PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Wang S, Yu M, Liu A, Bao Y, Qi X, Gao L,
etal. (2021) TRIM25 inhibits infectious bursal
disease virus replication by targeting VP3 for
ubiquitination and degradation. PLoS Pathog
17(9): €1009900. https://doi.org/10.1371/journal.
ppat.1009900

Editor: Bryan Mounce, Loyola University Chicago,
UNITED STATES

Received: June 15, 2021
Accepted: August 17, 2021
Published: September 13, 2021

Copyright: © 2021 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
information files.

Funding: This research was supported by a grant
from Natural Science Foundation of Heilongjiang
Province (TD2019C003) (XW) and the China
Agriculture Research System (CARS-41-G15)
(XW). The funder had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

RESEARCH ARTICLE

TRIM25 inhibits infectious bursal disease virus
replication by targeting VP3 for ubiquitination
and degradation

Suyan Wang', Mengmeng Yu', Aijing Liu', Yuanling Bao', Xiaole Qi', Li Gao',
Yuntong Chen', Peng Liu', Yulong Wang', Lixiao Xing', Lingzhai Meng', Yu Zhang®',
Linjin Fan', Xinyi Li', Qing Pan', Yanping Zhang', Hongyu Cui’, Kai Li', Changjun Liu’,
Xijun He', Yulong Gao'?#, Xiaomei Wang®'3*

1 Avian Immunosuppressive Diseases Division, State Key Laboratory of Veterinary Biotechnology, Harbin
Veterinary Research Institute, The Chinese Academy of Agricultural Sciences, Harbin, PR China, 2 National
Poultry Laboratory Animal Resource Center, Harbin, PR China, 3 Jiangsu Co-innovation Center for the
Prevention and Control of Important Animal Infectious Disease and Zoonose, Yangzhou University,
Yangzhou, PRChina

* gaoyulong@caas.cn (YG); wangxiaomei@caas.cn (XW)

Abstract

Infectious bursal disease virus (IBDV), a double-stranded RNA virus, causes immunosup-
pression and high mortality in 3—6-week-old chickens. Innate immune defense is a physical
barrier to restrict viral replication. After viral infection, the host shows crucial defense
responses, such as stimulation of antiviral effectors to restrict viral replication. Here, we con-
ducted RNA-seq in avian cells infected by IBDV and identified TRIM25 as a host restriction
factor. Specifically, TRIM25 deficiency dramatically increased viral yields, whereas overex-
pression of TRIM25 significantly inhibited IBDV replication. Immunoprecipitation assays
indicated that TRIM25 only interacted with VP3 among all viral proteins, mediating its K27-
linked polyubiquitination and subsequent proteasomal degradation. Moreover, the Lys854
residue of VP3 was identified as the key target site for the ubiquitination catalyzed by
TRIM25. The ubiquitination site destroyed enhanced the replication ability of IBDV in vitro
and in vivo. These findings demonstrated that TRIM25 inhibited IBDV replication by specifi-
cally ubiquitinating and degrading the structural protein VP3.

Author summary

Owing to the immunosuppression and high mortality caused by infectious bursal disease
virus (IBDV) in chickens, hosts urgently boost their antiviral immune responses to resist
IBDV infection. Here, we identified the host antiviral factor TRIM25, which defended
against IBDV infection by direct targeting the viral protein VP3 for subsequent ubiquiti-
nation and degradation. To our knowledge, this is the first report of host TRIM25 restrict-
ing IBDV replication. Additionally, we found that Lys854 of VP3 was the target site
ubiquitinated by TRIM25. Mutation in the ubiquitination site of VP3 abrogated the
degradation of VP3 and further enhanced IBDV replication, but did not influence its
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Introduction

Infectious bursal disease (IBD) is an acute and highly contagious immunosuppression disease
that occurs in 3-6-week-old chickens and is caused by infectious bursal disease virus (IBDV)
[1,2]. IBDV infection results in high mortality, immunosuppression, and increased susceptibil-
ity to other pathogens [2,3]. IBDV is a non-enveloped, double-stranded RNA (dsRNA) virus
belonging to the genus Avibirnavirus, family Birnaviridae [1,4-6]. The IBDV genome includes
two segments, namely segment A (3.2 kb) and B (2.8 kb) [3,4]. Segment A, consisting of two
overlapping open reading frames (ORFs), encodes the viral structural proteins VP2 and VP3
and the nonstructural proteins VP4 and VP5 [3-5]. Segment B contains a single ORF that
encodes the viral RNA-dependent RNA polymerase (RARP), VP1 [5]. Importantly, to assemble
the intact IBDV particle, the main host-protective antigen VP2 forms the outer surface of the
single layer viral capsid, and VP3 forms the inner surface of the viral capsid [5-11]. However,
some researchers report that the capsid contains another polypeptide pVP2 [7]. Additionally,
as a multifunctional structural protein, VP3 performs different functions in different replica-
tion stages [5,8-11]. VP3 is a major component of the IBDV ribonucleoprotein complex
(RNP) alongside VP1 and dsRNA, facilitating the polymerase activity of VP1 [8,10]. In the
assembly process, VP3 is responsible for the interaction with dsRNA, VP2, and VP1 to form
intact viral particles, acting as a scaffolding protein [11]. Furthermore, VP3 can competitively
combine dsRNA with MDAS to escape the innate antiviral immunity of the host [9]. Collec-
tively, VP3 is a crucial viral protein that facilitates IBDV replication by interacting with viral
components or host factors in the life cycle of IBDV.

Virus infection is a continuous combat with the host [2,12]. During infection, the virus uti-
lizes viral and host factors to facilitate its replication, whereas host conversely induces antiviral
responses to resist virus infection [12,13]. As to the restriction of host to avian influenza virus
(AIV) infection, the host primarily trigger innate immune responses by upregulating the
expression of IFN-f and interferon-stimulated genes (ISGs) [14-17]. Additionally, the host
observably increase the expression levels of type I, IT and III IFN, IL-18, IL-4, and IL-13 during
IBDV infection [5]. Furthermore, the host utilizes the interaction between host factors and
viral proteins to inhibit IBDV replication [13,18,19]. For instance, nuclear factor 45 (NF45,
also known as ILF2) is a negative regulator of IBDV replication through its interaction with
VP1, VP2, and VP3 [18]. Eukaryotic translational initiation factor 4AII (eIF4AII) reduces
IBDV replication by inhibiting the polymerase activity of VP1 [19]. Cyclophilin A interacts
with VP4 and subsequently inhibits IBDV replication [13]. Identification of host antiviral fac-
tors can not only clarify the underlying mechanisms of host immune responses against IBDV
infection but also be used as a strategy to modulate IBDV replication.

Tripartite motif (TRIM) proteins are found in most eukaryotes, including chickens, which
contain a conserved structural N-terminal Really Interesting New Gene (RING) domain that
enables TRIM:s to function as ubiquitin E3 ligases and catalyze the ubiquitination of target pro-
teins [20]. TRIMs are implicated in multiple cellular functions, ranging from transcriptional
regulation to post-translational modifications (PTMs) [20]. Specifically, the most prominent
role of TRIMs is to mediate antiviral activity [21-24]. A number of viral proteins are identified
as the substrates of TRIMs during its antiviral process. TRIM32 senses and restricts IAV by
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ubiquitinating polymerase basic protein (PB1) [25]. TRIM69 restricts dengue virus (DENV)
replication by ubiquitinating viral NS3 protein [26]. TRIM52 inhibits Japanese encephalitis
virus (JEV) replication by ubiquitinating NS2A [27]. Similarly, chicken TRIMs also play an
important role against viral infection. For example, TRIM25 inhibits avian leukosis virus sub-
group A (ALV-A) replication through mediating the expression of type I interferon [28].
Another chicken TRIM protein, TRIM62, also mediates the replication of ALV and reticuloen-
dotheliosis virus (REV) [29-30]. These results indicate that TRIM family proteins play a cru-
cial role in resistance to viral infection owing to their ubiquitination activity.

Here, we identified TRIM25, through RNA-seq, as a host antiviral effector upregulated
upon IBDV infection and found that TRIM25 significantly inhibited IBDV replication. Addi-
tionally, we demonstrated that TRIM25 interacted with VP3 of IBDV and subsequently
induced its K27-linked ubiquitination and proteasomal degradation to suppress IBDV replica-
tion. Furthermore, we also identified Lys854 as the major ubiquitination site on IBDV VP3.
When Lys854 was replaced with arginine, VP3 could not be ubiquitinated and degraded by
TRIM25, and the replication ability of IBDV was enhanced in vivo and in vitro. This study
revealed a restriction process of the host upon IBDV infection and elucidated the mechanism
by which TRIM25 inhibits IBDV replication.

Results
TRIM25 is upregulated upon IBDV infection

To systematically investigate the potential host immune response to IBDV, we performed
RNA-seq to screen out the host factors involved in IBDV infection 24 h post-infection (p.i.).
As shown in Fig 1A, several host factors, particularly TRIM25, were upregulated upon IBDV
infection. Previous studies showed that TRIM proteins play an important role in fighting viral
infection [21-24,27-33]. To detect the relationship between TRIM25 and IBDV infection and
the possible antiviral role of TRIM25, we infected DF-1 (immortal chicken embryo fibroblast)
cells with the IBDV Gt strain at a multiplicity of infection (MOI) of 0.1 and DT40 (a chicken
lymphoma cell line) cells at an MOI of 5. We then detected the mRNA levels of VP5 of IBDV
in cell cultures and the endogenous expression level of TRIM25 via quantitative reverse tran-
scription-PCR (RT-qPCR) at 12, 24, 36, and 48 h p.i., respectively. The RT-qPCR results
showed that IBDV infected successfully, with relative mRNA levels of the IBDV genome
increasing to 4.70x10° in DF-1 cells (Fig 1B) and 5.44x10* in DT40 cells (Fig 1D). TRIM25
expression levels were also significantly increased at different times, up to 169.9-fold in DF-1
cells (Fig 1C) and 4.1-fold in DT40 cells (Fig 1E) at 24 h p.i.. These results suggested that IBDV
infection upregulated the expression of TRIM25 in vitro.

TRIM25 overexpression inhibits IBDV replication

To further evaluate TRIM25 overexpression on IBDV replication, DF-1 cells were infected
with the IBDV Gt strain at an MOI of 0.01 at 24 h post-transfection (p.t.) with pFlag-TRIM25.
Western blotting revealed that the overexpressed TRIM25 resulted in 2.02- and 2.14-fold
decreases in the translation level of VP3, respectively (Fig 2A and 2B). Consistent with protein
levels, RT-qPCR results showed that the levels of viral genome mRNA was decreased 16.28-
and 89.83-fold in the robust expression of the pFlag-TRIM25 group (Fig 2C). Furthermore,
the viral titer of the cell supernatant was detected with a median tissue culture infective dose
(TCIDs,) assay at the same time point. The results showed that the released viral titers were
decreased 14.79- and 15.85-fold following TRIM25 overexpression, respectively (Fig 2D). Alto-
gether, these results indicated that the overexpressed TRIM25 could significantly inhibit IBDV
replication.
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Fig 1. TRIM25 is upregulated upon IBDV infection. (A) The RNA-seq analysis of host molecules from host defense
upon IBDV infection compared to that of non-infected in DF-1 cells at 24 h p.i. (B and C). IBDV infection causes the
mRNA levels upregulation of TRIM25 in DF-1 cells. DF-1 cells were mock-infected or infected with IBDV Gt strain at
an MOI of 0.1 and analyzed at 12, 24, 36, and 48 h p.i,, respectively. (B) Relative fold-change of IBDV genome mRNA
of IBDV of cell samples was quantified by RT-qPCR. (C) Relative expression of TRIM25 was quantified by RT-qPCR
compared to the control. (D and E) IBDV infection causes upregulation of TRIM25 in DT40 cells. DT40 cells were
mock-infected or infected with IBDV Gt strain at the MOI of 5 and analyzed at 12, 24, 36, and 48 h p.i., respectively.
(D) The relative fold change of mRNA level of IBDV genome in cell samples were quantified by RT-qPCR. (E) Relative
expression levels of TRIM25were quantified by RT-qPCR. All qPCR results are represented as relative fold changes
normalized to B-actin controls. Three independent experiments were performed, and data are shown as

mean + standard deviations for triplicates from a representative experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, no significant difference.

https://doi.org/10.1371/journal.ppat.1009900.9001
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Fig 2. TRIM25 overexpression inhibits IBDV replication. (A-D) The influence of overexpression of pFlag-TRIM25 on IBDV replication. The DF-1
cells were transfected with 2ug pFlag-TRIM25 or pCAGGS at 24 h intervals and were infected with IBDV Gt strain at an MOI of 0.01. Subsequently, the
cell and supernatant samples were collected at 24 and 48 h p.i, respectively. (A) Expression levels of TRIM25 and VP3 were determined by Western
blotting. (B) Alternatively, relative intensities of VP3 were normalized to B-actin. (C) Relative fold-change of IBDV genome mRNA level of cell samples
was quantified by RT-qPCR. (D) Released viral titer was detected and illustrated using a TCIDs, assay. All qPCR results are represented as relative fold
changes after being normalized to B-actin controls. The Western blotting results are representative of one of three independently performed. Three
independent experiments were performed, and data are shown as mean + standard deviations for triplicates from representative experiments. *,

P <0.05;*%, P<0.01.

https://doi.org/10.1371/journal.ppat.1009900.9002

TRIM25 knockdown/knockout enhances IBDV replication

To further determine the influence of TRIM25 knockdown on IBDV replication, we first
selected three siRNAs targeting TRIM25 to evaluate knockdown efficiency. The Western blot-
ting and RT-qPCR results indicated that siTRIM25-1 significantly reduced the expression level
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of TRIM25 (Fig 3A and 3B). Subsequently, DF-1 cells transfected with siTRIM25-1 for 24 h
were infected with the IBDV Gt strain at an MOI of 0.01. The intracellular viral loads of cell
cultures were detected by Western blotting and RT-qPCR at 24 and 48 h p.i., respectively. As
shown in Fig 3C and 3D, siRNA-mediated knockdown of TRIM25 expression dramatically
increased the expression levels of VP3. RT-qPCR results indicated that IBDV genome mRNA
levels exhibited 2.11- and 3.32-fold increases, compared to the siSc. transfected control (Fig
3E). Furthermore, the result of TCIDs, assay showed a 16.22-fold increase at 24 h p.i., com-
pared to that in the siSc. transfected control (Fig 3F).

Additionally, to further verify the influence of TRIM25 on IBDV replication, the
TRIM25KO DEF-1 cell lines were constructed. Firstly, the sequence analysis of endogenous
TRIM25 was detected to determine the success of the TRIM25KO DEF-1 cell lines followed by
the detection of TRIM25 mRNA levels and cell viability (Fig 3G-3I). The sequence analysis
showed that the N-terminal of TRIM25 ORF has a 25 nucleotides deletion in the TRIM25KO
DEF-1 cell lines (Fig 3G). The result of RT-qPCR showed that the TRIM25 could not be
detected in the TRIM25KO DEF-1 cell lines (Fig 3H). CCK-8 assay results also indicated that
the knockout of TRIM25 did not influence the cell viability of the cell line (Fig 3I). These find-
ings demonstrated that the TRIM25KO DF-1 cell lines were constructed successfully. Subse-
quently, to verify the influence of TRIM25 knockout on IBDV replication, the wild-type (WT)
and TRIM25KO DF-1 cell lines were infected at an MOI of 0.01 and collected for detection at
24 and 48 h p.i., respectively. RT-qPCR results showed that the TRIM25 knockout caused
3.65- and 2.22-fold increases of IBDV genome mRNA levels at 24 and 48 h p.i., respectively
(Fig 3]). The released viral titer of supernatant showed a 14.67-fold increase at 24 h p.i., com-
pared to that in the WT cell lines (Fig 3K). These results of overexpression, knockdown, and
knockout demonstrated that TRIM25 could significantly inhibit IBDV replication.

TRIM?25 interacts with VP3

To clarify how TRIM25 inhibits the replication of IBDV, we first tested whether TRIM25
interacts with viral proteins. We co-transfected the pFlag-TRIM25 plasmid with different viral
proteins of IBDV plasmids (pHA-VP1, pHA-VP2, pHA-VP3, pHA-VP4, and pHA-VP5) into
DEF-1 cells for 36 h and detected the interaction via co-immunoprecipitation (Co-IP). Western
blotting results showed that only VP3 could interact with TRIM25, while other viral proteins
did not (Fig 4A-4C). Furthermore, confocal microscopy results indicated that TRIM25 was
found in the cytoplasm and accumulated at the same position as VP3 (Fig 4D). The colocaliza-
tion analysis showed that the Mander’s coefficient was 0.9813 and the Pearson’s coefficient
was 0.26058 on the interaction between TRIM25 and VP3, indicating that the two proteins
had a good interaction (Fig 4E). These results demonstrated that TRIM25 interacted with the
structural protein VP3 of IBDV.

TRIM25 promotes the degradation of VP3 in a proteasomal way

To further elucidate the mechanisms of TRIM25 inhibition of IBDV replication, we first exam-
ined whether TRIM25 could decrease the expression of VP3. TRIM25 and VP3 eukaryotic
expression (pFlag-TRIM25 and pHA-VP3) plasmids were constructed and co-transfected into
HEK?293T cells. Western blotting results indicated that the expression of VP3 was significantly
reduced after co-transfected with pFlag-TRIM25 (Fig 5A), reaching up to a 2.38-fold decrease
(Fig 5B) compared to that in the pHA-VP3 only transfected group. To dotermine whether this
decrease phenomenon existed in avian cells, the expression levels of pHA-VP3 co-transfected
with pFlag-TRIM25were determined in DF-1 cells. Western blotting results showed that the
expression levels of VP3 decreased 2.55-fold owing to the ectopic expression of TRIM25 in
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Fig 3. TRIM25 knockdown/knockout enhances IBDV replication. (A-B) Validation of the optimal siRNA targeting TRIM25 by
Western blotting (A) and RT-qPCR (B). (A) HEK293T cells were co-transfected with siRNAi (siTRIM25-1, siTRIM25-2, siTRIM25-3,
and negative siRNA control siSc.) and pFlag-TRIM25, and the expression level of TRIM25 was determined using Western blotting. (B)
DF-1 cells were transfected with siTRIM25-1, and the expression levels of endogenous TRIM25 were detected by RT-qPCR. (C-F)
Influence of knockdown of TRIM25 on IBDV replication. The DF-1 cells were transfected with 2pug siTRIM25-1 or negative siRNA
control siSc. for 24 h and subsequently were infected with IBDV at an MOI of 0.01 for 24 and 48 h, respectively. (C) Expression levels of
TRIM25 and VP3 were determined by Western blotting. (D) Relative intensities of VP3 were normalized to B-actin. (E) Relative IBDV
genome mRNA level in cell samples was quantified by RT-qPCR. (F) Released viral titers were detected and illustrated using a TCIDs,
assay. (G-I) Construction of TRIM25KO DEF-1 cell line. (G) Sequence analysis of WT and TRIM25KO DF-1cell lines. (H) TRIM25
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mRNA level of WT and TRIM25KO DEF-1 cell lines. (I) Cell viability of WT and TRIM25KO DEF-1 cell lines. (J-K) Influence of knockout
of TRIM25 on IBDV replication. The WT and TRIM25KO DF1 cells were infected with IBDV at an MOI of 0.01 for 24 and 48 h,
respectively. (J) IBDV genome mRNA level in WT and TRIM25KO DEF-1 cell lines. (K) TCIDs, in WT and TRIM25KO cell lines. All the
qPCR results are represented as relative fold-change after being normalized to B-actin controls. The Western blotting results were
representative of one of three independently performed. Three independent experiments were performed, and data are shown as

mean + standard deviations for triplicates from representative experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significant

https://doi.org/10.1371/journal.ppat.1009900.9003

DEF-1 cells (Fig 5C and 5D). These results demonstrated that TRIM25 could reduce the expres-
sion levels of VP3.

To further investigate whether TRIM25 degrades VP3 at transcriptional or translational
level, pHA-VP3 plasmids were co-transfected with different doses (0, 1, 2, and 4 pg) pFlag-
TRIM25 plasmid. RT-qPCR results showed that different doses TRIM25 were expressed suc-
cessfully (Fig 5E), but did not influence the mRNA expression levels of VP3 co-transfected
(Fig 5F). While Western blotting results indicated that increasing amounts of TRIM25 resulted
in 1.11-, 1.32-, and 4.92-fold decrease in the expression level of VP3. These results suggested
that TRIM25 downregulated the translation levels of VP3 in a dose-dependent manner (Fig
5G and 5H).

The intracellular proteins were degraded primarily through the proteasomal or lysosomal
pathways [34-36]. To determine the pathway through which TRIM25 degraded VP3, DF-1
cells were co-transfected with pFlag-TRIM25 and pHA-VP3 and treated with 10 nM protea-
some inhibitor MG132 or 20 pM lysosome inhibitor NH,ClI at 24 h p.t. Western blotting
results showed that the expression level of VP3 was not reduced in the group treated with
MG132, compared to that in the DMSO-treated group, whereas NH,Cl did not influence
the expression of VP3 (Fig 5I-5L). These results demonstrated that TRIM25 degraded VP3
through the proteasomal degradation pathway in a dose-dependent manner.

TRIM25 induces the ubiquitination of VP3

Previous studies have demonstrated that the PTMs of proteins by ubiquitin (Ub) and their
degradation by the Ub proteasome system (UPS) are the main regulatory processes during cel-
lular life activities [12,34]. Hence, pFlag-VP3, pMyc-TRIM25 and pHA-Ub plasmids were co-
transfected into HEK293T cells to examine the ubiquitination level of VP3. Western blotting
results indicated that the overexpressed TRIM25 led to markedly increased ubiquitination of
VP3, as determined via IP and ubiquitination assays (Fig 6A). To further confirm the type of
polyubiquitination chains bound to VP3 catalyzed by TRIM25, the pHA-Ub WT and eight
mutant Ub plasmids (K6, K11, K27, K29, K33, K48, K63, or K27R) were constructed and co-
transfected with the pMyc-TRIM25 and pFlag-VP3 plasmids, respectively. IP and ubiquitina-
tion assay results showed that the ubiquitination levels of VP3 were increased by TRIM25 in
the presence of K27 ubiquitin (Fig 6B and 6C). In contrast, the ubiquitination of VP3 was
impaired when co-transfected with pHA-Ub (K27R) (Fig 6D). These results indicated that
TRIM25 mediated the K27-linked polyubiquitination of VP3.

Besides, TRIM proteins contained a conserved structural arrangement of three N-terminal
domains: RING domain, one or two B-boxes regions and a predicted coiled-coil region [24].
The RING domain of TRIMs is widely known to possess E3 Ub ligase activity in the ubiquiti-
nation process [12,24]. Therefore, TRIM25DelRING mutant (lacking the RING domain) plas-
mid was constructed to determine whether ubiquitination of VP3 depends on the Ub ligase
activity of TRIM25. The results of IP and ubiquitination assay indicated that the ubiquitination
levels of VP3 were significantly reduced in the presence of TRIM25DelRING (Fig 6E and 6F).
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24 h, then treated with DMSO (negative control) or MG132 (10 uM). (I) Expression levels of VP3 was determined by Western blotting
with indicated antibodies. (J) Relative intensities of VP3 were normalized with B-actin. (K and L) TRIM25 promoted VP3 degradation
not depending on the lysosomal way. DF-1 cells were co-transfected with pHA-VP3 (0.5 pg) and pFlag-TRIM?25 (4 pg) or empty vector
(4 pg) plasmids for 24 h, then treated with PBS (negative control) or NH,Cl (20uM). (K) Expression levels of VP3 was determined by
Western blotting with the indicated antibodies. (L) Relative intensities of VP3 were normalized with B-actin. All the qPCR results are
represented as relative fold changes after being normalized to B-actin controls. Three independent experiments were performed, and
data are shown as mean + standard deviations for triplicates from a representative experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, no significant difference.

https://doi.org/10.1371/journal.ppat.1009900.9005

These results demonstrated that the RING domain of chTRIM25 is critical for Ub ligase activ-
ity and VP3 ubiquitination.

Further experiments were performed to verify the importance of E3 ubiquitin ligase activity
of TRIM25 in the degradation of VP3 and IBDV replication. Western blotting results showed
that the expression levels of VP3 were not reduced co-transfected with different amounts of
TRIM25DelRING plasmids (Fig 6G). Additionally, during IBDV replication, Western blotting
results showed that overexpressed TRIM25DelRING did not reduced the expression level of
viral protein (Fig 6H and 6I). Similarly, RT-qPCR and TCIDs, results showed that the mRNA
levels of IBDV genome and the viral titer of cell supernatant did not decreased in the presence
of TRIM25DelRING, but did in the WT TRIM25 overexpression group (Fig 6] and 6K). These
results demonstrated that the ubiquitin ligase activity of TRIM25 is critical for the degradation
of the target protein VP3 and the antiviral activity against IBDV.

Lys 854 of VP3 is a ubiquitination site of TRIM25

Protein ubiquitination is a process by virtually transferring the ubiquitin molecules to lysine
residues of the target protein [12]. As shown in Fig 7A, six potential ubiquitination sites
(Lys760, Lys832, Lys854, Lys889, Lys912, and Lys963) of VP3 were predicted by the UbPred
program (http://www.ubpred.org/) [26]. Different VP3 substitutions (pFlag-VP3K760R,
K832R, K854R, K889R, K912R, or K963R) by individually replacing one of the six lysine resi-
dues with arginine, were constructed and co-transfected with pFlag-TRIM25 and pHA-Ub
plasmids, respectively into HEK293T cells to detect the ubiquitination levels of VP3. Western
blotting results showed that the ubiquitination of VP3K854R substitution could not be
induced by TRIM25, while the ubiquitination of other five substitutions did (Fig 7B). These
results indicated that Lys854 of VP3 was the key ubiquitination site of TRIM25.

Destroy ubiquitination of VP3 enhances the replication ability of IBDV

To identify the importance of Lys854 of VP3 in the replication ability of IBDV, we first rescued
WT IBDV (rmGt virus) and Lys854-mutant IBDV lacking the key ubiquitination site of VP3
(rGt-VP3K854R virus) using reverse genetics in chicken embryo fibroblasts (CEFs) [37] (Fig
7C). The indirect immunofluorescence assay (IFA) results showed a strong VP2 and VP3 sig-
nal, indicating that the two viruses were rescued successfully (Fig 7D). To further compare the
replication abilities of rmGt and rGt-VP3K854R in vitro, the two viruses were inoculated into
CEFs at an MOI of 0.01 and harvested at 12, 24, 36, 48, 60, and 72 h p.i. Compared to rmGt,
the growth curve showed the released viral titers of rGt-VP3K854R with a 4-16-fold increase
at 12-72 h p.i. (Fig 7E). In addition, we infected 3-week-old specific-pathogen-free (SPF)
chickens with rGt-VP3K854R and rmGt virus at a dose of 10>*TCIDs,/200 uL and collected
bursae at 3, 5, 7, and 14 days p.i., respectively. RT-qPCR results indicated viral loads of rGt-
VP3K854R, with a 2-3-fold increase in bursae (Fig 7F). These results suggested that the
destruction of the Lys854 ubiquitination site of VP3 could enhance the replication abilities of
IBDV in vitro and in vivo.
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Ubiquitination of VP3 catalyzed by TRIM25 depends on its E3 Ub ligase. HEK293T cells were co-transfected with pFlag-VP3 (0.5 pug)
and pMyc-TRIM25 (2 pg) or TRIM25DelRING (2 pg) plasmids for the detection of VP3 ubiquuitination by immunoblotting. (G)
Degradation of VP3 induced by TRIM25 depended on its E3 Ub ligase. HEK293T cells were co-transfected with pHA-VP3 (0.5 ug) and
increasing doses of TRIM25DelRING (0, 1, 2, and 4 pg) plasmids for 36 h and further detected by Western blotting. (H-J) The DF-1 cells
were transfected with 2ug pMyc-TRIM25, pMyc-TRIM25DelRING, or pCAGGS at 24 h intervals and were infected with IBDV Gt strain
at an MOI of 0.01. Subsequently, the cell and supernatant samples were collected at 24h p.i, respectively. (H) Expression levels of VP3
was determined using Western blotting with indicated antibodies. (I) Relative intensities of VP3 were normalized with B-actin. (J)
Relative fold change of IBDV genome mRNA level of cell samples was quantified by RT-qPCR. (K) Released viral titer was detected and
illustrated using a TCIDs assay. All RT-qPCR results are represented as relative fold changes after being normalized to B-actin controls.
Western blots were representative of one of three independently performed. Three independent experiments were performed, and data
are shown as meantstandard deviations for triplicates from a representative experiment.*, P < 0.05; **, P < 0.01; ns, no significant
difference.

https://doi.org/10.1371/journal.ppat.1009900.9006

To further examine the influence of Lys854 of VP3 on the virulence of IBDV, the SPF chick-
ens were infected with rGt-VP3K854R and rmGt viruses at a dose of 10°*TCIDs,/200 uL,
respectively. The bodies and bursae were weighed for the calculation of bursa: body weight
index (BBIX) [38], and the bursa of Fabricius was fixed for histopathological study at different
point times. Results showed that the BBIX of the rGt-VP3K854R group was above 0.7 at 3, 5, 7,
and 14 days p.i., respectively, similar to that of rmGt (Fig 7G). Furthermore, the histopatholog-
ical analysis results showed that rGt-VP3K854R did not induce any lesions in the bursae of
SPF chickens, similar to rmGt (Fig 7H). These results demonstrated that the replacement of
Lys854 with arginine in VP3 did not influence the virulence of IBDV (Fig 7H).

Discussion

IBDV infection causes severe damage to the bursa of Fabricius of chickens and immunosup-
pression with compromised humoral and cellular immune responses, leading to susceptibility
of chickens to other diseases. IBDV infection is actually a complex conflict between the host
and virus. Therefore, understanding the interaction between IBDV and the host can not only
clarify the infection process of virus in host cells but also help discover antiviral factors and
reveal their specific antiviral mechanisms. In our study, TRIM25 was identified as a host
restriction factor for IBDV. The results indicated that TRIM25 inhibited IBDV replication by
directly interacting with the viral protein VP3 for ubiquitination and degradation. In addition,
our results showed that Lys854 of VP3 was the key ubiquitination site. More importantly, the
replacement of Lys854 with arginine destroyed the ubiquitination and degradation of VP3 and
further enhanced the replication ability of IBDV in vivo and in vitro.

Numerous TRIM family proteins play important roles in inhibiting virus replication. Fur-
thermore, the most common pattern of the regulatory role of TRIMs in viral replication is the
feedback mechanism, namely, virus infection upregulates the mRNA expression levels of
TRIMs, while host factors inhibit viral replication. For example, TRIM22 is upregulated during
viral infection and significantly inhibits the replication of AIV [21]. Viral infection upregulates
the expression of TRIM62, which plays important roles in inhibiting ALV [29] and REV repli-
cation [30]. In our study, RNA-seq results showed that the mRNA levels of four TRIMs
(TRIM24, TRIM25, TRIM58 and TRIM71) were up-regulated by IBDV infection (S1 Fig).
While only TRIM25 participated in the defense response of the host against viral infection
according to Go functional analysis results (Fig 1A). Therefore, TRIM25 might be a candidate
factor to restrict IBDV infection and merits further study.

Previous studies suggest that host factors regulate IBDV replication mainly through the fol-
lowing two ways. First, the host influences IBDV replication by upregulating or downregulat-
ing of the immune response. For example, glucocorticoid-induced leucine zipper (GILZ)
interacts with VP4 to suppress IFN expression and enhance viral replication [39]. Casein
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kinase 1 alpha reduces the stability of IFNR by interacting with VP2 to promote IBDV replica-
tion [40]. Second, the host regulates IBDV replication through mediating the VP1 viral protein
polymerase activity directly [18,41,42]. The voltage-dependent anion channel 1 (VDACI) pro-
motes the stability of the VP1 and VP3 complexes and subsequently increased VP1 polymerase
activity to promote viral replication [41]. Besides, eIF4AII reduces the polymerase activity of
VP1 by interacting with VP1 to inhibit virus replication [19]. While our study revealed a new
regulatory pathway to limit IBDV infection, i.e., TRIM25-mediated direct targeting and degra-
dation the viral protein VP3. Specially, TRIM family proteins exerted ubiquitous regulatory
role by direct interacting with viral proteins [43,44]. In the regulation of single strand RNA
virus replication, TRIM22 can direct reduce nucleoprotein (NP) protein expression levels to
inhibit IAV replication [21], and TRIM69 targets NSP3 protein of the dengue virus for subse-
quent degradation to inhibit its replication [26]. Similarly, to regulate retrovirus replication,
TRIM33 targets HIV integrase for degradation [45]. In addition, the targeted regulatory role of
TRIM:s is specific. In the regulatory process of IAV replication, TRIM32 direct targets PB1 for
degradation, while TRIM35 direct interacts with PB2 [16,25]. Our results demonstrated that
TRIM25 only interacted with the viral protein VP3 of IBDV but not with other IBDV proteins.
The present study adds chicken TRIM25 to the expanding family of TRIM proteins that inhibit
virus replication by targeting viral proteins.

TRIMs have garnered increasing attention for their ability to regulate viral replication
through the PTMs of Ub [43,44]. TRIMs regulate virus replication by indirectly mediating
the innate immune response or direct targeting viral proteins for ubiquitination [12,44,46].
TRIM25, as a TRIMs, inhibits the replication of various viruses, such as, IAV, porcine repro-
ductive and respiratory syndrome (PRRSV) and vesicular stomatitis virus (VSV), mainly by
promoting the ubiquitination of retinoic acid-inducible gene I (RIG-I) [47-50] to upregulate
the innate immune response in mammalian cells. Similarly, TRIM25 can ubiquitinate the
downstream molecules, mitochondrial antiviral-signaling protein (MAVS) or TNF receptor-
associated factor 6 (TRAF6) of the RIG-I/melanoma differentiation-associated gene 5 (MDA5)
signaling pathway to regulate Sendai virus (Sev) or IAV virus replication [50-52]. Even previ-
ous studies demonstrate that TRIMs direct regulate virus replication by interacting with viral
proteins. Our results revealed, for the first time, that chicken TRIM25 could direct target and
ubiquitinate VP3 for degradation to suppress IBDV replication in avian cells.

In mammals, the RING domain of TRIM25 is proved to be the primary functional ubiqui-
tination domain [32,47]. Our studies demonstrated that the TRIM25DelRING mutant failed
to catalyze the ubiquitination of VP3 and inhibit IBDV replication. These results showed
that the RING domain of avian TRIM25 also played an important role in exerting E3 Ub
ligase and antiviral activities as the RING domain in mammalian cells. TRIMs degrade pro-
teins mainly relying on the Ub -proteasomal pathway [34]. Our results showed that MG132
greatly restored VP3 degradation induced by TRIM25 (Fig 5I), whereas NH,Cl had no
apparent effect on the degradation of this protein (Fig 5K). These findings support the con-
clusion that TRIM25 induces VP3 degradation via the proteasomal pathway. Additionally,
the UPS, the major intracellular pathway for protein degradation, is responsible for eliminat-
ing short-lived and soluble dysfunctional cell components to regulate various processes, such
as protein homeostasis and translation [36]. Hence, we speculated that the degradation of
viral proteins in the Ub proteasome pathway could be an important approach for host factors
to restrict IBDV infection.

As a multifunctional structural protein related to IBDV replication, VP3 can not only bind
to VP1 and dsRNA to form the ribonucleoprotein (RNP) complex to regulate viral RNA repli-
cation and translation but can act as a scaffolding protein to stabilize the structures of intact
virions [8,9,53-57]. These researches mentioned above show that VP3 undergoes significant
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function with IBDV replication. Our results demonstrated that TRIM25 specifically targeted
and degraded VP3 to inhibit IBDV replication, resulting in an eventual decrease in IBDV
progeny viral titers. These findings indicated that TRIM25 induced the ubiquitination and
degradation of VP3 (Figs 5A and 6A), which might damage the the formation of the RNP com-
plex to inhibit IBDV replication. Hence, these results suggested that TRIM25 might restrict
IBDV infection by bridging VP3 to affect multiple replication processes.

The ubiquitination process of TRIM25 is completed by transferring Ub molecules to a
lysine residue of the target protein to form a polyubiquitin chain [54]. Our results indicated
that Lys854 was the key ubiquitination site of VP3. When the key ubiquitination site was
destroyed, the progeny virus titer of rGt-VP3K854R was 4-16-fold higher than that of rmGt in
vitro (Fig 7E). Similarly, the IBDV genome copies of rGt-VP3K854R in SPF chickens were
increased by 2-3 fold (Fig 7F). The results indicated that the mutation of ubiquitination site
enhanced the replication ability of IBDV in vivo and vitro. The prevention and control for
IBDV mainly rely on attenuated live vaccines, and these vaccines are usually produced by
CEFs. Additionally, our animal experiments also found that IBDV mutants in the ubiquitina-
tion site of VP3 had no effect on its virulence. Therefore, the ubiquitination site of IBDV VP3
was considered a possible mutation strategy to rescue recombinant virus and subsequently
improve the viral titer, providing new insights for the development of high-titer and low-cost
IBDV vaccines.

In summary, our findings suggest a new role of chicken TRIM25 in the inhibition of IBDV
replication via mediating VP3 K27-linked polyubiquitination and proteasomal degradation. In
addition, we found that the Lys854 mutation disrupted the ubiquitination and degradation of
VP3 and enhanced the replication ability of IBDV in vitro and in vivo. Collectively, our find-
ings reveal an important molecular mechanism of TRIM25 against IBDV infection, which
improves our understanding of host natural defense mechanism and facilitates the develop-
ment of more effective strategies for controlling IBDV infections.

Materials and methods
Ethics statement

All experiments on WT (rmGt) and mutant IBDV (rGt-VP3K854R) viruses were conducted
within the biosafety level 2 (P2+) facilities in the Harbin Veterinary Research Institute (HVRI)
of the Chinese Academy of Agricultural Sciences (CAAS). This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the Ministry of Science and Technology of the People’s Republic of China.

Cells and virus

The HEK293T cells and DF-1 cells were purchased from the ATCC and maintained in Dulbec-
co’s modified Eagle’s medium (DMEM; C11995500BT, Gibco, China) containing 10% fetal
bovine serum (FBS; 10091-148, Gibco, New Zealand), penicillin, and streptomycin (15140-
122, Gibco, USA). Trypsin-EDTA (0.25%; 1x; 25200-056, Gibco, Canada) was used. DT40
cells were obtained from Dr. Venugopal Nair of the Pirbright Institute and cultured in RPMI
1640 medium (C11875500BT, Gibco, USA) supplemented with 50uM B-mercaptoethanol, 1%
L-glutamine (25030-081, Gibco, USA), 2% chicken serum (C5405-100ML, Sigma, GER), and
5% FBS. CEFs were prepared from 9-day-old embryos of SPF chicken. The 293T, CEF, and
DT40 cells were maintained in a humidified incubator containing 5% CO, at 37 °C. DF-1 cells
were maintained in a humidified incubator containing 5% CO, at 38.5 °C. The IBDV Gt strain
was identified and preserved in our laboratory.
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Antibodies and reagents

Many antibodies were used in the experiments to detect protein expression and interaction.
Mouse monoclonal anti-IBDV VP2 and VP3 antibodies were produced and preserved in our
laboratory. Other antibodies used in our study were mouse anti-FLAG M2 (F1804, Sigma,
USA), rabbit anti-TRIM25 antibody (produced by Genscript), mouse-anti-HA monoclonal
(H9658, Sigma, USA), mouse anti-B-actin monoclonal (A1978, Sigma, USA), rabbit anti-Myc
(M4439, Sigma, USA), goat anti-rabbit IgG H&L (Alexa Fluor 488; A-11008, Invitrogen,
USA), goat anti-mouse IgG H&L (Alexa Fluor 546; A11003, Invitrogen, USA), goat anti-
mouse IgG (whole molecule) FITC (F9137, Sigma, USA), IRDye 680RD goat anti-rabbit IgG
H&L (926-68071, LiCor Bio-Sciences, USA), and IRDye 800CW goat anti-mouse (926-32210,
LiCor Bio-Sciences, USA) or goat anti-rabbit IgG H&L (926-32211, LiCor Bio-Sciences, USA)
antibodies. The proteasome inhibitor MG132 (HY-13259, MCE, USA) and lysosome inhibitor
NH,CI (A9434, Merck, USA) were used for the degradation assays. Protease inhibitors, ImM
phenylmethanesulfonyl fluoride (PMSF; ST506, Beyotime, China), DAPI (C1002, Beyotime,
China), RNAiso Plus (9109, TaKaRa, Japan). THUNDERBIRD SYBR qPCR Mix (QPS-201,
TOYOBO, Japan), Premix Ex Taq™ (Probe qPCR; R390B, Takara, Japan), HiScript I QRT
SuperMix for qPCR (gDNA wiper; R223-01, Vazyme, CHINA), X-tremeGENE siRNA Trans-
fection Reagent (04476115001-1ml, Roche, Switzerland), Polyjet in vitro DNA transfection
reagent (SL100688, Signagen, USA), and TransIT-X2® Dynamic Delivery System (MIR6000,
Mirusbio, USA) were used.

Construction of plasmids

TRIM25 (GenBank accession number: NM_001318458.1) was amplified from the cDNA of
DF1 cells via RT-qPCR [51] and inserted into the pCAGGS plasmid with a Flag at the C-termi-
nus, for use in the research experiments. To detect the interaction between TRIM25 and the
viral proteins of IBDV, VPI, VP2, VP3, VP4, and VP5 were amplified from the cDNA reverse
transcribed from IBDV mRNA and inserted into the pCAGGS plasmid with an HA tag at the
N-terminus. To further determine the interaction between TRIM25 and VP3, these plasmids
(pMyc-TRIM25, pFlag-VP3, and pMyc-VP3) were constructed and had Flag or Myc tags
fused to their 3’ ends.

pMyc-TRIM25DelRING (lacking RING domain) was inserted into the pCAGGS plasmid
with an Myc tag fused to the 3’ ends to determine the functional domain of TRIM25 in the ubi-
quitination of VP3 and in IBDV replication. A schematic diagram of the structural domain of
TRIM25 is shown in Fig 6E.

The strategy for constructing the ubiquitination plasmids is shown in Fig 6B. pHA-Ub
(WT) was purchased from Genscript (China). The other seven pHA-Ub mutant plasmids (K6,
K11, K27, K29, K33, K48, K63) were constructed using site-directed mutagenesis with a strat-
egy in which all lysines (K) were substituted by arginine (R) except for the targeted lysine. The
pHA-Ub (K27R) plasmid was constructed using site-directed mutagenesis by only substituting
the lysine at position 27 with arginine.

To further demonstrate the ubiquitination site of VP3, six VP3 mutants (pFlag-VP3K760R,
pFlag-VP3K832R, pFlag-VP3K854R, pFlag-VP3K889R, pFlag-VP3K912R and pFlag-
VP3K963R) were constructed by replacing the targeted lysine with arginine by using site-
directed mutagenesis at potential ubiquitination sites shown in Fig 7A.

IBDYV infection

5x10° DF1 cells/DT40 cells were seeded into the plates. When the cells grew to more than 90%
adherence and were infected with appropriately diluted viruses (DF-1, 0.1 or MOI; DT40, 5
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MOI) for 1.5 h at 38.5 °C in 5% CO,. Subsequently, virus cultures were removed, and cells
were then washed thrice with D-Hanks or PBS and maintained with DMEM containing 5%
FBS for 12, 24, 36, and 48h, respectively. Furthermore, DF-1 cells or TRIM25KO DEF-1 cell
lines were infected with IBDV Gt strain at an MOI of 0.01 to identify the regulatory role of
TRIM25 in IBDV replication according to the manufacturer’s instructions.

RNA sequencing (RNA-seq)

The DF-1 cells were infected with the IBDV Gt virus at an MOI of 0.01, and the infected and
non-infected cells were collected at 24 h p.t. to explore the host factors involved in the process
of IBDV infection. After 3,000xg centrifugation, the cells were preserved with 1 mL Trizol
(TAKARA, Japan) for RNA extraction and subsequent RNA sequencing. Three parallel experi-
ments were carried out.

Overexpression and RNA interference

To evaluate the influence of TRIM25 on IBDV replication, we detected the replication ability
of IBDV by overexpression and RNA interference. For overexpression, DF-1 cells were seeded
in 6-well plates and transfected with 2 pg pFlag-TRIM25, pMyc-TRIM25, pMyc-TRIM25-
DelRING or pCAGGS plasmids, respectively using TransIT-X2® dynamic delivery system,
according to the manufacturer’s instructions. After cultured for 24 h, the cells were infected
with IBDV Gt strain at an MOI of 0.01. Subsequently, the supernatants and cell cultures were
collected at 24 and 48 h p.i,, respectively. The relative mRNA expression levels of IBDV VP5
were detected via RT-qPCR, and the expression levels of VP3 protein of IBDV were detected
by Western blotting. Besides, the released viral titers were detected using a TCIDs, assay [58].

For RNAI, three siRNAs (siTRIM25-1, siTRIM25-2, and siTRIM25-3) specifically targeting
the chTRIM25 mRNA were designed by Genechem Company (China). The siRNA sequences
used in the experiments were as follows: siTRIM25-1 (sense, 5-CCAGGUUAGCGGUGAA
CAATT-3'), siTRIM25-2 (sense, 5'-GCAACACUCUGUUUGGAACTT-3'), siTRIM25-3
(sense, 5-CCAUGCAAUCUCCUGCUUUTT-3), and siSc. (sense, 5'-UUCUCCGAACGU
GUCACGUTT-3'). First, the three siRNAs were separately co-transfected with the pFlag-
TRIM25 plasmids in HEK293T cells by using siRNA transfection reagent according to the
manufacturer’s instructions. After incubated for 36 h, the cells were collected to detect the
exogenous knockdown levels of TRIM25 by Western blotting. Subsequently, the 1ug siRNA
with high knockdown efficiency was transfected into DF-1 cells, and then the cells were col-
lected to detect the endogenous knockdown levels of TRIM25 by RT-qPCR at 24 h p.t. To fur-
ther evaluate the influence of the TRIM25 on IBDV replication, the siRNA with optimal
knockdown efficiency was transfected into DF-1 cells seeded in 6-well plates according to the
manufacturer’s instructions. After 24 h, the cells were infected with IBDV Gt strain at an MOI
of 0.01and harvested for further analysis at 24 and 48 h p.i., respectively. The relative mRNA
levels of IBDV genome in cells were detected via RT-qPCR and the expression levels of VP3
protein of IBDV of cells were detected by Western blotting. Besides, the released viral titers of
supernatant were detected using a TCIDs, assay [58].

RT-qPCR

Total RNA from the indicated cells that underwent different treatments was extracted using
RNAiso Plus (TARAKA) and reverse transcribed into cDNA using reverse transcriptase
(Vazyme). To detect the relative RNA quantities changed fold of target genes (TRIM25, VP3,
and VP5), the relative RT-qPCR was performed using the SYBR qPCR Mix (TOYOBO) with a
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Light Cycler 480 II system (Roche) according to the manufacturer’s instructions. RT-qPCR
was performed using the following cycling conditions: 95 °C for 1 min for initial denaturation,
followed by 40 cycles of 95 °C for 15 s for denaturation, 60 °C for 1 min, and collection of PCR
product signals. The results were analyzed using the AACt method [59].

The viral loads of IBDV in infected cells were detected using Premix Ex Taq™ (Probe qPCR;
TAKARA) with Applied Biosystems 7500. The RT-qPCR was performed using the following
cycling conditions: one cycle at 48 °C for 30 min and 95 °C for 20s, following by 40 cycles of
95 °C for 3 s and 60 °C for 30 s. Specific primers and TagMan probes for chicken actin and
IBDV VP5 were synthesized by Invitrogen (China). Specific primers for chicken TRIM25 were
designed and synthesized by Comate Bioscience Co., Ltd.

Western blotting

Cell samples were harvested under different conditions. The samples boiled with 5xSDS load-
ing buffer (P0015L, Beyotime) for 10 min were separated on 10% SDS-PAGE gels and trans-
ferred onto a nitrocellulose membrane (Hybond-C Super; GE Healthcare, Piscataway, NJ). All
experiments were conducted at room temperature. First, the membrane was blocked in 5%
(w/v) skim milk for 1.5 h and incubated with the monoclonal or polyclonal antibodies for 1.5
h. Subsequently, after being washed thrice (10 min each) with PBST, the membrane was incu-
bated with IRDye ™ 680RD goat anti-rabbit IgG (H+L) or IRDye 800CW goat anti-mouse IgG
(H+L) antibody for 1 h. Finally, the membrane blots were scanned using an Odyssey Infrared
Imaging System (Li-Cor Biosciences) for further analysis.

TCIDj;, titration

CEFs were used to titrate the released infectious virus in different assays. The Infected cell
supernatants were harvested at 24 and 48 h p.i., and the titers of supernatants were determined
in terms of 50% tissue infection dose (TCIDs()/100 pL by using the Reed-Muench method
[58].

Generation of TRIM25 knockout(KO) DF-1 cell line

TRIM25KO DEF-1 cells line were built depending on the CRISPR/Cas9 method [60]. Firstly,
the gRNA targeting TRIM25 mRNA sites (TRIM25: CATCTACTGCGACAGTTGTC) was
designed by E-CRISP. Then, the DNA fragments containing the U6 promoter, target RNA
sites, and gRNA scaffold were fused and inserted into the pMD18-T vector (TAKARA, Japan).
The plasmid was determined by sequencing and extracted with the QIAfilter Plasmid Midi Kit
(Qiagen, Germany).

DF-1 cells were seeded in the 6-well plates and cultured to more than 90% adherence. Cells
were co-transfected with 1 g pMJ920 (Addegene: #42234) plasmid and 1 pg plasmid contain-
ing gRNA per well (6-well plate) using TransIT-X2™ dynamic delivery system according to
the manufacturer’s instructions. After 48 h, the positive cells showing green fluorescence were
sorted into 12-well plates using flow cytometry. The collected cells were maintained in the
growth state, and the cells were diluted to be seeded into the 96-well plates with serial dilutions
to obtain a single-cell-derived colony. Approximately two weeks later, genomic DNA was
extracted from monoclonal DF-1 cells and determined by sequence analysis and RT-qPCR.

Cell viability assay

4x10* DF-1 (WT or TRIM25KO) cells were seeded into 96-well plates. Cells were cultured
for 6-8 h and were added with 10 uL. CCK-8 solution using the cell counting Kit 8 (CCK-8)
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(Dojindo) according to the manufacturer’s instructions to assess the cell ability. After 2 h, the
absorbance of cells was measured at OD450 nm.

Co-IP

DEF-1 cells were seeded in 6-well plates and transfected with the indicated plasmids. Then, the
cells were washed thrice with ice-cold PBS and lysed in 500 uL Western blotting and IP lysis
buffers (P0013, Beyotime, China) for 30 min. After 12,000xg centrifugation, the supernatants
of cell lysates were incubated with 1 pg anti-Flag mouse monoclonal antibody (mAb) or
control mouse IgG for 6-8h or overnight. Afterward, 40 uL protein A/G agarose (A10001,
Abmart) was added to the lysate mixture for 6-8h. The beads were collected by centrifugation
at 3,000 xg for 5 min at 4 °C and washed five times with ice-cold PBS. To identify the viral pro-
teins related to TRIM25, 2 ug pHA-VP1, pHA-VP2, pHA-VP3, pHA-VP4, or pHA-VP5 and
2 ug pFlag-TRIM25 were co-transfected, respectively, and the search was then conducted fol-
lowing the above instruction. Furthermore, the relationship between TRIM25 and VP3 was
detected in both directions by co-transfecting pFlag-plasmids and pMyc-plasmids.

Confocal microscopy and IFA

DF-1 cells were co-transfected with pFlag-TRIM25 and/or pHA-VP3 for 24 h. The cells were
washed thrice with ice-cold PBS and then fixed in 4% (v/v) paraformaldehyde for 30 min at 24
h p.t. at room temperature. After being washed thrice with ice-cold PBS, the cells were blocked
with 5% (w/v) bovine serum albumin for 1.5 h at 37 °C. Similarly, after being washed thrice
with ice-cold PBS, the cells were incubated with anti-HA mAb produced in mice and anti-
TRIM25 polyclonal antibody produced in rabbits for 1.5 h at 37 °C. After being washed three
times with ice-cold PBS, the cells were incubated with Alexa Fluor 488 Goat anti-rabbit IgG
(H-+L) and Alexa Fluor 546 goat anti-mouse IgG (H+L) for 1 h. Finally, the cells were stained
with DAPI for 10 min at room temperature and examined using a Leica SP2 confocal system
(Leica Microsystems, Wetzlar, Germany) to identify the relationship between TRIM25 and
VP3.

For IFA, DF-1 cells were infected with rmGt and rGt-VP3K854R at an MOI of 0.01 and
then were treated according to the protocols of confocal microscopy. The cells were incubated
with anti-VP2/VP3 monoclonal antibodies for 1.5 h at 37 °C. After being washed three times
with ice-cold PBS, the cells were incubated with FITC and Alexa Fluor 546 goat anti-mouse
IgG (H+L) for 1 h. Finally, the cells were stained with DAPI for 10 min at room temperature
and to determine the expression of viral proteins.

Ubiquitination assay

To analyze the influence of TRIM25 on the ubiquitination of VP3, pFlag-VP3 was co-trans-
fected with pHA-Ub and pMyc-TRIM25 or empty vector plasmids into HEK293T cells. After
being cultured for 48 h, the cells were harvested in NP40 buffer containing protease inhibitors
with ImM phenylmethanesulfonyl fluoride (PMSF) and incubated for 30 min on ice. The
lysates were centrifuged and immunoprecipitated with 2 pg anti-Flag mAb produced in mice
and analyzed via immunoblotting analysis with anti-HA, anti-TRIM25, and anti-Flag antibod-
ies. Similarly, HEK293T cells were co-transfected with the pFlag-VP3 plasmid and the
pHA-Ub, pMyc-TRIM25, and pMyc-TRIM25DelRING plasmids to identify the functional
domain of TRIM25 related to ubiquitination.

To analyze the type of ubiquitination that VP3 underwent, pFlag-VP3 and pMyc-TRIM25
plasmids were co-transfected with different pHA-Ub (WT, K6, K11, K27, K29, K33, K48,
K63, or K27R) plasmids into HEK293T cells, respectively. According to the procedures
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mentioned, the lysate were centrifuged and immuno-precipitated (IP) with 2 pg anti-Flag
mADb produced in mice and analyzed by Western blotting with anti-HA, anti-TRIM25, and
anti-Flag antibodies.

To analyze the key ubiquitination site of VP3, different pFlag-VP3 plasmids (pFlag-
VP3K760R, K832R, K854R, K889R, K912R, or K963R) were co-transfected with the pHA-Ub
and pMyc-TRIM25 plasmids into HEK293T cells. According to the procedures mentioned
above, the lysates were centrifuged and immunoprecipitated with 2 pg anti-Flag mAb pro-
duced in mice and analyzed by Western blotting with anti-HA, anti-TRIM25 and anti-Flag
antibodies.

Reverse genetics

The IBDV was rescued using the RNA polymerase II system [33]. The pPCAGGGtAHRT and
PCAGGGtBHRT plasmids were constructed and preserved in our laboratory [33]. The mutant
plasmid pCAGGGtA-VP3K854RHRT was constructed using a direct mutation assay. The
PCAGGGtAHRT or pCAGGGtA-VP3K854RHRT plasmids were co-transfected with
PCAGGGtBHRT plasmids into DF-1 cells, respectively. At 72 h p.t., after freezing and thawing
three times, the cells were harvested by centrifugation at 300xg for 5 min at 4 “C. The lysates
were used to blindly passage in CEFs until the cytopathic effect was obvious. The viruses res-
cued successfully ere named rmGt and rGt-VP3K854R.

Virus growth curve

WT (rmGt) and mutant IBDV (rGt-VP3K854R) viruses, CEFs were infected with two viruses
atan MOI of 0.01 and subsequently were performed using the procedures mentioned above at
12, 24, 36, 48, 60, and 72 h. The released viral titers of the collected samples were detected
using the TCIDs assay. Then the viral growth curve was drawn based on the titers of superna-
tants at different infection time points.

Animal experiments

Thirty-six 3-week-old SPF chickens were randomly divided into three groups and were
infected with viruses at 10°*TCID5,/200 uL or 200 uL PBS, respectively, to check the replica-
tion characteristics of the WT (rmGt) and mutant IBDV (rGt-VP3K854R) viruses in vivo. To
compare the replication ability of rmGt and rGt-VP3K854R viruses, nine bursae (three bursae
per group) were collected at 3, 5, 7, and 14 days p.i, respectively. The viral loads of collected
bursae were detected via RT-qPCR using a TagMan probe targeting the IBDV VP5 gene.

The death of chickens, the atrophy of bursae and the pathological injury of bursae were the
evaluation index of virulence of IBDV. The symptoms of chickens were counted and the bursa
and body weights of all chickens were determined to check the virulence of the two viruses.
The bursa: body weight index (BBIX) was calculated along with the standard deviation [BBIX
= (bursa: body weight ratios in the virus-infected group)/(bursa: body weight ratios in the
blank group)]. Bursae with BBIX <0.70 were considered atrophied [37]. Simultaneously, bur-
sae from different groups were fixed by immersion in 10% neutral buffered formalin and
stained with hematoxylin and eosin for further histopathological examination. All animal
experiments were approved by the Committee on the Ethics of Animal Experiments at the
Harbin Veterinary Research Institute (Harbin, China), Chinese Academy of Agricultural Sci-
ences, and performed following the guidelines for experimental animals of the Ministry of Sci-
ence and Technology (Beijing, China).
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Statistical analysis

All experiments were performed in triplicate on the same plate. Data are presented as the
mean + standard deviation (SD). In some experiments, the significance of the variability
between different groups was determined by two-way ANOVA using the GraphPad Prism
software (version 8.0). A p-value <0.05 was considered statistically significant and marked
with an asterisk (*). In other experiments, statistical analyses were performed with the
unpaired t-test, and p <0.05 was considered significant.

Supporting information

S1 Fig. Relative expression of chicken TRIMs upon IBDV infection. The RNA-seq analysis
of TRIMs expression levels upon IBDV infection compared to that of non-infected in DF-1
cellsat24 h p.i.

(TIF)

Acknowledgments

The authors would like to thank Dr. Yoshihiro Kawaoka (University of Wisconsin-Madison)
for the pCAGGS vector.

Author Contributions

Conceptualization: Yulong Gao, Xiaomei Wang.

Data curation: Suyan Wang, Yulong Gao.

Formal analysis: Suyan Wang, Yulong Gao, Xiaomei Wang.
Funding acquisition: Yulong Gao, Xiaomei Wang.
Investigation: Suyan Wang, Yulong Gao.

Methodology: Suyan Wang, Mengmeng Yu, Aijing Liu, Yuanling Bao, Xiaole Qi, Li Gao,
Qing Pan, Yanping Zhang, Hongyu Cui, Kai Li, Changjun Liu, Xijun He, Yulong Gao.

Project administration: Yulong Gao, Xiaomei Wang.

Resources: Suyan Wang, Mengmeng Yu, Aijing Liu, Yuanling Bao, Xiaole Qi, Li Gao, Yun-
tong Chen, Peng Liu.

Software: Suyan Wang, Yuntong Chen, Peng Liu, Yulong Wang, Lixiao Xing, Lingzhai Meng,
Yu Zhang, Linjin Fan, Xinyi Li, Yulong Gao.

Supervision: Yulong Gao, Xiaomei Wang.
Validation: Aijing Liu, Xiaole Qi, Li Gao.
Visualization: Suyan Wang, Yulong Gao.

Writing - original draft: Suyan Wang, Yulong Gao.

Writing - review & editing: Yulong Gao, Xiaomei Wang.

References

1. Sharma JM, Kim IJ, Rautenschlein S, Yeh HY. Infectious bursal disease virus of chickens: pathogene-
sis and immunosuppression. Dev Comp Immunol.2000; 24:223-235. https://doi.org/10.1016/S0145-
305X(99)00074-9 PMID: 10717289

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009900 September 13, 2021 22/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009900.s001
https://doi.org/10.1016/S0145-305X(99)00074-9
https://doi.org/10.1016/S0145-305X(99)00074-9
http://www.ncbi.nlm.nih.gov/pubmed/10717289
https://doi.org/10.1371/journal.ppat.1009900

PLOS PATHOGENS

TRIM25 targets VP3 to inhibit IBDV

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Qin Y, Zheng SJ. Infectious bursal disease virus-host interactions: multifunctional viral proteins that per-
form multiple and differing jobs. Int J Mol Sci. 2017; 18:161. https://doi.org/10.3390/ijms18010161
PMID: 28098808

Alkie TN, Rautenschlein S. Infectious bursal disease virus in poultry: current status and future pros-
pects. Vet Med (Auckl). 2016; 7:9-18. https://doi.org/10.2147/VMRR.S68905 PMID: 30050833

Luque D, Rivas G, Alfonso C, Carrascosa JL, Rodriguez JF, Caston JR. Infectious bursal disease virus
is an icosahedral polyploid dsRNA virus. Proc Natl Acad Sci USA. 2009; 106:2148-2152. https://doi.
org/10.1073/pnas.0808498106 PMID: 19164552

Mahgoub HA, Bailey M, Kaiser P. An overview of infectious bursal disease. Arch Virol. 2012;
157:2047-2057. https://doi.org/10.1007/s00705-012-1377-9 PMID: 22707044

Yang H, Ye CJ. Reverse genetics approaches for live-attenuated vaccine development of infectious
bursal disease virus. Curr Opin Virol. 2020; 44:139-144. https://doi.org/10.1016/j.coviro.2020.08.001
PMID: 32892072

Maraver A, Clemente R, Rodriguez JF, Lombardo E. Identification and molecular characterization of
the RNA polymerase-binding motif of infectious bursal disease virus inner capsid protein VP3. J Virol.
2003; 77:2459-2468. https://doi.org/10.1128/jvi.77.4.2459-2468.2003 PMID: 12551984

Tacken MGJ, Rottier PJM, Gielkens ALG, Peeters BPH. Interactions in vivo between the proteins

of infectious bursal disease virus: capsid protein VP3 interacts with the RNA-dependent RNA polymer-
ase, VP1. J Gen Virol. 2000; 81:209-218. https://doi.org/10.1099/0022-1317-81-1-209 PMID:
10640560

Ye CJ, JiaL, Sun YT, Hu BL, Wang L, Lu XM, et al. Inhibition of antiviral innate immunity by birnavirus
VP3 protein via blockage of viral double-stranded RNA binding to the host cytoplasmic RNA detector
MDAS5. J Virol. 2014; 88:11154—11165. https://doi.org/10.1128/JVI.01115-14 PMID: 25031338

Ferrero D, Garriga D, Navarro A, Rodriguez JF, Verdaguer N. Infectious bursal disease virus VP3 upre-
gulates VP1-mediated RNA-dependent RNA replication. J Virol. 2015; 89:11165-11168. https://doi.
org/10.1128/JVI1.00218-15 PMID: 26311889

Mata CP, Mertens J, Fontana J, Luque D, Allende-ballestero C, Reguera D, et al. The RNA-binding pro-
tein of a double-stranded RNA virus acts like a scaffold protein. J Virol. 2018; 92:e00968-18. https://
doi.org/10.1128/JV1.00968-18 PMID: 30021893

Hage A, Rajsbaum R. To TRIM or not to TRIM: the balance of host-virus interactions mediated by the
ubiquitin system. J Gen Virol. 2019; 100:1641-1662. https://doi.org/10.1099/jgv.0.001341 PMID:
31661051

Wang N, Zhang LZ, Chen YM, Lu Zhen, Gao L, Wang YQ, et al. Cyclophilin A interacts with viral VP4
and inhibits the replication of infectious bursal disease virus. Biomed Res Int. 2015; 2015:719454.
https://doi.org/10.1155/2015/719454 PMID: 26090438

Der SD, Zhou A, Williams BR, Silverman RH. Identification of genes differentially regulated by interferon
a, B, or y using oligonucleotide arrays. Proc Natl Acad Sci U S A. 1998; 95:15623-15628. https://doi.
org/10.1073/pnas.95.26.15623 PMID: 9861020

Zhao MM, Wang LY, Li ST. Influenza a virus—host protein interactions control viral pathogenesis. Int J
Mol Sci. 2017; 18:1673. https://doi.org/10.3390/ijms18081673 PMID: 28763020

Sun N, Jiang L, Ye MM, Wang YH, Wang GW, Wan XP, et al. TRIM35 mediates protection against influ-
enza infection by activating TRAF3 and degrading viral PB2. Protein Cell. 2020; 11:894-914. https://
doi.org/10.1007/s13238-020-00734-6 PMID: 32562145

Shaw ML, Stertz S. Role of host genes in influenza virus replication. Curr Top Microbiol Immunol. 2017;
419:151-189. https://doi.org/10.1007/82_2017_30 PMID: 28643205

Stricker RLO, Behrens SE, Mundt E. Nuclear factor NF45 interacts with viral proteins of infectious bur-
sal disease virus and inhibits viral replication. J Virol. 2010; 84:10592—-10605. https://doi.org/10.1128/
JV1.02506-09 PMID: 20702628

Gaoll, LiK, Zhong L, Zhang LZ, Qi XL, Wang YQ, et al. Eukaryotic translational initiation factor 4All
reduces the replication of infectious bursal disease virus by inhibiting VP1 polymerase activity. Antiviral
Res. 2016; 139:102—-111. https://doi.org/10.1016/j.antiviral.2016.11.022 PMID: 27908831

Gyrd-Hansen M. All roads lead to ubiquitin. Cell Death Differ. 2017; 24:1135-1136. https://doi.org/10.
1038/cdd.2017.93 PMID: 28649996

Di Pietro A, Kajaste-Rudnitski A, Oteiza A, Nicora L, Towers GJ, Mechti N, et al. TRIM22 inhibits influ-
enza A virus infection by targeting the viral nucleoprotein for degradation. J Virol. 2013; 87:4523-4533.
https://doi.org/10.1128/JV1.02548-12 PMID: 23408607

Giraldo MI, Hage A, van Tol S, Rajsbaum R. TRIM Proteins in Host Defense and Viral Pathogenesis.
Curr Clin Microbiol Rep. 2020; 8:1-14. https://doi.org/10.1007/s40588-020-00150-8 PMID: 32837832

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009900 September 13, 2021 23/25


https://doi.org/10.3390/ijms18010161
http://www.ncbi.nlm.nih.gov/pubmed/28098808
https://doi.org/10.2147/VMRR.S68905
http://www.ncbi.nlm.nih.gov/pubmed/30050833
https://doi.org/10.1073/pnas.0808498106
https://doi.org/10.1073/pnas.0808498106
http://www.ncbi.nlm.nih.gov/pubmed/19164552
https://doi.org/10.1007/s00705-012-1377-9
http://www.ncbi.nlm.nih.gov/pubmed/22707044
https://doi.org/10.1016/j.coviro.2020.08.001
http://www.ncbi.nlm.nih.gov/pubmed/32892072
https://doi.org/10.1128/jvi.77.4.2459-2468.2003
http://www.ncbi.nlm.nih.gov/pubmed/12551984
https://doi.org/10.1099/0022-1317-81-1-209
http://www.ncbi.nlm.nih.gov/pubmed/10640560
https://doi.org/10.1128/JVI.01115-14
http://www.ncbi.nlm.nih.gov/pubmed/25031338
https://doi.org/10.1128/JVI.00218-15
https://doi.org/10.1128/JVI.00218-15
http://www.ncbi.nlm.nih.gov/pubmed/26311889
https://doi.org/10.1128/JVI.00968-18
https://doi.org/10.1128/JVI.00968-18
http://www.ncbi.nlm.nih.gov/pubmed/30021893
https://doi.org/10.1099/jgv.0.001341
http://www.ncbi.nlm.nih.gov/pubmed/31661051
https://doi.org/10.1155/2015/719454
http://www.ncbi.nlm.nih.gov/pubmed/26090438
https://doi.org/10.1073/pnas.95.26.15623
https://doi.org/10.1073/pnas.95.26.15623
http://www.ncbi.nlm.nih.gov/pubmed/9861020
https://doi.org/10.3390/ijms18081673
http://www.ncbi.nlm.nih.gov/pubmed/28763020
https://doi.org/10.1007/s13238-020-00734-6
https://doi.org/10.1007/s13238-020-00734-6
http://www.ncbi.nlm.nih.gov/pubmed/32562145
https://doi.org/10.1007/82_2017_30
http://www.ncbi.nlm.nih.gov/pubmed/28643205
https://doi.org/10.1128/JVI.02506-09
https://doi.org/10.1128/JVI.02506-09
http://www.ncbi.nlm.nih.gov/pubmed/20702628
https://doi.org/10.1016/j.antiviral.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27908831
https://doi.org/10.1038/cdd.2017.93
https://doi.org/10.1038/cdd.2017.93
http://www.ncbi.nlm.nih.gov/pubmed/28649996
https://doi.org/10.1128/JVI.02548-12
http://www.ncbi.nlm.nih.gov/pubmed/23408607
https://doi.org/10.1007/s40588-020-00150-8
http://www.ncbi.nlm.nih.gov/pubmed/32837832
https://doi.org/10.1371/journal.ppat.1009900

PLOS PATHOGENS

TRIM25 targets VP3 to inhibit IBDV

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

Patil G, Zhao MM, Song K, Hao WZ, Bouchereau D, Wang LY, Li ST. TRIM41-mediated ubiquitination
of nucleoprotein limits influenza A virus infection. J Virol. 2018; 92:e00905—18. https://doi.org/10.1128/
JVI1.00905-18 PMID: 29899090

van Gent M, Sparrer KMJ, Gack MU. TRIM proteins and their roles in antiviral host defenses. Annu Rev
Virol. 2018; 5:385-405. https://doi.org/10.1146/annurev-virology-092917-043323 PMID: 29949725

FuBS, Wang LY, Ding H, Schwamborn JC, Li ST, Dorf ME. TRIM32 Senses and Restricts Influenza A
Virus by Ubiquitination of PB1 Polymerase. PloS Pathog. 2015; 11:€1004960. https://doi.org/10.1371/
journal.ppat.1004960 PMID: 26057645

Wang KZ, Zou CL, Wang XJ, Huang CX, Feng TT, Pan W, et al. Interferon-stimulated TRIM69 inter-
rupts dengue virus replication by ubiquitinating viral nonstructural protein 3. PloS Pathog. 2018; 14:
e€1007287. https://doi.org/10.1371/journal.ppat.1007287 PMID: 30142214

Fan W, Wu M, Qian S, Zhou Y, Chen H, Li X, et al. TRIM52 inhibits Japanese Encephalitis Virus replica-
tion by degrading the viral NS2A. Sci Rep. 2016; 6:33698. https://doi.org/10.1038/srep33698 PMID:
27667714

Zhou JR, Liu JH, LiHM, Zhao Y, Cheng Z, Hou YM, et al. Regulatory effects of chicken TRIM25 on the
replication of ALV-A and the MDA5-mediated type | interferon response. Vet Res. 2020; 51(1):145.
https://doi.org/10.1186/s13567-020-00870-1 PMID: 33298177

LiL, Zou CL, Feng WG, Cheng ZQ, Yang J, Bi JM, et al. TRIM62-mediated restriction of avian leukosis
virus subgroup J replication is dependent on the SPRY domain. Poult Sci. 2019; 98(11):6019-6025.
https://doi.org/10.3382/ps/pez408 PMID: 31309233

LiL, Niu DY, Yang J, Bi JM, Zhang LJ, Cheng ZQ, et al. TRIM62 from chicken as a negative regulator of
reticuloendotheliosis virus replication. Front Vet Sci. 2020; 7:152. https://doi.org/10.3389/fvets.2020.
00152 PMID: 32318585

Nisole S, Stoye JP, Sab A. TRIM family proteins: retroviral restriction and antiviral defence. Nat Rev
Microbiol. 2005; 3:799-808. https://doi.org/10.1038/nrmicro1248 PMID: 16175175

Yang Y, Huang YH, Yu YP, Yang M, Zhou S, Qin QW, et al. RING domain is essential for the antiviral
activity of TRIM25 from orange spotted grouper. Fish Shellfish Immunol. 2016; 55:304-314. https://doi.
org/10.1016/}.fsi.2016.06.005 PMID: 27276113

Koba R, Oguma K, Sentsui H. Overexpression of feline tripartite motif-containing 25 interferes with the
late stage of feline leukemia virus replication.Virus Res. 2015; 204:88-94. https://doi.org/10.1016/j.
virusres.2015.04.017 PMID: 25913257

Koepke L, Gack MU, Sparrer KM. The antiviral activities of TRIM proteins. Curr Opin Microbiol. 2020;
59:50-57. https://doi.org/10.1016/j.mib.2020.07.005 PMID: 32829025

Korolchuk VI, Menzies FM, Rubinsztein DC. Mechanisms of cross-talk between the ubiquitin-protea-
some and autophagy-lysosome systems. FEBS Lett. 2010; 584:1393—-1398. https://doi.org/10.1016/j.
febslet.2009.12.047 PMID: 20040365

Cao JQ, Zhong MB, Toro CA, Zhang L, Cai DM. Endo-lysosomal pathway and ubiquitin-proteasome
system dysfunction in Alzheimer’s disease pathogenesis. Neurosci Lett. 2019; 703:68—78. https://doi.
org/10.1016/j.neulet.2019.03.016 PMID: 30890471

Qi XL, Gao YL, Gao HL, Deng XY, Bu ZG, Wang XY, et al. An improved method for infectious bursal dis-
ease virus rescue using RNA polymerase Il system. J Virol Mehods. 2007; 142:81-88. https://doi.org/
10.1016/j.jviromet.2007.01.021 PMID: 17383019

Lucio B, Hitchner SB. Infectious bursal disease emulsified vaccine: effect upon neutralizing-antibody
levels in the dam and subsequent protection of the progeny. Avian Dis. 1979; 23:466—478. https://doi.
org/10.2307/1589577

LiZH, Wang YQ, Li X, Li XQ, Cao H, Zheng SJ. Critical roles of Glucocorticoid-Induced Leucine Zipper
in infectious bursal disease virus (IBDV)-induced suppression of type i interferon expression and
enhancement of IBDV growth in host cells via interaction with VP4. J Virol. 2013; 87:1221-1231.
https://doi.org/10.1128/JV1.02421-12 PMID: 23152515

Zhang LZ, Ren XG, Chen YM, Gao YL, Wang N, Lu Z, et al. Chondroitin sulfate n-acetylgalactosami-
nyltransferase-2 contributes to the replication of infectious bursal disease virus via interaction with
the capsid protein VP2. Viruses. 2015; 7:1474—1491. https://doi.org/10.3390/v7031474 PMID:
25807054

Han CY, Zeng XW, Yao S, Gao L, Zhang LZ, Qi XL, et al. Voltage-dependent anion channel 1 interacts
with ribonucleoprotein complexes to enhance infectious bursal disease virus polymerase activity. J
Virol. 2017; 91:e00584—17. https://doi.org/10.1128/JV1.00584-17 PMID: 28592532

Yang B, Yan NN, Liu AJ, Li Y, Chen ZH, Gao L, et al. Chicken eEF1a is a critical factor for the polymer-
ase complex activity of very virulent infectious bursal disease virus. Viruses. 2020; 12:249. https://doi.
org/10.3390/v12020249 PMID: 32102240

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009900 September 13, 2021 24/25


https://doi.org/10.1128/JVI.00905-18
https://doi.org/10.1128/JVI.00905-18
http://www.ncbi.nlm.nih.gov/pubmed/29899090
https://doi.org/10.1146/annurev-virology-092917-043323
http://www.ncbi.nlm.nih.gov/pubmed/29949725
https://doi.org/10.1371/journal.ppat.1004960
https://doi.org/10.1371/journal.ppat.1004960
http://www.ncbi.nlm.nih.gov/pubmed/26057645
https://doi.org/10.1371/journal.ppat.1007287
http://www.ncbi.nlm.nih.gov/pubmed/30142214
https://doi.org/10.1038/srep33698
http://www.ncbi.nlm.nih.gov/pubmed/27667714
https://doi.org/10.1186/s13567-020-00870-1
http://www.ncbi.nlm.nih.gov/pubmed/33298177
https://doi.org/10.3382/ps/pez408
http://www.ncbi.nlm.nih.gov/pubmed/31309233
https://doi.org/10.3389/fvets.2020.00152
https://doi.org/10.3389/fvets.2020.00152
http://www.ncbi.nlm.nih.gov/pubmed/32318585
https://doi.org/10.1038/nrmicro1248
http://www.ncbi.nlm.nih.gov/pubmed/16175175
https://doi.org/10.1016/j.fsi.2016.06.005
https://doi.org/10.1016/j.fsi.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27276113
https://doi.org/10.1016/j.virusres.2015.04.017
https://doi.org/10.1016/j.virusres.2015.04.017
http://www.ncbi.nlm.nih.gov/pubmed/25913257
https://doi.org/10.1016/j.mib.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32829025
https://doi.org/10.1016/j.febslet.2009.12.047
https://doi.org/10.1016/j.febslet.2009.12.047
http://www.ncbi.nlm.nih.gov/pubmed/20040365
https://doi.org/10.1016/j.neulet.2019.03.016
https://doi.org/10.1016/j.neulet.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30890471
https://doi.org/10.1016/j.jviromet.2007.01.021
https://doi.org/10.1016/j.jviromet.2007.01.021
http://www.ncbi.nlm.nih.gov/pubmed/17383019
https://doi.org/10.2307/1589577
https://doi.org/10.2307/1589577
https://doi.org/10.1128/JVI.02421-12
http://www.ncbi.nlm.nih.gov/pubmed/23152515
https://doi.org/10.3390/v7031474
http://www.ncbi.nlm.nih.gov/pubmed/25807054
https://doi.org/10.1128/JVI.00584-17
http://www.ncbi.nlm.nih.gov/pubmed/28592532
https://doi.org/10.3390/v12020249
https://doi.org/10.3390/v12020249
http://www.ncbi.nlm.nih.gov/pubmed/32102240
https://doi.org/10.1371/journal.ppat.1009900

PLOS PATHOGENS

TRIM25 targets VP3 to inhibit IBDV

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Rajsbaum R, Garcia-Sastre A, Versteeg GA. TRIMmunity: the roles of the TRIM E3-ubiquitin ligase
family in innate antiviral immunity. J Mol Biol. 2014; 426:1265—1284. https://doi.org/10.1016/j.jmb.
2013.12.005 PMID: 24333484

van Tol S, Hage A, Giraldo MI, Bharaj P, Rajsbaum R. The TRIMendous role of TRIMs in virus—host
interactions. Vaccines (Basel). 2017; 5:23. https://doi.org/10.3390/vaccines5030023 PMID: 28829373

AliH, Mano M, Braga L, Naseem A, Marini B, Vu DM, et al. Cellular TRIM33 restrains HIV-1 infection by
targeting viral integrase for proteasomal degradation. Nat Commun. 2019; 10:926. https://doi.org/10.
1038/s41467-019-08810-0 PMID: 30804369

Khan R, Khan A, Ali A, Idrees M. The interplay between viruses and TRIM family proteins. Rev Med
Virol. 2019; 29:e2028. https://doi.org/10.1002/rmv.2028 PMID: 30609250

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L, et al. TRIM25 RING-finger E3 ubiquitin ligase is
essential for RIG-I-mediated antiviral activity. Nature. 2007; 446:916—920. https://doi.org/10.1038/
nature05732 PMID: 17392790

Martin-Vicente M, Medrano LM, Resino S, Garcia-Sastre A, Martinez I. TRIM25 in the regulation of the
antiviral innate immunity. Front Immunol. 2017; 8:1187. https://doi.org/10.3389/fimmu.2017.01187
PMID: 29018447

Zhao K, Li LW, Jiang YF, Gao F, Zhang YJ, Zhao WY, et al. Nucleocapsid protein of porcine reproduc-
tive and respiratory syndrome virus antagonizes the antiviral activity of TRIM25 by interfering with
TRIM25-mediated RIG-I ubiquitination. Vet Microbio. 2019; 1233:140-146. https://doi.org/10.1016/j.
vetmic.2019.05.003 PMID: 31176400

Castanier C, Zemirli N, Portier A, Garcin D, Bidére N, Vazquez A, et al. MAVS ubiquitination by the E3
ligase TRIM25 and degradation by the proteasome is involved in type | interferon production after acti-
vation of the antiviral RIG-I-like receptors. BMC Biol. 2012; 10:44. https://doi.org/10.1186/1741-7007-
10-44 PMID: 22626058

Lee NR, Kim HI, Choi MS, Yi CM, Inn KS. Regulation of MDA5-MAVS antiviral signaling axis by
TRIM25 through TRAF6-mediated NF-kB activation. Mol Cells. 2015; 38: 759-764. https://doi.org/10.
14348/molcells.2015.0047 PMID: 26299329

Liu W, Li J, Zheng WN, Shang YL, Zhao ZD, Wang SS, et al. Cyclophilin A-regulated ubiquitination is
critical for RIG-I-mediated antiviral immune responses. Elife. 2017; 6:€24425. https://doi.org/10.7554/
elife.24425 PMID: 28594325

Lombardo E, Maraver A, Caston JR, Rivera J, Fernandez-Arias A, Serrano A, et al. VP1, the putative
RNA-dependent RNA polymerase of infectious bursal disease virus, forms complexes with the capsid
protein VP3, leading to efficient encapsidation into virus-like particles. J Virol. 1999; 73:6973—-6983.
https://doi.org/10.1128/JV1.73.8.6973-6983.1999 PMID: 10400796

Maraver A, Ofia A, Abaitua F, Gonzalez D, Clemente R, Ruiz-Diaz JA, et al. The oligomerization
domain of VP3, the scaffolding protein of infectious bursal disease virus, plays a critical role in capsid
assembly. J Virol. 2003; 77:6438-6449. hitps://doi.org/10.1128/jvi.77.11.6438-6449.2003 PMID:
12743301

Wang YQ, Duan YL, Han CY, Yao S., Qi XL, Gao YL, et al. Infectious bursal disease virus subverts
autophagic vacuoles to promote viral maturation and release. J Virol. 2017; 91: e01883-01816. https:/
doi.org/10.1128/JV1.01883-16 PMID: 27974565

Tacken MGJ, Peeters BPH, Thomas AAM, Rottier PJM, Boot HJ. Infectious bursal disease virus capsid
protein VP3 interacts both with VP1, the RNA-dependent rna polymerase, and with viral double-
stranded RNA. J Virol. 2002; 76:11301-11311. https://doi.org/10.1128/jvi.76.22.11301-11311.2002
PMID: 12388690

Ye CJ, Wang Y, Zhang EL, Han XP, Yu ZL, Liu HB. VP1 and VP3 are required and sufficient for transla-
tion initiation of uncapped infectious bursal disease virus genomic double-stranded RNA. J Virol. 2018;
92:e01345-17. https://doi.org/10.1128/JVI.01345-17 PMID: 29093101

Reed LJ, Muench H. A simple method of estimating 50% endpoints. Am J Med. 1938; 27:493—497.
https://doi.org/10.1093/oxfordjournals.aje.PMID: a118408

Bachman J. Reverse-transcription PCR (RT-PCR). Methods Enzymol. 2013; 530:67—74. https://doi.
org/10.1016/B978-0-12-420037-1.00002-6 PMID: 24034314

Pang Y, Zhang ZX, Chen YT, Cao SN, Yang XQ, Jia HL. The Nrf2 pathway is required for intracellular

replication of Toxoplasma gondii in activated macrophages. Parasite Immunol. 2019; 41(5):e1221.
https://doi.org/10.1111/pim.12621 PMID: 30815881

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009900 September 13, 2021 25/25


https://doi.org/10.1016/j.jmb.2013.12.005
https://doi.org/10.1016/j.jmb.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24333484
https://doi.org/10.3390/vaccines5030023
http://www.ncbi.nlm.nih.gov/pubmed/28829373
https://doi.org/10.1038/s41467-019-08810-0
https://doi.org/10.1038/s41467-019-08810-0
http://www.ncbi.nlm.nih.gov/pubmed/30804369
https://doi.org/10.1002/rmv.2028
http://www.ncbi.nlm.nih.gov/pubmed/30609250
https://doi.org/10.1038/nature05732
https://doi.org/10.1038/nature05732
http://www.ncbi.nlm.nih.gov/pubmed/17392790
https://doi.org/10.3389/fimmu.2017.01187
http://www.ncbi.nlm.nih.gov/pubmed/29018447
https://doi.org/10.1016/j.vetmic.2019.05.003
https://doi.org/10.1016/j.vetmic.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31176400
https://doi.org/10.1186/1741-7007-10-44
https://doi.org/10.1186/1741-7007-10-44
http://www.ncbi.nlm.nih.gov/pubmed/22626058
https://doi.org/10.14348/molcells.2015.0047
https://doi.org/10.14348/molcells.2015.0047
http://www.ncbi.nlm.nih.gov/pubmed/26299329
https://doi.org/10.7554/eLife.24425
https://doi.org/10.7554/eLife.24425
http://www.ncbi.nlm.nih.gov/pubmed/28594325
https://doi.org/10.1128/JVI.73.8.6973-6983.1999
http://www.ncbi.nlm.nih.gov/pubmed/10400796
https://doi.org/10.1128/jvi.77.11.6438-6449.2003
http://www.ncbi.nlm.nih.gov/pubmed/12743301
https://doi.org/10.1128/JVI.01883-16
https://doi.org/10.1128/JVI.01883-16
http://www.ncbi.nlm.nih.gov/pubmed/27974565
https://doi.org/10.1128/jvi.76.22.11301-11311.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388690
https://doi.org/10.1128/JVI.01345-17
http://www.ncbi.nlm.nih.gov/pubmed/29093101
https://doi.org/10.1093/oxfordjournals.aje
http://www.ncbi.nlm.nih.gov/pubmed/a118408
https://doi.org/10.1016/B978-0-12-420037-1.00002-6
https://doi.org/10.1016/B978-0-12-420037-1.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/24034314
https://doi.org/10.1111/pim.12621
http://www.ncbi.nlm.nih.gov/pubmed/30815881
https://doi.org/10.1371/journal.ppat.1009900

