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A B S T R A C T

Cellular proteins have been identified to participate in calicivirus replication in association with viral proteins
and/or viral RNAs. By mass spectrometry from pull-down assays, we identified several cellular proteins bound to
the feline calicivirus (FCV) genomic RNA; among them the lipid raft-associated scaffold protein Annexin (Anx)
A2. AnxA2 colocalizes with FCV NS6/7 protein and with the dsRNA in infected cells; moreover, it was found
associated with the viral RNA in the membrane fraction corresponding to the replication complexes (RCs),
suggesting its role during FCV replication. AnxA2-knockdown from CrFK cells prior to infection with FCV caused
a delay in the cytopathic effect, a strong reduction of viral non-structural proteins and dsRNA production, and a
decrease of FCV yield in both cell-associated and supernatant fractions. Taken together, these results indicate
that AnxA2 associates to the genomic RNA of FCV and is required for an efficient FCV replication.

1. Introduction

Feline calicivirus (FCV), a member of the Vesivirus genus in the
Caliciviridae family, causes a highly contagious disease in domestic cats,
lions and many other feline species (Guo et al., 2018), which is asso-
ciated with signs of conjunctivitis (Cai et al., 2002), ulcers in the oral
cavity, limping syndrome and mild upper respiratory signs; moreover, it
has been associated with abortion and chronic stomatitis in cats (Ellis,
1981; Harrison et al., 2007; Knowles et al., 1989; Thiel and Konig,
1999). FCV has been extensively used as a model for studying calici-
virus replication and biology since it replicates efficiently in feline cell
culture (Sosnovtsev and Green, 1995; Sosnovtsev et al., 2003).

The members of the Caliciviridae family comprise non-enveloped
viruses with positive-stranded RNA genomes (Carter, 1990; Simmonds
et al., 2008). Particularly, FCV contain three open reading frames
(ORFs): ORF1 encodes a polyprotein, which is cleaved by the viral
cysteine proteinase (NS6/7) into 6-nonstructural proteins (NS1-NS6/7);
ORF2 encodes a precursor protein that is processed by the same viral
proteinase producing the major capsid protein VP1 and leader of the
capsid protein (LC) (Neill et al., 1991). ORF3 encodes for the minor
capsid protein VP2 (Herbert et al., 1997; Neill et al., 1991; Sosnovtsev
et al., 1998). All these proteins are present in the enzymatically active

replication complexes (RCs) isolated from FCV infected cells (Bailey
et al., 2010).

As in many other RNA viruses, besides viral components, cellular
proteins have essential roles that contribute to calicivirus life cycle. A
number of well-known cellular RNA binding proteins have been iden-
tified to bind the 5′ and 3′ ends of the FCV, murine norovirus (MNV),
and Norwalk virus (NV) (Gutierrez-Escolano et al., 2000, 2003;
Karakasiliotis et al., 2006, 2010; Vashist et al., 2012); among them, the
polypyrimidine tract binding (PTB) protein, nucleolin, the poly C
binding protein (PCBP) 2, and the heterogeneous nuclear ribonucleo-
protein A1 (hnRNP A1) play roles in viral translation control and
genome circularization (Cancio-Lonches et al., 2011; Gutierrez-
Escolano, 2014; Hernandez et al., 2016; Karakasiliotis et al., 2010;
Vashist et al., 2015). Another cellular protein that interacts with viral
components is Annexin A2 (AnxA2), a pleiotropic protein involved in
essential biological processes such as endocytosis (Rentero et al., 2018),
exocytosis, membrane trafficking (Babiychuk and Draeger, 2000;
Stewart et al., 2018), cell division and proliferation (Chiang et al.,
1999) and phospholipid vesicles aggregation(Stewart et al., 2018).
AnxA2 interacts with the FCV LC, a viral protein that has been asso-
ciated with the cytopathic effect during infection (Abente et al., 2013);
however, the specific role of AnxA2 in FCV replication has not been
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determined yet.
AnxA2 is a 39 kDa (36 kDa by SDS-PAGE) protein, member of the

annexin family, which is highly expressed in the majority of cells and
tissues and bind to numerous ligands (Grindheim et al., 2017). AnxA2
resides soluble in the cytoplasm, or associated with the actin cytoske-
leton, the extra or intracellular sides of the plasma membrane, and in
some cases in a small fraction from the nucleus (Kazami et al., 2015).
This various cellular locations reflect its multiple functions, including
vesicle budding, fusion, internalization, late endosomal biogenesis, and
membrane repair (Babiychuk and Draeger, 2000; Gerke and Moss,
2002; Madureira et al., 2011; Morel and Gruenberg, 2007; Moss and
Morgan, 2004; Rescher and Gerke, 2004; Sarafian et al., 1991). All this
multifunctionality is subjected to ligand binding and post-translational
modifications, especially phosphorylation (Grindheim et al., 2017).
AnxA2 has also been implicated in the RNA metabolism, particularly in
the subcellular localization and translational regulation of messenger
RNAs (mRNAs), because of its association with the 3′ UTR of some
cellular RNAs including its own (Filipenko et al., 2004; Hollas et al.,
2006; Mickleburgh et al., 2005). Furthermore, AnxA2 has been identi-
fied as a host factor regulating several key processes of many viruses,
from entry to assembly and morphogenesis (Gonzalez-Reyes et al.,
2009; Li et al., 2014a; Ma et al., 2017; Sheng et al., 2015; Yang et al.,
2011; Zhang et al., 2010). Particularly during HCV replication, AnxA2
recruits NS proteins and enriches them in lipid rafts to facilitate the
formation of the viral RCs and contributes to the formation of infectious
HCV particles (Backes et al., 2010; Saxena et al., 2012). In the present
study, we identified that AnxA2 associates with the FCV RNA, and
showed that AnxA2 plays a role in FCV replication.

2. Materials and methods

2.1. RNA pull down assay

To identify cell proteins that interact with the stem loop structure
present in the 3′UTR from FCV RNA, a biotinylated-RNA was obtained
by in vitro transcription as previously described (Hernandez et al.,
2016), in the presence of biotinylated-UTP. Briefly, an amplicon cor-
responding to the last 36 nt from the FCV genomic RNA without the
poly (A) tail was obtained by polymerase chain reaction (PCR) from
FCV-infected CrFK cells cDNA using a sense primer that contained the
bacteriophage T7 promoter sequence, FW 5´-TAATACGACTCACTATA
GGGTAATACGACTCACTATAGGGCCCTTTGGGCTGCCG-3′ and RV 5´−
CCCTGGGGTTAGGCGCAAATGCG-3′) (Hernandez et al., 2016). Four
mg/ml of total FCV infected cell extracts treated with micrococcal nu-
clease, following the manufacture’s instructions (New England Biolabs),
were pre-absorbed with 50 μl of streptavidin agarose beads in a final
volume of 1.5 ml of RIPA buffer (25mM Tris−HCl [pH7.4], 150mM
NaCl, 1% NP40, 0.01% SDS, 0.5% sodium deoxycholate) containing
protease inhibitors (Roche) for 3 h gently shaking at 4 °C. Pre-absorbed
extracts were recovered by centrifugation at 2500 rpm for 5min, at
4 °C; then, 30 μl of the streptavidin agarose beads were pre-incubated
with tRNA at a final concentration of 0.1 μg/μl followed by the addition
of 14 μg of the biotinylated–RNA from the FCV 3′ UTR for 4 h, at 4 °C.
The streptavidin agarose beads coupled to the biotinylated-RNA were
interacted with the pre-absorbed total cell extract for 2 h at 4 °C. Fi-
nally, the ribonucleoprotein complexes were pulled down by cen-
trifugation at 2500 rpm for 5min, at 4 °C, washed 5 times with RIPA
buffer for 5min at 4 °C, resuspended in 10 μl of Laemmli buffer and
boiled for 10min. The samples were separated by SDS-PAGE for 20min
at 80 V. The gel was washed 3 times for 5min with milliQ water.
Proteins were stained with 50ml Coomassie blue (blue R-250, Bio-Rad)
for 30min at RT; the bands were cut and analyzed by MALDI-TOF (MS/
MS) in the Proteomics Lab Facility at CINVESTAV Irapuato, Mexico.
The MS/MS data were analyzed using Proteome Discoverer 1.4 soft-
ware, set up to search the Felis catus NCBI database.

2.2. Cells and virus infection

The CrFK culture cells and the FCV (strain F9) were obtained from
the American Type Culture Collection (ATCC) (Rockville, MD). Cells
were grown in Eagle's minimal essential medium with Earle's balanced
salt solution and 2mM L-glutamine that was modified by the ATCC to
contain 1.0mM sodium pyruvate, 0.1mM nonessential amino acids,
1.5 g/l sodium bicarbonate. The medium was supplemented with 10%
bovine fetal serum, 5000 U of penicillin and 5 μg/ml of streptomycin.
Cells were grown in a 5% CO2 incubator at 37 °C. The cytopathic effect
(CPE) induced by FCV infection was monitored at 5 hpi by evaluating
cell morphology using a brightfield microscope. Virus titers in the su-
pernatants and cell-associated fractions from cells treated with NT- and
AnxA2-siRNAs were determined by plaque assay as previously de-
scribed (Escobar-Herrera et al., 2006). For total cell extracts, CrFK cells
were washed twice with phosphate buffered saline (PBS) (0.137M
NaCl, 2.7mM KCl, 1.4mM KH2PO4, 0.01M Na2HPO4) an resuspended
in 5 cell volumes of RIPA buffer in the presence of protease inhibitors
(Roche) for 10min at 4 °C. Cells were centrifuged at 14,000 rpm for
15min and the supernatant was quantified using the BCA protein Assay
kit (Pierce).

2.3. Electrophoretic mobility shift assay (EMSA)

Total cell extracts (20 μg of protein) from CrFK cells were obtained
an quantified as described above, and pre-incubated with the same
amount of tRNA in a buffer containing 10mM HEPES (pH 7.4), 0.1 mM
EDTA, 0.2mM dithiothreitol (DTT), 8 mM MgCl2, 4 mM spermidine,
3 mM ATP, 2mM GTP, and 10% (vol/vol) glycerol for 30min at 4 °C.
Rabbit anti-goat IgG-HRP (sc-2678, Santa Cruz Biotechnology), used as
a non-related antibody, or the polyclonal anti-AnxA2 antibody (sc-
9061, Santa Cruz Biotechnology) were added to the reaction mixture in
a final volume of 15 μl, for 15min at 4 °C before or after the addition of
4× 105 cpm of [α-32P] UTP labeled RNA corresponding to the stem
loop structure present in the last 36 nt from the FCV 3′UTR (without the
poly (A) tail as indicated. The reaction was incubated for 15min at 4 °C
followed by RNase treatment (20 U of RNase A and 20 μg of RNase T1)
for an additional 15min at room temperature (RT). The RNA-protein
complexes were analyzed in a 10% native gel as described before
(Gutierrez-Escolano et al., 2003).

2.4. Immunofluorescence assay

CrFK cells were grown overnight on glass coverslips and infected
with FCV at an multiplicity of infection (M.O.I.) of 5 at the indicated
times. The cells were treated with cytoskeleton buffer (CB) [10mM
MES (SigmaM-8250), 150mM NaCl, 5 mM MgCl2, and 5mM glucose]
for 5min and permeabilized in 4% paraformaldehyde solution con-
taining Triton X-100 0.2% for an additional 5min at RT. The samples
were washed three times for 5min with PBS and incubated with the
anti-AnxA2 antibody at 4 °C overnight. The samples were washed three
times for 5min with cold PBS, incubated with the corresponding sec-
ondary antibody (Invitrogen) for 1 h at RT, washed three times with
PBS, and incubated with an anti-NS6/7, (kindly donated by Ian
Goodfellow, University of Cambridge, UK), or anti-dsRNA antibodies
(MAb J2 anti-dsRNA, kindly donated by Mariano Garcia Blanco/
Bradrick lab from University of Texas Medical Branch) over night at
4 °C. The samples were washed three times with PBS, incubated with
the corresponding secondary antibody (Invitrogen) for 1 h at RT, wa-
shed three times with PBS, and incubated with 1 μg/μl of 4′,6-diami-
dino-2-phenylindole dihydrochloride (DAPI) for 2min. The samples
were washed six times with PBS and three times with filtered distilled
water. Finally, the samples were mounted with Vecta-Shield (Vector
Laboratories A.C.) and analyzed using a Zeiss LSM-700 confocal mi-
croscope. Colocalization rates were calculated by Pearson´s coefficient.
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2.5. Western blot analysis

Mock and infected CrFK cells were washed with PBS, lysed in NP-40
cell lysis buffer (50mM Tris−HCl pH7.4, 150mM NaCl and 1% NP-40),
then, Laemmli sample buffer was added and boiled for 10min.
Approximately twenty μg of protein extract were analyzed by SDS-
PAGE and transferred to nitrocellulose membranes. The membranes
were blocked with 10% skimmed milk for 2 h and incubated overnight
at 4 °C with the following antibodies: monoclonal (sc-48397, Santa Cruz
Biotechnology) or polyclonal anti-AnxA2, polyclonal anti-Protein
Disulfide Isomerase (PDI) (sc-74551, Santa Cruz Biotechnology), anti-
actin (kindly donated by Manuel Hernández, Cinvestav, México), and
anti-N6/7. The blots were washed extensively with 0.05% Tris-buffered
saline (TBS)-Tween and incubated for 2 h with the appropriate sec-
ondary antibodies and developed using the SuperSignal west femto
maximum sensitivity substrate kit (Thermo scientific). Protein quanti-
fication was achieved by the band intensities in the scanned images
using ImageJ software (http://rsb.info.nih.gov/ij) and expressed as
arbitrary units.

2.6. Viral RNA amplification from AnxA2 immunoprecipitated fractions
from the replication complexes

Membrane fractions corresponding to FCV RCs were obtained from
infected CrFK cells as described previously (Green et al., 2002). Briefly,
2× 107 CrFK cells were mock infected or infected with FCV at an MOI
of 5 as described above. After 5 h cells were pelleted by centrifugation
at 1500 rpm for 5min at 4 °C. The cell pellet was resuspended in 250 μl
ml of cold TN buffer (10mM Tris [pH 7.8], 10 mM NaCl) and incubated
for 15min at 4 °C. After 15min on ice, the cells were lysed with 60
strokes in a cold 2-ml glass Dounce homogenizer. The lysate was cen-
trifuged for 5min at 3000 rpm for 5min, at 4 °C to remove nuclei and
unlysed cells. The supernatant was centrifuged for 20min at
14,000 rpm for 20min, at 4 °C. The resulting pellet was resuspended in
120 μl of TN buffer with 15% glycerol and stored at −70 °C. These
resuspended fractions correspond to FCV RCs or mock RCs. The amount
of protein in each fraction was determined with the Coomassie Plus
Protein Assay Reagent (Pierce). Immunoprecipitation of AnxA2 from
the RCs was carried out using the monoclonal anti-AnxA2 antibody. An
anti-GFP antibody (SC-9996, Santa Cruz Biotechnology) was used as a
negative control. The viral RNA coimmunoprecipitated in the RC was
subjected to reverse transcription and polymerase chain reaction (RT-
PCR) using MLV (Invitrogen) and viral-RNA-specific primers (FWD 5′
TTAGCTTATGTAGGACCAGGCACCAAGTTCCAC and REV 5′TTTAAGC
TTAACTTCGAACACATCACAGTGTAGGGC) to produce a 2073-bp pro-
duct corresponding to the NS6/7 region from the FCV genome.

2.7. siRNA-mediated knockdown of AnxA2

Protein database searches were performed with the National Center
for Biotechnology Information services (https://www.ncbi.nlm.nih.
gov/). Based on the obtained full-length feline AnxA2 RNA sequences,
the comparison and alignment of the AnxA2 translation products were
performed using the ClustalW multiple-alignment program. Two dif-
ferent siRNAs corresponding to coding region nucleotides 148–(siAnx2-
1: 5′−CCGCAGCAAUGAACAGAGAUU-3′) and 274-(siAnx2-2: 5′- AAC
ACCUGCUCAGUAUGAUUU -3′) were designed using the Custom RNAi
Design Tool from The RNAi WEB (Integrated DNA Technologies, Inc.).
For siRNA-mediated knockdown of AnxA2 expression, transfections
were carried out according to the protocol recommended by the man-
ufacturer (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 μl of siPORT and 200 nM siRNAs for AnxA2
were mixed separately with 100 μl Opti-MEM, for 10min at RT. The
two mixtures were combined, allowed to incubate at RT for 10min, and
diluted to 1ml with 800 μl Opti-MEM. 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 1ml of growth medium and an
additional incubation up to 72 h. CrFK cells were also treated with a
non-targeting (NT)-siRNA (SC-37007, Santa Cruz Biotechnology) as a
control. After 72 h transfection, cells were infected with FCV at an MOI
of 5 and harvested at 5 h post-infection. The levels of the AnxA2, actin,
and NS6/7 proteins were determined by Western blotting. The viability
of NT-siRNA and-AnxA2-siRNA-treated cells was determined at 72 h
using a CellTiter 96 assay (Promega), following the manufacturer’s in-
structions.

3. Results

3.1. AnxA2 is associated with the FCV 3′-UTR RNA in vitro and in infected
cells

It is well known that viruses hijack cellular components that parti-
cipate in different steps of its replication. Some cellular proteins have
been identified because they are modulated or relocated during viral
infections, some others, because of its association with viral proteins or
with the viral RNAs. To identify proteins that interact with the 3′UTR
from the FCV RNA, in vitro transcribed biotinylated RNA from the FCV
3′ UTR (Fig. 1A), coupled or not with streptavidin agarose beads was
interacted with total cell extracts, and the ribonucleoprotein complexes
were pulled down, separated by SDS-PAGE, and analyzed by mass
spectrometry (Maldi-Tof) (Fig. 1B). Sixteen proteins were identified
associated with the biotinylated RNA that were absent in the controls

Fig. 1. Proteins bound to the 3′UTR rom the FCV identified by
mass spectrometry.
A) Predicted secondary structure of the FCV 3′UTR using MFold2
software (http://mfold.rna.albany.edu/?q_mfold/RNA_Folding_
Form2.3). B). Host factors from CrFK cell extracts that interacted
with the 3′ UTR of the feline calicivirus genome. In vitro tran-
scribed biotinylated RNA from the FCV 3′ UTR coupled or not with
streptavidin agarose beads was interacted with total cell extracts.
The ribonucleoprotein complexes were pulled down and separated
by SDS-PAGE, stained by Coomassie blue and analyzed by mass
spectrometry (Maldi-Tof). The proteins were identified from three
independent experiments.
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without the biotinylated RNA; among them, proteins previously re-
ported to interact with the human and murine norovirus 3′ UTR from
the RNA genome such as the SSB/La autoantigen or La protein, the
eukaryotic elongation factor (eEF1) -□1, and the glyceraldehyde 3-
phosphate-dehydrogenase (GAPDH) (Gutierrez-Escolano et al., 2003;
Vashist et al., 2012). Moreover, we also identify other well-character-
ized host factors implicated in mitochondria metabolism, such as pro-
pionyl-CoA carboxylases and the pyruvate carboxylase, and proteins
from and associated with the cytoskeleton such as actin, tubulin, and
the lipid raft-associated scaffold protein AnxA2 (Fig. 1B).

3.2. AnxA2 is associated with the FCV 3′-UTR RNA in vitro and in infected
cells

To corroborate that AnxA2 was present in the ribonucleoprotein
(RNP) complex formed with the FCV 3′ UTR, two different assays were
done. First, an EMSA was performed in the presence of an anti-AnxA2
antibody (Fig. 2A). Four-well defined complexes named as I, II, III, and
IV were observed when the FCV 3′ UTR interacted with total CrFK
protein extracts (Fig. 2A, lane 2). When the anti-AnxA2 antibody was

incubated with CrFK protein extracts prior to the addition of the labeled
RNA, the formation of all complexes was reduced (Fig. 2A, lane 3),
suggesting the presence of AnxA2 in these complexes. However, the
same amount of an unrelated antibody (anti-NR) altered complex II
formation but did not modify complexes I, III and IV (Fig. 2A, lane 4),
indicating that AnxA2 is present in these three specific complexes.
Moreover, when the labeled RNA was incubated with the cell extracts
prior the addition of the anti-AnxA2 and the non-related (NR) anti-
bodies, the formation of complexes I, III and IV was not modified
(Fig. 2A, lanes 5 and 6 respectively), indicating that AnxA2 interact in
the same region with both the RNA and the anti-AnxA2 antibody.
Complex II was considered unspecific since it is reduced in the presence
of anti-AnxA2 and NR antibodies in both conditions. The specificity of
the anti-AnxA2 but not anti-IgG-HRP antibody to detect AnxA2 in the
cell extracts is shown in Supplementary Fig. 2. All this results suggest
that AnxA2 is associated with the 3′UTR RNA from the FCV.

The association between AnxA2 and FCV RNA in infected cells was
also determined by immunofluorescence assays using anti-dsRNA and
anti-AnxA2 antibodies (Fig. 2B). The subcellular distribution of AnxA2
(red) was clearly observed in the cellular membrane as well as in the

Fig. 2. AnxA2 is in vitro associated with the FCV 3′UTR RNA and with the viral NS6/7 protein during infection. A) Mobility shift assay of the [α-32P]-UTP-
labeled FCV 3′UTR RNA incubated with the CrFK protein cell extract (lane 2–4) in the absence (lane 2) or the presence of human anti-AnxA2 (lanes 3 and 5) or anti-
NR (non-related) (lanes 4 and 6) antibodies. RNA was incubated with the protein cell extract prior (lanes 3 and 4) or after (lanes 5 and 6) the addition of antibodies.
Lane 1, free RNA. The position of the formed complexes (I–IV) is shown. Monolayers of CrFK cells were infected with FCV at an MOI of 5 for 5 hpi fixed and stained
for B) AnxA2 (polyclonal anti-AnxA2, red) and dsRNA (monoclonal anti-dsRNA, green) and C) AnxA2 (polyclonal anti-AnxA2, green) and NS6/7 (polyclonal anti-
NS6/7, red). Non-infected (-) and infected cells (+) are indicated. DAPI was used for nuclear (blue) staining. The cells were examined in a Zeiss LSM700 laser
confocal microscope. Images correspond to a z-stack of 15 slices. Scale bars of 10 μm are shown. Pearson´s coefficient was 0.65 + 0.17 for AnxA2 and dsRNA and
0.56 + 0.14 for AnxA2 and NS6/7.
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cytosol of both mock-infected (-) and infected (+) cells at five hours
post infection (hpi). Moreover, a co-localization between AnxA2 and
the FCV-dsRNA (green) was observed (white) (Fig. 2B: Merge). A co-
localization rate was 0.65 + 0.17. Taken together, these results
strongly suggest that AnxA2 is associated with FCV RNA and in vitro and
in infected cells.

3.3. AnxA2 is present in FCV RCs where it is associated with the viral RNA

Since most of the viral RNA was associated with AnxA2, it was
possible that this protein was present in the RCs. To further determine if
AnxA2 was present in the RC, its association with other component of
this compartment, the protease-polymerase NS6/7 was investigated.
The subcellular distribution of AnxA2 (green) was clearly observed in
the cellular membrane as well as in the cytosol of both mock-infected
(-) and infected (+) cells at five hpi. Although no changes were ob-
served in the expression (Supplementary Fig. S1) or localization of
AnxA2 during FCV infection, a co-localization between AnxA2 and FCV
NS6/7 (red) staining was observed in the perinuclear area (Fig. 2C). A
co-localization rate was 0.56 + 0.14. The Co-localization of AnxA2
with two of the main components of RCs, the dsRNA and the protease-
polymerase NS6/7 strongly suggest that this cellular protein is present
in the RCs.

To confirm that AnxA2 is present in the RCs, CrFK cells were in-
fected with FCV at an M.O.I. of 5, at 5 hpi, RCs were isolated, and the
presence of AnxA2, NS6/7, and PDI, a protein resident of the en-
doplasmic reticulum, was analyzed by western blotting (Fig. 3). The
presence of PDI and AnxA2 was observed in the RC membrane fractions
from infected cells as well as in the corresponding membranous frac-
tions from the mock infected cells (Fig. 3A). However, a 3 fold in-
creased amount of AnxA2 was found in the RC membrane fractions
from infected cells in comparison to the corresponding membranous
fractions from mock-infected cells, indicating that this protein is re-
cruited in the RCs isolated from cells infected with FCV (Fig. 3A and B).

To further determine if AnxA2 was associated with the FCV RNA in
infected cells, RCs membranous fractions were isolated from infected
cells, as well as the corresponding membrane fractions from mock-in-
fected cells, and subjected to immunoprecipitation assays using anti-

AnxA2 and anti-GFP (non-related) antibodies (Fig. 3C). While AnxA2
was not detected when the immunoprecipitation was carried out using
a non-related antibody (Fig. 3C upper panel, lanes 2 and 3) it was
clearly immunoprecipitated by the anti-AnxA2 antibody (Fig. 3B, upper
panel, lanes 4 and 5). To determine the association of viral RNA and the
AnxA2 immunoprecipitated from the RCs, the RNA sequence corre-
sponding to the NS6/7 coding region was amplified by RT-PCR. This
amplicon was only amplified in the fraction immunoprecipitated by
AnxA2 from infected cells (Fig. 3B lower panel, lane 4) but not in the
fractions from mock-infected cells or treated with the non-related an-
tibody (Fig. 3C lower panel, lanes 5, 2, and 3) respectively. Taken to-
gether, these results indicate that AnxA2 is present in the RCs from FCV
infected cells and associated with the viral RNA

3.4. Inhibition of AnxA2 expression results in the reduction of viral protein
synthesis and FCV replication

To determine if AnxA2 plays a role during FCV infection its ex-
pression was knocked down by using specific siRNAs and the produc-
tion of the viral non-structural proteins, and dsRNA was analyzed by
western blotting and confocal microscopy (Fig. 4). Two siRNAs speci-
fically directed against feline AnxA2 (see materials and methods) were
transfected into CrFK cells for 72 h and then, cells were infected with
FCV at an M.O.I. of 5, at 5 hpi. The first observation was that AnxA2
knockdown cells displayed a delayed cytopathic effect compared to the
non-targeting (NT) siRNA-treated cells (Fig. 4A). Moreover, cell trans-
fection with the AnxA2-siRNA caused the reduction of AnxA2 expres-
sion up to 98% (Fig. 4B and C), that resulted in a 96% reduction of NS6/
7 levels, compared with the levels from cells transfected with the NT-
siRNA (Fig. 4B and C). Cell viability was unaffected by the siRNA
treatment (data not shown). The reduction in the expression of NS6/7
as a result of the siRNA-mediated knockdown of AnxA2 levels, suggests
that AnxA2 is important for FCV replication. To further support this
hypothesis, the dsRNA levels of AnxA2 knockdown cells were in-
vestigated. A reduction of 3.4 times in the dsRNA levels was detected in
AnxA2 knockdown cells, were red staining was significantly reduced
(Fig. 4D lower panel, E, and F), in comparison with the non-transfected
cells observed in the same panel, that show similar red staining as the

Fig. 3. AnxA2 is associated with the viral RNA in
the FCV replication complexes. A) Cell membrane
fractions corresponding to replication complexes from
infected CrFK cells at an MOI of 5 for 5 h and the cor-
responding membrane fractions from non-infected cells
were isolated and the levels of AnxA2, FCV NS6/7, and
PDI used as ER-marker control were evaluated by
Western blotting. B) AnxA2 band intensities were
quantified by densitometric analysis using ImageJ, and
expressed as the percentage of relative intensities in
relation to PDI expression level. The statistical tests
were performed using the Graph Pad Prism software.
**P≤ 0.0005 by two-way ANOVA. Error bars re-
present the standard deviation from three independent
experiments. C) Cell membrane fractions corre-
sponding to RC from infected CrFK cells (lanes 2 and 4)
and corresponding membranous fractions from mock-
infected cells (lanes 3 and 5) were subjected to im-
munoprecipitation with anti-AnxA2 (lanes 4 and 5) or
anti-GFP antibodies (lane 2 and 3). The presence of
AnxA2 in the immunoprecipitated fractions was ver-
ified by Western blotting (upper panel); the co-im-
munoprecipitated FCV viral RNA was analyzed by RT-
PCR using specific oligonucleotides to amplify the NS6/
7 region (lower panel). Input cell extracts are shown in
lane 1.
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NT-siRNAs treated cells (Fig. 4D lower panel), and of cells transfected
with the NT-siRNA (Fig. 4D upper panel). In agreement with the re-
duction in the dsRNA and in the viral proteins in AnxA2 knockdown
cells, a statistically significant reduction of FCV yield at an MOI of 1, at
5 hpi in the cell-associated and at 1, 3, and 5 hpi in the supernatant-
associated fractions was detected (Fig. 4G and H). Moreover, a reduc-
tion of approximately 1 log at an MOI of 5, at 5 hpi in both cell-asso-
ciated and supernatant-associated fractions was also observed (data not
shown), indicating that AnxA2 is required for an efficient FCV re-
plication.

4. Discussion

Because of the austerity of their genomes, viruses are strict in-
tracellular parasites that depend on the interaction between the few
viral components with the vast amount of cellular factors involved in a
wide variety of mechanisms to complete each viral step during its re-
plicative cycle. Information regarding the function of the cellular pro-
teins that interact with viral RNAs and with other viral components
during calicivirus replication is still limited (Alhatlani et al., 2015;
Cancio-Lonches et al., 2011; Gutierrez-Escolano, 2014; Hernandez

et al., 2016; Karakasiliotis et al., 2006; Vashist et al., 2015); however,
these interacting cellular proteins represent targets to be explored for
the development of antiviral strategies to control and prevent infection.

AnxA2 is a lipid raft-associated scaffold protein that was previously
identified as a specific binding partner of the LC protein during FCV
infection but whose role in replication remained undetermined (Abente
et al., 2013). AnxA2 participates in many of cellular functions, in-
cluding cell motility, endocytosis, calcium-dependent regulation of
exocytosis, DNA synthesis and cell proliferation, membrane trafficking,
and cytoskeleton rearrangements (Babiychuk and Draeger, 2000; Gerke
and Moss, 2002; Madureira et al., 2011; Morel and Gruenberg, 2007;
Rescher and Gerke, 2004; Sarafian et al., 1991). Here we show that
AnxA2 was found associated with the 3´UTR from the viral RNA in vitro
as well as in FCV infected cells by using different approaches.

In addition to its role as a cytoskeletal- and membrane-associated
protein, AnxA2 functions as a trans-acting protein binding to cis-acting
sequences of eukaryotic as well as viral RNAs, including its own RNA
(Aukrust et al., 2017; Hollas et al., 2006; Kwak et al., 2011;
Mickleburgh et al., 2005). Several of the AnxA2-binding RNA sequences
are found in the 3′ UTRs in accordance with our finding that AnxA2
associates with the FCV 3′ UTR RNA. Besides the ability of AnxA2 to

Fig. 4. FCV non-structural protein expression, dsRNA, and virus production are reduced in AnxA2 siRNAs treated cells. Monolayers of CrFK cells were
treated with a non-targeting siRNA (NT) or an AnxA2 siRNAs for 72 h and either mock-infected or infected with FCV (MOI 5) for 5 h. A) The cytopathic effect and B)
the presence of AnxA2, NS6/7, and actin (load control) proteins in total cell extracts were analyzed by Western blotting using specific antibodies. C) AnxA2 and NS6/
7 band intensities were quantified by densitometric analysis using ImageJ software and expressed as the percentage of relative intensities in relation to the actin
expression level. Error bars represent the standard deviation from three independent experiments. * P≤ 0.0001 by two-way ANOVA analysis. D) The subcellular
localization of AnxA2 (red) and dsRNA (green) was determined using a Zeiss LSM700 laser confocal microscope. DAPI was used for nuclear (blue) staining. Merge
images are indicated. Scale bars of 20 μm are shown. Images correspond to a z-stack of 15 slices. E) and F) AnxA2 and dsRNA mean fluorescence intensities. The
statistical tests were performed using the Graph Pad Prism software. *** P≤ 0.0005 **** P≤ 0.0001 by two-way ANOVA analysis. Error bars represent the standard
deviation from three independent experiments. Levels of cell-associated G) and supernatant-associated H) viral particles from cells infected at an MOI of 1, at 1, 3,
and 5 hpi were obtained by plaque assay. Error bars represent the standard deviation from three independent experiments. ***P≤ 0.0001 ** P≤ 0.005 * P≤ 0.01
by Student´s t-test.
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bind to poly (G) sequences (Filipenko et al., 2004), two conserved
AnxA2 binding motifs have been reported; a five nucleotide (nt)
AACAG sequence in a stem-loop element of the 3′ UTR from the AnxA2
cognate mRNA (Hollas et al., 2006), and a five nt AUUUA sequence
within the 3′ UTR of c-myc mRNA (Mickleburgh et al., 2005; Veyrune
et al., 1996). Although we have not found these sequences within the
FCV 3′ UTR RNA, other sequences, as well as the stem-loop elements
present in this region, could also represent AnxA2 binding sites, since it
has been widely reported that RNA secondary structures have impact
on binding-sites selection of cellular proteins to modulate lifecycle
processes (Li et al., 2014b; Liao et al., 2018; Shwetha et al., 2015).

The AnxA2 binding sequence within the 3′ UTR of c-myc mRNA,
correspond to a localization signal responsible of its association with
the cytoskeleton and targeting the c-myc RNA to the perinuclear cy-
toplasm (Mickleburgh et al., 2005). Post-translational modifications of
AnxA2 are linked to its association with perinuclear non-polysomal
mRNAs, most probably as a mechanism to sequester subpopulations of
mRNAs, and targeting messenger ribonucleoprotein (mRNP) complexes
to specific cellular sites, particularly in the perinuclear area (Aukrust
et al., 2017). Abente et al., (2013) identified that AnxA2 is a binding
partner of the FCV LC protein that was detected on the plasma mem-
brane and along the cytoplasm. In this work, AnxA2 was particularly
observed in a perinuclear area that corresponds to the sites were the RC
locates (Abente et al., 2013). Thus, it is likely that AnxA2 plays a role
targeting the viral RNAs to the RC; yet, direct binding of AnxA2 to the
viral RNA and a role in the localization of FCV RNA in this region re-
mains to be determined.

In this work, we demonstrated the in vitro association of AnxA2 with
the viral RNA, and it´s co-localization with the FCV protease-poly-
merase NS6/7 protein in the perinuclear area of infected cells, sug-
gesting its presence in the RCs. Moreover, the association of AnxA2
with the FCV RNA in infected cells and its enriched presence in the
membrane fraction corresponding to RCs (Fig. 3), clearly demonstrate
that AnxA2 is a component of this structure. To this regard, during
hepatitis C virus (HCV) replication, AnxA2 recruits NS proteins and
enriches them in lipid rafts to facilitate RC formation, and contributing
to the morphogenesis of infectious particles (Backes et al., 2010; Saxena
et al., 2012; Solbak et al., 2017).

The role of AnxA2 in FCV replication was confirmed in a series of
experiments where AnxA2 was knocked down by using specific AnxA2-
siRNAs prior to infection with FCV. The strong reduction of AnxA2
correlated with a decrease of viral NS proteins and dsRNA production
that was not observed in cells treated with an NT-siRNA. These results,
together with the observed delay in the cytopathic effect caused by the
infection and the statistical significant inhibition of FCV production in
both cell-associated and supernatant-associated fractions, indicate that
AnxA2 is required for a FCV efficient replication. Thus, our results are
in agreement and expand previous reports where AnxA2 has been
identified as a host factor regulating several key processes in many
viruses. For example, AnxA2 contributes in the replication of H5N1
avian influenza virus (Ma et al., 2017), in the porcine reproductive and
respiratory syndrome virus (PRRSV) replication (Li et al., 2014a), and it
is involved in the production of classical swine fever virus infectious
particles by binding the viral protein NS5A (Sheng et al., 2015).

The recruitment of AnxA2 in the RCs, as well as its association with
the viral RNA, suggest that it is involved in the regulation of RNA and/
or protein synthesis, in concordance with the reduction of viral protein
synthesis and dsRNA, as a result of AnxA2 knockdown (Fig. 4B and C).
Moreover, the reduction of virus yield observed in both, cell-associated
and supernatant fractions in AnxA2 knockdown cells could also be re-
lated to a deficient viral translation and/or RNA replication. On the
other hand, these reduced viral yields could also suggest that AnxA2
function as a scaffold protein for viral assembly, as has been reported
for HCV (Backes et al., 2010).

The reduction of viral proteins, dsRNA, and virus production as a
consequence of AnxA2 knockdown could also be related with an

impairment of earlier steps during infection, such as virus binding and/
or entry. To this regard, it is known that AnxA2 is implicated in the
cellular entry of the rabbit vesivirus (RaV), another member of the
Caliciviridae family (Gonzalez-Reyes et al., 2009). Moreover, AnxA2 can
enhance the entry and infectivity of enterovirus 71 (EV71) (Yang et al.,
2011), and is involved in the avian leucosis virus-j (ALV-J) entry (Mei
et al., 2015).

In conclusion, our results demonstrate that AnxA2 has a role during
FCV infection. Further studies will be needed to determine the specific
role of this host protein in the FCV life cycle.
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