia virus (MLV) reverse
transcriptase kit (Invitrogen) at 40°C for 30 min, followed by 35 cycles of 94°C for
1 min, 55°C for 30 s, and 68°C for 30 s using a Perkin-Elmer Cetus DNA
thermocycler. The resulting amplicon was purified by using a QIAquick gel
extraction G-50 kit (Qiagen) before being used as the template for RNA syn-
thesis. After in vitro transcription (Epicentre Biotechnologies), the reaction mix-
ture was treated with DNase RQ1 (Promega) at 37°C for 30 min in the presence
of RNase inhibitors (Promega) to remove the DNA template. Unincorporated
nucleotides were removed by precipitation. For the synthesis of radiolabeled
transcripts, [«®?P]JUTP or [«*’P]ATP was included in the transcription reaction
mixture.

Quantitative RT-PCR detection of nucleolin. The levels of expression of the
nucleolin gene in FCV-infected CrFK cells were determined by using relative
quantification of gene transcripts and the expression of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as a housekeeping gene control.
Briefly, 6-well cell culture plates were infected with FCV at a multiplicity of
infection (MOI) of 10. After 1 h of adsorption at 37°C, the wells were rinsed with
phosphate-buffered saline (PBS), and the cells in each well were collected at 0,
2, 4, and 8 h postinfection (hpi). The RNA was extracted with Trizol reagent
(Invitrogen), following the manufacturer’s instructions, and treated with DNase
I (New England Biolabs). The resulting RNA quantity and quality were assayed
using a NanoDrop spectrophotometer (Thermo Fisher Scientific). One micro-
gram of RNA was reverse transcribed using Improm II reverse transcriptase
(Promega) according to the manufacturer’s instructions, with oligo(dT) as a
primer. The quantitative PCR step was developed with recombinant DNA poly-
merase (Invitrogen) and Evagreen (Biotium), using the following primers: for
nucleolin, Fw (5" TGCAAGAAGCCAGCCGTCCAA 3') and Rv (5" CCGAA
CAGAGCCGTCGAACGATT 3'), and for GAPDH, Fw (5" GGAAGGTGAA
GGTCGGAGTC 3') and Rv (5" GAAGATGGTGATGGGATTTCC 3'). The
data were analyzed with the comparative threshold cycle (AAC;) method. Non-
template and non-reverse transcriptase controls were included for each time
point and for each gene transcript to be detected. The reaction was performed
three times in duplicate using a 7300 real-time PCR system (Applied Biosys-
tems).

Preparation of cell extracts. For NP-40 extracts, cell monolayers were washed
twice with cold PBS and once with detachment buffer (40 mM Tris-HCI, pH 7.5,
1 mM EDTA, 150 mM NaCl). After the final wash, cells were resuspended in
RSB-NP-40 buffer (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 1% NP-40), incu-
bated for 20 min at 4°C, and centrifuged at 13,000 X g for 5 min in a Sorvall GSA
rotor. Lysates were adjusted to 1 mM CaCl,, treated with micrococcal nuclease
(15 pg per ml), and incubated at 20°C for 15 min. The nuclease was inactivated
with 2mM EGTA, and the lysate centrifuged in a Sorvall MC 12 microcentrifuge
at 13,000 X g for 15 min at 4°C. The supernatants were aliquoted, the concen-
trations of proteins in each extract were determined with the Bradford assay (10),
and the samples stored at —70°C until use.

Isolation of replicative complexes from cells. The membrane fractions corre-
sponding to FCV replicative complexes were obtained as described previously
(28). The presence of nucleolin, protein disulfide isomerase (PDI; Santa Cruz
Biotechnology, Santa Cruz, CA), and NS6/7 (41) was determined by Western
blotting.

Electrophoretic mobility shift assay (EMSA). Thirty micrograms of cell ex-
tracts from HeLa and CrFK cells were preincubated for 15 min at 4°C with the
same amount of tRNA in a buffer containing 10 mM HEPES (pH 7.4), 0.1 mM
EDTA, 0.2 mM dithiothreitol (DTT), 8 mM MgCl,, 4 mM spermidine, 3 mM
ATP, 2 mM GTP, and 10% (vol/vol) glycerol in a final volume of 10 pl. Where
indicated, monoclonal antinucleolin (C23-MS-3) and anti-GAPDH antibodies
(0.6 pg) (Santa Cruz Biotechnology, Santa Cruz, CA) were added separately to
the corresponding reaction mixture and incubated for 30 min on ice. Amounts of
4 % 10° cpm of **P-labeled NV or FCV RNAs were added to each reaction
mixture and incubated for 15 min at 4°C. Before loading the gels, a final incu-
bation with 20 units of RNase A and 20 pg of RNase T1 was performed for 15
min at room temperature. The RNA-protein supershifted complexes were ana-
lyzed by electrophoresis through a 6% polyacrylamide (acrylamide-bisacryl-
amide, 80:1) gel in 0.5X TBE buffer (90 mM Tris, 64.6 mM boric acid, 2.5 mM
EDTA [pH 8.3]) and run at 20 mA for 4 h. The gels were dried and autoradio-
graphed.

Immunoprecipitation assay. A UV cross-linking of HeLa cell extracts with the
32p_labeled NV 3’ UTR was performed as described previously (31), and reac-
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tion mixtures were precleared by incubation with 10 ul of protein G-agarose
resin (Roche) for 2 h at 4°C followed by centrifugation at 13,000 X g for 5 min.
The resultant supernatants were incubated overnight at 4°C with monoclonal
antinucleolin or anti-GAPDH antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). The immune complexes were immobilized on protein G-agarose
beads saturated with 2% bovine serum albumin for a further 2 h at 4°C. Unbound
material was removed by five washes with NETS buffer (50 mM Tris-HCI [pH
7.4], 5 mM EDTA, 1 mM dithiothreitol, 100 mM NaCl, 0.05% Nonidet P-40).
Bound proteins were analyzed by SDS-PAGE followed by autoradiography.

Pulldown assay. Two hundred micrograms of HeLa cell protein extract pre-
absorbed with Ni-nitrilotriacetic acid (NTA) agarose resin (Qiagen) was brought
to a final volume of 500 wl with interaction buffer (20 mM NaH,PO,, 40 mM
NaCl [pH 8], 0.5% Triton X-100), mixed with 50 pg of Norwalk virus recombi-
nant NS6/7 protein coupled to Ni-NTA agarose resin or Ni-NTA alone as a
control, and mixed overnight at 4°C. The beads were then collected by a 2-min
centrifugation at 380 X g at 4°C and then washed three times with 500 pl of
washing buffer (20 mM NaH,PO,, 200 mM NaCl [pH 8], 1% Triton X-100, 10
mM imidazole) for 10 min at room temperature. The complexes were eluted
from the beads by the addition of loading buffer, boiled for 10 min, and elec-
trophoresed on 10% SDS-polyacrylamide gels. Proteins were transferred to
nitrocellulose for Western immunoblotting. Briefly, the membranes were
blocked for 1 h with 5% skim milk and incubated overnight at room temperature
with the mouse monoclonal antinucleolin antibody diluted 1:5,000 in 0.05%
Tween 20-PBS solution. Then, the membranes were incubated for 2 h at room
temperature with goat anti-mouse IgG antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) diluted 1:10,000. The proteins were detected with an enhanced
chemiluminescence kit (SuperSignal West Femto; Pierce). The same membranes
were washed with Western blot stripping buffer (Pierce) and incubated with
anti-NS6/7 antibody (41).

Coimmunoprecipitation assay. Fifty micrograms of infected CrFK NP-40 pro-
tein extracts were precleared by incubation with 10 wl of protein G-agarose resin
for 2 h at 4°C followed by centrifugation at 13,000 X g for 5 min. The clarified
supernatant was then incubated with either a polyclonal antinucleolin (Santa
Cruz Biotechnology, Santa Cruz, CA) or antiactin antibody (kindly provided by
M. Hernandez, CINVESTAYV) overnight at 4°C on a rotator (Cole-Parmer). The
immunocomplexes were immobilized on 10 pl of protein G-agarose resin satu-
rated with 2% bovine serum albumin for an additional 2 h at 4°C. After five
washes with NETS buffer (50 mM Tris-HCI [pH 7.4], 5 mM EDTA, 1 mM
dithiothreitol, 100 mM NaCl, 0.05% Nonidet P-40), bound proteins were ana-
lyzed by SDS-PAGE and subjected to Western blotting as described above.

Coimmunoprecipitation of viral RNA during infection. The interaction of
nucleolin with FCV viral RNA during infection was studied by using RNA
coimmunoprecipitation. Briefly, CrFK cells were infected with FCV at an MOI
of 3 50% tissue culture infective doses (TCIDs)/cell. Cell lysates were prepared
5 hpi using polysomal lysis buffer (10 mM HEPES, pH 7.0, 100 mM KCl, 5 mM
MgCl,, 0.5% NP-40, 1 mM DTT, and protease inhibitors) and used in subse-
quent immunoprecipitations. Immunoprecipitations were carried out using a
mouse monoclonal antibody to nucleolin (Invitrogen) and rabbit polyclonal
antibody to the viral RNA polymerase NS6/7 or control purified rabbit IgG using
protein A/G-Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA).
Viral RNA coimmunoprecipitated in the immune complexes was isolated using
the GenElute RNA purification system (Sigma) and subsequently RT-PCR am-
plified. Reverse transcription was performed using SuperScript III (Invitrogen)
and viral-RNA-specific primer IGRDG-64 (TTATCAAACTTCGAACACATC
ACAGTG) according to the manufacturer’s protocol. cDNA was then subjected
to PCR using the primers IGRDG-58 (TGTACCTGTCACTTGGAATCTC)
and IGRDG-64 to produce a 583-bp product encompassing nucleotides 4732 to
5314 of the FCV genome.

Immunofluorescence assays. CrFK cells (1.5 X 10°) were seeded in a 6-well
plate containing coverslips pretreated with poly-L-lysine (0.1%) and grown over-
night. At the times indicated, infected CrFK cells were washed once with C buffer
(10 mM MES [morpholineethanesulfonic acid] hydrate, 150 mM NaCl, 5 mM
EGTA, 5 mM MgCl,, and 5 mM glucose) and treated for 5 min with C buffer
containing 4% paraformaldehyde and 0.5% Triton X-100 at room temperature.
After another round of three washes with PBS, the cells were incubated with 2
ng/pl of antinucleolin antibody at 4°C overnight and washed again as described
previously. The cells were incubated for 60 min at room temperature with
anti-mouse antibody coupled to Alexa Fluor 488 (Invitrogen). The cells were
washed three times with PBS, incubated with the anti-NS6/7 antibody diluted
1:100 at 4°C overnight, washed again, and incubated with anti-rabbit antibody
labeled with Alexa Flour 594 (Invitrogen) for 1 h at room temperature. The cells
were washed three times with PBS and incubated with 1 pg/pl of 4',6’-diamidino-
2-phenylindole (DAPI) for 2 min. The cells were washed six times with PBS and
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three times with distilled water. Finally, the coverslips were removed and treated
with Vectashield (Vector Laboratories). The samples were examined by confocal
microscopy.

Confocal microscopy. For confocal microscopy, a Leica TCS-SP5 multipho-
tonic confocal laser scanning device fitted to a DMI 6000 fluorescence micro-
scope (see Fig. 4A) or a Leica TCS-SPE fitted to a DMI 6000 fluorescence
microscope (see Fig. 6A) was used. Images were taken with a 63X lambda blue
1.4 or 63X lambda blue 1.3 oil immersion lens, respectively. Images were ac-
quired as 8-bit TIFF files and imported into Power Point. The individual images
were pseudocolored in their respective RGB (red-green-blue) channels.

Design and synthesis of nucleolin siRNAs. The carboxyl-terminal nucleotide
sequence of feline nucleolin was obtained from total RNA from CrFK cells by
RT-PCR using a pair of oligonucleotides designed to amplify the carboxyl-
terminal region of the murine nucleolin (Fwd 5'-GCGGCCGCATGGTGAAG
CTCGCAAAG-3' and rev 5-GCGCCGCATGTCAGAACCAACTACACC-
3’). This amplicon was sequenced and used as a template for the design of
siRNAs targeting nucleolin mRNAs (17). Two siRNA duplexes, siRNA #1
(5'-GCUUUAAAUUCCUGUAAUAAA-3") and siRNA #2 (5'-CACUUUUG
GCUAAAAUCUGGC-3"), were obtained from Applied Biosystems (México).

siRNA-mediated knockdown of nucleolin. For siRNA-mediated knockdown of
nucleolin expression, transfections were carried out according to the protocol
recommended by the manufacturer (siPORT amine transfection agent; Applied
Biosystems, Mexico). Briefly, CrFK cells were plated in a 6-well plate to reach
60% confluence. After 24 h, 5 pl of siPort and 60, 80, and 100 nM siRNAs for
nucleolin were mixed separately with 100 ul Opti-MEM, respectively, for 10 min
at room temperature. The two mixtures were combined, allowed to incubate at
room temperature for 10 min, and then diluted to 1 ml with 800 wl Opti-MEM.
A 200-pl aliquot of the mixture was added directly to the cells, and transfection
with the siRNAs was carried out at 37°C for 8 h, followed by the addition of 1 ml
growth medium and additional incubation for 24, 48, and 72 h. CrFK cells were
treated in the same way with a nontargeting 20- to 25-nucleotide siRNA as a
control (Santa Cruz Biotechnology, Santa Cruz, CA). Mock-transfected cells
were treated with transfection reagent only. After transfection, cells were in-
fected with FCV at an MOI of 10 and then lysed 5 h postinfection. The levels of
the nucleolin, hnRNP A1, viral protease-polymerase NS6/7, and NS3 (p39)
proteins were determined by Western blotting. The viability of untreated and
nucleolin siRNA-treated cells was determined at 48 h using a CellTiter 96 assay
(Promega), following the manufacturer’s instructions.

One-step growth curve. CrFK cells previously transfected with specific siRNAs
for nucleolin or a nontarget siRNA used as a control were infected with FCV at
an MOI of 10. At various times postinfection, cell supernatants were collected
and virus yield determined by plaque assay. In addition, in a parallel experiment,
the cytopathic effect was evaluated by phase-contrast microscopy.

Computation of RNA structure. Computer analysis of the RNA secondary
structures was performed using Mfold2 software (64) with default settings
through the Web interface at http://mfold.rna.albany.edu/?q=mfold/RNA
=Folding=Form?2.3. The VARNA Web applet at http://varna.lri.fr/ was used to
draw RNA secondary structures.

RESULTS

Nucleolin interacts with the 3' UTR of NV and FCV. We
have previously established that the polyadenylated NV 3’
UTR was able to specifically interact with several cellular pro-
teins present in HeLa cell extracts (31). Three of these proteins
were identified as La, PTB, and PABP. Among the unidenti-
fied proteins, one of the most abundant was a 105-kDa protein.
The molecular mass of this protein was compatible with the
molecular mass of nucleolin, a cellular multifunctional nucle-
olar protein that is implicated in cell proliferation and growth
(25, 47, 56), as well as the life cycle of many RNA viruses (34,
39, 61).

In order to elucidate whether nucleolin was present in the
ribonucleoprotein (RNP) complex formed between the poly-
adenylated NV 3’ UTR and HeLa cell proteins, an EMSA was
performed in the presence of an antinucleolin antibody. As
described previously (31), two well defined complexes, referred
to as I and II, were observed when the NV 3" UTR was
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FIG. 1. Nucleolin binds to the Norwalk virus 3’ UTRs. (A) Super-mobility shift assay of the [a->*P]UTP-labeled NV 3" UTR RNA incubated
with HeLa cell extracts in the absence (lanes 1 and 2) or presence of human antinucleolin (lane 3) or anti-GAPDH (lane 4) antibody. Lane 1, free
RNA. The positions of complexes I and II are indicated. The arrow indicates the position of the complex competed with antinucleolin antibodies.
(B) [@-**P]UTP-labeled NV 3" UTR RNA was cross-linked with HeLa cell extracts (lane 2) and immunoprecipitated with human antinucleolin
antibody (lane 3) or anti-GAPDH antibody (lane 1). The arrow indicates the position of the immunoprecipitated labeled nucleolin. The asterisks
indicate [a->*P]JUTP-labeled NV 3’ UTR RNA. The order of the addition of various reagents is indicated below each experiment.

incubated with HeLa protein extracts (Fig. 1A). When a mono-
clonal antinucleolin antibody was incubated with HeLa protein
extracts prior to the addition of the RNA, the formation of
complex II was abolished (Fig. 1A), while the same amount
of control anti-GAPDH antibody did not alter the formation of
either complex (Fig. 1A). The inhibitory effect of antinucleolin
antibody on complex II formation indicated that nucleolin was
present in this complex and that the antibody binding ablated
the nucleolin-3" UTR interaction. To date, the precise compo-
nents of complex I are not known, but it may contain one or
more of the factors we previously identified as also interacting
with the NV 3" UTR, namely, PCBP, La, hnRNP-L, PABP, or
PTB. The interaction between the NV 3" UTR and nucleolin
was further confirmed by immunoprecipitation of a 105-kDa
protein following UV cross-linking to the [a-**P]JUTP-labeled
NV polyadenylated 3" UTR with the antinucleolin antibody
(Fig. 1B). This result and the inability of the anti-GAPDH
antibody to immunoprecipitate any labeled protein (Fig. 1B)
confirm that nucleolin binds to the polyadenylated NV 3’
UTR. The identities of some of the lower-molecular-mass pro-
teins shown in Fig. 1B, such as PTB and La protein, have been
previously determined (31). Since nucleolin was able to inter-
act with the NV 3" UTR in vitro, it is possible that this inter-
action would also take place during virus replication, playing
some role in the NV life cycle. However, because HuCVs
cannot be cultured in cells, we used FCV as a model system to
examine the role of nucleolin in the calicivirus life cycle. Com-
putational analysis indicated that although the primary se-
quence is considerably different, the predicted secondary struc-
tures of the 3" UTRs from both NV and FCV are very similar
(Fig. 2). The prediction for FCV and NV 3’ UTRs showed
stem-loop structures with AG values of —11.0 and —9.6, re-
spectively (Fig. 2A and B).

To analyze whether nucleolin binds to the FCV 3’ UTR, a
UV cross-linking assay was performed using an [a-**P]JUTP-
labeled FCV 3" UTR and extracts enriched with cytoplasmic
membrane-associated proteins from uninfected and infected
CrFK cells (Fig. 2C). Proteins with molecular masses of 30 to
105 kDa from uninfected and infected cells were detected
bound to this region (Fig. 2C). In addition, proteins with mo-
lecular masses of 48 and 65 kDa were observed when extracts
from infected cells were used. To determine whether the 105-
kDa protein was nucleolin, a supershift assay was performed in
the presence of an antinucleolin antibody. The interaction of
the FCV 3’ UTR with proteins present in CrFK cell extracts
resulted in the formation of two major complexes and one
minor complex, referred to hereinafter as I, II, and III, respec-
tively (Fig. 2D), although additional minor complexes were
also formed. As observed for the NV 3" UTR-nucleolin com-
plex, a monoclonal antinucleolin antibody inhibited the forma-
tion of complex III, while anti-GAPDH antibody had no effect
(Fig. 2D), confirming that nucleolin was present in complex I11.

To validate that nucleolin associates with FCV RNA during
virus replication, an RNA-coimmunoprecipitation assay was
performed (Fig. 2E). Nucleolin was immunoprecipitated from
FCV-infected CrFK cell extracts, and the copurified RNA was
extracted from the immunoprecipitated complex and subjected
to RT-PCR using FCV-specific primers. As expected, FCV
RNA was copurified with the viral RNA polymerase (NS6/7)
but also with nucleolin. No viral RNA was amplified when an
irrelevant purified rabbit IgG antibody was used. Taken to-
gether, these results confirm that nucleolin is associated with
FCV viral RNA during viral replication.

Nucleolin RNA and protein levels remain unmodified dur-
ing FCV infection. The expression and subcellular localization
of cellular proteins implicated in viral replication are often
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FIG. 2. Predicted secondary structure of the feline calicivirus 3" UTR and its binding to nucleolin. (A and B) Secondary structure of the
complete FCV 3’ UTR (A) and the complete NV 3’ UTRs (B) predicted using Mfold 2 software (http://mfold.rna.albany.edu/?q=mfold/RNA
=Folding=Form2.3). Potential nucleolin binding sites, as discussed in the text, are shaded. (C) [a->*P]-UTP-labeled FCV 3’ UTR (lanes 1 and
2) RNA was UV cross-linked without (lane 1) or with noninfected (lane 2) or infected (lane 3) CrFK cell extracts. (D) Super-mobility shift assay
of the [@-**P]UTP-labeled FCV 3" UTR RNA incubated with CrFK cell extracts (lanes 2 to 4) in the absence (lanes 1 and 2) or presence of human
antinucleolin (lane 3) or anti-GAPDH (lane 4) antibody. The positions of complexes I, II, and III are indicated. The arrow indicates the position
of complex III. (E) Antiserum to the FCV NS6/7 protein or nucleolin precipitated viral RNA from FCV-infected cells. Viral RNA was

coimmunoprecipitated from FCV-infected CrFK cell extracts using an

antibody directed against viral protease-polymerase (NS6/7) or an

antinucleolin antibody (Nuc), respectively. Purified 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 FCV-specific primers as detailed in Materials and Methods. RT-PCR

products were visualized on a 1% agarose gel.

modified during the course of infection. Thus, to determine
whether nucleolin expression is modified during FCV infec-
tion, the amount and integrity of nucleolin RNA and protein
were analyzed up to 8 hpi (Fig. 3). The nucleolin RNA (Fig.
3A) and protein levels detected by Western blotting (Fig. 3B)
and by quantitative Western blotting (data not shown) re-
mained constant throughout the course of viral infection and
were detected in amounts similar to the amounts observed in
noninfected cells, indicating that the gross levels of nucleolin
RNA and protein were not altered during FCV infection.
Nucleolin is relocalized from the nucleolus to the nucleo-
plasm after FCV infection. Given that nucleolin is a shuttling

protein present in the membrane, cytoplasm, nucleus, and
most prominently, the nucleolus of a cell, it was important to
determine the subcellular localization of the nucleolin during
FCV infection. This aspect was analyzed by indirect immuno-
fluorescence using confocal microscopy. As expected, in unin-
fected cells, staining of nucleolin with Alexa Fluor 488 was
observed to be concentrated in nucleolus foci, with less intense
staining elsewhere in the nucleoplasm and cytoplasm (Fig. 4A,
green). At 1 hpi, an evident movement of nucleolin to the
nucleoplasm is observed, although a weak staining is still pres-
ent in nucleolus foci and cytoplasm. At 3 and 5 hpi, nucleolin
was found almost exclusively in the nucleoplasm. Finally, at 7
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FIG. 3. Nucleolin RNA and protein expression during FCV infec-
tion. (A) Total RNA extracted from FCV-infected CrFK cells at 1, 3,
5, and 8 h was subjected to quantitative RT-PCR using specific prim-
ers. Levels of expression of the nucleolin gene were obtained by rela-
tive quantification of the gene transcript, and expression of the
GAPDH gene was used as a housekeeping gene control. Error bars
show standard deviations. (B) Total cellular extracts from uninfected
cells prepared at either time zero or 8 h (M” and M®) and from FCV
cells infected at an MOI of 3, obtained at 2, 4, 6, and 8 hpi, were
analyzed by Western blotting using human antinucleolin (upper panel)
or anti-FCV NS6/7 (lower panel) antibody. GAPDH was used as the
loading control. Molecular sizes, in kDa, are shown on the left.

hpi, nucleolin distribution was largely heterogeneous through
the nucleoplasm in comparison to the distribution in mock-
infected controls (Fig. 4A). In agreement with the levels of
nucleolin observed by Western blot analysis (Fig. 3B), the
overall fluorescence intensities of nucleolin in the nuclei of
infected cells showed no significant differences from those ob-
served in uninfected cells. However, a reduction in the fluo-
rescence intensities was observed at 7 hpi (Fig. 4B), which
correlates with the evident cytopathic effect reported at these
times of infection. No relocalization of nucleolin was observed
in cells infected with UV-inactivated virus (data not shown),
confirming that the observed redistribution of nucleolin occurs
as a consequence of active viral replication.

Nucleolin associates with recombinant NV NS6/7 and FCV
NS6/7 proteins during FCV replication. Since the 3" UTR is an
important element for RNP complex formation and for the ini-
tiation of the negative-strand RNA synthesis, we hypothesized
that nucleolin could also be part of the replication complex (RC)
formed with RNA-dependent RNA polymerase. To test this pos-
sibility, we first analyzed the ability of recombinant NV NS6/7 to
interact with nucleolin. For this purpose, a nickel agarose pull-
down assay using a polyhistidine-tagged NV NS6/7 fusion protein
was performed. Purified recombinant NV NS6/7 was bound to
Ni-NTA resin (Ni-NTA-NV NS6/7) and incubated with HeLa or
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CrFK cell extracts, and the interacting proteins analyzed by West-
ern blotting. Ni-NTA-His-NV NS6/7 but not Ni-NTA resin alone
was able to precipitate nucleolin present in cell extracts (Fig. 5A,
left). The extracts used in this assay were largely devoid of nucleic
acid as the result of micrococcal nuclease digestion; therefore, we
can conclude that the observed NS6/7-nucleolin interaction is
likely to be protein mediated and not to occur as a result of
binding an RNA intermediate.

Given that the recombinant NV NS6/7 protein was associ-
ated with nucleolin, the ability of the FCV NS6/7 protein to
interact with nucleolin during virus infection was analyzed. The
NS6/7 protein coimmunoprecipitated with a 105-kDa band,
which corresponds to full-length nucleolin in CrFK cells in-
fected with FCV (Fig. 5B, right). Additional bands of 98 and 70
kDa were also detected. The molecular masses of these prod-
ucts might correspond to specific degradation peptides gener-
ated by nucleolin autocatalysis, as previously described, most
likely as a result of the particular conditions of the assay (11,
13). No detection of FCV NS6/7 was observed when the im-
munoprecipitation assay was performed with antiactin anti-
body, suggesting that the immunoprecipitation of NS6/7 by the
antinucleolin antibody was specific (Fig. 5B, right). As ob-
served with NV, the interaction between FCV NS6/7 and
nucleolin is likely to be a protein-protein interaction and not
an RNA-mediated interaction, as all extracts used in these
assays were treated with micrococcal nuclease. Taken together,
these results indicate that nucleolin and the FCV NS6/7 pro-
tein interact during the course of FCV infection.

Nucleolin colocalizes with FCV NS6/7 in the perinuclear
region. Since nucleolin relocalizes to the nucleoplasm after FCV
infection and because we found that nucleolin coprecipitates with
FCV NS6/7 in infected cells, the subcellular localization of both
nucleolin and FCV NS6/7 was analyzed by confocal microscopy.
The FCV NS6/7 protein was detected by indirect immune staining
with Alexa Fluor 594 (Fig. 6A, red). From 3 hpi, the FCV NS6/7
was observed mostly throughout the cytoplasm of the infected
cells; however, at 7 hpi, the majority of infected cells display a
spherical shape. Nucleolin was labeled by indirect immune stain-
ing with Alexa Fluor 488 (Fig. 6A, green) and observed at 3, 5,
and 7 hpi throughout the nucleus. Analysis of the merged images
in optical sections indicated that both NS7 and nucleolin were
present in the perinuclear area (Fig. 6A). The colocalization of
the two proteins is highlighted in white.

To further determine if nucleolin was present within FCV
RCs, as would be predicted based on our RNA-coimmunopre-
cipitation data, RCs from both mock-infected and FCV-in-
fected cells were prepared as previously described (28). West-
ern blot analysis was used to examine the presence of nucleolin
and FCV NS6/7, as well as protein disulfide isomerase (PDI) as
a marker for the ER. Nucleolin, FCV NS6/7, and PDI were
detected in the RCs obtained from FCV-infected cells, while
nucleolin was not observed in the corresponding fractions from
mock-infected cells (Fig. 6B, lanes 4 and 3, respectively). In
contrast, nucleolin was present at equal levels in total cellular
lysates prepared from mock-infected and FCV-infected cells.
These results indicate that nucleolin, FCV NS6/7, and PDI are
present in RCs from FCV-infected cells.

Inhibition of the expression of nucleolin results in the re-
duction of viral protein synthesis and FCV replication. The
results presented above show that in FCV-infected cells,
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FIG. 4. Subcellular localization of nucleolin during FCV infection. (A) Monolayers of CrFK cells were infected with FCV at an MOI of 10 or
mock infected (NI). At 1, 3, 5, and 7 hpi, cells were fixed and stained for nucleolin (polyclonal antinucleolin, green). The cells were examined using
confocal microscopy. DAPI was used for nuclear (blue) staining. Omission of the primary antibody resulted in no nucleolin signal (data not shown).
Scale bars, 40 wm. Images correspond to a z-stack of 15 slices. (B) Fluorescence intensities in the nucleoli and nucleoplasm at 0, 1, 3, 5, and 7 hpi

were measured with LAS AF Lite software and are expressed as percentages of the relative intensities of the uninfected cells. Error bars show
standard deviations. **%, P < 0.001.

nucleolin undergoes relocalization to the nucleoplasm as well with two specific siRNAs directed toward nucleolin and the
as the perinuclear area, where it colocalizes with the FCV levels of nucleolin were detected by Western blot analysis.
NS6/7 protein, suggesting that this association could have a Transfection of nucleolin-specific siRNAs for 48 h resulted in
role during viral replication. To begin to determine the role of an 82% decrease in nucleolin levels compared to the levels in
nucleolin in the FCV life cycle, CrFK cells were transfected cells transfected with the nontargeting siRNA, as estimated by
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FIG. 5. Recombinant NV NS6/7 protein and FCV NS6/7 protein coprecipitate with nucleolin. (A) Recombinant Norwalk virus protein (NV
rNS6/7) coupled to Ni-NTA resin or Ni-NTA resin alone was incubated with HeLa or CrFK cell extracts as indicated. After several washes, the
precipitated proteins were analyzed by SDS-PAGE, transferred to a nitrocellulose membrane, and analyzed by Western blotting using human
antinucleolin (right) or anti-NV rNS6/7 (left) antibody. Molecular masses of nucleolin and NV NS6/7 are indicated to the right of the panels. PD,
pulldown. (B) Antinucleolin or antiactin antibody was incubated with total extracts from FCV-infected cells, and immunocomplexes were
immobilized in protein G-agarose resin, precipitated, and analyzed by SDS-PAGE. The transferred proteins were analyzed by Western blotting
using human antinucleolin (left) or anti-FCV NS6 (right) antibody. Co-IPP, coimmunoprecipitation. Arrows indicate migration of nucleolin and
NV rNS6/7. Input cell extracts are shown in the third lane of each panel.

densitometry (Fig. 7A). Nucleolin gene silencing was observed
for at least 72 h (data not shown).

To analyze the effect of nucleolin knockdown on the pro-
duction of viral proteins, transfected CrFK cells were infected
with FCV, and after 5 hpi, the levels of NS6/7 were monitored
by Western blotting. Nucleolin knockdown resulted in a 92%
reduction in the NS6/7 levels compared to the levels in cells
transfected with the nontargeting siRNA (Fig. 7B and C). The
reduction in the expression of NS6/7 as a result of the siRNA-
mediated knockdown of nucleolin levels further suggests that
nucleolin is important for FCV replication. As expected, a
similar level of reduction was observed for the NS3 protein,
confirming that nucleolin knockdown resulted in a reduction of
the expression of the proteins produced from the viral poly-
protein. The observed decreased production of viral protein in
nucleolin siRNA-transfected cells was not due to any gross
effects on host protein synthesis, as the levels of hnRNP Al
were unaffected (Fig. 7A and B), as was cell viability (Fig. 7D).

Nucleolin is required for efficient FCV replication. Since the
reduction of nucleolin using siRNAs had a significant effect on
the NS6/7 levels produced during FCV infection, the conse-
quences of nucleolin knockdown on FCV replication were

WB o-FCV NS6

evaluated by monitoring the levels of infectious virus pro-
duced. Nucleolin knockdown was found to reduce the FCV
yield by at least 1.5 log after 4 h and 6 h of infection (Fig. 8A).
Nucleolin siRNAs has no gross effect on FCV binding, as
similar levels of infectious virus were found bound to cells at
time zero. In addition, although virus entry was not monitored
directly, the duration of the eclipse phase would indicate that
it was also largely unaffected. In agreement with the observed
effect on viral titer, cells transfected with the nucleolin siRNA
displayed reduced and delayed cytopathic effect compared that
observed in the nontarget siRNA-treated cells (Fig. 8B). As
previously stated, the viability of cells was unaffected by siRNA
treatment (Fig. 7B); therefore, the observed decreased repli-
cation of FCV in nucleolin siRNA-transfected cells was spe-
cific and not due to an indirect effect resulting in gross changes
in cellular metabolism. These results taken together indicate
that nucleolin is required for FCV replication.

DISCUSSION

Positive-strand RNA viral genomes often contain RNA el-
ements that can vary greatly in their primary sequence but
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FIG. 6. Nucleolin and NS6/7 colocalization during FCV infection. (A) Monolayers of CrFK cells were left uninfected (NI) or infected with FCV
for 3, 5, and 7 h at an MOI of 10, fixed, and stained for NS6/7 (red) and nucleolin (polyclonal antinucleolin, green). DAPI was used for nuclear
(blue) staining. Confocal microscopy was used to observe 0.5-pm-thick optical sections of uninfected and infected cells. Merged images of nucleolin
and FCV NS6/7 and colocalization of FCV NS6/7 and nucleolin at 3, 5, and 7 hpi are highlighted in white. Colocalization analysis was performed
using LAS AF confocal software. Scale bars, 10 um. Images depict single confocal slices taken from z-stacks. (B) Proteins associated with total
extracts (TL) or RC pellet (RC) were obtained from mock-infected (lanes 1 and 3) and FCV-infected cells (lanes 2 and 4) as described in Materials
and Methods. The presence of nucleolin, FCV NS6/7, and PDI as an ER marker was evaluated by Western blotting.

which maintain relatively consistent structures within virus
families. Studies with numerous RNA viruses have highlighted
that these RNA elements are extensively implicated in viral
replicative cycle regulation (3, 9, 16, 18, 20, 33, 49, 62). These
structured elements have been predicted to be formed within
the genomes of several members of the Caliciviridae family (31,
54), and their functional role in viral replication has been
confirmed for the MNV (6, 54). RNA stem-loop structures are
targets for various cytoplasmic and nuclear factors that may
function to regulate aspects of viral replication. Several cellular

proteins, such as La, PABP, PTB, and PCBP-2, interact with
the 5" and 3’ ends of NV genomic RNA (30, 31). In addition,
we have recently highlighted the role of PTB as a negative
regulator of FCV translation, possibly contributing to the
switch from translation to replication (6, 41). In this study, we
describe that nucleolin, a ubiquitous, multifunctional 105-kDa
nucleolar shuttling phosphoprotein (25, 47), binds to the NV
and FCV 3’ UTR in vitro. This interaction was also found to
occur during FCV replication in cell culture. Nucleolin is a
multifunctional cellular nucleolar protein that is implicated in
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FIG. 7. Effect of nucleolin silencing on the expression of FCV NS6/7. (A) CrFK cells were either left untreated (lane 1), treated with siPort
reagent alone (lane 2), or transfected with a nontargeting siRNA (lane 3) or with two siRNAs specific for feline nucleolin (lane 4). The levels of
nucleolin expression were evaluated by Western blotting. (B) CrFK cells were either not treated (lanes 1 and 2) or transfected with a nontargeting
siRNA (lanes 3 and 4) or with two siRNAs specific for feline nucleolin (lanes 5 and 6) for 48 h. Cells were then either mock infected or infected
with FCV (MOI 10) for 5 h, and the expression levels of nucleolin, FCV NS6/7, NS3 or p39, and hnRNP Al (A1), used as the loading control,
were evaluated by Western blotting in FCV-infected (lanes 2, 4, and 6) and uninfected (lanes 1, 3, and 5) cells. (C) Nucleolin and NS6/7 band
intensities were quantified by densitometric analysis using Quantity-One software (Bio-Rad) and are expressed as the percentage in relation to the
hnRNP Al expression level. Error bars represent the standard deviation from three independent experiments. (D) Forty-eight hours after siRNA
transfection, cell viability of untreated and nucleolin siRNA-treated cells was measured as described in Materials and Methods. Error bars show

standard deviations.

cell proliferation and growth, including functions during rRNA
processing from rRNA gene transcription to the assembly of
preribosomal particles (25, 47, 56). In recent years, the role of
nucleolin in viral infections has been widely established and
supported by its colocalization with many viral components. In
particular, nucleolin binds to several viral UTRs and partici-
pates in the replication of RNA viruses (34, 39, 60).
Nucleolin interacts with the 3" UTR of wild-type PV but not
the 3" UTR of a replication-defective mutant, and this inter-
action plays a role in viral genome amplification during the
early stages of the viral life cycle (60). The putative nucleolin
binding site within the 3’ end of the PV genome has been
identified as a CAUUUUAGU sequence, located in a loop of
a predicted pseudoknot structure (60). This sequence is very

similar to the nucleolin binding site present in the amyloid
precursor protein mRNA, which consists of a CAUUUUGGU
sequence (63). The NV 3’ UTR contains a CAUUUAAU
sequence that may represent a partial consensus binding site;
however, bioinformatic analysis indicates that it is not located
in a loop structure (Fig. 2B). Although no related sequences
are present in the FCV 3’ UTR, a previously identified nucleo-
lin binding site in pre-rRNA (U/A)CCCG(A/G) (24, 26, 40)
appears to be at least partially conserved in FCV (Fig. 2A). A
very similar sequence (ACCCCA) is present within the stem
region of the FCV 3’ UTR (Fig. 2A). Although exact copies of
the consensus nucleolin binding motifs were not present within
the NV and FCV 3’ UTRs, the protein can bind to both
regions. It is also possible that nucleolin binding to the calici-
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nontargeting or nucleolin-specific siRNAs. CrFK cells treated with either nontargeting or nucleolin-specific sSiRNAs were infected with FCV (MOI
10), and the virus yield was determined at 0, 2, 4, and 6 hpi by plaque assay. Infections were performed a minimum of 5 times in duplicate, with
one representative data set shown. Error bars represent standard deviations. *, P < 0.005, and **, P < 0.001, by one-way ANOVA. (B) Phase-
contrast microscopy of FCV-infected cells transfected with nucleolin or nontargeting siRNAs. Note the delayed and reduced cytopathic effect in

nucleolin-treated cells.

virus 3" UTR relies on the interaction with a novel, as-yet-
unidentified binding site, as has been recently proposed for the
tombusvirus 3’ UTR-nucleolin interaction (39). Since compa-
rable stem-loop RNA structures are present in both the NV
and FCV 3’ UTRs, it is likely that the nucleolin binding de-
pends not only on the primary sequence but also on the sec-
ondary (or tertiary) structure of the RNA, as has been re-
ported for other cellular factors (32).

The expression and subcellular localization of cellular pro-
teins implicated in viral replication are often modified during
the course of infection. In this work, the levels and integrity of
nucleolin RNA and protein were not altered; however, FCV
infection clearly resulted in the redistribution of nucleolin
from the nucleoli to the nucleoplasm, as well as to the sur-
rounding perinuclear area during the latter stages of virus
replication. This type of nucleolin relocalization is also re-
ported to occur as a result of various stress-related stimuli,
such as exposure to ionizing radiation, heat shock, oxidative
shock, and camptothecin, as well as a consequence of viral
infection (47). Proteins from several viruses are known to co-
localize with nuclear factors, such as nucleolin, B23, and fibril-
larin, resulting in their subsequent relocalization to play a role
in the viral replication process (35, 36). Human adenovirus and
herpes simplex virus 1 (HSV-1) both interact with nuclear
factors such as nucleolin (8, 12, 45, 48), and during HSV-1
infection, the viral protein UL24, required for efficient viral
replication, induces the dispersion of nucleolin. In cells in-

fected with human cytomegalovirus, an increased level of
nucleolin and redistribution throughout the nucleus were ob-
served (57). It has been suggested that nucleolin localization
depends on its phosphorylation state (25); therefore, the pos-
sibility that the phosphorylation or dephosphorylation of
nucleolin could be associated with its relocalization during
FCV infection remains to be determined.

Our coprecipitation assay using recombinant NV NS6/7 pro-
tein showed that this protein and nucleolin can associate to
form a complex, although whether this is a direct protein-
protein interaction or mediated by an unidentified intermedi-
ary is not clear. The analogous interaction in FCV was further
confirmed by immunoprecipitation assays with antisera to the
FCV NS6/7 protein and extracts from FCV-infected cells. The
association of nucleolin with elements that are essential for
the replication of the viral negative-strand RNA, such as the
genomic 3" UTR and the NS6/7 protease-polymerase protein,
suggests a role of this protein during calicivirus replication.
Indeed, the function of nucleolin in the various steps of the
replication cycle of other viruses is well documented: it has
been reported that nucleolin stimulates IRES-mediated trans-
lation (38), and it plays a role during HSV-1 egress (45), as well
as in the budding and assembly of retrovirus virions (5, 58).
Nucleolin has also been implicated in PV replication because
of its ability to interact with the 3’ UTR of the genomic RNA
(60). Furthermore, nucleolin has been described as an indis-
pensable factor for HCV replication due to its association with
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the replicase NS5B (34, 43, 52). In contrast, nucleolin binds to
the 3" UTR of the tombusvirus genomic RNA and plays an
inhibitory role during the early stages of tombusvirus replica-
tion, possibly via interference with the recruitment of viral
RNA at the replication site (39).

The results of confocal laser scanning microscopy indicated
that colocalization of the FCV NS6/7 and nucleolin occurs in
the perinuclear area. Similar colocalization has been reported
during HCV replication where the NS5B replicase-nucleolin
association causes a change in nucleolin distribution from nu-
cleoli to the perinuclear area (34). It is within these perinuclear
sites that HCV-specific plus-strand synthesis is reported to
take place, in replication complexes derived from the mem-
branes of the ER (27). In CrFK cells infected with FCV, NS6/7
localization was reported predominantly in membrane-associ-
ated replication complexes in the cytoplasm (28). Recent re-
ports point to an ER-derived origin of membranous vesicles
induced during FCV and MNV infection (7, 37). In particular,
over the course of MNV infection, double-stranded RNA and
NS7 were observed to proliferate from punctuate foci located
in the perinuclear region (37). In agreement with this infor-
mation, we found that nucleolin, FCV NS6/7, and PDI, a
protein that has been reported as an ER marker, are present in
partially purified membrane-bound replication complexes.

Given that in FCV-infected CrFK cells, the colocalization of
the protease-polymerase NS6/7 with nucleolin was observed in
the perinuclear area and that both proteins are present within
RCs and associate with the viral RNA, a role for nucleolin in
the calicivirus life cycle was expected. This was confirmed sub-
sequently by the use of siRNAs specific for nucleolin, which
displayed a significant inhibitory effect on FCV NS6/7 produc-
tion and virus replication. Furthermore, the reduced and de-
layed cytopathic effect, as well as the reduction in virus yield
observed in cells transfected with the nucleolin siRNA com-
pared to the yield in the nontarget siRNA-treated cells, indi-
cates that nucleolin, a nucleolar host cell protein, is required
for efficient FCV replication. Although not measured directly,
since the growth characteristics and the viability of the cells
were largely unaffected when transfected with nucleolin
siRNAs, we can conclude that there was no gross effect on cell
cycle progression that could affect the replication of the virus
in an indirect manner.

Because both protease and polymerase activities are present
in the NS6/7 protein, it is possible that a protease activity could
also take place in the perinuclear area. In regard to this pos-
sibility, a nuclear-cytoplasmic relocalization of host cell pro-
teins after FCV infection has been reported recently (6). This
finding may be the result of the alteration of nucleopore com-
plex composition by the FCV protease activity, as reported
during PV infection (29).

Here, we report that nucleolin, a nucleolar host cell protein,
binds to the 3" UTR and the NS6/7 protease-polymerase, re-
locates from the nucleoli to the nucleoplasm, and acts as a
positive regulator of FCV replication. It is likely that nucleolin
functions either directly or indirectly as an RNA chaperone
promoting the formation of a complex suitable for translation
and/or replication. Although the precise role of nucleolin in
the calicivirus life cycle remains to be determined, this work
identifies a cellular factor critical for the calicivirus life cycle
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and, thus, adds to the insights into the life cycle of this family
of poorly understood pathogens.
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