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A B S T R A C T

In mammals, the multifunctional DExH/D-box helicases, DDX3 and DHX9, are nucleic acid sensors with a role in
antiviral immunity; their role in innate immunity in fish is not yet understood. In the present study, full-length
DDX3 and DHX9 coding sequences were identified in rainbow trout (Oncorhynchus mykiss). Bioinformatic
analysis demonstrated both deduced proteins were similar to those of other species, with ~80% identity to other
fish species and ~70–75% identity to mammals, and both protein sequences had conserved domains found
amongst all species. Phylogenetic analysis revealed clustering of DDX3 and DHX9 with corresponding proteins
from other fish. Cellular localization of overexpressed DDX3 and DHX9 was performed using GFP-tagged pro-
teins, and endogenous DDX3 localization was measured using immunocytochemistry. In the rainbow trout go-
nadal cell line, RTG-2, DHX9 localized mostly to the nucleus, while DDX3 was found mainly in the cytoplasm.
Tissue distribution from healthy juvenile rainbow trout revealed ubiquitous constitutive expression, highest
levels of DDX3 expression were seen in the liver and DHX9 levels were fairly consistent among all tissues tested.
Stimulation of RTG-2 cells revealed that DDX3 and DHX9 transcripts were both significantly upregulated by
treatment with the dsRNA molecule, poly I:C. A pull-down assay suggested both proteins were able to bind
dsRNA. In addition to their roles in RNA metabolism, the conserved common domains found between the
rainbow trout proteins and other species having defined antiviral roles, combined with the ability for the pro-
teins to bind to dsRNA, suggest these proteins may play an important role in fish innate antiviral immunity.
Future studies on both DDX3 and DHX9 function will contribute to a better understanding of teleost immunity.

1. Introduction

The DExD/H-box family of helicases includes a diverse array of
proteins with multifunctional roles. Each DExD/H-box helicase contains
a helicase motif II (DEAD, DEAH, DExD or DExH), as well as at least
eight conserved motifs involved in adenosine triphosphate (ATP)
binding and hydrolysis, nucleic acid binding, and RNA unwinding [1].
The DExD/H domain is well conserved from viruses and bacteria to
mammals [2]. DExD/H-box helicases are involved in nearly all aspects
of RNA-related cell processes including pre-mRNA splicing, mRNA ex-
port, and translation [3,4]. In addition to roles in RNA metabolism,
some DExD/H-box helicases play a role in the innate antiviral response,
acting as sensors for viral nucleic acids and/or affecting downstream
signaling events [5–7]. Sensing viral nucleic acids is a key factor in host
recognition of a viral infection; nucleic acids with unique defining
features act as pathogen-associated molecular patterns (PAMPs) that

are recognized by host-derived pattern recognition receptors (PRRs).
Long dsRNA produced during viral infection is one example of a nucleic
acid PAMP, length is a distinguishing feature to separate viral dsRNA
from host dsRNA. PRRs can be found on the cell surface (ex. class A
scavenger receptors), in the endosome (ex. toll-like receptors (TLR)
TLR9 or TLR3), or in the cytoplasm, (ex. RIG-I like receptors (RLRs)
including RIG-I and MDA5 [8]. MDA5 and RIG-I are DExD/H-box he-
licases that act as dsRNA sensors and play a pivotal role in activating
signaling cascades, which culminate in the production of type I inter-
ferons (IFN) and the establishment of an antiviral state [9]. More re-
cently, many other members of the DExD/H-box helicase family are
now being recognized for their roles in nucleic acid sensing and med-
iating immune pathways [10].

The present study focused on two DExD/H-box helicases that are
not part of the RLR family, DHX9 and DDX3, in rainbow trout
(Oncorhynchus mykiss). DDX3 plays an important role in nearly all
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aspects of RNA metabolism [11]. In mammals DDX3 has two forms,
DDX3X and DDX3Y, the genes encoding these proteins are found on the
X and Y chromosomes respectively [12]. DDX3X is widely expressed
and has many roles including cell homeostasis, innate immunity, and
viral replication; DDX3Y protein is only expressed in the male germline
and plays a role in spermatogenesis [13]. For host innate immunity,
DDX3X increases type I IFN production by acting as a viral dsRNA
sensor that associates with the adaptor protein IFN-β promoter stimu-
lator 1 (IPS-1) to induce IFNs. DDX3X is also a transcriptional regulator
that binds to the IFN-β promoter and enhances transcription [14–16].
DDX3X reduces influenza A replication via its role in stress granule
formation [17]. In contrast to an antiviral function, DDX3X is also used
by viruses to promote viral replication, as has been reported for hepa-
titis C virus, West Nile virus, and human immunodeficiency virus-1
(HIV-1; [18–20].

DHX9 (also known as Nuclear DNA helicase II (NDH II) or RNA
helicase A (RHA)) has RNA, DNA, and triple-helical DNA structure
helicase activity [21–23]. In mammals, DHX9 binds dsRNA and signals
through IPS-1 to induce type I IFN [7,24]. DHX9 is also a substrate for
phosphorylation by the dsRNA-receptor protein kinase R (PKR; [25]. As
with DDX3, in addition to its antiviral activity used by the host, many
viruses actively recruit DHX9 to enhance their replication. These
viruses include: HIV-1, hepatitis C virus, cytomegalovirus, adenovirus,
hepatitis E, influenza A, classical swine fever virus, and foot and mouth
disease virus [22].

Very few studies have explored DHX9 or DDX3 in teleost fish,
therefore, the nomenclature for DDX3, either X,Y, or other, has yet to be
defined; as such, rainbow trout DDX3 will be referred to without further
nomenclature in this study. DHX9 was identified in channel catfish
(Ictalurus punctatus; [26] and goldfish (Carassius auratus; [27], neither
study addressed a role for DHX9 in immunity. DDX3 has been identified
in goldfish [27], olive (Japanese) flounder (Paralichthys olivaceus; [28],
orange-spotted grouper (Epinephelus coioides; [29], and zebrafish (Danio
rerio; [30]. In the olive flounder two DDX3 genes were identified from

the transcriptome, DDX3a and DDX3b [28]. Both genes were expressed
in different proportions in a wide variety of tissues, and there were sex-
dependent differences in expression, however unlike in mammals these
variants are not sex-linked [28]. Zebrafish DDX3 had differential ex-
pression in fish treated with heat-killed Escherichia coli [30]. DDX3 from
Epithelioma Papulosum Cyprini (EPC; a fathead minnow cell line), is a
binding partner for the nonvirion (NV) proteins from two no-
virhabdoviruses, suggesting DDX3 plays an important role in either
enhancing innate immunity or promoting virus replication in fish [31].
Additionally, overexpressed grouper DDX3 protected cells against
grouper nervous necrosis virus but did not affect Singapore grouper
iridovirus replication and was involved in enhancing IFN-related anti-
viral pathway components [29].

In this study, sequences for DDX3 and DHX9 from rainbow trout
were identified and bioinformatically analyzed. Endogenous expression
levels of both transcripts were measured in both cell lines and tissues,
and the effect of stimulation with the synthetic dsRNA, polyinosinic:
polycytidylic acid (poly I:C) was measured in RTG-2 cells. The ability
for DDX3 and DHX9 to bind to dsRNA was explored using in vitro
transcribed dsRNA.

2. Materials and methods

2.1. Cell culture

The rainbow trout gonad (RTG-2), rainbow trout gill (RTgill-W1),
rainbow trout gut (RTgutGC), and epithelioma papulosum cyprini (EPC)
cell lines were obtained from N. Bols (University of Waterloo; [32–35].
Cell lines were grown in 75 cm2 plastic tissue culture flasks (BD Falcon,
Bedford, MA, USA) at 20 °C (rainbow trout cells) and 25 °C (EPC) in
Leibovitz's L-15 media (HyClone, Logan, UT, USA) supplemented with
10% v/v fetal bovine serum (FBS; Fisher Scientific, Fair Lawn, NJ,
USA), and 1% v/v penicillin/streptomycin (P/S; 10 mg/mL strepto-
mycin and 10000U/mL penicillin; Fisher Scientific).

Table 1
Primers, forward (F) and reverse (R), used for sequencing, cloning, and RT-qPCR for DDX3 and DHX9 in rainbow trout. Primer sequences are given in 5′-3′
orientation, product size in base pairs (bp) and annealing temperatures (Ta) are reported. Where applicable: extra nucleotides for the GC clamp or to keep a protein in
frame are shown in bold, a human influenza hemagglutinin (HA) protein tag sequence is italicized, restriction sites are underlined and reported in the primer name,
and the GSG linker sequence is in bold italics.

Primer Sequence 5′-3′ Size (bp) Ta (oC)

Sequencing
DDX3

Full-length
F - ATGAGTCATGTGGCCGTCG
R - TTAGTTGCCCCACCAGTCCA

2136 50

DHX9
Frag.

F1-EcoRI - GCGGCGGAATTCAGCGGACATCAAGAACTTCCTGTAT
R1 - AGTACTTGGATCAGGTGGCG
F2 - GCTTTTGAGGTGAATGTGGTGGA
R2 - TCTGGGGATCTGAGAGTGGA
F3 - ACACCTGGAGATGAACCCAC
R3-ApaI - GCGGGCGGGCCCCTAATATCCCTGGCCCCCTCCATA

990
1257
1798

50
50
50

DHX9 Full- length F - ATGGCGGACATCAAGAACTTCCTGTAT
R - CTAATATCCCTGGCCCCCTCCATA

3846 55

Cloning
pCDNA3.1-DDX3-HA F-EcoRI - CGGCCGGAATTCATGAGTCATGTGGCCGTCG

R-XhoI -GCGCCCCTCGAGTTAGTTGCCCCACCAGTCCAGGTAGTGGTTACCCATACGATGTTCCAGATTACGCT
2216 50

pCDNA3.1-DHX9-HA F-EcoRI -GCGGCGGAATTCATGGCGGACATCAAGAACTTCCTGTAT
R-XbaI -GCGCCCTCTAGACTAATATCCCTGGCCCCCTCCATAGGTAGTGGTTACCCATACGATGTTCCAGATTACGCT

3926 50

peGFP-C1- DDX3 F-XhoI - CGGCCGCTCGAGCGAGTCATGTGGCCGTCG
R-EcoRI - GGGCCCGAATTCTTAGTTGCCCCACCAGTCCA

2158 50

peGFP-C1- DHX9 F - see DHX9 Frag F1
R - see DHX9 Frag R3

3868 50

RT-qTPCR
DDX3 qPCR F - GAAACCAAGAAGGGAGCGGA

R - GGATACTGGTGCAGGCGTAA
70 55

DHX9 qPCR F - GGGTATTTGAGCCTGTGCCT
R - CTTCCTCTGCTCCAGGTTGG

197 55

MDA5 qPCR F - GGTGTCCTGATGGCTGTGAA
R - CCAATGTCTCCTGCTCTGGG

109 55
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2.2. CDS identification

Primers for the full-length coding sequences (CDS) of rainbow trout
DDX3 and DHX9 were designed. DDX3 primers were designed from an
unnamed rainbow trout protein product (CDQ76520.1) which demon-
strated similarity to olive flounder DDX3 variant 1 (AKS43549.1). The
DHX9 primers were based on a predicted Atlantic salmon (Salmo salar)
DHX9 sequence (XM_014190662.1). DDX3 was amplified from start to
stop codon using the predicted primers and DHX9 was sequenced in
three overlapping fragments, Table 1. RNA was extracted from RTG-2
cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and DNase
treated using the TURBO DNA-free kit (Fisher Scientific). cDNA was
synthesized as per manufacturers’ instructions using iScript Reverse
Transcriptase Supermix (Bio-Rad, Hercules, CA, USA), 1 μg of RNA/
20 μL reaction. PCR reactions were performed using Phusion High-Fi-
delity 2x master mix (ThermoFisher Scientific), 0.5 μM forward primer,
0.5 μM reverse primer, 2 μL of cDNA and nuclease-free water (Fisher
Scientific) to a total volume of 20 μL. The following protocol was
completed in a T100 Bio-Rad thermocycler: 98 °C - 30s, 29 cycles of
98 °C - 10s, Ta (Table 1) - 10s, 72 °C - 1min 30s, followed by a final
extension at 72 °C - 5min. DDX3 was cloned directly into the peGFP-C1
vector for sequencing of the full-length product; DHX9 fragments had
A-overhangs added with GoTaq Flexi DNA polymerase (Promega, Ma-
dison, WI, USA) as per pGEM T-easy instructions, and were subse-
quently cloned into pGEM T-easy (Promega) for sequencing prior to
full-length cloning into expression vectors.

2.3. Full-length DHX9 amplification

To PCR amplify the entire DHX9 sequence a method adapted from
Ref. [36] was used. First three overlapping fragments were amplified as
described above, Table 1. The products were gel purified using the
QiaQuick gel extraction kit (Qiagen, Hilden, Germany). A 100 μL PCR
reaction (reaction A) containing Phusion High-Fidelity 2x master mix
and 100 ng of each purified product were combined and the following
protocol was completed in a T100 Bio-Rad thermocycler: 98 °C - 1min
followed by 10 cycles of 98 °C - 10s, 55 °C - 10s, 72 °C – 1min 30s. A
second 100 μl reaction (reaction B) containing Phusion High-Fidelity
2x master mix was created and included 3 μl of unpurified reaction A
and 0.5 μM of DHX9 full-length forward and reverse primers with no
tags, Table 1. The following protocol was completed: 98 °C–1 min, 34
cycles of 98 °C - 10s, 55 °C - 10s, 72 °C – 2min, followed by 72 °C – 5min.
The product was then purified using the GeneJET PCR Purification kit
(Fisher Scientific) and restriction sites were added using the pEGFP-C1-
DHX9 primers from Table 1 under the conditions for reaction B. The
sequences have been deposited into the NCBI database, DDX3:
MG976579 and DHX9: MG976580.

2.4. Bioinformatics

Other potential variants of DDX3 and DHX9 were identified by
blasting the full-length CDS with the Rainbow trout genome at http://
www.genoscope.cns.fr/trout/ [37]. DDX3 and DHX9 nucleotide se-
quences were translated into deduced amino acid sequences using Ex-
PASy; subsequent analysis was performed on these sequences [38].
Conserved motifs found within the DDX and DHX families were iden-
tified based on the report by Ref. [26]. The amino acid sequences were
compared to other published sequences using EMBOSS Needle pairwise
sequence alignment and the percent similarity and identity are re-
ported. Amino acid sequences were aligned using ClustalW (within
MEGA7) and MEGA7 was used to create a Neighbor-joining tree using
the p-distance method [39–41]. A bootstrap analysis was done for 1000
replicates, the percentage of replicate trees that create the presented
clusters is shown above each branch [42]. Conserved domains were
identified using the NCBI conserved domain search and figures were
created using the IBS illustrator program [43,44]. All accession

numbers can be found in Table 2.

2.5. RT-qPCR

2.5.1. RNA extraction
Tissue samples were collected from three juvenile rainbow trout,

ranging in weight between 75 g and 210 g. Tissue was added to TRIzol
reagent (50 mg tissue/mL TRIzol; Invitrogen) and homogenized with a
manual homogenizer. For endogenous expression rainbow trout cells
were plated at 1 × 106 cells in a 6-well plate (BD Falcon), after over-
night attachment TRIzol was added to the monolayer. RNA was isolated
using TRIzol reagent (Invitrogen) and treated using the TURBO DNA-
free kit (Fisher Scientific). For stimulation studies, RTG-2 cells were
plated at 8 × 105 cells in a 6-well plate (BD Falcon) and allowed to
attach overnight. Cells were treated with 50 μg/mL poly I:C (re-
suspended in PBS at 10 mg/mL; Sigma-Aldrich) in regular growth
media, or media alone, for 4 h or 24 h. RNA was extracted using the Bio-
Rad Aurum RNA extraction kit, including an on-column DNase I di-
gestion (Bio-Rad).

2.5.2. cDNA synthesis and qPCR reactions
RNA from tissues and cell lines was reverse transcribed to cDNA

using iScript reverse transcriptase as per manufacturers' instructions at
1 μg of RNA/20 μL reaction. qPCR reactions contained: 2 μl of 10−1

diluted cDNA, 1X SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA),
0.2 μM forward primer, 0.2 μM reverse primer, and nuclease-free water
(Fisher Scientific) to a total volume of 10 μL, primers listed in Table 1.
Triplicate technical replicates were performed. qPCR reactions were
performed using the CFX Connect Real-Time PCR Detection System
(Bio-Rad). The program used for all qPCR reactions was: 98 °C - 2 min,
40 cycles of 98 °C - 5s, 55 °C - 10s, followed by a melting curve com-
pleted from 65 °C to 95 °C with a read every 5s. Product specificity was
determined through single PCR melting peaks, and a no-reverse tran-
scriptase (NRT) control reaction was also included for each sample.
Data were analyzed using the ΔΔCt method; gene expression was nor-
malized to the housekeeping gene (β-actin). For tissue and cell culture
endogenous expression samples were presented as relative to the go-
nadal tissue sample or RTG-2 cells. For poly I:C stimulation trials the
data are presented as relative to an unstimulated control. Data re-
present three individual fish or three independent replicates and were
statistically analyzed with GraphPad Prism version 7.00 for Mac
(GraphPad Software, La Jolla, CA USA, www.graphpad.com). A one-
way ANOVA with Tukey's multiple comparison test was used to check
for significant differences between data points, a p value < 0.05 was
considered significant.

2.6. Expression vectors and cellular localization

The two plasmids used in this study were peGFP-C1 (Clontech,
Mountain View, California, USA) and pCDNA3.1 (+) (Invitrogen).
Cloned inserts were amplified using Phusion High-Fidelity 2x master
mix as described in 5.3.2 and 5.3.3 and gel purified using the QiaQuick
gel extraction kit (Qiagen). The insert and vector were digested with the
two restriction enzymes (FastDigest Thermo Fisher) corresponding to
the added restriction sites on the insert, for 1 h at 37 °C, Table 1. A 5:1
ratio of insert to 50 ng of vector were ligated with NEB T4 ligase,
overnight at 4 °C (New England Biolabs, Ipswich MA, USA). Plasmids
was transformed into JM109 competent E. coli cells (Promega). Positive
colonies were cultured overnight in Luria broth containing 100 μg/mL
of kanamycin or ampicillin (peGFP-C1 or pCDNA3.1 respectively) and
plasmids were purified using the GenElute Plasmid Preparation kit
(Sigma-Aldrich). For cellular localization, 3 × 105 RTG-2 cells were
plated in 12-well plates (BD Falcon) on glass coverslips. Plasmids were
transfected into RTG-2 cells using Fugene6 (Promega) at a ratio of 1 μg
plasmid to 3 μL of Fugene6. At 48 h post-transfection cells were fixed
using 10% neutral buffered formalin, nuclei were counterstained with
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10 μg/mL 4’,6-diamidino-2-phenylindole (DAPI; Fisher Scientific), and
coverslips were mounted on glass slides with SlowFade Gold mounting
medium (Fisher Scientific). Images were captured using an inverted
fluorescence microscope, Nikon Eclipse TiE with Qi1 camera.

2.7. Immunofluorescence

RTG-2 cells were plated at 2 × 105 cells in a 12-well plate (BD
Falcon) on glass coverslips and cells were allowed to attach overnight.
Cells were rinsed with PBS before fixation with 10% neutral buffered
formalin and permeabilized in 0.1%v/v Triton-X-100 in PBS. After a 1 h

blocking period in blocking buffer (3% w/v BSA, 3% v/v goat serum,
0.02%v/v Tween-20, in PBS) the primary rabbit anti-DDX3 antibody
(CusaBio, CSB-PA002106) was applied at a 1:100 dilution in blocking
buffer for 1 h. A goat anti-rabbit Fluorescein isothiocyanate (FITC)
secondary antibody (Santa Cruz; SC2012) was applied at a 1:200 di-
lution in blocking buffer for 1 h. Nuclei were counterstained with
10 μg/mL DAPI (Fisher Scientific) and coverslips were mounted on
glass slides with SlowFade Gold mounting medium (Fisher Scientific).
Images were captured using an inverted fluorescence microscope,
Nikon Eclipse TiE with Qi1 camera. A secondary only control was used
to account for background fluorescence. There have been no reported
antibodies that cross-react with teleost DHX9. Cross-reactivity trials
with one commercially available DHX9 antibody (A300-854A) were
attempted and were unable to detect rainbow trout DHX9; the antigen
of most commercial antibodies surveyed did not encompass a conserved
area in the rainbow trout protein and therefore were not experimentally
tested. DHX9 localization was measured using GFP-tagged protein
overexpression and expression was limited to RT-qPCR studies for
transcript expression.

2.8. Western blotting

Tissue samples from three juvenile rainbow trout, between 75 g and
210 g, were taken and added directly to lysis buffer. Prior to protein
extraction RTG-2, RTgill-W1, and RTgutGC were plated at 1 × 106 cells
in a 6-well tissue culture plate and allowed to attach overnight (BD
Falcon). Proteins were extracted from tissue or cells lines using radio-
immunoprecipitation assay (RIPA) buffer (50 mg tissue/mL or
1 × 106 cells/250 μL; 25 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% so-
dium deoxycholate, 1% Triton-X 100). Before use 2 μL/mL of protease
inhibitor cocktail (Sigma-Aldrich) was added to RIPA buffer. Proteins
were quantified using Bio-Rad Quick Start Bradford Protein Assay (Bio-
Rad) and 20 μg of protein samples were run on a 10% acrylamide SDS-
PAGE gel alongside 5 μL of PageRuler Prestained Protein Ladder
(Thermo Scientific), after which proteins were transferred onto a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad) using the Trans-
Blot Turbo system (Bio-Rad) and the mixed molecular weight program
(1.3A; up to 25 V for 7min). Blots were blocked for 1 h in 5% skim milk
powder in tris buffered saline with 0.1% Tween 20 (TBS-T). Blots were
probed with a 1:2000 dilution of rabbit anti-DDX3 primary antibody
(CusaBio, CSB-PA002106) or rabbit anti-β-actin (Sigma-Aldrich,
A2066) for 1 h at room temperature. Blots were incubated in a 1:4000
dilution of goat anti-rabbit HRP-conjugated secondary antibody (Bio-
Rad, 172–1019) for 1 h at room temperature. Protein was detected on
blots using the chemiluminescent Clarity Western ECL Substrate (Bio-
Rad) and images were captured using a VersaDoc Imager (Bio-Rad).

2.9. Pull-down assay

EPC cells were seeded at 2 × 106 cells in a 25 cm2 flask (BD Falcon).
After overnight incubation cells were transfected with 4 μg of plasmids
for expression of HA-tagged protein and 12 μl of Fugene6 transfection
reagent in L-15 with 10% FBS and no antibiotics. 72 h post-transfection
cells were lysed using 500 μl of lysis buffer containing 50 mM Tris,
150 mM NaCl, pH 7.2 and 1%v/v Triton-X-100. Before use 2 μl/mL of
protease inhibitor cocktail (Sigma-Aldrich) was added to lysis buffer.
The cell lysate was mixed with 10 μl of anti-HA magnetic beads
(Bimake, Houston, TX, USA) that had been equilibrated in tris-buffered
saline (TBS). 1 μg of in vitro transcribed dsRNA, a 200bp molecule of
viral sequence (previously described in Ref. [45], was added to the cell
mixture and the cell/protein/dsRNA mix was rotated overnight at 4 °C.
Beads were washed with TBS until a NanoLite Spectrophotometer
(Fisher Scientific) read 0 at absorbance 260 nm. The beads were boiled
in 20 μL of 1x DNA gel loading dye (Fisher Scientific) and an im-
munoblot was performed using the J2 monoclonal antibody for dsRNA,
as previously described [66]. The immunoblot included 1 μg of dsRNA

Table 2
Sequence similarity of rainbow trout DDX3 and DHX9 proteins to other
animal species. Emboss Needle pairwise alignment was used to compare the
deduced rainbow trout protein sequences to published (A) DDX3 and (B) DHX9
sequences available on NCBI. % identity indicates the percentage of identical
matches over reported aligned region, % similarity is the percentage of identical
matches as well as similar amino acids (those awarded a positive value from the
alignment matrix).

DDX3

Species Accession % Identity % Similarity

Rainbow trout
Oncorhynchus
mykiss

CDQ76520.1 unnamed
protein product

98.0 98.0

Olive flounder 2
Paralichthys
olivaceus

AKS43550.1 81.0 87.0

Fathead Minnow
Pimephales promelas

CZQ42530.1 80.4 85.6

Olive flounder 1
Paralichthys
olivaceus

AKS43549.1 79.7 83.4

African clawed frog
Xenopus laevis

NP_001080283.1 73.4 80.9

Western clawed frog
Xenopus tropicalis

NP_989196.1 73.8 80.7

Domestic cow
Bos taurus

NM_001192962.1 70.7 78.1

Human
Homo sapiens

AAC34298.1 70.4 77.9

House mouse
Mus musculus

NP_034158.1 70.3 77.7

Golden hamster
Mesocricetus auratus

NM_001281387.1 70.2 77.6

Brown rat
Rattus norvegicus

NM_001167665.1 68.5 76.0

DHX9

Species Accession % Identity % Similarity

Zebrafish
Danio rerio

NP_001188373.1 80.3 89.2

Japanese pufferfish
Takifugu rubripes

BAV72136.1 78.3 87.0

African clawed frog
Xenopus laevis

NP_001087383.1 75.7 85.4

Domestic cow
Bos taurus

NP_776461.1 74.6 83.5

Human
Homo sapiens

NM_001357.4 74.8 84.0

Rainbow trout
Oncorhynchus
mykiss

CDQ56455.1 unnamed
protein product

73.1 73.3

Brown rat
Rattus norvegicus

NP_001100654.1 71.4 80.1

House mouse
Mus musculus

NP_031868.2 70.4 79.1

American alligator
Alligator
mississippiensis

KYO24241.1 56.1 62.8
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ladder (New England BioLabs) and 20 ng of the in vitro transcribed
dsRNA as controls.

2.10. Key resources table

Resource Source Identifier

Antibodies
anti-HA magnetic beads Bimake
goat anti-rabbit Fluorescein isothiocyanate (FITC)

secondary
Santa Cruz, SC2012

goat anti-rabbit HRP-conjugated secondary Bio-Rad, 172-1019
J2 monoclonal Cedarlane
rabbit anti-DDX3 primary CusaBio, CSB-

PA002106
rabbit anti-β- actin Sigma-Aldrich,

A2066
CellLine
EPC cells Dr. Niels Bols
RTG-2 Dr. Niels Bols
RTgill-W1 Dr. Niels Bols
RTgutGC Dr. Niels Bols
Chemical
Aurum RNA extraction kit BioRad
iScript reverse transcriptase BioRad
peGFP-C1 Clontech
SsoFast Evagreen Supermix BioRad
Trizol Invitrogen
TURBO DNA-free kit Fisher Scientific

3. Results

3.1. Rainbow trout DDX3 and DHX9 sequence similarity and phylogeny

Full-length coding sequences for a single DDX3 and DHX9 were
identified from rainbow trout cells. The deduced amino acid sequence
of DDX3 aligned with 98% similarity to an unnamed rainbow trout
protein product in the NCBI database (CDQ76520.1) and 87% similarity

to the olive flounder 2 protein (DDX3b), and out of surveyed sequences
had the lowest similarity to brown rat (Rattus norvegicus), Table 2.
DHX9 had an 89.2% similarity to zebrafish and was least similar to the
American alligator (Alligator mississippiensis), Table 2. As salmonids
have undergone two additional whole genome duplications compared
to other bony vertebrates [37] it is very likely that there are more than
one copy of each of these proteins encoded within the rainbow trout
genome. Indeed the olive flounder sequence appears to have two copies
of DDX3 (DDX3a and DDX3b; [28], therefore, the identity of possible
gene paralogues were identified from the sequenced rainbow trout
genome. When aligned to the rainbow trout genome, DDX3 aligned
with 100% identity to scaffold 876. Four other partial alignments had a
high percent identity, but no alignment covered more than 60% of the
protein, Supplementary Table 1. DHX9 showed a 99.2% identity with a
sequence on scaffold 6, this sequence had a 92% coverage. These pos-
sible paralogues appear to be fragments and were not pursued further in
the present study; however, they would be interesting to investigate in
future work. A Neighbor-joining tree was used to infer evolutionary
history; both rainbow trout DDX3 and DHX9 clustered closely with
other fish species, unsurprising given the high sequence similarity,
Fig. 1. The fish species formed a clade separate from the other non-fish
species for each protein. The rainbow trout DDX3 clustered more clo-
sely to the second variant of olive flounder DDX3 (DDX3b), whereas the
other fish species examined clustered with the first olive flounder var-
iant, DDX3a. Rainbow trout DDX3 and DHX9 did not cluster with any of
the other known DExH-box proteins from rainbow trout, including:
DDX1, DHX36, and MDA5.

3.2. Conserved domains and motifs in rainbow trout DDX3 and DHX9

The conserved sequence motifs common to DEAD-box or DExH-box
helicases were identified. All DDX3 sequences, including rainbow trout,
contained nine conserved motifs (Q, I, Ia, Ib, II (DEAD), III, IV, V and
VI), while the DHX9 sequences, including the rainbow trout sequence,
contained eight conserved motifs (Q, Ia, Ib, II (DEIH), III, IV, V and VI),

Fig. 1. Rainbow trout DDX3 and DHX9 cluster
closely with respective proteins from other fish
species. A Neighbor-joining tree was constructed
based on the deduced protein sequence of rainbow
trout DDX3 and DHX9 and published protein se-
quences from NCBI. Analysis was performed using
Mega 7 after alignment with ClustalW. 1000 boot-
strap replicates were tested and the percentage of
replicates trees where the shown taxa clustered to-
gether is reported above each branch. Accession
numbers are reported in Table 2 with the exception
of rainbow trout MDA5 (NP_001182108.1), rainbow
trout DHX36 (XP_021444178.1), rainbow trout DDX1
(XP_021456817.1), human DDX3Y (NP_004651.2).
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Fig. 2A [26]. These motifs were conserved between all animal species
included for analysis. NCBI's conserved domain search software was
used to identify conserved domains in the rainbow trout DDX3 and
DHX9 protein sequences, Fig. 2B. The DDX3 proteins contain: a SRMB
domain (COG0513), the superfamily II DNA and RNA helicases; the
DEAD_C domain (cd00268) a helicase domain found in members of the
DEAD-box family; and the Helicase_C domain, a helicase conserved C-
terminal domain, only found in DEAD/H helicases that contains motif
III involved in ATP hydrolysis and RNA binding. DHX9 proteins con-
tain: a DEXDc domain (cd00046), found in members of the DEAD-like
helicases superfamily and contains an ATP binding site, a putative
Mg++ binding site; the Helicase_C domain (pfam00271); an HA2 do-
main (SM00847), a helicase-associated domain found in a diverse set of
RNA helicases; two DSRM domains (Smart00358), double-stranded
RNA binding motifs, and an OB_NTP_BIND domain (pfam07717), an
oligonucleotide/oligosaccharide-binding-fold found in the C-terminus
of DEAD-box helicases, generally associated with the HA2 domain.

3.3. Differential cellular localization of DDX3 and DHX9 in rainbow trout
cells

Cellular localization of DDX3 and DHX9 was first measured using
ectopically expressed proteins. The intracellular location of GFP-tagged
DDX3 and DHX9 proteins was monitored in RTG-2 cells using fluores-
cence microscopy, Fig. 3 peGFP-C1-DDX3 localized to the cytoplasm,
exhibiting a consistent punctate structure, Fig. 3A. Interestingly, when
the cellular localization of endogenous DDX3 was measured using im-
munocytochemistry (ICC; Fig. 4) this punctate staining was not re-
produced. Using ICC, DDX3 was still cytoplasmic, but with a more
diffuse and even staining pattern. peGFP-C1-DHX9 localized mainly to
the nucleus, with some cells showing low levels of green fluorescence in
the cytoplasm, Fig. 3B. Some nuclei exhibited brightly fluorescent

punctate structures, while all nuclei exhibited fluorescent exclusion
from the nucleoli. Nucleoli were identified by localized DAPI staining
exclusion [46], as indicated by arrowheads, Fig. 3B.

3.4. Ubiquitous, constitutive expression patterns for DDX3 and DHX9 in
rainbow trout tissues and cell lines

DDX3 and DHX9 expression patterns were measured in tissues ex-
tracted from juvenile rainbow trout and from three rainbow trout cell
lines. Transcripts for DDX3 and DHX9 were found in the ten tissues
tested, Fig. 5A. Brain and heart showed levels that were elevated higher
than gut and liver showed transcript levels higher still, Fig. 5A. Head
kidney, spleen, thymus, gill, gonad, and muscle showed levels of DDX3
that were not significantly different than gut. While not quantitative, at
the protein level gonad, brain and liver showed a trend towards higher
amounts of protein being expressed, Fig. 5C. The three common
rainbow trout cell lines, RTG-2, RTgutGC, and RTgill-W1 expressed
DDX3 transcripts, with no significant difference between the cell lines,
Fig. 5B. These three cell lines were chosen because they represent three
different tissues of origin and behave differently in response to both
poly I:C and viral infection [45,47]. Additionally, they represent two
different cell types, fibroblastic and two epithelial cell lines respec-
tively. In cell lines at the protein level RTG-2, RTgill-W1, and RTgutGC
showed similar levels of DDX3, Fig. 5C. DHX9 transcripts were also
found in all ten tissues. There were no significant differences between
any tissues, however gut showed the highest amounts of transcript,
with considerable variability, and gonad had the lowest levels of ex-
pression, Fig. 5A. In the three cell lines tested there was no significant
difference between the cell lines, although there was a slightly in-
creased level of transcript in RTgill-W1 compared to RTG-2 and
RTgutGC, Fig. 5B.

Fig. 2. Rainbow trout DDX3 and DHX9 proteins have conserved motifs and domains. (A) Nine and eight conserved motifs were identified in DDX3 and DHX9
rainbow trout protein sequences respectively, as well as in the amino acid sequences of other species. Amino acids that are identical between all species are marked
with an asterisk. (B) Conserved domains were identified in the DDX3 and DHX9 proteins using the NCBI conserved domain search and figures were created using the
IBS illustrator program. Proteins and domains are drawn to scale with the total length in amino acids is reported at the end of each protein. Accession numbers can be
found in Table 2. The DDX3 protein domains identified were: the SRMB domain (COG0513), the superfamily II DNA and RNA helicases; the DEAD_C domain
(cd00268) a helicase domain found in members of the DEAD-box family; and the Helicase_C domain, a helicase conserved C-terminal domain, only found in DEAD/H
helicases. The DHX9 protein domains identified were: a DEXDc domain (cd00046), found in members of the DEAD-like helicases superfamily; the Helicase_C domain
(pfam00271); an HA2 domain (SM00847), a helicase-associated domain; two DSRM domains (Smart00358), double-stranded RNA binding motifs, and an
OB_NTP_BIND domain (pfam07717), an oligonucleotide/oligosaccharide-binding fold.
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3.5. Upregulation of DDX3 and DHX9 transcripts by poly I:C stimulation

The effect of dsRNA-stimulation on DDX3 and DHX9 expression
levels were measured in RTG-2 cells stimulated with 50 μg/mL of poly
I:C for 4 h and 24 h, Fig. 6. MDA5, a dsRNA sensor that has previously
been shown to increase in expression following poly I:C treatment in
RTG-2 cells, was included as a positive control [48]. While there was a
modest and non-significant increase in transcript levels of all three
sensors at 4 h post-treatment, by 24 h transcripts of all three helicases
were significantly upregulated.

3.6. DDX3 and DHX9 are capable of binding dsRNA

The ability of rainbow trout DHX9 and DDX3 to bind dsRNA was
measured using pull-down assays. HA-tagged DHX9 and DDX3 proteins
were overexpressed in EPC cells and cell lysates were mixed with in
vitro transcribed dsRNA of 200bp in length. The 200bp molecule was
used instead of poly I:C as the defined length produces a very clear band
on an immunoblot, unlike the smear produced by poly I:C [45]. The
HA-proteins were pulled-down using magnetic anti-HA beads and
dsRNA was detected in the resulting mixture by immunoblot analysis

Fig. 3. In rainbow trout cells, ectopic ex-
pression of DDX3 and DHX9 reveals that
DDX3 localizes in punctate cytoplasmic
structures and DHX9 localizes to the nucleus
with nucleolus exclusion. Rainbow trout (A)
DDX3 and (B) DHX9 sequences in the pEGFP-C1
expression vector were overexpressed in RTG-2
cells (GFP; green) and nuclei were counter-
stained with DAPI (blue). Two different fields of
view are shown for each protein. The bottom
image of (B) is a close-up image of a DHX9-ex-
pressing cell with white arrowheads indicating
areas of DAPI exclusion in the nucleus, in-
dicating nucleoli, and the corresponding areas of
low-FITC expression. Magnification 400× for
both A and B. (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 4. Immunocytochemistry for en-
dogenous DDX3 shows localization is cyto-
plasmic but not punctate. To look at en-
dogenous protein expression an anti-DDX3
antibody was used to detect DDX3 (FITC; green)
in unstimulated RTG-2 cells. Nuclei were coun-
terstained with DAPI (blue). A secondary (2°)
only control showed no background FITC signal.
Magnification 200X. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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using the J2 anti-dsRNA antibody. Cell lysate containing DDX3 and
DHX9 was able to pull-down dsRNA but the control cell lysate showed
no binding to dsRNA, Fig. 7. When compared to the dsRNA-only control
the dsRNA from the pull-down was a slightly larger size, possibly due to
interference from proteins in the cell lysate mixture.

4. Discussion

In mammals, DDX3 and DHX9 play important roles in cell home-
ostasis and innate immunity, however currently there is little knowl-
edge about these helicases in fish. When a phylogenetic analysis was
performed on the DDX3 and DHX9 deduced protein sequences, the

Fig. 5. DDX3 transcript and protein, and
DHX9 transcripts are found across rainbow
trout tissues and cell lines. Juvenile rainbow
trout tissues were collected and (A) RT-qPCR
was performed to measure DDX3 and DHX9
transcript levels across tissues. (B) DDX3 and
DHX9 transcripts in three rainbow trout cell
lines, RTG-2, RTgutGC, and RTgill-W, were
measured using RT-qPCR. (A) and (B) Data were
analyzed using a ΔΔCt method, gene expression
was normalized to the housekeeping gene (β-
actin), and presented as relative expression to
the gonadal tissue or RTG-2 cells. N = 3, data
are presented with the standard error of the
mean (SEM). Statistical analysis was performed
on log2 transformed data and data were ana-
lyzed using a one-way ANOVA and Tukey's
multiple comparison test, a p value < 0.05 was
considered significant. Data points denoted with
the same letter were not significantly different
from each other, if no letters are present there
were no significant differences. (C) DDX3 pro-
tein expression was measured by Western blot
analysis using an anti-DDX3 antibody, anti-β-
actin was used as an internal control; data are
representative of three individual fish.

Fig. 6. dsRNA (poly I:C) stimulation upregulates DDX3, DX9, and MDA5 transcript expression in RTG-2 cells. RTG-2 cells were stimulated extracellularly with
50 μg/mL of poly I:C for 4 h and 24 h. DHX9, DDX3, and MDA5 transcripts were measured using RT-qPCR. Data were analyzed using a ΔΔCt method; gene expression
was normalized to the housekeeping gene (β-actin) and then presented as relative to the unstimulated control. Data represent three individual replicates and are
presented with the standard error of the mean (SEM). Data were log2 transformed prior to statistical analysis using a one-way ANOVA with a Tukey's multiple
comparison test, and a p value < 0.05 was considered significant. Data points labelled with the same letter do not have a statistically different average.
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clustering was as expected based on species relationships; the DDX3
and DHX9 sequences clustered separately from each other, and the fish
sequences grouped with other fish over amphibians or mammals. This is
congruent with previous studies of DDX3 in grouper and olive flounder,
both of which had similar topology in that fish clustered in a separate
clade then other species; olive flounder express a DDX3a and DDX3b
and rainbow trout clustered with the DDX3b variant [28,29]. The do-
mains and motifs identified in both rainbow trout DDX3 and DHX9
were conserved across known animal species sequences; indeed,
rainbow trout DDX3 and DHX9 contained all the same motifs and do-
mains as the other animal species analyzed. The domains identified
with DDX3 and DHX9 are mainly involved with the proteins’ role as
helicases; DHX9 has two dsRNA binding motifs that are common to all
species and have been described in channel catfish as well; these dsRNA
binding motifs in mammals are necessary for dsRNA binding [7,26]. It
was therefore unsurprising that DHX9 was able to bind to dsRNA, as
demonstrated using a pull-down technique. DDX3 does not have a
dsRNA binding motif per se; however, its ability to bind the dsRNA
molecule poly I:C has been reported in mammals and the ability to bind
to in vitro transcribed dsRNA was seen in this study [49]. Instead of
using a dsRNA binding motif, DDX3 may be binding dsRNA via its
helicase C domain, as was the case for two different DExD/H helicases
that sense dsRNA, DHX33 and DHX15 [50,51]. Whether this is the case
for DDX3 remains to be elucidated.

DDX3 localized to the cytoplasm of RTG-2 cells, which is consistent
with mammalian DDX3 as well as grouper DDX3 [29,52]. This is con-
gruent with DDX3's role as a cytoplasmic sensor for dsRNA, capable of
interacting with cytoplasmic signaling proteins such as IPS-1 (Oshiumi
et al., 2010A; Oshiumi et al., 2010B). It should be noted that DDX3 does
not always localize to the cytoplasm, early studies in HeLa cells found
DDX3 located predominantly in the nucleus, and treatment with lep-
tomycin B, an inhibitor of CRM1-mediated nuclear transport, showed
accumulation of previously cytoplasmic DDX3 in the nucleus; as such
DDX3 is considered a nucleo-cytoplasmic protein [11,14,53,54].

It is interesting that overexpressed DDX3 formed punctate staining
while endogenous DDX3 did not. This finding is similar to mammalian
GFP-tagged DDX3, where the overexpressed DDX3-GFP localized to
stress granules in mammalian cells [55]. It should be noted that the
markers of stress granules in mammals, poly (A) binding protein
(PABP1 [56]; and T cell intracellular antigen-1(TIA-1; [57], did not
colocalize with DDX3-GFP containing granules in the present over-
expression study in RTG-2 cells, as determined by im-
munocytochemistry (data not shown). Therefore, the identity of the
punctate structures containing overexpressed DDX3-GFP in rainbow
trout remains unknown. GFP-tagged DDX3 in grouper also demon-
strated cytoplasmic localization, however there were fewer punctate

structures and more diffuse staining than what was observed in rainbow
trout cell lines although the same vector was used in both studies
(peGFP-C1; [29].

peGFP-C1-DHX9 in RTG-2 cells localized almost exclusively to the
nucleus in a diffuse pattern with nucleolus exclusion. There were some
cells that demonstrated faint expression in the cytoplasm. In mamma-
lian cells DHX9 expression is generally nuclear, one exception is plas-
macytoid dendritic cells where DHX9 was found in the cytosol [5,58].
This is congruent with DHX9's ability to act as a transcriptional reg-
ulator [2]. peGFP-C1-DHX9 expression in RTG-2 was similar to
HEK293T cells and HeLa cells where DHX9 localized to the nucleus and
was excluded from the nucleolus [58–60]. This is in opposition to DHX9
expressed in the human bone osteosarcoma cell line U2OS where GFP-
DHX9 localized to the nucleolus [61]. This difference could possibly be
due to the different cell types used for expression studies. While DHX9
is largely a nuclear protein, it has been shown in mammals that DHX9 is
able to bind to cytoplasmic IPS-1, along with RIG-I and MDA5 (cyto-
plasmic proteins) in myeloid dendritic cells, thus at least in some cell
types or at low levels DHX9 must be cytoplasmic [7].

Expression of both DDX3 and DHX9 was constitutive across all tis-
sues and cell lines tested, which was also observed in olive flounder and
grouper tissue panels [28,29]. This ubiquitous expression profile would
be one indication DDX3 in rainbow trout is more similar to DDX3X in
mammals, as DDX3X has a broad distribution [13]. This ubiquitous
expression profile is to be expected as both helicases play roles in
maintaining cell homeostasis [3,4]. Interestingly, in the olive flounder
differences were seen between sexes of the fish, with higher levels of
both DDX3 variants being present in the ovary compared to the testis,
and differences in both levels of expression and relative variant ex-
pression seen in some tissues [28]. The rainbow trout used in the pre-
sent study had immature gonads and were not separated by gender,
potentially a contributing factor to the variation seen between in-
dividuals [28]. DDX3 transcript expression patterns were similar be-
tween rainbow trout and grouper, where liver demonstrated the highest
levels of DDX3 transcript expression, brain and heart were moderate
and gut demonstrated the lowest levels of expression [29]. Liver and
brain also express high levels of DDX3 in olive flounder [28].

DDX3 and DHX9 exhibited increased expression at the transcript
level following dsRNA treatment. MDA5, a DExH/D-box helicase and
dsRNA sensor, which had been previously shown to be upregulated
following dsRNA treatment was used as a positive control [48]. This is
consistent with grouper DDX3, which was upregulated 5-fold 24 h fol-
lowing poly I:C transfection [29]. This suggests that DDX3 in fish might
be inducible by type I IFN, which is contrary to mammals, where dsRNA
(poly I:C) does not appear to upregulate DDX3 protein [62]; Oshiumi
et al., 2010A). The mammalian DHX9 promoter sequence contains an
interferon-sensitive response element suggesting it is an ISG [25].
Mouse and human DDX60, another DExD/H-box helicase family
member, were both upregulated in response to recombinant IFN [63]. It
should be noted that dsRNA treatment is not synonymous with IFN
treatment and that dsRNA can induce genes independently of IFNs
[64,65]. In addition, it cannot be concluded that the observed upre-
gulation was due to the interferon response alone. The DeXD/H-box
helicase family plays a role in all aspects of RNA metabolism, and
dsRNA treatment could affect other aspects of RNA metabolism that
could indirectly cause upregulation of these proteins.

Functional antiviral experiments were unsuccessful in this study;
neither protein provided protection against VHSV-IVb when each pro-
tein was ectopically expressed in RTG-2 cells (data not shown). It is not
clear whether this was due to a lack of antiviral function of DDX3 or
because the overexpressed protein did not appear to behave as the
native protein, as was seen in the punctate structure (Fig. 3A). The
authors hypothesize that DHX9 did not have a high enough transfection
efficiency to protect a cell monolayer; the large size of the plasmid
resulted in a minimal transfection efficiency. Further studies are ne-
cessary to understand DDX3 and DHX9's induction mechanisms.

Fig. 7. Rainbow trout DDX3 and DHX9 bind dsRNA. HA-tagged DDX3 and
DHX9 were overexpressed in EPC cells and cell lysate was collected. Cell lysate
was mixed with a 200bp in vitro transcribed dsRNA molecule. Protein/nucleic
acid complexes were pulled down using magnetic anti-HA beads. The resulting
pull-down mixture was analyzed for dsRNA using an immunoblot with the J2
antibody, an anti-dsRNA antibody. A control was included, cell lysate isolated
from untransfected cells. The dsRNA control lane represents 20 ng of in vitro
transcribed dsRNA loaded onto the gel. This is a representative blot from three
independent experiments.
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The present study has demonstrated that rainbow trout express both
DDX3 and DHX9. These DExD/H-box helicase family members are
structurally similar to their respective proteins in other animal species.
In agreement with their roles in cell homeostasis, their expression
patterns are ubiquitous and constitutive; however, they are inducible
following innate immune stimulation with dsRNA. Finally, this study
suggests a role for these proteins as sensors of dsRNA. The present study
represents the initial groundwork needed to understand these im-
portant yet lesser studied innate immune proteins in fish.
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