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A B S T R A C T

Viperin, also known as RSAD2 (Radical S-adenosyl methionine domain containing 2), is an interferon-induced
endoplasmic reticulum-associated antiviral protein. Previous studies have shown that viperin levels are elevated
in the presence of viral RNA, but it has rarely been characterized in marine organisms. This study was designed
to functionally characterize rockfish viperin (SsVip), to examine the effects of different immune stimulants on its
expression, and to determine its subcellular localization. SsVip is a 349 amino acid protein with a predicted
molecular mass of 40.24 kDa. It contains an S-adenosyl L-methionine binding conserved domain with a CNYK-
CGFC sequence. Unchallenged tissue expression analysis using quantitative real time PCR (qPCR) revealed SsVip
expression to be the highest in the blood, followed by the spleen. When challenged with poly I:C, SsVip was
upregulated by approximately 60-fold in the blood after 24 h, and approximately 50-fold in the spleen after 12 h.
Notable upregulation was detected throughout the poly I:C challenge experiment in both tissues. Significant
expression of SsVip was detected in the blood following Streptococcus iniae and lipopolysaccharide challenge, and
viral hemorrhagic septicemia virus (VHSV) gene transcription was significantly downregulated during SsVip
overexpression. Furthermore, cell viability assay and virus titer quantification with the presence of SsVip re-
vealed a significant reduction in virus replication. As with previously identified viperin counterparts, SsVip was
localized in the endoplasmic reticulum. Our findings show that SsVip is an antiviral protein crucial to innate
immune defense.

1. Introduction

Upon viral infection a dedicated set of proteins named interferons
(IFNs) [1], which form part of the innate immune system, induce
transcription of interferon regulated genes (IRGs) [2]. Viperin is an
endoplasmic reticulum-associated IRG in animals, whose expression is
induced by both type I and II IFNs [3]. Although this protein specifically
acts on RNA viruses [4], it has also been shown to elicit a broad range of
responses against DNA viruses and other immune stimuli, including
bacterial pathogens and endotoxins [5].

Viperin is a member of the radical SAM superfamily of enzymes,
which possess a 4Fe–4S cluster in their catalytic center [5]. A tri-cy-
steine CxxxCxxC motif is a universal feature among these enzymes, and
plays an important role in coordinating the 4Fe–4S cluster [6]. Viperin

has three main domains, namely an N-terminal signal domain, a middle
4Fe–4S cluster binding catalytic domain, and a C-terminal domain [4].
The N-terminal amphipathic signal helix plays a vital role in localizing
viperin to the endoplasmic reticulum (ER) membrane [7].

To explain viperin expression, interferon-dependent and in-
dependent pathways have been proposed [8]. In the interferon-depen-
dent pathway, antigens such as lipopolysaccharide (LPS), double stan-
dard RNA (dsRNA), and polyinosinic:polycytidylic acid (poly I:C) bind
to activate Toll-like receptors (TLR), cytosolic retinoic acid-inducible
gene I (RIG-I) like receptors (RLRs), and cytosolic DNA sensors [9].
Activated receptors subsequently activate interferon regulatory factors
(IRFs) IRF 3 and IRF 7, resulting in the production of type I IFN which is
believed to act in either an autocrine or paracrine manner [3]. IFNs
binding to cell surface type I interferon receptors induces the formation
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of interferon stimulated gene (ISG) factor 3 (ISGF-3), which is capable
of binding with the viperin promotor [10].

In the interferon-independent mechanism, viperin upregulation
takes place through IRF1 (interferon regulatory factor 1) and IRF3 [3].
After stimulation with dsRNA, cytosolic RLRs, which are a group of
soluble RNA helicases [11], interact with an adaptor protein named
mitochondria-associated adaptor molecule (MAVS) [12]. MAVS binds
to RLR and promotes the activation of various IRFs, which induce ex-
pression of ISGs, and of viperin [13].

Number of discrete mechanisms have been developed to explain
viperin's antiviral effect [5,8,14–16]. One mechanism is inhibition of
virus through formation of unstable lipid rafts [15]. Viruses depend on
lipid rafts for entry, assembly, and release by budding [17]. In this
mechanism viperin interacts with farnesyl pyrophosphate synthase
(FPPS), which is involved in the synthesis of precursors for important
cell membrane isoprenoids such as sterols [18]. Suppression by viperin
results in the formation of unstable lipid rafts, which viruses are unable
to use for completion of their life cycle [19]. However, accumulating
information suggests that viperin is unable to interact directly with
FPPS [20]. A more comprehensive mechanism has recently been pro-
posed to explain viperin's mode of action, in which viperin radically
generates 3ʹ-deoxy-3′,4ʹdidehydro-CTP (ddhCTP) from the available
CTP pool, leading to the inhibition of viral RNA-dependent RNA poly-
merase (RdRp) through a chain termination mechanism [21]. Further-
more, in virus infected cells, generated ddhCTP acts as regulatory
molecule inciting the cellular antiviral mode [21].

Human viperin was initially identified in human cytomegalovirus
(HCMV) infected cells [22]. In fishes viperin was initially identified in
VHSV-infected rainbow trout (Oncorhynchus mykiss) [23]. Mammalian vi-
perin is an extensively studied protein compared to its piscine counterpart.
Several studies on fishes have been performed, which have included tilapia
(Oreochromis niloticus) [24], red drum (Sciaenops ocellatus) [25], mandarin
fish (Siniperca chuatsi) [26], Atlantic salmon (Salmo salar) [27], crucian carp
(Carassius auratus) [28], rock bream (Oplegnathus fasciatus) [29], and sea-
horse (Hippocampus abdominalis) [30].

Rockfish (Sebastes schlegelii) is one of the most important fish species
in South Korea, and the species has been used extensively in offshore
mariculture [31]. Virus diseases among fishes can have devastating
consequences, causing worldwide economic loses to fish farmers
[32,33]. Therefore, studies on antiviral proteins are of paramount im-
portance to future vaccination programs. Despite this, SsVip has not yet
been studied. To address this research gap, we characterized SsVip in
the present study, analyzing expression profiles of SsVip under immune
challenge with LPS, poly (I:C), and Streptococcus iniae (S. iniae). More-
over, SsVip was transiently transfected into fathead minnow (FHM) cells
to investigate its antiviral effects against VHSV. In addition, the SsVip
ability to enhance cell viability under VHSV challenge was studied.
Finally, subcellular localization of SsVip was examined.

2. Materials and methods

2.1. Identification of coding sequence of SsVip

The coding sequence of rockfish viperin SsVip was identified from a
previously constructed rockfish transcriptome database [34] using the
Basic Local Alignment Search Tool (BLAST) from the National Center
for Biotechnology Information (NCBI) [35].

2.2. In silico analysis

The translated amino acid sequence of SsVip was obtained using Unipro
UGENE (version 1.31.0) [36]. The molecular weight and isoelectric point of
the protein were calculated using the ExPASy compute pI/Mw online tool
[37]. A BLAST search was performed to identify viperin orthologues from
other animals. Selected, previously characterized, orthologues were used to
perform a multiple sequence alignment in ClustalW2 [38]. Pairwise

sequence alignment was performed to disclose identity and similarity with
other viperin orthologues using EMBOSS Needle [39]. Structural modeling
was performed with SWISS-MODEL [40]. Surface modeling of SsVip was
performed using UCSF Chimera (Version 1.13.1) [41]. N-terminal helix
wheel simulations of the SsVip were carried out using the NetWheels online
helical wheel projection tool (http://lbqp.unb.br/NetWheels). Phylogenetic
tree construction was performed in MEGA software (Version 10.0.5) [42]
using the neighbor-joining method, with a bootstrap value of 5000.

2.3. Rearing fish

Rockfish (Weight around 100 g) were obtained from the Marine
Science Institute at Jeju National University, Jeju Self-Governing
Province, Republic of Korea. Fish were visually inspected for morpho-
logical, physiological, and behavioral abnormalities. Any fish having
such abnormalities were immediately discarded. Fish were adapted to
laboratory conditions in aerated fresh seawater for two weeks
(22 ± 1 °C, salinity 34% ± 1%, pH 7.6 ± 0.5) prior to experiments.

2.4. Challenge experiment and tissue sampling

In order to evaluate SsVip expression in different rockfish tissues, per-
ipheral blood cells (PBCs), gills, liver, spleen, head kidney (H.Kidney),
kidney, skin, muscle, heart, brain, testes, ovary and intestine organs/tissues
were collected from three rockfish (approximately 100 g each). PBCs were
separated from plasma by centrifugation (10min at 3000×g, 4 °C). To
evaluate immune responses of SsVip, a time course experiment with im-
mune stimulants including LPS from Escherichia coli (E. coli 055: B5, Sigma,
USA), poly I:C (Sigma, USA) and S. iniae (provided by Department of Aqua
life Medicine at Chonnam National University, Republic of Korea) was
performed. The levels of the immune stimulants used for the study were as
follows: 0.125mg LPS, 0.15mg poly I:C and 1×107 CFU/μL of S. iniae.
Sterile phosphate buffered saline (PBS; pH 7.4) was used as the control for
all tissue challenge experiments. Tissue samples including PBCs and spleen
were obtained from three fish after 3, 6, 12, 24, 48, and 72 h post injection.
Samples were then snap frozen in liquid nitrogen and stored −80 °C for
further processing.

2.5. Construction of expression plasmids

To functionally evaluate SsVip, its coding DNA sequence (CDS) was
cloned into pcDNA™3.1(+) (Invitrogen, USA). Two primers, VpCDNA-F
and VpCDNA-R (Synthesized by Macrogen, Korea) (Table 1), harboring
BamHI and EcoRI restriction sites, respectively, were designed. To determine
subcellular localization, the SsVip CDS was cloned into pEGFPN1 (Clontech,
USA). To accomplish this, a pair of primers, VpGEFP-F and VpGEFP-R
(Synthesized by Macrogen, Korea), containing EcoRI and BamHI restriction
sites, respectively, were designed separately. The SsVip CDS was amplified
in a 50 μL reaction mixture containing 1×Ex Taq buffer (TaKaRa, Japan),
5U of Ex Taq polymerase (TaKaRa, Japan), 8 μL of 2.5mM dNTPs (TaKaRa,
Japan), 50 pmol of each primer pair (VpCDNA-F/R or VpEGFP-F/R), and
approximately 50ng of cDNA, which was measured by UV spectroscopically
(NanoDrop 2000C, Thermoscientific, USA). The PCR cycling profile in-
cluded an initial single denaturation step of 94 °C for 1min, 30 amplifica-
tion cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 45 s, and a final
extension step of 72 °C for 5min. PCR products were separated on a 1%
agarose gel along with the 100 bp DNA ladder marker (MGmed, Korea).
After 20min gel electroporation (Mupid® exU, Japan), DNA was visualized
using a UV illuminator (OPTINITY, Korea). The 1000 bp bands were pur-
ified using a gel purification kit (AccuPrep®, Bioneer, USA). Purified
pcDNA™3.1(+) plasmids and PCR products were completely digested with
BamHI (TaKaRa, Japan) followed by EcoRI (TaKaRa, Japan) restriction
enzymes (37 °C, 3 h). Ligation of the digested products was performed using
a DNA Ligation Mighty Mix kit (TaKaRa, Japan) at 16 °C for 30 min fol-
lowed by overnight incubation at 4 °C. Ligated constructs were transformed
into competent E. coli DH5α cells. Transformants were selected through
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ampicillin (Sigma, USA) resistance or kanamycin (Sigma, USA) resistance.
Putative constructs were validated by sequencing (Macrogen, Korea). Fi-
nally, plasmids were purified using a MIDI kit (Qiagen, USA) for FHM cell
transfection.

2.6. Cell culture, VHSV

To evaluate viperin's effect on cell viability, its antiviral nature, and
sub-cellular localization, pcDNA™3.1(+)/SsVip and pEGFPN1/SsVip
were transfected into FHM cells. FHM cells were cultured at 20 °C in L-
15 media (Sigma) supplemented with fetal bovine serum (FBS) 10%,
penicillin 1%, and streptomycin 1%. Maintenance and propagation of
VHSV was carried out as previously described [30].

2.7. Plasmid transfection and virus infection assay

To analyze alterations in VHSV gene expressions in the presence of
SsVip, FHM cells were seeded in a six well plate (SPL life sciences,
Korea) with each well containing approximately 1 × 105 cells. Cells
were incubated 24 h at 20 °C prior to transfection to achieve approxi-
mately 80% of visual confluency (10 × 10 power, Leica Microsystems,
Germany). The cells were then transiently transfected with 1 μg of
pcDNA™3.1(+)/SsVip or empty pcDNA™3.1(+) vectors using X-
tremeGENE™ 9 transfection reagent (Roche, USA). 24 h post transfec-
tion (p.t.), cells were treated with 0.01 multiplicity of infection (MOI) of
VHSV (FWando05) [43] dissolved in L-15 growth medium (Sigma,
USA). The resulting samples were divided into two groups which were
incubated for 24 h or 48 h at 20 °C.

2.8. Total RNA extraction and cDNA synthesis

In the challenge experiment, total RNA was extracted from pooled
tissue (50 mg each) samples from three different animals. In the viral
RdRp attenuation assay, FHM cells were used for RNA extraction. Total
RNA was extracted from tissues or cells using Tri Reagent™ (Sigma,
USA), and purified with an RNeasy mini kit (Qiagen, USA). RNA quality
was checked by electrophoresis, and its concentration was determined
by UV spectroscopy (NanoDrop 2000C, Thermoscientific, USA). cDNA
was synthesized using a PrimeScript™ cDNA synthesis kit (TaKaRa,
Japan) and 2.5 μg of extracted RNA from each sample.

2.9. Quantitative real-time PCR (qPCR)

Primers for in vivo (SsVip) and in vitro (five VHSV genes:

Nucleoprotein (NP) [AGS83377.1], phosphoprotein (PP)
[AGS83378.1], matrix protein (MP) [AGS83379.1], glycoprotein (GP)
[AGS83380.1], and RNA-dependent RNA polymerase (RdRp)
[AGS83380.1]) qPCR were designed using the PrimerQuest online tool
(https://sg.idtdna.com/PrimerQuest) (Table 1) according to “Minimum
Information for Publication of Quantitative Real-Time PCR experiments
(MIQE)” guidelines [44]. qPCR reactions were performed in triplicate
in a reaction volume of 10 μL containing 3 μL of cDNA template, 0.4 μL
of each qPCR primer (10 pmol/μL), 5.0 μL of 2× SYBR® Premix Ex Taq™
(TaKaRa, Japan), and 1.2 μL of PCR-grade water. Reactions were run in
a Real-Time system Thermal Cycler Dice™ system III TP950 (TaKaRa,
Japan) under the following conditions: 95 °C for 10 s, followed by 45
cycles at 95 °C for 5 s, 60 °C for 10 s, and 72 °C for 20 s, and a final cycle
at 95 °C for 5 s, 60 °C for 30 s, and 95 °C for 15 s. Rockfish elongation
factor-1-alpha (EF1α, accession no. KF430623) and fathead minnow
elongation factor-1 -alpha (FHMEF1α, accession no. AY643400) was
used as internal controls for the in vivo and in vitro experiments, re-
spectively (Table 1). Relative mRNA expression was analyzed by the
Livak 2-ΔΔCT method [45].

2.10. Cell viability analysis through MTT assay

An MTT assay was performed to analyze the impact of SsVip on the
viability of VHSV-infected FHM cells. FHM cells were seeded into a 96 well
plate (SPL life sciences, Korea) with each well containing ∼1×103 cells.
Cells were incubated at 20 °C for 24 h to achieve approximately 80% visual
confluency (10×10 power, Leica Microsystems, Germany) and then tran-
siently transfected with 1 μg of each engineered pcDNA™3.1(+)/SsVip or
empty pcDNA™3.1(+), with un-transfected FHM cells used as control. Wells
were treated with 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, and 2.6 of MOI VHSV
dilutions 24 h p.t, and incubated at 20 °C for 72 h. Next, the supernatant of
the each well was removed by aspiration, 50 μL of 2 mg/mL of freshly
prepared 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT, diluted in PBS) (Sigma) was added, and the cells were incubated at
20 °C for 4 h. After removal of the supernatant by aspiration, 50 μL of
dimethyl sulfoxide (DMSO, Sigma) was added. Absorbance at 540 nm was
determined using a micro plate reader (MULTISKAN Sky, Thermoscientific).

To confirm the attenuation of virus replication by SsVip, VHSV titers
following exposure to SsVip were quantified. Cells were seeded in a 6-
well plate (SPL life sciences, Korea), with each well containing
∼2 × 103 cells. When the cells reached visual confluency of ∼80
(10 × 10 power, Leica Microsystems, Germany), they were transiently
transfected with either SsVip/pcDNA™3.1 )+ or pcDNA™3.1(+.
Twenty four hours after the transfection cells were treated with 1 MOI

Table 1
Primers used in this study.

Primer Purpose Sequence (5′ to 3′)

SsVipF qPCR forward TGCCTCGTTCCTGAGTCCAATGA
SsVipR qPCR Reverse AAGGATGGACTTTGACGGGTCCT
VpCDNA-F Viperin cloning into pcDNA 3.1(+)vector GAGAGAggatccaccATGAAATTCTCCTCTGTGC
VpCDNA-R Viperin cloning into pcDNA 3.1(+)vector GAGAGAgaattcCCACTCCAGCTTCATGTCAGC
VpEGFP-F Viperin cloning into pGEFPN1 GAGAGAgaattcaccATGAAATTCTCCTCTGTGC
VpEGFP-R Viperin cloning into pGEFPN1 GAGAGAggatccCCACTCCAGCTTCATGTCAGC
GVHSVF qPCR VHSV G protein forward TACAACATCACCCTGCCCAACC
GVHSVR qPCR VHSV G protein reverse GACCACCCTGTGATCATGTGTCC
MVHSVF qPCR VHSV M protein forward CTGGTTCGCCTATTCCAGAGTGC
MVHSVR qPCR VHSV M protein reverse GGTCCAGGTAAGTGGCCTTTGC
NVHSVF qPCR VHSV N protein forward TGTCTCAGATCAGTGGGAAGTACGC
NVHSVR qPCR VHSV N protein reverse GGACCTCAGCGACAAGTTCGG
PVHSVF qPCR VHSV P protein forward CGACAACATACTCTCCATCC
PVHSVR qPCR VHSV P protein reverse CCAAGTGCTCTCTCATTCC
RdRpF qPCR VHSV RdRp protein forward CAAGTGCGGACACGATCAATCCC
RdRpR qPCR VHSV RdRp protein reverse TGAGGAAAGGGCAACCATTCGC
RfEFA-F qPCR Internal control for rockfish forward AACCTGACCACTGAGGTGAAGTCTG
RfEFA-R qPCR Internal control for rockfish reverse TCCTTGACGGACACGTTCTTGATGTT
FHMEf1α_qF qPCR Internal control for FHM cells forward GGCTGACTGTGCTGTGCTGAT
FHMEf1α_qR qPCR Internal control for FHM cells reverse GTGAAAGCCAGGAGGGCATGT
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of VHSV. Samples were incubated for 3 h at 20 °C, after which the cells
were thoroughly washed with L-15 media to remove any unattached
virus particles. Then, 2 mL of L-15 supplemented with 10% FBS, 1%
penicillin, and 1% streptomycin was added to the samples. After 72 h
incubation at 20 °C, virus titers produced in each sample were de-
termined as described by Reed and Muench [46].

2.11. Subcellular localization

To determine subcellular localization, pEGFPN1/SsVip or empty
pEGFPN1 vectors were transiently transfected as described previously.
At 30 h p.t., cells were washed with 1 × PBS and fixed with 4% for-
maldehyde (Sigma, USA) diluted in PBS. Next, 10 μL of 4′,6-diamidino-

Fig. 1. The structure of SsVip (A) Schematic re-
presentation of SsVip's secondary structure, which
contains three main domains, namely an N-terminal
domain, catalytic domain, and C-terminal domain.
The N-terminal domain contains an ER localization
signal sequence. A characteristic 4Fe–4S binding site
was located in the catalytic domain. Three iron-
binding Cys residues (red color) were located at po-
sitions 71, 75, and 78. (B) Surface charge distribution
of SsVip, wherein red −10, white 0, blue +10.
Surface mapping revealed two potential passageways
through which reactant and product trafficking is
believed to exist between the interior and the ex-
terior of the protein (only one of two passageways is
shown here). (C) Homology model of SsVip showing
the 4Fe–4S cluster. The radical center depicted in the
middle is surrounded by an array of β sheets and α
helixes, separating and protecting it from the ex-
ternal environment. (D) Homology model of SsVip
displaying the spatial arrangement of secondary
structural element. This model consists of eleven α
helices (α helix 1 is not shown) and nine β sheets,
which are arranged in two layers. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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2-phenylindole (DAPI) (Invitrogen, USA) and 10 μL of ERTracker™ Red
dye (Invitrogen, USA) were added. Cell samples were then incubated at
37 °C for 5 h before imaging with a fluorescent microscope (40 ×
10 power, Leica Microsystems, Germany). Images were processed by
Leica Application Suite X software (Version 3.3).

2.12. Statistical analysis

All experiments were conducted in triplicates. Standard deviation
(SD) was used to evaluate the error associated with the measurements.
The mean value of three samples was used to contrast the data. Data
from the challenge experiment was compared to the control using the
Student's t-test, with p < 0.05 considered significant. In the MTT
assay, cell viability was calculated as previously described (Cell
viability = Absorbance of the sample/Absorbance of the con-
trol × 100%) [47]. For unchallenged SsVip expression, viral RdRp at-
tenuation assay, and MTT assay, significance (p < 0.05) was

determined using one-way analysis of variance (ANOVA) with Tukey's
multiple comparison test.

2.13. Key resources table

Resource Source Identifier

Chemical
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-

trazolium bromide
Sigma Cat#M2128

DAPI Sigma Cat#D9542
Ampicillin Sigma Cat#A0166
DMSO Sigma Cat#D2650
formaldehyde Sigma Cat#F8775
kanamycin Sigma Cat#60615
PBS Biosesang Cat#P2007
Penicillin,streptomycin Thermo Fisher

Scientific
Cat#15240062

Fig. 2. Sequence comparison and evolutionary relationships of SsVip (A) Multiple sequence alignment of SsVip constructed using selected viperin homologues from
other vertebrate and invertebrate species. The N terminal ER signal sequence (Blue circle) and characteristic CxxxCxxC motif (Red circle) are shown. (B) Phylogenetic
tree of SsVip constructed using vertebrate and invertebrate viperin homologues. This tree was constructed using MEGA (Version 10.0.5) software by using the
neighbor-joining method. 5000 bootstrap replicates were performed. The host species and NCBI accession numbers of sequences used for multiple sequence
alignment and phylogenetic analysis are as follows: Branchiostoma japonicum (ALM30210.1), Crassostrea gigas (ALT07791.1), Gallus gallus (NP_001305372.1), Anas
platyrhynchos (AJG06248.1), Alligator mississippiensis (KYO32956.1), Anolis carolinensis (XP_003215459.1), Rattus norvegicus (NP_620236.1), Bos taurus
(NP_001039406.1), Homo sapiens (NP_542388.2), Pongo abeli (NP_001129006.1), Danio rerio (NP_001020727.1), Mylopharyngodon piceus (AQT03380.1), Siniperca
undulata (ABO48457.1), Siniperca scherzeri (ABO48456.1), Coreoperca whiteheadi (ABO48449.1), Larimichthys crocea (ATO58378.1), Oplegnathus fasciatus
(AJE63372.1), Lateolabrax maculatus (ABO48450.1),Monopterus albus (XP_020446533.1), Callorhinchus milii (NP_001279633.1) Xenopus tropicalis (XP_002935073.1),
and Danio rerio (NP_001020727.1). The SsVip is indicated by an asterisk (*). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3. Results and discussion

3.1. In silico analysis of SsVip

The length of the SsVip open reading frame (ORF) is 1047 bp
(Accession No: MK541018). SsVip is a 349 amino acid protein with a
calculated size of 40.24 kDa and a pI of 6.67. It contains three main
domains (Fig. 1A); an N-terminal ER localization domain, a middle
catalytic domain, and a conserved C-terminal domain. The N-Terminal
ER localization signal sequence (α1 amphipathic helix) comprises
amino acids 9 to 39. A characteristic CxxxCxxC motif
(C71NYKC75GFC78) was observed in residue numbers 71 to 78, which
are positioned on a β-barrel fold between β1 and α2. Cys71, Cys75, and
Cys78 were found to bind with three iron atoms of the 4Fe–4S cluster
(Fig. 1A). In previous studies, viperin was classified as a radical SAM
enzyme [48], and human viperin was shown to contain a CxxxCxxC
motif at position 83 to 90 [49]. In rock bream, the viperin CxxxCxxC
motif is positioned between amino acids 76 to 93, and is capable of
binding with the 4Fe–4S cluster [29]. Physiochemical studies on this
cluster revealed its ability to catalyze a diverse range of radical reac-
tions [50–52]. Therefore, SsVip can be categorized as a radical enzyme
capable of catalyzing a wide range of reactions.

Homology modeling of SsVip revealed two passageways positioned
on either side of the protein with two openings to the exterior (Fig. 1B).
Furthermore, a compact globular structure with a central 4Fe–4S
binding CxxxCxxC motif (Fig. 1C) was observed. The CxxxCxxC motif
was surrounded by an array of 9 β-sheets and 11 α-helixes, keeping it
well-separated from the exterior environment (Fig. 1D). Previous
structural studies on seahorse and human viperin revealed them to have
a similar globular structure with the reactive center is buried inside the
core of the protein [30,48,53]. This conserved structure emphasizes the
importance of the reactions SsVip catalyzes. Radical reactions are high
energy reactions, involving highly energetic intermediates and products
[48]. Therefore, separation of the reactive center from other vital cel-
lular reactions is of paramount importance for proper activity of SsVip.

Pairwise sequence alignment with animal orthologues showed
rockfish viperin to have the highest identity (85.2%) and similarity
(91.8%) to that of rock bream (Supplementary Table 1), while its
identity and similarity to human viperin were 68.4% and 80.6%, re-
spectively. Lower identity (19.7%) and similarity (30.6%) was shown
for fruit fly (Drosophila melanogaster) viperin. Multiple sequence align-
ment revealed a number of conserved regions throughout the SsVip
(Fig. 2A). Of these, the catalytic domain was found to have the highest
sequence conservation. The C-terminal domain also showed a high level
of sequence conservation, suggesting probable conserved functions
[48]. Similar observations were made regarding the previously char-
acterized seahorse and human viperin C-terminal regions [30,48].
General functions such as dimerization and interaction with partner
proteins were allocated to this domain [54–56]. However, no specific
antiviral function has been attributed to this region, and more studies
are required to functionally characterize the C-terminal domain of the
SsVip.

Phylogenetic analysis (Fig. 2B) revealed that SsVip arose separately
from other vertebrate groups such as birds, reptiles, and mammals. The
clade containing rockfish viperin (⁎) includes other teleosts, namely
perch (Siniperca undulata, Siniperca scherzeri, and Coreoperca white-
headi), perciforms (Larimichthys crocea, Oplegnathus fasciatus, and La-
teolabrax maculatus) and synbranchiformes (Monopterus albus), in-
dicating their close evolutionary relationship with SsVip.

As shown by in silico analysis, SsVip is an evolutionary conserved
4Fe–4S cluster-binding, CxxxCxxC motif bearing, radical SAM enzyme.

3.2. Quantitative real time PCR

3.2.1. Tissue distribution of SsVip
Expression analysis with qPCR was performed in order to detect

Fig. 3. Transcription profile of SsVip under normal physiological conditions by
qPCR. Relative SsVip mRNA expression was analyzed according to the Livak
method. Rockfish EF1α was used as the internal control. Data is the mean value
of tree replicate experiments and their positive standard deviation (SD). H.
kidney is an abbreviated term for head kidney. Data were analyzed with one
way ANOVA with Tukey's comparison (p < 0.05). Data label with the same
lower case letter is not statistically different from each other.

Fig. 4. Relative SsVip transcription by qPCR in blood (A) and spleen (B) after
the injection of S. iniae, poly I:C and LPS. Results for SsVip were analyzed ac-
cording to the Livak method using rockfish EF1α as the internal control.
Experiments were done in triplicate, mean values and positive standard de-
viations are shown on the graph. Statistical significance was evaluated with the
Student's t-test. Significant values (p < 0.05) are indicated with an asterisk (*).
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SsVip under normal physiological conditions, as well as under chal-
lenge. The single peak dissociation curve was used as a reference to
validate single product amplification during qPCR. At first, expression
was monitored to evaluate organ/tissue-specific biases on viperin ex-
pression in the absence of significant immune challenge (Fig. 3). The
highest expression detected under this condition was in the blood,
followed by the spleen and testis. In comparison, the liver, muscle, and
skin had the lowest levels of expression.

In a previous study involving rock bream viperin in the absence of
immune stimulation, significant upregulation was found in the liver,
followed by the spleen, when compared to other organs/tissues [29].
Additionally, two previous studies on red drum and large yellow
croaker (Larimichthys crocea) viperin found the highest levels of ex-
pression to be in blood [25,57]. Blood is a main pathogenic barrier
against an array of viruses [58]. Therefore, enhanced expression of
ISGs, and of viperin, may be expected in the blood. Since the spleen is
closely associated with the blood, similar levels of elevated viperin are

unsurprising. In terms of sexual organs, expression of SsVip was sig-
nificantly higher in testes than in ovaries (Fig. 3). Rockfish are a vivi-
parous fish species [59], and therefore their eggs are well protected
inside female body, whereas sperm is not. If not fully protected, sperms
may carry harmful viral genetic materials to the fetus, therefore testi-
cular cells like Leydig cells, macrophages, Sertoli cells, and peritubular
cells were found to express interferons stimulating ISGs, including vi-
perin, continuously [60,61]. This may explain the higher expression of
SsVip in rockfish testes compared to ovaries.

Different organs/tissues possess different vulnerabilities to patho-
gens, which may also depend on the niche of the organism. Therefore,
the observed variations in SsVip transcription can be regarded as early
precaution to protect more vulnerable organs/tissues from viruses.

3.2.2. Immune stimulants for SsVip
To evaluate the effect of immune stimulants on the temporal fluc-

tuation profile of SsVip, a time dependent challenge experiment was

Fig. 5. Downregulation of individual VHSV transcripts accompanying overexpression of SsVip. FHM cells were transfected with pcDNA™3.1(+)/SsVip or empty
pcDNA™3.1(+) vectors. Cells were treated with 0.01 MOI of VHSV. Samples were collected 24 and 48 h post treatment. Expression of antiviral proteins transcripts
was analyzed by qPCR, using FHMEF1α as the internal control. Transcription profiles of Nucleoprotein, (N protein); Phosphoprotein, (P protein); Matrix protein, (M
protein); Glycoprotein, (G protein), and RNA dependent RNA polymerase (RdRp) are shown. Each data point represents the mean of three samples; positive SDs are
shown. Data was analyzed with one-way ANOVA with Tukey's comparison (p < 0.05). Statistical differences are indicated with different lowercase letters.
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performed. Blood (Fig. 4A) and spleen (Fig. 4B) were selected for this
experiment due to the high SsVip expression levels observed during the
tissue distribution experiment (3.2.1). Results for both spleen and blood
revealed a significant and substantial upregulation of SsVip following
poly I:C stimulation throughout the experiment. Compared to blood,
spleen displayed early expression of SsVip for poly I:C (Fig. 4A and B).
The peak value for blood was reached 24 h post-challenge, while the
respective peak for spleen was reached as early as 12 h after challenge.
After their respective peak values were reached, expression was ob-
served to gradually decline over time.

Mammalian viperin was rapidly induced upon stimulation with
virus and virus-derived materials [62]. Poly I:C is a widely recognized
dsRNA analogue which mimics virus-derived dsRNA [63,64]. Studies
on marine invertebrates, for example the Pacific oyster (Crassostrea
gigas), have shown viperin expression to be elevated under poly I:C
challenge [65]. In studies among fish, including mandarin fish [26],
large yellow croaker [57], red drum [25], and seahorse [30], rapid and
marked upregulation of viperin was found following poly I:C stimula-
tion when compared to LPS and other bacterial stimulants. Previous
studies performed using poly I:C revealed its ability to activate both
dendritic cells (DC) and natural killer (NK) cells through TLR and
melanoma differentiation associated receptor (MDA) [66].

The spleen acts as a blood filter, collecting antigens from blood and
activating various immune pathways [67]. Splenic DC and macro-
phages were shown to produce type I and type II IFN upon poly I:C
stimulation [63]. Among the ISGs, viperin is a highly expressed gene in
animals [4]. Previous studies stated the ability of NK cells to produce
IFN-γ for the poly I:C stimulation [66]. Studies have revealed white
blood cells (WBC) are highly sensitive for type I and II IFN [68]. Ad-
ditionally, previous research revealed an inter-organ/tissue correlation
for the expression of ISGs [69]. Moreover, lymphocytic chor-
iomeningitis virus (LCMV)-infected mice spleen showed rapid produc-
tion of type I IFN [70]. Therefore, the spleen is expected to express

SsVip promptly. However, more time is required for the splenic IFN to
act on blood cells, inducing them to express SsVip. This type of dis-
tinction for ISGs expression might enhance the efficiency of innate
immune reactions.

According to our results, viperin expression does not persist over
time, and in blood the level of expression gradually decreased after
24 h. In the spleen SsVip expression was observed to decline after 12 h.
It has been previously demonstrated that cellular IFN expression is
transient [71], thus, a decrease in IFN levels could underlie the re-
duction in SsVip expression in blood and spleen.

Besides poly I:C, both LPS and S. iniae caused significant upregu-
lation of SsVip in blood. When considering LPS, a similar but more
moderate SsVip expression pattern was observed in blood compared to
poly I:C. LPS was used to mimic Gram-negative bacterial endotoxins. In
previous analyses, LPS and S. iniae caused significant upregulation of
viperin in red drum and seahorse [25,30]. LPS was shown to bind to
cluster of differentiation 14 receptor (CD14), upregulating type II IFN,
and similarly IFN-γ [72]. In a previous study on Atlantic salmon (Salmo
salar) viperin was found to be upregulated with IFN-γ, but to a lesser
degree than type I interferon [73]. Therefore, observed lower expres-
sion of SsVip in the presence of LPS may be caused by IFN-γ.

Although stimulation of ISGs, including viperin, mainly occurs due
to the presence of viruses, bacterial activation by IFN has previously
been shown [74]. S. iniae is a major Gram-positive pathogenic bac-
terium [75]. In blood challenged with S. iniae, SsVip expression was
found to gradually rise. S. iniae is reported to either colonize the surface
of fish, or to cause an invasive disease [76]. Furthermore, production of
IFN-γ in the presence of Gram-negative bacteria such as Salmonella ty-
phimurium and Gram-positive bacteria such as Listeria monocytogenes
has previously been shown [77,78]. Furthermore, TLR-4 mediated en-
docytosis of bacterial cells followed by IFN-β production has been re-
ported [79]. Recent findings suggest live bacterial phagocytosis as a
potential source of mRNA escaping from the phagosomes [80]. This

Fig. 6. Cell viability enhancement and VHSV re-
plication attenuation by SsVip. (A) Viability of SsVip
transfected FHM cells along with the VHSV MOI.
FHM cells were transfected with the pcDNA™3.1(+)/
SsVip or pcDNA™3.1(+) construct and incubated for
24 h. Cells and FHM were then treated with an in-
creasing MOI titer of VHSV. After 72 h incubation,
cell viabilities were analyzed by MTT colorimetric
assay. Viability was calculated as a percentage of the
control (Un-transfected FHM cells). (B) Reduction of
the virus titer with SsVip. The first and second col-
umns represent the virus titers produced by
pcDNA™3.1(+) transfected and un-transfected FHM
cells, respectively. The third column represents the
virus titer produced by the FHM cells transfected
with the SsVip/pcDNA™3.1 (+) construct. Each data
point represents the mean value of three samples and
their positive SDs are also shown. Data was analyzed
using one-way ANOVA with Tukey's comparison
(p < 0.05). Statistical differences are indicated with
different lowercase letters.

K.A.S.N. Shanaka, et al. Fish and Shellfish Immunology 92 (2019) 655–666

662



escaped bacterial mRNA eventually triggers RIG-1, TLR-3, TLR-7, and
MDA-5 receptors, resulting in downstream production of cytokines and
expression of ISGs, including viperin [81]. Therefore, the observed
upregulation of SsVip may have been caused by IFN-β or IFN-γ.

In summary, with the presence of poly I:C, a substantial increase in
the expression of SsVip was observed in both the spleen and the blood.
As previous works suggest, poly I:C is capable of activating multiple
pathways leading to the production of both type I and II IFNs.
Nevertheless, other immune stimuli such as LPS and S. iniae were
shown to activate expression of SsVip to a lesser degree, mainly through
type II IFN (IFN-γ)-producing pathways.

3.3. Virus transcription reduction by SsVip

Significant down regulation of the VHSV gene transcripts for NP, PP,
MP, GP, and RdRp were observed for 24 h and 48 h post-infection
samples (Fig. 5). VHSV is a key pathogenic virus in a number of marine
and fresh water fishes, including rockfish [82]. The single stranded RNA
(ssRNA) genome of VHSV depends solely on RdRp for genome re-
plication, as well as transcription of its genes [83]. Previous studies

revealed obligatory sequential transcription of its genes from 3′ end to
the 5’ end of the VHSV genome [84]. If RdRp is inhibited by viperin,
equal downregulation of all transcripts is expected. To date, no research
has been done to evaluate this hypothesis. Therefore, during this re-
search the expression of five VHSV genes were analyzed under condi-
tions of SsVip overexpression. Due to its naturally elevated level com-
pared to other CDS, VHSV NP gene expression has been previously used
to detect VHSV infections in fishes [85]. A parallel experiment per-
formed using seahorses revealed similar downregulation of VHSV NP
transcripts [30]. Additionally, human viperin was previously shown to
reduce dengue virus transcripts through an RdRp inhibitory mechanism
[54]. Both VHSV and dengue virus (DENV) contain ssRNA genomes
[54]. Therefore, RdRp can be identified as an obligatory requirement
for ssRNA genomic virus transcription. An experiment on oyster viperin
revealed its ability to downregulate DENV transcription, moreover, an
efficiency comparison between oyster and human viperin revealed si-
milar RdRp inhibitory capacities [86]. According to above findings,
viperin has conserved functions against RdRp, whereas the results for
SsVip reconfirm previous findings.

Fig. 7. (A) Helical wheel simulations of human viperin (A-I) and SsVip (A-II) ER localization signals. Both signal sequences are characterized by an abundance of non-
polar amino acids. (B) SsVip subcellular localization. FHM cells were transfected with either pEGFPN1/SsVip or pEGFPN1. After 24 h cells were inspected with a
fluorescent microscope. First lane: FHM cells transfected with pEGFPN1 (control), (I) stained with DAPI (blue); (II) stained with ER tracker™ dye (red); (III) Green
fluorescent protein (GFP) (green); (IV) Merged image for I, II, and III. Second lane: pEGFPN1/SsVip transfected FHM cell, (V) stained with DAPI (blue); (VI) stained
with ER tracker™ dye (red); (VII) SsVip-GFP fusion protein (green); (IX) Merged image of V, VI, and VII. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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3.4. Virus replication reduction by SsVip

The results of the MTT assay for the pcDNA™3.1(+)/SsVip trans-
fected cells revealed (Fig. 6A) significant extension of cell viability up
to 2.4 MOI. Cells transfected with pcDNA™3.1(+) only showed sig-
nificant loss of viabilities at VHSV titers exceeding 1.4 MOI. The TCID50

values of the SsVip transfected cells (Fig. 6B) showed significant re-
duction in the virus titers compared to the pcDNA™3.1 + transfected
cells and control cells. Cell viabilities of VHSV-infected FHM cells have
been previously studied, whereas with VHSV titers of more than 1 MOI,
viability losses of approximately sixty percent have been reported [87].
Furthermore, pretreating FHM cells with dsRNA resulted in reduced cell
death during VHSV infection through enhanced antiviral effects against
VHSV [87]. Such pretreatments would stimulate FHM cells to express
ISGs such as viperin at higher concentrations, thereby mounting a
cellular antiviral defense against viruses.

Both virus replication and transcription are known to interfere with
host cellular activities [88]. Moreover, reduction of cell viability has
been shown to be associated with increased VHSV replication levels
[89]. The virus quantification assay results confirmed the reduction of
virus replication in the presence of SsVip. Therefore, with SsVip over-
expression, reduced RdRp activity may have caused for low replication
levels of VHSV.

3.5. Subcellular localization of SsVip

Previous research involving carp [28], grouper (Epinephelus coioides)
[90] and sea horse [30] viperin suggests the cytosolic phase of the ER as
the site of viperin localization. Human viperin localization signal
(Fig. 7A.I) (NCBI accession number AAL50053, amino acid 9 to 42) was
compared to the rockfish localization signal (amino acid 9 to 39)
(Fig. 7A.II). Both signal sequences contain a high proportion of non-
polar and uncharged amino acids. Moreover, the distribution of polar
amino acids is similar in both of these sequences, suggesting that they
have similar localization mechanisms.

Findings of this research suggest the ER as the main site of viperin
localization (Fig. 7B). Previous findings suggested that the availability
of viperin in the cytosolic phase of the ER is important for its antiviral
activity, and that it inhibits the trafficking of virus-derived proteins
through the ER [7]. Moreover, some viruses are known to use the ER for
their replication activity [91], thus by localizing into the ER, SsVip
provides cells with additional capability to interfere with virus re-
plication.

4. Conclusion

In this study SsVip was analyzed in silico, in vivo, and in vitro. In silico
analysis confirmed the availability of the radical iron sulfur binding
CxxxCxxC motif at the core of SsVip. In vivo immune challenge was
designed to evaluate SsVip immune responses, finding it to be drasti-
cally upregulated throughout the experiment following challenge with
poly I:C. Moreover, low though significant expression of SsVip in the
presence of non-viral immune stimulants such as LPS and S. iniae were
observed. An in vitro RdRp attenuation assay confirmed previous ob-
servations concerning viperin's capacity to enervate viral transcription
through RdRp inhibition. An MTT assay and virus titer quantification
assay in the presence of SsVip revealed reduction of virus replication.
As previous studies have suggested, localization of SsVip to the ER
provides cells with additional capacity to directly interfere with virus
replication. SsVip is therefore an important antiviral protein in innate
immune defense.
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