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A B S T R A C T

The study evaluated the effects of nucleoprotein viral and the infectious virus in SHK-1 cells. The results show a
strong respiratory burst activation and the induction of p47phox, SOD, GLURED, and apoptotic genes.
Additionally, the cells alter the profile of SUMOylated proteins by the effect of transfection and infection ex-
periments. In silico analyses show a set of structural motifs in NP susceptible of post-translational modification
by the SUMO protein. Interestingly, the inhibition of the NADPH oxidase complex blocked the production of
reactive oxygen species and the high level of cellular ROS due to the nucleoprotein and the ISAv. At the same
time, the blocking of the p38MAPK signaling pathway and the use of Aristotelia chilensis, decreased viral
progeny production. These results suggest that the NP triggers a strong production of ROS and modifying the
post-translational profile mediated by SUMO-2/3, a phenomenon that favors the production of new virions.

1. Introduction

The infectious salmon anemia (ISA) virus causes high economic
losses in the salmon industry in Chile and also the rest of the world
(Kibenge et al., 2006). ISAv has tropism for Atlantic salmon (Salmo
salar), however, it can be detected in other fish, a phenomenon that
explains the tenacity of this pathogen in the salmon industry. The virus
replicates with a cytopathic effect (CPE) particularly by apoptosis ac-
tivation (Bouchard et al., 1999; Kibenge et al., 2000; Olavarria et al.,
2015a). However, there is currently no information available on the
cellular aspects behind the activation of apoptosis in cells of infected
fish and that are not necessarily involved in apoptosis. Paradoxically,
under conditions of cell death, there is a strong increase in the viral
progeny. Although this is a common phenomenon in viral infections,
the question remains: what induces cell death? And how does the cell
death favors the formation of new infectious virions?

Recently, we found a set of biochemical processes that favor cell
damage and/or death as a consequence of viral infection by ISAv, in-
cluding powerful oxidative stress, which as a whole could begin to
answer the first question. (Olavarría et al., 2015b). In this regard, we
confirmed that ISAv is able to activate the NADPH oxidase complex,
and particularly the p47phox subunit, through the p38 MAPK protein in

salmonids, a phenomenon that finally leads to cell death as a result of
substantial oxidative imbalance (Olavarría et al., 2015a; Olavarría
et al., 2015b). Additionally, a set of experiments demonstrated that
ISAv infection strongly decreases the expression of transcripts involved
in the synthesis of enzymes able to detoxify oxygen radicals in infected
cells, limiting the antioxidant capacity of the infected cell and favoring
the apoptosis (Schiøtz et al., 2008). Although the alteration of cellular
redox equilibrium irreversibly results in the death of the cell, a set of
biochemical processes that precede this consequence have not been
analyzed in the ISAv model, and apparently could be beneficial for the
formation of new virions.

During oxidative stress, different changes occur in many biological
processes, one of them being the SUMOylation of proteins.
Interestingly, previous studies have consistently demonstrated that
SUMOylation regulates oxidative intracellular stress (Chen et al., 2013;
Dangoumau et al., 2013). In fact, variations in oxidative stress can in-
crease the global profile of proteins associated with post-translational
modification like SUMO (Manza et al., 2004). For example, modifica-
tion of SUMO/deSUMOylation balance toward deSUMOylation could
be triggered by the cell to re-equilibrate its oxidative homeostasis.

From a molecular point view, post-translational attachment of
SUMO (small ubiquitin-like modifier) to the lysine residue(s) of a target
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protein (defined as sumoylation) is a conserved regulatory mechanism
(Yang et al., 2013). Firstly, SUMO needs to be hydrolyzed by a SENP
(SUMO-specific protease) to expose its C-terminal diglycine motif, a
prerequisite for its covalent conjugation. Then, the general process in-
volves a SUMO-activating enzyme (E1, Uba2/Aos1), a single SUMO-
conjugating enzyme (E2, Ubc9), and a SUMO-E3 ligase (such as the
PIAS family or RanBP2) (Yeh, 2009). Recent studies revealed that SU-
MOylation regulates cell viability through repressing intracellular ROS
generation (Shrivastava et al., 2010). In this context, it has been de-
scribed that oxidative stress induces a rapid deSUMOylation of several
transcription factors including AP-1, c-Fos, and c-Jun among others,
causing stimulation of their activity like transcription factors (Bossis
et al., 2005; Muller et al., 2000). On the other hand, this set of post-
translational modifications is key to the fate of various viral and cellular
components in a cellular scenario with strong oxidative activity
(Meulmeester and Melchior, 2008). Indeed, during the course of bio-
synthesis of viral components, various structures of the virus trigger
very specific processes within the cell. For example, HCV nucleocapsid
protein induces reactive oxygen species (ROS) production in tissue
cultures and animal models (Korenaga et al., 2005). However the me-
chanism(s) by which the core protein induces ROS production are lar-
gely unknown, aspect also unidentified in our model of infection by the
ISA virus. Tax is another interesting example in which a single viral
protein is capable of strongly inducing the production of ROS in the
transfected cell (Takahashi et al., 2013) and interestingly, in this cel-
lular context, an efficient formation and maturation of new virions are
achieved. On the contrary, the use of blocking molecules of ROS pro-
duction, like a 2,4-dichlorophenoxyacetic acid (2,4-D), inhibit virus
replication in the early stage of influenza virus infection without direct
interaction with virus particles. This result is basically achieved
through the inhibition of several cellular processes, specifically acidic
vesicular formation but mainly the reactive oxygen species production
(Enkhtaivan et al., 2017). Therefore, in the context of viral infection,
the increase in ROS is related to two opposite processes: the death of the
infected cell and formation of a new virus. Therefore, a diametrically
opposite result could be obtained by evaluating the use of molecules or
compounds with antioxidant activity.

The maqui (Aristotelia chilensis) is a native Chilean shrub with anti-
inflammatory effects, analgesic properties, antimicrobial activity, and
powerful properties against oxidative damage (He et al., 1997;
Miranda-Rottmann et al., 2002; Céspedes et al., 2010). Anthocyanins
represent water-soluble flavonoid species, and specifically, the delphi-
nidins represent the most potent antioxidant species, with maqui berry
being the richest known natural source of this compound (Watson and
Schönlau, 2015).

Therefore, the purpose of this study was to evaluate the effect of ISA
virus nucleoprotein on the level of ROS production and post-transla-
tional modifications in the cell transfected. Changes in the profile ex-
pression of SUMOylation, and molecular markers involved in oxidative
stress and apoptosis cellular were established through RT-qPCR and
Western blot. Additionally, the oxidative stress detection, allowed us to
quantify the level of cellular ROS and its relationship with viral pro-
duction of ISAv in presence of pharmacological inhibitors of the
NADPH oxidase complex, p38MAPK and the co-incubation with maqui
berry.

2. Materials and methods

2.1. Cell lines and treatments

Monolayer cultures of Atlantic salmon head kidney (SHK-1) were
grown in tightly sealed cell-culture flasks (175 cm2; Sarstedt Inc.,
Germany) at 16–18 °C and in 20ml of E-MEM or L-15 (Gibco, USA)
supplemented with 2mm L-glutamine, 0.1 mm non-essential amino
acids, 10mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH
7.0), 1 mg sodium bicarbonate ml−1, 20 µg gentamicin ml−1 (Gibco),

and 10% fetal bovine serum (Hyclone, GE Healthcare Life Sciences,
USA). The applied kinetic transfection considered 8, 16, and 24 h.
Parallel experiments included co-stimulation with 100 μM of H2O2

(Merck). In some experiments, cells were pretreated for 1 h with 10 μM
of SB203580 (p38 MAPK inhibitor), 10 μM of apocynin (NADPH oxi-
dase inhibitor) (all from Sigma-Aldrich) (Olavarría et al., 2010a;
Olavarría et al., 2010b) or 1 μM of vitamin C (Leal et al., 2017). A total
aqueous extract was prepared from 100 μg of ground and dehydrated A.
chilensis (Bioherbalis Ltda.), resuspended in 1ml of PBS. The final so-
lution was used at a concentration of 2% v/v. Under all experimental
culture conditions, cell viability was> 95%. For each sampling time-
point, mRNA or protein was extracted and analyzed.

2.2. Viral propagation

A SHK-1 cell line was prepared in a minimum essential growth
medium (MEM) at a concentration of 4×108 cells/l. These cultures
were inoculated with ISAv (designation ISAV-Austral D08I1055-1) at a
concentration of 106 and a 50% tissue culture infective dose (TCID50)/
ml at a ratio of 1ml of virus per 50ml of cell suspension. Inoculated
cells were seeded into a 150 cm2 tissue culture flask and incubated for
24 h. ISAv-infected SHK-1 cells (0–96 h) were then frozen/thawed
twice, harvested, and pelleted by centrifugation at 3000×g for 10min.
The supernatant containing the propagated virus was titrated and
quantified by RT-qPCR in the viral experiments (Snow et al., 2006). The
virus used in this study underwent 12 in vitro cell culture passages.

2.3. Transfection of nucleoprotein

SHK-1 cells were seeded in 12-well plates and maintained in a 10%
L-15 culture medium of fetal bovine serum (SBF) and 1% antibiotic
(penicillin/streptomycin) incubated at 16 °C. Cell lines were incubated
24 h before transfection until reaching an approximate confluence of
80%. The cells were transfected with the plasmid pGFP-N1-NP (SHK-1
1000 ng cells) using Lipofectamine 2000 (Invitrogen). Opti-MEM®

(Invitrogen) was used for the dilution of Lipofectamine 2000 and pGFP-
N1-NP following the manufacturer's instructions. Subsequently, the
mixture of both dilutions was made and incubated at room temperature
for 20min to allow forming the Lipofectamine-DNA complexes. The
Lipofectamine-DNA complex was adhered by dripping to the wells
containing the cells and these were allowed to stand for 1 h, afterwards
the different treatments were carried out adding H2O2, Apocynin, vi-
tamin c, SB203085 or maqui to finally incubate the cells in their re-
spective growth environments for specific periods. Once the incubation
time was over, the medium was removed and the various experiments
were carried out.

2.4. Gene expression analysis

To obtain cDNA, total RNA was first extracted from cell pellets with
the TRIzol reagent (Invitrogen, USA) following the manufacturer's in-
structions, and then treated with DNase I, Amplification grade (1 U/mg
RNA; Invitrogen). First-strand cDNA was synthesized from total RNA
(1 µg) using the SuperScript III RNase H Reverse Transcriptase kit
(Invitrogen) with the oligo-dT18 primer at 50 °C for 50min. Real-time
PCR analysis was performed with an ABI PRISM 7500 instrument using
the SYBR Green PCR Core Reagents (both from Applied Biosystems,
USA). Reaction mixtures were incubated for 10min at 95 °C, followed
by 40 cycles of 15 s at 95 °C and 1min at 60 °C, and, finally, 15 s at
95 °C, 1min at 60 °C, and 15 s at 95 °C. For each mRNA, gene expression
was normalized to the ribosomal protein S18 (rps18) (Olavarría et al.,
2010a; Olavarría et al., 2010b) content in each sample using the
comparative Ct method. The primers used for the cellular markers are
listed in Table 1. In all cases, each PCR was performed with triplicate
samples and was repeated with at least three independent samples.
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2.5. Immunoprecipitation

SHK-1 cells were lysed in ice-cold NP-40 lysis buffer containing 1%
Nonidet P-40, 25mM Tris-–HCl (pH 7.5), 150mM sodium chloride,
1 mM EDTA, 5mM sodium fluoride, 1 mM sodium orthovanadate,
1 mM leupeptin, and 1mM phenylmethylsulfonyl fluoride. Briefly, cell
lysates (500–800 μg of protein determined with the BCA protein assay
kit from Pierce) were incubated with the anti-p47phox for 4 h. Cell
lysates were then mixed with protein A/G-agarose beads and rotated for
1 h at 4 °C. After the beads were washed three times with ice-cold NP-40
lysis buffer, the precipitated proteins were boiled for 5min and eluted
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS–PAGE) sample buffer. Immunoprecipitated proteins were resolved
in SDS-PAGE and transferred onto nitrocellulose membranes (BioRad).

2.6. Western blotting

Western blot analysis was carried out following a standard protocol
(Sambrook et al., 1989). A BCA Protein Assay Kit (Pierce™, Thermo
Scientific, USA) was used to determine the cellular extract protein
concentrations. Equal amounts of protein were loaded onto poly-
acrylamide gels, electrophoresed, and transferred onto nitrocellulose
membranes (Schleicher & Schuell, USA). After transfer, the membranes
were blocked overnight in 5% dry milk and probed for 1 h with anti-
anti-SUMO1 (1:2500, #sc-6375, Santa Cruz Biotechnology, USA), or
anti-SUMO 2/3 (1:4000, #sc-393144, Santa Cruz Biotechnology, USA),
anti-p47phox (1:1000, #sc-14015; Santa Cruz Biotechnology), anti-
phospho-Ser (1:2000, #2261, Cell Signaling), anti-nucleoprotein
(ANGO) antibodies. Subsequently, the membranes were probed for 1 h
with an HRP-coupled secondary antibody (1:5000) (Sigma-Aldrich,
USA). The reactive bands were visualized with an enhanced chemilu-
minescence detection system (Amersham Pharmacia Biotech), fol-
lowing manufacturer instructions. Signal intensity was measured with
the ImageJ digital imaging system.

2.7. In silico analysis

The MEME/MAST system version 3 (http://meme.nbcr.net/meme/
cgi-bin/mast.cgi), GPS-SUMO (http://sumosp.biocuckoo.org/online.
php), phosphor-motif (http://kinasephos.mbc.nctu.edu.tw/) and
Chimera 1.8 (https://www.cgl.ucsf.edu/chimera/download.html) for
motif discovery and search were used to predict conserved sequence
domain in the NP.

2.8. Oxidative stress evaluation

SHK-1 cells were seeded in Lab-Tek ™ Chamber Slides (Nunc ™,
Thermo Scientific) at a confluence of 80%, maintained in 10% L-15
culture medium of fetal bovine serum (SBF) and 1% antibiotic, and
incubated at 16 °C for 24 h prior to transfection. Once the cells were
transfected with pGFP-N1-NP and with their respective treatments,

oxidative stress was evaluated using the CellROX® probe (Life
Technologies) following the manufacturing instructions. Briefly, the
probe was added to the SHK-1 cells at a final concentration of 5 μM. It
was incubated for 30min at 37 °C to subsequently remove the medium
and washed 3 times with PBS 1× . Then, the cells were fixed with 3.7%
paraformaldehyde for 15min, permeabilized with 0.1% TritonX-100 for
10min and incubated with DAPI 1:10000 for the visualization of nuclei.
Finally, a mounting medium was added and the Chamber Slide was
covered with a coverslip. For the visualization of oxidative stress, the
OLYMPUS IX71 epifluorescence microscope (Olympus) was used at a
magnification of 100× .

2.9. Effect antiviral assay

Effect antiviral assay was performed in a confluent monolayer of
SHK-1 cells in 96-well plate in duplicate by MTT (3-(4,5-dimethyl
thiazol-2yl)-2,5-diphenyl tetrazolium bromide) assay as described by
Smee et al. (2003). The monolayer was infected with MOI:5 cell and the
virus-infected cells were treated with SB203085, vitamin C, and maqui.
Untreated wells of infected cells (virus controls), uninfected cells (cell
controls), and drug cytotoxicity controls (cells and drugs only, using the
same dilution range for each drug as the test wells) were evaluated
(data not shown). At four days post-infection, virus control wells ex-
hibited 100% cytopathology.

2.10. MTT assay

For the MTT assay, the same plates were stained with 10ml MTT
dye (Promega, U.S.A) and the formazan crystals developed were dis-
solved using SDS solution (sodium dodecyl sulfate) (Promega, USA),
and the absorbance was measured at 570 nm in ELISA reader. Mean
absorbance values of the duplicates were calculated for cell control and
virus in the conditions for each experiment. The absorbance developed
in test wells was compared with control wells to calculate the percen-
tage of SHK-1 cell survivability, as a direct measure of cellular toxicity,
and indirectly of viral replication.

2.11. Statistical analysis

All data are shown as the mean ± SE. Differences were evaluated
using ANOVA followed by the Student's t-test. Statistical significance
was defined as P ˂ 0.05.

3. Results

3.1. Molecular characteristic of NP

The phylogenetic analysis of 33 amino acid sequences of NP, shows
the high degree of structural conservation among isolates from different
latitudes (Fig. 1a). The model NP molecule contains 495 amino and has
a high alpha helix structure density (38%), interspersed with beta

Table 1
List of primers used in RT-qPCR analysis of immune markers.

Gene N° Accesion F R bp

p47 phox FJ594435.1 5-GAGGAGCCTGAAGAAGCTGA-3 5-TCCAGCAGCTTGTGAATGAC-3 134
Bad BT060150.1 5-TCTACTCCGAGTCCCAGGTG-3 5-ATTTCTTTGCAGCCCACAGT-3 156
Bcl-Xl NM 001141086 5-GGACTACCCCTTCAACCACA-3 5-GACTCGTCCCGTTGACGTAT-3 107
SOD NM 001123587.1 5-GGAGACAACGAGGAGAGTCG-3 5-GGTAGAGTTCGGGGGTAAGC-3 164
GLURED BT045539.1 5-TTCCCACGGTAGTTTTCAGC-3 5-TGCACTGAGTCTTCCTGGTG-3 153
β-Actin NM 001123525.1 5-ACTGGGACGACATGGAGAAG-3 5-GGGGTGTTGAAGGTCTCAAA-3 157
SUMO 1 NM_001139689.1 5-GGTCAGGACAACAGCGAAAT-3 5-CCTCATCTTCCATTCCAAGC-3 175
SUMO 2/3 NM_001141192.2 5-ATCAACGAGACCGACACACC-3 5-GGAGACTCAGAGGGGTCCAT-3 136
Ubc 9 BT125220.1 5-CATTTGGTTTTGTCGCTGTG-3 5-GGTGGCTCAAACTTGCATTT-3 178
SAE 1 NM_001146514.1 5-GGAAGAAGCGGCTCAGTATG-3 5-TCCTCTGTCACCTGTTCGTG-3 183
SAE 2 NM_001141649.1 5-TGCGCATGCATATCTTTAGC-3 5-CTGCTCCACATCTCCAGACA-3 155
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structure folded sheet (11%) (Fig. 1b). This structure can be divided
into three domains: an N-terminal domain, a head domain, and a body
domain (Fig. 1c). The N-terminal domain contains two potential
monopartite nuclear localization signals; 230RPKR233 and 473KPKK476

(Fig. 1b). From the signaling pathway point of view, NP presents a
series of potential protein motifs for cell kinase recognition (Table 2).
Of the total of 15 potential amino acid regions, only 3 of them have a
moderate-high probability of recognition, in particularly PKG and
INSR. Additionally, they are exposed on the surface of the protein.
(Fig. 1c, right).

3.2. NP increases the expression/activation of p47phox and ROS
production

The nucleoprotein was overexpressed in SHK-1 cells (Fig. 2a), and
then, the level of expression of p47phox was determined by RT-qPCR.
Interestingly, from 8 h post-transfection, a strong increase in p47phox
was observed, which remained at 24 h post-transfection. The same ex-
periment performed in the presence of H2O2, increased the expression
of p47phox by 230%, however, in the presence of the pharmacological
inhibitor apocynin, the level of transcript returned to the basal

condition (Fig. 2b). A similar phenomenon was observed at the protein
level. The expression level of p47phox is drastically increased by the
presence of NP. In fact, it is possible to demonstrate the real effect of the
transfected NP protein on the p47phox level, by comparing the signal
intensity generated with the GFP transfection (Fig. 2c). Interestingly,
the oxidative contribution of H2O2 favors the greater expression of
p47phox, a phenomenon that tends to decrease due to the effect of the
inhibitor of the NADPH oxidase complex. Recently, we demonstrated
the ability of the ISA virus to activate the NADPH oxidase complex
(Olavarria et al., 2015a; Olavarria et al., 2015b). Therefore, the obvious
question was: Will NP alone have an effect on the activation of
p47phox? To our surprise, the mere presence of NP stimulates the
phosphorylation of p47phox, at similar level of the ISA virus, which is
the previous step to the activation of the NADPH oxidase complex.
Interestingly, this process was blocked by a pharmacologic inhibitor of
p38MAPK (Fig. 2d). In the cellular context, this activation of p47phox
resulted in a strong oxidant signal by the CellROX reagent, a fluoro-
genic probe for measuring oxidative stress in cells, which was more
robust in combination with H2O2 and a slight decrease in the presence
of apocynin (Fig. 2e). Therefore, our results demonstrate that the pre-
sence of NP in SHK-1 cells stimulates the production and activation of

Fig. 1. Molecular characterization of NP. (a) Phylogenetic tree showing the genetic relationship between the 33 NP sequences. Sequences were aligned and the
phylogenetic tree was generated by using CLUSTAL X. Phylogenetic analysis using Neighbor-Joining bootstrap method (1000 replicates) provided satisfactory
bootstrap support. (b) ISAv-NP secondary structure assignment. Zig zag structures indicate α-helices and β-strands are represented by arrows. Monopartite nuclear
localization signal residues are highlighted in red. The NP sequences from ISAv and the influenza A virus were manually aligned, based on tertiary structures. (c)
Orthogonal views of an NP dimer. One subunit is colored in blue whereas the other subunit is colored by domains, with gray and green for the N-terminal domain,
and red for the potential phosphorylation motif. The structure presents three well-defined regions; Body domain, Head domain and N-terminal domain.

F. Fredericksen, et al. Virology 531 (2019) 269–279

272



Table 2
Potential protein motifs for cell kinase recognition in NP protein.
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p47phox, favoring the assembly of the NADPH oxidase complex and the
respiratory burst of the cell.

3.3. NP alters the level of SUMOylated proteins

Our background suggests the potential connection between the ISA
virus, oxidative stress and the level of cellular SUMOylation. In order to
identify the possible participation of NP in the degree of post-transla-
tional modification mediated by SUMO in the SHK-1 cells transfected
with NP, a Western blot analyses was performed from cells treated in
different conditions. Fig. 3a, shows a similar protein profile of SU-
MOylation in the SHK-1, mediated by SUMO-1, in all evaluated con-
ditions. However, when the profile of total proteins incorporating
SUMO 2/3 was evaluated, it was possible to demonstrate electro-
phoretic differences both in the cells transfected with NP and in the
cells infected with ISAv (Fig. 3b). In fact, when observing the effect of
the inhibitor SB303485, it is possible to see a significant decrease of
specific signals of SUMO 2/3, result that could suggest a potential
connection between p38MAPK, the production of ROS and the

modification of the cellular SUMOylation profile (Fig. 3b). The cellular
SUMOylation machinery, post-translationally modifies potential sub-
strates that have specific aminoacidic regions. In this sense, another
point of interest was to identify potential SUMOylation motifs in the NP
protein. Using the GPS-SUMO and Chimera 1.8 tools, we identified 5
potential SUMO protein acceptor motifs. Our analysis identified 1 motif
with high probability and 4 aminoacidic motifs with low probability of
SUMO-incorporation, however, all these regions were potentially ex-
posed and accessible to the SUMOylation machinery (Fig. 3c). Although
the immunoprecipitation assays of SUMO 2/3 demonstrated the in-
corporation of this isoform of SUMO into the NP protein, in both the
transfection and infection experiments the presence of SB203085
blocked this post-translational modification (Fig. 3d). Additionally,
when evaluating the incorporation of SUMO-1, its presence in the NP
protein was not detected (data not shown). Therefore, this set of ex-
periments demonstrate that both NP and infection with the ISA virus is
capable of modifying the degree of SUMOylation in proteins that are
acceptors of this post-translational label. Additionally, through RT-
qPCR tests, we demonstrated that this process is solely a consequence of

Fig. 2. NP increases the ROS production. (a) Transfection of cells with pNP, evaluated through Western blot assay. The results show that under evaluated
conditions there is no significant effect on the level of NP protein. (b) Quantification of p47phox transcript by RT-qPCR in different incubation conditions at 8 and
24 h post-transfection. Each bar represents the mean ± SE of triplicate samples. *P < 0.05 versus untransfected cells. **P < 0.05 versus transfected cells without
H2O2. ***P < 0.05 versus transfected cells with H2O2 and without apocynin. (c) Quantification of p47phox by Western blot in different incubation conditions in
24 h, post-transfection. Each bar represents the mean ± SE of triplicate samples. *P < 0.05 versus untransfected cells. **P < 0.05 versus transfected cells without
H2O2. ***P < 0.05 versus transfected with pGFP. (d) Quantification of phospho-p47phox protein by immunoprecipitation and Western blot analyses during
transfection with pNP and infection with ISAv (MOI 5) at 8 h in presence or absence of the pharmacological inhibitor of p38MAPK (SB203580). *P < 0.05 versus NP
plus SB203580 or ISAv plus SB203580, respectively. (e) SHK-1 cells were transfected for 8 h with NP, and the ROS levels of several conditions were determined using
a specific fluorescent probe. Each bar represents the mean ± SE of triplicate samples. *P < 0.05 versus untransfected cells. The results are representative of three
independent experiments.

Fig. 3. Effects of viral components in cellular SUMOylation. (a) Western blot analyses during transfection or infection with NP and ISAv, respectively for 8 h.
SUMO-1 protein expression profile in presence or absence of pharmacologic inhibitor of p38MAPK (SB203580). Bottom, load control, using HSP70. (b) Western blot
analyses of SUMO-2/3 protein in similar conditions. (c) Analyses of SUMO protein acceptor motifs by GPS-SUMO and Chimera 1.8 tools in NP protein of ISA virus. (d)
Immunoprecipitation and Western blot analyses of NP protein in transfection or infection experiments in presence or absence of the pharmacological inhibitor of
p38MAPK (SB203580). The results are representative of three independent experiments.
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the activation of the cellular SUMOylation machinery and not of a
change in the expression of the enzymes involved in the process
(Table 3).

3.4. Blockade of ROS production decreases ISA viral progeny

So far, the experiments carried out show that the NP protein and the
ISA virus are capable of activating the NADPH oxidase complex through
the p38MAPK signaling pathway. The increase of cellular ROS, is clo-
sely linked to the activation of the machinery of SUMOylation that
modifies the profile of cellular proteins and even of the virus. Therefore,
in order to confirm the need for the ISA virus by an apparent strongly
oxidizing environment, the production of virions was quantified in the
presence of pharmacological inhibitors involved in the activation of the
NADPH oxidase complex, p38MAPK, and natural scavengers of oxygen
radicals.

When ISA virus infection was challenged with SB203085, there was
a decrease of approximately 50% of the viral load at 48 and 96 hpi. The
blocking of the NADPH oxidase complex was significantly lower than
that achieved by interrupting the activity of p38MAPK (Fig. 4a). On the
contrary, the use of vitamin C had no significant effect on viral genome
production. However, the effect achieved by the aqueous extract of the
maqui on the viral progeny, comparable with SB203085, was un-
expected because it practically generated a 50% decrease in ISA virus
replication (Fig. 4a). Evidently, in this dichotomy of survival, the effect
of each condition was evaluated from the point of view of the infected
cell. The results confirm the cellular protective effect, up to 96 h, of
both SB203085 and the aqueous extract of maqui (Fig. 4b).

Additionally, it was evident a significative modulation of apoptotic and
antioxidant markers by the effect of scavengers of oxygen radicals
(Table 3). Therefore, these results strongly suggest a diametrically op-
posite role of oxygen radicals, both for the dead of the cell and the
survival ISA virus.

4. Discussion

The Orthomyxoviridae family has been extensively studied due to
its wide impact on public health worldwide. Although important dis-
coveries have been made, essential aspects of the infection mechanism
of these viruses remain unknown. Clearly, gaining a better under-
standing of the infection mechanism of ISAv will bring us closer to
discovering a therapeutic target or designing an efficient antiviral
treatment highly specific to this virus. On the other hand, ISAv is a
globally-important pathogen of farmed Atlantic salmon (Salmo salar)
and is currently listed by the World Organisation for Animal Health
(OIE, 2017). Indeed, when ISAv is detected, efficient responses by in-
dustry and disease regulatory agencies help to contain viral spread from
an index-case farm site to neighboring farm sites (Mardones et al.,
2014). The above shows that ISAv is an active pathogen, either as a
model to obtain information that can be applied on other Orthomyx-
oviruses of interest to humans or to improve the knowledge of the in-
fection mechanism of this aquatic pathogen.

A set of preliminary research regarding the NADPH oxidase me-
chanism in fish, as well as the characterization of oxidative stress
mediated by the ISA virus, allowed us to continue exploring in the
search for new molecular aspects linked to the infection process
(Olavarría et al., 2010a; Olavarría et al., 2010b; Olavarría et al., 2012;
Olavarria et al., 2015a; Olavarria et al., 2015b). A key component of
our strategy to study ISAv was to understand the role of each of its
components separately, and within this context diverse antecedents led
us to study the participation of NP as an independent structure in the
course of the infection by ISA virus.

The NP is a 56 kDa monomeric basic protein that packages the RNA
segments with a periodicity of one protein for each of the 24 bases of
RNA, reaching a high concentration in the cell during the stage of viral
biosynthesis (Ortega et al., 2000). Currently, the consequence of this
abrupt increase of NP in the cell is unknown. It is probable that the
nucleoprotein interacts with various cellular switches as a consequence
of its structural characteristics (Prokudina et al., 2005; Chou et al.,
2012), a phenomenon that could contribute as a whole to the patho-
genesis of the ISA virus. In silico analyzes show a series of potential
phosphorylation sites by different cellular kinases (Table 1, Fig. 1c), the
N-terminal domain has two proteins motif substrates of PKG (cGMP-
dependent protein kinase) and INSR (Insulin Receptor). Even though
there are currently no studies linking Orthomyxovirus with PKG, this
kinase has been shown to phosphorylate NS5 of West Nile virus (WNV),
and although PKG is not required for WNV replication, this kinase does
make a stable interaction with NS5 (Keating et al., 2013). On the other
hand, the insulin receptor (INSR), with tyrosine kinase activity med-
iates the pleiotropic actions of insulin. In fact, binding of insulin leads
to the phosphorylation of several intracellular substrates. In another
example, a report shows how the HBV (hepatitis B virus) pre-S2 protein
decreases INSR activity in cells infected with the virus, which could
represent a mechanism of sequestering a cellular kinase or modulation
of a cellular process (Ji et al., 2009).

Currently, our analysis and the few examples of interaction between
cellular kinases and viral proteins could preliminarily suggest a post-
translational modification of NP or another viral protein by host en-
zymes. What is the consequence of this? For the moment we do not
know, and the possibilities are endless.

Our results show that the increase in NP stimulates both the
synthesis and the activation of the p47phox subunit (Fig. 2b, c, and d).
A similar phenomenon was observed by the Tat (transactivator of
transcription) protein of the HIV virus. Specifically, Tat-induced

Table 3
Analysis of expression of molecular markers.

p47 phox t (h) 8 24 48

Control 1× 1× 1×
ISAv 22× 39× 42×
NP 48× 45× 37×

Bad t (h) 8 24 48
Control 1× 1× 1×
ISAv 3,5× 4,8× 5,7×
NP 1,7× 1,9× 2,1×

Bcl-xl t (h) 8 24 48
Control 1× 1× 1×
ISAv 2,1× 1,7× 1,5×
NP 1,5× 1,8× 1,8×

SOD t (h) 8 24 48
Control 1× 1× 1×
ISAv 1,7× 1,5× 1,3×
NP 1,9× 1,8× 2,1×

GLURED t (h) 8 24 48
Control 1× 1× 1×
ISAv 2,5× 3,2× 3,7×
NP 1,7× 1,8× 1,5×

Ubc 9 t (h) 8 24 48
Control 1× 1× 1,2×
ISAv 1× 1,2× 0,55×
NP 0,6× 0,9× 0,85×

SUMO 1 t (h) 8 24 48
Control 1× 1,1× 1,2×
ISAv 0,9× 1,2× 0,75×
NP 0,7× 0,9× 0,75×

SUMO 2/3 t (h) 8 24 48
Control 0,9× 0,9× 1,0×
ISAv 1× 1,2× 0,55×
NP 0,8× 0,9× 0,8×

SAE1 t (h) 8 24 48
Control 1× 1× 1,0×
ISAv 1,1× 1,2× 1,1×
NP 0,9× 0,9× 0,9×

SAE 2 t (h) 8 24 48
Control 0,8× 0,85× 0,9×
ISAv 1× 1,2× 0,65×
NP 0,6× 0,9× 0,65×
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expression of NADPH oxidase subunits, such as Nox2, p47phox, and
p22phox, additionally trigger the generation of ROS (Youn et al., 2017).
It must be noted that both NP and the ISA virus strongly increase the
phosphorylation of p47phox, and this results in an increase in cellular
ROS (Fig. 2d, e).

Recently, we had shown that the viral particle stimulated the ac-
tivity of the NADPH oxidase complex, however, it seemed extremely
interesting to confirm that the presence of NP in the cell generates a
similar result (Olavarría et al., 2015). Apparently, this topic has been
described in other Orthomyxoviruses, with which it is possible to
identify a pattern of action in this viral family that is related with the
generation of viral progeny in a scenario of oxidative stress. Particu-
larly, highly pathogenic H5N1 infection is also related to oxidative
stress. Indeed, negative modulation of SOD1 (Cu/Zn superoxide dis-
mutase) by the effect of the virus generates an increase in ROS that
allows the replication of the virus (Lin et al., 2016).

The accepted definition of oxidative stress is an imbalance between
oxidants and antioxidants when the organism is exposed to adverse
stimuli (Sies, 1997). During the accumulation of ROS, the balance be-
tween the oxidation system and antioxidant system is broken, resulting
in accumulation of oxidation intermediate, tissue damage, inflamma-
tion, and apoptosis. Incipient evidence has demonstrated that oxidative
stress is an important contributor to infectious diseases such as HBV,
HCV, HSV and influenza (Pasquier, 1994; Ha et al., 2010; Gonzalez-
Dosal et al., 2011; Mileva, 2016). Apparently, this increase in ROS
modulates the participation of different signaling processes that benefit
the virus (Fig. 3d, Fig. 4a). Specifically, in this study, we have shown a
relationship between the increase in ROS and cellular SUMOylation. In
this sense H2O2, is known to target several kinases and phosphatases,
for example, NADPH oxidase leads to the activation of the kinase EGFR
(epidermal growth factor receptor), contrary the same metabolite in-
activates IKK (IκB kinase) (Truong and Carroll, 2012; Truong and
Carroll, 2013). In another example, H2O2 treatment of human en-
dometrial stromal cells activates JNK (c-Jun N-terminal), phosphor-
ylates PIAS1 (Protein Inhibitor of Activated STAT 1). This enhances its
SUMO E3 ligase activity and promotes a global increase in protein
SUMOylation (Leitao et al., 2011), phenomenon apparently similar to
that observed in our study model. Therefore, modification of kinase and
phosphatase activities by ROS leads to the remodeling of the phos-
phorylation state of many proteins and can influence SUMOylation at

two levels: Phosphorylation can regulate the activity and/or localiza-
tion of SUMO enzymes and it can influence target recognition by the
machinery. At present, there are not meta-proteomic or metabolomics
analyses linked to the infective process by ISAv, therefore, several
studies at the meta-transcriptomic level allow us to infer the impact that
the virus has on the level of expression of molecular markers as a
consequence of the activation or inhibition of different kinases or
phosphatases involved in signaling pathways (Dettleff et al., 2017;
Valenzuela-Miranda et al., 2015a; Valenzuela-Miranda et al., 2015b;
Valenzuela-Miranda et al., 2015a; Valenzuela-Miranda et al., 2015b),
although until now no relationship between ISAv, oxidative stress, and
SUMOylation has been described.

SUMOylation is considered to be a major regulatory system of
protein function that targets many substrates through direct
SUMOylation and protein-protein interactions (Wilson, 2012). Viruses
have evolved to use the conserved SUMOylation system for their own
benefits. Recent advances have suggested that viral proteins work as the
targets of the SUMOylation machinery byways of affecting its biological
functions (Everett et al., 2013). Additionally, many viral proteins par-
ticipate in the regulation of host SUMOylation system, even mimicking
the related enzymes (Wimmer et al., 2012; Mattoscio et al., 2013).

Therefore, if we consider that during the viral infection, and as a
consequence of the strong increase of viral components, there is an
alteration of the cellular redox state we must maintain the premise “all
cells incubated under a condition of elevated oxidative stress resulted in
an increase in the SUMOylation of proteins” (Bossis and Melchior,
2006). Emerging evidence strongly suggests that altering the delicate
balance of SUMOylation could be important to the development of
many pathologies such as cancer, diabetes, and neurodegenerative
diseases, among others (Wang and Banerjee, 2004; Wang et al., 2006).
Moreover, SUMOylation could also be involved in the progression of
infection in a number of viral models (Lee et al., 2014; Everett et al.,
2014; Scherer et al., 2013). Evidently, the contribution of our study is
based on the fact that a single protein of the ISA virus is capable of
generating the conditions to alter the cellular oxidative balance asso-
ciated with the post-translational modification mediated by the SUMO
protein (Figs. 2d, 3b, 3d). Our results suggest that the imbalance in
cellular SUMO activity is a consequence of the redox imbalance of the
cell during viral infection, but can also be explained by the high ex-
pression of a single protein of the virus.

Fig. 4. Blockade of ROS production decreases ISA viral
progeny. (a) Quantification of NP transcript by RT-qPCR
under different infection conditions in 48 h (MOI 5). Each
bar represents the mean ± SE of triplicate samples.
*P < 0.05 versus cells without SB203580 or A. chilensis.
(b) Determination of cell survival by MTT analysis in
presence or absence of pharmacologic inhibitors or free
radical scavengers at 48 or 96 h. Each bar represents the
mean ± SE of triplicate samples. *P < 0.05 versus cells
with virus, without SB203580 or A. chilensis at 48 or 96 h,
respectively.
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5. Conclusions

This study demonstrated, for the first time, that NP protein and ISA
virus were able to activate the NADPH oxidase complex producing ROS
in fish cells. In parallel, the presence of NP and ISAv modulated the
expression of apoptotic markers and genes involved in the detoxifica-
tion of oxygen radicals. The cellular oxidative condition resulted in the
incorporation of SUMO 2/3 in host proteins and NP protein, a phe-
nomenon that was partially blocked by the use of the pharmacological
inhibitor of p38MAPK and the natural product "maqui". These two
protective conditions were able to decrease cell damage because they
significantly affected the production of new viral progeny (Fig. 5).
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