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ABSTRACT
Ubiquitination is an important reversible post-translational modification. Many viruses hijack the host
ubiquitin system to enhance self-replication. In the present study, we found that Avibirnavirus VP3

10 protein was ubiquitinated during infection and supported virus replication by ubiquitination. Mass
spectrometry and mutation analysis showed that VP3 was ubiquitinated at residues K73, K135, K158,
K193, and K219. Virus rescue showed that ubiquitination at sites K73, K193, and K219 on VP3 could
enhance the replication abilities of infectious bursal disease virus (IBDV), and that K135 was essential
for virus survival. Binding of the zinc finger domain of TRAF6 (TNF receptor associated factor 6) to VP3

15 mediated K11- and K33-linked ubiquitination of VP3, which promoted its nuclear accumulation to
facilitate virus replication. Additionally, VP3 could inhibit TRAF6-mediated NFKB/NF-κB (nuclear factor
kappa B) activation and IFNB/IFN-β (interferon beta) production to evade host innate immunity by
inducing TRAF6 autophagic degradation in an SQSTM1/p62 (sequestosome 1)-dependent manner.
Our findings demonstrated a macroautophagic/autophagic mechanism by which Avibirnavirus pro-

20 tein VP3 blocked NFKB-mediated IFNB production by targeting TRAF6 during virus infection, and
provided a potential drug target for virus infection control.

Abbreviations: ATG: autophagy related; BafA1: bafilomycin A1; CALCOCO2/NDP52: calcium binding
and coiled-coil domain 2; Cas9: CRISPR-associated protein 9; CHX: cycloheximide; Co-IP: co-
immunoprecipitation; CRISPR: clustered regularly interspaced short palindromic repeats; GAPDH:

25 glyceraldehyde-3-phosphate dehydrogenase; GST: glutathione S-transferase; IBDV: infectious bursal
disease virus; IF: indirect immunofluorescence; IFNB/IFN-β: interferon beta; mAb: monoclonal anti-
body; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MOI: multiplicity of infection; MS:
mass spectrometry; NFKB/NF-κB: nuclear factor kappa B; NBR1: NBR1 autophagy cargo receptor;
OPTN: optineurin; pAb: polyclonal antibody; PRRs: pattern recognition receptors; RNF125: ring finger

30 protein 125; RNF135/Riplet: ring finger protein 135; SQSTM1/p62: sequestosome 1; TAX1BP1: tax1
binding protein1; TCID50: 50% tissue culture infective dose; TRAF3: TNF receptor associated factor 3;
TRAF6: TNF receptor associated factor 6; TRIM25: tripartite motif containing 25; Ub: ubiquitin; Wort:
wortmannin; WT: wild type.
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35 Introduction

Ubiquitination, a reversible post-translational modification,
participates in multiple biological processes, including sub-
strate protein stability, subcellular transport, and signaling
transduction [1–5]. Ubiquitin (Ub) is conjugated to lysine

40 (K) residues of substrate proteins by an enzymatic cascade,
including E1 activation enzymes, E2 conjugation enzymes,
and E3 ubiquitin ligases [6,7]. Ub contains seven lysine resi-
dues K6, K11, K27, K29, K33, K48, and K63 and gives rise to
multiple potential polyubiquitin signals [8]. Importantly, the

45 type of polyubiquitination determines the different biological
effects. K11-, K33-, and K63-linked polyubiquitination have
been shown to be relevant to signaling transduction, protein
stability, trafficking, and subcellular distribution [4’5’

9–13],
whereas, K48-linked polyubiquitination is commonly

50involved in ubiquitin-proteasome degradation [14]. Recently,
many studies have reported that ubiquitination participates in
the life cycle of diverse viruses, e.g., Avibinavirus [15], influ-
enza A virus [16–19], porcine circovirus type 2 [20], Ebola virus
[21], and Senecavirus A [22] .

55Infectious bursal disease virus (IBDV), the representative
member of the genus Avibirnavirus, belongs to the
Birnaviridae family [23]. The genome of IBDV is a double-
strand RNA (dsRNA) comprising segment A and segment
B [24]. Segment A encodes nonstructural protein VP5 and

60structural proteins VP2, VP3, and VP4 [25,26]. Segment
B encodes the RNA-dependent RNA polymerase VP1
[27,28]. Many reports demonstrated that IBDV protein VP3
plays an important role in virus morphogenesis, the negative
regulation of type I interferon (IFN) β, and cell autophagy [29–

65
31]. The impact of VP3 ubiquitination on viral replication are
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unclear, although the roles of chemical modification of VP1
and VP4 have been reported [15,25,32,33].

An increasing number of E3 ubiquitin ligases are impli-
cated to resist virus infection by mediating host antiviral

70 immune responses [34]. However, many viruses have evolved
elaborate mechanisms to hijack host E3 ubiquitin ligases to
support self-replication [21’

35–39]. TRAF6 (TNF receptor asso-
ciated factor 6), an E3 ubiquitin ligase, plays an essential role
in the NFKB/NF-κB (nuclear factor kappa B) signaling path-

75 way and multiple pattern recognition receptor (PRR) signal-
ing pathways [40]. In the NFKB signaling pathway, TRAF6 is
auto-ubiquitinated through K63-linked ubiquitin chains [41],
followed by activation of a complex comprising MAP3K7/
TAK1 (mitogen-activated protein kinase kinase kinase 7),

80 TAB2 (TGF-beta activated kinase 1 [MAP3K7] binding pro-
tein 2), and TAB3 (TGF-beta activated kinase 1 (MAP3K7)
binding protein 3) [42–44]. This complex then induces phos-
phorylation of the IKK (inhibitor of IKBKB/IκB kinase) com-
plex (CHUK/IKKα, IKBKB/IKKβ, and IKBKG/IKKγ),

85 resulting in activation of NFKB and IFNB/IFN-β production
[45]. In addition, TRAF6ʹs E3 ubiquitin ligase activity can also
mediate host protein ubiquitination, and affects substrate
protein stability and subcellular localization [3,4,10].
However, to the best of our knowledge, TRAF6-mediated

90 viral protein ubiquitination has not been reported.

The objective of this study was to explore whether
Avibirnavirus protein VP3 undergoes ubiquitination and, if
so, how this might regulate its function. We demonstrated
that VP3 was a ubiquitinated protein during infection and

95 interacts with the zinc finger domain of TRAF6 to promote its
ubiquitination, which facilitated VP3 nuclear accumulation
and virus replication. Surprisingly, we found that VP3
induced TRAF6 autophagic degradation in an SQSTM1/p62
(sequestosome 1)-dependent manner, which inhibited

100 TRAF6-dependent NFKB activation and IFNB production to
support viral replication.

Results

Avibirnavirus VP3 protein undergoes ubiquitination
during infection

105 To detect the chemical modification of Avibirnavirus VP3 pro-
tein, lysates from IBDV-infected DF-1 or 293 T cells were
subjected to immunoblotting assays. The results showed that
VP3, with an approximate molecular mass of 40–100 kDa, was
detected (Figure 1A), which displayed a similar modified phe-

110 notype in avian DF-1 cells and human 293 T cells. To confirm
that the protein bands with larger molecular weights were the
ubiquitinated VP3, the lysates of IBDV-infected DF-1 cells and
293 T cells co-transfected withMYC-VP3 (VP3 overexpression)
andHA-Ub (Ubiquitin overexpression) plasmids were subjected

115 to immunoprecipitation with anti-VP3 or anti-MYC mouse
monoclonal antibodies (mAbs), respectively. The results
showed that VP3 was heavily modified by polyubiquitin chains
(Figure 1B and 1C). However, ubiquitinated VP3 was not
detected in purified IBDV particles (Figure 1D), suggesting

120 that ubiquitination of VP3 was strictly controlled during the

different stages of the viral life cycle. Taken together, these data
suggested that VP3 was ubiquitinated during infection.

Avibirnavirus VP3 has multiple ubiquitination sites

To identify the ubiquitination sites on Avibirnavirus VP3,
125mass spectrometry (MS) assays were used. The results showed

that VP3 contained five ubiquitination sites: K73, K135, K158,
K193, and K219 (Figure 2A). To further verify these ubiqui-
tination sites, we constructed different mutants of VP3 bear-
ing single Lys (K)-to-Arg (R) substitutions and all five

130substitutions (5KR) and performed immunoprecipitation
assays. The results revealed that polyubiquitin chain conjuga-
tion to the K73R, K135R, K158R, K193R, and K219R mutants
were reduced in comparison with wild-type (WT) VP3
(Figure 2B) and the ubiquitination of 5KR mutant VP3 was

135almost completely abolished (Figure 2C), confirming that
residues K73, K135, K158, K193 and K219 were the major
ubiquitination sites on VP3.

VP3 directly binds to TRAF6 to block proteasome
degradation and enhance nuclear localization

140Ubiquitination affects protein stability [22,46]. To investigate
the impact of ubiquitin on VP3 stability, 293 T cells were co-
transfected with vectors expressing MYC-VP3 or MYC-VP3
ubiquitination site mutants along with HA-Ub, and then
subjected to immunoblotting and reverse transcription PCR

145(RT-PCR) assays. The results showed that ubiquitin strongly
increased the protein level of WT VP3, but not that of the
VP3[5KR] mutant, although the levels of both WT and 5KR
mutant VP3 mRNA did not change significantly (Figure 3A).
Meanwhile, Ubiquitin (Ub) overexpression markedly

150increased the half-life of VP3 in cells treated with cyclohex-
imide (CHX) to block de novo protein synthesis (Figure 3B).
These findings demonstrated that ubiquitination of VP3 con-
tributed to protein stability rather than degradation.

Ubiquitin E3 ligases are necessary for the ubiquitin system
155[47]. To determine the E3 ubiquitin ligase that modulated

VP3, several host E3 ubiquitin ligases, TRAF3 (TNF receptor
associated factor 3), TRAF6, RNF125 (ring finger protein
125), RNF135 (ring finger protein 135), TRIM25 (tripartite
motif containing 25), and TAX1BP1 (Tax1 binding protein1),

160were selected. Among the selected E3 ligases, western blotting
detected that only TRAF6 overexpression obviously enhanced
VP3 protein stability (Fig. S1), indicating that TRAF6 was
relevant to the stability of VP3. Subsequently, the interaction
between TRAF6 and VP3 was detected. As shown in

165Figure 3C and 3D, co-immunoprecipitation (co-IP) assays
showed that TRAF6 interacted with VP3 during co-
transfection or IBDV infection. In addition, in vitro glu-
tathione-S-transferase (GST) affinity-isolation assays further
confirmed the direct association between TRAF6 and VP3

170(Figure 3E). To determine whether TRAF6 served as an E3
ligase for VP3 ubiquitination, we detected the level of poly-
ubiquitin linkages on VP3 in the presence or absence of
TRAF6. As shown in Figures 3F and 3G, the level of VP3
ubiquitination was dramatically enhanced by TRAF6 over-

175expression. Considering that the type of polyubiquitin chains
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conjugated to the lysine residues of the substrate protein
provokes distinct biological effects [48–51], we detected ubiqui-
tin linkage types conjugated onto VP3 driven by TRAF6. The
results showed that TRAF6 was the major E3 ubiquitin ligase

180 that catalyzes K11- and K33-linked polyubiquitination of VP3
(Figure 3H). Subsequently, we assessed if Lys 73, 135, 158,
193, and 219 in VP3 were the major sites of TRAF6-mediated
ubiquitination. As shown in Figure 3I, ubiquitin chains con-
jugation to the VP3 Lys 73, 135, 158, 193, and 219 Arg

185 mutants was greatly reduced in TRAF6 expressing cells com-
pared with those of WT VP3, and the promotion of TRAF6
on VP3 ubiquitination was almost completely abolished when
the five lysines were substituted with arginine. Taken together,
these data demonstrated that TRAF6 enhanced the K11- and

190 K33-linked ubiquitination of VP3 at Lys 73, 135, 158, 193,
and 219.

To investigate if TRAF6-mediated ubiquitination played
a role in modulating the stability of VP3, we evaluated the

levels of WT and 5KR mutant VP3 protein in 293 T cells
195overexpressing TRAF6. As shown in Figure 3J, overexpres-

sion of Ub and TRAF6 greatly enhanced the WT VP3 protein
level, but not the level of VP3[5KR], and the level of VP3
mRNA showed no obvious change. However, TRAF6 still
could upregulate the levels of the K73R, K135R, K158R,

200K193R, and K219R mutants dramatically (Fig. S2). These
results demonstrated that TRAF6 might increase the stability
of VP3 through inducing its ubiquitination. To further
assessed the impact of TRAF6 on VP3 stability, cells expres-
sing MYC-VP3 or co-expressing MYC-VP3 and FLAG-

205TRAF6 (TRAF6 overexpression) were treated with CHX or
the ubiquitin proteasome inhibitor, MG132. We observed
that VP3 levels were gradually reduced in CHX treated cells
without FLAG-TRAF6 overexpression, but overexpressing
TRAF6 prevented such reduction (Figure 3K). Meanwhile,

210VP3 gradually accumulated upon MG132 treatment in cells
with or without TRAF6 overexpression, and was higher in

Figure 1. Avibirnavirus VP3 is ubiquitinated during infection. (A) Western blotting analysis of viral protein VP3. DF-1 and 293 T cells were infected with IBDV
(MOI = 10) for 12 h. Cellular lysates were subjected to western blotting with anti-VP3 mouse mAbs. (B) Viral protein VP3 undergoes ubiquitination during infection.
IBDV-infected DF-1 cells at an MOI of 10. At 12 h after infection, cellular lysates were used for VP3-immunoprecipitation and western blotting with anti-ubiquitin and
anti-VP3 mouse mAbs. (C) VP3 is ubiquitinated during transfection. 293 T cells were co-transfected with vectors expressing MYC-VP3 and HA-Ub for 48 h. Cellular
lysates were subjected to an immunoprecipitation assay with anti-VP3 mouse mAbs and western blotting with the indicated antibodies. (D) Ubiquitinated VP3 is not
present in purified IBDV particles. IBDV virions were subjected to western blotting analysis using anti-ubiquitin and anti-VP3 mouse mAbs.
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Figure 2. Identification of ubiquitination sites on VP3. (A) Mass spectrometry identification of ubiquitinated VP3 revealed multiple ubiquitination sites. (B and C)
Confirmation of the ubiquitination sites on VP3 using an immunoprecipitation assay. Vectors expressing MYC-VP3 and its mutants, together with HA-Ub, were
separately co-transfected into 293 T cells for 48 h. The lysates were subjected to VP3-immunoprecipitation and western blotting with the indicated antibodies.
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Figure 3. Viral protein VP3 targeting to TRAF6 enhances its stability via blocking proteasome-mediated degradation. (A) Ubiquitin overexpression increases the
stability of the WT VP3 protein but not the 5KR mutant VP3. 293 T cells were co-transfected with vectors expressing MYC-VP3 or MYC-VP3[5KR] and HA-Ub for 24 h.
Western blotting and RT-PCR assays were used separately to assess the expression levels of VP3 protein and mRNA. (B) Ubiquitin prolongs the lifespan of viral protein
VP3. Vectors expressing MYC-VP3 and HA-Ub or empty vector were co-transfected into 293 T cells for 24 h, followed by treatment with CHX (100 μg/ml). (C and D)
TRAF6 interaction with viral protein VP3. Cellular lysates from 293 T cells transfected with vectors expressing FLAG-TRAF6 and MYC-VP3 (C) or DF-1 cells infected with
IBDV (D) were subjected to co-IP and western blotting assays using the indicated antibodies. (E) TRAF6 interaction with viral protein VP3 by GST affinity-isolation
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TRAF6-overexpressed cells (Figure 3L). Consistently, in
TRAF6 deficient 293 T cells constructed using the clustered
regularly interspaced short palindromic repeats-Cas9

215 (CRISPR-Cas9) method (Fig. S3), as shown in Figures 3M
and 3N, VP3 had shorter life span and lower accumulation in
TRAF6 deficient 293 T cells treated with CHX and MG132,
respectively.

In addition, TRAF6-mediated ubiquitination was reported
220 to promote the nuclear trafficking of substrates to enhance

protein stability [4,10]. Thus, to determine if TRAF6-
mediated ubiquitination of VP3 involves modulation of VP3
nuclear transport, VP3 was analyzed by an immunoblotting
assay in the cytoplasm and nucleus of 293 T cells co-

225 transfected with MYC-VP3, HA-Ub, and FLAG-TRAF6. As
shown in Figure 3O, the accumulation of VP3 increased
significantly in the nuclear fraction of cells overexpressing
TRAF6. These findings indicated that VP3 directly bound to
TRAF6 to enhance its nuclear accumulation by blocking pro-

230 teasome-dependent degradation of VP3.

The zinc finger domain of TRAF6 is crucial to enhance the
stability and nuclear accumulation of viral protein VP3

To explore if the increase of VP3 stability induced by TRAF6
depended on the RING domain with E3 ubiquitin ligase

235 activity, we constructed a TRAF6 mutant possessing
a cysteine (C)-70-to-alanine (A) substitution in the RING
domain and found that overexpression of WT, and the
C70A mutant TRAF6, greatly enhanced the concentration of
VP3 (Figure 4A), suggesting that TRAF6-mediated VP3 sta-

240 bility was RING domain-independent. Thus, we hypothesized
that TRAF6 involved in the stability of VP3 functions through
other domains. Subsequently, we constructed different
TRAF6-truncation mutants, named as TRAF6ΔRING,
TRAF6ΔZN, TRAF6ΔZinc and TRAF6ΔTRAF-C mutants

245 (Figure 4B), and detected their interaction with VP3. In wes-
tern blotting and co-IP assays, we observed that WT TRAF6,
TRAF6ΔRING and TRAF6ΔTRAF-C, but not TRAF6ΔZN
and TRAF6-ΔZinc, interacted with VP3 and increased its
stability (Figure 4C). To eliminate the impact of high expres-

250 sion, we only assessed the association of TRAF6ΔZN or
TRAF6ΔZinc and VP3, and discovered that the zinc finger
domain deletion of TRAF6 abolished the interaction with VP3
(Figure 4D).

Similarly, to investigate whether the ubiquitination sites on
255VP3 affected the binding to TRAF6, the interaction of differ-

ent VP3 mutants with TRAF6 were detected using co-IP and
western blotting. The results exhibited that 5KR mutant VP3
completely lost the ability to interact with TRAF6 and the
interaction of VP3 K135R mutant with TRAF6 also was

260reduced significantly. However, the TRAF6 association with
VP3 mutants K73R, K158R, K193R or K219R hardly changed
compared with that of WT VP3 (Figures 4E and 4F).
Subsequently, we further revealed that the zinc finger domain
was essential for TRAF6-mediated VP3 ubiquitination

265(Figure 4G). Notably, a recent study revealed that zinc region
might have E3 ubiquitin ligase activity [52]. Thus, we specu-
lated that TRAF6-mediated ubiquitination of VP3 might be
zinc finger domain-dependent rather than RING domain.
Subsequently, to investigate whether the mutant TRAF6C70A

270retained a capacity to mediate VP3 ubiquitination, we con-
structed different E2 conjugation enzymes and determined
that UBE2D1 (ubiquitin conjugating enzyme E2 D1) was co-
binding partner of TRAF6 and viral protein VP3 (Fig. S4A
and S4B). Moreover, by in vitro ubiquitination assay, we

275verified that the VP3 ubiquitination driven by TRAF6-
UBE2D1 complex was irrelevant to RING domain activity of
TRAF6 (Figure 4H). Additionally, we observed that TRAF6-
mediated VP3 nuclear accumulation also depended on its zinc
finger domain (Figure 4I). Altogether, these data demon-

280strated that VP3 interacted with the zinc finger domain on
TRAF6, which was crucial to enhance the stability and nuclear
accumulation of VP3.

The zinc finger domain of TRAF6 mediates VP3
ubiquitination and is crucial for sustaining virus

285replication

To evaluate the impact of ubiquitination of VP3 at K73, K135,
K158, K193, or K219 on IBDV replication, T7 RNA polymer-
ase promoter rescue plasmid, T7-A, possessing VP3K73R,
VP3K135R, VP3K158R, VP3K193R, VP3K219R, or VP3[5KR] were

290generated by mutation using the wild type T7-A plasmid as
the template. These mutants and wild-type T7-A along with
T7-B were separately co-transfected into BSRT7 cells, followed
by infection of fresh DF-1 cells. As shown in Figure 5A,
except for the recombinant mutants rK135R and r5KR, the

295recombinant viruses rWT, rK73R, rK158R, rK193R, and
rK219R successfully rescued IBDV replication, indicating

assay. (F and G) TRAF6 promotes VP3 ubiquitination. The lysates from 293 T cells overexpressing MYC-VP3 and FLAG-TRAF6 along with HA-Ub were immunopre-
cipitated with anti-VP3 mAbs and immunoblotted using the indicated antibodies (F). 293 T cells transfected with vectors expressing FLAG-TRAF6 for 24 h were
infected with IBDV for 12 h, and then an immunoprecipitation assay was performed with anti-VP3 mouse mAbs (G). (H) TRAF6 mainly mediates K11- and K33-linked
ubiquitination of VP3. Vectors expressing MYC-VP3 and FLAG-TRAF6 together with HA-Ub mutants (K6, K11, K27, K29, K33, K48, and K63) were co-transfected
separately into 293 T cells for 48 h. The lysates were immunoprecipitated with anti-VP3 mAbs and immunoblotted using the indicated antibodies. (I) TRAF6 catalyzes
ubiquitination of VP3 at Lys 73, 135, 158, 193 and 219. 293 T cells were co-transfected with vectors expressing MYC-VP3 or its mutants, HA-Ub, and FLAG-TRAF6 for
48 h. Then cellular lysates were immunoprecipitated and subjected to immunoblotting assays as described in (H). (J) TRAF6 increases the stability of VP3. Cellular
lysates from 293 T cells transfected with vectors expressing MYC-VP3 or mutant MYC-VP3[5KR], HA-Ub, and FLAG-TRAF6 were subjected to immunoblotting and RT-
PCR assays. (K and L) TRAF6 overexpression suppresses proteasome-dependent degradation of VP3. 293 T cells were co-transfected with vectors expressing MYC-VP3
and FLAG-TRAF6 or empty vector for 24 h, followed by treatment with CHX (100 mg/ml) (K) or MG132 (10 μM) (L) for the indicated times. (M and N) TRAF6
knockdown promotes proteasome-mediated degradation of VP3. WT and TRAF6 incompletely knockout 293 T cells were transfected with vectors expressing MYC-VP3
for 24 h, respectively. Cells were then treated with CHX (M) and MG132 (N) as described in (K and L). Cellular lysate samples from (B), (H) and (K-L) were subjected to
western blotting with the indicated antibodies. (O) TRAF6 markedly promotes the nuclear accumulation of VP3. 293 T cells transfected with vectors expressing MYC-
VP3 together with HA-Ub, FLAG-TRAF6 or HA-Ub and FLAG-TRAF6 were harvested and then subjected to cellular fractionation, as described in the Materials and
Methods. Finally, the levels of VP3 in cytoplasmic elements (CEs) and nuclear elements (NEs) were analyzed by immunoblotting using the indicated antibodies.
GAPDH and HISTONE H3 served as markers of CE and NE, respectively.
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Figure 4. Viral protein VP3 binding to the zinc finger domain of TRAF6 mediated its ubiquitination. (A) The RING domain of TRAF6 with E3 ubiquitin activity had no
impact on VP3 stability. 293 T cells were co-transfected with vectors expressing WT or C70A mutant TRAF6 and MYC-VP3 for 24 h. Cellular lysates were subjected
western blotting assays with the indicated antibodies. (B) Schematic representation of TRAF6 and its truncated mutants. (C and D) The zinc finger domain of TRAF6
was required for the interaction with VP3. MYC-VP3 and FLAG-TRAF6 or TRAF6 deletion mutants were co-transfected into 293 T cells. Cellular lysates were subjected to
FLAG-immunoprecipitation and western blotting using the indicated antibodies. (E and F) Ubiquitination sites on VP3 were required for binding to TRAF6. 293 T cells
were co-transfected with vectors expressing MYC-VP3 or VP3 mutants and FLAG-TRAF6 for 48 h. Cellular lysates were subjected to immunoprecipitation with anti-
FLAG mouse mAbs and western blotting assays using the indicated antibodies. (G) The zinc finger domain of TRAF6-mediated ubiquitination of VP3. Cellular lysates
from 293 T cells overexpressing MYC-VP3, HA-Ub, and FLAG-TRAF6 or TRAF6 deletion mutants were subjected to an immunoprecipitation assay with anti-VP3 mouse
mAbs and a western blotting assay using the indicated antibodies. (H) In vitro ubiquitination assays showed that the RING domain activity was unnecessary for
TRAF6-mediated ubiquitination of VP3. IPTG-inducible HIS-tagged recombinant proteins E1(UBA1), UBE2D1, ubiquitin, TRAF6, TRAF6C70A and GST-VP3 were expressed
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that the ubiquitination of VP3 at K135 was essential for virus
survival. Subsequently, TCID50 detection exhibited that
in vitro the replication abilities of the viruses rK73R,

300 rK193R, and rK219R were markedly decreased in comparison
with the rWT virus, and that the rK158R mutation was insig-
nificant (Figure 5B). The consistent data was also obtained in
the rK158R virus but not rK73R, rK193R virus infected bursal
tissues of the specific pathogen free (SPF) chickens by RT-

305 qPCR assay (Figure 5C). However, the histopathological ana-
lysis showed that rK158R and rK193R recombinant viruses,
but not rK73R and rK219R viruses, induced more obvious
lesions in the bursae of SPF chickens in comparison with
rWT, rK73R and rK219R (Figure 5D), suggesting that the

310 substitution of K158R and K193R in VP3 could strengthen
the pathogenicity of IBDV. Collectively, these data demon-
strated that the ubiquitination of VP3 supported viral
replication.

Given that the zinc finger domain of TRAF6 was critical
315 for VP3 binding and mediating its ubiquitination, we investi-

gated the impact of overexpression or knockdown of TRAF6
on IBDV replication by detecting virus replication. TCID50

detection showed that the virus titer increased significantly in
TRAF6 overexpressing DF-1 cells infected with IBDV and

320 decreased significantly in cells expressing a short hairpin
RNA (shRNA) targeting TRAF6 compared with that in con-
trol cells infected with IBDV (Figure 5E-G). Meanwhile, we
observed that WT TRAF6, but not TRAF6ΔZinc, dramatically
promoted IBDV replication (Figure 5H). Considering that

325 chicken is the natural host of IBDV infection, we further
investigated the relationship of chicken TRAF6 and viral
protein VP3. The results showed that chicken TRAF6 asso-
ciated with VP3 and enhanced VP3 stability and IBDV pro-
liferation by its zinc finger domain (Fig. S5A-D). Collectively,

330 these results indicated that the ubiquitination sites of VP3
binding to the zinc finger domain of TRAF6 was necessary
to ensure IBDV replication.

VP3 facilitates TRAF6 autophagic degradation

Considering that TRAF6 interacted with VP3, and IBDV
335 infection induced an increase of LC3B expression and

a decrease of TRAF6 and SQSTM1 expression in vitro and
in vivo (Figure 6A), we hypothesized that VP3 might partici-
pate TRAF6 degradation in autophagosome-dependent man-
ner. Therefore, we conducted a western blotting experiment

340 for VP3 and TRAF6. The results revealed that VP3 signifi-
cantly decreased the level of TRAF6 in a dose-dependent
manner (Figure 6B). However, there was no significant
change in the level of the TRAF6 transcript (Figure 6C),
which suggested that VP3 affected the stability of TRAF6.

345 Next, we assessed the impact of VP3 on the half-life of
TRAF6 using CHX treatment. The results demonstrated that
the half-life of exogenous TRAF6 was significantly shortened

in WT and 5KR mutant VP3 overexpressing cells compared
with that of the control (Figures 6D and 6E). However, in

350comparison with WT VP3, TRAF6 was quickly degraded in
the VP3[5KR] mutant overexpressing cells (Figure 6E).
Moreover, the loss of ubiquitination at any ubiquitin sites of
VP3 accelerated the degradation of TRAF6 by VP3 (Fig. S6).

Autophagy and the ubiquitin-proteasome system are two
355major intracellular degradative pathways. To determine if

VP3 facilitated TRAF6 degradation by autophagy, an experi-
ment using autophagy inhibitors, wortmannin (Wort) and
bafilomycin A1 (BafA1) was conducted. As shown in
Figure 6F, VP3-mediated TRAF6 degradation was almost

360blocked using the autophagy inhibitors Wort and BafA1, but
not by MG132. To further confirm the role of autophago-
somes in VP3-induced TRAF6 degradation, we constructed
autophagy-related genes ATG7 and ATG5 knockout 293 T
cells (Fig. S7A and S7B). ATG7 knockout almost completely

365blocked VP3-induced TRAF6 degradation (Figure 6G),
whereas ATG5 knockout partially inhibited TRAF6 degrada-
tion induced by VP3 (Figure 6H). Collectively, our data indi-
cated that VP3-mediated degradation of TRAF6 was an
autophagosome-dependent event.

370VP3 blocks NFKB activation by promoting autophagic
degradation of TRAF6 in SQSTM1/p62-dependent manner

To identify the proteins responsible for the autophagic degra-
dation of TRAF6, we investigated the role of autophagy
receptors, such as SQSTM1, OPTN (optineurin),

375CALCOCO2/NDP52 (calcium binding and coiled-coil
domain 2), NBR1(NBR1 autophagy cargo receptor) and
TAX1BP1 [53]. Of the five receptors, only SQSTM1 interacted
with TRAF6 and strongly promoted TRAF6 degradation (Fig.
S8A and S8B). To further identify the domain of SQSTM1

380responsible for mediating the degradation of TRAF6, we con-
structed a series of SQSTM1-truncation mutants, deleting the
ubiquitin-binding domain (UBA) responsible for binding to
ubiquitinated substrates [54], Phox1 and Bem1p (PB1)
required for activating autophagy [55], TRAF-binding domain

385(TBS), and the LC3-interacting region (LIR) that is critical for
recruiting substrates into autophagosomes for lysosomal
degradation [56]. The PB1, TBS, and LIR-deleted SQSTM1
mutants obviously decreased TRAF6 degradation in compar-
ison with WT SQSTM1 and the UBA-deleted SQSTM1

390mutant (Fig. S8C), suggesting that SQSTM1 mediated
TRAF6 autophagic degradation.

To further detect whether VP3-induced autophagic degra-
dation of TRAF6 was SQSTM1-dependent, we analyzed the
relationship between SQSTM1 and VP3. Co-IP assays showed

395that VP3 only interacted significantly with SQSTM1
(Figures 7A and 7B). Subsequently, SQSTM1-deficient 293 T
cells were generated (Figure 7C), and western blotting demon-
strated that VP3-induced TRAF6 degradation was

in E. coli BL21 and purified as described in materials and methods. These purified proteins were identified by Coomassie Brilliant Blue staining (right) and used for
in vitro ubiquitination assays. Finally, the samples were analyzed by western blotting using indicated antibodies (left). (I) The zinc finger domain on TRAF6 was
necessary for the nuclear accumulation of VP3. Vectors expressing MYC-VP3 and FLAG-TRAF6 or TRAF6 deletion mutants were co-transfected into 293 T cells for 24 h.
The cellular lysates were subjected to cellular fractionation as described in the Materials and methods, and western blotting assays were used for the detection of
VP3 in the CE and NE. GAPDH and HISTONE H3 served as markers of the CE and NE, respectively.
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Figure 5. The zinc finger domain of TRAF6 binding to VP3 is essential to support viral replication. (A) IFA analysis of recombinant viruses. DF-1 cells were infected
with recombinant rWT or mutant virus for 18 h, followed by IFA assay with antibodies against viral protein VP2, as described in the Materials and methods. (B) The
one step growth curve of rescued viruses. DF-1 cells were infected with recombinant viruses rWT, rK73R, rK158R, rK193R, and K219R, respectively. At the indicated
time after infection, cells were harvested and subjected to virus titer detection by the TCID50. (C) Copies of IBDV genome were detected by RT-qPCR in vivo. ns:
p > 0.05 nonsignificant difference, *p < 0.05, ***p < 0.001 significant difference. (D) Histopathological examination of bursae at 5 dpi. (E) chTRAF6 overexpression
facilitates IBDV replication. DF-1 cells transfected with vectors expressing FLAG-chTRAF6 or the corresponding empty vector were infected with IBDV (MOI = 10) for
the indicated times. Cellular lysates were used for virus titer detection. (F) Screening of an efficient shRNA against chTRAF6. Four shRNA against TRAF6 were cloned
into vector pGreenPuro™ shRNA (Biovector Science Lab, Inc., SI505A-1). These constructs and a control (scramble) shRNA were transfected separately into DF-1 cells
for 48 h. Cellular lysates were subjected to western blotting using anti-chTRAF6 antibody. ACTB levels served as the loading control. Oligonucleotide sequences for an
shRNA against chicken TRAF6 are listed in Table S3. (G) ChTRAF6 knockdown suppresses IBDV replication. The two effective shchT6#3 and shchT6#4 and a negative
control shCON were transfected into DF-1 cells for 24 h, respectively. The resultant cells were infected, and then the viral titers were detected as described in (B). (H)
The zinc finger domain of TRAF6 interacting with VP3 is necessary to promote virus replication. DF-1 cells overexpressing WT or zinc finger domain deletion mutant
TRAF6 were infected with IBDV (MOI = 10). At 12 and 24 h after infection, cells were harvested and subjected to virus titer detection according to the TCID50.
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dramatically blocked in SQSTM1 knockout cells (Figures 7D
400 and 7E), indicating that VP3-induced TRAF6 degradation was

SQSTM1-dependent. To further analyze whether IBDV VP3
protein could drive receptor SQSTM1-mediated selective
autophagy, we detected impacts of VP3 overexpression on
the autophagy level in cells with or without SQSTM1. As

405 shown in Figure 7F, the capacity of VP3 on the induction of
autophagy was almost completely abolished in SQSTM1-
deficient cells, which indicated that VP3 could facilitate selec-
tive autophagy via SQSTM1. In addition, given that TRAF6
interaction with SQSTM1 increased selective autophagy [57],

410 we hypothesized that the association of TRAF6 and SQSTM1
could be elevated by IBDV or viral protein VP3. As shown in
Figures 7G and 7H, the interaction between TRAF6 and
SQSTM1 was significantly enhanced in the presence of
IBDV, WT VP3, or VP3[5KR] mutants. In addition, we

415 observed that WT VP3 and VP3[5KR] obviously accelerated
SQSTM1-induced TRAF6 degradation (Figure 7I). These
findings clearly indicated that IBDV VP3 facilitated selective
autophagy degradation of TRAF6 through increasing the
association of TRAF6 with SQSTM1.

420 PRR recognition of double-stranded RNA leads to the
recruitment of TRAF6, which then drives NFKB activation
and IFNB production [40]. Additionally, viral protein VP3
binding to dsRNA can efficiently inhibit type I interferon β
production [30]. Therefore, we assessed whether SQSTM1

425 participated in VP3-induced inhibition of NFKB-mediated
IFNB induction. We observed that the levels of phosphory-
lated CHUK/IKKα-IKBKB/IKKβ and RELA/p65 were notably
inhibited in VP3 overexpressed cells stimulated with poly I:C,
but this inhibition was abolished in SQSTM1 knockout cells

430 (Figure 7J), indicating that the inhibition of VP3 on NFKB
activation was SQSTM1-dependent event. Subsequently, we
detected the effects of VP3 on TRAF6-driven NFKB and IFNB
promoter activation in WT and SQSTM1 knockout cells. The
results revealed that the VP3-induced negative regulation of

435 type I IFN activation was abolished in SQSTM1 knockout cells
(Figures 7K and 7L). Taken together, our data indicated that
VP3 targeted to the cargo receptor SQSTM1 mediated TRAF6
autophagic degradation, which led to the inhibition of NFKB-
mediated antiviral signaling.

440 Discussion

The host ubiquitin (Ub) system plays important roles against
diverse virus infections. TRIM22 and TRIM32 induce K48-
linked polyubiquitination of the nucleocapsid protein (NP)
and polymerase basic protein 1 (PB1) of influenza A virus for

445 degradation and to restrict viral replication, respectively
[16,49]. The pRNF114 protein mediates K27-linked polyubi-
quitination of the NS4B protein of swine fever virus, leading
to its degradation [51]. However, recently, many studies have
revealed that Ub system can be hijacked by viruses to promote

450 viral proliferation. E3 ligase ASB8 and E2 ubiquitin-
conjugating enzyme UBE2L6 separately promote the ubiqui-
tination of the Nsp1α protein of porcine reproductive and
respiratory syndrome virus and RNA polymerase 3D of
Senecavirus A to enhance stability and facilitate virus replica-

455 tion [22,50]. In the present study, our data demonstrated that

the stability of Avibirnavirus VP3 could be enhanced via
ubiquitination, leading to the promotion of viral replication
(Fig. 3A, 3B, 5B and 5C). Additionally, we also revealed that
ubiquitinated VP3 could be detected in IBDV-infected cells,

460but not in purified virions, which indicated that ubiquitina-
tion of VP3 was strictly controlled during infection and did
not participate in the assembly of IBDV virions. Similarly, NP
and PB1 proteins of influenza A virus can be efficiently con-
jugated to ubiquitin during replication and these ubiquiti-

465nated proteins are not incorporated into mature viral
particles [16,49].

In this study, viral protein VP3 exhibited the K11- and K33-
linked polyubiquitination by interacting directly with zinc finger
domain of TRAF6, which increased VP3 nuclear accumulation

470(Fig. 3H and 4G and I). E3 ubiquitin ligases mediate the transfer
of ubiquitin from an E2 ubiquitin-conjugating enzyme to spe-
cific substrate proteins [47]. To mediate self-ubiquitination and
regulate viral replication, host E3 ubiquitin ligases can be
employed by viral proteins, e.g., Ebola virus protein VP35 [21],

475porcine circovirus type 2 Cap protein [20], the polymerase basic
protein 1 and nucleocapsid protein of influenza A virus
[16,17,49,58], and the Nsp1α protein of porcine reproductive
and respiratnory syndrome virus [50]. Previous studies demon-
strated that TRAF6-mediated polyubiquitination modulates the

480subcellular trafficking of the substrate protein to enhance its
stability [2,10]. Moreover, the RING and zinc finger domains
on TRAF6 are essential for its ubiquitin E3 ligase activity [59].
Thereby, we concluded that during Avibirnavirus replication,
VP3 hijacks TRAF6 for supporting viral proliferation.

485Additionally, our recent study reveals that Avibirnavirus VP3
in nucleus can target directly and de-SUMOylate API5 to repress
IFNB production [60], implying that TRAF6-mediated VP3
ubiquitination enhanced its nuclear accumulation to inhibit
API5-mediated IFN expression (Figure 8).

490TRAF6 is also an important adaptor of NFKB and diverse
PRR pathways [40,61]. The activation of NFKB regulates the
production of type I IFNs [62]. Many viruses can evade host
antiviral response through affecting the expression or activity
of TRAF6, such as human immunodeficiency virus-1 [63],

495human parainfluenza virus type 2 [64], human T-cell leuke-
mia virus type 1 [3], and classical swine fever virus [65].
Additionally, IFNB plays a critical role in the host response
against IBDV infection [66]. Moreover, Avibirnavirus protein
VP3 is inhibitor of IFIH1/MDA5-induced IFNB production

500[30]. In present study, IBDV infection or VP3 overexpression
induced decreased TRAF6 levels, and VP3 promoted the
autophagic degradation of TRAF6 by targeting autophagic
receptor SQSTM1, finally resulting in the inhibition of
NFKB activation-dependent IFNB production induced by

505TRAF6. Thus, we believe that Avibirnavirus protein VP3
inactivated TRAF6-dependent antiviral innate immunity to
support viral replication.

Notably, Avibirnavirus-encoded VP4 had been identified as
a serine protease and a phosphoprotein, which contributes the

510cleavage of viral polyprotein precursor (NH2-pVP2-VP4-VP3
-COOH) [25,67,68]. In recent years, increasing evidences
shows that some viral proteinases, i.e. aichi virus 3C protease
[69], coxsackievirus B3 (CVB3) viral proteinase 2A [70] and
Seneca Valley virus (SVV) 3Cpro [71], can target selective

2790 T. DENG ET AL.



Figure 6. VP3 facilitates TRAF6 autophagic degradation. (A) IBDV infection inducedautophagy anddecrease of TRAF6 expression in vitro and in vivo. DF-1 cells were infectedwith
IBDV strain CT (MOI = 10) for indicated time. Two-week-old SPF chickens were infected with IBDV strain CT (106.5 TCID50/0.2 ml) for 120 h and chicken<apos;>s bursa was
collected. (B) VP3 decreases TRAF6 levels in a dose-dependent manner. Vectors expressing FLAG-TRAF6 and MYC-VP3 or the corresponding empty vector were co-transfected
into 293 T cells for 24 h. (C) VP3 has no significant impact on mRNA transcript level of TRAF6. Vectors expressing MYC-VP3 or corresponding empty vector was transfected
separately into 293 T cells for 24 h. Cellular lysates were subjected to RT-PCR as described in the Materials and methods. (D) VP3 overexpression shortens the half-life of TRAF6.
Vectors expressingFLAG-TRAF6 andMYC-VP3 or the corresponding empty vectorwere co-transfected into 293 T cells for 24 h. The resultant cells were treatedwith cycloheximide
(CHX, 100 μg/ml). (E) The effects of WT and 5KR mutant VP3 on TRAF6 stability. 293 T cells were co-transfected with vectors expressing FLAG-TRAF6 (500 ng) andMYC-VP3 (500
ng), its mutant 5KR (1 μg) or control vector MYC-GFP for 24 h, and then treated with CHX for the indicated time. (F) VP3 facilitates TRAF6 autophagic degradation. Vectors
expressing FLAG-TRAF6 andMYC-VP3 or empty vector were co-transfected into 293 T cells for 36 h, followed by treatment for 12 h with autophagosomal inhibitors, bafilomycin
A1 (100 nM) or wortmannin (10 μM) and ubiquitin proteasome inhibitor, MG132 (10 μM). (G andH) Immunoblotting analysis of FLAG-TRAF6 in cellular lysates fromWT, ATG7 (G)
or ATG5 (H) knockout cells transfected with vectors expressing MYC-VP3. WT, ATG7 or ATG5 knockout 293 T cells were co-transfected with vectors expressing FLAG-TRAF6 and
different doses of MYC-VP3 for 36 h. Cellular lysates of samples from (A), (B) and (D-H) were subjected to western blotting using the indicated antibodies. ACTB levels served as
a loading control.
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515 autophagy receptor SQSTM1 to downregulate its expression
for ensuring viral propagation. In present study, Avibirnavirus
infection induced decreased TRAF6 levels by VP3 targeting
autophagic adaptor SQSTM1. Considering these data, whether
viral protein VP4 also binds SQSTM1 to induce TRAF6-

520 autophagic degradation during Avibirnavirus infection
deserves further investigation.

In summary, our findings demonstrated that Avibirnavirus
VP3 could be ubiquitinated at the Lys residues 73, 135, 158,
193, and 219. Ubiquitin chains conjugated to the Lys residues

525 73, 135,193, and 219 on VP3 played an essential role in
ensuring IBDV replication. In addition, the zinc finger
domain of TRAF6 interacted with VP3 and mediated K11-
and K33-linked ubiquitination of VP3 to enhance its nuclear
accumulation, resulting in the inhibition of SUMOylated

530 API5-mediated IFNB production and the increase of viral
replication. Meanwhile, VP3 induced TRAF6 selective auto-
phagy degradation by enhancing the recognition of TRAF6 by
SQSTM1, leading to the inhibition of TRAF6-mediated NFKB
activation and IFNB production (Figure 8).

535 Materials and methods

Cells and viruses

DF-1 (ATCC, CRL-12203) and HEK293T (ATCC, CRL-
11268,) cells were cultured in Dulbecco<apos;>s modified
Eagle<apos;>s medium (DMEM; Gibco, 12,100–038) contain-

540 ing 10% fetal bovine serum (FBS). BSRT cells stably expres-
sing T7 RNA polymerase and IBDV strain CT have been
described previously [32].

Antibodies and reagents

Anti-ATG5 (ET1611-38), anti-ATG7 (ET1610-53), anti-RELA
545 /p65 (ET1603-12), and anti-CHUK/IKKα-IKBKB/IKKβ

(ET1611-23) rabbit monoclonal antibodies (mAbs), anti-
HISTONE H3 (M1306-4) and anti-ACTB/β-actin (M1210-2)
mouse mAbs and anti-MYC (R1208-1) and anti-FLAG (0912–
1) rabbit polyclonal antibodies (pAbs) were obtained from

550 Hangzhou HuaAn Biotechnology. Anti-phospho-RELA/p65
(3033S), anti-phospho-CHUK/IKKα-IKBKB/IKKβ (2697S)
and anti-LC3B (2775S) rabbit mAbs, and anti-ubiquitin
(3936S) mouse mAbs were purchased from Cell Signaling
Technology. Anti-SQSTM1 (18,420-1-AP) rabbit pAbs were

555 provided by Proteintech. Anti-SQSTM1(ab109012) rabbit
mAb for against chicken SQSTM1 was obtained from
Abcam. Anti-GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) rabbit pAbs (AB-P-R001) were purchased from
GoodHere Biotechnology. Anti-FLAG (F1804), anti-MYC

560 (M5546), and anti-HA (H3663) mouse mAbs were purchased
from Sigma-Aldrich. Mouse mAbs against IBDV viral pro-
teins VP1 (1D4), VP2 (4C12), VP3 (2D6), VP4 (6 H8), and
VP5 (5C1) and anti-chickenTRAF6 (chTRAF6) rabbit pAbs
were generated and stored in our laboratory [30’

72–74].
565 Cycloheximide (CHX; HY-12320) and bafilomycin A1

(HY-100558) were purchased from MedChemExpress.
Wortmannin (12–338) and N-ethylmaleimide (NEM; E3876)
were supplied by Sigma-Aldrich. MG132 (S1748-5 mg), NP-

40 lysis buffer (P0013 F), ATP (D7378-1 ML) and the dual
570luciferase reporter gene assay kit (RG028) were purchased

from Beyotime Biotechnology. Phenylmethylsulfonyl fluoride
(PMSF; P8340) and 1,4-dithio-DL-threitol (DTT; 3483–12-3)
were purchased from Solarbio. G418 (ant-gn-1), poly (I:C)
(tlrl-picw), and puromycin (58–58-2) were purchased from

575InvivoGene. The RevertAid RT reverse transcription kit
(K1622) was obtained from Thermo Fisher Scientific.
Biobest transfection reagents (BB0002) were provided by
BioBEST Biotechnology. Protein A/G PLUS-Agarose (sc-
2003) was purchased from Santa Cruz Biotechnology. RQ1

580RNase-Free DNase (M6101) was purchased from Promega.
The PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect
Real Time) (RR047A) and TB Green® Premix Ex Taq™ (Tli
RNaseH Plus) (RR420A) were purchased from Takara.

Constructs

585Dual luciferase reporter plasmid IFNB was generously pro-
vided by Prof. Jihui Ping from the Nanjing Agricultural
University. Reporter plasmid NFKB (D2206) was purchased
from Beyotime Biotechnology. TRAF6 ORFs amplified from
DF-1 and 293 T cells were separately inserted into vector

590pCMV-FLAG-N vector (Clontech, 635,688) or pCMV-MYC
-N vector (Clontech, 635,689) designed as FLAG-chTRAF6,
FLAG-TRAF6 and MYC-TRAF6, respectively. Vectors expres-
sing MYC-SQSTM1 and FLAG-tagged autophagy receptors
(SQSTM1, OPTN, CALCOCO2/NDP52, NBR1, and

595TAX1BP1), MYC-VP3, rescued plasmid IBDV strain CT T7-
A and T7-B, HA-Ub, HA-UbK48, and HA-UbK63 were stored
in our laboratory. MYC-SQSTM1-(T2, T3, T4) and FLAG-
TRAF6, pET-32A-TRAF6 and FLAG-chTRAF6 mutants were
constructed by mutation using the WT plasmid as the tem-

600plate. MYC-SQSTM1-T1 or T5 and FLAG-tagged TRAF3,
RNF125, RNF135, TRIM25, UBE2D2 and UBE2D3 were gen-
erated by standard molecular biology techniques. Except for
UBE2D2 and UBE2D3, the expression plasmids of human
FLAG-tagged E2 conjugated enzymes were constructed by

605ClonExpress MultiS One Step Cloning Kit (Vazyme Biotech
Co., Ltd, C113-02). Several mutants of MYC-VP3, rescued
plasmid T7-A, and HA-Ub were constructed by site-specific
mutation experiments. All primers used are summarized in
Table S1.

610Virus infection and western blotting

DF-1 cells were mock-infected or infected with IBDV at
a multiplicity of infection (MOI) of 10. At different time
points, cells were harvested and lysed in
Radioimmunoprecipitation assay (RIPA) lysis buffer

615(Beyotime Biotechnology, P0013C). Protein samples were pre-
pared and separated by SDS-PAGE, followed by transfer to
nitrocellulose blotting membranes (GE Healthcare Life
Science, 10,600,001). After blocking with 5% skim milk con-
taining 0.1% Tween 20 (Amresco, 0777–1 L) for 1 h at room

620temperature, the membranes were washed three times with
phosphate-buffered saline (PBS; 137 mM NaCl [Sinopharm
Chemical Reagent Co., Ltd, 10,019,318], 10 mM Na2HPO4

[Sinopharm Chemical Reagent Co., Ltd, 10,020,318], 1.8 mM
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Figure 7. VP3 blocks TRAF6-mediated NFKB activation by SQSTM1-targeted TRAF6 autophagic degradation. (A and B) VP3 interacts strongly with SQSTM1, but not
with OPTN, CALCOCO2, NBR1, and TAX1BP1. Vectors expressing MYC-VP3 and different FLAG-tagged autophagy receptors were co-transfected into 293 T cells for
48 h, respectively (A). 293 T cells were transfected with MYC-VP3 for 36 h (B). Cellular lysate samples from (A) and (B) were subjected to an immunoprecipitation assay
using anti-FLAG mouse mAbs or anti-VP3 mouse mAbs, followed by an immunoblotting assay using the indicated antibodies. (C) Generation of SQSTM1 knockout
293 T cells. The genomic DNA and cellular lysates from WT or SQSTM1 knockout 293 T cells were subjected to T7 endonuclease I (upper) and western blotting assays
with anti-SQSTM1 rabbit pAbs (bottom). (D and E) VP3 promotes TRAF6 degradation in autophagic receptor SQSTM1-dependent manner. WT or SQSTM1 knockout
293 T cells were transfected with vectors expressing FLAG-TRAF6 and MYC-VP3 (D) or MYC-VP3 alone (E) for 36 h. Cellular lysates were subjected to western blotting
analysis using the indicated antibodies. (F) IBDV VP3 induced receptor SQSTM1-mediated selective autophagy. WT and SQSTM1 knockout cells were separately
transfected with MYC-VP3 or corresponding empty vector for 42 h, the lysates were subjected to western blotting assays with indicated antibodies. GAPDH served as
loading control. (G) 293 T cells were co-transfected with vectors expressing FLAG-TRAF6 and MYC-SQSTM1 for 30 h, followed by IBDV infection and autophagic
inhibitor BafA1 (200 nM) treatment for 12 h. The lysates were immunoprecipitated using anti-FLAG mouse mAbs and immunoblotted using the indicated antibodies.
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KH2PO4 [Sinopharm Chemical Reagent Co., Ltd, 10,017,618],
625 pH 7.4), 2.7 mM KCl [Sinopharm Chemical Reagent Co., Ltd,

10,016,318) containing 0.1% Tween 20 (Amresco, 0777–1 L)
and then incubated with the indicated primary antibodies
overnight at 4°C. Next day, the blots were incubated with
horseradish peroxidase-conjugated goat anti-mouse/rabbit

630 IgG (Kirkegaard & Perry Laboratories, Inc., 074–1506).
Protein bands were then visualized using a SuperSignal West
Femto Substrate Trial Kit (Thermo Fisher Scientific/Pierce,
34,095) and imaged using AI680 Images (GE Health Care).

IBDV virion purification

635 Sucrose (Sinopharm Chemical Reagent Co.,Ltd, 10,021,418)
density gradient centrifugation was performed. DF-1 cells
were infected with IBDV (MOI = 0.01) and harvested when
the cytopathic effect was obviously displayed. After freeze-
thawing three times, the cellular lysates were collected and

640 centrifuged at 6,000 × g for 10 min. The supernatants were
then ultra-centrifuged at 160,000 × g for 1.5 h at 4°C using an
Optima L-100XP ultracentrifuge (Beckman Coulter). The pel-
lets were soaked with PBS (137 mM NaCl [Sinopharm
Chemical Reagent Co., Ltd, 10,019,318], 2.7 mM KCl

645 [Sinopharm Chemical Reagent Co., Ltd, 10,016,318], 10 mM
Na2HPO4 [Sinopharm Chemical Reagent Co., Ltd,
10,020,318], 1.8 mM KH2PO4 [Sinopharm Chemical Reagent
Co., Ltd, 10,017,618], pH 7.4) overnight at 4°C, and then
resuspended. Subsequently, the viral suspension after centri-

650 fugation at 10,000 × g for 10 min at 4°C was transferred to
Ultra-Clear centrifuge tubes (Beckman Coulter, 344,057).
Sucrose solutions at various concentrations of 30% to 60%
were prepared. Then, 1 ML of 30%, 40%, 50%, and 60%
sucrose working solution were added sequentially to the bot-

655 tom of the tube to form a density gradient. Samples were
added on the top of the gradient, and then centrifuged at 133,
900 × g for 3.5 h at 4°C. Fractions at different sucrose con-
centration interfaces were collected. Finally, purified IBDV
particles were subjected to 12% SDS-PAGE followed by

660 Coomassie Brilliant Blue R250 staining.

Protein expression and purification

The plasmids pGEX-4 T-1-VP3, pET-28A-TRAF6, pET-32A-
TRAF6, pET-32A-TRAF6C70A, pET-32A-UBA1 and pET-32A-
UBE2D1 were transformed into Escherichia coli BL21 (pLysS;

665 Sangon Biotechnology, B528415-0010) competent cells,
respectively, and then induced with 1 mM IPTG (Sangon
Biotechnology, A600168-0025) at 16°C with shaking at
90 rpm, overnight. After centrifugation, the pellets were
lysed in binding buffer by sonication. After centrifugation at

670 12,000 × g for 10 min at 4°C, HIS-tagged recombinant

proteins, GST, and GST-VP3 in the supernatants were pur-
ified using Ni-NTA agarose (QIAGEN, 30,210) and
Glutathione (GST) Resin (GenScript, L00206) according to
manufacturer<apos;>s instructions and eluted in elution buf-

675fer. For HIS-tagged recombinant proteins, the binding buffer
was 50 mM Tri-HCl, pH 8.0, 10 mM imidazole; and the
elution buffer was binding buffer containing 80 mM imida-
zole. For GST and GST-VP3, the binding buffer was 50 mM
Tri-HCl, pH 8.0, 150 mM NaCl; and the elution buffer was

680binding buffer containing 10 mg/5 ml reduced glutathione
(Sangon Biotechnology, A100399-0005).

Co-immunoprecipitation and GST affinity-isolation assays

For the co-IP assay, cells were lysed in NP-40 lysis buffer
containing PMSF for 4 h. After centrifugation at

68512,000 × g for 10 min at 4°C, the supernatants were incubated
with the indicated antibodies and protein A/G PLUS-agarose
for 4 h at 4°C. For the GST affinity-isolation assay, purified
GST (10 μg) and GST-VP3 (10 μg) recombinant proteins were
separately mixed with purified HIS-TRAF6 (20 μg) in 500 μL

690NP-40 lysis buffer for 4 h at 4°C, followed by adding the GST
resin. After centrifugation at 1,000 × g for 5 min at 4°C, the
pellets were washed with NP-40 lysis buffer and then lysed in
RIPA lysis buffer (Beyotime Biotechnology, P0013B) for
immunoblotting analysis.

695Mass spectrometry (MS)

To determine the ubiquitinated sites on viral protein VP3,
MYC-VP3 was transfected into 293 T cells. At 48 h after
transfection, the cells were harvested and lysed in NP-40
lysis buffer containing PMSF and N-ethylmaleimide (NEM)

700for 4 h at 4°C. The supernatants were subjected to an immu-
noprecipitation assay using anti-MYC mouse mAbs. The
immunoprecipitation complexes were subjected to SDS-
PAGE and Coomassie Brilliant Blue R250 staining.
Subsequently, the regions of the staining gels beyond 25 kDa

705were mixed together and subjected to Liquid Chromatography
Mass Spectrometry (LC-MS) analysis in APTBio (Shanghai,
China) to identify the specific ubiquitinated sites of VP3.

Cellular fractionation

The process has been described previously [75].

710Indirect immunofluorescence assay (IFA)

Mock-infected or IBDV-infected DF-1 cells were fixed with an
equal volume of methanol and acetone for 30 min at &ndash;

(H) Vectors expressing FLAG-TRAF6, MYC-SQSTM1, and MYC-VP3 or its mutant 5KR were co-transfected into 293 T cells. At 30 h after transfection, the cells were
treated with BafA1 (200 nM) for 12 h. The cellular lysates were used for immunoprecipitation and immunoblotting assays with the indicated antibodies. (I) 293 T cells
were co-transfected with vectors expressing FLAG-TRAF6, MYC-SQSTM1, or empty vector, and MYC-VP3 or its mutant 5KR for 36 h. The lysates were subjected to
western blotting assays using the indicated antibodies. (J) The inhibition of NFKB activation by VP3 is SQSTM1-dependent. WT and SQSTM1 knockout cells were
transfected with vectors expressing MYC-VP3 or the corresponding empty vector for 36 h, followed by stimulation with poly (I:C) (1 μg) for 8 h. Cellular lysates were
immunoblotted using phospho-CHUK-IKBKB, CHUK-IKBKB, phospho-RELA and RELA rabbit pAbs. (K and L) Luciferase assays of the IFNB or NFKB promoter. WT and
SQSTM1 knockout 293 T cells were co-transfected with the IFNB or NFKB reporter plasmids along with FLAG-TRAF6 in the presence or absence of the plasmid
encoding VP3.
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20°C, and then were incubated with anti-VP2 mouse mAbs
overnight at 4°C. After washing three times with PBS

715 (137 mM NaCl [Sinopharm Chemical Reagent Co., Ltd,
10,019,318], 2.7 mM KCl [Sinopharm Chemical Reagent Co.,
Ltd, 10,016,318], 10 mM Na2HPO4 [Sinopharm Chemical
Reagent Co., Ltd, 10,020,318], 1.8 mM KH2PO4 [Sinopharm
Chemical Reagent Co., Ltd, 10,017,618], pH 7.4), the cells

720 were incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG (Kirkegaard & Perry
Laboratories, Inc., 172–1806) for 1 h at room temperature.
After washing five times with PBS, the fluorescence signal was
scanned under a fluorescence microscope (OLYMPUS,

725 U-RFL-T).

Virus rescue

Recombinant IBDV strain CT possessing wild-type (WT) or
K73R, K158R, K193R, or K219R mutant VP3 (designated as
rWT, rK73R, rK158R, rK193R, and rK219R) were generated

730by reverse genetics, as described previously [15]. Briefly, WT
or several mutants T7-A clones together with T7-B were co-
transfected separately into BSRT7 cells for 72 h, with T7-A
alone as a negative control. After freeze-thawing, cellular
lysates after were centrifugated at 6, 000 × g for 10 min, and

735the supernatants were transferred into fresh DF-1 cells. At 3 h
after infection, the supernatants were removed, followed by
adding fresh DMEM containing 2% FBS for continuous cul-
ture for another 48 h.

Viral titer detection

740DF-1 cells were infected with IBDV (MOI = 10). At different
time points after infection, cells were harvested and freeze-
thawed three times. After centrifugation at 12,000 × g for
10 min at 4°C, the supernatants were subjected to TCID50

(50% tissue culture infective dose) detection. Briefly, the viral
745suspension was diluted 10-fold using DMEM containing 2%

FBS, and then added to fresh DF-1 cells. Eight repeats of each
diluted sample were tested. At 48 h after infection, the cells
were subjected to an IFA assay with anti-VP2 mouse mAbs.
Virus titers were determined by observing the infected cells

750under a fluorescence microscope (OLYMPUS, U-RFL-T) and
calculating the TCID50 per 0.1 ML.

Reverse transcription PCR (RT-PCR) and quantitative real
time reverse transcription PCR (qRT-PCR)

For RT-PCR, total RNA was extracted and 1 μg of RNA
755treated by RNase-Free Dnase was reverse-transcribed into

cDNA using a RevertAid RT reverse transcription kit
(Thermo Fisher Scientific, K1622). Subsequently, VP3 and
GAPDH mRNAs were amplified using 2 × Taq Master Mix
(Vazyme Biotech Co., Ltd, P114-01). The PCR products were

760separated on 1.5% nucleic acid agarose gels, and the images
were scanned using a Gel Documentation system (GenoSens
1880). For qRT-PCR, total RNA was extracted and reverse-
transcribed into cDNA using PrimeScript™ RT reagent Kit
with gDNA Eraser according to the manufacturer<apos;>s

765protocols. The cDNA was subjected to qPCR using TB
Green® Premix Ex Taq™. The expression of ACTB/β-actin
was used to normalize the relative abundance of indicated
gene mRNA. The primers used are listed in Table S1.

CRISPR-Cas9 knockout

770The TRAF6 gene target sequence (5′-TACTATACT
CATCCAGAGAAC-3′), ATG5 gene target sequence (5′-
AAATGTACTGTGATGTTCCA-3′), ATG7 gene target
sequence (5′-AGAAGAAGCTGAACGAGTAT-3′), and
SQSTM1 gene target sequence (5′-AGGGCTTCTC

775GCACAGCCGC-3′) were inserted separately into the guide
RNA expression plasmid PX459 (Addgene, 62,988; deposited
by Feng Zhang). The recombinant constructs were transfected
separately into 293 T cells. At 36 h after transfection, the cells
were selected using puromycin (10 μg/ml) for 48 h. Finally, the

780monoclonal cells were obtained using the limiting dilution
method. T7 Endonuclease (Vazyme Biotech Co., Ltd, EN303-
01) and immunoblotting assays were used to identify

Figure 8. The proposed model by which IBDV VP3 supports virus replication
through hijacking TRAF6 and inactivating the NFKB pathway. TRAF6 targeted
VP3 and mediated its K11- and K33-polyubiquitination, which contributed to
increase VP3 nuclear accumulation for inhibiting SUMOylated API5-mediated
IFNB production. Additionally, IBDV VP3 could promote TRAF6 selective auto-
phagic degradation in a SQSTM1-dependent manner by enhancing the recogni-
tion by autophagic receptor SQSTM1 of TRAF6, leading to the inhibition of NFKB
activity and IFNB production. These two strategies were employed by IBDV VP3
to create an environment conducive to efficient viral proliferation.
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monoclonal cell lines. The primers used for PCR amplification
are listed Table S2.

785 Luciferase activity assay

293 T cells were transfected with luciferase reporter plasmids
(NFKB and IFNB), pRL-TK, and the indicated plasmids. At
36 h after transfection, the cells were harvested, and luciferase
activity was detected using a dual luciferase reporter kit

790 according to the manufacturer<apos;>s instructions. All
experiments were repeated at least three times.

In vitro ubiquitination assay

HIS-tagged E1(UBA1), UBE2D1, ubiquitin, TRAF6,
TRAF6C70A and GST-VP3 proteins were purified from

795 E. coli. Subsequently, in vitro ubiquitination assay was con-
ducted as described previously [76]. Briefly, 500 μL of ubiqui-
tination buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 2 mM
DTT, supplemented with 2 mM ATP) was mixed with ubi-
quitin (50 μg), UBA1 (2 μg), UBE2D1 (3 μg), TRAF6 or

800 TRAF6C70A (8 μg) and GST-VP3 (20 μg). The mixture was
incubated at 37°C for 2 h, and followed by GST affinity-
isolation assay. Finally, the sample was washed using 1
M urea for 60 min to exclude potential binding of unanchored
polyubiquitin, then the sample was placed in SDS-loading

805 buffer and boiled for 10 min. Samples were fractionated on
8% SDS-PAGE followed by western blotting with anti-
ubiquitin mAb.

Animal experiments

Eighteen 2-week-old SPF chickens were randomly divided
810 into six groups and infected with viruses at a dose of 0.2 ml

(106.5 TCID50/0.2 ml), respectively, to detect the replication
characteristics of the rWT and different mutant viruses
in vivo. The inoculated chickens were bled and sacrificed at
5 days post-infection (dpi). Bursae of chickens were collected

815 and weighed. Viral loads in bursal tissues were detected using
the primer targeting the IBDV B segment (Table S1) by RT-
qPCR as described previously [77]. Simultaneously, bursae
were fixed by immersion in 4% neutral formaldehyde, sliced
and stained with hematoxylin and eosin for further histo-

820 pathological examination.
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Statistical analysis

Statistical differences were assessed using one-way ANOVAs using IBM
SPSS Statistics 20 (IBM Corp., Armonk, NY, USA). All data are pre-
sented as the mean ± SD of three independent experiments. For all

835experiments, p < 0.05 was considered statistically significant. In the
figures * p< 0.05, **p < 0.01, ***p < 0.001, not significant (ns): p > 0.05.
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