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ABSTRACT

Infectious spleen and kidney necrosis virus (ISKNV) is the type species of the Megalocytivirus genus, Iridoviridae family, causing
a severe systemic disease with high mortality in mandarin fish (Siniperca chuatsi) in China and Southeast Asia. At present, the
pathogenesis of ISKNV infection is still not fully understood. Based on a genome-wide bioinformatics analysis of ISKNV-en-
coded proteins, we found that ISKNV open reading frame 119L (ORF119L) is predicted to encode a three-ankyrin-repeat
(3ANK)-domain-containing protein, which shows high similarity to the dominant negative form of integrin-linked kinase (ILK);
i.e., viral ORF119L lacks the ILK kinase domain. Thus, we speculated that viral ORF119L might affect the host ILK complex.
Here, we demonstrated that viral ORF119L directly interacts with particularly interesting Cys-His-rich protein (PINCH) and
affects the host ILK-PINCH interaction in vitro in fathead minnow (FHM) cells. In vivo ORF119L overexpression in zebrafish
(Danio rerio) embryos resulted in myocardial dysfunctions with disintegration of the sarcomeric Z disk. Importantly, ORF119L
overexpression in zebrafish highly resembles the phenotype of endogenous ILK inhibition, either by overexpressing a
dominant negative form of ILK or by injecting an ILK antisense morpholino oligonucleotide. Intriguingly, ISKNV-infected
mandarin fish develop disorganized sarcomeric Z disks in cardiomyocytes. Furthermore, phosphorylation of AKT, a down-

stream effector of ILK, was remarkably decreased in ORF119L-overexpressing zebrafish embryos. With these results, we
show that ISKNV ORF119L acts as a domain-negative inhibitor of the host ILK, providing a novel mechanism for the

megalocytivirus pathogenesis.

IMPORTANCE

Our work is the first to show the role of a dominant negative inhibitor of the host ILK from ISKNV (an iridovirus). Mechanisti-
cally, the viral ORF119L directly binds to the host PINCH, attenuates the host PINCH-ILK interaction, and thus impairs ILK
signaling. Intriguingly, ORF119L-overexpressing zebrafish embryos and ISKNV-infected mandarin fish develop similar disor-
dered sarcomeric Z disks in cardiomyocytes. These findings provide a novel mechanism for megalocytivirus pathogenesis.

Infectious spleen and kidney necrosis virus (ISKNV) is the type
species of the genus Megalocytivirus, family Iridoviridae. ISKNV
and closely related isolates infect a wide range of marine and fresh-
water fish species, including mandarin fish (Siniperca chuatsi) (1),
orange-spotted grouper (Epinephelus coioides) (2), large yellow
croaker (Larimichthys crocea) (3), Aplocheilichthys normani (4),
turbot (Scophthalmus maximus), zebrafish (Danio rerio) (5), and
more than 50 species of marine fish (6). In China, ISKNV causes a
serious disease with high mortality in mandarin fish, leading to
economic loss and ecological problems. To control the virus, we
started this viral pathogenesis study by sequencing the ISKNV
genome.

In this study, we found that ISKNV open reading frame 119L
(ORF119L) is predicted to encode an ankyrin (ANK) repeat-con-
taining protein but without the kinase domain. The NH,-terminal
three-ankyrin-repeat (3ANK)-containing domain of ORF119L is
highly similar to that of integrin-linked kinase (ILK). The myx-
oma virus M-T5 (7, 8), myxoma nuclear factor (MNF) (9), pox-
virus ankyrin repeat proteins (10, 11), vaccinia virus K1L protein
(12),and ISKNV ORF124L (13) have this ankyrin repeat-contain-
ing domain. All of these proteins have been reported to be in-
volved in viral pathogenesis.

In the host ILK signaling, ILK complexes with particularly in-
teresting Cys-His-rich protein (PINCH) and parvin and plays a
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crucial role in cell adhesion and intracellular signal transduction
(14, 15). Structurally, the NH, terminus of ILK is a 3ANK-con-
taining domain capable of binding to the LIM1 domain of PINCH
(16-19), while the COOH terminus of ILK contains a kinase do-
main responsible for interacting with parvin. Functionally, ILK
phosphorylates protein kinase B (PKB; also known as AKT) and
glycogen synthase kinase 3 (GSK-3) for intracellular signal trans-
duction (18). Mice with the germ line-mutated ILK in which
Val386 and Thr387 in the kinase domain are replaced with glycine
residues (ILK-VT/GG) die of vasculogenesis defects at embryonic
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day 12.5 due to the fact that VT/GG substitutions decrease ILK
protein stability, leading to decreased ILK levels and reduced
binding to paxillin and a-parvin (20). Heart failure and pericar-
dial edema phenotypes are found in zebrafish expressing ILK™*°¢"
(kinase-dead mutant) during early embryogenesis (21). In mam-
malian cells, overexpression of the 3ANK domain of ILK without
its kinase domain disrupts the assembly of the PINCH-ILK-parvin
complex, exerting its dominant negative inhibitory (DNI) effect
on ILK-mediated signaling (22, 23).

All of these prompted us to hypothesize that ORF119L may
play a role in host ILK signaling. We studied the function of
ORF119L in vivo by using the zebrafish model because we could
observe the rapid embryonic development of zebrafish and ma-
nipulate its embryos outside the parent animal (24-26). Further-
more, zebrafish have been used to study the viral gene function
and pathogenesis of ISKNV, as previously described (27-31).
Here, we demonstrated that ORF119L interacts with PINCH and
affects the binding of ILK to PINCH, which leads to cardiovascu-
lar defects in zebrafish, likely because of its ability to reduce ILK-
mediated AKT phosphorylation. Consistent with this, inhibiting
the endogenous zebrafish ILK effectively mimics the ORF119L-
induced abnormal phenotype. Taken together, our data suggest
that ISKNV ORF119L may function as a novel DNI-like factor
of ILK.

MATERIALS AND METHODS

Collection of ISKNV-infected fish and isolation of viral DNA. Mori-
bund mandarin fish showing common symptoms of ISKNV infection
were collected and kept at —80°C. ISKNV infection in mandarin fish,
virus purification, and viral DNA extraction (universal genomic DNA
extraction kit, v.3.0; TaKaRa, Dalian, China) were performed as described
previously (5, 27).

Zebrafish maintenance, plasmid construction and microinjection.
A zebrafish transgenic line, Tg(flk1:GFP), expressing a green fluorescent
protein (GFP) gene whose expression is driven by the promoter of the
gene encoding zebrafish flk1 (also known as vascular endothelial growth
factor receptor) was used, with wild-type zebrafish as the control group.
All zebrafish were maintained at 28°C as previously described (31). Ze-
brafish embryos were kept in E3 zebrafish water containing 5.0 mM NaCl,
0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO, (pH 7.4) at 28.5°C, and
their developmental stages were defined as hours postfertilization (hpf) or
days postfertilization (dpf) (27, 32). To construct the plasmids for micro-
injection in zebrafish embryos, the full-length ISKNV ORF119L was PCR
amplified (primers in Table 1) using the ISKNV genomic DNA. The PCR
products were subcloned into pDsRed2-Cl (TaKaRa Bio Company;
Clontech, Mountain View, CA) to generate the RFP-ORF119L-expressing
plasmid pRFP-ORF119L. Similarly, the ORF119L PCR products were
subcloned into the pEGFP-N3 vector (Clontech, Mountain View, CA) to
generate the ORF119L-EGFP-expressing plasmid pORF119L-EGFP. The
RFP-ORF119L- and ORF119L-EGFP-overexpressing embryos are re-
ferred to as ORF119L embryos here. To overexpress the ORF119L mutant
lacking the 3ANK-containing domain (119LA3ANK), the 119LA3ANK
gene sequence was PCR amplified and subcloned into the pEGFP-N3
plasmid to generate the 119LA3ANK-EGFP-expressing plasmid
p119LA3ANK-EGFP. The zebrafish first-strand cDNA was synthesized as
previously described (31). To overexpress the 3ANK domain of ILK
(ILK3ANK), the zebrafish ILK3ANK gene sequence (without the portion
encoding the ILK kinase domain) was PCR amplified from zebrafish
c¢DNA and then subcloned into the pEGFP-N3 vector to generate the
ILK3ANK-EGFP-expressing plasmid pILK3ANK-EGFP. All plasmids and
inserts were confirmed by bidirectional sequencing. The protocol for plas-
mid microinjection and image capture was described previously (31).
Briefly, the plasmids were linearized and purified (QIAquick PCR purifi-
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TABLE 1 Summary of primers used in this study

Purpose and primer Sequence (5'-3")¢

Plasmid microinjection
pORF119L-EGFP-F
pORF119L-EGFP-R
pRFP-ORF119L-F
pRFP-ORF119L-R
pILK3ANK-EGFP-F
pILK3ANK-EGFP-R
p119LA3ANK-EGFP-F
p119LA3ANK-EGFP-R

CGGAATTCATGCCTGTACATGGGTGTGT
CGGGATCCTCGCCTTGTGTTCTGTTTT
CGGGATCCATGCCTGTACATGGGTGTGT
CGGAATTCTCGCCTTGTGTTCTGTTTT
CGGAATTCATGGATGACATCTTCACTCAG
CGGGATCCAGGGACTTTTGACAGG
CGGAATTCTATGGACCTGCGGGCAGT
CGGGATCCTCGCCTTGTGTTCTGTTTT

Mammalian cell
expression vector

pMYC-ORF119L-F
pMYC-ORF119L-R
pMYC-ILK-F
pMYC-ILK-R
pFLAG-PINCH-F
pFLAG-PINCH-R
pMYC-119LA3ANK-F
PMYC-119LA3ANK-R

CGGAATTCAATGCCTGTACATGGGTGT
CGGGATCCTCATCGCCTTGTGTTCT
CGGAATTCAATGGATGACATCTTCACTCAG
CGGGATCCTTATTTGTCTTGCATCTTCTC
CGGAATTCAATGCTGGGGGTGTCAG
CGGGATCCTTACTTGCGGCCCA
CGGAATTCAATGGACCTGCGGGCAGT
CGGGATCCTTATCGCCTTGTGTTCTGTTTT

GST fusion constructs

pGST-119L-F CGGGATCCATGCCTGTACATGG
pGST-119L-R CGGAATTCTCGCCTTGTGTTCTGTT
pGST-ILK-F CGGGATCCATGGATGACATCTTCACT
pGST-ILK-R CGGAATTCTTTGTCTTGCATCTTCTCCAG
Whole mount in situ
hybridization of anf
pGEM-T-anf-F GACAGTCTTAATCAGGGGGCCGGTA

pGEM-T-anf-R TGGGAGCCAACGTTGAGATTTTTTCCAATC
qRT-PCR
anf-QF GACGGATGTACAAGCGCACACGTTGAG
anf-QR CGGTGTTGCTGTCTTCATAATCTACGGCTC
nkx2.5-QF TTCACCTACAACACCTACCCTGCGTTTAGT
nkx2.5-QR TGGATGCTGGACATGCTCGACGGATAG
cmle2-QF GCAGCATATCTCAAGAGCCAAGGACCAG
emle2-QR CTCAGCACCCATCACTGTTCCGTTTCC

“ Underlining indicates restriction endonuclease cleavage sites.

cation kit), and resuspended in water at 100 ng/pl. Plasmids were micro-
injected (IM300 microinjector; Narishige, Japan) into one-cell-stage ze-
brafish embryos at 1 nl per embryo. Embryos were photographed at
different developmental stages using an OlympusDP71 digital camera
mounted on an Olympus MVX10 fluorescence stereomicroscope.

Bioinformatics analysis. A BLAST (Basic Local Alignment Search
Tool) (33) search was performed to compare the ISKNV ORF119L pro-
tein sequence to the NCBI (National Center for Biotechnology Informa-
tion) zebrafish protein database (reference sequence 39495). Phylogenetic
tree analysis was performed using the fast minimum evolution method
(34). Domain features from different proteins were analyzed by the
SMART program (http://smart.embl-heidelberg.de/) (35). The model
structure of the proteins were generated using the SWISS-MODEL
workspace (http://swissmodel.expasy.org/workspace/) (36). Multiple se-
quence alignments were performed as described previously (http://www
.ebi.ac.uk/Tools/clustalw) (37).

Immunofluorescence staining. To examine the intracellular distribu-
tion of PINCH in the presence or absence of ORF119L, MYC-ORF119L,
MYC-ILK, and FLAG-PINCH fusion protein expressing plasmids were
constructed. Full-length ORF119L and 119LA3ANK sequences were PCR
amplified (primers in Table 1) by using the ISKNV genomic DNA and
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subcloned into pc-Myc-CMV-2 vector (Sigma, Ronkonkoma, NY, USA)
to generate the MYC-ORF119L- and MYC-119LA3ANK-expressing plas-
mid pMYC-ORF119L and pMYC-119LA3ANK, respectively. The full-
length zebrafish ILK and PINCH gene sequences were PCR amplified
(primers in Table 1) by using the zebrafish cDNA, subcloned into pc-
Myc-CMV-2 and pFLAG-CMV-2 vector (Sigma, Ronkonkoma, NY,
USA), to generate the MYC-ILK-expressing plasmid pMYC-ILK and the
FLAG-PINCH-expressing plasmid pFLAG-PINCH, respectively. Fathead
minnow (FHM) cells were cultured on coverslips and transfected with
pMYC-ORF119L, pMYC-ILK, and pFLAG-PINCH (as specified for each
experiment). At 1 day posttransfection, the samples were fixed with meth-
anol for 30 min at 4°C. After being washed in three changes of phosphate-
buffered saline (PBS) and blocked (PBS with 10% normal blocking se-
rum), samples were incubated with 1:500-diluted primary antibodies
(rabbitanti-FLAG antibody and mouse anti-MYC antibody; Sigma) over-
night at 4°C. After three washes, the cells were incubated in 1:500-diluted
secondary antibodies (Alexa Fluor 488-conjugated goat anti-mouse IgG,
heavy plus light chain [H+L], antibody and Alexa Fluor 555-conjugated
goat anti-rabbit IgG [H+L] antibody; Life Technologies) for 1 h at room
temperature in the dark. Hoechst 33342 was then applied for nucleus
staining. After five rinses in PBS, cells were examined under a Zeiss LSM7
Duo NLO confocal microscope.

GST pulldown assay. The full-length zebrafish ILK gene and ISKNV
ORF119L were PCR amplified (primers in Table 1) and subcloned into
pGEX-4T-1 vector (GE Healthcare) to generate the glutathione S-trans-
ferase (GST)-ILK-expressing plasmid pGST-ILK and the GST-ORF119L-
expressing plasmid pGST-ORF119L, respectively. Plasmids pGEX-4T-1,
pGST-ILK, and pGST-ORF119L were transformed into Escherichia coli
BL21 cells to express GST, GST-ILK, and GST-ORF119L, respectively.
Human embryonic kidney 293T (HEK293T) cells were cultured in Dul-
becco’s modified Eagle medium with 10% fetal bovine serum at 5% CO,.
Plasmid pFLAG-PINCH was transfected (Lipofectamine 2000; Life Tech-
nologies) into HEK293T cells (cultured in 10-cm plates) to express the
FLAG-PINCH fusion proteins. GST pulldown assays were performed as
described previously (31), according to the manufacturer’s instructions
(MagneGST pull-down system; Promega, Madison, W1, USA). Briefly, 1
ml GST-, GST-ILK-, and GST-ORF119L-expressing BL21 bacterial cells
were harvested, lysed with 200 pl of MagneGST cell lysis reagent, and
incubated for 30 min on a rotating platform, and then precleared lysates
were added to the tube containing the pre-equilibrated MagneGST gluta-
thione particles (20 .l for each sample). After incubation for 30 min at
room temperature, the GST control, GST-ILK, and GST-ORF119L im-
mobilized particles were captured by a magnet stand; the particles were
then washed with MagneGST binding/wash buffer three times for 5 min
each and resuspended in 20 pl MagneGST binding/wash buffer. Aliquots
of 5 l of particles bound to the GST control and the GST-ILK and GST-
ORFI119L fusion proteins were saved for analysis of the specificity and
efficiency of immobilization by Coomassie staining of SDS-PAGE gels.
The FLAG-PINCH-expressing HEK293T cells were lysed with 1 ml cell
lysis buffer (Beyotime, Jiangsu, China) containing a phosphatase/protease
inhibitor cocktail. A 100-pl portion of cell lysate was stored at —20°C asa
loading control, and the other 800 wl was added to the GST control,
GST-ILK, and GST-ORF119L preimmobilized particles and incubated for
1 h at room temperature on a rotating platform. Nonspecific binding was
removed by washing in 400 pl MagneGST binding/wash buffer five times
for 5 min each. Finally, the FLAG-PINCH bound to particles was released
by boiling in 20 pl 1X SDS loading buffer for 5 min. The samples were
analyzed by Western blotting (rabbit anti-FLAG antibody; Life technolo-
gies).

Coimmunoprecipitation (co-IP) assay. HEK293T cells were cultured
in complete medium in 10-cm culture plates. Transfected cells (as speci-
fied for each experiment) were rinsed twice with cold PBS and lysed di-
rectly on the plate with 1 ml cell lysis buffer (Beyotime, Jiangsu, China)
containing the phosphatase/protease inhibitor cocktail. Co-IP was per-
formed according to the manufacturer’s instructions (Dynabeads protein
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G immunoprecipitation kit; Life Technologies). Briefly, aliquots of 100 pl
cell lysate were stored at —20°C as a loading control, and the other 800 .l
lysate was added to mouse anti-MYC antibody (Sigma) preimmobilized
on protein G beads and incubated for 1 h at room temperature. The beads
were washed three times with PBS containing 0.1% Tween 20. Proteins
bound to the beads were released by boiling in 20 ul 1X SDS loading
buffer for 5 min. The samples were analyzed by Western blotting (rabbit
anti-FLAG antibody; Life Technologies). For co-IP analysis with
ORFI119L-GFP coexpression, the 800 i cell lysate was added to the pre-
washed anti-FLAG M2 affinity gel (FLAG-tagged protein immunopre-
cipitation kit; Sigma, Ronkonkoma, NY, USA). The mixture of cell lysate
and anti-FLAG resin was incubated for 4 h at 4°C on a rotating platform.
The beads were washed three times with 0.5 ml of 1 X wash buffer (0.5 M
Tris HCI, pH 7.4, with 1.5 M NaCl). Proteins bound to the beads were
released by boiling for 5 min in 20 pl 1 X SDS loading buffer. The samples
were analyzed by Western blotting (mouse anti-MYC antibody; Sigma).

Whole-mount alkaline phosphatase (AP) staining. Zebrafish em-
bryos at 3 dpf were fixed in 4% paraformaldehyde (PFA) in PBS for 2 h at
room temperature. Fixed embryos were dehydrated in methanol and
stored overnight at —20°C. After permeabilization in acetone at —20°C
for 30 min, embryos were washed in PBS and were incubated in staining
buffer for 45 min as described previously (38, 39). Briefly, the staining
reaction was started by adding 5 pl nitro blue tetrazolium—5-bromo-4-
chloro-3-indolyl phosphate (NBT-BCIP; Roche: Basel, Switzerland) per
milliliter of staining buffer and stopped by washing in PBS-Tween (PBST)
buffer three times for 5 min each. The stained embryos were mounted in
70% glycerol, and all images were captured using an OlympusDP71 digital
camera mounted on an Olympus MVX10 fluorescence stereomicroscope
(Olympus, Tokyo, Japan).

Hematoxylin-eosin (H&E) and transmission electron microscopy
(TEM) analysis. For H&E staining, samples were collected and treated as
described previously (40). Samples were paraffin sectioned at 5 wm using
a Leica RM2145 microtome, and then H&E staining was performed using
a standard protocol. For TEM, samples were dechorionated and fixed in
Karnofsky’s fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 5% su-
crose, 0.1% CaCl, in 0.2 M cacodylate buffer [pH 7.2]) overnight at 4°C.
Samples were then washed three times with 0.1 M phosphate buffer for 1
h at 4°C, dehydrated in a graduated ethanol series, and embedded in
Spurr’s resin. The blocks were sectioned and double-stained with uranyl
acetate and lead citrate (41). The samples were examined under a Philips
CMI10 electron microscope (Philips, Eindhoven, Netherlands).

Whole-mount RNA in situ hybridization. Atrial natriuretic factor
(anf) is a cardiac stretch-responsive gene and used as a marker for devel-
opment of zebrafish ventricle and atrium during early embryogenesis
(21). Partial cDNA sequences of zebrafish anfwere amplified by PCR and
cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) as tem-
plates to generate an antisense riboprobe (digoxigenin [DIG] RNA label-
ing kit; Roche Applied Science, Germany) for in situ hybridization in the
embryos (31). Briefly, embryos were incubated in 0.003% 1-phenyl-2-
thiourea (PTU; Sigma) to block pigmentation. Embryos were fixed at 4%
PFA at room temperature for 4 h and dehydrated in methanol at —20°C
overnight. After prehybridization at 65°C for 6 h, embryos were incubated
with the anf antisense RNA probe (0.25 ng/ul) buffer at 65°C overnight.
After washing and blocking, the embryos were incubated in alkaline phos-
phatase-conjugated sheep anti-digoxigenin Fab antibody at 4°C over-
night. After 4 washes for 30 min each time in PBS with 0.1% Tween 20, the
anf expression signal was detected by incubation in the NBT-BCIP sub-
strate.

Antisense morpholino oligonucleotide-mediated gene knockdown.
Morpholino oligonucleotides (MO) (Gene Tools, LLC), an antisense
technology used as a research tool for reverse genetics to knock down gene
expression, have been successfully applied in the zebrafish model (42, 43).
An antisense MO with a sequence targeting the translation initiation site
(ATG) of the zebrafish ILK gene (ILK-MO; 3'-TACCTACTGTAGAAGT
GAGTCACGG-5") was injected into one-cell-stage embryos (21, 44, 45).
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A standard control MO (Ctrl-MO) antisense oligonucleotide was injected
at the same concentrations (27). Embryos were maintained in E3 medium
at 28°C until analyzed.

Quantitative real-time PCR (qRT-PCR) assay. Total RNA was ex-
tracted from 30 embryos that had received different treatments and re-
verse transcribed into first-strand cDNA as described previously (31, 46).
The anf-, nkx2.5-, and cmlc2-specific primers (Table 1) were used to ana-
lyze their transcription quantitatively in different groups of embryos by a
LightCycler480 System (Roche, Germany). The transcription of anf,
nkx2.5, and cmlc2 was assayed in triplicate. The zebrafish GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) gene was used as housekeeping
gene to normalize the starting RNA quantity. The changes in gene tran-
scription levels were calculated using the 27247 relative quantification
method.

Statistical analysis. The data are presented as means * standard er-
rors of the means (SEM). Student’s ¢ test was used to calculate the com-
parisons between groups of numerical data.

RESULTS

The sequence of ORF119L resembles the dominant negative
form of ILK. Through a genome-wide search for viral genes re-
sponsible for virus-host interactions that are critical for viral
pathogenesis, we found several genes encoding ankyrin repeat-
containing proteins in ISKNV. One of these genes, ISKNV
ORF119L, 1,371 bp long, is predicted to encode a protein of 456
amino acid (aa) residues with a predicted molecular mass of 50.1
kDa. The BLAST analysis of ISKNV ORF119L revealed 30 highly
similar sequences that are clustered with the gene for ILK (Fig.
1A). ISKNV ORF119L contains a sequence encoding a three-
ankyrin-repeat domain (3ANK; 59 to 152 aa) which is aligned
with ILK of zebrafish, mouse, and human (Fig. 1B). In zebrafish,
mouse, and human ILK, a kinase domain is localized at the
COOH-terminal end. However, in the COOH terminus of
ORF119L, only three separate ankyrin motifs were found without
a kinase domain (Fig. 1B). The model structure of the 3ANK do-
main from ISKNV ORF119L (Fig. 1C) shows high similarity to the
3ANK domain from human ILK (Fig. 1D). The 3ANK of ISKNV
ORF119L is 42% identical to those of ILK from zebrafish, 43%
identical to those of ILK from mouse, and 43% identical to those
of ILK from human (Fig. 1E). In addition, ISKNV ORFI119L
shares an overall identity of 92%, as determined by multiple-se-
quence alignment analysis, with an orthologue found in red sea
bream iridovirus (RSIV), 93% identity with a homolog in orange-
spotted grouper iridovirus (OSGIV), and 92% identity with a ho-
molog in turbot reddish body iridovirus (TRBIV) (Fig. 2A). Thus,
ORF119L is evolutionarily conserved among megalocytiviruses,
including RSIV, OSGIV, and TRBIV. All of these sequence analy-
ses suggest that the viral 3ANK homologues might be unique
among the megalocytiviruses, implying that they play a specific
role in megalocytivirus pathogenesis. Specifically, we wanted to
determine the functional consequence of ISKNV ORF119L ex-
pression in virus-host interactions.

ORFI119L interacts directly with PINCH to affect the
PINCH-ILK interaction. The NH,-terminal 3ANK domain of
ILK is critical for its binding to the LIM domain of PINCH and the
formation of PINCH-ILK-parvin complex in a host (22). Since we
observed a high similarity between the 3ANK structure of the viral
ORF119L and the host ILK, we hypothesized that ORF119L might
directly bind to PINCH in virus-host interactions. An immuno-
fluorescence microscopy analysis showed that zebrafish ILK and
PINCH were colocalized in the cytoplasm in the absence of
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ORF119L in FHM cells (Fig. 2B to E). However, coexpression of
viral ORF119L shifted PINCH to be colocalized with ORF119L in
both the cytoplasm and nucleus (Fig. 2F to I), suggesting that
ORF119L might directly interact with PINCH.

We performed a GST pulldown assay to explore the binding of
ORF119L with PINCH (Fig. 3A). Coomassie blue staining of SDS-
PAGE showed the homogeneity of GST, GST-ILK, and GST-
ORF119L proteins obtained by GST tag affinity purification (Fig.
3A, panel 3 [panel numbers for this figure refer to the gels num-
bered from top to bottom]). When GST-, GST-ILK-, or GST-
ORF119L-bound magnetic beads were incubated with a cellular
lysate containing FLAG-tagged PINCH proteins, we found that
PINCH specifically bound to GST-ILK fusion protein (positive
control) (Fig. 3A, lane 2, panel 2) or GST-ORF119L fusion protein
(Fig. 3A, lane 3, panel 2) but not to GST alone (negative control)
(Fig. 3A, lane 1, panel 2), demonstrating that viral ORF119L di-
rectly bound to the zebrafish PINCH.

We further confirmed the above results with a mammalian
expression system. We coexpressed MYC-ORF119L and FLAG-
PINCH in HEK293T cells and then performed a co-IP assay (Fig.
3B). When incubating the cell lysates with the anti-MYC antibody
preimmobilized on protein G beads, we found that MYC-
ORF119L specifically coimmunoprecipitated with FLAG-PINCH
(Fig. 3B, lane 3, panel 3) but not with other controls (Fig. 3B, lane
1 and lane 2, panel 3), confirming the direct binding of ORF119L
with PINCH. Subsequently, we generated an ORF119L mutant
lacking the 3ANK-containing domain (designated 119LA3ANK)
to investigate the binding domain of ORF119L to PINCH by the
co-IP assay. Cell lysates containing FLAG-PINCH (Fig. 3C, lane
1), MYC-119LA3ANK (Fig. 3C, lane 2), FLAG-PINCH + MYC-
119LA3ANK (Fig. 3C, lane 3), or FLAG-PINCH + MYC-ILK
(Fig. 3C, lane 4) fusion proteins were separately incubated with
the anti-MYC antibody-preimmobilized protein G beads. We
found that FLAG-PINCH specifically coimmunoprecipitated
with MYC-ILK (Fig. 3C, lane 4, panel 3, as a positive control) but
not with the 119LA3ANK (Fig. 3C, lane 3, panel 3), demonstrating
that the deletion of the 3ANK-containing domain abolished the
ORF119L-PINCH interaction.

We then tried to test whether ORF119L could affect the
PINCH-ILK interaction in cells. A co-IP assay was performed with
coexpression of PINCH and ILK in cells in the absence or presence
of ORF119L (Fig. 3D). In the absence of ORF119L, cell lysates
containing FLAG-PINCH, MYC-ILK, or FLAG-PINCH + MYC-
ILK fusion proteins were separately incubated with anti-FLAG
(M2) monoclonal antibody-conjugated agarose beads. After three
washes to remove nonspecific binding and then followed with
anti-MYC antibody detection, we found that MYC-ILK was co-
immunoprecipitated with FLAG-PINCH in the sample contain-
ing FLAG-PINCH and MYC-ILK (Fig. 3D, lane 3, left panel 3), but
not in the sample containing FLAG-PINCH alone (Fig. 3D, lanel,
left panel 3), or MYC-ILK alone (Fig. 3D, lane 2, left panel 3),
demonstrating that PINCH interacts with ILK. However, in the
presence of ORF119L in the same system as above, when ORF119L
expression was increased (Fig. 3D, lanes 4 to 6, right panel 1), the
bound MYC-ILK fusion proteins were decreased (Fig. 3D, lanes 4
and 5, right panel 4) and diminished (Fig. 3D, lane 6, right panel
4). This suggests that FLAG-PINCH binding to MYC-ILK was
attenuated with the increasing levels of ORF119L expression, im-
plying that ISKNV ORF119L competed with ILK for binding
PINCH in a dose-dependent manner. To test the specificity of the
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FIG1 Sequence similarity alignment of ORF119L with the dominant negative form of ILK. (A) Phylogenetic tree analysis of ORF119L orthologues from NCBI zebrafish
protein database. These orthologues score highest in levels of identity to ORF119L in the BLAST analysis. The GenBank accession numbers of proteins (in order) are as
follows: XP_005157118.1, NP_001186697.1, XP_005161412.1, XP_697378.6, XP_001920876.2, XP_003199303.2, XP_005158347.1, XP_001920092.1, NP_899192.1,
XP_689875.3, XP_005167841.1, XP_005167842.1, XP_005167840.1, XP_003200555.2, NP_001018164.1, XP_689244.2, XP_005166638.1, XP_005156096.1,
NP_001093460.1, XP_002663935.3, XP_001920231.2, XP_005165903.1, XP_005165902.1, XP_005160666.1, XP_696390.3, NP_001020714.1, NP_991159.1,
XP_002666119.1, XP_001923751.2, AAL98843, and NP_956865.1. (B) Analysis of the three-ankyrin-repeat-containing domain of ISKNV ORF119L and ILK proteins
from zebrafish (zILK; GenBank accession no. AAH56593), mouse (mILK; GenBank accession no. NP_001155196), and human (hILK; GenBank accession no.
CAG28601) with the SMART program (http://smart.embl-heidelberg.de). Compared to zZILK, mILK, and hILK, the COOH terminus of ISKNV ORF119L lacks a kinase
domain. The numbers indicate the positions of amino acid residues. (C and D) Model structures of the 119L 3ANK (C) and hILK 3ANK (D) domains were generated
using the SWISS-MODEL Workspace. (E) Multiple-sequence alignment of the three-ankyrin-repeat-containing domains of ISKNV ORF119L and zebrafish, mice, and
humans was performed by using the Clustal W program with default settings. 3ANK, three-ankyrin-repeat domain.
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FIG 2 Conservation of ORF119L among megalocytiviruses and alteration of cellular distribution of PINCH by coexpression of ORF119L. (A) ISKNV ORF119L
(GenBank accession no. AAL98843) and the three-ankyrin-repeat-domain-containing proteins from orange-spotted grouper iridovirus (OSGIV) (GenBank
accession no. AAX82423), turbot reddish body iridovirus (TRBIV) (GenBank accession no. ADE34453), red sea bream iridovirus (RSIV) (GenBank accession no.
BAK14289) and rock bream iridovirus (RBIV) (GenBank accession no. AFR68193) were used for a multiple-sequence alignment analysis with default settings
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). (B to I) Immunofluorescence microscopy for cotransfection of MYC-ILK + FLAG-PINCH (B to E) and MYC-
ORF119L + FLAG-PINCH (F to I) plasmids in FHM cells for immunofluorescence analysis. Alexa Fluor 555-conjugated (ILK and ORF119L, in red) or Alexa
Fluor 488-conjugated (PINCH, in green) secondary antibodies were used for detection. ANKP, predicted three-ankyrin-repeat-domain-containing protein.
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FIG 3 ORF119 interacts with PINCH to affect the PINCH-ILK interaction. (A) In GST pulldown assays, the expression of FLAG-PINCH fusion proteins from
transfected HEK293T cells was detected by anti-FLAG antibody Western blotting. After incubation with the GST-, GST-ILK-, and GST-ORF119L-bound beads,
the associated FLAG-PINCH fusion proteins were detected by anti-FLAG antibody Western blotting. The purity of GST, GST-ILK, and GST-ORF119L was
examined by Coomassie blue staining of SDS-PAGE gels. (B and C) In coimmunoprecipitation assays, plasmids pFLAG-PINCH + pc-Myc-CMV-2, pFLAG-
CMV-2 + pMYC-ORFI119L, and pFLAG-PINCH + pMYC-ORF119L (B) and plasmids pFLAG-PINCH + pc-Myc-CMV-2, pFLAG-CMV-2 + pMYC-
119LA3ANK, pFLAG-PINCH + pMYC-119LA3ANK, and pFLAG-PINCH + pMYC-ILK (C) were cotransfected into HEK293T cells. The expression of
MYC-ORFI19L, MYC-ILK and FLAG-PINCH fusion proteins was examined by anti-MYC and anti-FLAG antibodies Western blotting respectively. After
incubating with the anti-MYC antibody-bound protein G beads, the associated FLAG-PINCH fusion proteins were examined by anti-FLAG antibody Western blotting.
GAPDH was used as the loading control. (D and E) In the coimmunoprecipitation assay, plasmids (pFLAG-PINCH + pc-Myc-CMV-2, pFLAG-CMV-2 + pMYC-ILK,
and pFLAG-PINCH + pMYC-ILK) were cotransfected with pPORF119L-EGFP (D, right panel, lanes 4 to 6) or pl 19LA3ANK-EGEFP (E, lanes 1 to 3), respectively.
The expression of ORF119L-GFP, 119LA3ANK-GFP, FLAG-PINCH, and MYC-ILK was detected by anti-GFP, anti-PINCH, and anti-MYC antibodies. After
incubating with an anti-FLAG M2 affinity gel (D) or anti-MYC antibody-bound protein G beads (E), the associated MYC-ILK (D) or FLAG-PINCH (E) fusion
proteins were examined by anti-MYC (D) or anti-FLAG (E) antibody Western blotting, respectively. B-Actin (D) and GAPDH (E) was used as the loading

control, respectively.

competitive binding effect of ISKKV ORF119L, we performed the
PINCH-ILK co-IP assay in the presence of the 119LA3ANK mu-
tant. Importantly, when coexpression of 119LA3ANK mutant was
increased (Fig. 3E, panel 1), the bound FLAG-PINCH fusion pro-
teins was not affected (Fig. 3E, panel 4), demonstrating that the
3ANK-containing domain is critical for the competitive binding
activity of ORF119L to PINCH.

ORF119L overexpression affects zebrafish embryogenesis.
To explore the functions of ORF119L in vivo, we microinjected a
recombinant plasmid expressing ORF119L-EGFP into wild-type
zebrafish embryos while using an empty vector as a control. While
the mock vector-injected embryos did not show any phenotypic
abnormality from 4 hpf to 4 dpf (Fig. 4A to F), the ORF119L-
EGFP-injected embryos developed normally at 4 hpf (Fig. 4G), 12
hpf (Fig. 4H), and 1 dpf (Fig. 4I). However, pericardial edema
(Fig. 4], arrow) and opaque yolk sac phenotype (Fig. 4K, asterisk)
were evident at 2 dpf and 3 dpf, respectively, in the ORF119L-
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EGFP-injected embryos. These embryos became less active at 4
dpf (Fig. 4L), and most of them were dead at 5 dpf (data not
shown). In contrast, embryos overexpressing the 119LA3ANK
mutant were relatively normal from 4 hpf to 4 dpf (Fig. 4M to R).
We observed GFP expression among the mock vector-injected
control and ORF119L-EGFP- and 119LA3ANK-EGFP-expressing
embryos at 12 hpf (Fig. 4S to U), indicating that ORF119L expres-
sion contributed to the abnormal embryogenesis. In ORF119L-
expressing embryos at 3 dpf, we found statistically significant de-
velopmental defects, including cardiac edema (Fig. 4V) (mock
vector-injected control, 4.58% * 2.18%; ORF119L, 79.79% =+
6.93%; P = 0.005), opaque yolk (Fig. 4W) (mock vector-injected
control, 4.80% = 1.79%; ORF119L, 83.12% = 3.51%; P = 7E-04),
and slow blood cell circulation (Fig. 4X) (mock vector-injected
control, 3.56% = 0.37%; ORF119L, 81.65% * 3.76%; P = 9E-04).
In contrast, these defects were significantly reduced in
119LA3ANK-expressing embryos (Fig. 4V to X).
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FIG 4 ORF119L overexpression perturbs zebrafish embryogenesis. Morphology of mock vector-injected (A to F), ORF119L-overexpressing (G to L), and
119LA3ANK-overexpressing (M to R) embryos from 4 hpf to 4 dpf. Abnormal phenotypes were found in ISKNV ORF119L-overexpressing embryos (G to L). A
black arrow indicates pericardial edema, and a white asterisk indicates opaque yolk sac abnormality. (S to U) GFP expression in mock vector-, pPORF119L-EGFP-,
or p119LA3ANK-EGFP-injected embryos at 12 hpf. (V to X). Percentage of embryos showing cardiac edema (V), opaque yolk sac (W), and slow blood circulation

(X) phenotype at 3 dpf. Scale bars = 500 pm. **, P < 0.01.

ORF119L overexpression disturbs embryonic angiogenesis
in zebrafish. Previous reports showed that ILK is crucial for the
vascular basement membrane development during some angio-
genic sprouting (47, 48). Thus, we tested whether ORF119L could
affect embryonic angiogenesis. An RFP-ORF119L (red-fluores-
cent-protein-tagged ORF119L)-expressing plasmid was microin-
jected into Tg(flk1:GFP) transgenic zebrafish embryos (GFP ex-
pression is driven by the vascular endothelium cell-specific
promoter flk1). Compared to the normal conformation of in-
tersegmental vessel (ISV) in mock vector-injected embryos at 3
dpf (Fig. 5A), ISV was severely disrupted in ORF119L-expressing
embryos (Fig. 5B). In a whole-mount AP staining assay, proneph-
ric ducts (PD), subintestinal vessels (SIV), and posterior cardinal
veins (PCV) were normal in the control embryos (Fig. 5C, D, G,
and H). However, overexpressing ORF119L led to the absence of
SIV and PCV but no effects on PD (Fig. 5E, F, I, and J). In contrast,
embryos expressing mutant 119LA3ANK did not show any ISV
defects (Fig. 5K and L).
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ORF119L overexpression induces cardiac defects in ze-
brafish. ORF119L overexpressing embryos make evident pericar-
dial edema and stretched heart, which are highly similar to the
abnormal phenotype of zebrafish ILK****" kinase-dead mutant
(21, 49). This led us to perform a histological and ultracellular
analysis to delineate the detailed cardiac defects in ORF119L em-
bryos. In an H&E staining assay, the structures of ventricle and
atrium were normal in mock vector-injected control embryos
(Fig. 6A and C). However, stretched hearts (Fig. 6B), enlarged
pericardial cavities (Fig. 6D, PC), and thinner ventricular walls
(Fig. 6D, arrowheads) were clearly observed in ORF119L-express-
ing embryos. In a TEM analysis of the embryonic ventricle, sarco-
meric structures were clearly found in control embryos (Fig. 6E,
$*), whereas they were sparse and immature in ORF119L-express-
ing embryos (Fig. 6F, $*). Distinct Z disks, A bands, and I bands in
the sarcomere were observed in the control embryos (Fig. 6G). In
contrast, sarcomeric Z disks disappeared in ORF119L-expressing
embryos (Fig. 6H). Intriguingly, a similar disruption of the sarco-
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FIG 5 ORF119L overexpression affects angiogenesis in zebrafish embryos. (A and B) The ISV structure was examined in Tg(flk1:GFP) transgenic embryos. ISV
development was normal in mock vector-injected embryos (A), whereas disorganized ISV was found after ORF119L overexpression (B) at 3 dpf. (C to J)
Whole-mount AP staining showing the vessel development in control (C, D, G, and H) and ORF119L-overexpressing (E, F, I, and J) embryos at 3 dpf. SIV was
impaired after ORF119L overexpression. (K and L) ISV structure was normal in 119LA3ANK-expressing embryos at 3 dpf. ISV, intersegmental vessel; PCV,
posterior cardinal vein; DA, dorsal aorta; PD, pronephric duct; SIV, subintestinal vessel. Scale bars = 500 wm (A, B, C, E, G, I, K, and L) and 200 um (D, F, H,

and ).

meric Z disk was also found in mandarin fish cardiomyocytes 5
days (Fig. 7E and F) and 7 days (Fig. 7G and H) after ISKNV
infection.

ORF119L overexpression resembles the effect of ILK inhibi-
tion. All of the above results prompted us to speculate on a mech-
anism by which the ISKNV ORF119L-induced abnormal pheno-
type might contribute to dysfunctional ILK signaling. We blocked
endogenous ILK expression, either by expressing the dominant
negative form of ILK (ILK-DN) or by injecting an ILK antisense
morpholino oligonucleotide (ILK-MO). While the heart develop-
ment in the standard control MO (Ctrl-MO)-injected embryos
(Fig. 8A), as well as the mock vector-injected (control) and
119LA3ANK-overexpressing embryos (as shown in Fig. 4A to F
and M to R), was relatively normal at 3 dpf, inhibition of endog-
enous ILK by either ILK-DN overexpression (Fig. 8G, arrowhead)
or ILK-MO injection (Fig. 8], arrowhead) resulted in evident peri-
cardial edema similar to the pattern found in ORF119L-express-
ing embryos (Fig. 8D, arrowhead, and M). Because the heart beat-
ing rate was hard to quantify by using our experimental device,
here we used the gene for atrial natriuretic factor (anf) (21) as a
marker of heart development in the whole-mount i situ hybrid-
ization analysis. While anf transcription was normal in ventricles
and atria in Ctrl-MO-injected embryos at 2 dpf (Fig. 8B) and 3 dpf
(Fig. 8C), anf transcription was impaired in ORF119L-expressing
embryos (Fig. 8E and F), ILK-DN-expressing embryos (Fig. 8H
and I), and ILK-MO-expressing embryos (Fig. 8K and L), respec-
tively. In addition, the percentage of cardiac edema was similar
among the ORF119L-overexpressing, ILK-DN-overexpressing,
and ILK-MO-injected embryos at 3 dpf (Fig. 8M). Furthermore,
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phosphorylation of AKT, a downstream effector of ILK, was de-
creased in ORF119L-expressing embryos (Fig. 8N). Compared
with the Ctrl-MO-injected embryos, ORF119L-overexpressing,
ILK-DN-overexpressing, and ILK-MO-injected embryos showed
decreased transcription of the cardiac markers anf (Fig. 80),
nkx2.5 (Fig. 8P), and cmlc2 (Fig. 8Q) by the qRT-PCR assay, dem-
onstrating that ORF119L may affect the cardiac function.

DISCUSSION

In this study, we identified a three ankyrin-repeat-domain-con-
taining protein (ISKNV ORFI119L) from a megalocytivirus. In
vitro studies show that ORF119L directly interacts with zebrafish
PINCH and affects the binding of PINCH to ILK. In vivo studies
show that overexpression of ORF119L in zebrafish predominantly
affects the angiogenic and cardiac systems. Phosphorylation of
AKT, a downstream effector of ILK, was decreased in ORF119L-
overexpressing embryos. Intriguingly, ISKNV infection alters the
cardiac sarcomeric structure of mandarin fish. In addition,
ORF119L-induced phenotypes are similar to the abnormality de-
rived from the expression of dominant negative ILK kinase-dead
mutant in zebrafish.

When a mutant subunit of a multisubunit complex is coex-
pressed with a functionally related wild-type protein, a dysfunc-
tional complex is formed due to the dominant negative inhibitory
(DNI) effect (50, 51). The DNI phenomenon has been observed in
mammals, such as inhibition of wild-type p53 by ANp73 (52),
NE-kB by IkBm (53), C/EBP by CHOP (54), and promyelocytic
leukemia zinc finger protein (PLZF) by AML-1/ETO fusion pro-
tein (34). Viral DNI factors also have been reported, such as the
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Mock ctrl

FIG 6 ORF119L overexpression results in cardiac defects in zebrafish. (A to
D) Paraffin section and H&E staining in control (A and C) and ORF119L-
overexpressing (B and D) embryos at 3 dpf. The arrowheads indicate the ven-
tricular wall. (E to H) TEM assay detecting the ultracellular structure of ven-
tricle muscle in control (E and G) and ORF119L-overexpressing embryos (F
and H) at 3 dpf. Images in panels C, D, G, and H showed higher magnifications
of the boxed areas in panels A, B, E, and F, respectively. PC, pericardial cavity;
v, ventricle; a, atrium; S*, sarcomeric structure. Bars = 500 pm (A and B), 100
pm (Cand D), 2 pm (E and F), and 500 nm (G and H).

human cytomegalovirus-derived truncated unique short 3 (US3)
isoform (55) and Epstein-Barr virus EBNA-1 (56). In this study,
we demonstrate that escalated expression of ISKNV ORF119L at-
tenuates PINCH-ILK interaction, affects cardiomyocyte develop-
ment in zebrafish, and decreases AKT phosphorylation. In fact, we
further show that the 119LA3ANK mutant did not bind to PINCH
and the escalated expression of 119LA3ANK mutant did not show
a competitive binding effect on the PINCH-ILK interaction.
Moreover, overexpression of the I19LA3ANK mutant in vivo did
not affect the embryonic morphology or the cardiovascular sys-
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€« 7Z-disk

€ Z-disk

FIG 7 ISKNV infection disrupted the sarcomeric Z disks of cardiomyocytes in
mandarin fish. The structures of the sarcomeres and Z disks of cardiac muscle
in PBS-injected control (A and B) and ISKNV-infected mandarin fish at 3 (C
and D), 5 (E and F), and 7 (G and H) days postinfection are shown. Images in
panels B, D, F, and H are higher magnifications of the boxed areas in panels A,
C, E, and G. $*, sarcomeric structure.

tem, confirming that the ILK-like dominant negative inhibiting
effect of ISKNV ORF119L is due to the 3ANK-containing domain.
Therefore, we propose that ISKNV ORF119L is a novel ILK-like
dominant negative inhibitor, most likely due to the fact that
ISKNV ORF119L contains a 3ANK-containing domain and lacks
the kinase domain of ILK.

ILK-mediated PINCH/AKT signal transduction functions as
the cardiac mechanical stretch sensor machinery and has a role
that is crucial for contractility in the zebrafish heart (21, 57). In an
ethylnitrosourea (ENU) mutagenesis screening, Bendig and col-
leagues (21) identified a main squeeze (msq) zebrafish mutant,
which contains a point mutation (L308P) in the kinase domain of
ILK. The msq ILK™*°®" mutation leads to reduced ILK kinase ac-
tivity and cardiac defects in zebrafish embryos (21). In line with
these findings, we show that ORF119L is a three-ankyrin-repeat-
domain-containing protein without a kinase domain. Overex-
pression of ORF119L induces a stretched heart in zebrafish. In
addition, we observed reduced expression of the cardiac marker
anf by whole-mount in situ hybridization (WISH) and gqRT-PCR
assay (not significant in the gqRT-PCR assay because of the varia-
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FIG 8 ORF119L overexpression resembles the effect of ILK inhibition. (A to L) Developmental morphology and whole-mount in situ hybridization of anf in
Ctrl-MO control embryos (A to C), ORF119L-overexpressing embryos (D to F), ILK-DN-expressing embryos (G to I), and ILK-MO-injected embryos (J to L).
Arrowheads indicate pericardial edema. (M) Percentage of ORF119L-overexpressing, ILK-DN-overexpressing, and ILK-MO-injected embryos showing peri-
cardial edema at 3 dpf. (N) Fifty 3-day-old embryos were collected and lysed by using radioimmunoprecipitation assay (RIPA) lysis buffer containing phospha-
tase/protease inhibitor cocktail (Merck). Western blotting was performed to examine the phosphorylation of AKT (Ser473) and total AKT in control and
ORF119L-overexpressing embryos at 3 dpf. The relative levels of p-AKT and total AKT were calculated by normalizing to their corresponding GAPDH levels
(Quantity One 4.6.2 software program). (O to Q) Quantitative RT-PCR showing the change in levels of anf (O), nkx2.5 (P), and cmic2 (Q) transcription in
Ctrl-MO-injected, ORF119L-overexpressing, ILK-DN-overexpressing, and ILK-MO-injected embryos at 3 dpf. v, ventricle; a, atrium. Scale bars = 500 wm (A,
D, G,andJ) and 100 wm (B, C, E, F, H, [, K, and L). ¥, P < 0.05; **, P < 0.01.

nkx2.5 (qQRT-PCR)

tion of the triplicate experiments) in ORF119L-overexpressing
embryos. Likewise, additional cardiac markers such as nkx2.5 and
cmlc2 were consistently and significantly reduced after ORF119L
overexpression, providing evidence that ORF119L may affect the
cardiac function. We hypothesized that the cardiac defects may
result from disrupting the ILK-PINCH interaction, thereby de-
creasing the phosphorylation of AKT. In fact, both ILK and
PINCH localize at the sarcomeric Z disk in the zebrafish heart and
skeletal muscle (21, 57) and are pivotal for the sarcomeric cyto-
architecture and Z-disk integrity (58). In keeping with these ob-
servations, we also show the disorganized sarcomere and disinte-
grated Z disks of cardiomyocytes in ORFI119L-expressing
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embryos. Intriguingly, ISKNV infection leads to disordered sar-
comeres and Z disks in mandarin fish cardiomyocytes, providing a
potential explanation for low vitality in mandarin fish showing
accelerated breathing and dyspnea, as previously described (59).
Taken together, our studies on ORFI119L might provide novel
insights into the pathogenesis of ISKNV infection.

The complex formed by PINCH-ILK-parvin provides crucial
physical linkages between integrins and the actin cytoskeleton for
transducing diverse signals from the extracellular matrix to intra-
cellular effectors (60). In this study, we demonstrated that
ORF119L attenuates the binding of PINCH to ILK and induces
cardiomyocytes defects in zebrafish. However, the effects of
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ORF119L on the function of Parvin and on the function of spleen
or kidney necrosis remain to be determined.
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