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Abstract Whether viral pathogens that induce ER stress
responses benefit the host or the virus remains controver-
sial. In this study we show that betanodavirus induced ER
stress responses up-regulate GRP78, which regulates the
viral replication and host cellular mitochondrial-mediated
cell death. Betanodavirus (redspotted grouper nervous
necrosis virus, RGNNV) infection resulted in the following
increased ER stress responses in fish GF-1 grouper fin
cells: (1) IRE-1 and ATF-6 sensors at 48 h post-infection
(p.i.) that up-regulated chaperone protein GRP78; (2)
activation of caspase-12; and (3) PERK phosphorylation
and down-regulation of Bcl-2. Analyses of GRP78 func-
tions during viral replication using either loss-of-function
or gain-of-function approaches showed that GRP78 over-
expression also enhanced viral replication and induced cell
death. Then, we found that zfGRP78 localization gradually
increased in mitochondria after RGNNV infection by
EGFP tagging approach. Furthermore, zfGRP78 can
interact with viral RNA-dependent RNA polymerase
(RdRp) by using immunofluorescent and immunoprecipi-
tation assays. Finally, we found that blocking GRP78-
mediated ER signals can reduce the viral death factors
protein o and protein B2 expression and decrease the Bcl-2
down-regulation mediated mitochondria-dependent cell
death, which also enhances host cellular viability. Taken
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together, our results suggest that RGNNV infection and
expression can trigger ER stress responses, which up-reg-
ulate the chaperone GRP78 at early replication stage. Then,
GRP78 can interact with RdRp that may enhance the viral
replication for increasing viral death factors’ expressions at
middle-late replication stage, which can enhance mito-
chondrial-mediated cell death pathway and viral spreading.
These results may provide new insights into the mechanism
of ER stress-mediated cell death in RNA viruses.
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Introduction

Betanodaviruses cause viral nervous necrosis (VNN), an
infectious neuropathological condition of fish that is char-
acterized by necrosis in the central nervous system,
including the brain and retina. VNN necrosis is accompa-
nied by clinical signs, such as abnormal swimming
behavior and development of a darker body color [1]. This
disease can cause mass mortality in the larval and juvenile
populations of several teleost species and is of global
economic importance [2]. Despite their potentially severe
impact on the aquaculture industry, betanodaviruses have
not been well studied. Characterizing virally-mediated ER
stress regulation processes would aid in deciphering the
mechanism(s) of viral pathogenesis and infection.

The family Nodaviridae is comprised of the genera
Alphanodavirus and Betanodavirus. Alphanodaviruses
predominantly infect insects, while Betanodaviruses pre-
dominantly infect fish [1, 3, 4]. Nodaviruses are small, non-
enveloped, spherical viruses with bipartite positive-sense
RNA genomes (RNA1 and RNA?2) that are capped, but not
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polyadenylated [1]. RNAI1 encodes an approximately
110 kDa non-structural protein that has been designated
RNA-dependent RNA polymerase (RdRp) or protein A.
This protein is vital for viral genome replication. RNA2
encodes a 42 kDa capsid protein, so-called protein o [4, 5],
which may also function in inducing cell death [6, 7].
Nodaviruses also synthesize RNA3, a sub-genomic RNA
species, from the 3’ terminus of RNA1. RNA3 contains two
putative open reading frames that potentially encode an
111 amino acid, protein B1, and a 75 amino acid, protein
B2 [1, 8]. It was recently shown for betanodavirus that B1
has an anti-necrotic death function during early replication
stages [8]. It has been speculated that B2 could function in
two different roles: as a potent suppressor of host siRNA
silencing [9, 10] or a necrotic death factor [11].

The endoplasmic reticulum (ER) is a eukaryotic orga-
nelle that plays a vital role in a variety of cellular functions,
including post-translational modifications, synthesis and
folding of membrane and secretary proteins, metabolism,
cell calcium storage and apoptosis [12—-15]. Several stimuli
can disrupt ER homeostasis and induce ER stress, such as
the accumulation of unfolded or misfolded proteins, oxi-
dative stress, perturbation of calcium homeostasis and viral
infection [16, 17]. GRP78 is currently regarded as the
master regulator of the unfolding protein response (UPR)
pathway and is known to regulate the activation of PKR-
like ER kinase (PERK), activating transcription factor 6
(ATF6) and inositol-requiring enzyme 1(IRE1) [18-20].

Some studies have shown that viruses can induce ER
stress [21, 22]. ER stress, in turn, regulates viral replication
and pathogenesis that decide between cell survival and cell
death [12, 23]. The Tula virus, hepatitis C virus (HCV),
Japanese encephalitis virus (JEV) and mouse retrovirus
induce an ER stress response via up-regulation of the ER
chaperone protein GRP78 [12, 15, 24, 25]. Respiratory
syncytial virus induces apoptotic cell death via caspase-12
activation [26]. However, not much is known regarding ER
stress responses to aquatic viral infection. The mecha-
nism(s) by which cells undergo apoptosis or are rescued
from ER stress is also not well understood. Studies of these
mechanisms could be useful for elucidating the pathways
involved in host responses and viral pathogenesis.

The Bcl-2 family of proteins, comprised of both anti-
and pro-apoptotic molecules, constitutes a critical, intra-
cellular decision point regulating a common death pathway
[27]. The ratio of antagonist (Bcl-2, Bcl-x;, Mcl-1, and A1)
to agonist (Bax, Bak, Bcl-x; and Bad) molecules dictates
whether a cell responds to a proximal apoptotic stimulus
[27, 28]. These proteins also interact with mitochondria to
control the balance of mitochondrial membrane potential or
MMP [29]. On the other hand, Bcl-2 this anti-apoptotic
protein can down-regulate by CHOP protein in some

cellular contexts through IRE1 sensor triggered signaling
[30].

In previous studies we demonstrated that the redspotted
grouper nervous necrosis virus (RGNNV) TNI strain
induced apoptosis and post-apoptotic necrotic cell death in
a grouper liver cell line GL-av, which was sub-cloned from
spontaneous immortalization GL-a cell line [31]. We
showed that RGNNYV infection induced loss of the mito-
chondrial membrane potential (MMP) in GL-av cells.
MMP loss was blocked by the mitochondrial membrane
permeability (MMP) transition pore inhibitor BKA [31], as
well as the Bcl-2 family member protein zfBcl-xL [11].

The RGNNV genome encodes two viral death inducers
either protein o or B2. Protein « (42 kDa) activates cas-
pase-3 [6] and triggers mitochondrial-mediated cell death,
which may use the newly synthesized protein pathway
[32]. Protein « activity can be blocked by zfBcl-xL [7]. The
second death inducer encoded by the viral genome is the
B2 gene, which has been shown to induce cell death via a
Bax-mediated pathway [33]. On the other hand, a novel
anti-necrotic death gene, BI, is an early expression gene
that contributes to anti-necrotic cell earth during early
replication stages and has been proposed to regulate cell
death [8].

In the present study, we first demonstrate that RGNNV
can induce ER stress responses for GRP78 upregulation.
We show an interaction between GRP78 and RdRp that
enhances viral replication on mitochondria. Then, this GRP
78-mediated ER stress for enhancing viral replication can
downregulate the Bcl-2 protein, which triggers mitochon-
drial-mediated cell death. Our results provide new insights
into the GRP78-mediated ER stress-induced cell death of
RNA viruses.

Materials and methods
Cell culture and virus

The GF-1 grouper fin cell line was provided by Dr Chi
(Institute of Zoology and Development of Life Science,
Taiwan, ROC). Cells were grown at 28°C in Leibovitz
L-15 medium (GibcoBRL, Gaithersburg, MD) supplemented
with 5% fetal bovine serum and 25 pg/ml gentamycin.
Naturally infected red grouper larvae were collected in
2002 in Tainan prefecture and used as the source of red
spotted grouper nervous necrosis virus (RGNNV Tainan
No. I; RGNNV TN1). The virus was used to infect grouper
liver-a subcloned (GL-av) cells that were grown using the
same conditions as grouper fin (GF-1) cells. The virus was
purified as described by Mori et al. [5], and stored at
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—80°C. Viral titer was determined using a TCIDs, assay
according to Nicholson and Dunn [34].

Western blot analysis

GF-1 cells were seeded in 60 mm diameter Petri dishes
with 3 ml of medium (10° cells/ml) for 20 h. The mono-
layers were rinsed twice with phosphate buffered saline
(PBS) and infected with RGNNV-TN1 (MOI = 5; propa-
gated and titrated in GF-1 cells with a TCIDs, of 10%/
0.1 ml) for 0, 24, 48 and 72 h. In a vomitoxin group (VT;
GRP78 inhibitor), cells were pre-treated with VT (1 pg/ml;
Sigma, St. Louis, MO, USA) for 2 h prior to infection with
RGNNYV for 0, 24, 48 and 72 h p.i. [35]. At the end of each
incubation, the culture medium was aspirated, the cells
were washed with PBS and then lysed in 0.3 ml of lysis
buffer (10 mM Tris base, 20% glycerol, 10 mM sodium
dodecyl sulfate [SDS], 2% B-mercaptoethanol [3-ME], pH
6.8). An aliquot of each lysate with 30 pg protein per
sample was electrophoresed on an SDS polyacrylamide gel
[36] to resolve the proteins. The gels were immunoblotted
[37] with either (1) primary antibodies (1:3000 dilutions)
of anti-cytochrome c¢ (Imgenex, Suite E, San Diego,
CA92121, USA), actin (UPSTATE, Charlottesville VA,
USA), ATF6 (Imgenex), and EGFP (BD Biosciences, Palo
Alto, CA 94303-4230, USA) monoclonal antibodies fol-
lowed by secondary antibody (1:10,000 dilution) of per-
oxidase-labeled goat anti-mouse conjugate (Amersham
Biosciences, USA), (2) primary antibodies (1:1000
dilutions) of anti-RGNNV B2, B1, protein A, protein o
(home-made), cytochrome ¢ oxidase I (Imgenex), XBP1
(BioLegend, San Diego, California, USA), PERK (Bio-
Legend), PERK-P (BioLegend), Bcl-2 (BD Biosciences)
and Hsp60 (UPSTATE) polyclonal antibodies followed by
a secondary antibody (1:5,000 dilution) of peroxidase-
labeled goat anti-rabbit conjugate or (3) primary antibody
(1:1000 dilution) of anti-GRP78 polyclonal antibody (BD
Biosciences) followed by a secondary antibody (1:5,000
dilution) of peroxidase-labeled goat anti-rat conjugate.
Chemiluminescence indicative of antibody binding was
captured on Kodak XAR-5 films (Eastman Kodak, USA).

In situ staining for caspase-12 activation

GF-1 cells were infected with RGNNYV as described above
at 28°C for 0, 24, 48 and 72 h. Culture medium was
aspirated, 300 pl of staining solution was added (FITC-
ATAD-FMK in L-15 medium; CaspGLOW Fluorescein
Caspase-12 Staining kit; BioVision, Mountain View, CA,
USA) and the dishes were incubated at 28°C for 60 min.
Staining solution was aspirated, cells were washed with
wash buffer, and then viewed under a fluorescence
microscope using band-pass filters.

@ Springer

siRNA for knockdown of grouper GRP78 (gGRP78)
protein expression

The sequences for gGRP78-specific siRNA (5'-GACT
CTGACCTGAAGAAGT-3") and a non-silencing control
siRNA (5-UUCUCCGAACGUGUCACGUTT-3') (MDBio,
Taipei, Taiwan) were used for gGRP78 knockdown. The
siRNA specific for gGRP78 was designed using the siRNA
Target Designer on the Promega website and synthesized
by the MDBio Company. The gGRP78 siRNA was labeled
with Fluorescein (FAM) at the 3’-end so that the efficiency
of gGRP78 siRNA transfection could be tested.

To transfect the gGRP78 siRNA, 100 pmol of siRNA
and 5 pl of lipofectamine 2000 (Invitrogen) were sepa-
rately diluted in 100 pl of L15 medium without serum and
incubated at room temperature for 5 min. The two solu-
tions were mixed and incubated at room temperature for
15 min, after which the mixture was added to GF-1 cells
that had been pre-seeded in 35-mm Petri dishes with 0.8 ml
of L15-5% FBS. GF-1 cells were transfected either with
100 nM gGRP78 siRNA or 100 nM non-silencing control
siRNA (siRNA-negative) as a negative control. At 24 h
post-incubation, the gGRP78 siRNA-transfected GF-1 cells
were infected with RGNNV. At 24, 36 and 48 h pi, cells
were analyzed by fluorescence microscopy using 488 nm
excitation and a 515 nm long-pass filter [31]. At 24, 48 and
72 h pi, infected cells were washed with PBS and har-
vested. Total protein was extracted using 100 pl of lysis
buffer for Western blot analysis and culture media were
harvested for virus titer assays at 24, 48 and 72 h pi.

Cloning of zfGRP78 and construction of EGFP-
zfGRP78 fused-genes

Synthesis and amplification of cDNA (total mRNA from
14 day old zebra fish) used the SuperScript One-Step™
reverse transcriptase-polymerase chain reaction (RT-PCR)
system kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Zebra fish GRP78 primers P1
and P2 were each added for a final concentration of
0.2 uM. PCR cycling conditions were 54°C for 30 min,
2 min at 94°C (to inactivate the reverse transcriptase),
95°C for 30s (DNA denaturation), 57°C for 30 s
(annealing), and 72°C for 45 s (extension) for a total
of 35-40 cycles. The RT-PCR primers zfGRP78 Pl
(5'-GGGGTACCATGCGGTTGCTTTGCCTG-3'; Kpnl cut-
ting site underlined) and zfGRP78 P2 (5-CGGGATCCCA
GCTCGTCCTTCTCTTC-3’; BamHI cutting site under-
lined) were used to amplify a fragment covering the coding
sequence of zfGRP78. The purity and size of the amplified
product was verified by 1.2% agarose gel electrophoresis
and staining with ethidium bromide [38]. The cloned PCR
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products were sequenced by the dye termination method
using an ABI PRISM 477 DNA sequencer (Applied Bio-
systems, Foster City, CA) and scanned against the Gen-
Bank database BLAST (www4.ncbi.nlm.nih.gov/) and
PROSITE (psort.ims.u-tokyo.ac.jp/) programs. Then, PCR
productions were inserted into a pEGFP-C1 vector (Clon-
tech), which contained the human cytomegalovirus (CMV)
promoter as a control, to obtain pzfGRP78-EGFP using the
Kpnl and BamHI enzyme cutting sites.

Assays of zfGRP78 enhanced RGNNV replication
in fish cells

GF-1 cells were seeded in 60 mm diameter culture dishes
(3 x 10°/dish) 1 day before transfection. Cells were
transfected with 2 pg of pEGFP and pzfGRP78-EGFP
[33] using Lipofectamine-Plus (Life Technologies, USA)
according to the manufacturer’s instructions. Then, the
cells were incubated for 24 h with RGNNV infection
(MOI = 5). At 24, 36 and 48 h pi, cells were analyzed by
fluorescence microscopy using 488 nm excitation and a
515 nm long-pass filter [31] or at 24, 48 and 72 h pi, the
medium was aspirated, the monolayers were washed with
PBS and lysed in 0.3 ml of lysis buffer (10 mM Tris, 20%
glycerol, 10 mM sodium dodecyl sulfate [SDS], 2%
B-mercaptoethanol, pH 6.8). Fusion proteins’ expressions
were analyzed by Western blot at 0, 24, 48 and 72 h pi.
Supernatants were also collected at 24, 48 and 72 h pi for
additional titer assays.

Tracking mitochondrial zEGRP78 localization in fish
cells

To track the localization of zfGRP78 fused with EGFP,
GF-1 cells were cultured on 35-mm Petri dishes. Cells were
transfected with 2 pg of pEGFP and pzfGRP78-EGFP [7,
33] using Lipofectamine-Plus (Life Technologies, USA)
according to the manufacturer’s instructions. Then, the
cells were incubated for 24 h with RGNNV (MOI = 5). At
24, 36 and 48 h pi, cells were stained with MitoTracker
Red CM-H,XRos (Invitrogen), for which live cells were
labeled with the mitochondrion-specific dye in accordance
with the manufacturer’s instructions, after which cells were
analyzed by fluorescence microscopy using 488 nm exci-
tation and a 515 nm long-pass filter [31].

Preparation of mitochondria from RGNNV-infected
cells

GF-1 cells were seeded in 60 mm diameter Petri dishes
with 3 ml of medium (10° cells/ml) for 20 h. Cells were
either treated with VT (1 pg/ml) or left untreated and
infected with RGNNV (MOI = 5) for 48 h. At each time

point subsequent to a change of the culture medium, 1 ml
was removed. Mitochondria were isolated by a modifica-
tion of a previously described protocol [7]. Briefly, GF-1
cells (2 x 10°%) were washed with PBS and homogenized in
0.3 ml of mitochondria isolation buffer (0.35 M mannitol,
10 mM HEPES, 0.1% bovine serum albumin, pH 7.2)
using a glass homogenizer. Unbroken cells and nuclei were
pelleted by centrifugation (600xg for 5 min at 4°C) for
yielding a crude fraction enriched with mitochondrias. The
mitochondria pellet was isolated from centrifuged super-
natant (10,000x g for 10 min at 4°C) and the supernatant
was collected and mixed with 25 pul of 10x sodium
dodecyl sulfate sample buffer. Samples (50 pl) were boiled
and subjected to Western blot analysis [37].

Tracking protein A localization
with an immunofluorescence assay

GF-1 cells were cultured on 35-mm Petri dishes. Cells were
transfected with 2 pg of pEGFP and pzfGRP78-EGFP
using Lipofectamine-Plus (Life Technologies, USA)
according to the manufacturer’s instructions [7, 33]. Then,
the cells were incubated for 24 h with RGNNV
(MOI = 5). At 48 h pi, cells were rinsed once with PBS,
fixed with 4% paraformaldehyde for 15 min at room tem-
perature, and then permeabilized for 10 min in 0.2% Triton
X-100 in PBS at room temperature for immunofluores-
cence assay (IFA) [39] with 2% BSA blocking for 30 min.
IFA was performed by incubating cells with primary
antibodies for 1 h at room temperature, washing with PBS
with 0.05% Tween 20 (PBST), incubating with secondary
antibodies conjugated with tetramethyl rhodamine isocya-
nate for 40 min at room temperature, and washing three
times with PBST. Then, cells were analyzed by fluores-
cence microscopy using 488 nm excitation and a 515 nm
long-pass filter [31].

Immunoprecipitation assay

GF-1 cells seeded in 100 mm culture dishes were
transfected with p3XFLAG-myc-CMV (Sigma) or
p3XFLAG-myc-CMV-RGNNYV protein A plasmids using
Lipofectamine, as described above. The cells were then
infected with RGNNYV for 48 h. Immunoprecipitation was
done as described previously [38]. Briefly, culture medium
was aspirated and cells were rinsed twice with PBS
(10 mM phosphate, 2.7 mM potassium chloride, 137 mM
NaCl, pH 7.4). Cells in each 100 mm dish were lysed in
1 ml lysis buffer (50 mM Tris HCI, pH7.4, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.5 mM PMSF) contain-
ing protease inhibitor (Roche, USA). Cells were incubated
for 30 min on a shaker at 4°C. Soluble protein (I mg/ml)
was incubated with 50 pl of ANTI-FLAG M2 affinity gel
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(Sigma Chemicals, MO, USA) overnight at 4°C. Immu-
noprecipitates were washed three times with wash buffer
(50 mM Tris HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA
and 0.5 mM PMSF), resuspended in 70 pl of 2x sample
buffer (125 mM Tris HCI, pH 6.8, 4% SDS, 20% glycerol),
boiled for 10 min and subjected to Western blot analysis.

Evaluation of mitochondrial membrane potential
with a lipophilic cationic dye

To assess mitochondrial membrane potential (A¥m),
RGNNV-infected GF-1 cells were stained with the fluores-
cent lipophilic cationic reagent Mito-Capture (provided in
the MitoCapture Mitochondrial Apoptosis Detection kit).
This dye is trapped in mitochondria with normal A¥m and is
released into the cytosol by mitochondria with abnormal
AWm, resulting in loss of fluorescence intensity. Cell prep-
aration and virus infection conditions are described above.
GF-1 cells were infected with RGNNV and then either
treated with vomitoxin (1 pg/ml; GRP78 inhibitor) at 28°C
for 0, 24, 48 and 72 h or not treated. Medium was aspirated
and MitoCapture reagent (500 pl) was added to each 60-mm
Petri dish. Cells were incubated at 28°C for 60 min and then
viewed under a fluorescence microscope using band-pass
filters to detect fluorescein and rhodamine [31].

Quantification of cell viability

To assay reduced cell death for knockdown of gGRP78
expression, approximately 10° cells/ml of GF-1 cells were
cultured in a 60 mm diameter Petri dish for 20 h. The GF-1
cells were transfected either with 100 nM gGRP78 siRNA
or 100 nM non-silencing control siRNA (siRNA-negative).
At 24 h post-incubation, the gGRP78 siRNA -transfected
GF-1 cells were infected with RGNNV (MOI = 5). These
cells and uninfected cells were then incubated at 28°C for
24, 36 or 48 h. In contrast, to assay for enhanced cell death
for over-expression of ZfGRP78, GF-1 cells were seeded in
60 mm diameter culture dishes (3 x 105/dish) 1 day
before transfection. Cells were transfected with 2 pg of
pEGFP and pzfGRP78-EGFP [32] using Lipofectamine-
Plus (Life Technologies, USA) according to the manufac-
turer’s instructions. Then, the cells were incubated for 24 h
with RGNNV (MOI = 5). At each time point, sets of Petri
dishes were washed with PBS and treated with 0.5 ml of
0.1% trypsin-EDTA (Gibco, Grand Island, NY) for
1—2 min. Cell viability was determined in triplicate using
a Trypan blue dye exclusion assay [40]. Each data point
represents the mean viability of three independent experi-
ments == SEM. Data were analyzed using either paired
or unpaired Student’s #-tests, as appropriate. A P-value <
0.05 was taken as a statistically significant difference
between group mean values.
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Results

RGNNYV induces ER stress responses in GF-1 fish cells
via XBP1 expression, ATF6 cleavage, PERK
phosphorylation and GRP78 up-regulation

We examined if ER stress responses could be triggered by
RGNNV infection in order to investigate the role of bet-
anodavirus infection on ER stress in fish cells. We found
the following results for RGNNV-infected GF-1 cells. (1)
RGNNV up-regulate XBP1 expression at 24, 48 and 72 h
p-i. (Fig. 1A, lanes 6-8, respectively), which may activate
ER sensor IRE1 when compared with mock-infected cells
(Fig. 1A, lanes 1-4 represent 0, 24, 48 and 72 h, respec-
tively). (2) Full length ATF6 was cleaved to produce
cleaved forms at 48 h and 72 h p.i. (Fig. 1A, lanes 7-8,
respectively) when compared with mock-infected cells
(Fig. 1A, lanes 1-4 represent 0, 24, 48 and 72 h, respec-
tively). (3) Chaperone GRP78 was up-regulated at 48 and
72 h p.. (Fig. 1A, lanes 7-8, respectively) when compared
with mock-infected cells (Fig. 1A, lanes 1-4 represent O,
24, 48 and 72 h, respectively). (4) PERK was significantly
phosphorylated at 72 h p.. (Fig. 1A, lane 8), which cor-
responded with cleaved Bcl-2 protein at 48 and 72 h p.i.
(Fig. 1A, lanes 7-8) at the same times, when compared
with mock-infected cells (Fig. 1A, lanes 1-4 represent O,
24, 48 and 72 h, respectively). By comparison, RGNNV-
infected GF-1 cells expressed viral proteins A and o at 24,
48 and 72 h p.i. (Fig. 1A, lanes 6-8) when compared with
mock-infected cells (Fig. 1A, lanes 1-4 represent 0, 24, 48
and 72 h respectively), which showed that viral replication
corresponded to ER stress responses. Actin was used as an
internal loading control. On the other hand, the Brefeldin A
(BFA) as an ER stress inducer can induce ER stress in fish
cells. The fish GF-1 cell were treated with Brefedin A
(1 pg/ml) for 0, 12, 24, 36 and 48 h. At the end points, then
these cell lysates were prepared at the indicated time and
analyzed by Western blotting to detect XBP1, ATF6,
GRP78 and Actin at 0 h (Fig. 1B, lane 1), 12 h (Fig. 1B,
lane 2), 24 h (Fig. 1B, lane 3), 36 h (Fig. 1B, lane 4) and
48 h (Fig. 1B, lane 5), respectively. Cell lysate MCF-7 as a
positive control that treated with ER stress inducer is
shown in Fig. 1B, lane 6. In the results, BFA also can
up-regulate the XBP1 and GRP78 from 12, 24, 36 to 48 h
(Fig. 1B, lane 2-5), respectively, but did not induce ATF6
cleaved form ATF6 full length form (Fig. 1B, lanes 1-5) in
fish GF-1 cell, which supported RGNNV-induced ER stress
signaling was significant.

Up-to-now, the caspase-12 has not yet been described in
fish and that therefore the data obtained with the caspase-
12 kit may not unequivocally reflect caspase-12 activity, so
we refer to caspase-12-like activity throughout the paper.
Furthermore, we found that caspase-12-like was gradually
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Fig. 1 RGNNV infection induces ER stress responses in fish cells.
A GF-1 cell lysates were prepared at the indicated times p.i. and
analyzed by Western blotting to detect XBP1, ATF6, PERK, PERK-
P, GRP78, Bcl-2, RGNNYV proteins (protein A, protein o, B1 and B2)
and actin in mock-infected cells (lanes 1-4) and RGNNV-infected
cells (lanes 5-8) at 0, 24, 36, 48 and 72 h, respectively. Cell lysate
MCEF-7 as a positive control that treated with ER stress inducer is
shown in lane 9. B Brefeldin A (BFA) as an ER stress inducer can
induce ER stress in fish cells. The fish GF-1 cell were treated with
Brefedin A (1 pg/ml) for 0, 12, 24, 36 and 48 h, then these cell lysates
were prepared at the indicated time and analyzed by Western blotting
to detect XBP1, ATF6, GRP78 and Actin at O h (B, lane 1), 12 h
(lane 2), 24 h (lane 3), 36 h (lane 4) and 48 h (lane 5), respectively.

activated in RGNNV-infected GF-1 cells at 24 h p.
(Fig. 1C-c, d; indicated by arrows) with higher activated
levels at 48 h p.i (Fig. 1C-g, h; indicated by arrows) when
compared to uninfected control cells at 24 h (Fig. 1C-a, b)
and 48 h (Fig. 1C-e, f). Of a total of 200 cells counted,
cells positive for caspase-12-like activation in the
RGNNV-infected group ranged from 12% at 24 h p.i, 72%
at 48 h p.i to 95% at 72 h p.i (Fig. 1D), as compared with
1% caspase-12-like positive cells in the uninfected control
cells at 24, 48 and 72 h p.i. Furthermore, we evaluated
whether a caspase-12 inhibitor can block RGNNV-induced
cell death and found that this treatment was just partially
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Cell lysate MCF-7 as a positive control that treated with ER stress
inducer is shown in lane 6. C RGNNV induces caspase-12-like
activation. Phase-contrast fluorescence microscopy was used to
analyze staining for activated caspase-12-like in RGNNV-infected
GF-1 cells at 24 and 48 h p.i. Normal control cells are shown in B-q,
b, e, f, and RGNNV-infected cells are shown in B-c, d, g, h. Caspase-
12-like activated cells are indicated by arrows. Scale bar = 10 pm.
D The percentage of caspase-12-like activated cells at each time point
is shown for control and RGNNV-infected cells. The number of
positive cells per 200 cells in each sample was counted for three
independent experiments. Data were analyzed using either paired or
unpaired Student’s r-tests, as appropriate. P < 0.01 was taken as a
statistically significant difference between group mean values

protective against the detrimental effect of RGNNV
infection (data not shown).

Knockdown of gGRP78 reduces viral titers
and increases cell viability

Based on our results shown in Fig. 1, we were interested to
know why chaperone GRP78 needed to be up-regulated by
betanodavirus (RGNNV). We tested a hypothesis of whe-
ther chaperone GRP78 could enhance viral replication in
our system. We designed grouper GRP78 siRNA and used
this to transiently transfect GF-1 cells (Fig. 2A) in order to
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Fig. 2 Effects of GRP78 knockdown by siRNA on viral replication
(A) Phase-contrast and green fluorescence micrographs of transiently
transfected GF-1 cells with si-Negative control at 24 h (a, b), 36 h (e,
£ and 48 h (i, j) and with sigGRP78 at 24 h (c, d), 36 h (g, h) and
48 h (k, ) with RGNNV (MOI = 5). Scale bar = 10 pm. B Analysis
of gGRP78 expression levels by Western blot analysis in si-negative
transfected (lanes 1-4) and sigGRP78 transfected GF-1 cells (lanes
5-8) at 0, 24, 48, and 72 h pi, respectively. Lane 9 is for positive cell
lysate MCF-7. Actin was used as an internal loading control. C The
viability of GF-1 cells infected with RGNNV with si-negative and
sigGRP78 transfection was determined in triplicate at 24, 36 and 48 h
pi. In this and all subsequent figures (unless otherwise noted) results

block RGNNV-up-regulated GRP78. In the results shown
in Fig. 2B, we found that gGRP78 siRNA effectively
down-regulated the gGRP78 expression level by about
45% (Fig. 2B, lane 7) at 48 h pi when compared with
si-negative control with 100% expression (Fig. 2B, lane 3)
at 48 h pi. As shown in Fig. 2C, when compared with the
siRNA negative control, knockdown of gGRP78 by siRNA
could apparently enhance cell viability from 58% at 24 h,
37% at 36 h and 23% at 48 h to 87% at 24 h, 78% at 36 h
and 45% at 48 h. Further, from viral titer assays done at 24,
48 and 72 h pi, all titers were reduced by about one log titer
as shown in Fig. 2D, which indicated that knockdown of
gGRP78 could affect viral replication.
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are presented as the percentage of RGNNV-infected or non-infected
cells at each time point determined by a dye exclusion method in
triplicate; each point represents the mean of three independent
experiments and error bars are SEMs. Data were analyzed using either
paired or unpaired Student’s t-tests, as appropriate. *P < 0.05 was
taken as a statistically significant difference between group mean
values. D Analysis of viral titers showed that gGRP78 knockdown
could reduce viral replication with RGNNYV infection, with viral titers
determined at 24, 48 or 72 h. Data were analyzed using either paired
or unpaired Student’s #-tests, as appropriate. *P < 0.05 was taken as a
statistically significant difference between group mean values

zfGRP78 over-expression enhances viral titer
and reduces cell viability

We next asked if chaperone GRP78 could enhance viral
replication. We cloned zebrafish GRP78 (zfGRP78;
accession number. NW 001879074) from 2-week-old fish,
which contained its 1953 bp and had a theoretical molec-
ular weight of 72.1 kDa, and with the EGFP gene we
constructed a fusion gene, zZfGRP78-EGFP. These plasmids
were transiently transfected into GF-1 cells for 24 h and
then tested to determine if zfGRP78 affected viral repli-
cation. In the results shown in Fig. 3A, we found that both
EGFP (Fig. 3A, lanes 1-4) and zfGRP78-EGFP (Fig. 3A,
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Fig. 3 Effects of GRP78 over-expression on viral replication
(A) Analysis of gGRP78 expression levels by Western blot analysis
in pEGFP transfected (lanes 1-4) and pzfGRP78-EGFP transfected
GF-1 cells (lanes 5-8) at 0, 24, 48 and 72 h pi, respectively. Actin
was used as an internal loading control. B Phase-contrast and green
fluorescence micrographs of transiently transfected GF-1 cells with
EGFP control (The green fluorescent-contained cells were indicated
by arrows) at 24 h (a, b), 36 h (e, f) and 48 h (i, j) and with zEGRP78-
EGFP at 24 h (¢, d), 36 h (g, h) and 48 h (k, [) with RGNNV
(MOI = 5). Scale bar = 10 um. C The viability of EGFP and

lanes 5-8) were expressed in the transfected cells at 0, 24,
48 and 72 h pi by Western blot analysis. Actin was used an
internal control shown in Fig. 3A, lanes 1-8. As shown in
Fig. 3B, up to 25 to 30% of the transfected cells were either
EGFP-containing cells (Fig. 3B-b, f, j; indicated by
arrows) or zfEGFP-EGFP-containing cells (Fig. 3B-d, h, i;
indicated by arrows). As shown in Fig. 3C, over-expression
of zfGRP78 with RGNNYV infection apparently reduced
cell viability from 66% at 24 h, 47% at 36 h and 31% at
48 h to 48% at 24 h, 34% at 36 h and 13% at 48 h, when
compared with EGFP expression as a negative control.
Further, cells that over-expressed zZfEGRP78-EGFP also had
dramatically enhanced viral titers, up to two logs, com-
pared to EGFP-containing cells at 24, 48 and 72 h pi
(Fig. 3D). These results were consistent with those
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zfGRP78-EGFP transfected GF-1 cells infected with RGNNV was
determined in triplicate at 24, 36 and 48 h pi. Results are the
percentage of 200 cells at each time point determined in triplicate,
with each point representing the mean of three independent exper-
iments; error bars are SEMs. D Analysis of viral titers showed that
zfGRP78 over-expression could enhance viral replication with
RGNNYV infection, with viral titers determined at 24, 48 or 72 h.
Data were analyzed using either paired or unpaired Student’s z-tests,
as appropriate. *P < 0.05 was taken as a statistically significant
difference between group mean values. (Color figure online)

for knockdown of gGRP78 for reducing viral titer with
RGNNYV infection, as shown in Fig. 2D.

Chaperone GRP78 can interact with viral RNA-
dependent RNA polymerase on mitochondria
at a middle replication stage

The mechanism for gGRP78-mediated enhancement of
viral replication remains unknown. Recently, nodavirus
RdRp was shown to be targeted to mitochondria [41, 42]
and replicated on the mitochondrial membrane [42, 43].
We asked if GRP78 played a role in regulating the function
of protein A (RdRp) in mitochondria. We attempted to
track the localization of GRP78 with EGFP in order
to understand its localization in the fish system. With
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RGNNYV infection, zZFGRP78-EGFP was also distributed in
the cytoplasm (Fig. 4A-b, f, j; as shown in green fluores-
cent cells) at 0, 24 and 36 h pi, respectively. These cells
were also stained with a mitochondrial tracker dye to
monitor mitochondrial locations (Fig. 4A-c, g, k; indicated
by arrows) at 0, 24 and 36 h pi, respectively. Merged
images of cells (Fig. 4A-d, h, i; as shown in orange fluo-
rescent cells) also showed that zfGRP78-EGFP was
localized in mitochondria, as shown by a more yellow

zfGRP78-EGFP

A Phase-contrast

N

48 h pi
B Mitochondrial Cytosolic
form form
RGNNV — + o +
90 |

HSP60 —| e — w—Actin

1 2 3 4

Fig. 4 Tracking zfGRP78 mitochondrial localization with RGNNV
infection. A Phase-contrast and fluorescence micrographs of tran-
siently zfGRP78-EGFP-transfected GF-1 cells. GF-1 cells were
transfected with zfGRP78-EGFP plasmid for 24 h, and then infected
with RGNNV and incubated for different times. Phase-contrast
micrographs of cells infected with RGNNV at 0 h (a), 24 h (e), and
36 h (i); Green fluorescence micrographs of cells infected with
RGNNV at O0h (b), 24 h (i), and 36 h (j); Orange fluorescence
micrographs of cells infected with RGNNV with mitochondrial
tracker staining at O h (¢), 24 h (g), and 36 h (k); and fluorescence
merged micrographs of cells infected with RGNNV at 0 h (d, m), 24 h
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Mitochondrial tracker

color within cells, when compared with zfGRP78-EGFP
absent cells that just showed a strong orange color
(Fig. 4A-c, g). The enlarge cells as shown in Fig. 4A-m
(from Fig. 4A-d), n (from Fig. 4A-h) and o (from Fig. 4A-1)
at 0, 24 and 36 h, respectively, which apparently green
and orange fluorescent overlapping cell was showed at 24
and 36 h as compared with O h, green fluorescent cell. This
showed that GRP78 was targeted into the mitochondria.
Figure 4B, lane 2 represents the membrane fraction and

Merged

w |—gGRP78

(h, n), and 36 h (I, 0); carrier fluorescent cells are indicated by arrows
in these figures. Scale bar = 10 pm. B Demonstration that gGRP78
was targeted to the mitochondrial membrane in RGNNV-infected
GF-1 cells at 48 h p.i. Mitochondria preparation was described in
Materials and methods. Lane 1 is the mitochondrial fraction from
uninfected cells. Lane 2 is the mitochondrial fraction from RGNNV-
infected cells. Lane 3 is the cytosolic fraction from uninfected cells
and lane 4 is the cytosolic fraction from RGNNV-infected cells.
Hsp60 as a mitochondrial fraction control is shown in lanes 1-2.
Actin as a cytosolic fraction control is shown in lanes 3-4. (Color
figure online)
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lane 4 represents the cytosolic fraction of RGNNV-infected
GF-1 cells, which examined if GRP78 could move into
mitochondria in either RGNNV-infected zfGRP78 over-
expressing cells (Fig. 4A) or just RGNNV-infected cells
(Fig. 4B). We also found that gGRP78 expression was nearly
undetectable in uninfected cells in either the mitochondrial
or cytoplasmic fractions (Fig. 4B, lanes 1 and 3). Hsp60 was
used as an internal control for the mitochondrial form
(Fig. 4B, lanes 1 and 2) and actin was used as an internal
control for the cytosolic form (Fig. 4B, lanes 3 and 4).
Next, using immunostaining assay, we investigated
potential interactions between GRP78 and RdRp on mito-
chondria during RGNNV infection. In the results to iden-
tify protein A localization by immunostaining, at 48 h p.i.,
protein A was tracked with an orange color in EGFP-
transfected cells (Fig. 5A-c, g, k) and zfGRP78-EGFP-
transfected cells (Fig. 5A-d, h, 1) with RGNNYV infection
when compared with negative controls for both EGFP-
transfected cells (Fig. 5A-a, e, i) and zfGRP78-EGFP-
transfected cells (Fig. SA-b, f, j), which did not have
detectable protein A expressions. Then, the green fluores-
cence images for EGFP (Fig. 5A-a, d) and zfGRP78-
EGFP-containing cells (Fig. SA-b, c) were merged with
protein A expression (Fig. 5SA-h, EGFP-transfected cells;
Fig. 5A-g, zfGRP78-EGFP-transfected cells and without
protein A (Fig. 5SA-e, EGFP-transfected cells; Fig. SA-f,
zfGRP78-EGFP-transfected cells) expressing cells, which
specifically detected zfGRP78-EGFP and protein A merged
cells with an orange-yellow color (Fig. 5A-k, n; as indi-
cated by arrows), but not in the other groups (Fig. 5A-j, m).
We also asked if gGRP78 could interact with protein A.
Using an anti-affinity gel to immunoprecipitated Flag
protein A with gGRP78 during RGNNV infection, we
found that RGNNV Flag- protein A specifically co-im-
munoprecipiated with gGRP78 (Fig. 5B, lane 2), but did
not detect gGRP78 in the without added-protein A group
(Fig. 5B, lane 1). Combined with the results in Fig. 4,
gGRP78 could interact with protein A on mitochondria.

gGRP78-mediated ER stress signal can regulate viral
protein and Bcl-2 protein expression

We investigated the role of GRP78 on viral replication and
anti-apoptotic protein Bcl-2 expression in our system by
using the either gGRP78 specific siRNA for blocking
gGRP78 expression or GRP78 specific synthesis inhibitor
VT to block gGRP78 synthesis [35], but may affect some
proteins. In the grouper GRP78 siRNA approach for
knockdown of gGRP78 was shown in Fig. 2B, lane 7 as
compared with negative control Fig. 2B, lane 3 that sig-
GRP78 can down-regulate about 55% than siNegative
control. Then, here continue to check the viral protein o«
and Bcl-2 expression level, in the results shown in Fig. 6a,

we found that gGRP78 siRNA effectively down-regulated
the gGRP78 expression that correlated to reduce 25%
expression level on the viral protein o that was a repro-
ducible effect (Fig. 6a, lane 5) at 24 h pi as compared
siNegative control 100% expression (Fig. 6a, lane 7); and
at 36 h pi reduces 40% (Fig. 6a, lane 6) than siNegative
control 100% (Fig. 6a, lane 8). Uninfected group as a
negative control was shown in Fig. 6a, lanes 1-2 (sig-
GRP78 group for either at 24 or 36 h) and Fig. 6a, lanes
3—4 (siNegative control group for either at 24 or 36 h). On
the other hand, gGRP78 siRNA effectively down-regulated
the gGRP78 expression that correlated to reduce about
27% expression level on the Bcl-2 expression level
(Fig. 6a, lane 6) when compared with uninfected control
with 100% expression (Fig. 6a, lane 2) at 36 h pi; and at
siNegative control group, can reduce about 45% (Fig. 6a,
lane 8) as compared with uninfected group with 100%
expression (Fig. 6a, lane 4), which means down-regulation
of gGRP78 can enhance Bcl-2 expression about 18%.
Actin as an internal control was shown in Fig. 6a, lanes
1-9. Furthermore, by double check down-regulation of
gGRP78 for regulating with viral protein o, B2 and Bcl-2
expression. We pre-treated GF-1 cells for 2 h with different
concentrations of VT (0, 0.2, 0.5 and 1.0 pg/ml) and then
infected the cells with RGNNV. We found that VT blocked
GRP78 expression most efficiently at a concentration of
1 pg/ml (data not shown). Thus, we used VT at a con-
centration of 1 pg/ml in all subsequent experiments. As
demonstrated in Fig. 6b, 1 pg/ml VT almost completely
inhibited GRP78 expression in RGNNV-infected cells
(Fig. 6b, lanes 5-6) as compared with RGNNV-infected
group (Fig. 6b, lanes 3—4) and was correlated with reduced
viral protein expressions, including protein oand B2
[Fig. 6b, lanes 5 (48 h p.i.) and 6 (72 h p.i.)], when com-
pared to untreated cells [Fig. 6b, lanes 3 (48 h p.i.) and 4
(72 h p..)]. Appropriate uninfected controls were used
[Fig. 6b, lanes 1 (48 h p.i.) and 2 (72 h p.i.)].

On the other hand, we found that Bcl-2 expression was
apparently downregulated to 38% in RGNNV-infected cells
at 72 h p.i. (Fig. 6b, lane 4). However, Bcl-2 down-regula-
tion was reversed back to 72% by VT treatment (Fig. 6b,
lane 6) when compared with uninfected control 100%
expression at 72 h (Fig. 6a, lane 2), which results consistent
with gRPG78 siRNA approach (Fig. 6a). This indicated that
a gGRP78-mediated ER stress signal could increase viral
death factors protein o and B2 expression and reduce the
Bcl-2 expression level at middle-late replication stages.

Can an ER stress signal induce mitochondrial-mediated
cell death?

Bcl-2 has been shown to regulate the mitochondrial
membrane potential [29]. We investigated the role of ER
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Fig. 5 zfGRP78 interacts with RGNNV RNA-dependent RNA
polymerase at a middle replication stage. A Fluorescence micrographs
of GF-1 cells transiently transfected with EGFP and zfGRP78-EGFP.
GF-1 cells were transfected with EGFP or zfGRP78-EGFP plasmid
and incubated for 24 h, then infected with RGNNYV and incubated for
48 h pi. Fluorescence micrographs of EGFP-transfected negative
control (a), zfGRP78-EGFP-tranfected negative control (b), EGFP-
transfected cells with RGNNYV infection (d), zfGRP78-EGFP-tran-
fected cells with RGNNYV infection (¢) were shown. Red fluorescence
micrographs using an RdRp polyclonal antibody for EGFP-transfec-
ted negative control (e), zftGRP78-EGFP-tranfected negative control
(f), EGFP-transfected cells with RGNNYV infection (/) and zfGRP78-
EGFP-tranfected cells with RGNNV infection; Yellow-orange fluo-
rescence merged micrographs of EGFP-transfected negative control
(i), zfGRP78-EGFP-tranfected negative control (j, m), EGFP-

stress-mediated Bcl-2 down-regulation in RGNNV-infec-
ted cells for MMP loss in these cells. Blocking the up-
regulation of gGRP78 by its specific siRNA showed that
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transfected cells with RGNNV infection (/), ztGRP78-EGFP-tran-
fected cells with RGNNYV infection (k, n); Positive cells are shown in
A-k, n. Scale bar = 10 pm. B Demonstration that gGRP78 interacts
with RdRp (protein A) from RGNNV-infected cells. RGNNV RNA1
(encoded for protein A or designated RdRp), cloned into a Flag
tagged vector (p3XFLAG-myc-CMV), was transiently transfected
into GF-1 cells with lipofectamine, which were infected with
RGNNV (MOI = 5) and incubated for 48 h p.i. Protein was
immunoprecipitated with an anti-Flag monoclonal antibody and
immunoblotted with an anti-GRP78 polyclonal antibody. Lane 1
shows protein from empty Flag vector-transfected GF-1 cells and
probed with GRP78 antibody, which did not detect the GRP78 signal.
Lane 2 shows protein immunoprecipitated from Flag-RNA1 vector
transfected cells and immunoblotted with GRP78 polyclonal anti-
body, which could detect GRP78 signal. (Color figure online)

RGNNV-induced MMP loss with siNegative-transfected
group (Fig. 7A-c, g, k; as indicated by arrows) was blocked
by sigGRP78 at 24 h p.i (Fig. 7A-d, h, 1) when compared
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Fig. 6 sigGRP78 and VT block GRP78 synthesis, reduce viral
protein expression and reverses Bcl-2 down-regulation at a middle-
late replication stage. a Western blot analysis of viral proteins and
Bcl-2 protein expression in RGNNV-infected GF-1 cells with
sigGRP78-transfected cells at 24 h pi (lane 5), and at 36 h pi (lane
6); RGNNV-infected GF-1 cells with siNegative-transfected cells at
24 h pi (lane 7), and at 36 h pi (lane 8); uninfected with sigGRP78-
transfected cells at 24 h pi (lane 1) and 36 h (lane 2); uninfected with
siNegative-transfected cells at 24 h pi (lane 3) and 36 h (lane 4).
HeLa cell lysate as a positive control was shown in lane 9. Actin was
used as an internal control in lanes 1-7. Quantification of viral protein
aand Bcl-2 expression levels in RGNNV-infected cells at late
replication stage. Protein expression level was quantified by Personal
Densitometer (Molecular Dynamic). b Western blot analysis of viral
proteins and Bcl-2 protein expression in RGNNV-infected GF-1 cells
with VT (1 pg/ml) treatment at 48 h pi (lane 5), and at 72 h pi (lane
6); RGNNV-infected GF-1 cells at 48 h pi (lane 3), and at 72 h pi
(lane 4); uninfected cells at 48 h pi (lane 1) and 72 h (lane 2). Actin
was used as an internal control in lanes 1-6. Quantification of Bcl-2
expression levels in RGNNV-infected cells at late replication stage.
Protein expression level was quantified by Personal Densitometer
(Molecular Dynamic)

with siNegative-transfected cells (Fig. 7A-a, e, 1) and sig-
GRP78-transfected cells (Fig. 7A-b, f, j) but uninfected.
Mitochondrial function was evaluated using MitoCapture
Reagent (Apoptosis Detection, Mitochondria BioAssay™
Kit). The Mitocapture dye aggregates in the mitochondria
of healthy cells and fluoresces red. In apoptotic cells,
the dye cannot accumulate in mitochondria, remains as
monomers in the cytoplasm, and fluoresces green. Quan-
tifying MMP levels (Fig. 7B) by calculating the ratios for
red to green fluorescent and normalizing to control values it
was observed that in sigGRP78-transfected RGNNV cells,
the loss of MMP was decreased to 16% at 24 h pi and 30%
at 36 h p.i as compared to 75% at 24 h, and 92% at 36 h
with siNegative control. Negative control either siNegative

or sigGRP78 uninfected cells all showed MMP losses of
1% (24 h) and 2% (48 h).

Discussion

RGNNV-infected fish lie on their sides, float belly up or
swim abnormally (e.g., swim in circles or to the right).
Among the histopathological changes observed in these
fish are extensive cellular vacuolation and necrotic neuro-
nal degeneration in the central nervous system and retina
[44]. The mechanisms by which betanodavirus infections
induce neuronal degeneration and whether neuronal
degeneration causes abnormal swimming behavior remain
unknown. Previous studies showed that RGNNYV infection
induced post-apoptotic necrotic cell death through a dis-
rupted mitochondrial mediated pathway [11, 31], but the
upstream events before mitochondrial damage have not
been defined. In this study, for the first time we have
demonstrated that RGNNV-induced ER stress responses
result in the up-regulation of chaperone protein GRP78 that
can regulate viral replication via gGRP78 interactions with
RdRp. Elucidating these regulatory pathways is essential
for studying the mechanisms of pathogenesis and to
develop potent therapeutic agents to combat RGNNV
infections.

The effect of ER chaperone protein GRP78 on viral
replication

Under normal physiological conditions, up-regulation of
ER chaperone proteins (the glucose-regulated proteins,
GRPs, of 54, 78 and 94 kDa) ensures the exit of properly
folded proteins from the ER [19, 45, 46]. Chaperones
mediate the correct assembly of a large number of pro-
teins and are expressed in response to elevated tempera-
tures or other cell stressors. Pathogens can also induce ER
stress and the up-regulation of chaperone proteins. For
example, up-regulation of the chaperone machinery has
been seen in Human cytomegalovirus (DNA virus)
infection of human fibroblasts where GRP78 plays a
significant role in virion assembly and egress from the
cytoplasm [47]. However, severe or prolonged ER stress
has been shown to lead to cell death through the initiation
of downstream death programs, such as activation of ER-
associated caspase-12, the JNK pathway and Gadd153/
CHOP [30, 48-50].

In our system, we showed that RGNNYV infection trig-
gered the activation of three markers that have been pre-
viously shown to be reflective of ER stress responses [16,
51]. In RGNNV-infected cells, we showed (1) induction of
IRE1/ATF6 for the up-regulation of gGRP78, (2) activa-
tion of ER-associated caspase-12 and (3) induced PERK
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Fig. 7 gGRP78-mediated ER stress signal induces mitochondrial-
mediated cell death. A MMP loss was demonstrated by either strong
green fluorescence or loss of red fluorescence via knockdown of
¢GRP78 by its siRNA. Phase-contrast and fluorescence images of
uninfected with siNegative-transfected cells as a negative control
(a, e, i) at 0 h; uninfected with sigGRP78-transfected cells as a
negative control (b, f, j) at 0 h; RGNNV-infected with siNegative-
transfected cells (¢, g, k) at 24 h; RGNNV-infected with sigGRP78-
transfected cells (d, h, [) at 24 h that were stained with the lipophilic

phosphorylation that reduced Bcl-2 expression (Fig. 1),
suggesting that RGNNV infection induced an ER stress
response in GF-1 cells.
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cationic dye at 24 h pi; loss of red fluorescent cells (A, k and i) or
strong green fluorescent cells (A, g and /) are indicated by arrows.
B The percentage loss of MMP was calculated at 0, 24 and 36 h p.i.
for uninfected with siNegative or sigGRP78-transfected cells, and
RGNNV-infected with siNegative or sigGRP78-transfected cells.
Data were analyzed using either paired or unpaired Student’s z-tests,
as appropriate. *P < 0.05 was taken as a statistically significant
difference between group mean values. (Color figure online)

In this study, we first identified that an RGNNV-induced
gGRP78 signal pathway could enhance viral replication,
supported by both loss-of-function (Figs. 2, 6a) and
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RGNNV induces ER stress-mediated cell death cascade

Fig. 8 RGNNV induces an ER stress-mediated cell death cascade.
RGNNYV infection and early replication causes an ER stress response
upon entry and the primary replication stage. Then, viral replication
triggers an ER stress induction stage that includes: (1) activating
ATF6 and IREl ER sensors that up-regulate chaperone protein
GRP78; (2) PERK sensor is phosphorylated, which may be correlated
with down-regulated Bcl-2; (3) caspase-12-like becomes activated.
Further, the ER stress signal can induce GRP78 up-regulation. At the
GRP78 interaction with RdRp stage, GRP78 may interact with protein
A (RdRp) on the mitochondrial membrane to enhance viral replica-
tion and viral gene expression, which always includes death factors
protein o and B2. Finally, viral death factors induce MMP loss and
PERK-mediated downredulate Bcl-2 expression, which combined the
death signals for triggering necrotic cell death at the mitochondrial
dysfunction stage. Cell death could be prevented by: (a) gGRP78
siRNA to knockdown gGRP78 expression and (b) BKA treatment to
block mitochondria permeability transition pore (MPTP)

gain-of-function (Fig. 3) assays. In addition, VT treatment
inhibited GRP78 synthesis (Fig. 6b). However, it is not
clear if the up-regulation of GRP78 in our system had a
protein refolding function.

Why gGRP78 interacts with RdRp at early-middle
replication stages?

A number of cell proteins have been proposed to play roles
in viral RNA-dependent RNA polymerase (RdRp) func-
tions. Identifying host factors that are recruited to the viral
replication complex is important in order to shed light on
virus-cell interactions that facilitate infection and to
identify the mechanistic components required for RNA
replication [52]. The RNA replication complex of positive-
strand RNA viruses is associated with intracellular mem-
branes that are different from RNA viruses that target
distinct membranes. It is very unique case that protein A
(RdRp) contains a mitochondrial targeting sequence (MLS)
[41, 42]. For alphanodavirus (FHV) and betanodavirus
(GGNNYV), the RNA replication complex is always asso-
ciated with mitochondria [43, 53]. By comparison, heat
shock chaperone protein 70 can have both positive and

negative regulatory effects on flockhouse virus (alpha-
nodavirus) RNA replication [54].

Based on these reports, we asked if gGRP78 could
interact with mitochondrial RdRp (protein A) of RGNNV
to enhance viral replication at early-middle replication
stages that viral replication are defined as early (0-24 h pi),
middle (24-48 h pi) and late (48-72 h pi) replication
stages in this system. For this proposal, we first tracked
GRP78 with EGFP as a fusion protein in combination with
a mitochondria tracker dye to prove zfGRP78 mitochon-
drial targeting [Fig. 4A-n (24 h pi) and o (36 h pi)]
apparently after RGNNYV infection. Then, these cells were
stained with RdRp antibodies conjugated with tetramethyl
rhodamine isocyanate to demonstrate the interaction
between GRP78 and the RGNNV RdRp enzyme on the
mitochondria at 48 h pi (Fig. 5A-k, n) in RGNNV-infected
fish cells, which may enhance viral replication in this
special case that differs with other RNA virus replication
in ER.

RGNNV-triggered ER stress signal regulates
mitochondrial-mediated cell death at a middle
replication stage

Recently, three major pathways that trigger apoptosis were
identified: (1) the death receptor or extrinsic pathway; (2)
the mitochondrial or intrinsic pathway; and (3) the ER
stress mediated pathway. These pathways are activated by
caspase 8, caspase 9 and caspase 12-like, respectively. The
ER, like the mitochondria, is a repository for both pro-
apoptotic and anti-apoptotic molecules. Bcl-2 family
members, including Bcl-2, Bel-xL, Bax, Bak and Bik, are
associated with the ER to regulate calcium homeostasis and
apoptosis [16, 55-58]. RGNNYV infections can induce the
loss of mitochondrial membrane potential (MMP). MMP
loss is blocked by either the MMP transition pore inhibitor
BKA or the Bcl-2 family member Bcl-xL [11, 31]. How-
ever, apoptosis in RGNNV-infected cells does not occur
solely via the mitochondrial dependent pathway.

In our system, we also found that sigGRP78 blocking of
gGRP78 up-regulation either conversely down-regulated
Bcl-2 expression or reduced viral replication, and appar-
ently decreased mitochondrial-mediated cell death (Fig. 7),
which means ER stress could regulate viral replication and
cell death through GRP78.

Figure 8 schematically depicts the process of RGNNV-
induced mitochondrial-mediated cell death. RGNNYV enters
the cell and viral replication occurs within cells. This
reaction induces the ER stress responses of ER stress
sensors and markers, such as PERK phosphorylation,
ATFG6 cleavage, XBR1 expression and caspase-12 activa-
tion, at an early-middle replication stage. Then, chaperone
GRP78 is up-regulated, which may receive ATF6 and IRE1
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sensors signals. Further, GRP78 interacts with RdRp on
mitochondria to enhance viral replication and synthesis of
viral death factors, such as protein « [7] and B2 [33].
Finally, viral replication induces mitochondrial damage
resulting in the loss of MMP, down-regulation of Bcl-2
protein and caspase-12-like activation, thereby triggering
cell death via the mitochondrial-mediated pathway. Cell
death via GRP78 up-regulation can be prevented by treat-
ment with GRP78 specific siRNA or a GRP78 synthesis
inhibitor (VT). These results provide new insights into
RNA virus-host interactions to aid in understanding the
molecular pathogenesis of RGNNV.
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