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A B S T R A C T

Genotype III grass carp reovirus (GCRV; representative strain, GCRV-104) belongs to the subfamily
Spinareovirinae and encodes an outer-fiber protein, VP55, responsible for mediating the infection of target
tissues by the virus and assisting the virus into cells. Fibulin-4/EFEMP2 protein was previously identified as a
putative binding partner for VP55 in a yeast two-hybrid screening. Here, we have further characterized the
association between Fibulin-4 and VP55 by using protein interaction assays. An intracellular co-localization
assay showed that RFP-Fibulin-4 co-localized with GFP-VP55 in grass carp ovary (GCO) cells. Bacterially ex-
pressed GST-tagged Fibulin-4 was shown to associate with baculovirus-expressed His-tagged VP55 in a dot-blot
overlay assay; moreover, baculovirus-expressed His-tagged VP55 was able to pull down GFP-Fibulin-4 expressed
in the GCO cells. We performed real-time PCR and immunoblotting analysis and showed that endogenous
Fibulin-4, although suppressed to a lower level in the late infection phase, is present throughout the infection
course of GCRV-104 in CIK cells. In conclusion, our results indicate that grass carp Fibulin-4 interacts with VP55.
The presence of Fibulin-4, a well-known secreted protein, during the infection course of GCRV-104 in grass carp
cells implies its potential role during viral egression through interaction with VP55.

1. Introduction

Grass carp (Ctenopharyngodon idella) reovirus (GCRV) is the causa-
tive agent of a hemorrhagic disease that results in high mortality and
huge economic losses in the largest aquaculture industry in China,
which yields 4 million tons of grass carp per year [1–3]. Unlike its
mammalian counterparts and most other aquareoviruses, GCRV is be-
lieved to be highly host-specific [4,5]. However, there is much debate
on this specificity because novel genetically distant viral strains have
caused pandemics [3,6–8]. Three different GCRV types have been
identified on the basis of genomic differences: type I, identified in the
1980s, is represented by the type strain GCRV-873; type II, identified in
2012, is represented by the strain GCRV-HZ08; and type III, identified
in 2013, is represented by the strain GCRV-104 [9]. In 2013, We de-
tected the co-infection of two grass carp reoviruses for the first time
[10]. The genome of the well-characterized type I GCRV contains 11
double-stranded RNA segments, which encode seven structural proteins
(VP1–VP7) and five non-structural proteins (NS16, NS26, NS31, NS38,
and NS80) [11], and shows very low homogeneity with type III GCRV,

which belongs to Spinareovirinae and has large spikes, or turrets, on the
outer capsid [9].

Viruses encode envelope proteins or outer capsid proteins for cell
attachment, which is the first step of the infection. The outer capsid
proteins of GCRV are responsible for mediating the infection of target
tissues and assisting the virus into cells. VP7 and VP5 are the outer
capsid proteins of genotype-Ⅰ GCRV. Our previous study demonstrated
that they interact with each other in vivo and in vitro [12]. The GCRV
virion contains 200 trimers of VP5-VP7 heterodimers [13]. Complete
removal of VP7 alone from the outer shell by limited protease treatment
resulted in the significant enhancement of viral infectivity [14], which
suggests that VP5, not VP7, may be necessary for cell attachment or
receptor binding by GCRV. In our previous study, we had performed
both virus attachment and infection inhibition assays and observed that
grass carp LamR is involved in GCRV infection [15]. Analysis of dis-
eased grass carp samples collected from different regions of China
showed that the type II reovirus of grass carp may be a representative
prevalent strain in southern China [16]. The outer-fiber protein VP56,
the outermost protein on the virion of the type II reovirus, has been
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suggested to play a key role during viral entry and is involved in cell
attachment [17]. VP55, the outer-fiber protein of type III GCRV, is
considered to be the homologue of VP56 [9]. However, there is limited
information on the role of VP55 during the viral infection.

We had used a yeast two-hybrid system to identify putative binding
partner(s) of GCRV-104 VP55 in a grass carp cDNA library and detected
EGF (Epidermal Growth Factor)-containing fibulin-like extracellular
matrix protein 2 (EFEMP2, also names as Fibulin-4) as a potential in-
teracting protein for VP55 [18]. However, further biochemical and
molecular characterization of the interaction is necessary. The open
reading frame (ORF) of the fibulin-4 gene in grass carp encodes 440
amino acids. The protein consists of (in order) an N-terminal signal
peptide, six calcium-binding epidermal growth factor modules in a
tandem arrangement, and one C-terminal fibulin-like domain [19].
Transcriptional distribution analysis of Fibulin-4 in various tissues of
healthy grass carp showed that it was highly expressed in the muscle,
moderately expressed in the intestine and brain, and slightly expressed
in the other examined tissues. Interestingly, the expression pattern was
consistent with the tissue tropism of GCRV [18].

In humans, tissue fibrosis, a life-threatening autoimmune disease, is
related to the fibulin family of proteins [20]. Fibulin-4 in particular is
associated with elastic fiber formation and connective tissue develop-
ment, and it is an essential component of the extracellular matrix
[21,22]. Katsanis et al. performed northern blot analysis and observed
the expression of a 2-kb EFEMP2 (Fibulin-4) transcript in all adult
human tissues, with the highest levels in the heart [23]. Likewise,
EFEMP1 is expressed in a wide range of adult and fetal tissues. In
contrast to EFEMP1, EFEMP2 (Fibulin-4) was not significantly over-
expressed in senescent or quiescent human fibroblasts, suggesting this
EGF-like domain subfamily has diverse functions. EFEMP2 (Fibulin-4)
interacts with the tumor protein p53 through these domains, which
mediate protein–protein interactions [24]. Solid-phase binding assays
have shown that these proteins bind differentially to extracellular
proteins. Mouse Fibulin-4 was observed to bind to collagen XIV, ni-
dogen-2, tropoelastin, and collagen XV-derived endostatin [25]. In this
study, we performed protein interaction assays to characterize the as-
sociation between Fibulin-4 and VP55. Molecular characterization of
the putative interaction between Fibulin-4 and VP55 will pave the way
for further insights into the consequences of GCRV/Fibulin-4 interac-
tions during hemorrhagic disease in grass carp.

2. Materials and methods

2.1. Cells and virus

Genotype Ⅲ GCRV-104 strain was obtained from the Yangtze River
Fisheries Research Institute, Chinese Academy of Fishery Sciences.
Grass carp ovary (GCO) and kidney (CIK) cells were grown at 28 °C in
M199 medium with 10% fetal bovine serum (FBS; Gibco, USA). Insect
cells (SF9 cells) were cultured at 28 °C in Sf-900™ II SFM medium
(Gibco, USA).

2.2. Plasmid construction

pEGFP-N1-Fibulin-4 and pGEX-4T-3-Fibulin-4 were constructed in
previous study [26]. For Bac-to-Bac baculovirus expression of His-
tagged recombinant VP55 protein, the vp55 ORF was amplified from
GCRV-104-infected CIK cells by using RT-PCR with the primer pair
CCGGAATTCATGGACGATCAAGCGCTCGCAAAC and CCCAAGCTTGG
AGTGACAGGCCGCCACCATGAC, inserted into the pFastbacHTA vector
to construct pFastbacHTA-VP55. The vp55 ORF was also amplified with
the primer pair CCGGAATTCCGATGGACGATCAAGCGCTCG and CGC
GGATCCCGGCAAGTGACAGGCCGCCAC and inserted into the pEGFP-
N1 vector to construct pEGFP-N1-VP55. The coding region of fibulin-4
was amplified from CIK cells by using RT-PCR with the primer pair
CCGCTCGAGATGCGGCCCGGGTGTGTTTTGGTCT and CCGGAATTCG

GTAAAAAGCATAAGGCCCAACGTAG and inserted into the pDsRed-N1
vector to construct pDsRed-N1-Fibulin-4. All enzymes were purchased
from TaKaRa, Japan, and each plasmid was confirmed by sequencing at
Sangon, China.

2.3. Bac-to-Bac baculovirus expression of the His-VP55 protein

Recombinant baculoviruses were generated according to the pro-
tocol of the Bac-to-Bac baculovirus expression system (Thermo Fisher
Scientific, USA). The His-VP55 protein was expressed from SF9 cells
infected with the recombinant baculovirus stocks, according to the
provided manual. Recombinant proteins were purified using Hislink™
Protein Purification Resin (Promega, USA), according to the manufac-
turer's protocol. The expressed protein was further analyzed by im-
munoblotting analysis with an anti-His monoclonal antibody (1:3000;
Abmart, China).

2.4. Dot-blot overlay assay

The dot-blot overlay analysis was performed according to a pre-
viously described method [27,28]. The GST and GST-Fibulin-4 proteins
were expressed and purified according to a previous study [29] and
confirmed using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Then, different concentrations (20 μL) of GST-
Fibulin-4 or GST were blotted onto a 0.45-μm polyvinylidene fluoride
(PVDF) membrane (Merck Millipore, Germany) in a dot-blot apparatus
(Bio-Rad, USA), and the blots were blocked with purified His-VP55
overnight at 4 °C. The samples were then blocked with blotting buffer
(140mM NaCl, 2.5 mM KCl, 10mM Na2HPO4, 2mM KH2PO4, 0.1%
Tween 20, and 5% non-fat milk) for 2 h at room temperature (RT). The
membranes were rinsed in phosphate-buffered saline (PBS) and then
incubated with anti-His monoclonal antibody (1:3000; Abmart, China)
for 2 h at RT. The blots were rinsed three times with PBST and in-
cubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG
(1:3000; Abmart, USA) for 1 h at 37 °C. The blots were developed using
Tanon™ High-sig ECL Western Blotting Substrate (Tanon, China).

2.5. His-pulldown assay

For the pulldown assay, GCO cells were grown to approximately
80–90% confluence in T25 flasks and then transfected with 5 μg of
pEGFP-N1-Fibulin-4 by using Lipofectamine 3000 (Invitrogen, USA).
About 36 h post-transfection, the cells were washed twice with PBS and
collected in NP-40 lysis buffer (Beyotime, China); then, according to the
Pierce™ His Protein Interaction Pull-Down Kit (Thermo Fisher
Scientific, USA) protocol, prey protein from the GCO cell lysate was
incubated with immobilized bait protein from the baculovirus-infected
insect cell lysate at 4 °C for at least 3 h. The bait-prey elution was
analyzed using 10% SDS-PAGE, and western blotting was performed
using monoclonal antibodies specific for the GFP tag. The presence of
GFP, GFP-Fibulin-4, and His-VP55 were confirmed in the input cell
lysates by immunoblotting with the anti-Fibulin-4 polyclonal antibody
(1:3000) and anti-His monoclonal antibody (1:3000; Abmart, China).
The final eluate was also analyzed by immunoblotting with anti-His
monoclonal antibody (Abmart, China).

2.6. Intracellular co-localization

To determine the intracellular location of Fibulin-4 and VP55, GCO
cells were seeded into six-well cell culture plates for about 4–8 h (with
an 80–90% confluent monolayer) by using M199 medium containing
10% FBS for transfection. About 5× 106 GCO cells were co-transfected
with 2.5 μg of pEGFP-N1-VP55 and 2.5 μg of pDsRed-N1-Fibulin-4 by
using Lipofectamine 3000 (Invitrogen, USA), according to the manu-
facturer's protocol. After 36 h, the expressed positions of Fibulin-4 and
VP55 protein were detected. The GCO cells which co-transfected with
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plasmids pEGFP-N1 and pDsRed-N1-Fibulin-4 served as negative con-
trol. The expressed VP55 and Fibulin-4 proteins were further analyzed
using specific monoclonal antibodies against RFP tag or GRP tag, as
described above (Abmart, China). Fluorescence microscopy images
were acquired using an OLYMPUS IX71 upright microscope (Olympus,
Japan). The nuclei were stained with DAPI (4′,6-diamidino-2-pheny-
lindole).

2.7. Virus infection and immunoblotting assay

To determine the transcription and translation levels of Fibulin-4
during the GCRV infection, CIK cells were seeded into 12-well cell
culture plates overnight (with an> 90% confluent monolayer) by using
M199 medium containing 10% FBS. The cells were infected with GCRV-
104 at MOI=1. Samples were collected at 0, 12, 24, 36, 48, 60, 72, and
84 h post-infection with 50 μL of 2× SDS-PAGE Sample Loading Buffer
(Beyotime, China) or 1mL of TRIzol™ Reagent (Invitrogen, USA).

The immunoblotting assay was performed as described previously
[6]. Briefly, the protein samples were resolved with 10% SDS-PAGE and
then transferred onto 0.45-μm PVDF membranes (Merck Millipore,
Germany); the membranes were blocked for 2 h at RT in 5% non-fat
milk dissolved in PBST. Primary (anti-VP3, 1:3000; anti-Fibulin-4,
1:5000; produced in the lab) and secondary (HRP-conjugated anti-
mouse IgG, 1:5000; Abmart, China) antibodies were used to probe the
target protein. Expression of GAPDH (anti-GAPDH, 1:4000; Abclonal,
China) was used as the internal control. VP3 (anti-VP3, 1:4000; pro-
duced in the lab), the core shell protein of GCRV-104, served as the
infection indicator. Images were visualized using Tanon™ High-sig ECL
Western Blotting Substrate (Tanon, China).

2.8. Real-time RT-PCR

The total RNA was extracted using TRIzol Reagent (Invitrogen,
USA). Using the PrimeScript™ RT Master Mix (TaKaRa, Japan), 200 ng
of total RNA was reverse-transcribed into cDNA in a 20-μL reaction
volume, according to the manufacturer's protocol. The expression levels
of Fibulin-4 in the CIK cells were measured in triplicate by using real-
time RT-PCR and normalized to the 18S rRNA level [30]. Quantitative
PCR was performed in triplicate by using the CFX96 real-time PCR
system (Bio-Rad, USA) and SYBR®Premix Ex Taq II (TaKaRa, Japan).
The reaction conditions were as follows: 95 °C for 10min, followed by
41 cycles at 95 °C for 10 s, 58 °C for 15 s, and 72 °C for 20 s [18]. The
amplification efficiencies of the reference and target genes were similar,
reaching 100%. The relative expression levels of the target gene were
calculated by using the 2-△△CT method. Data analysis was performed
using Microsoft Excel software and significant differences (T-test,
double tails, paired samples) were considered at p < 0.05 and highly
significant at p < 0.01.

3. Results

3.1. Grass carp Fibulin-4 binds to the outer-fiber protein VP55 in vitro

Previously, Fibulin-4 was identified as a potential interacting pro-
tein for VP55 by using a yeast two-hybrid screening system. To char-
acterize the interaction between Fibulin-4 and VP55, GST and GST-
Fibulin-4 were purified from E. coli (Fig. 1A), and the soluble His-tagged
VP55 was expressed and purified from SF9 cells infected with the re-
combinant baculovirus (Fig. 1B). The dot-blot overlay assay indicated
that the affinity-purified His-tagged VP55 proteins were bound to
purified GST-tagged Fibulin-4, with a trend suggesting that the binding
was dose-dependent (Fig. 1C). In contrast, GST, which served as the
negative control, did not bind to VP55.

Taking advantage of eukaryotically expressed recombinant proteins,
the association between rFibulin-4 and rVP55 was determined with the
His-pulldown assay. Expression of GFP and GFP-Fibulin-4 by GCO cells

was confirmed with fluorescence microscopy (Fig. 2A) and im-
munoblotting (Fig. 2B and C). The presence of GFP, GFP-Fibulin-4, and
His-VP55 were confirmed in the input cell lysates by using im-
munoblotting with anti-Fibulin-4 polyclonal and anti-His monoclonal
antibodies (Fig. 2D). The anti-GFP antibody was used to detect bait-
prey elution. The association of His-VP55 with GFP-Fibulin-4, but not
GFP, was revealed using western blot analysis of the bait-prey elution
with anti-GFP monoclonal antibody (Fig. 2D). The His-pulldown assay
provided confirmation of a physical interaction between Fibulin-4 and
VP55.

3.2. Co-localization of Fibulin-4 with VP55

To investigate the sub-cellular location of Fibulin-4 with GCRV-104
VP55, we co-transfected GCO cells with the recombinant plasmids
pEGFP-VP55 and pDsRed-N1-Fibulin-4. After 36 h, immuno-
fluorescence was used to observe the expressed position of Fibulin-4
with VP55. Then, the GCO cells were stained with DAPI and observed
with a fluorescence microscope. The RPF-fused Fibulin-4 protein (red)
was expressed ubiquitously, and the GFP-fused VP55 protein (green)
was patchily distributed in the cytoplasm (Fig. 3A). Western blot ana-
lysis was conducted using the cell samples transfected with pEGFP-
VP55 and pDsRed-N1-Fibulin-4. The results showed that Fibulin-4 and
VP55 were indeed expressed in the GCO cells (Fig. 3B), indicating that
both Fibulin-4 and VP55 were expressed in the cytoplasm and RFP-
Fibulin-4 co-localized with GFP-VP55 in the GCO cells.

3.3. GCRV induces the expressional suppression of Fibulin-4 in host cells

We used a polyclonal antiserum (produced in the lab) against grass
carp Fibulin-4 to monitor its translational expression pattern in re-
sponse to GCRV infection. Samples were collected at different time
points (Fig. 4A), and the primary (anti-Fibulin-4) and secondary anti-
bodies were used to probe the target protein. The translational ex-
pression levels of Fibulin-4 were significantly inhibited after the onset
of the virus infection until reaching the minimum level at 60 h post-
infection, which was consistent with its transcriptional expression
pattern after the viral challenge (Fig. 4A and B).

4. Discussion

In this study, we provided molecular and biochemical evidences
that the outer-fiber protein VP55 of type III GCRV interacted with the
grass carp Fibulin-4 protein. Using prokaryotically expressed GST-
Fibulin-4 and baculovirus-expressed His-VP55, we demonstrated the
dose-dependent binding of VP55 to Fibulin-4 with the dot-blot overlay
assay. Baculovirus-expressed His-VP55 also pulled down GFP-Fibulin-4
from the cell lysate. Ubc9, a putative GCRV-104 VP55 binding partner
identified using yeast two-hybrid screening, interacted with VP55, and
the N-terminal coiled-coil domain of VP55, containing a single lysine
residue, was responsible for the interaction between VP55 and Ubc9 in
yeast [18,31]. Furthermore, Ubc9 was shown to bind to outer-fiber
proteins from type II GCRV, avian reovirus, and mammalian reovirus in
yeast [31]. Thus, multiple interacting partners exist for VP55. In this
study, VP55 did co-localize with Fibulin-4; however, Fibulin-4 was
distributed in a wider region than VP55 in the cytoplasm and should
have the capacity for interactions with more partners.

The name fibulin originates from the Latin word fibula, which means
clasp or buckle, and fibulins have a diverse array of protein ligands
[32]. The importance of fibulins in development and disease has been
highlighted by gene-targeting experiments in animal models and
identification of spontaneous mutations in humans. In mice, Fibulin-1
deficiency causes extensive hemorrhaging and perinatal death [33]. In
humans, Fibulin-4 mutations result in cutis laxa characterized by in-
elastic and saggy skin, vascular tortuosity, increased risk of ascending
aortic aneurysms, emphysema, and other clinical symptoms [34].
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Overexpression of Fibulin-4 in macrophages promotes DNA synthesis;
Fibulin-4 expression is augmented in macrophages by lipopoly-
saccharide treatment, which suggests a role in the response to sepsis
[34]. Solid-phase binding assays have detected strong calcium-depen-
dent binding of short fibulins to immobilized heparin, suggesting that

these fibulins (Fibulin-3, Fibulin-4, and Fibulin-5) may bind to heparan
sulfate located on the cell surface [35]. Our study confirmed the in-
teraction between grass carp Fibulin-4 and GCRV outer-fiber protein
VP55, and the significance of this interaction could be reasonably
speculated to be helpful in facilitating GCRV to attach to target tissue

Fig. 1. Dot-blot overlay assay shows that VP55 binds to Fibulin-4. A: Purified GST and GST-Fibulin-4 recombinant proteins were analyzed using SDS-PAGE. B:
Baculovirus-expressed His-tagged VP55 was analyzed using immunoblotting with anti-His monoclonal antibody. His-VP55 1 & 2 were the same samples; non-infected
SF9 cells were used as the negative control (NC). C: Dot-blot overlay analysis of Fibulin-4 and VP55 interactions. Various amounts of purified GST-Fibulin-4 or GST
were immobilized on a PVDF membrane and incubated with baculovirus-expressed VP55. Positive signals were detected with anti-His monoclonal antibody.

Fig. 2. Interaction of Fibulin-4 with VP55 in His-pulldown assays. A: Overexpression of GFP-Fibulin-4 (right) and GFP (left) was confirmed using fluorescence
microscopy and immunoblotting analysis with anti-Fibulin-4 antibody (B) and anti-GFP monoclonal antibody (C). D: His-VP55 efficiently pulled down GFP-Fibulin-4
in vitro. The input cell lysates were confirmed using immunoblotting with an anti-Fibulin-4 polyclonal antibody and anti-His monoclonal antibody. The bait-prey
elution was analyzed using immunoblotting with anti-GFP monoclonal antibody. The final eluted samples were also analyzed using immunoblotting with anti-His
monoclonal antibody.
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and cell membranes at the initial phase of infection. During GCRV-JX01
infection, the expression of grass carp Fibulin-4 in CIK cells was slightly
reduced, but present, throughout the infection course [26]. Because of
the secreting nature of synthesized Fibulin-4 in grass carp cells, inter-
action with GCRV virion through VP55 might also enable more efficient
egression of GCRV particles from infected cells during late infection. It
is unclear whether the Fibulin-4/VP55 interaction interferes with the
host innate immune response.

The findings of this study would improve our understanding of both
the GCRV replication strategy and Fibulin-4-mediated cellular response
to viral stress. Fibulin-4 may be an ideal target for developing broad-
spectrum drug targets for different genotypes of GCRV.
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