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A B S T R A C T

p53 is implicated in several cellular pathways such as induction of cell-cycle arrest, differentiation, senescence,
and apoptosis. p53 is activated by a broad range of stress signals, including viral infections. While some viruses
activate p53, others induce its inactivation, and occasionally p53 is differentially modulated during the re-
plicative cycle. During calicivirus infections, apoptosis is required for virus exit and spread into the host; yet, the
role of p53 during infection is unknown. By confocal microscopy, we found that p53 associates with FCV VP1,
the protease-polymerase NS6/7, and the dsRNA. This interaction was further confirmed by proximity ligation
assays, suggesting that p53 participates in the FCV replication. Knocked-down of p53 expression in CrFK cells
before infection, resulted in a strong reduction of the non-structural protein levels and a decrease of the viral
progeny production. These results indicate that p53 is associated with the viral replication complex and is
required for an efficient FCV replication.

1. Introduction

Feline Calicivirus (FCV) belongs to the Vesivirus genus of the
Caliciviridae family, which currently comprises eleven genera con-
taining viruses that infect a wide range of vertebrates (Vinjé et al.,
2019). Caliciviruses have a single-stranded, positive-sense RNA genome
(gRNA) of 6.4–8.5 kilobases (kb) in length, which is covalently attached
to the viral protein genome-linked (VPg) in its 5’ end and is poly-
adenylated. FCV genomic RNA (gRNA) is composed of 3 open reading
frames (ORFs). The expression of the ORF1 results in a polyprotein that
is processed by the viral protease-polymerase, the non-structural pro-
tein (NS) 6/7, to generate the six non-structural viral proteins (NS1-
NS6/7). Both ORF 2 and 3 encode for the structural proteins; the ORF2
gives rise to the precursor of the major capsid protein VP1, which is
further cleaved by the NS6/7 protease-polymerase to generate the
leader of the capsid (LC) protein and the mature VP1, whereas the
ORF3 encodes for the minor capsid protein VP2 necessary to produce
infectious viral particles (Herbert et al., 1996) (S. V. Sosnovtsev, Belliot,
Chang, Onwudiwe and Green, 2005); both VP1 and VP2 are translated
from a subgenomic RNA (sgRNA).

FCV uses the Junctional Adhesion Molecule 1 (f-JAM1) as its
functional receptor (Makino et al., 2006), enters its target cells through

clathrin-mediated endocytosis (Stuart and Brown, 2006) followed by
the release of the genomic RNA into the cytosol where it is immediately
translated to produce the NS proteins, essential for the replication
complexes (RCs) formation (Bailey et al., 2010). RCs are membranous-
derived compartments where the synthesis of both the gRNA and the
sgRNA occurs. Once synthesized, the sgRNA is promptly translated to
produce the structural proteins; therefore, these membranous compo-
nents contain high amounts of viral RNA and proteins, being VP1 the
most abundant viral protein (Green et al., 2002). FCV viral capsid is
composed of 90 dimers of VP1 and a few copies of VP2. Both structural
proteins are assembled concomitantly with the gRNA to form the viral
progeny, which exits the infected cells by apoptosis (Stanislav V.
Sosnovtsev, Prikhod'ko, Belliot, Cohen and Green, 2003) (Barrera-
Vázquez et al., 2019).

Apoptosis is a highly regulated process essential for the establish-
ment of the calicivirus immunopathogenic phenotype, particularly to
facilitate virus dissemination in the host [Reviewed in: (Peñaflor-téllez,
Trujillo-uscanga, Escobar-almazán, & Gutiérrez-escolano, 2019)].
Moreover, recent evidence indicates that apoptosis is a mechanism to
suppress the translation of induced interferon-stimulated genes (ISG) to
impair the host innate immune response to norovirus infection (Emmott
et al., 2017).
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One of the most important cell factors involved in apoptosis in-
duction is the Tumor Protein p53 (p53), a 393 amino acid protein ex-
pressed from the TP53 gene (Saha et al., 2015), also known as the
“guardian of the genome” that functions as a DNA sequence-specific
transcriptional regulator. p53 controls various cellular pathways such
as cell cycle arrest at the G1/S regulation point on DNA damage re-
cognition, differentiation, and senescence by activating DNA repair
proteins when the DNA has sustained damage, and apoptosis when DNA
damage is irreparable [Reviewed in: (Aloni-Grinstein et al., 2018)
(Mishra and Laboratories, 2015)]. One of the most important proteins
activated by p53 is the Cyclin-dependent kinase (CDK) inhibitor1 (p21),
implicated in the progression of the cell cycle, transcription regulation,
and apoptosis (Karimian et al., 2016). p21 is considered as an indicator
of p53 activity (Georgakilas et al., 2017).

p53 exists in an inactive state in normal cells due to its interaction
with its negative regulator, the mouse double-minute-2 homolog
(MDM2) protein (Momand et al., 1992); however, DNA damage pro-
duced by cell stress conditions induces its dissociation and the further
activation of p53 by its accumulation, posttranslational modifications,
and conformational changes [Reviewed in: (Kastenhuber and Lowe,
2017)]. On activation, p53 may induce cell-cycle arrest for DNA repair,
or may induce apoptosis to eliminate the altered cells; however, what
determines p53 to stimulate one pathway or the other is still a matter of
investigation [Reviewed in: (Kastenhuber and Lowe, 2017)]. As p53 is
activated by several and varied stress signals, it is not surprising that
virus-infected cells harbor altered p53 functions to achieve successful
replication and spread throughout the host [Reviewed in: (Sato and
Tsurumi, 2013) (Aloni-Grinstein et al., 2018)].

Viruses modulate p53 functions in different manners: single-
stranded RNA viruses such as the human coronavirus NL63 (HCoV-
NL63) induces its degradation of p53 (Yuan et al., 2015) to ensure viral
growth in infected cells (Ma-Lauer et al., 2016), Zika (ZIKV) and West
Nile (WNV) activate p53 to facilitate their replication (El Ghouzzi et al.,
2016) (Teng et al., 2017) (Yang et al., 2008) while Adenovirus (ADV),
Vaccinia virus (VACV), Tanapox virus (TPV) and Human papilloma-
virus (HPV) all DNA viruses, inhibit p53 activity. Moreover, some other
viruses such as the simian virus 40 (SV40), the Human im-
munodeficiency virus (HIV), and Herpex simplex virus (HSV) activate
and inhibit p53 in a stage-specific manner [Reviewed in: (Aloni-
Grinstein et al., 2018)].

Even though p53 is implicated in the induction of apoptosis and in
many viral infections, its role during calicivirus infection has not been
studied. Here we found that p53 interacts with FCV dsRNA, the pro-
tease-polymerase NS6/7, and VP1 in the RC; moreover, knockdown of
p53 resulted in a significant reduction of the NS viral protein synthesis
and virus production, indicating its role for efficient viral replication.

2. Materials and methods

Cells and virus infection. The Crandell Feline Kidney (CrFK) cells
(Crandell et al., 1973) obtained from the American Type Culture Col-
lection (ATCC) (Rockville, MD) were grown in Eagle's minimal essential
medium with Earle's balanced salt solution and 2 mM L-glutamine that
was modified by the ATCC to contain 1.0 mM sodium pyruvate, 0.1 mM
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 (Santos-Valencia et al., 2019). The FCV Urbana strain was ob-
tained by the reverse genetic system using the pQ14 infectious clone
(Sosnovtsev and Green, 1995). Virus titers were determined by plaque
assay as previously described (Escobar-Herrera et al., 2007).

Western Blot assays. Mock and FCV infected cells with FCV at an
multiplicity of infection (MOI) of 5 were washed with phosphate buffer
saline (PBS), lysed in NP40 lysis buffer (150 mM NaCl; 1% NP40, Tris
pH 8) and boiled for 10 min. Forty μg of total protein cell extracts were
analyzed by SDS-PAGE and transferred to a 0.22 μm nitrocellulose

membranes. The membranes were blocked with 5% skimmed milk in
Tris-buffered saline (500 mM Tris, 50 mM NaCl) in 0.05% Tween (TBS-
T) for 30 min at room temperature (RT) and incubated overnight at 4 °C
with the following antibodies: mouse anti-p53 (Sc-374,087, Santa Cruz
Biotechnology) in a 1:500 dilution in TBS-T-5% skimmed milk; rabbit
anti-P21 (Sc-397, Santa Cruz Biotechnology); rabbit anti-FCV NS6/7
(Kindly donated by Ian Goodfellow) diluted in a 1:10,000 PBS-5%
skimmed milk; and mouse anti-Annexin A2 (AnxA2) used as previously
reported (Santos-Valencia et al., 2019). The membranes were washed
with 0.05% TBS-T and incubated 2 h with the appropriate anti-rabbit-
HRP or anti-mouse-HRP secondary antibodies diluted in 1:10,000 PBS-
5% skimmed milk at RT and developed using chemiluminescence
(PIERCsE). Quantification of protein levels was achieved by measuring
band intensities in the scanned images using ImageJ software (http://
rsb.info.nih.gov/ij) and expressed as relative expression units.

Far Western blot assay. Homo sapiens p53 wild type recombinant
protein was obtained by electroelution from the E. coli BL21 (DE3)
pLysS strain prokaryotic system using the pET15b vector [Human p53
(1–393), Cat. 24,859, Addgene]. Feline calicivirus VP1 Urbana strain
recombinant protein was obtained from the pGEX-VP1 expression
vector (Paredes-Morales et al.; unpublished data). Total protein extracts
from mock-infected and infected cells were transferred to a 0.22 μm
nitrocellulose membrane as previously described, blocked with PBS-5%
skimmed milk for 2 h at RT, incubated with 10 μg of each recombinant
protein for 4 h at RT, and washed three times with PBS for 10 min. The
anti-His (1:5000) and the anti-mouse-HRP antibodies (1:10,000) were
used to detect His-p53 protein. Anti-GST-HRP (1:500) antibody was
used to detect FCV VP1-GST.

Pull-down assay. The FCV Urbana strain VP1 protein was cloned
into the pGex-5X expression vector (FCV-VP1-GST) (Paredes-Morales
et al., unpublished data). The Escherichia coli BL-21 strain was trans-
formed with 1 μg of the FCV VP1-GST expression vector and grown to
OD600 of 0.6, and protein expression was induced by 0.5 mM of
Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 37 °C gently
shaken. The recombinant protein was purified by electroelution for 1 h
at 120 V. Mock-infected CrFK protein cell lysates (600 μg) were in-
cubated with 50 μl of glutathione-agarose beads for 2 h at 4°Cwith
gentle shaking. The mixture was centrifuged at 14,000 rpm for 5 min at
4 °C, and the supernatant was recovered, mixed with 50 μl of glu-
tathione-agarose beads and 10 μg of the recombinant VP1-GST protein
and incubated 2 h at 4°Cwith gentle shaking. The mixture was cen-
trifuged at 14,000 rpm at 4 °C, and the beads were washed three times
with cold PBS and eluted with 20 mM reduced glutathione-50 mM Tris-
HCl (pH 8), and centrifuged at 14,000 rpm at
4°CTheelutedproductswereanalyzedbywesternblotting using the corre-
sponding antibodies. Forty μg of GST protein (corresponding to an
equimolar amount of VP1-GST protein) was used as a negative control.

Overlay assays. To determine the direct interaction between p53
and VP1, 5 μg of VP1-GST or GST were subjected by SDS-PAGE and
transferred to a nitrocellulose membrane. The membrane was blocked
as was mentioned before and incubated with 10 μg of p53-His in PBS-
5% skimmed milk for 2 h at RT. After three washes with PBS, the anti-
His antibody was incubated (ON) at 4 °C in gentle shaking. The sec-
ondary anti-mouse antibody was diluted (1:10,000) in PBS-5% milk.
The interaction was analyzed by chemiluminescence.

siRNA–mediated knockdown of p53. For the siRNA-mediated
knockdown of p53 expression, transfections were carried out as pre-
viously described (Cancio-Lonches et al., 2011). Briefly, CrFK cells were
plated in a 24-well plate to reach 80% confluence. After 24 h, 200 nM of
the non-targeting-siRNA (QIAGEN) or p53-siRNAs (QIAGEN) and 2.5 μl
lipofectamine were mixed separately with 100 μl Opti-MEM, respec-
tively for 10 min at RT. The two mixtures were combined, incubated at
RT for 10 min, and then diluted in 100 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 200 μl growth medium
and additional incubation for 24 h. After transfection, cells were
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Fig. 1. p53 expression during FCV infec-
tion. A) Total protein extracts from mock-
infected (−) or FCV infected (+) CrFK cells
at an MOI of 5, were obtained at 0, 1, 3, 5,
7, 9, and 11 h and subjected to SDS-PAGE.
Protein expression was analyzed by western
blotting using specific antibodies. NS6/7
indicates virus infection; AnxA2 was used as
the loading control. B) p53, and C) p21
band intensities of scanned images were
quantified using ImageJ software and ex-
pressed as relative expression. Standard
deviations were obtained from at least 3
independent assays. Values of p ≤ 0.05 (*)
and ≤0.0001 (**), calculated by two-way
ANOVA using GraphPad Prism 8.00 soft-
ware, are indicated.
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Fig. 2. p53 interacts with FCV VP1 in in vitro assays and during FCV infection. A) Monolayers of mock-infected or FCV CrFK cells were infected at an MOI of 5
for 7 h, and immunostained with an anti-p53 (red), and anti-VP1 (green) antibodies, followed by Alexa Fluor 594 (red) and Alexa Fluor 488 (green) respectively. DAPI
was used for nuclear (blue) staining. The cells were examined in a Zeiss LSM 700 confocal microscope. Images correspond to a z-stack of 15 slices and are
representative of three independent experiments. Merged and zoom images are indicated. Colocalization rates of p53 and VP1 at 7hpi (0.65 ± 0.11) were calculated
by Pearson's coefficient correlation using the Icy software (http://icy.bioimageanalysis.org). B) Recombinant FCV VP1-GST or GST proteins coupled to glutathione-
agarose beads were incubated with total mock-infected protein extracts. After several washes, the eluted proteins were analyzed for the presence of p53 by western
blotting using anti-p53 and anti-GST antibodies. C) Proximity ligation assay (PLA-Duolink) between VP1 and p53 in FCV infected cells at 7 h. PLA signals (red)
represent dual-recognition against p53 and VP1. DAPI was used for nuclear (blue) staining. The cells were examined in a Zeiss LSM 700 confocal microscope.
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infected with FCV at an multiplicity of infection (MOI) of 5, and at 5
and 7 hpi were lysed with Laemmli 1X buffer. The levels of the p53,
viral protease-polymerase NS6/7, and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) or annexin A2 (AnxA2) proteins were de-
termined by Western blotting.

Cell viability and proliferation assays. Cells were seeded in 96-
well plates and were untreated, mock-transfected or transfected with
200 nM of the non-targeting-siRNA or 100 and 200 nM of the p53-
siRNA for 24 h. The viability of the cells was measured with the Cell
Titer 96 AQueous nonradioactive cell proliferation assay according to
the manufacturer's instructions (MTS assay, G3580, Promega). The vi-
able cells were normalized in relation to the control cells. Cell pro-
liferation was measured by counting the number of cells after 24 h of
transfection with both siRNAs. We selected the cells with fibroblast
phenotype with a Nikon Eclipse Ti–U microscope; the number of cells
was obtained with the NIS-Elements AR analysis software, and com-
pared in three different fields under both transfection conditions.

Immunofluorescence assays. CrFK cells were plated on glass
coverslips and infected or not with FCV at an MOI of 5 at the indicated
times. After infection, the cells were treated with cytoskeleton buffer
(MES 10 mM; NaCl 50 mM; EGTA 0.5 M; MgCl2 1 M; Glucose 5 mM; pH
6.1) for 5 min. Monolayers were fixed with a 0.03 gr/ml PBS-paraf-
ormaldehyde (PFA) solution for 20 min at RT, washed three times with
PBS for 5 min, permeabilized in a 0.002% PFA-Triton X 100 solution for
20 min at RT, and washed three times with PBS. The cells were blocked
with 0.5% porcine skin gelatin (Sigma) in PBS for 40 min at RT, washed
three times with PBS and incubated at 4ᵒC with the corresponding
antibody: rabbit anti-p53 (Sc-6243, Santa Cruz Biotechnology) (1:300);
mouse anti-FCV VP1 (Sc-80785, Santa Cruz Biotechnology) (1:500).
Both antibodies were diluted in PBS and incubated overnight at 4ᵒC.
Samples were washed three times with PBS for 5 min and incubated
with the corresponding secondary antibodies: donkey anti-rabbit Alexa
488 and anti-mouse Alexa 594 (Invitrogen), (1:500), and incubated
1 h at RT. After three washes with PBS-1X, samples were incubated with
1 mg/ml of 4′6′-diamidino-2-phenylindole (DAPI) for 3 min. Samples
were washed 3 times with PBS, mounted with 90% glycerol-PBS, and
analyzed using a Zeiss LSM-700 confocal microscope.

Proximity ligation assay. Interactions between the p53 protein
with FCV dsRNA, VP1, or NS6/7 proteins were detected by a Duo link
In Situ-Fluorescence Kit (Sigma-Aldrich) in FCV-infected cells (MOI of
5) following the manufacturer instructions. Briefly, after the indicated
hpi, cells were fixed and permeabilized in 0.5% Triton X100 for 20 min.
After preincubation with a blocking agent for 1 h at RT, samples were
incubated overnight with the following primary antibodies: rabbit anti-
p53 (GTX50438; Gene Tex) and anti NS6/7 (kindly donated by I
Goodfellow), and mouse anti-FCV VP1 in a 1:300 dilution, and anti-
dsRNA MAB J2 anti-dsRNA (kindly donated by RM del Ángel) in a 1:200
dilution (Soto-Acosta, Bautista-Carbajal, Cervantes-Salazar, Angel-
Ambrocio, & del Angel, 2017). Mock-infected cells incubated with both
primary antibodies or FCV-infected cells incubated only with the anti-
VP1 or the anti-p53 antibodies were included as negative controls.

In silico analysis of the protein-protein interactions. The se-
quence of the Felis catus p53 and MDM2, as well as the GST proteins,
were obtained from GeneBank (National Center of Biotechnology
Information) sequence accession numbers: (BAA05653.1
NP_001009346.1; and XP_003994894.4) and their three-dimensional
(3D) structure was predicted with the RaptorX software (http://raptorx.
uchicago.edu/StructPredV2/predict/). The 3D crystal structure of FCV
VP1 (PDB entry 3M8L) was taken from the protein data bank (PDB).
Molecular docking simulations were predicted using the ClusPro pro-
tein-protein docking experiments server (https://cluspro.bu.edu/). The
energies of the models obtained were compared with the predictions of
interactions reported before as p53 with MDM2 (as positive control)
and p53 with GST (negative control). All the binding energies were
obtained by hydrophobic interaction models. Dockings were performed
with the balance free-energy function, and the values were statistically

analyzed and compared. The structures were represented using PyMOL
software (PyMOL Molecular Graphics System, version 2.0; Schrödinger,
LLC).

Statistical analysis. Statistical analyses were performed using the
GraphPad Prism 8.4.0 software (CA, USA). Two-way analysis of var-
iance (ANOVA) was used. Error bars represent the standard deviation
from at least three independent experiments.

3. Results

p53 levels and subcellular localization does not change during
FCV infection. It is widely known that viruses can modulate p53
steady-state by changing its expression, activity, localization, and by
translational modifications [Reviewed in (Sato and Tsurumi, 2013)
(Aloni-Grinstein et al., 2018)]. To determine if the levels or the sub-
cellular localization of p53 were modified during FCV infection, the
expression of p53 in mock-infected and infected CrFK cells were de-
termined by western blotting and immunofluorescence assays (Figs. 1
and 2). Total protein extracts from mock-infected and infected cells at
0, 1, 3, 5, 7, 9, and 11 h were submitted to SDS-PAGE, and p53 relative
expression was determined by western blotting. Similar levels of p53
were observed in both mock-infected and infected cells in all hpi ana-
lyzed (Fig. A1 and B1). However, the levels of p21, a gene downstream
of p53, were found downregulated from 7 and up to 11 hpi, suggesting
a modified transcriptional activity of p53 at late hpi (Fig A1 and C1).

The finding that p53 levels were similar during infection correlates
with the immunofluorescence assays results where the fluorescence
intensity of p53 was similar in both mock-infected and infected cells
and in all the conditions tested (3, 5, and 7 hpi) (Fig. 2). Likewise, the
localization of p53 was observed mainly in the cytoplasm in both mock-
infected and infected cells (Fig. 2). In contrast, increasing amounts of
NS6/7 and VP1 protein were observed from 3 hpi in both western
blotting (Fig. 1A) and immunofluorescence assays (Supplementary Fig.,
and 1 Fig. 2A), indicating the progression of the infection (Figs. 1A and
2). One interesting finding was that Pearson correlation coefficient
(PCC) between p53 and VP1 increases as the infection progresses, with
values of 0.32 ± 0.19, 0.55 ± 0.19 at 3 and 5 hpi (Supplementary
Fig. 1) and 0.65 ± 0.11 at 7hpi (Fig. 2A), suggesting that these two
proteins may associate as the infection progresses.

p53 interacts with VP1 in vitro and in FCV infected cells. The
colocalization results suggest that p53 and VP1 interact in FCV infected
cells. To test this possibility, a glutathione-agarose pull-down assay was
carried out using a FCV VP1-GST fusion protein. Purified recombinant
FCV VP1-GST was bound to glutathione-agarose resin and incubated
with CrFK mock-infected cell lysates and the interacting proteins ana-
lyzed by western blotting (Fig. 2B). Glutathione-agarose-VP1-GST but
not glutathione-agarose GST was able to precipitate p53 present in cell
lysates (Fig. 2B, left panel), strongly suggesting that both proteins in-
teract. In agreement with these results, far-western blotting carried out
using mock-infected, and FCV infected cells and the p53-His re-
combinant protein, resulted in the detection of several bands from 130
to 34 kDa in the infected cell extracts; two of them of 60 and 75 kDa,
corresponding to the molecular weight of the mature FCV VP1 and its
precursor respectively (Supplementary Fig. 2A). Similarly, when the
assay was performed in the presence of the VP1-GST recombinant
protein, several bands from 100 to 42 kDa were detected in both mock-
infected and infected cell lysates; among them two bands of 53 and
42 kDa that correspond to the molecular weights of p53 and the FCV
functional receptor fJAM-1 (Makino et al., 2006) respectively
(Supplementary Fig. 2B).

To confirm the interaction between VP1 and p53 in infected cells, a
proximity ligation assay (PLA) analysis was performed in FCV infected
CrFK cells. The PLA allows the detection of protein-protein interactions
while preserving the cell architecture, and the generated signal can be
quantified. A positive signal (red dots) in the cytoplasm was detected in
FCV infected cells at 5 (Supplementary Figs. 3) and 7 hpi (Fig. 2C)
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incubated with both anti-VP1 and anti-p53 antibodies, confirming that
VP1 interacts with p53 in infected cells. No signal was detected in
mock-infected cells incubated with both primary antibodies (Fig. 2C) or
in infected cells incubated only with the anti-VP1 antibody
(Supplementary Fig. 3A), demonstrating the specificity of the signal.

Modeling of molecular interactions between FCV VP1 and p53.
The molecular interaction between FCV VP1 and p53 was also pre-
dicted by in silico analysis. A p53 constructed three-dimensional model
was obtained using the RaptorX server (http://raptorx.uchicago.edu)
(10.1093/bioinformatics/btt211), and a molecular docking predicted
between p53 and VP1 using the ClusPro protein-protein docking
(cluspro.org) was performed. A similar energy binding ΔG° (cal/mol)
average calculated for VP1-p53 (ΔG° = -1802) interaction and p53-
MDM2 (ΔG° = -1806), a well known interaction used as a positive
control was obtained (Momand et al., 1992) (Chen et al., 1993), in
contrast to the low energy binding of p53-GST (ΔG° = -1256) used as a
negative control (Fig. 3), supporting the notion that p53 interacts with
FCV VP1. Moreover, the in vitro interaction of VP1 and p53 was de-
termined by an overlay assay. VP1-GST, GST, and p53-His (5 μg) were
subjected to SDS-PAGE and transferred to a nitrocellulose membrane,
and incubated with the recombinant p53-His followed by the anti-His
antibody (Supplementary Fig. 4). A band of 95 kDa, corresponding to
the molecular weight of VP1-GST, was observed (line 1), suggesting the

interaction between these two proteins. The negative and positive
controls are shown (Supplementary Fig. 4, lines 2, and 3).

p53 is recruited to the replicative complexes and interacts with
the FCV dsRNA and the NS6/7 protease-polymerase protein. The
replicative complexes (RC) are the membranous structures where the
genomic and subgenomic viral RNA replication occur, and it is well
known that the dsRNA and VP1 are two of the most abundant viral
components in these perinuclear structures (Green et al., 2002). Since
we have seen that much of the colocalization between p53 and VP1 is
observed in the perinuclear area, we speculate if p53 could be recruited
to the RC. Therefore, the colocalization of p53 and the viral dsRNA was
determined by immunofluorescence assays using the anti-p53 (red) and
anti-dsRNA (green) antibodies (Fig. 4). While the p53 signal was ob-
served mainly in the cytoplasm of both mock-infected and infected cells
at 3, 5, and 7 h, the dsRNA signal was only observed in the perinuclear
area from the infected cells at 5 and 7hpi (Supplementary Fig. 5 and
Fig. 4A). A colocalization between p53 and the dsRNA was observed in
the perinuclear area, with a PCC 0.2 ± 0.03 and 0.50 ± 0.09 at 3 and
5 hpi respectively (Supplementary Fig. 5) and 0.59 ± 0.11 at 7 hpi
(Fig. 4A), indicating that as the infection progresses p53 is recruited to
the FCV RC and associates with the dsRNA.

To confirm the direct interaction between p53 and the dsRNA, a
PLA analysis was performed in FCV infected CrFK cells. A positive

Fig. 3. In silico prediction of the interaction of FCV VP1 and p53. A) Interaction of p53 with MDM2 used as a positive control; p53 with GST as negative control;
and P53 with FCV VP1 interaction. The Felis catus p53 model (green) was obtained from the RaptorX server. The p53 N-terminal region is indicated in yellow. B)
Protein-protein binding energy (ΔG°) for each prediction was plotted, and values were estimated by ClusPro server (https://cluspro.bu.edu/home.php). Standard
deviations were obtained from at least 3 independent assays. Values of p ≤ 0.0001 (****), calculated by one-way ANOVA using GraphPad Prism 8.00 software, are
indicated.
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Fig. 4. p53 interact with the dsRNA and the NS6/7 protein during FCV infection. A) Monolayers of mock-infected or FCV CrFK cells were infected at an MOI of
5 at 7 h, and immunostained with an anti-p53 (red), and anti-dsRNA (green) antibodies, followed by Alexa Fluor 594 (red) and Alexa Fluor 488 (green) respectively.
DAPI was used for nuclear (blue) staining. The cells were examined in a Zeiss LSM 700 confocal microscope. Images correspond to a z-stack of 15 slices and are
representative of three independent experiments. Merged and zoom images are indicated. Colocalization rates of p53 and dsRNA at 7hpi (0.59 ± 0.11) were
calculated by Pearson's coefficient correlation using the Icy software (http://icy.bioimageanalysis.org). B) Proximity ligation assay (PLA-Duolink) between the
dsRNA and p53 and NS6/7 and p53 in FCV infected cells at 7 h. PLA signals (red) represent dual-recognition PLA against p53 and VP1. DAPI was used for nuclear
(blue) staining. The cells were examined in a Zeiss LSM 700 confocal microscope.
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signal (red dots) in the cytoplasm was detected in FCV infected cells at 7
hpi stained with both anti-p53 and anti-dsRNA antibodies, strongly
suggesting that p53 interacts with the dsRNA in the FCV RC at this time
post-infection (Fig. 4B). Moreover, the interaction of p53 with other
components of the RC, the NS6/7 protein was also detected (Fig. 4B),
confirming that p53 is recruited in the RC. No signal was detected in
mock-infected cells incubated with both primary antibodies or in in-
fected cells incubated with the anti-p53 antibody alone, demonstrating
the specificity of the signal (Fig. 4B and Supplementary Fig. 6).

The reduction of p53 expression resulted in a delay of the

cytopathic effect, and a reduction in the viral protein production
and FCV replication. To evaluate if p53 plays a role on FCV replica-
tion, CrFK cell monolayers were transfected with NT-siRNA or p53-
siRNA for 24 h and infected with FCV at an MOI of 5. After 5 and 7 h,
the cytopathic effect (CPE), the levels of viral protein and virus progeny
production were analyzed (Fig. 5). A delay in the CPE of cells trans-
fected with the p53-siRNA at 5 and more evident at 7hpi, was observed
when compared to the CPE from the non-targeting-siRNA treated in-
fected cells (Fig. 5B). This observation correlates with a 95 and 91%
reduction in the NS6/7 viral protein levels at 5 and 7 hpi compared to

Fig. 5. p53 is implicated in an efficient FCV replication. CrFK cells were transfected with a non-targeting (NT)-siRNA or a siRNAs specific for p53 (p53-siRNA) for
24 h, and mock-infected or infected with FCV at an MOI 5 for 5 and 7 h. A) The CPE was evaluated by light microscopy. Total protein extracts were obtained at B) 5
and C) 7 hpi and subjected to SDS-PAGE. Protein expression was analyzed by western blotting using specific antibodies. NS6/7 indicates virus infection; GAPDH and
AnxA2 were used as the loading controls. D) p53 and E) NS6/7 band intensities of scanned images were quantified using ImageJ software and expressed as relative
expression. Standard deviations were obtained from at least 3 independent assays. Values of p ≤ 0.05 (**) and p ≤ 0.0001 (***), calculated by two-way ANOVA
using GraphPad Prism 8.00 software are indicated. F) Virus particles were obtained at 5 and 7 hpi and assessed by plaque assay. Standard deviations were obtained
from at least 3 independent assays. Values of p ≤ 0.05 (*), calculated by t-test using GraphPad Prism 8.00 software are indicated.
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the levels of NS6/7 in cells transfected with the non-targeting siRNA
(Fig. 5C–E). This reduction in viral protein observed in the p53 siRNA-
transfected cells was not the consequence of a reduction of cell viability
or cell proliferation (Supplementary Figs. 7A and 7B) or any gross ef-
fects on the host protein synthesis since the levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or AnxA2 were unaffected (Fig. 5C
and D). A 60% decrease in p53 levels in transfected CrFK cells with
specific siRNAs in comparison to the levels from cells transfected with
the non-targeting (NT) siRNA was obtained by band quantification
using the ImageJ software (Fig. 5A).

Due to the reduction of viral proteins as a result of p53 knockdown,
virus production was evaluated by plaque assays. p53 knockdown re-
sulted in a 90.2 and 95% reduction in the FCV progeny production at 5
and 7hpi, respectively (Fig. 5F), indicating that p53 is required for FCV
replication.

4. Discussion

p53 is a tumor suppressor that can be accumulated and activated by
varied stress signals; once activated, this protein regulates cellular
pathways that define the cell fate, such as cell cycle arrest, cell differ-
entiation, cell senescence, and apoptosis cell death [Reviewed in:
(Aloni-Grinstein et al., 2018)]. The main function of p53 is to preserve
the homeostasis by direct or indirect activation or repression of a large
set of genes [Reviewed in: (Grossi et al., 2016)]. One of the most im-
portant proteins activated by p53, is the CDK inhibitor p21 that reg-
ulates cell pathways involved in the cell cycle arrest and apoptosis
(Karimian et al., 2016); therefore, its expression is an indicator of the
p53 transcription activity (Georgakilas et al., 2017). Notwithstanding,
p53 can also control other pathways such as autophagy, metabolism,
cell pluripotency, and plasticity, and facilitates an iron-dependent form
of cell death known as ferroptosis (Kastenhuber and Lowe, 2017). To
regulate its steady-state, p53 is labeled by the MDM2 ubiquitin ligase
for its proteasomal ubiquitin-dependent pathway degradation in un-
stressed cells, where p53 levels are to low to be detected (Levine and
Oren, 2009). Upon cell stress as DNA damage, p53 is phosphorylated
and evade the proteasomal degradation; then it is stabilized and acti-
vated as a transcription factor, leading to cell cycle arrest or apoptosis
induction by p53-mediated gene expression cascades. Therefore, the
cell pathways linked to p53 dynamics are mediated by its expression
levels and its post-translational modifications [Reviewed in: (Sato and
Tsurumi, 2013).

Upon viral infections, the p53 steady-state can be modified as a
result of cell stress and favors an efficient replicative cycle. As widely
reported, some viruses can activate p53; some others induce its in-
hibition and/or degradation, and some more can modulate both its
activation and degradation at specific stages of the infection [Reviewed
in: (Aloni-Grinstein et al., 2018)]. Even though it is well known that all
the members of the Caliciviridae family induce apoptosis, the role of p53
in this pathway or in other stages of viral replication has not been
studied; therefore, the aim of this work was to determine if p53 host cell
protein has a role in the replicative cycle of FCV, one of the best models
to study the replication of this family.

During FCV infection, p53 expression levels remained unchanged,
and its subcellular localization was mostly in the cytoplasm in both
mock-infected and infected cells. However, its transcription activity
was modified during infection; as the relative expression of the cyclin-
dependent kinase inhibitor p21 one of the targets of p53 activity was
reduced from 7 and up to 11 hpi with FCV. This result correlates with
the fact that inhibition of apoptosis is a function of p21 [Reviewed in:
(Gartel and Tyner, 2002)].

The colocalization between p53 and the FCV VP1 observed form
3hpi, and that increased at later times post-infection was observed,
suggest that both proteins interact from the early stages of infection. To
this regard, during Influenza A virus (IAV) infection, p53 is activated in
a biphasic pattern: in the early stages and later, at the middle-late phase

of infection, during the apoptotic onset (Shen et al., 2009) (Turpin
et al., 2005) (Xue Wang et al., 2014). While IAV protein NS1 a non-
essential virulence factor, interacts with p53 inhibiting its transcrip-
tional activity and apoptosis (Xiaodu Wang et al., 2010b); the IAV
nucleoprotein (NP), with multiple roles such as the viral RNA tran-
scription, replication, and packaging (Portela and Digard, 2002), in-
teracts with p53, increasing its transcriptional activity (Xiaodu Wang
et al., 2012), and modulating the immune response (B. Wang et al.,
2018).

Therefore, we first wanted to determine if p53 interacted with FCV
VP1. The in vitro association of both p53 and VP1 was suggested by
molecular docking in silico analysis as well as by far-western blotting
and further corroborated by pull-down and overlay assays. Moreover,
the interaction between p53 and VP1 was confirmed in infected cells by
PLA assays.

Regulation of p53 is also the result of the interaction of viral capsid
proteins with MDM2, its main regulatory protein. The C-terminus of the
of the ZIKV capsid protein interacts with MDM2, activating the death of
infected neural cells (Teng et al., 2017); while the capsid protein of the
WNV interacts with the human double minute-2 (HDM2), which is se-
questered into the nucleolus with the resulting stabilization of p53 and
apoptosis induction (Yang et al., 2008). If MDM2 homolog in CrFK cells
interacts with any FCV protein or if it is modified during infection re-
mains to be determined.

Taking into account that VP1 is the most abundant protein in the
RCs (Green et al., 2002), it was likely that p53 was recruited in these
membranous structures. The colocalization of p53 with the dsRNA in
the perinuclear region showed by immunofluorescence assays, and the
interaction of both molecules demonstrated by PLA assays strongly
suggests that p53 is present in the RCs; therefore, the association be-
tween VP1 and p53 could be taking place in these cellular compart-
ments. Furthermore, the association of p53 with the protease-poly-
merase NS6/7 protein by PLA corroborates the presence of p53 in the
RCs.

Considering that p53 is associated with three FCV components, we
hypothesized that it might have a role for efficient viral replication. The
role of p53 in the FCV replication was demonstrated by knocking down
its expression with specific p53-siRNAs. Even though p53 is an abun-
dant protein, the cells treated with the specific p53-siRNAs showed at
least a 60% reduction of these protein levels, which caused a delay in
the cytopathic effect of the FCV-infected cells, when compared to the
infected cells treated with the non-targeting siRNA. This delay in the
cytopathic effect correlates with a strong reduction of the NS6/7 viral
protein expression at 5 and 7hpi and a 1log reduction in the viral
progeny production, indicating that p53 participates for an efficient
FCV replication, a role that is for the first time reported for a member of
the Caliciviridae family.

Taken into account that p53 is recruited in the RC, where replica-
tion of both gRNA and sgRNAs, as well as VP1 translation, occur and
that p53 is associated with VP1, NS6/7, and with the dsRNA, it could be
possible that p53 participates in these viral processes. On the one hand,
RNA-linked p53 has been reported to be a major biological active form
of p53 (Samad and Carroll, 1991). p53 in the cytoplasm exerts high
levels of 3′ to 5′ exoribonuclease activity on ss-DNA, ds-DNA, ss-RNA,
ds-RNA, and RNA/DNA substrates (Derech-haim, Friedman, Hizi and
Bakhanashvili, 2020) (Grinberg et al., 2010). Some RNA viruses such as
coronaviruses, toroviruses, and roniviruses encode for 3’ to 5′exoribo-
nucleases that are critically involved in the synthesis of multiple RNAs
from its large genomic RNA templates and performs a proofreading
function required for high-fidelity replication (Minskaia et al., 2006).
Moreover, the human immunodeficiency virus (HIV)-1, which has a
small RNA genome, the cytoplasmic p53 increases the accuracy of DNA
synthesis by the reverse transcriptase (RT) (Bakhanashvili et al., 2004).
Thus, it is possible that p53 may play a role for an efficient FCV RNA
replication. On the other hand, the low levels of NS proteins when p53
was knocked down could be the result of an inefficient translation or
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reduced levels of the gRNA. In this regard, since VP1 is also present in
the RC and associated with p53, and the RdRp NS6/7 is associated with
p53, it is possible that p53 through its interaction with VP1 contributes
to the RdRp activity, as during norovirus replication (Subba-Reddy
et al., 2011). Interestingly, p53 can direct either the complete de-
gradation of and decrease in the level of cellular dsRNA, or incomplete
dsRNA degradation that results in the generation of short dsRNA pro-
ducts (Grinberg et al., 2010). It would be interesting to determine if p53
could participate in the generation of the FCV gRNA or sgRNA. p53 can
be extensively posttranslationally modified in response to various types
of cellular stress that are implicated in the regulation of its levels, as
well as its DNA binding and transcriptional activities. Since modifica-
tions in p53 are implicated in the induction or repression of a variety of
its target genes, it is possible that this protein can have other functions
during infection.

Here we have shown that p53 is associated with FCV elements
present in the RC, such as the dsRNA; however, the specific role of this
interaction is not yet known. p53 acts as a transcription factor by
binding to some response elements (p53RE) within the genomic DNA
(B. Wang, et al., 2010). Moreover, p53 also interacts with the genomes
of double-stranded DNA viruses. p53 binds to a consensus p53 binding
sequence within the non-coding region of the Human papillomavirus 77
(HPV77) genome and activates its activity in response to UV radiation
(Purdie et al., 1999). More recently, two novel functional p53 re-
sponsive elements (RE) have been identified in the HSV-1 genome,
modulating the expression of viral proteins that may determine the
progression of the lytic phase or the establishment of latency (Hsieh
et al., 2014). Hepatitis B virus (HBV) transcription and replication are
repressed by p53 sequence-specific binding to an enhancer element
within its genome. This transcriptional effect of p53, when bound to
this viral DNA region, can be modulated by adjacent enhancer elements
as well as with interactions with other DNA-proteins (Ori et al., 1998).
p53 can also bind to the long terminal repeat of the HIV-1 that mediates
mutant p53 transactivation (Gualberto et al., 1995). An interesting
finding was that different conformations of p53 recognize different
DNA binding sites and mediate distinct biological functions.

Although p53 has been typically considered a sequence-specific
DNA-binding transcription factor, its interaction with different cellular
RNAs has been described in a variety of contexts [Reviewed in: (Riley
and Maher, 2007)]. p53 binds to the 5′-UTR of its own mRNA (Mosner
et al., 1995); to the 5.8s ribosomal RNA (rRNA), and to the CDK4 and
the fibroblast growth factor 2 (FGF-2) mRNA [Reviewed in: (Riley and
Maher, 2007)]. Although p53-RNA interactions are mediated by its
nucleic-acid-binding domain responsible for DNA recognition, they are
most probably sequence nonspecific [Reviewed in: (Riley and Maher,
2007)]. However, no reports regarding the interaction of p53 with a
viral RNA have been previously described. Here we found that p53
interacts with three components of the FCV RC: VP1, NS6/7, and the
dsRNA. The knockdown of p53 caused a significant reduction of viral
protein synthesis and virus yield, indicating its role for an efficient viral
replication. Future studies will provide further insights into the specific
mechanism of action of p53 in FCV replication.
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