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GSIV serine/threonine kinase can induce apoptotic cell death
via p53 and pro-apoptotic gene Bax upregulation in fish cells
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Abstract Previous studies have shown that GSIV induces
apoptotic cell death through upregulation of the pro-
apoptotic genes Bax and Bak in Grouper fin cells (GF-1
cells). However, the role of viral genome-encoded pro-
tein(s) in this death process remains unknown. In this
study, we demonstrated that the Giant seaperch iridovirus
(GSIV) genome encoded a serine/threonine kinase (ST
kinase) protein, and induced apoptotic cell death via a p53-
mediated Bax upregulation approach and a downregulation
of Bcl-2 in fish cells. The ST kinase expression profile was
identified through Western blot analyses, which indicated
that expression started at day 1 h post-infection (PI),
increased up to day 3, and then decreased by day 5 PI. This
profile indicated the role of ST kinase expression during
the early and middle phases of viral replication. We then
cloned the ST kinase gene and tested its function in fish
cells. The ST kinase was transiently expressed and used to
investigate possible novel protein functions. The transient
expression of ST kinase in GF-1 cells resulted in apoptotic
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cell features, as revealed with Terminal deoxynucleotidyl
transferase biotin-dUTP nick-end labeling (TUNEL) assays
and Hoechst 33258 staining at 24 h (37 %) and 48 h post-
transfection (PT) (49 %). Then, through studies on the
mechanism of cell death, we found that ST kinase over-
expression could upregulate the anti-stress gene p53 and
the pro-apoptotic gene Bax at 48 h PT. Interestingly, this
upregulation of p53 and Bax also correlated to alterations
in the mitochondria function that induced loss of mito-
chondrial membrane potential (MMP) and activated the
initiator caspase-9 and the effector caspase-3 in the
downstream. Moreover, when the p53-dependent tran-
scriptional downstream gene was blocked by a specific
transcriptional inhibitor, it was found that pifithrin-o not
only reduced Bax expression, but also averted cell death in
GF-1 cells during the ST kinase overexpression. Taken
altogether, these results suggested that aquatic GSIV ST
kinase could induce apoptosis via upregulation of p53 and
Bax expression, resulting in mitochondrial disruption,
which activated a downstream caspases-mediated cell
death pathway.

Keywords Grouper sea preach virus - Serine/threonine
kinase - Bax - p53 - Mitochondrial membrane potential
loss - Upregulation

Introduction

A variety of DNA and RNA viruses actively induce pro-
grammed cell death (PCD) during infections, and PCD has
been considered to play a critical role in the pathogenesis
of viral diseases [1]. The iridovirus belongs to a large
dsDNA virus family that displays icosahedral symmetry
with a 120-200 nm diameter. This virus has caused a
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serious decline in the global population of amphibians and
heavy economic losses in the aquaculture industry [2]. A
growing number of reports have demonstrated that iri-
doviruses can infect both invertebrates and lower verte-
brates, including crustaceans, mollusks, insects, fish,
amphibians and reptiles [3]. The family Iridoviridae is
currently composed of five genera: Ranavirus, Lympho-
cystivirus, Megalocytivirus, Iridovirus and Chloriridovirus
[4]. The megalocytiviruses infect a wide range of tropical
marine and freshwater fish, including grouper, gourami,
cichlid, red sea bream, angel fish, sea bass and lamp eye,
causing similar diseases in each species. During such
infections in host fish Megalocytivirus is found (sometimes
in large numbers) in the spleen, kidney and gastrointestinal
tract, and to a lesser extent in the liver, heart, gills and
connective tissues [5]. The forms of cell death evoked by
iridoviruses are continually being disclosed, and they
include typical apoptosis and non-apoptotic cell death [6—
8]. However, the signaling pathways involved in these
processes remain largely unknown.

Various outbreaks of iridovirus disease have been
reported in Taiwan among cultured marine fish [9—11]. The
phylogenetic relationships between Taiwan isolates and
those from other geographic areas are still unclear. Recent
evidence shows that GSIV K1 [12] infection can induce
host cell death, and it displays several features of apoptotic
and post-apoptotic necrosis. The GSIV-induced apoptosis
was accompanied by increased annexin V-binding to the
plasma membrane, with dramatic changes in PS distribu-
tion at early mid-apoptotic GF-1 cells. Then, PS exposure
on the outer leaflet of the plasma membrane occurred
rapidly, with development of bulb-like vesicles as a PI-
positive cell. Several potent drugs (such as the protein
synthesis inhibitor CHX) can block the death process,
which suggests that the death factors are involved in this
pathway [12, 13]. Studying the mechanisms and physio-
logic functions of cell death during such virus infections
can contribute to a better understanding of the host—
pathogen interactions and the disease pathogenesis, which
could lead to new therapeutic strategies for dealing with
infectious diseases [14—17]. Therefore, a detailed elucida-
tion of the mechanism for GSIV infection-evoked cell
death is urgently needed.

The individual cells of multicellular organisms undergo
systematic self-destruction through apoptosis in response to
a wide variety of stimuli [18]. Therefore, apoptosis plays a
central role in the normal development and homeostasis of
multicellular organisms [19]. The process of PCD is con-
trolled by a range of cell signaling pathways that originate
either from the cell’s external environment (extrinsic) or
from within the cell itself (intrinsic) [20]. Apoptosis may
be used by the host to limit the production of viruses or to
disseminate them [21, 22]. However, viruses use the
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apoptosis process to produce sufficient virus progeny or to
facilitate virus release [21, 22].

Different molecular and biochemical tools have been
identified and used to elucidate the mechanisms of PCD.
However the intracellular signaling pathways that are trig-
gered by virus infection-induced apoptotic PCD remain
largely unknown. Although not all of the signals that initiate
the apoptosis pathway are understood, in many (but not all)
cases, the tumor suppressor protein p53 is required to
propagate the signal to commit suicide [23]. The cell’s fate
to undergo apoptosis depends mainly on the dynamic bal-
ance between the Bcl-2 family sensor proteins, which both
promote and inhibit apoptosis. Members of the Bcl-2 family
of sensor proteins (such as Bax, Bad, Bid, Bak Bcl2 or Bcl-
x1) represent key points in the apoptotic pathways. These
proteins appear to sit at nodes in the apoptotic pathways, at
points of integration for stimuli that provoke apoptosis. In
many (but not all) cases, these proteins appear to influence
the activation of caspase family members (proteases), which
perform the “execution” phase of apoptosis by cleaving a
number of cellular proteins and bringing about the destruc-
tion of cellular structures [24-26].

Mitochondrial membrane permeabilization can alter both
the inner and outer mitochondria membranes, and these
changes can precede the signs of necrotic or apoptotic cell
death and the activation of apoptosis-specific caspases [27—
29]. Many proteins from the Bcl-2/Bax family regulate
apoptosis when they are present in the mitochondrial
membrane. Close homologues of Bcl-2, including Bcl-xL,
Bcl-W, Mcl-1 and Al, reside in the mitochondria, and they
serve to stabilize the barrier function of the mitochondrial
membranes [15, 30]. Pro-apoptotic proteins can shuttle
between mitochondrial and non-mitochondrial localizations,
functioning as the cytosols for Bax, Bad and Bid. These
proteins are inserted into the mitochondrial membranes upon
apoptosis induction, resulting in permeabilization [31, 32].

We recently reported that GSIV infection induces host
cell apoptosis through the upregulation of the pro-apoptotic
death genes Bax and Bak at the middle replication stage,
and that factors in the grouper fin cell line (GF-1) have
been shown to modulate this process. In studying the
mechanism of cell death, we found that the upregulated, de
novo-synthesized Bax and Bak proteins formed hetero-
dimers. This upregulation process correlated with mito-
chondrial membrane potential (MMP) loss, increased
caspase-3 activity and increased apoptotic cell death [12,
13]. In this study, we showed that GSIV-ST kinase induces
apoptotic cell death via a p53-mediated upregulation of
Bax which causes a loss of MMP. This loss then mediates
cell death signaling, which results in an activation of the
caspase-mediated cell death pathway at the mid-to-late
stages of viral replication. These findings may provide new
insight into GSIV-induced pathogenesis.
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Materials and methods
Chemicals, drugs and antibodies used

With a RT-PCR system kit (Thermo Scientific), transfections
were carried out using Lipofectamine 2000 (Invitrogen) for
plasmids, according to the manufacturer’s instructions. The
experiments required use of a TUNEL assay kit (Roche),
paraformaldehyde (4 %), Triton X, MMP loss JC-1 lipo-
philic dye, Hoechst nuclear stain, 3 pm H,0,, Trizol reagent
(BioLine) and pifithrin-o. (Sigma). The following antibodies
were used: anti-rabbit Bax (Cell Signaling), anti-Bcl-2, anti-
mouse serine 46 p53 (Cell Signaling), anti-rabbit p53
(GeneTex), anti-EGFP, anti-kinase (recombinant protein),
anti-mouse actin (Millipore), anti-mouse caspase-3 (Cal-
biochem) and anti-mouse caspase-9 (Cell Signaling).

Drug treatment

Pifithrin-o. (PFT-o) was purchased from Sigma Aldrich, Inc.
In experiments designed to study the selective blocking of
p53 transcription, the cells were pre-treated with PFT-a for
5 h, followed by performance of a transient transfection
assay with vector control plasmid and kinase plasmids.

Cell culture and virus

Grouper fin cells (GF-1 cells) were provided by Dr. Chi
(Institute of Zoology and Development of Life Sciences).
The cells were maintained under standard conditions (at
28 °C) in Leibovitz’s L-15 medium, supplemented by 5 %
fetal bovine serum (FBS) and 25 pg/ml of gentamycin
antibiotic. The cells were passaged twice weekly. All
experiments were performed with cells in the logarithmic
growth phase. Naturally infected giant sea perch were
collected in 2005 in the Kaohsiung Prefecture, and these
fish were the source of the GSIV Kaohsiung No. 1 (GSIV
K1) strain that was used to infect the GF-1 cells used in this
study. GSIV-K1 is an RSIV-like strain (Accession number:
KT804738), with a comparable major capsid protein [12].
The virus was purified and stored at —80 °C until use. The
viral titer was determined by using the median tissue cul-
ture infective dose (TCIDs() assay, in accordance with the
method developed by Dobos et al. [33].

RNA isolation and RT-PCR cloning and sequence
analysis of GSIV ST kinase

RNA was extracted using the Trizol reagent from
stable GSIV-K1 infected GF-1 cells. RNA samples were
subjected to reverse transcriptase, using an RT-PCR kit
according to the manufacturer’s instructions, with (0.5 pg)

oligo (dT) primers for the first strand synthesis to generate
cDNA libraries. The cDNA then were subjected to standard
PCR, using the upstream primer GTGTAACCA/TATGTT
TACTCAATTGCCGCAC and the downstream primer
TCCGC/TCGAGCGACCGCATTGAAGGCAC to amplify
a kinase gene fragment. The PCR cycling conditions were
94 °C for 5 min, 94 °C for 30 s., 60 °C for 30 s., 30 to 35
cycles, 72 °C for 30 s and 72 °C for 7 min. As an internal
control, an actin cDNA fragment was amplified using an
upstream primer and a downstream primer [15]. The purity
and size of the amplified product was confirmed with 1.2 %
agarose gel electrophoresis after ethidium bromide staining.
The double-stranded cDNA product (1430 bp) was purified
by using the QIAquickTM gel extraction system (Qiagen,
Valencia, CA, USA), and was sub-cloned with the pGEM-T
easy cloning system (Promega, Madison, WI, USA). Cloned
PCR products were sequenced by the dye termination
method using an ABI PRISM 477 DNA sequencer (PE
Biosystems, Foster City, CA, USA), and were scanned
against the GenBank database BLAST (www.genome.jp/
tools/clustalw/) and the SBASE domain prediction system
(www.icgeb.trieste.it/sbase/) programs.

ST kinase-enhanced green fluorescent protein
(EGFP) gene fusion constructions

The ST kinase coding sequence from GSIV (kinase cDNA
in pGEM-T-easy plasmid) was amplified by using the sense
primer  5-GAAGATCTATGTTTACTCAATTGCCGC
AC-3' (the BgIII I site is underlined, and the start codon of
the kinase is in boldface) and the anti-sense primer 5'-GC
GGATCCTCACGACCGCATTGAAGGCAC T-3' (the
BamHI site is underlined). This amplification produced the
kinase-EGFP fusion genes to monitor the kinase-induced
cellular morphological changes (see Table 1) [15]. The
PCR products were ligated with the predigested pEGFP
(enhanced green fluorescent protein)-N3 vector (BD Bio-
sciences, Clontech, Palo Alto, CA, USA) after the restric-
tion digestion with Xho I and BamHI to create pEGFP-ST
kinase. Cell transfection was implemented by seeding
3 x 10° GF-1 cells in 60 mm culture dishes one day prior
to the transfection. The following day, pEGFP or pEGFP-
ST kinase (2 pg) was added to the cells, using Lipofec-
tamine 2000 (Invitrogen). Expression of the EGFP fusion
proteins was detected visually by using a fluorescence
microscope with an FITC filter. The numbers of EGFP or
EGFP-ST kinase-containing apoptotic cells (among 200
cells per sample) were assessed in three individual exper-
iments. Each point represented the mean EGFP or EGFP-
ST kinase-containing apoptotic cells of three independent
experiments + the standard error of the mean (SEM). The
data were analyzed using either the paired or unpaired
Student’s ¢ test, as was appropriate. The statistical
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Table 1 The sequence primers

used in this study Name

Primers

pET-29a(+4)-ST kinase Forward GTGTAACCA/TATGTTTACTCAATTGCCGCAC (Ndel)
Reverse TCCGC/TCGAGCGACCGCATTGAAGGCAC (Xhol)

pEGFP-C1-ST kinase Forward 1 GAAGATCTATGTTTACTCAATTGCCGCAC (Bgl 1)
Forward 2 GAGAATTCTATGTTTACTCAATTGCCGCAC (EcoRI)
Reverse 1 GCGGATCCTCACGACCGCATTGAAGGCAC (BamHI)

The enzymatic cutting sites on nucleotides of primers are underlined

significance between the mean group values was defined as
a p value <0.05.

TUNEL assay

The DNA fragmentation was further analyzed with a DNA
fragmentation assay kit (Roche, CA, USA), according to the
manufacturer’s recommendations. To summarize the pro-
cess, the GF-1 cells were seeded onto 24-well plates at a
concentration of 3 x 10° cells per well 1 days prior to the
transfection procedure, and 2 pg of EGFP and EGFP-ST
kinase was added to the cells, using Lipofectamin 2000 (Life
Technologies). The treatment group plates were incubated at
28 °C (GF-1 cells) for 24 and for 48 h. The cells were
recovered, washed with phosphate buffered saline (PBS),
and fixed with a freshly prepared paraformaldehyde solution
(4 % in PBS, pH 7.4) for 30 min at room temperature. The
slides were washed with PBS and incubated in blocking
solution (0.3 % H,0O, in methanol) for 30 min at room
temperature. Petri dishes were rinsed with PBS, incubated
with permeabilization solution (0.1 % Triton X-100in 0.1 %
sodium citrate) for 5 min on ice, and rinsed twice with PBS.
Terminal deoxynucleotidyl transferase biotin-dUTP nick-
end labeling (TUNEL) reaction mixture from an in situ cell
death detection kit (Boehringer-Mannheim, Mannheim,
Germany) was added to the sample (50 pl), and the Petri
dishes were incubated in a humidified chamber for 60 min at
37 °C. The samples were examined with fluorescence optics
or phase-contrast microscopy after signal conversion. Signal
conversion was performed by incubating the samples with
anti-fluorescein antibody (50 pl) conjugated with horse-
radish peroxidase in a humidified chamber for 60 min at
37 °C and rinsed with PBS. Finally, 50-100 pl of
diaminobenzidine substrate solution was added for 10 min at
room temperature. Each sample was rinsed with PBS, and a
glass coverslip was placed in the bottom of each dish. The
samples were examined under a light microscope [8, 13].

Hoechst 33258 nuclear staining

The cells were then seeded onto 24-well plates at a con-
centration of 2 x 10* cells per well 1 days prior to the
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transfection procedure, and 2 pg of EGFP and EGFP-ST
kinase was added to the cells using Lipofectamin 2000
(Life Technologies). The treatment group plates were
incubated at 28 °C (GF-1 cells) for 24 and 48 h. At various
points in time after the transfection, the cells were washed,
fixed and permeabilized with PBS containing 0.2 % Triton
X-100-PBS for 5 min on ice. Each used well was subjected
to nuclear staining with (0.5 pg/ml) of Hoechst 33258 at
38 °C for 15 min. The cells were then observed by using an
Olympus fluorescence microscope (Olympus DP70, Tokyo,
Japan) with a 360 nm filter for excitation and a 500 nm
filter for emission [8].

Western blotting analysis

The GF-1 cells were seeded at 1 x 107 cells per ml on a
60-mm Petri dish for at least 20 h prior to cultivation. The
resulting monolayers were rinsed twice with PBS, after
which the cells were infected with virus at a MOI of 1, and
then incubated for O, 1, 3 or 5 days. The pEGFP, pEGFP-
ST kinase and plasmids were added to the cells (2 pg each)
after 20 h, using Lipofectamine-Plus (Life Technologies).
Transfection was allowed to proceed for 5.5 h. The GF-1
cells were incubated at 28 °C for 0, 24 and 48 h. The
culture media were aspirated at the end of each time point,
after which the cells were washed with PBS and lysed in
0.3 ml lysis buffer (10 mM Tris base, 20 % glycerol,
10 mM sodium dodecyl sulfate and 2 % B-mercap-
toethanol; pH 6.8). Proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, electro
blotted and then subjected to immunodetection, as previ-
ously described. The membranes were incubated with a
dilution of anti-GSIV-MCP polyclonal mouse antibodies
(1:5000, home-made), anti-GSIV-kinase polyclonal rabbit
mouse (1:1000, home-made), anti-mouse Bax MAD
(1:1000; BD Biosciences, San Jose, CA, USA), anti-mouse
Bcl-2 antibody (BD Biosciences), anti-mouse caspase-3
MADb (1:1000, BD Biosciences), anti-mouse caspase-9,
anti-mouse [B-actin MAb (1:2500; Chemicon, Temecula,
CA, USA), anti-mouse EGFP MAb (1:10,000, Clontech
Laboratories, Mountain View, CA, USA), and a dilution of
an appropriate secondary antibody (1:7500 to 1:10,000)
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Fig. 1 Identification of GSIV ST kinase expression profile and its compared the amino acid identity of the GSIV-K1 strain with that of
gene sequence alignment. a Identification of the GSIV ST kinase other species, the match was 99% for OSGIV, 99% for RBVIC-C1,
expression pattern in GF-1 cells using an anti-GSIV ST kinase-rabbit 99% for RBIV-KOR-TY1, 97% for RSIV, 92% for TRBIV and 90%
polyclonal antibody. The cells were infected with GSIV (MOI = 1) at for ISKNV. ¢ Showing the rooted phylogenetic tree (UPGMA)
days O, 1, 3 and 5, respectively and analyzed electrophoretically. For between the above mentioned strains. The different amino acids
the control group, lane 1 corresponded to uninfected cells (0 days). residues for at least five megalocytivrius proteins are shown in the
For the infected groups, lanes 2—4 corresponded to GSIV-infected colored red blocks. d The predicted protein modification sites are
cells lysed after 1, 3 and 5 days respectively. b Alignment of shown in black blocks with green outlines: 1. Acyl-CoA dehydroge-

nucleotide and deduced amino acid sequences of kinase. Alignment of nase-like domain, (16-42 aa), 2. Protein kinase-like domain (73-181
the deduced amino acid sequence of GSIV-KI1 aligned with the aa), 3. DNA polymerase B region-like domain (219-299 aa) and 4.
corresponding sequences of other iridovirus proteins. When we Auxin efflux carrier-like domain (372-419 aa) (Color figure online)
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that included peroxidase-labeled goat anti-mouse (Amer-
sham, Piscataway, NJ, USA) and goat anti-rabbit (Amer-
sham) antibodies. Chemiluminescence detection was
performed using a Western Exposure Chemiluminescence
Kit (Amersham), according to the manufacturer’s instruc-
tions. The chemoluminescence indication of antibody
binding was captured by Top Bio Multigel-21 (Total Lab
Systems TLS) [15].

Evaluation of mitochondrial membrane potential
(MMP) with a lipophilic cationic dye

The changes in MMP that occurred during the apoptosis
induced by the ST kinase gene of the GSIV virus were
examined by using a JC-1 Mito-ID membrane potential
aggregation dye. The GF-1 cells were seeded onto 24-well
plates at concentrations of 2 x 10* cells per well, 1 days
prior to the transfection procedure, and 2 pg of EYFP and
EYFP-ST kinase plasmids were added to cells by using
Lipofectamin 2000 (Life Technologies). The treatment
group plates were incubated at 28 °C (GF-1 cells) for 24
and 48 h. At various points in time after transfection, the
cells were washed, fixed and permeabilized with PBS
containing 0.2 % Triton X-100-PBS for 5 min on ice. After
24 and 48 hpt, both the transfected cells and the non-
transfected cells (treated with H,O, as a positive control)
were rinsed in 1 % PBS and incubated with Mito-id JC-1
dye for 30 min at 28 °C. The cells were then washed with
PBS, suspended in LB medium and analyzed by fluores-
cence microscopy [13].

Cell counts

The numbers of TdT-dUTP-labeled nuclei or TUNEL-
positive cells in were counted in each sample of 200 cells.
The results were all expressed as mean £ SEM. The data
were analyzed using either paired or unpaired Student’s
t tests, as appropriate. A value of p < 0.05 was taken to
represent a statistically significant difference between the
group mean values.

Results
GSIV ST kinase gene expression profile and cloning

The GSIV ST kinase expression profile was identified, as
shown in Fig. l1a. The gene quickly expressed at day 1 and
continued to express at days 3 and 5, which seemed to
show the behavior of an early expression gene. Then we
cloned this gene and tried to analyze its function. The full
length of the GSIV ST kinase included 1430 base pairs for
encoding a 465 amino acid protein that had an approximate
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Fig. 2 GSIV ST kinase directly induces apoptotic cell death in GF-1p»
cells. A Western blot analysis of EGFP and ST kinase-EGFP proteins
in GF-1 cells following transfection and incubation for O h (lane 1) as
a control, 24 h (lane 2), 48 h (lane 3), 72 h (lane 4), 24 (lane 5), 48 h
(lane 6) and 72 h (lane 7). ST kinase-EGFP and EGFP proteins were
detected by Western blot analysis; the gels were immunoblotted with
a monoclonal antibody to EGFP. b: B-actin as an internal control.
B Phase-contrast micrographs of transfected and untransfected
apoptotic GF-1 cells at different time points (24, 48 and 72 h).
Phase-contrast micrographs of EGFP [a (24 h), e (48 h), i (72 h) and
m (48 h) at high magnification]; phase-contrast and fluorescent
images [b (24 h), f (48 h), j (72 h) and n (48 h) at high magnification]
and phase-contrast micrographs of ST kinase-EGFP [c (24 h),
g (48 h), k (72 h) and o (48 h) at high magnification]; phase-contrast
and fluorescent images [d (24 h), & (48 h), 1 (72 h) and p (48 h)], in
which rounded-up and plasma membrane blebbing cells are indicated
by arrows. C The percentage of apoptotic EGFP and ST kinase-
EGFP-transfected cells at different time points. The numbers of
EGFP- or ST kinase-EGFP-containing apoptotic cells in each 200 cell
sample were assessed in three individual experiments. Each point
represented the mean EGFP or ST kinase-EGFP-containing apoptotic
cells of three independent experiments + the standard error of the
mean (SEM). The data were analyzed using either paired or unpaired
Student’s ¢ tests, as appropriate. Statistical significance was defined as
p values <0.05

molecular weight of 51.2 kDa (Fig. 1b). When the amino
acid identity of the serine/threonine kinase (ST kinase)
from the GSIV-KI1 strain (Accession number: KT804738)
was compared with that of other species, a 99 % match was
found for OSGIV (B; AY894343.1), a 99 % match for the
RBIV-C1 (C; AGG37893.1), a 99 % match for RBIV-
KOR-TY1 (D; AAT71828.1), a 97 % match for RSIV (E;
AB104413.1), a 92 % match for TRBIV (F; ADE34358.1)
and a 90 % match for ISKNV (G; AF371960.1). These
results indicated an evolution tree, as shown in Fig. lc,
which is based on sequence identity. Furthermore, as
shown in Fig. 1d, the possible prediction protein modifi-
cation sites in the protein kinase were as follows: (1) an
Acyl-CoA dehydrogenase-like domain (16-42 aa); (2) a
protein kinase-like domain (73-181 aa); (3) a DNA poly-
merase B region-like domain (219-299 aa) and (4) an
auxin efflux carrier-like domain (372-419 aa). All of these
sites could have been playing multifunctional roles.

Overexpression of GSIV ST kinase induces
apoptosis, or cell death

Kinase was fused with EGFP, and the resulting fusion gene
was used to directly monitor the ST kinase-induced cell
morphological changes. The expression of approximately
84 kDa EGFP-ST kinase fusion protein was detected at 24,
48 hand 72 hpt by using the Western blot method (Fig. 2A),
compared with an expression of 32 kDa from EGFP alone.
To monitor the cellular morphological changes such as cell
rounding up and plasma membrane blebs, we created a serine
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threonine kinase-EGFP expression plasmid. Examination of
the serine threonine protein kinase expression profile in fish
GF-1 cells revealed the gradual expression of ST kinase-
EGFP (Fig. 2A, panel a, lanes 5-7) compared to that of the
EGFP control group (Fig. 2A, panel b, lanes 2—4). ST kinase-
EGFP induced GF-1 cell death (Fig. 2B, C). Specifically,
GF-1-ST kinase EGFP expression was associated with cell
rounding and the formation of membrane blebs at 24 hpt
(Fig. 2B, panels c and d). No such observations were noted in
cells expressing EGFP-control (Fig. 2B, panels a and b). ST
kinase-EGFP gradually induced cell death through apoptosis
(arrows) from 24 h (28 %, Fig. 2B, panels c and d), 48 h
(42 %, Fig. 2B, panels g and h) and 72 h (36 %, Fig. 2B,
panels k and 1), as compared to the EGFP-control groups at
24 h (1 %, Fig. 2B, panels a and b), 48 h (2 %, Fig. 2B,
panels e and f) and 72 h (3.5 %, Fig. 2B, panels i and j).
These observations corresponded to the determined apop-
tosis ratios (Fig. 2C).

Next, to confirm the nuclear structure by Hoechst 33254
staining, we examined GF-1 cells for another characteristic

EGFP—SLkinase |

NF

phenotypic that is associated with apoptosis, namely
chromatin condensation and breakdown of nuclear mate-
rial. The GF-1 cells were transfected with EGFP and EGFP
ST kinase plasmid. The cells that were transfected with
EGFP plasmid alone (Fig. 3a—f) showed uniform staining
of the nuclei. However, the ST kinase plasmid transfected
cells showed fragmented nuclei, with condensed chromatin
or multiple apoptotic bodies (Fig. 3g—1). These effects were
especially clear at 72 hpt (Fig. 3i and I; indicated by
arrows).

Next, TUNEL assays established that cells in which ST
kinase-EGFP was produced underwent apoptosis at between
0 hand 48 hpt. AsshowninFig. 4A, (panel A, gandi,at24 h
and 48 hpt) displayed more apoptotic observations (see
arrows) in the GF-1 cells than the EGFP control group (panel
A, a and c, at 24 hpt and b at 48 h). The percentage of
TUNEL-positive cells induced by ST kinase-EGFP
(Fig. 4B) increased with time (37 % at 24 h and 49 % at
48 h), compared to the negative controls (1 % at 24 h and
2.5 % at 48 h). This difference, therefore, was significant.

EGFP-ST kinase

t

EGEP-ST kinase

W |

Fig. 3 Identification of nuclear condensation and nuclear fragmen-
tation upon transfection of GSIV ST kinase gene into GF-1 cells.
Control EYFP GF-1 cells (horizontal-upper panel 1 (a, b and c) for
green fluorescence images; panel 2 (d, e and f) for Hoechst 33254
staining images at 24, 48 h and 72 hpt. The ST kinase-expressing GF-
1 cells (lower panel 1) (g, h and i) for green fluorescence images;
panel 2 (j, k and 1) for Hoechst 33254 staining images at 24, 48 h and
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72 hpt. The cells were grown in medium supplemented with 5% calf
serum. After 20 h, the cells were transfected with ST kinase plasmid
attached with EGFP as a reporter gene. After 24 and 48 h, the cells
were stained with Hoechst 33258. Nuclear condensation and
fragmentation are evident with GF-1 cells that are indicated by
arrows. Scale = 10 um. N nucleus, NC nuclear condensation, NF
nuclear fragmentation (Color figure online)
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Fig. 4 GSIV ST kinase expression can induce apoptotic cell death in
GF-1 cells, as shown by TUNEL assays. (A) The cells were
transfected with ST kinase gene and analyzed at 24 h and 48 hpt by
using fluorescently labeled anti-BrdU antibodies. The levels of
fluorescence were detected under a microscope. The upper panel
(a, c, e, g, i) shows cells visualized under visible light without a filter;
the lower panel (b, d, f, h, j) shows cells visualized under specific
filters for fluorescence detection. The upper and the lower panels
show cells under the same microscopic fields. a and c: cells were
transfected with control plasmid pcDNA 3.0 (—) vector at 24 and
48 h. Untransfected control cells (e¢) were treated with DNase as

Overexpression of GSIV ST kinase upregulate p53,
Bax and downregulate Bcl-2 protein in GF-1 cells

To study the molecular mechanism involved, we next
identified genes that were upregulated and involved in the
ST kinase-induced molecular cell death pathway. During
this screening, upstream events showed increased
involvement in the upregulation of p53 at 24 h (by 1.6
times, Fig. 1A: lane 5) and at 48 h pt (by 2.5 times, Fig. Sa:
lane 6), compared with the effects at day zero (Fig. 5a, lane
4). Downstream events showed that the upregulation
expression of the pro-apoptotic protein Bax was elevated
following the ST kinase-EGFP transfection of GF-1 cells
(Fig. 5a). Bax expression was elevated at 24 h (by 2.0

positive control. The g and i cells were transfected with pcDNA3-ST
kinase construct in g and i at 24 h and 48 hpt, respectively. B. The
percentage of apoptotic-positive number cells during ST kinase
expression in GF-1 cells. The numbers of TUNEL-positive cells
among samples of 200 cells were assessed in three individual
experiments. Each point represents the mean TUNEL-positive cells of
three independent experiments & the standard error of the mean
(SEM). The data were analyzed using either paired or unpaired
Student’s ¢ tests, as appropriate. Statistical significance was defined as
p values <0.05

times, Fig. 5a: lane 5) and at 48 h (by 2.1 times, Fig. Sa:
lane 6) compared to that of the ST kinase-EGFP-trans-
fected cells at O h (lane 4), which displayed very little Bax
background expression upon kinase overexpression com-
pared to the negative control EGFP-transfected cells. The
positive control (MCF 7) is shown in Fig. 5a, lane 7. The
expressed levels were measured, as shown in Fig. 5b and
5c, in which the levels of either p53 or Bax are shown to be
significantly different.

In contrast, the expression of Bcl-2 was apparently
reduced upon ST kinase-EGFP expression at 24 h (by 0.7
times; Fig. 6: lane 5) and at 48 hpt (by 0.5 times; Fig. 6:
lane 6) as compared with the levels of expression at 0 h (no
change; Fig. 6: lane 4) and in the negative control EGFP
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Fig. 5 GSIV ST kinase expression can upregulate p53 and Bax gene
in GF-1 fish cells. a Identification of p53 and Bax proteins by Western
blot analysis. Transfection of GF-1 cells with control and ST kinase
plasmid at 0, 24 h and 48 hpt in GF-1 cells, where lanes 1-3 display
transfected pCDNA3.1 plasmid; lanes 4-6 display transfected
pCDNA3.1-ST kinase plasmid; and lane 7 shows the control MCF-

alone group (Fig. 6: lanes 1-3). The levels of expression
were measured, and Fig. 6b shows that they were signifi-
cantly different.

ST kinase overexpression can induce MMP loss
in GF-1 cells

To determine whether ST kinase expression induced an
MMP loss in the downstream death pathway in fish cells,
the expression levels of ST kinase and EGFP alone were
examined by Western blot analysis at 24 and 48 h, as
shown in Fig. 2A. Then, JC-1 dye staining was used to
monitor MMP loss during the ST kinase expression. The
MMP loss was noted in the GF-1 cells (arrows) at 24 h
(Fig. 7A: g, h and i; enlarged images s, t and u) and at 48 h
(Fig. 7A: m, n and o), compared to the low levels of MMP
loss (arrows) in the vector (negative) control at 24 h
(Fig. 7A: d, e, f; enlarged images p, q and r) and at 48 h
(Fig. 7A: j, k and 1). The H,O, treatment (3 pg/ml), which
served as a positive control, produced a more pronounced
MMP loss in the GF-1 cells (arrows) (Fig. 7A, a, b, c).
Furthermore, the proportion of ST kinase-induced MMP
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Post-transfection time (h)

7 cell lysate. Blots were probed with an anti-mouse p53 and Bax
monoclonal antibody (1:7500), an anti-human Bcl-2 monoclonal
antibody (1:1000) and an anti-mouse actin monoclonal antibody
(1:12500). (b and ¢) Quantification of protein expression level by
Image J software, from a

loss (Fig. 7B) was elevated in the transfected cells (28.7 %
at 24 h and 51.4 % at 48 h) compared to that of the normal
controls (0.5 % from 0 to 48 h), which was a significant
difference. The positive control (84-98 % from 24 h to 48
hpt) is not shown.

ST kinase overexpression can activate caspases
cascade (—9 and —3)

ST kinase overexpression was more coincident with
cleaved caspase-9 from procaspase-9, as was shown by
Western analysis at 24 and 48 h pt (Fig. 8a, lanes 5 and 6,)
than it was at O h (Fig. 8a, lane 4) or with EGFP alone at 0,
24 and 48 h (Fig. 8a, lanes 1, 2 and 3). Furthermore, we
found that the conversion of pro-caspase-3 to mature cas-
pase-3 was more pronounced upon ST kinase overexpres-
sion in GF-1 cells at 24 and 48 h PT (Fig. 8b, lanes 5 and
6) than at 0 h (Fig. 8b, lane 4) or in EGFP-transfected
alone cells at 0, 24 or 48 h (Fig. 8b, lanes 1-3). These
results showed a very minor background difference
between the cleaved caspase-3 form and the procaspase-3
precursor form.
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Fig. 6 The GSIV ST kinase expression downregulates the anti-
apoptotic gene Bcl-2 in GF-1 fish cells. a Transfection of GF-1 cells
with control and ST kinase plasmid at 0, 24 h and 48 hpt in GF-1
cells, where lanes 1-3 display transfected pCDNA3.1 plasmid; lanes
4-6 display transfected pCDNA3.1-ST kinase plasmid; and lane 7
contains the control MCF-7 cell lysate. Blots were probed with an
anti-human Bcl-2 monoclonal antibody (1:1000) and an anti-mouse
actin monoclonal antibody (1:12500). This figure is representative of
the cultured cells from three separate experiments. b Quantification of
Bcl-2 protein expression level by Image J software, from a

P53 activity inhibitor, pifithrin-o can reduce the ST
kinase-induced cell death

We next sought to determine if treatments of the p53
activity inhibitor PFT-a could block the p53 function for
averting ST kinase-induced cell death. The results indi-
cated that PFT-a treatment could reduce kinase-induced
apoptosis, according to TUNEL assay results on GF-1 cells
at 24 and 48 h PT (Fig. 9A: lanes g, h and i; as indicated by
arrows). These results were greater than those for the
EGFP-ST kinase group (Fig. 9A: lanes d, e and f; as
indicated by arrows) or for the group having EGFP alone
(Fig. 9A: lanes a, b and c). Next, the TUNEL positive cell
count (shown in Fig. 9B) indicated that the inhibitor
treatment could reduce the cells by 10 and 24 % at 24 and
48 h pt, respectively, and that these results were signifi-
cantly different than those of the without-treatment group
(EGFP-ST kinase).

Furthermore, we conducted tests to determine whether
the PFT-a inhibitor could block the p53-denendent tran-
scriptional targets such as Bax after ST kinase overex-
pression in GF-1 cells at 48 h PT. We found that the PFT-o

treatment group could apparently reduce the downstream
gene expression of Bax (Fig. 9C, lane 5) more than that of
the ST kinase group (Fig. 9C, lane 4), the EGFP group
(Fig. 9C, lanes 2 and 3) or the without-transfection group
(Fig. 9C, lane 1). However, the PFT-o treatment group
could also reduce Bcl-2 downregulation at 48 h PT
(Fig. 9C, lane 5) more than the ST kinase overexpression
group (Fig. 9C, lane 4). Then, the quantification of protein
expression level (Fig. 9C) was counted by Image J soft-
ware (as shown in Fig. 9D), which showed an up to 100 %
increase of density in Bax, but reduced the anti-apoptotic
factor Bel-2 by 30 %, which was a significant difference.

Discussion

In aquatic fish, the emergence of deadly iridoviral dis-
eases has caused a growing interest in the mechanism of
iridovirus-induced host cell death [34]. Among iri-
doviruses, the megalocytivirus has attracted a great deal
of attention since the late 1980s for its capacity to cause
serious systemic diseases in a wide range of economically
important freshwater and marine fish species in the Asia
Pacific region [34, 35]. Despite its severe economic
effects, the megalocytivirus has been insufficiently stud-
ied. In this study, we examined a novel ST kinase-like
protein from the double-stranded DNA virus GSIV, and
we demonstrated that the ST kinase expression triggered
apoptotic cell death through upregulation of the p53 and
the pro-apoptotic death factor Bax, which further induced
the mitochondria-dependent cell death pathway in fish
cells. Therefore, we concluded that better characterization
of the GSIV molecular regulation processes could help in
elucidating the mechanisms of viral pathogenesis and
infection.

The GSIV ST kinase was identified as an early
expression protein at day 1 after GSIV infection, and this
protein continued its expression at the middle and late
phases of replication. Therefore, the GSIV ST kinase may
play an important role during viral replication (Fig. 1),
but researchers have so far failed to define this role. Our
study is the first to report on the possible function of this
protein. We tried to clone and monitor this expression
protein with EGFP (a variant derived from the green
fluorescent protein found in the jellyfish Aequorea victo-
ria) to gain a greater understanding of the protein’s
function.

The tracking of ST kinase localization with EGFP in
GF-1 cells has revealed that proteins localize in the cytosol,
and partially in the nucleus at 24 h and 48 hpt (Fig. 3). To
examine this process further, it was important to monitor
gene expression and fusion protein localization in vivo or
in situ, and to determine the cellular morphological
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Fig. 7 GSIV ST protein kinase can induce loss of MMP in GF-1
cells. A Identification of ST protein kinase inducing MMP loss in GF-
1 cells at 24 h and 48 hpt. Positive control cells are shown at 24 h (A:
a—c; indicated by arrows), negative control pPCDNA3.1 vector cells at
24 h (A: d—f and p—r for enlarged images from the rectangular boxes),
GSIV ST kinase-transfected cells at 24 h (A: g—i and s—u for enlarged
images from the rectangular boxes), with loss of MMP cells indicated
by arrows. The negative control cells (A: j—I) and the GSIV ST kinase
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(A: m—o0) are shown at 48 h. Scale = 20 um. (B) The ST kinase
induced losses of MMP in GF-1 cells were counted at 0, 24 h and
48 hpt. The numbers of MMP-loss cells among each of the 200-cell
samples were assessed in three individual experiments. Each point
represents the mean MMP-loss cells of three independent experi-
ments + the standard error of the mean (SEM). The data were
analyzed using either paired or unpaired Student’s ¢ tests, as
appropriate. Statistical significance was defined as p values <0.05
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Fig. 8 GSIV ST kinase overexpression can activate caspases-9 and -3
in GF-1 cells. (a and b) Transfection of GF-1 cells with control and ST
kinase plasmid at 0, 24 and 48 hpt in GF-1 cells that showed
overexpression of ST kinase-induced caspase-9 (a) and caspase-3
cleavage (b) from procaspase-9 and procaspase-3, as determined by
Western blot analyses. Lanes 1-3 correspond to EGFP-transfected cells
at 0, 24 and 48 h; lanes 4—6 correspond to ST kinase-EGFP-transfected
cellsat 0, 24 and 48 h

changes involved [36]. We used the EGFP as a marker for
the visualization of apoptotic cell morphological changes,
which allowed us to trace the kinase localization, which
correlated with individual protein functions. Interestingly,
we found that the ST kinase expression could directly
induce cell morphological changes such as cell rounding or
plasma membrane blebbing (Fig. 2B).

Viruses have developed multiple strategies for manip-
ulating the biological processes within infected cells
through co-evolution with the viral host species. Viruses
can regulate cell proliferation, differentiation and death
[37, 38]. Meanwhile, many viruses also inhibit apoptosis,
which is a strategy that subverts one of the most ancient
(non-immune) anti-viral mechanisms, namely the apoptotic
suppression of infected cells. Suppression of apoptosis
allows viruses to replicate before the host cells die [38].
Moreover, viruses may induce apoptosis of either infected
cells or of immunologically relevant cells, which can allow
them to increase the viral spread or to subvert the host’s
immune responses [39].

There is widespread agreement that mitochondria have a
function in apoptosis [40-43], but theories concerning the
mechanisms involved remain controversial. The limited
available data on fish cells indicate that a strain of mega-
locytivirus can induce apoptosis through MMP loss in a
grouper liver cell line [12, 13]. Our results were consistent
with these findings, as we showed a kinase induced Bax

expression in GF-1 cells (Fig. S5A) that corresponded to
MMP loss (Fig. 7A).

Other viral proteins, including the human immunodefi-
ciency virus-1 (HIV-1), Vpr protein kinase [44], the hep-
atitis B virus X protein [45] and the fish virus
betanodavirus B2 [42, 43], also induce cell death through a
mitochondria-dependent pathway, but not through Bax
upregulation. In addition, the activation of caspases, as a
downstream death event that participates in apoptosis, can
be divided into two kinds: activation of the initiator cas-
pases (including caspases —2, —8, —9 and —10) and
activation of the effector caspases (including caspases —3,
—6 and —7). Caspases are synthesized as proenzymes with
very low intrinsic activity, and they require activation,
either by proteolytic maturation or through interaction with
an allosteric activator [17]. We found that the initiator
caspase-9 and the effector caspase-3 (Fig. 8) were also
activated by ST kinase expression, which could trigger a
common death pathway.

The tumor suppressor pS3 mediates cell apoptosis by
targeting the transcriptional activities of a large number
of genes [46, 47]. In addition to its well-established
functions as a nuclear transcription factor, transcription-
independent mechanisms have been found in recent years
by which p53 can promote apoptosis in the cytosol and
mitochondria [48]. One of these transcription-indepen-
dent mechanisms involves the physical interaction
between the p53 and Bcl-2 family proteins [49]. The
Bcl-2 family contains both anti-apoptotic members and
pro-apoptotic members, which regulate apoptosis and
tumorigenesis by their complex interaction networks [50,
51]. Although the Bcl-2 related proteins have received
the most attention from researchers, other non-Bcl2-like
proteins have also been identified as regulators of
apoptosis. The best example is the tumor-suppressor gene
p53. In addition to the well-known nuclear and tran-
scriptional roles of p53, there is new and mounting
evidence which suggests that p53 may act via mito-
chondrial mechanisms to induce apoptosis [49, 52]. In at
least some cell types, p53 induces apoptosis via inter-
action with the pro-apoptotic Bcl-2 family member Bim,
which is associated with the outer mitochondrial mem-
brane [50]. Furthermore, transcription of the Bax gene in
some human cells is directly activated by p53-binding
sites in the regulatory region of the gene [49]. However,
p53 can directly target the mitochondria and induce
mitochondrial disruption [53, 54].

In this study, we first showed that ST kinase could
induce cell death in fish cells through a mitochon-
dria/caspase-mediated death pathway. Then we observed
that kinase overexpression induced the expression of p53
and the pro-apoptotic protein Bax at 48 hpt (Fig. 5), and
the downregulation of Bcl-2 (Fig. 6). This pattern was
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Fig. 9 Inactivation of p53 function by specific inhibitor PFT-a can
reduce pro-apoptotic gene Bax expression in ST kinase transfected
cells. A Treatment of PFT-o can reduce the ST kinase-induced
apoptotic rate in GF-1 cells at 0, 24 and 48 h PT, by TUNEL assay.
The cells were pre-treated with 20 pM PFT-o for 4 h or left without
treatment, and then treated by transfection with vector control
(pEGFP) and ST kinase-contained plasmid (pEGFP-ST kinase) at 48
hpt. The cells are shown for the vector control group (A, a—c), the ST
kinase transfected group (A, d—f) and the PFT-o treated plus ST
kinase transfected groups (A, g—i), in which the TUNEL-positive cells
are indicated by arrows. B The PFT-o treatment-caused reductions in
ST kinase-induced apoptosis in GF-1 cells were counted at 0, 24 h
and 48 hpt. The number of TUNEL-positive cells in each 200 cell

correlated with the loss of MMP during GSIV infection,
but not with upregulation of Bak (data not shown). Fur-
thermore, PFT-a [55], an inhibitor that inactivates p53,
was found to not only inhibit the Bax upregulation, but
also to reduce ST kinase-induced apoptosis, which meant
that p53 was a upstream factor for regulating the down-
streaming of Bax gene expression during ST kinase
expression in GF-1 cells, which may act as modulated
targets.
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sample were assessed in three individual experiments. Each point
represents the mean TUNEL-positive cells of three independent
experiments =+ the standard error of the mean (SEM). The data were
analyzed using either paired or unpaired Student’s ¢ tests, as
appropriate. Statistical significance was defined as p values <0.05.
C Identification of PFT-o treatment can reduce Bax upregulation and
Bcl-2 downregulation with ST kinase transfection in GF-1 cells at 48
hpt as shown by Western blot analysis. Lane 1 displays cells without
transfection; lane 2 displays cells transfected with pEGFP; lane 3
displays pEGFP plus PFT-a treatment; lane 4 displays pEGFP-ST
kinase; lane 5 displays pEGFP-ST kinase plus PFT-a treatment; lane
7 contains the control MCF-7 cell lysate. D Quantification of protein
expression level by Image J software, from C

Summary (Fig. 10): Taken altogether, our data suggest
that overexpression of the early expression gene ST kinase
can induce cell death via various forms of apoptosis, such
as mitochondria disruption or caspases —9 and —3 acti-
vations. Then the SK kinase-induced cell death may
upregulate the p53 and Bax (pro-apoptotic gene) at 24 h
and 48 hpt. Furthermore, it was found that p53 inactivation
(by its specific inhibitor PFT-a)) could also reduce down-
stream gene Bax expression and avert cell death.
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GSIV ST kinase

ST kinase expression

p53|nhibitor_| P53 1\

(PFT-a) ‘1’

Bax up-regulation
MMPl,

Caspases activation

Apoptotic cell death

The GSIV ST kinase induces apoptotic cell
death cascade in fish cells

Fig. 10 The hypothesis that GSIV ST kinase induces apoptotic cell
death cascade in fish cells. The novel ST kinase expressions can
upregulate either pS3 or Bax for inducing apoptotic cell death. This
STK-induced death pathway is also correlated to downstream
mitochondrial disruption and caspase activation in GF-1 cells.
Interestingly, the STK-induced Bax-mediated cell death signaling
was modulated by the p53 specific inhibitor PFT-o, which affected
p53 inactivation for averting fish cell death
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