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ARTICLE INFO ABSTRACT

In cytokinetic abscission, phagophore formation, and enveloped virus budding are mediated by the endosomal
sorting complex required for transport (ESCRT). Many retroviruses and RNA viruses encode “late-domain”
motifs that can interact with the components of the ESCRT pathway to mediate the viral assembly and budding.
However, the rhabdovirus in fish has been rarely investigated. In this study, inhibition the protein expression of
the ESCRT components reduces the extracellular virion production, which preliminarily indicates that the ESCRT
pathway is involved in IHNV release. The respective interactions of IHNV proteins including M, G, L protein with
Nedd4, Tsgl101, and Alix suggest the underlying molecular mechanism by which IHNV gets access to the ESCRT
pathway. These results are the first observation that rhabdovirus in fish gains access to the ESCRT pathway
through three ways of interactions between viral proteins and host proteins. In addition, the results show that
IHNV is released from host cells through the ESCRT pathway. Taken together, our study provides a theoretical
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basis for studying the budding mechanism of IHNV.

1. Introduction

The infectious hematopoietic necrosis virus (IHNV) is a member of
the Novirhabdovirus genus in the Rhabdoviridae family of viruses [1].
Outbreaks of IHNV infection, leading to mass mortality, have posed a
significant threat to the salmonid farming industry worldwide [2-5].
The IHNV has a negative-sense, single-stranded RNA genome of ap-
proximately 11 kilobases (kb), which encodes six proteins, including a
nucleoprotein (N), a polymerase-associated phosphoprotein (P), a ma-
trix protein(M), a unique glycoprotein (G), a large RNA-dependent RNA
polymerase (L) [6-9] and a short gene located between the G and L
genes that encodes a nonstructural nonvirion (NV) protein, which is a
specific feature of Novirhabdoviruses [10-14]. The M protein has many
different functions in the process of viral replication, among them the
most important is the initiation of the assembly and budding of virions
[15]. The stem budding domain of G protein promotes virus release by
inducing membrane curvature at sites where virus budding occurs or by
recruiting condensed nucleocapsids to sites on the plasma membrane
which are competent for efficient virus budding [16]. However, the
budding mechanism of IHNV in fish have largely remained obscure,

understanding of which may be beneficial in developing more effective
strategies for prevention against IHNV infection.

Most of the enveloped viruses acquire their envelope by budding
from the cell membrane from being assembled inside the cell mem-
brane, or assembled in the cytoplasm and transported to the inside of
the cell membrane [17,18]. In recent years, it has been found that many
proteins of the enveloped RNA viruses have a domain playing an im-
portant role in releasing virions from the cell membrane, known as late
domains (L-domains), essential in the late steps of viral replication
[19-26]. L-domains are binding sites for cellular factors facilitating
viral budding [26]. There are now three distinct L. domains identified
and associated with budding defects within the retrovirus family, with
core amino acid motifs of PT/SAP, PPXY, or YPXL/LXXLF [27-29]. The
interaction between L domains and ESCRT components, including
ESCRT-0, I, II, III, and VPS4 (Vacuolar protein sorting-associated pro-
tein 4) and Alix [ALP-2 (Apoptosis-linked gene 2)- interacting protein
X] causes the virions to be released [30,31]. VPS4 is required for the
budding of almost all viruses that are known to utilize the ESCRT
pathway and appear to constitute the key machinery for budding [31].
Moreover, research shows that the PT/SAP motifs act by recruiting
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Table 1
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Summary of sequences used in this study. Italics and bold portion indicate enzyme sites for genetic tags. Underlined portion
indicates point mutant sites. All primers used in this study were designed using Primer Premier 5.0.

Primer names

Primer sequences (5’-3")

Expression vector

THNV M KpnF

IHNVM@pppr-anaa) KpnF
ITHNV M NotR

IHNV G Sal F

THNV G Kpn R

IHNV Gpsap-aara) Kpn R

IHNV L KpnF

THNV Laxxipl R

IHNV Laxxim2 F

IHNV Laxxip2 R

GGTACCATGTCCATTTTCAAGA
GGTACCATGTCCATTTTCAAGAGAGCAAAGAGAACAGTTCTGATCGCTGCTGCTGCC
GCGGCCGCCTATTTTTCCTTCCCCCGTT

GTCGACATGGACGCCATGATCA

GGTACCTTAGGACCTGTTTGCC
GGTACCGGACCTGTTTGCCAGGTGATACATGGGGATACTCTGAGCCCGAGCAGC
GGGGTACCCCATGGACTTCTTCGAT
AAATGGAGAGTCAGCTGCCGCGGCCGCGTCGGTTCTGA
TCCAGAACCGACGCGGCCGCGGCAGCTGACTCTCCATTT
GTCCAGTTTCTCGGCTGCGGCTGCGGCCGAGCTCTGTAG
CTACAGAGCTCGGCCGCAGCCGCAGCCGAGAAACTGGC

THNV Laxxn3 F
THNV L Sal R

GCGTCGACCTATTGTTCGCCTAGTGGAAAGAAGCC

Nedd4 Sal F GTCGACATGTCAACAACGCGGCCCCT
Nedd4 Nhe R GCTAGCGCCTAGCAAAAGGCCCGATA
Tsg101 Kpn F GGGGTACCATGGCTGTTGTCAACGAAGG
Tsgl01 Sal R GCGTCGACTCAGTATAGATCACTAAGTC
Alix Sal F GTCGACATGGCGACGTTTATTTCTG
Alix-DN Sal F GTCGACATGGTGTTGTTTAATGTGGG
Alix Kpn R GGTACCCTGTTGGGGGTAATAGGGCT
RNA interfering

siVPS4A GCGAUUGAGCUGGUCACUATT

siVPS4B CCAACAAUUCCACAUUCUUTT

siNedd4 GCAGCUUGCAGACCUGUAUTT

siTsg101 CCAUUCGAGCAUCACUAAUTT

qPCR

ITHNV-F AGAGTTCGTGGAGGGGGTAGTC

IHNV-R GGCAAGGAAGTCCGCATACG

ESCRT-I (endosomal sorting complex required for transport I) via a
direct interaction with the ESCRT-I component Tsg101. Also, the LXXLF
motif encoded within human immunodeficiency virus type 1 (HIV-1) p6
recruit AIP- 1/ALIX [29]. In addition, PPXY motifs in the L. domains
have been reported could bind to Nedd4-like E3 ubiquitin ligases and
could induce the ubiquitination of a minimal HIV-1 Gag protein for
facilitating viral budding [32,33]. However, the activation mechanism
of ESCRT-III and the differences in the dependence of different viruses
on ESCRT components remain unclear.

This study was undertaken to determine whether IHNV budding
depends on the interaction between the L domains, PSAP, PPPH, LSKLF
and LQDLF of the virus and the fish cells ESCRT components, and to
explore further the budding of the virus to depend on the function of
ESCRT components of the host cells. Our results provide a basis for
understanding how the proteins of IHNV are recruiting the ESCRT
pathway through three ways during budding, which may shed light on
the prevention and control of IHNV infection in fish.

2. Materials and methods
2.1. Cells, viruses, plasmids, and antibodies

Chinook salmon embryo (CHSE-214) cells were obtained from the
American Type Culture Collection (Manassas, VA, USA) and grown in L-
15 (Leibovitz) supplemented media with 10% fetal bovine serum (FBS).
The wild-type (wt) IHNV HLJ-09 viral strain (accession number
JX649101) was generated in our laboratory and used in this study. The
full-length genome plasmid pBlueScript I[I-IHNV HLJ-09 were designed
in our laboratory [34]. Rabbit anti-IHNV and mouse anti-IHNV anti-
bodies were prepared previously in our laboratory as previously de-
scribed [35]. Anti-rabbit/mouse IgG (H + L)-HRP conjugates were
purchased from Thermo Fisher Scientific (Waltham, MA) [14]. Mouse
monoclonal antibody against the HA tag was purchased from Sigma
(USA). Rabbit monoclonal anti-GAPDH antibody, rabbit monoclonal
anti-B-actin antibody and rabbit monoclonal anti-Nedd4 antibody were
purchased from CST (BRD). Rabbit monoclonal anti-Alix was obtained
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from Abcam (UK). Rabbit monoclonal anti-Tsgl01, anti-VPS4B, and
anti-VPS4A antibody were acquired from Bioss (China). All antibodies
were used according to the manufacturers’ instructions.

2.2. Plasmid construction and transient transfection

To research the role of IHNV L-domains, we analyzed the IHNV M, G
and L contained the PPxY, PT/SAP or LXXLF domain, which was PPPH,
PSAP, LSKLF and LQDLF by bioinformatics. Plasmids expressing IHNV
L-domains proteins plasmids were constructed by reverse transcription-
polymerase chain reaction amplification from the IHNV HLJ-09 strain
genome. The mutate proline-proline-proline-histidine (PPPH) to ala-
nine-alanine-alanine-alanine (AAAA) at position 14-17 of M protein
was mutated using the overlapping extension PCR on the pBlueScript II-
IHNV HLJ-09. Also, we mutated proline-serine-alanine-proline (PSAP)
to alanine-alanine-arginine-alanine (AARA) at position 493-496 of G
protein was mutated using the overlapping extension PCR on the
pBlueScript II-IHNV HLJ-09. Then, we respectively mutated the leu-
cine-serine-lysine-leucine-phenylalanine (LSKLF) and leucine-gluta-
mine-asparagicacid-leucine-phenylalanine (LQDLF) to alanine-alanine-
alanine-alanine-alanine (AAAAA) at position 942-946 and 1729-1733
of L protein used the sentence mentioned above methods. Moreover, we
jointly mutated the two L-domains of L protein to AAAAA and named
Laxxir). Plasmids expressing ESCRT proteins including Nedd4 (acces-
sion number NM_199787.2), Tsgl01 (accession  number
NM_001002089.1) and Alix (accession number NM_213360.4) coding
sequences were amplified via reverse transcription (RT)-PCR using a
total RNA extract from CHSE-214 cells. Also, DN constructs of Alix were
truncations of wild type (WT) Brol domain (residues 1-358), which
served as the binding site for the ESCRT-III component with the virus
[36]. All primers are shown in Table 1. The recombinant plasmids
pCMV-HA-M, pCMV-HA-M(pppH.AAAA), pCMV-HA-G, pCMV'HA-G(psAp_
AARA), PCMV-HA-L, pCMV-HA-L(xxir, PCMV-HA-Tsg101, pCMV-HA-
Nedd4, pCMV-HA-Alix and pCMV-HA-Alix-DN were constructed using
the pCMV-HA expression vector (Promega, Madison, WI, USA). All the
clones were confirmed by restriction digestion and DNA sequencing.
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Transient transfections of plasmids into CHSE-214 cells were performed
using Lipofectamine LTX Plus (Life Technologies, USA) reagent ac-
cording to the manufacturer's protocol.

2.3. Indirect inmunofluorescence assay and western blotting

After CHSE-214 cells were transfected with various plasmids using
the Lipofectamine LTX Plus reagent, the cells (cell confluency: 60-80%)
were seeded on microscope coverslips placed in a 24-well plate for 48 h
[37]. Uninfected cells were taken as negative. IFA was performed as
described previously [38]. Also, the plasmid transfected cells were
collected for SDS-PAGE analysis followed with western blotting, which
was performed as described previously [14,38].

2.4. RNA interference

To confirm whether VPS4A (NM_001076609.1), VPS4B
(NM_001291422.1), Nedd4 and Tsgl101 functions in budding of IHNV,
we silenced its expression in CHSE-214cells. To this end, CHSE-
214 cells were transfected with siVPS4A, siVPS4B, siNedd4 and
siTsg101(GenePharma, China, sequences in Table 1). The siRNA against
the green fluorescent protein (GFP) was synthesized as a negative
control. siRNAs were transfected into cells at a final concentration of
100 nM using Hiperfect transfection reagent (Qiagen, BRD) [39].

2.5. Quantitative real-time PCR

To check the changes of mRNA abundance of targeting gene by qRT-
PCR after siRNA transfection, CHSE-214 cells were transfected with
100 nM siRNA.The cells were cultured for 24 h, 48 h, 72 h, respectively.
Then 250 pl of the extract was used for the extraction of total RNA by
using an RNA extraction kit (Fastagen, China). Total RNA was reverse
transcribed to ¢cDNA, which was used for quantitative real-time PCR
(qPCR). The assay ids of the PrimeTime Predesigned qPCR Assays used
(Roche, CH) are shown in Supplementary Table S1. The experiments
were carried out in triplicate. The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used for normalizing the
amount of target mRNA. Relative mRNA expression was calculated
using the 244" method (Supplementary Fig. S2) [14]. Also, CHSE-
214 cells were transfected with 0.8 pg of Alix-DN plasmid or 100 nM
siRNA for 6 h before infection with IHNV for 1 h. The cells were washed
thrice with sodium citrate buffer. Then, fresh medium was added to the
cells, and the cells were cultured for 66 h [39]. Then 1 ml of sterile PBS
was added to homogenize the mixture, and 250 ul of the extract was
used for the extraction of total RNA by using an RNA extraction kit
(Fastagen, China). Total RNA was reverse transcribed to cDNA, which
was used for absolute real-time qPCR (primer sequences in Table 1,
accession number JX649101). Levels of IHNV GE were determined
using Light Cycler 480 (Roche, CH). qPCR was carried out in triplicate
per sample.

2.6. Electron microscopy

100 nM siVPS4A, siVPS4B, siNedd4, siTsgl101, siGFP and 0.8 ug of
Alix-DN plasmid and pCMV-HA plasmid were transfected into cells 6 h
before infection with IHNV for 1 h. Moreover, the cells were washed
thrice with sodium citrate buffer. Then, fresh medium was added to the
cells, and the cells were cultured for 66 h. The cells were harvested as
described previously, sectioned, and observed by electron microscopy
(FEI, USA) [38].

2.7. Laser scanning confocal microscopy
CHSE-214 cells were transfected by recombinant plasmids pCMV-

HA-Tsg101, pCMV-HA-Nedd4 and pCMV-HA-Alix for 24 h. Then, the
cells were infected with IHNV. The cells were washed with sodium
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citrate buffer 1 h post infection to remove the unabsorbed virus, and the
culture was replaced with fresh medium. The cells were incubated at
16 °C for 66h. Samples were viewed under a confocal microscope
(LSM510; Zeiss, GER) equipped with 647nm/488 nmlasers [39].

2.8. Co-immunoprecipitation

CHSE-214 cells were transfected with recombinant plasmids pCMV-
HA-M, pCMV-HA-Mpppr-aaan), PCMV-HA-G, pCMV-HA-Gpsap-aara),
pCMV-HA-L and pCMV-HA-Lgxxir). After 48 h, the cells were lysed on
ice with 1 ml of cell lysis buffer.

(Beyotime, China) for 30 min. The cell lysates were then centrifuged
at 12 000 rpm for 10 min. A total of 600 ul of the supernatants at a final
concentration of 3 ug/ul were respectively precipitated with anti-HA
monoclonal antibody, anti-Nedd4 monoclonal antibody, anti-Tsg101
monoclonal antibody, anti-Alix monoclonal antibody in conjunction
with Protein G Sepharose 4 Fast Flow (GE Healthcare Bio-Science,
Piscataway, NJ) and were incubated with gentle rocking overnight at
4 °C. The beads were washed five times with cold IP buffer and boiled
with 5xSDS loading buffer for 5 min. The immunoprecipitated proteins
were detected by western blotting [38].

2.9. Statistical analysis

All experiments were performed at least three times with re-
producible results. The Student's t-test was used to determine statistical
significance. P-values of less than 0.05 were considered statistically
significant, and those of less than 0.01 were considered highly sig-
nificant.

3. Results

3.1. Expression of the proteins of IHNV and ESCRT components confirmed
by IFA and WB

In order to verify the present monoclonal antibodies could react
specifically with antigens of CHSE-214 cells and to determine the cross-
reactivity of the antibodies against antigens in fish, Western blot ana-
lysis was performed by the extracts from the CHSE-214 cells and the
HEK-293 cells using the anti-Tsg101, anti-VPS4B, anti-VPS4A, and anti-
Nedd4 antibody as the primary antibody, and the cell lysates were used
as the negative control. The results indicated that the present mono-
clonal antibodies could react specifically with antigens of CHSE-
214 cells and there were the antibodies against antigens in fish and
human (Supplementary Fig. S3). Also, to identify if the IHNV proteins
and Nedd4, Tsg101, Alix have the respective interactions, ten plasmids
expressing different proteins were constructed, respectively. Expression
of each protein was confirmed by using IFA (Fig. 1A) and western
blotting assay (Fig. 1B). Our results showed that all of the proteins of
IHNV and ESCRT components could be efficiently and transiently ex-
pressed after plasmid transfection in the cells.

3.2. The role of VPS4 in IHNV budding

VPS4 expressing two closely related VPS4 proteins (A and B) in cells
is necessary for budding of almost all proteins, the functions of which
are interchangeable in some contexts [40]. To identify if VPS4 is im-
portant for efficient IHNV budding, we knocked down endogenous
VPS4 expression by RNA interference. Fig. 2A showed that 100 nM
siVPS4A caused a severe reduction in the expression levels of en-
dogenous VPS4A from 24h to 72h. However, siGFP controlled dis-
played the almost identical expression levels from 24 h to 72 h during
the budding process by western blotting analysis. Thus, based on ab-
solute real-time quantitative PCR (qPCR) analysis, 100 nM siVPS4A and
siGFP control were used to investigate whether exhaustion of en-
dogenous proteins by siRNAs would reduce the production of IHNV
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Fig. 1. All proteins expression were verified by transfection and detection by indirect immunofluorescence (A) and western blotting (B). CHSE-214 cells were
transfected with indicated expression plasmids and pCMV-HA as the negative control, at 48 h post-infection, incubated with mouse-anti-IHNV serum (1:500) and
rabbit-anti-Nedd4 (1:500), rabbit-anti-Tsg101 (1:500), rabbit-anti-Alix (1:500), then FITC-conjugated goat anti-mouse IgG (1:200) and FITC-conjugated goat anti-
rabbit IgG (1:200) in turn. The cells were observed under a microscope. In addition, the plasmid transfected cells were collected for SDS-PAGE analysis followed with
western blotting detection using mouse-anti-IHNV serum (1:200) and rabbit-anti-Nedd4 (1:200), rabbit-anti-Tsg101 (1:200), rabbit-anti-Alix (1:200), followed by HRP-
conjugated goat anti-mouse IgG (1:5000) and FITC-conjugated goat anti-rabbit IgG (1:5000) at 48 h post-infection.

(Fig. 2B). Results showed that production levels of the extracellular
IHNV particles and the production of the corresponding intracellular
IHNV GEs transfected with siVPS4A and siGFP was not significantly
different. Then, transmission electron microscopy was used to explore
and visualize the IHNV-infected cells. Cells transfected with siVPS4A
caused that the release of mature and enveloped virions was observed
in the extracellular environment, which was no different compared
with the siGFP control (Fig. 2C). The results showed that VPS4A did not
play an important role in IHNV budding.

However, we verified the role of VPS4B with the same test method
used for verifying VPS4A. The data were displayed differently. 100 nM
siVPS4B caused a severe reduction in the expression levels of en-
dogenous VPS4B from 24 h to 72h (Fig. 3A) and production levels of
the extracellular IHNV particles transfected with siVPS4B declined
significantly, compared with those of the siGFP control, although the
production of the corresponding intracellular IHNV GEs was not af-
fected (Fig. 3B). Also, the intracellular unenveloped particles of the
siGFP control were morphologically normal and displayed very few
cell-associated virions and an abundance of released, mature, and en-
veloped virions were observed in the extracellular environment. Cells
transfected with siVPS4B caused virus arrest at a very late stage during

A SiGFP siVPS4A
24 48 72 24 48 72(h)
[ — — a— | vpsaa
| ——— —— | p-actin
B
[}
c
1] @
- =
= 3
o >
3 5
K 3
s 8
c
: §
) s
E $
@ v ] - ]
= 13 3 @ s <
= Q\Q(O é\C? £ \\\QQ ‘}0
S 3

assembly. During this stage, extensive clusters of immature particles
accumulated at the cell membrane by long membrane stalks, although
the intracellular unenveloped particles were morphologically normal
(Fig. 3C). In short, VPS4B was important for IHNV budding at a late
stage of the virus life cycle.

3.3. Tsgl01, Alix, and Nedd4 are functionally involved in IHNV budding

To investigate the roles of Tsg101, Alix, and Nedd4 in IHNV release,
we used the analogous approaches described above. To study their ef-
fects on IHNV budding, CHSE-214 cells were transiently transfected
with siTsg101 and siNedd4 to down-regulate the expression levels of
Tsgl01 and Nedd4. Figs. 4A and 5A showed that 100 nM siNedd4 and
siTsg101 markedly reduced the expression levels of endogenous target
proteins from 24 h to 72 h during the budding process. Simultaneously,
Alix truncations expressed more proteins along with an increasing
amount of plasmid (Fig. 6A). The highest plasmid concentrations were
used to verify the role of the Alix protein. Then, we tested if the re-
duction in the IHNV production depended on the exhaustion of these
endogenous proteins by 100nM siTsgl01 and siNedd4 or over-
expression of Alix-DN truncations protein. The results indicated that

Fig. 2. The influences of production of the IHNV was whether mediated by RNA interference of VPS4A or not. (A) CHSE-214 cells were transfected by 100 nM of
siRNA specific for VPS4A and control RNA (siGFP) The cells were collected from 24 h to 72 h and subjected to western blotting. (B) 100 nM siVPS4A or 100 nM siGFP
were transfected into cells 6 h before infection with IHNV for 1 h and then cultured for 66 h. Cells and supernatant were lysed to extract DNA. Samples were then
subjected to qPCR using IHNV primers to quantify IHNV genomic concentration. (C) EM analysis of CHSE-214 cells transfected with 100 nM siVPS4A or siGFP before

infection with IHNV for 66 h.
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Fig. 3. Production of IHNV was inhibited by RNA interference of VPS4B. (A) CHSE-214 cells were transfected by 100 nM of siRNA specific for VPS4B and control
RNA (siGFP). The cells were collected from 24 h to 72 h and subjected to western blotting. (B) 100 nM siVPS4B or 100 nM siGFP were transfected into cells 6 h prior
to infection with IHNV for 1 h and then cultured for 66 h. Cells and supernatant were lysed to extract DNA. Samples were then subjected to qPCR using IHNV primers
to quantify IHNV genomic concentration. Statistical analysis was performed using Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) EM analysis of
CHSE-214 cells transfected with 100 nM siVPS4B or siGFP prior to infection with IHNV for 66 h. Arrows indicated virions tethered to the plasma membrane.
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Fig. 4. Production of IHNV was inhibited by RNA interference of Nedd4. (A) 100 nM siNedd4 and control RNA (siGFP) were transfected into cells. The cells were
collected from 24 h to 72 h and then subjected to western blotting. (B) 100 nM siNedd4 or 100 nM siGFP were transfected into cells 6 h before infection with IHNV for
1 h and then cultured for 66 h. Cells and supernatant were lysed to extract DNA. Samples were then subjected to qPCR using IHNV primers to quantify IHNV genomic
concentration. Statistical analysis was performed using Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) EM analysis of CHSE-214 cells transfected with
100 nM siNedd4 or siGFP before infection with IHNV for 66 h. Arrows indicated virions tethered to the plasma membrane. (D) In vivo confocal microscopy analysis
was performed after CHSE-214 cells were infected with IHNV for 1 h and cultured for 66 h. Cells were processed for immunostaining as described under “Materials
and Methods”. Arrows indicate co-localization of IHNV and endogenous Nedd4.
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I'sglOl]

Nucleus

Merged

Fig. 5. Production of IHNV was inhibited by RNA interference of Tsg101. (A) 100 nM siTsg101 and control RNA (siGFP) were transfected into cells. The cells were
collected from 24 h to 72 h and then subjected to western blotting. (B) 100 nM siTsg101 or 100 nM siGFP were transfected into cells 6 h before infection with IHNV
for 1 h and then cultured for 66 h. Cells and supernatant were lysed to extract DNA. Samples were then subjected to qPCR using IHNV primers to quantify IHNV
genomic concentration. Statistical analysis was performed using Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) EM analysis of CHSE-214 cells
transfected with 100 nM siTsg101 or siGFP before infection with IHNV for 66 h. Arrows indicated virions tethered to the plasma membrane. (D) In vivo confocal
microscopy analysis was performed after CHSE-214 cells were infected with IHNV for 1 h and cultured for 66 h. Cells were processed for immunostaining as described
under “Materials and Methods”. Arrows indicate co-localization of IHNV and endogenous Tsg101.

compared with the siGFP control, the extracellular IHNV particle pro-
ductions were significantly decreased after transfection of siNedd4 and
siTsg101, respectively (Figs. 4B and 5B). Correspondingly, the extra-
cellular IHNV particle productions were significantly decreased on cells
transfected by Alix-DN, compared with transfection of pCMV-HA
(Fig. 6B). The data illustrated that loss of Alix, Tsg101, and Nedd4
compromised viral budding.

Also, cells transfected with 100 nM siNedd4, siTsg101 and 0.8 pug of
Alix-DN plasmid caused virus arrest at a very late stage during assembly
(Figs. 4C, 5C and 6C). In short, Nedd4, Tsg101 and Alix were important
for IHNV budding at a late stage of the virus life cycle.

To confirm whether IHNV recruited Nedd4, Tsg101 and Alix to fa-
cilitate budding, we utilized the laser scanning confocal microscopy.
Moreover, we assigned anti-IHNV as the marker of the IHNV particle
and monoclonal anti-Nedd4, anti-Tsg101, anti-Alix as the marker of
their proteins. The data revealed that the overlay of the fluorescence
patterns revealed extensive co-localization of IHNV with Nedd4,
Tsgl01 and Alix and (Figs. 4D, 5D and 6D), which demonstrated that
Nedd4, Tsg101 and Alix were recruited to the budding site to facilitate
virus release.

3.4. IHNV L-domains contained proteins interact with Nedd4, Tsg101 and
Alix

We verified whether L-domains could interact with the host ESCRT
proteins by immunoprecipitation, the results showed that Nedd4 pro-
tein was detected after the anti-HA antibody was used to im-
munoprecipitate endogenous M (Fig. 7A, lane 5, top), and no band was

838

detected when pCMV-HA was transfected as control vector (Fig. 7A,
lane 6, top). Nedd4 protein was not detected after the anti-HA antibody
was used to immunoprecipitate endogenous Mpppu.aaaa) (Fig. 7A, lane
4, top). Then, we discovered that M could be detected after using an
anti-Nedd4 antibody to immunoprecipitate endogenous Nedd4
(Fig. 7A, lane 5, bottom), and no band was detected when the CHSE-
214 cells were transfected with pCMV-HA-Mpppp.aaaa) and pCMV-HA
and (Fig. 7A, lane 4 and 6, bottom). Similarly, the results indicated that
Tsgl01 protein was detected after the anti-HA antibody was used to
immunoprecipitate endogenous G (Fig. 7B, lane 5, top), and no band
was detected when the CHSE-214 cells were transfected with pCMV-
HA-Gpsap.aara) and pCMV-HA (Fig. 7B, lane 4 and 6, top). Thus, we
discovered that G could be detected after using an anti-Tsg101 antibody
to immunoprecipitate endogenous Tsgl01 (Fig. 7B, lane 5, bottom),
and no band was detected when pCMV-HA was transfected as control
vector (Fig. 7B, lane 6, bottom). Gpsap-aara) Was not detected after the
anti-Tsgl01 antibody was used to immunoprecipitate endogenous
Tsgl01 (Fig. 7B, lane 4, bottom). Similarly, the results showed that Alix
protein was detected after the anti-HA antibody was used to im-
munoprecipitate endogenous L (Fig. 7C, lane 5, top), and no band was
detected when pCMV-HA was transfected as control vector (Fig. 7C,
lane 6, top). Alix protein was not detected after the anti-HA antibody
was used to immunoprecipitate endogenous Lqxxir (Fig. 7C, lane 4,
top). Then, we discovered that L could be detected after using anti-Alix
antibody to immunoprecipitate endogenous Alix (Fig. 7C, lane 5,
bottom), and no band was detected when the CHSE-214 cells were
transfected with pCMV-HA- L xxr) and pCMV-HA (Fig. 7C, lane 4 and
6, bottom).
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Fig. 6. Production of IHNV was inhibited by Alix-DN. (A) CHSE-214 cells were transfected with 0.1, 0.2, 0.4, or 0.8 ug of pCMV-HA-Alix-DN. Protein samples were
collected and analyzed by western blotting, and GAPDH was included as control. (B) CHSE-214 cells were infected with IHNV for 1 h after transfection with 0.8 pg of
pCMV-HA-Alix-DN or pCMV-HA and then cultured for 66 h. Cells and supernatant were lysed to extract DNA. Samples were then subjected to qPCR using [HNV
primers to quantify IHNV genomic concentration. Statistical analysis was performed using Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (C) EM analysis
of CHSE-214 cells transfected with 0.8 ug of pCMV-HA-Alix-DN or pCMV-HA before infection with IHNV for 66 h. Arrows indicated virions tethered to the plasma
membrane. (D) In vivo confocal microscopy analysis was performed after CHSE-214 cells were infected with IHNV for 1 h and cultured for 66 h. Cells were processed
for immunostaining as described under “Materials and Methods”. Arrows indicate co-localization of IHNV and endogenous Alix.

We respectively tested whether the LSKLF and the LQDLF at posi-
tion 942-946 and 1729-1733 of L proteins had the interaction with
Alix. The results show that there is interaction among them (data un-
shown). Also, we repeatedly tested whether the viral proteins con-
taining putative L-domains interacted with endogenous corresponding
host proteins by many immunoprecipitation experiments. We found
that the three viral proteins could directly interact with Alix, Tsg101,
and Nedd4. Furthermore, there were no bands when we verified point
mutant L-domains with immunoprecipitation experiments, which
showed that the L-domain played roles in these interactions. These
binding interactions represent the mechanism by which IHNV recruits
ESCRT pathway for budding.

4. Discussion

The envelope virus buds out of the cytoplasmic membrane of the
infected cells and acquires a capsule. Most enveloped viruses’ bud and
release invasive progeny virions of the final neck shear stage by plun-
dering the host cell plasma membrane share device ESCRT system. The
L-domain motif is capable of binding to different host ESCRT proteins to
accomplish budding and release of the virus [18]. In this study, IHNV
relied on the network of ESCRT proteins to complete virus budding. The
present work was the first to report an example of the budding me-
chanism of IHNV. Also, results showed that three approaches were used
to access the pathway, and all these approaches contributed to com-
plete virus budding (Fig. 8).

VPS4 is a member of AAA (ATPases associated with diverse Cellular
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activities) ATPase family and the only ATPase in the MVB pathway
[41], which could dissociate ESCRT complexes for recycling by pro-
viding energy with hydrolysis of ATP. VPS4 plays an important role in
the MVB pathway, cytokinesis, and virus budding. Results from early
studies suggested that host protein VPS4 and the ESCRT pathway may
not be important for budding of rhabdoviruses, however, subsequent
studies using stable cell lines expressing VPS4 suggest that there is a
role for the ESCRT machinery in rhabdoviral egress [42]. In this study,
we first detected the role of VPS4 in IHNV budding. The data showed
that VPS4B down-regulated by siRNA silencing caused the marked ef-
fect of IHNV budding. However, there was no significant effect of
causing IHNV budding under VPS4A down-regulation. These results
indicated that VPS4B played an important role in IHNV budding.
Moreover, VPS4A did not seem to be necessary for IHNV budding. Thus,
the role of VPS4A in IHNV needs further investigation.

Different viral proteins displayed in different ways to recruit the
ESCRT pathway. Research reports emphasize the concerted contribu-
tions of both M and G proteins in RABV assembly and egress [43]. IHNV
and RABV are parts of the enveloped virus and belong to the Rhabdo-
viridae family. All of these viral proteins including the presence of one
or more domains referred to as “late” budding domains (L-domains),
which interacts with a specific host protein of ESCRT pathway to pro-
mote virus budding [44]. Tsgl01 is a component of ESCRT-I [45],
which is an essential cellular complex in the ESCRT pathway and which
can restrict constitutive NF-kB signaling by preventing the accumula-
tion and activation of NF-kB-inducing receptors [46]. In this study, we
inhibited the proteins of Nedd4 and Tsgl01 by reducing extracellular
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Nedd4 antibody. CHSE-214 cells were transfected with pCMV-HA-M, pCMV-
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fected with pCMV-HA-G, pCMV-HA- G (PSAP-AARA) or an empty vector pCMV-
HA. Cells were processed for IP as described under “Materials and Methods”.
Anti-Tsg101 antibody and anti-HA antibody were used as the primary anti-
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as the primary antibodies for IP.
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virion production, which preliminarily indicates that Nedd4 and
Tsgl01 are involved in IHNV release. However, the role of Tsg101 for
NF-kB about the immune system in fish cells remains to be further in-
vestigated. Moreover, Alix-Brol domain served as the binding site for
the ESCRT-III component with the virus. Thus, we tested Alix DN mu-
tants, lacking the Alix-Brol domain, suppressed IHNV production,
which illustrated that Alix is involved in IHNV release. Also, we re-
peatedly tested whether the viral proteins containing putative L-do-
mains interacted with the endogenous corresponding host proteins by
many immunoprecipitation experiments. We found that the M, G, L
proteins of IHNV could directly interact with Nedd4, Tsg101, and Alix.
Taken together, the interactions between viral proteins bearing L-do-
mains and their corresponding class E proteins were important for
IHNV budding, and the involved host factors all had roles in IHNV
budding.

The majority of RNA viruses express one or two L-domains in a
specific protein, and the use of two distinct L-domains have equivalent
and therefore redundant functions in virus release [47]. The HIV-1 Gag
protein contained the PTAP and YPXnL domains and blocked PTAP-
Tsgl01 or YPXnL-Alix interactions both affected HIV-1 release [36].
Also, HSV-1 encoded all three classes of L-domains in several structural
proteins and required functional ESCRT III complex and VPS4 but in-
dependent of Tsg101 and Alix [48]. In our study, there were no bands
when we verified point mutant L-domains with immunoprecipitation
experiments, which showed that the L-domain played roles in these
interactions. These data suggested that the PPPH, PSAP or LXXLF motifs
of THNV proteins play an essential role during the virus budding.
Moreover, we analyzed the effects of simultaneous depletion of mul-
tiple proteins with various combinations. The results that such func-
tional redundancy may allow for the loss of one or two interactions
between L-domain contained viral proteins or corresponding host pro-
teins (data not shown). These results indicated that a number of parallel
mechanisms by which IHNV could access the ESCRT machinery are
redundant; any of these approaches could, to some extent, be sufficient
for virus budding. In addition, three L-domains were located in different
viral proteins, indicating that defects in one or two viral proteins or loss
of any relevant factors in host cells could not completely block THNV
propagation and may be associated with broad range of cell lines that
allow IHNV infection [49].

In summary, we first confirmed that there were ESCRT components
in fish host cells that interact with the PPPH, PSAP or LXXLF motifs of

Fig. 8. Model of cellular budding of IHNV. (A)
THNV replicates and assembles at the nucleus and
cytoplasm. (B) IHNV gains access to ESCRT
pathway through three ways of interactions be-
tween viral proteins and host proteins. (C) VPS4B
functions in budding and formation of mature en-

veloped virus particles. (D) Loss of VPS4 leads to
defective budding.

Extracellular '
Buddmg
Cytosol virus
D
ESCRT-INI
B Nedd4 Tsgl01 -
Y,
Repluauon Synthesis Assembly
Cytosol

Endosomal lurnen

840



Y. Chen, et al.

IHNV proteins, which recruits the ESCRT pathway to mediate virus
budding. Viruses employ the same pathway to complete budding, but
the cellular locations at which the viral proteins assemble vary. Thus,
the detailed biological mechanisms involved in the IHNV cellular lo-
cations at which the viral proteins assembled for budding remains to be
further investigated.
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