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ABSTRACT

Background: Coinfection with avian leukosis virus subgroup J (ALV-J) and
reticuloendotheliosis virus (REV) is common in chickens, and the molecular mechanism

of the synergistic pathogenic effects of the coinfection is not clear. Exosomes have been
identified as new players in the pathogenesis of retroviruses. The different functions of
exosomes depend on their cargo components.

Objectives: The aim of this study was to investigate the function of co-regulation
differentially expressed proteins in exosomes on coinfection of ALV-J and REV.

Methods: Here, viral replication in CEF cells infected with ALV-J, REV or both was detected

by immunofluorescence microscopy. Then, we analyzed the exosomes isolated from
supernatants of chicken embryo fibroblast (CEF) cells single infected and coinfected with
ALV-J and REV by mass spectrometry. KEGG pathway enrichment analyzed the co-regulation
differentially expressed proteins in exosomes. Next, we silenced and overexpressed tripartite
motif containing 62 (TRIMG2) to evaluate the effects of TRIM62 on viral replication and the
expression levels of NCK-association proteins 1 (NCKAP1) and actin-related 2/3 complex
subunit 5 (ARPC5) determined by quantitative reverse transcription polymerase chain reaction.
Results: The results showed that coinfection of ALV-J and REV promoted the replication

of each other. Thirty proteins, including TRIM62, NCK-association proteins 1 (NCKAP1,
also known as Nap125), and Arp2/3-5, ARPC5, were identified. NCKAP1 and ARPC5 were
involved in the actin cytoskeleton pathway. TRIM62 negatively regulated viral replication and
that the inhibition of REV was more significant than that on ALV-J in CEF cells coinfected
with TRIMG2. In addition, TRIMG62 decreased the expression of NCKAP1 and increased the
expression of ARPCS in coinfected CEF cells.

Conclusions: Collectively, our results indicated that coinfection with ALV-J and REV
competitively promoted each other's replication, the actin cytoskeleton played an important
role in the coinfection mechanism, and TRIMG62 regulated the actin cytoskeleton.

Keywords: Avian leukosis virus subgroup J; reticuloendotheliosis virus; coinfection; TRIM62;
actin cytoskeleton
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INTRODUCTION

Avian leukosis virus subgroup J (ALV-]) and reticuloendotheliosis virus (REV) are 2 oncogenic
avian retroviruses that mainly cause myelocytomas and reticuloendotheliosis, respectively
[1-3]. Coinfection with ALV-J and REV is common in chickens and induces more serious
pathogenic effects, such as immunosuppression growth retardation, accelerated neoplasia
progression, and causes serious losses to the poultry industry [4-6]. The molecular
mechanism of the synergistic effects of this coinfection is not clear.

Exosomes are endosome-derived nanovesicles involved in intercellular crosstalk through

the transfer of proteins and genetic material. It has been reported that exosomes play an
important role in the immune suppression associated with the identified gene expression and
miRNA signatures in exosomes [7]. Several recent publications have identified exosomes as
new players in the pathogenesis of human immunodeficiency virus (HIV) infection [8]. Our
previous study also demonstrated that exosomes play an important role in ALV-J infection

[9]. ALV-J and REV synergistically increased the accumulation of exosomal miRNAs, which
shed light on the synergistic molecular mechanism of ALV-J and REV [10].

In addition to miRNAs, exosomes carry proteins, but the roles of exosomal proteins in ALV-J
and REV coinfection are unclear. Proteins do not function independently in organisms. Instead,
different proteins coordinate to perform a series of biochemical or biological functions. In

the present study, to further reveal the roles of proteins in coinfection with ALV-J and REV,
exosomal proteins were extracted from chicken embryo fibroblast (CEF) cells infected with
ALV-], REV or both at the optimal coinfection time for analysis by mass spectrometry (MS). The
key proteins obtained from MS were validated to be present in exosomes by quantitative reverse
transcription polymerase chain reaction (QRT-PCR). Furthermore, we evaluated the protein-
protein interactions related to the synergistic effects of ALV-J and REV coinfection.

MATERIALS AND METHODS

Cells culture and viral infection

CEF cells were maintained in DMEM supplemented with 10% fetal bovine serum, 0.1 mg/

mL streptomycin and 100 U/mL penicillin at 37°C in a 5% CO, atmosphere. Cells were used

in subsequent assays when they were in the logarithmic growth phase. The stock SNV strains
of ALV-J (Chinese strain NX0101) and REV (Chinese strain JX0927) were maintained in our
laboratory. We performed a single infection of ALV-J or REV or a coinfection of ALV-J and REV
at a multiplicity of infection of 0.1.

Immunofluorescence microscopy

CEF cells were collected at different times after infection (24 h, 48 h, 72 h and 96 h) and then
fixed with cold acetone:ethanol solution (3:2). The monoclonal antibodies (prepared by our
lab) against gp85 of ALV-J and env of REV were used as primary antibodies. A FITC-labeled
goat anti-mouse IgG antibody (or Cy3-labeled goat anti-mouse IgG) was used as a secondary
antibody. The infected cells were stained with DAPI staining solution and observed by
immunofluorescence microscopy (Leica SP8; Leica, Germany).

Isolation and identification of exosomes
At 72 h after infection, CEF cell supernatants were collected, and debris was removed. Exosomes
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were separated and purified from the supernatants according to the manufacturer's protocol
for total exosomes isolation (from cell culture media) kits (Invitrogen, USA). The exosomal
proteins concentration was measured with BCA Protein Assay Kit (Thermo Fisher Scientific,
USA). The morphology of isolated exosomes was observed under transmission electron
microscopy (TEM) [9]. The isolated exosomes were examined for exosomal and contamination
markers by western blot (WB).

Proteomic analysis of exosomes

In this study, a high-resolution mass spectrometer Q Exactive (Thermo Fisher Scientific)
was used for quantitative proteomic analysis. MS analysis was performed according to a
previously reported protocol [9] for the detection of polypeptide sequence of proteins in
isolated exosomes. Proteins were identified using Protein Prospector [11] against the Gallus
chicken database, ALV database, and REV database. The proteins with a fold change of
expression > 1.2 (up/downregulation) and a p value < 0.05 were regarded as differentially
expressed proteins. Quantitative sequence information for the proteins was extracted from
the UniProtKB database (version number 201602).

Bioinformatics analysis of differentially expressed proteins

In a previous study, our laboratory identified 5 upregulated miRNAs (miRNA-184-3p,
miRNA-146a-3p, miRNA-146a-5p, miRNA-3538 and miRNA-155) in exosomes from CEF
cells coinfected with ALV-J and REV [10]. According to the obtained miRNA sequences and
how they aligned to Gallus and virus genomes, target gene prediction was conducted using
miRanda [12].

To investigate the biological function of the differentially expressed proteins and miRNA
target genes, KEGG pathway enrichment analyses were performed using the DAVID tool
(https://david.ncifcrf.gov/). False discovery rate < 0.05 and p value < 0.05 were considered
statistically significant. The key proteins, miRNAs, and common pathways were identified.
The expression levels of key exosomal proteins were verified by Real-Time qRT-PCR.

TRIM62 plasmid and short hairpin RNA (shRNA) lentiviral vector construction

TRIMG2 plays an important role in antiviral processes and we have confirmed that TRIM62
inhibit ALV-J replication [13]. TRIMG62 was identified from the differentially expressed
proteins. To confirm the role of TRIMG62 in the coinfection of ALV-J and REV and the
regulation of other identified proteins or signaling pathways, overexpression and knockdown
of TRIMG62 were performed. The full-length chicken TRIMG62 (XM_015297235.2) was

cloned into the lentiviral vector GV492 (JikaiGene Technology, Inc., China). The lentiviral
empty vector was used as a control. ShRNA targeting TRIMG62 (shTRIM62) for knockdown
(sequence: GCAGTACACC ATCTG GAAGTC) and one nonspecific scramble shRNA as a
negative control were cloned into the lentiviral vector GV493 (JikaiGene Technology, Inc.).
Then, the pGV492-TRIM62/pGV493-shTRIMG2 plasmid was cotransfected with packaging
plasmids into 293T cells to produce a lentivirus. After 48 h of transfection, viral supernatants
were collected and further used to infect CEF cells for transfection. All constructs were
identified through sequencing.

TRIM62 and shRNA transfection

CEF cells were seeded on 6-well plates for 12 h and then transfected with TRIMG62 for 12 h or
shTRIMG2 for 24 h using a lentiviral vector. The pTRIM62, shTRIM62 and empty vector were
purchased from JikaiGene Technology, Inc. After stably expressing pTRIM62/shTRIM62, CEF
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Table 1. Primers used to detect miRNA expression using qRT-PCR

Gene target Primer sequence Fragment size (bp)

ALV-J (env) Forward: TGCGTGCGTGGTTATTATTTC 144
Reverse: AATGGTGAGGTCGCTGACTGT

REV (env) Forward: TTGTTGAAGGCAAGCATCAG 330
Reverse: GAGGATAGCATCTGCCCTTT

TRIM62 Forward: TACTGGGAGGTGGTGGTGTC 246
Reverse: CGTCGGCGTTGTAGAAGATG

ITGal Forward: TAAGTTCATAGCGAGCGACC 125
Reverse: TCAGCACAG CCCCAT TCC

NCKAP1 Forward: TTGTCTTTTCGGTCGTTG 126
Reverse: TGCCACCTTCATGTCAGT

ARPC5 Forward: TGGACGAGTACGACGAGA 254
Reverse: TGAGGACCTTCAGGA

GAPDH Forward: GAACATCATCCCAGCGTCCA 132

Reverse: GAGGATAGCATCTGCCCTTT

gRT-PCR, quantitative reverse transcription polymerase chain reaction; ALV-J, avian leukosis virus subgroup
J; REV, reticuloendotheliosis virus; TRIM62, tripartite motif containing 62; ITGa1, integrinal; NCKAP1, NCK-
association proteins 1; ARPC5, actin-related 2/3 complex subunit 5; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.

cells were infected with ALV-J, REV or both. After 72 h of infection, the RNA expression levels
of virus and identified proteins were detected by qRT-PCR.

gRT-PCR

The isolated exosomes and transfected CEF cells were collected. Exosomes RNA was

isolated using total exosomes RNA and protein isolation kit (Invitrogen). Total cellular RNA
isolation, reverse transcription to cDNA, and quantitative PCR were performed according to
a previously described protocol [14,15]. Glyceraldehyde 3-phosphate dehydrogenase was used
as a control for basal RNA levels. The specific primer sequences of the virus and identified
proteins are described in Table 1. Three independent experiments were conducted for
statistical analysis.

wB

Equivalents of exosomes (20 ug) were separated on 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. Exosomes from infected DF-1 cells with ALV-J and REV
single infection or co-infection were analysis by WB with anti-glucose-regulated protein 78
(GRP78) and anti-Hsp70 primary antibodies (Bioss, China) at both 1:200.

Statistical analysis

Data were expressed as the mean + SD of results from 3 independent replicates. The
significance of variability was determined by #-test and 2-way analysis of variance using
SPSS 19.0 statistical software (IBM Corp., USA). A pvalue less than 0.05 was considered
statistically significant.

RESULTS

Coinfection with ALV-J and REV enhanced virus replication

To investigate the effects of ALV-J and REV coinfection on each other's replication, we
detected the transcriptional levels of virus in coinfected and single infected cells by qRT-PCR.
The mRNA expression of ALV-J in co-infected cells was significantly higher than that in single
infected cells before 72 h of infection (Fig. 1A, p < 0.01). However, after infected 96 h, the
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Fig. 1. The transcriptional levels of ALV-J and REV in infected cells at different times. (A) The transcriptional level of ALV-J in co-infected and single infected cells.
(B) The transcriptional level of REV in co-infected and single infected cells.

ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus.

Statistically significant changes were calculated using Kruskal-Wallis with Dunn's multiple comparison test: *p < 0.05; **p < 0.01.

replication of ALV-J in co-infected cells decreased significantly. The mRNA level of REV in
co-infected cells was significantly higher than that in single infected cells (Fig. 1B, p < 0.01).
Furthermore, immunofluorescence microscopy was used to monitor the distribution of the
fluorescence signal of the virus. As shown in Fig. 2, we found that the green fluorescence
signal of ALV-J in coinfected cells was stronger than that in ALV-] only-infected cells at

48 h after infection. The red fluorescence of REV was also found at 48 h after infection

in the coinfection group and earlier than that in the REV infection group (72 h). These

results indicated that ALV-J and REV coinfection synergistically promoted the viral protein
expression of the other virus. Our result was consistent with a previous report using qRT-PCR
and WB [10].

ALV-J infection REV infection ALV-J + REV infection

ALV-J Nucleus Merge REV Nucleus Merge ALV-J REV Nucleus Merge

24

>

48

=

72

=

96

=y

Fig. 2. ALV-J and REV coinfection competitively promoted viral replication in CEF cells. ALV-J and REV staining was observed in CEF cells at 24 h, 48 h, 72 h, and
96 h post infection by immunofluorescence microscopy.
ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus; CEF, chicken embryo fibroblast.
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Fig. 3. Characterization of isolated exosomes. The electron microscopy analysis showed that exosomes were typically cup-shaped, with an average diameter
ranging from 80 to 120 nm (scare bar: 100 nm, black arrow) (A). Western blot analysis of exosomes and cell lysates showed that GRP78 was only detected in cell
lysates, and a band for Hsp70 was observed in exosomes and cell lysates (B). Exo-N represent exosomes from un-infected cells, Exo-R represent exosomes from
REV infected cells; Exo-J represent exosomes from ALV-J infected cells; Exo-RJ represent exosomes from REV and ALV-J co-infected cells.

ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus; GRP78, glucose-regulated protein 78.
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Proteomic analysis of exosomes

The morphology and size of purified exosomes were assessed by TEM. As shown by the TEM
results in Fig. 3A, exosomes were typically cup-shaped with an average diameter ranging
from 80 to 120 nm. Exosomes contain several proteins that serve as exosomes markers,
such as Hsp70, CD9, CD63, and CD81 [16]. To further characterize the exosomes purified

in our experimental conditions, we evaluated the expression of Hsp70. As shown in Fig. 3B,
Hsp70 was detected in exosomes and cell lysates. In addition, GRP78 was only detected in
cell lysates. GRP78 is a signal protein of endoplasmic reticulum stress. Our results indicated
that the purified exosomes were not contaminated by organelles originating from the
endoplasmic reticulum.

We further analyzed the protein composition of exosomes and found that exosomes from
infected cells carried key components of viruses. As shown in Table 2, exosomes from
coinfected cells (Exo-R]J) carried components both of ALV-J and REV. Furthermore, compared
with both Exo-J and Exo-R, there were 30 differentially expressed proteins identified with

16 upregulated and 14 downregulated in Exo-R]J (Table 3) [17]. The differentially expressed
proteins in exosomes may be related to the synergistic effect of REV and ALV-J coinfection.

KEGG annotation of identified proteins and miRNA target genes

To further explore the role of differentially expressed proteins in the synergistic effect of
REV and ALV-J coinfection, we annotated the 30 identified proteins and the target genes of
5 miRNAs (miRNA-184-3p, miRNA-146a-3p, miRNA-146a-5p, miRNA-3538 and miRNA-155)
using the KEGG database. According to the results of the predicted miRNA target genes,
integrinal (ITGol) is one target gene of miRNA-155 [10]. The upregulation of miRNA-155

Table 2. Exosomes from co-infection cells carrying the structural proteins both of ALV-J and REV

Virus Protein  Accession Description

ALV-J Gag Q64996 Gag proteins OS = avian leukosis virus HPRS103

ALV-J Env Q64997 Envelope protein subgroup J OS = avian leukosis virus HPRS103 GN = env
REV Gag C7FGW?7 Gag polyprotein OS = avian reticuloendotheliosis virus GN = gag

REV Pol Q462Q9 Polymerase (fragment) OS = avian reticuloendotheliosis virus GN = pol
REV Env Q462Q8 Envelope glycoprotein OS = avian reticuloendotheliosis virus GN = env

ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus; OS, organism species; GN, gene name.

https://doi.org/10.4142/jvs.2020.21.e49 6/14
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Table 3. The statistic of co-regulation differentially expressed proteins

C

V)

Number Accession Protein R + J/J fold change R + J/R fold change Change
1 FINBOB C3HBORF103 4.018 2.556 Up
2 A8VHZ1 Interleukin 6 2.569 1.410 Up
3 FINK52 RHO-J 2.257 1.581 Up
4 P02701 AVD 2.130 1.389 Up
5 FINHI4 SOD3 2.501 1.597 Up
6 R4GHA7 CRLF1 2.263 1.840 Up
7 Q155F6 TNFIP6 1.896 1.797 Up
8 P08317 Interleukin 8 1.733 1.514 Up
9 Q5F3X4 EFTUD2 1.709 1.470 Up
10 R4GHA7 TRIM62 1.557 2.083 Up
n F1P417 VNNT1 1.573 1.801 Up
12 E1C6G9 NCKAP1 (Nap125) 1.436 1.415 Up
13 FIN9E1 MASP1 1.419 1.423 Up
14 Q9DEQ5 P37NB 1.377 1.380 Up
15 FINUF8 AMBP 1.378 1.905 Up
16 FIPIG6 KIAAT199 1.593 1.413 Up
17 P48440 DDOST 0.664 0.677 Down
18 Q98TF9 RPL14 0.623 0.504 Down
19 FINU61 PCSK5 0.643 0.697 Down
20 P41125 RPL13 0.601 0.608 Down
21 Q09121 EIF5A1 0.553 0.608 Down
22 P32760 PTN 0.642 0.572 Down
23 E1C4W3 PITPNM2 0.508 0.661 Down
24 C7G540 0OCX32 0.415 0.676 Down
25 FINUA2 ARPC5 (Arp2/3) 0.414 0.668 Down
26 E1BYD4 NDRG1 0.488 0.488 Down
27 R4GKL8 CIQTNF3 0.679 0.679 Down
28 E1BWOO WISP2 0.672 0.672 Down
29 FINME8 ZMYND8 0.656 0.656 Down
30 E1C2U6 PRKAR1B 0.589 0.590 Down

NCKAPT (Nap125), NCK-association proteins 1; ARPC5 (Arp2/3), actin-related 2/3 complex subunit 5. The bold words were we focus on in the next study.

https://vetsci.org

Validation of exosomal protein expression

Of the 30 identified proteins in Exo-RJ, we focused on TRIMG62 and the 2 proteins involved
in the actin cytoskeleton. To validate the MS results, 4 proteins, ITGol, NCKAP1, ARPC5,
and TRIMG2, were analyzed by qRT-PCR with the primers listed in Table 3. We found that
ITGal and ARPC5 RNA expression in Exo-R] was significantly lower than that in Exo-J and
Exo-R (Fig. 5A and C) (p < 0.05), while NCKAP1 and TRIMG62 RNA expression in Exo-R] was
significantly higher than that in Exo-J and Exo-R (Fig. 5B and D) (p < 0.05). The decreased
RNA expression of ITGal matched the upregulation in miRNA-155 expression [10]. The
results demonstrated that the RNA expression of these 4 proteins in exosomes was consistent
with the proteomic analysis data and deep sequencing data [10], which indicated that the
RNA expression of the 4 identified proteins reflected the protein expression.

TRIM62 negatively regulated viral replication

TRIMG62 is a member of the TRIM family of proteins, also known as DEAR1 (ductal
epithelium-associated RING chromosome) [18]. Based on the presence of a RING domain,

https://doi.org/10.4142/jvs.2020.21.e49

induced the downregulation of ITGal. After classification, the 2 proteins NCK-association
proteins 1 (NCKAP1, also known as Nap125) and actin-related 2/3 complex subunit 5 (Arp2/3-
5, ARPC5) and one miRNA target gene (ITGal) were shown to be involved in the regulation
of the actin cytoskeleton signaling pathway (Fig. 4). Coinfection with ALV-J and REV may
achieve a synergistic effect via regulation of the actin cytoskeleton.
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proteins were involved in the actin cytoskeleton signaling pathway. The actin cytoskeleton signaling pathway

(from http://www.kegg.jp/kegg-bin/show_pathway?ko04810+K05750+K05754, map ID: ko04810). In the signaling pathway of coinfected CEF cells, the expression
of ITGa1 was decreased, NCKAP1 was increased, and ARPC5 was decreased; (red arrow).
ITGal, integrinal; NCKAP1, NCK-association proteins 1; ARPC5, actin-related 2/3 complex subunit 5; CEF, chicken embryo fibroblast.
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TRIMG2 has also been defined as an E3 ubiquitin ligase [19]. RING domain E3 ubiquitin
ligase has been associated with the antiviral activity of the TRIM protein [20,21]. However,
the role of TRIM62 in regulating coinfection with ALV-J and REV is not clear.

To explore the role of TRIMG2 effect on the synergistic effect of ALV-J and REV coinfection,
we overexpressed or silenced TRIMG2 in CEF cells and further detected viral replication in
coinfected cells compared with monoinfected cells at 72 h post infection. We found that
TRIMG2 overexpression decreased the expression of ALV-J and REV in CEF cells both with
single infection and coinfection (Fig. 6A and B). In addition, compared with that in the
single infection group, overexpression of TRIM62 enhanced the expressional upregulation
of ALV-] in the coinfection group (Fig. 6A) and decreased that of REV (Fig. 6B). On the other
hand, knockdown of TRIMG62 with specific shRNA increased the expression of both ALV-J and
REV in CEF cells both with single infection and coinfection (Fig. 6C and D). Furthermore,
we found that silencing TRIMG62 reduced the expressional upregulation of ALV-J in the
coinfection group (Fig. 6C) and increased that of REV (Fig. 6D).

https://doi.org/10.4142/jvs.2020.21.e49 8/14
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Fig. 5. The expression of identified critical proteins in exosomes was validated by qRT-PCR. The RNA expression
of ITGa1 (A) and ARPC5 (C) was significantly decreased, while that of NCKAP1 (B) and TRIM62 (D) was significantly
increased in exosomes from coinfected CEF cells compared with monoinfected cells. Exo-N represent exosomes
from un-infected cells, Exo-R represent exosomes from REV infected cells; Exo-J represent exosomes from ALV-J
infected cells; Exo-RJ represent exosomes from REV and ALV-J co-infected cells.

gRT-PCR, quantitative reverse transcription polymerase chain reaction; ITGal, integrinal; ARPCS5, actin-related
2/3 complex subunit 5; NCKAP1, NCK-association proteins 1; TRIM62, tripartite motif containing 62; ALV-J, avian
leukosis virus subgroup J; REV, reticuloendotheliosis virus.

*p < 0.05; **p < 0.01; **p < 0.001.

Our results demonstrated that TRIMG62 negatively regulated viral replication in CEF cells,
and the inhibition on REV was more significant than that on ALV-J in coinfected CEF cells.
These results indicated the presence of a competitive effect between the 2 viruses in the
context of coinfection.

TRIM62 regulated actin cytoskeletal dynamics

To evaluate the effect of TRIMG2 on actin cytoskeletal dynamics, we used qRT-PCR to detect
the regulation of the expression of the 3 identified proteins involved in the actin cytoskeletal
pathway by TRIM62. Compared with the empty vector group, in CEF cells with ALV-] and REV
single infection or coinfection, overexpression of TRIM62 decreased NCKAP1 expression
(Fig. 7B) and increased ARPC5 expression (Fig. 7C) but did not affect ITGal (Fig. 7A).

However, compared with the empty vector, sScTRIMG2 significantly decreased ITGol
expression both in the ALV-] single infection and coinfection groups, and compared with
that in the single infection groups, the expression of ITGal was significantly decreased in
the coinfection group (Fig. 7D). Importantly, compared with the empty vector, shTRIM62
significantly increased NCKAPI expression (Fig. 7E) and decreased ARPCS expression
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Fig. 6. The effects of TRIM62 on viral replication were analyzed by qRT-PCR. CEF cells were transfected with plasmid
containing TRIM62 or empty vector for 12 h before single infection or coinfection with ALV-J and REV (A, B). CEF cells
were transfected with shTRIM62 or empty vector for 24 h before infection (C, D). The RNA expression of ALV-J (A, C)
and REV (B, D) was assessed.

TRIMG2, tripartite motif containing 62; qRT-PCR, quantitative reverse transcription polymerase chain reaction;
CEF, chicken embryo fibroblast; ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus;
shTRIM62, short hairpin RNA targeting tripartite motif containing 62.

*p < 0.05; *p < 0.01; **p < 0.001.

(Fig. 7F), which was observed only in the coinfection group. In addition, compared
with expression in the single infection groups, the expression of NCKAP1 (Fig. 7E) was
significantly increased and that of ARPC5 was decreased (Fig. 7F) in the coinfection group.

Collectively, these results indicated that TRIMG62 was modified and affected actin cytoskeletal
dynamics by inhibiting NCKAPI expression and promoting ARPCS expression to negatively
regulate virus replication in the context of coinfection.

DISCUSSION

The results described here showed that ALV-J and REV coinfection synergistically promoted the
replication of each virus. Compared with single infection, ALV-] replication was increased more
significantly than that of REV before 72 h post infection, while REV replication was upregulated
more significantly than that of ALV-J after 96 h post infection. The results indicate that 72 h
post infection is an important time point in CEF cells coinfected with ALV-J and REV, which is
consistent with the previous study [10]. Both ALV-J and REV can cause immunosuppression,
which promotes the replication of other viruses. It is not clear why there was predominance
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Fig. 7. TRIM62 regulation of proteins involved in the actin cytoskeleton pathway. CEF cells were transfected with plasmid containing TRIM62 or empty vector for
12 h before single infection or coinfection with ALV-J and REV (A-C). CEF cells were transfected with shTRIM62 or empty vector for 24 h before infection (D-F).
After 72 h of infection, the expression levels of ITGa1 (A, D), NCKAP1 (B, E), and ARPC5 (C, F) were measured. The black columns mean cells transfected with
PTRIM62 (A-C) and with shTRIM62 (D-F); the grey columns mean cells transfected with empty vector (A-F).

TRIMG2, tripartite motif containing 62; CEF, chicken embryo fibroblast; ALV-J, avian leukosis virus subgroup J; REV, reticuloendotheliosis virus; ITGal, integrina;
NCKAP1, NCK-association proteins 1.

*p < 0.05; *p < 0.01; **p < 0.001.

https://vetsci.org

of ALV-] replication over REV replication. In addition, viral RNA expression in TRIM62-
overexpressing or silenced CEF cells was detected after 72 h of infection, and our results
showed that TRIMG2 affected REV more significantly than ALV-J. The effects of TRIM62 on
viral replication demonstrated the presence of a competitive effect between the 2 viruses in the
process of coinfection. These results indicate that the 2 viruses synergistically promote each
other but also display a competitive relationship in the process of coinfection.

Exosomes are rich in endosome-associated proteins but also carry different molecules

in their lumen, including proteins, RNA (i.e., miRNA), and pathogen-derived cargo.

The different biological functions of exosomes depend on their cargo components [8].
Furthermore, our data show that coinfection with ALV-J and REV induced changes in

the exosomal proteins and miRNAs. Thus, exosomes may provide microenvironmental
conditions for ALV-J and REV infection and play an important role in their synergistic effects.
In addition to viral components (Table 2), we focused on TRIM62, NCKAP1 and ARPCS5 of the
30 identified proteins. TRIMG2 is an innate immune regulator [22]. We previously confirmed
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that TRIMG2 restricts ALV-] replication [13]. KEGG annotation of the identified proteins
and miRNA target genes [10] demonstrated that 2 of the identified proteins (NCKAP1 and
ARPCS5) and 1 target gene of miRNA-155 (ITGal) were involved in the actin cytoskeleton
signaling pathway. We hypothesize that TRIMG62 and the actin cytoskeleton play important
roles in ALV-J and REV coinfection.

To reveal the role of TRIMG2 regulation on the synergistic effect of ALV-J and REV
coinfection, we then carried out TRIMG62 overexpression and silencing to modulate its effect
on the actin cytoskeleton. We found that TRIMG2 inhibited the expression of NCKAP1 and
promoted the expression of ARPCS5 in coinfected CEF cells. The results further indicated that
TRIMG2 may affect ALV-] and REV coinfection by regulating the actin cytoskeleton. Our study
provides a possible new antiviral strategy targeting this novel regulator. It has been reported
that retroviruses HIV and Moloney murine leukemia virus utilize the cell cytoskeleton to
expedite their assembly and budding [23]. Further research is needed on how ALV-J and REV
utilize the cytoskeleton synergistically to promote the replication of each other.

Furthermore, it is usually considered that ALV-J and REV induced tumor by insertional
mutagenesis of host DNA [24]. It has been reported that ALV-J carried complete v-fps
oncogene [25]. NCKAP1 (Nap125) has been associated with prognosis in hepatocellular
carcinoma as a target gene of the tumor promoting miRNA-34c-3p [26]. ARPCS is one
subunit of the Arp2/3 complex [27]. The Arp2/3 complex as a regulator that plays a pivotal
role in actin filament formation [28]. Plk4 promotes cancer invasion and metastasis through
regulation of Arp2/3 complex-mediated actin cytoskeletal rearrangement [29]. These results
demonstrate that the actin cytoskeleton is closely related to cancer. Human TRIMG62 acts

as a tumor suppressor and is involved in lung cancer [30], breast cancer [18], acute myeloid
leukemia [31], and cervical cancer [32]. Therefore, TRIM62, NCKAP1, and ARPC5 may be
related to the tumor formation induced by coinfection with ALV-J and REV.
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