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Porcine reproductive and respiratory syndrome virus (PRRSV) can potently suppress type I interferon production
and escape from innate immune responses. PRRSV nonstructural protein 1a (Nspla) can inhibit IFN-3 and NF-
kB gene promoter activities, but the precise mechanisms are largely unclear. In this study, we demonstrated that
PRRSV Nspla interacted with the host E3 ubiquitin ligase ankyrin repeat and SOCS box-containing 8 (ASB8).
Specifically, porcine ASB8 promoted K63-linked ubiquitination and increased stability of Nspla and boosted
PRRSV replication. Moreover, we found that ASB8 was phosphorylated at the N-terminal Ser-31 by host IkB
kinase B (IKKp). In turn, ASB8 facilitated K48-linked ubiquitination and degradation of IKKf via the ubiqui-
tin-proteasome pathway, resulting in remarkable inhibition of I-kappa-B-alpha (IkBa) and of p65 phosphor-

ylation, consequently suppressing NF-kB activity. Our results provide evidence that PRRSV Nspla hijacks up-
regulated host ASB8 to escape from intrinsic antiviral immunity.

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV), an
enveloped, single-stranded RNA virus, causes complex clinical symp-
toms and great economic losses to worldwide swine industry (Albina,
1997; Wenhui et al., 2012). PRRSV has a potent ability to escape from
immune surveillance (Ke and Yoo, 2017; Rascon-Castelo et al., 2015;
Wang and Zhang, 2014). Although some commercial vaccines against
PRRSV have been provided, unfortunately, neither commercial vaccines
nor traditional control strategies provide sustainable control of PRRSV
(Meng, 2000; Zuckermann et al., 2007). A key step toward the induc-
tion of innate immunity against viral infections, including PRRSV, is the
production of type I interferon (Huang et al., 2014; Kim et al., 2010;
Wang and Zhang, 2014). The detection of virus can be mediated by
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and other pattern
recognition receptors (PRRs). The involved PRRs triggers downstream
signaling pathways through different adaptor proteins and further
transmit downstream signals to the IkB (IKK) and IKK-related kinases
for the activation of nuclear factor kappa B (NF-kB) and the subsequent
synthesis of proinflammatory cytokines. The IKK-related kinases

(TBK1/IKKe) also activate the production of IFN type I by phosphor-
ylating the transcription factors IFN-regulatory factor 3 (IRF3) and IRF7
(Garcia-Sastre, 2017; Goubau et al., 2013; Kawasaki et al., 2011).

To date, several PRRSV Nsps (non-structure proteins), Nspl, Nsp2,
Nsp4, and Nspll have been respectively reported to display the in-
hibitory effect on the activation of the IFN-f and NF-kB promoter
(Huang et al., 2014; Song et al., 2018). Nsp1(Nspla subunit and Nsp1f
subunit), containing two papain-like cysteine protease (PCP) domains,
is indispensable for IFN inhibition by degrading intracellular CREB-
binding proteins(Kim et al., 2010). The ovarian tumor domain of Nsp2
inhibits NF-xB activation through degrading the IkBa protein (Sun
et al., 2010). Nsp4, a viral 3C-like serine protease, significantly sup-
pressed IFN-$} expression by targeting the NF-xB essential modulator
(NEMO)(Huang et al., 2014). Nspll blocks the phosphorylation of
nuclear translocation of IRF3 and IkBa, resulting in the repression of
IFN production(Sun et al., 2016).

The ubiquitin-proteasome system (UPS) is the cardinal intracellular
pathway for degradation and functional modification of proteins, which
has emerged as a key mechanism in the regulation of many funda-
mental cellular functions, including immune signaling, apoptosis and
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cell cycle regulation. In many cases viruses developed the evasion
mechanisms from UPS-dependent protein degradation and hijack the
ubiquitin system to enhance their own proliferation (Davis and Gack,
2015; Isaacson and Ploegh, 2009; Luo, 2016a; Rudnicka and Yamauchi,
2016). Ubiquitination involves in a sequential enzymatic reaction
mediated by ubiquitin-activating enzyme E1, ubiquitin-binding enzyme
E2 and ubiquitin ligase E3. E3 ligases contribute to the complexity and
flexibility of protein in UPS and are consequently the chief targets of
viruses (Hatakeyama, 2017; Zhang et al., 2018b). PRRSV relies on host
protein to complete its life cycle and UPS is required for its proliferation
(Zhang et al., 2018a). For example, PRRSV Nsp2 and Nspl1 utilize the
host ubiquitin system to prevent IkBa degradation by interfering with
polyubiquitination process, thereby inhibiting the NF-kB activation
(Sun et al., 2010; Wang et al., 2015). However, host ubiquitinate pro-
tein (especially E3 ubiquitin ligase) participated in PRRSV infection has
not yet been elucidated.

In the present study, the differentially expressed genes of E3 ubi-
quitin ligase were examined in PRRSV-infected 3D4/21 cells, sug-
gesting the involvement possibility of ubiquitination in PRRSV infec-
tion. One type of novel E3 ubiquitin ligase-containing protein-8 (ASB8)
is obviously upregulated in PRRSV-infected cells. The predicted porcine
ASB8 protein harboring ankyrin repeats, a protein-protein interaction
domain, and a suppressor of cytokine signaling (SOCS) box containing a
BC motif. SOCS domain inhibits cytokine action by interacting directly
with Janus kinases or activating cytokine receptors. And it can form an
E3 ubiquitin ligase complex with the Elongin BC complex, Cullin5, and
Rbx1 to stimulate polyubiquitination (Kamura et al., 1998; Li et al.,
2011; Thomas et al., 2013). SOCS family also can act as a negative
regulator of cytokine signal (Krebs and Hilton, 2001). SOCS1 would be
up-regulated to promote virus production in influenza virus, Japanese
encephalitis virus and duck tembusu virus infection (Kundu et al., 2013;
Sun et al., 2017; Wei et al., 2016). SOCS3 also involves in signaling
suppression and production of IFN in herpes simplex virus infection
process (Yokota et al., 2004).

The function knowledge of ASBS8 is limited, and its roles in viral
infection are poorly understood, too. In our study, we demonstrated the
critical role of ASB8 as a negative regulator in innate immunity. The
ASBS8 is manifested in its capacity to enhance virus proliferation and
inhibit the expression level of inflammatory cytokines in HEK293T and
3D4/21 cells. Mechanically, ASB8 interacted with PRRSV Nspla and
promoted its ubiquitination, which stimulates virus proliferation.
Moreover, we identified that ASB8 could directly bind the kinase do-
main of IKKf and mediated K48-linked ubiquitination and degradation
of IKKf, consequently suppressing NF-kB signaling pathway. Our re-
sults revealed a novel posttranslational mechanism of ASB8 in reg-
ulating viral proliferation.

2. Results
2.1. PRRSYV infection induces ASB8 expression

To hunt the intrinsic antiviral molecules of host cell resist virus
infection, RNA-Seq was performed to screen out the host factors in-
volved in the PRRSV-infected 3D4/21 cells, and then E3 ubiquitin ligase
associated genes on the pathogenesis of PRRSV were concerned
(Fig. 1A). Notably, one novel type of E3 ubiquitin ligase-ASB was found
and their expression in PRRSV-infected 3D4/21 cells was verified by
qPCR subsequently (Fig. 1B). We noticed that the ASB8 transcription
level was sharply upregulated at 24 h in PRRSV-infected 3D4/21 cells
(Fig. 1C). Western blotting and flow cytometry results further con-
firmed that the upregulation of endogenous ASB8 protein expression
after PRRSV infection (Fig. 1D-F). These results indicated that the
mRNA transcription and protein expression of porcine ASB8 were up-
regulated in PRRSV-infected cells. The ASB8 expression were also up-
regulated after inoculation of DNA-virus Herpes simplex virus (HSV) or
Porcine circovirus (PCV2) (Supplementary Fig. 1A). Together, these
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data indicated that ASB8 participated in viral infection and played a
role in antiviral innate immunity.

2.2. Overexpression ASB8 contributes to PRRSV proliferation

To examine whether ASB8 affects PRRSV proliferation, we trans-
fected 3D4/21 cells with Flag-ASB8, and then infected the cells with 1
MOI PRRSV. qPCR suggested that ASB8 overexpression promoted the
transcription of PRRSV Nsp2 and N gene (Fig. 2A). The expression of
Nsp2 protein by Western blot was statistically higher in ASB8 over-
expressed PRRSV inoculated cells (Fig. 2B). Meanwhile, the virus titer
in ASB8-transfected cells was higher than that of control (Fig. 2C). The
results indicated that the up-regulated ASB8 contributed to the pro-
liferation of PRRSV in 3D4/21 cells.

To further characterize the influence of ASB8 on PRRSV prolifera-
tion, a small RNA interfering assay for silencing ASB8 expression was
performed. As shown in Fig. 2D, the ASB8 expression was inhibited
significantly by these two siRNAs and siASB8-690 was used for fol-
lowing study due to obvious interference effect. The results showed that
the virus titers in the ASB8 knockdown cells were lower than those in
the cells with negative control (Fig. 2E-G), indicating that the silencing
of ASB8 obviously inhibits the proliferation of PRRSV in 3D4/21 cells.

2.3. Overexpression of ASB8 inhibits RLR-mediated signaling and promotes
RNA virus proliferation

Published studies have suggested that SOCS family is a pivotal ne-
gative regulator for cytokine signaling(Pothlichet et al., 2008). To ob-
tain further insight into the potential regulatory roles of ASB8 in anti-
viral signaling, we examined the effects of overexpressed ASB8 on
virus-induced reporter gene activation. As shown in Fig. 3A and B, SeV-
induced IFN-B, ISRE and NF-kB activation were inhibited by ASB8 in a
dose-dependent manner, implicating a negative regulation role for
ASB8 in SeV-induced antiviral responses. qPCR analysis indicated that
overexpression of ASB8 inhibited the mRNA levels of IFNf, CCL5 and
CXCL10 genes after treated with poly (I:C) and SeV or VSV infection
(Fig. 3C). In line with that finding, the ectopically expressed ASB8 cells
showed lower IFN-P transcription and secretion (Fig. 3D). In addition,
ASB8 overexpression attenuated HSV-induced activation of IFN-f3 and
NF-xB in HEK293T cells, compared to control vector (Supplementary
Fig. 1B). Conversely, knockdown of ASB8 facilitated RLR-induced
transcription of IFNf, CCL5 and CXCL10 genes (Fig. 3E).

In order to further understand the roles of ASB8 in PRRSV infection,
the expression of IFN-f3, IL-6, IL-13, and TNF-a in ASB8 upregulated or
downregulated of PRRSV-infected 3D4/21 cells were examined, and the
results found that ASB8 significantly inhibited the expression of IFN-f3
and proinflammatory cytokines IL-6, IL-1f3, and TNF-a as expected in
response to PRRSV infection (Fig. 3F). Consistent with the over-
expression of ASB8, deficiency of ASB8 significantly enhanced mRNA
expression of IFN-f3, TNF-a and IL-6 in 3D4/21 cells upon infection with
PRRSV (Fig. 3G). These data showed that ASB8 inhibited innate im-
mune responses in PRRSV infection.

In addition, the expression of VSV and SeV specific mRNA were
enhanced in HEK293T cells by qPCR in overexpressed-ASB8 cells
(Fig. 3H). In line with that, the replication of VSV and SeV were much
lower after ASB8 knockdown. The VSV-GFP inoculated HEK293T cells
showed a reduced fluorescence intensity, which demonstrated that the
knockdown of ASB8 substantially inhibited viral proliferation (Fig. 31I).

2.4. ASBS interacts with the PRRSV Nspla

PRRSV Nspl, Nsp4 or Nspl1, each of which is the major expression
protein related to suppression activation of IFN- and NF-kB promoter.
The effect relationship between ASB8 and PRRSV non-structural protein
is unclear. Co-immunoprecipitation (IP)-Western blot analysis was
performed to understand the interaction between ASB8 and PRRSV
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Fig. 1. PRRSV infection induces ASB8 expression. (A) Transcriptomics analysis of E3 ubiquitin ligase expression in 3D4/21 cells infected with PRRSV at a
multiplicity of infection (MOI) of 1 for 24 h. (B) PRRSV JXwnO06 infected the 3D4/21 cells 24 h, cells were subjected to gqRT-PCR to quantify ASB family mRNA levels.
(C) gRT-PCR to quantify ASB8 mRNA levels in PRRSV-infected 3D4/21 cells at different time points of 12, and 24 h postinfection. (D) Immunoblot analysis of ASB8
and Nsp2 protein expression in 3D4/21 cells infected with PRRSV an MOI of 1. B-actin was used as loading control. (E, F) 3D4/21 cells were mock infected or infected
with PRRSV at an MOI of 1. At the indicated time points, the cells were harvested and subjected to FACS analysis with mouse polyclonal antibody against ASB8. The
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data are expressed as the mean + SEM of three independent experiments.

nonstructural proteins. The plasmids expressing individual Myc-tagged
Nspl, 1a, 1f3, 4, 11 protein were co-transfected with Flag-tagged ASB8
plasmid. The results indicated that Nspla interacts with ASB8 (Fig. 4A
and B). The interaction between ASB8 and other PRRSV Nsp proteins
were not detected in transfected cells. Moreover, Nspla co-precipitated
with endogenous ASBS8, also certified the interaction between ASB8 and
Nspla (Fig. 4C). Confocal immunofluorescence microscopy was further
verified the interaction of Nspla with ASB8 in 3D4/21 cells (Fig. 4D).
Importantly, we found ASB8 was co-localized well in PRRSV infected
3D/4/21 cells (Fig. 4E). The results suggested that ASB8 could inter-
acted with PRRSV Nspla.

2.5. Nspla and ASB8 inhibitory effects on IFN-§ and NF-kB were
superimposed

PRRSV Nspla suppresses IFN-f3 promoter activity and NF-xB sig-
naling (Han et al., 2013; Kim et al., 2010). We thus investigated whe-
ther ASB8 and Nspla could synergistically inhibit IFN-f and NF-xB
pathway. For this purpose, HEK293T cells were co-transfected with
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Flag-tagged ASB8 plasmid and equalizing amount of Myc-tagged
Nspla-encoding plasmids. The ASB8, also PRRSV Nspla inhibited the
formation of IFN-f3 and NF-xB, and the suppress effect on IFN-3 and NF-
kB was further strengthened in Nspla and ASB8 co-expressed cells
(Fig. 5A and B). After viral infection, phosphorylated P65 translocate
from the cytoplasm to the nucleus to activate proinflammatory cyto-
kines transcription(Lawrence, 2009). We therefore examined the
phosphorylation of P65 in Nspla and ASB8 co-expressed cells. As
shown in Fig. 5C, co-expression of ASB8 and Nspla enhanced the in-
hibitory effect of p-P65 in HEK293T cells after SeV inoculation.
Knockdown of ASB8 did not abolish the inhibitory effect of Nspla on
IFN-B and NF-kB, suggesting that more than one host proteins were
involved in Nspla inhibition of IFN-B, which is a complex process
(Fig. 5D). Together, these results suggested that ASB8 promoted the
inhibitory effect of Nspla on IFN-f and NF-kB production.

2.6. ASB8 catalyzes K63-linked polyubiquitination of Nspla

ASB8 is a SOCS family member containing a SOCS domain with E3
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Fig. 2. ASB8 promotes PRRSV proliferation. (A, B) Flag-ASB8 or the control vectors were transfected into 3D4/21 cells, 24 h later, 1 MOI PRRSV was inoculated
the cells, mRNA of PRRSV Nsp2 and N gene by qRT-PCR, and Nsp2 protein expression were detected by Western blot. (C) PRRSV-titer were measured by plaque
assay. (D) 50 nM of ASB8 siRNA or negative control siRNA were transfected into 3D4/21 cells. 24 h later, PRRSV infected the cells for 24 h qRT-PCR was used to
measure ASB8 expression. (E, F) 3D4/21 cells were transfected with siRNA of ASB8 or of negative control (NC); 24 h after transfection, cells were infected with I MOI
PRRSV. The infected cells were collected at 24 h postinfection, mRNA loads of PRRSV N and Nsp2 were measured by qRT-PCR, and PRRSV Nsp2 levels were tested by
WB. (G) 3D4/21 cells were transfected with ASB8 or control siRNA at a final concentration of 50 nM, and then infected with PRRSV JXwn06 at MOI of 1. At 24 h post-
infection, PRRSV titer in the supernatants were measured by plaque assay in 3D4/21 cells. The data are expressed as the mean + SEM of three independent

experiments.

ubiquitin ligase activity, whether ASB8-mediated Nspla protein ubi-
quitination depended on the SOCS box domain was further in-
vestigated. Myc-Nspla with HA-Ub (WT) plasmid plus full-length ASB8
plasmid or ASB8 mutant deleting C-terminal SOCS box domain
(ASB8dSOCS) were co-transfected into HEK293T cells. Co-im-
munoprecipitation experiments showed that Nspla ubiquitination was
markedly increased in the presence of ASB8 expression plasmid.
Notably, SOCS box domain deleted mutant of ASB8 did not increase
Nspla polyubiquitination, which indicating that the E3 ligase activity
of ASB8 was required for the polyubiquitination of Nspla (Fig. 6A).

To investigate the type of ASB8-mediated polyubiquitination of
Nspla, we used ubiquitin mutants in which all lysine residues except
K48 or K63 were mutated to arginine (K48 or K63) and an ubiquitin
mutant in which only the K63 residue was mutated to arginine (K63R).
Ubiquitination assay confirmed that addition of ASB8 dramatically
promotes the wild type and K63-linked ubiquitination of Nspla, while
there is no effect on the ubiquitin lacking the K63 residue(K63R)
(Fig. 6B and C). Nspla has three lysine residues (K117, K150, K169). To
identify the lysine residues responsible for ASB8-mediated poly-
ubiquitination, we first generated the Nspla-KO mutant, in which all of
the lysine residues in Nspla were replaced with arginine. Then, we
reintroduced individual lysine residues into Nspla-KO to generate the
single-lysine mutants. The ASB8 imposed the polyubiquitination effect
of Nspla (WT) on the Nspla K117 mutant were identified by co-im-
munoprecipitation analyses in HEK293T cells (Fig. 6D).

To further verify the effect of ASB8 on the stability of Nspla pro-
tein, ASB8 and Nspla were co-transfected in HEK293T cells. After 24 h,
the cells were treated with a protein synthesis inhibitor, cycloheximide
(CHX), and collected after treatment of 0, 4, 8, and 16 h. The results
showed that ASB8 can potentiate the stability of Nspla protein after 8 h
of treatment compared to the control (Fig. 6E). The Nspla expression
level was reduced 0.5-fold in the cells treated with the Nspla and
empty vector after 8 h of cycloheximide treatment, while it remained at
0.8-fold in the co-transfection of ASB8 and Nspla treatment. These data
suggested the expression of ASB8 induced an increase of the Nspla
half-life from approximately 8 h-16 h.
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2.7. ASBS targets IKKf3

To further explore the interaction molecules reacted with ASB8 and
participated in IFN signaling pathway, the blank vector or Flag-ASB8
transfected HEK293T cells were inoculated with SeV and cultured for
12h, and then the whole-cell lysed supernatants were collected and
affinity purified by anti-Flag affinity column. The bound proteins were
eluted with excess Flag peptides after extensive buffer washing. The
resolved proteins were visualized by silver staining on SDS-PAGE and
the individualistic protein bands on gels were recovered and analyzed
by mass spectrometry. A number of proteins interacted with ASBS, in-
cluding IKKf, HSP70 and LRRC10B were identified. Interestingly, an
serine kinase(IKK)which plays an essential role in the NF-kB signaling
pathway was also detected in the ASB8-containing protein complex
(Fig. 7A).

During viral infection, PRRs transmit signals to IxB kinases(IKK)via
different adaptor proteins, including canonical kinases IKKa, IKKf and
its essential regulatory subunit NEMO, which lead to the phosphor-
ylation and degradation of IkBa that provide a sensitive trigger for NF-
kB signaling pathway (Hayden and Ghosh, 2008). We next examined
the interaction between ASB8 and IKKa or IKKP in HEK293T cells.
Transient transfection and co-immunoprecipitation experiments
showed that ASB8 interacted with IKK( but not IKKa (Fig. 7B). This
interaction of endogenous ASB8 and IKK[} was also observed by using
ASB8 specific antibody (Fig. 7C). Deletion of the IKKf kinase domain
ablated the interaction between IKK( and ASB8 (Fig. 7D). Moreover,
colocalization between ASB8 and IKK[} was also observed in HeLa cells
(Fig. 7E). Together these data demonstrated that ASB8 interacted with
the kinase domain of IKKf.

The activation of NF-kB mediated by IKKp was attenuated in ASB8
overexpression cells (Fig. 7F). Notably, SeV-induced phosphorylation of
IkBa and p65 was markedly inhibited in ASB8-transfected HEK293T
cells than in those transfected with empty vector (Fig. 7G). Together
these data demonstrated that ASB8 might specifically target IKKp to
negatively regulate NF-xB signaling pathway.
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and NF-xB reporter and 100 ng pRL-SV40 plasmid, plus the indicated amount of ASB8 plasmids. 16 h after transfection, cells were infected with SeV or left uninfected
for 16 h before luciferase assays and QRT-PCR were performed. (C) Expression of IFNf3, CXCL10, CCL5, mRNA in HEK293T cells transfected with HA-ASB8 stimulated
with poly(I:C) or infected with SeV or VSV for 12 h. (D) ELISA quantification of IFN-f3 secretion in HEK293T cells treated as in C. (E) Expression of IFNf, CXCL10,
CCL5, mRNA in HEK293T cells transfected with control siRNA (NC) or ASB8 siRNA for 24 h stimulated with poly(I:C) or infected with SeV or VSV for 12 h. (F, G)
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The data are expressed as the mean +

2.8. IKKp phosphorylates ASB8 at Ser31

A mobility shift for ASB8 was detected after co-transfected ASB8
with wild-type IKKP but not with IKK-KM. And we noticed that ASB8
also undergo mobility shift after transfected with SOCS domain deleted
mutant (Fig. 8A). That mobility shift of ASB8 was reversed after in-
cubation of the cell lysates with calf intestinal alkaline phosphatase
(CIP) (Fig. 8B). The mass-spectrometry analysis of Flag-tagged ASB8 in
the presence or absence of IKKP were further performed. This ASB8
Ser31 as specific phosphorylation sites targeted by IKK(3 was identified
(Fig. 8C). We subsequently constructed a series of ASB8 phosphoryla-
tion site mutants and found that Ser31 was the most crucial residue for
the mobility shift induced by IKKp (Fig. 8D). Luciferase assay results
confirmed that Ser31 phosphorylation of ASB8 was essential for

SEM of three independent experiments.
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inhibition of the NF-kB signaling pathway (Fig. 8E). Thus, we concluded
that phosphorylation of ASB8 at Ser31 by IKK( was required for the
regulation of NF-xB signaling pathway.

2.9. ASBS induces K48-linked ubiquitination and degradation of IKKf

To investigate whether ASB8 regulates IKKP signaling through its
E3 ligase activity, we assessed ASB8-mediated ubiquitination of IKKf.
Altogether, our data suggested that ASB8 induces ubiquitination of
IKKp in the presence of ubiquitin (WT) or K48 ubiquitin but not in the
presence of K48R and K63 ubiquitin (Fig. 9A and B). While disturbing
the expression of ASB8, the IKK[3 K48 ubiquitination level was down-
regulated (Fig. 9C). The ubiquitin conjugation of IKKP were observed in
the HA-Ub (WT) and K48-only groups after MG132 treatment, but not
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Fig. 4. ASB8 interacts with the PRRSV Nspla. (A, B) HEK293T cells were co-transfected with Flag-ASB8 expression plasmid plus the indicated plasmids expressing
Myc-tagged PRRSV viral proteins. The cells were harvested at 24 h posttransfection and co-immunoprecipitation was performed. (C) Detection of the interaction
between endogenous ASB8 and Nspla by co-immunoprecipitation. (D) 3D4/21 cells were cotransfected with Myc-Nspla and Flag-ASB8. The cells were fixed at 24 h
posttransfection and doubly stained with a rabbit anti-Myc antibody and a mouse anti-Flag antibody followed by FITC-conjugated anti-mouse IgG (green) and Cy5-
conjugated anti-rabbit IgG (red). Nuclei were stained with DAPI (blue). Cells were observed under a laser confocal imaging analysis system. (E) 3D4/21 cells were
transfected with the HA-ASB8 or HA-expressing plasmid, 16 h later PRRSV infected the cells, and were examined at 16 h post-transfection with confocal im-
munofluorescence microscopy. Scale bars, 10 um. Image shown is representative of three independent experiments.

in K48 mutant (K48R) group. Collectively, these data illustrated that
ASB8 acts as an E3 ubiqutin ligase and specific catalyzed K48-linked
polyubiquitination of IKK(. (Fig. 9D).

To verify whether IKKp protein undergoes ubiquitination and de-
gradation, the HEK293T cells were transfected with Flag-IKKf plasmid
in condition of upregulation the amounts of HA-ASB8 were performed.
The immunoblot analysis result showed that ASB8 could decrease IKKf
protein in a dose-dependent manner (Fig. 9E), and the degradation of
IKK[} was also blocked by proteasome inhibitor MG132 (Fig. 9E and F).
The results illustrated that ASB8 mediated IKKP degradation via pro-
teasome pathway.

We next investigated the relationship between ASB8 ubiquitination
and phosphorylation. We noted that the ubiquitination-defective mu-
tant ASB8(dSOCS) could readily undergo phosphorylation (Fig. 8A).
These data suggested that ASB8 phosphorylation did not require ubi-
quitination. Conversely, ubiquitination of the phosphorylation-defec-
tive mutant S31A was noted to be significantly impeded, indicating that
phosphorylation was a prerequisite for IKK[3 ubiquitination (Fig. 9G).

3. Discussion

Emerging evidence places ubiquitination functions at the core of a
multitude of regulatory processes ranging from signal transduction to
inflammatory response and viral replication (entry, transcription,
translation, and release)(Davis and Gack, 2015; Luo, 2016a). Some E3-
ubiquitin ligase proteins have been demonstrated to have direct anti-
viral activity. For example, TRIM22 restricts hepatitis C virus (HCV)
and influenza A virus (IAV) infection by degrading HCV viral NS5A and
IAV viral nucleoprotein (NP)(Di Pietro et al., 2013; Yang et al., 2016).
While TRIM32 restricts IAV proliferation by ubiquitination and de-
gradation of PB1 polymerase (Fu et al., 2015). In addition, some E3
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ubiquitin ligases have been demonstrated to display an activity of
promoting virus replication. TRIM6 promotes VP35 ubiquitination and
is important for Ebola virus replication (Bharaj et al., 2017). PJA2, is a
RING finger E3 ligase that polyubiquitinates Tat, activating HIV-1 viral
transcription. Additionally, ubiquitin ligase CNOT4 medicates ubiqui-
tination of IAV NP, resulting in the enhancement of viral RNP activity
(Lin et al., 2017). Our results indicated that silencing expression of E3
ubiquitin ligases ASB8 could inhibit the replication of PRRSV, on the
contrary, the upregulated ASB8 expression promoted the replication of
PRRSV, suggesting that ASB8 might function as a positive cellular co-
factor to boost PRRSV replication. Few SOCS box domain proteins,
including SOCS1, SOCS2 and SOCS3, directly enhance virus infection
(Wei et al., 2016; Zheng et al., 2015). In addition, as a novel negative
feedback regulator of NF-kB activation, intracellular ASB8 worked as a
critical step to reduce excessive inflammatory responses by IKKf( de-
gradation. Moreover, ASB8 directly interacted with PRRSV Nspla and
catalyzed K63-linked polyubiquitination of Nspla on Lys117, which
strengthens the stability of Nspla protein and promotes proliferation of
PRRSV. Present results demonstrated that ASB8 acts as an identified E3
ligase for Nspla providing a mechanistic rationale for PRRSV replica-
tion.

As the largest family of SOCS box-containing proteins, with 18
murine and human ASBs have been identified (Debrincat et al., 2007).
However, no identified reports were available related to Sus scrofa,
especially in ASB8, yet their biological functions are largely unknown.
Screening data from transcriptomics, we found differences in the six
ASB proteins following PRRSV infection, including ASB3, 7, 8, 9, 13,
15, among which ASB8 was remarkably upregulated rather than others.
In this study, the critical role of ASB8 in innate immune response to
viruses was identified. Overexpression of ASB8 significantly inhibited
virus-induced transcription of downstream antiviral genes and renders
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Fig. 5. ASB8 and Nspla jointly inhibit IFN-f and NF-kB production. (A, B) HEK293T cells were transfected with ASB8, Nspla plasmids or co-transfected with
two plasmids. 16 h later, cells were inoculated with 0.5 MOI SeV for 16 h before luciferase and qPCR analysis were performed. (C) HEK293T cells were transfected
with Flag-ASB8 and Myc-Nspla for 16 h before the phosphorylation of p65 was tested by Western blot after the cells were inoculated with 0.5 MOI SeV for 16 h. (D)
qPCR analysis in HEK293T cells transfected with NC or SiASB8 and Myc-Nspla for 24 h, followed by infection for 12 h with SeV (MOI, 0.5). The data are expressed as

the mean = SEM of three independent experiments.

the cells more susceptible to virus infection. Consistently, in PRRSV
infection, upregulated ASB8 also significantly inhibited the expression
of IFN-f and proinflammatory cytokines IL-6, NF-xB, IL-1f3, and TNF-a,
which is consistent with SOCS-1 negative regulation of cytokine sig-
naling during influenza virus infection(Wei et al., 2014).

NF-kB activation has been believed to play key roles in pathogenic
mechanisms. The suppression of NF-kB signal pathway is also evident in
virus-infected MARC-145 and PAM cells (Duan et al., 2014; Fu et al.,
2012; Kim et al., 2010). Nspla possesses the potential to inhibit the NF-
kB promoter activity by blocking the phosphorylation of IkBa(Kim
et al., 2010; Rascon-Castelo et al., 2015; Wang and Zhang, 2014; Wang
et al., 2016), but the precise mechanism was still unclear. The current
study identified that ASB8 is involved in Nspla protein-mediated NF-xB
repression. We proposed that the PRRSV Nspla hijacks ASB8 to pro-
mote virus replication via ubiquitination. Both ASB8 and Nspla protein
possessed a demonstrated capacity to inhibit NF-xB pathway, implying
that manipulating ASB8 levels may serve as a switch for controlling NF-
kB signaling mediated through Nspla. Therefore, ASB8 can be a critical
host factor targeted by multiple viruses to enhance their proliferation.
However, knockdown of ASB8 did not eliminate the inhibitory effect of
Nspla on IFN-f and NF-kB, implying that the involvement of other host
factors in this process. So we have proposed the further research ne-
cessity to understand the detailed process of virus Nspla hijacking
ASB8 to facilitate PRRSV proliferation.

IkB kinase B (IKK() functions as a fine-tuning controller of the nu-
clear factor NF-xB pathway (Maubach et al., 2017; Scheidereit, 2006).
Published studies have established Kelch-like ECH-associated protein 1
(KEAP1) is responsible for IKKB ubiquitination and degradation (Lee
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et al., 2009). In our study, we demonstrated that ASB8 functions as an
IKKP E3 ubiquitin ligase, consequently suppressing NF-«kB antiviral re-
sponse by promoting proteasome degradation of IKKf. Moreover, IKKf3
phosphorylated ASB8 at Ser31, which is critical for suppression of NF-
kB pathway. The ubiquitinated defective ASB8 variant is readily
phosphorylated, confirming that ASB8 phosphorylation does not re-
quire ubiquitination, but rather the opposite. Thus, our results sug-
gested that ASB8 as an antagonist of IKK(3 and signaling via NF-kB, can
be phosphorylated by IKK( to further regulate innate antiviral im-
munity in viral infection.

Ubiquitin chains linked through different lysine display variable
cellular functions. Most of studies have investigated lysine of K48-
linked and K63-linked polyubiquitination. K48-linked polyubiquitina-
tion are usually involves in regulation function of target protein de-
gradation, while K63-linked polyubiquitination mainly plays a role in
activation of antiviral signaling pathway (Hatakeyama, 2017; Luo,
2016b; Rajsbaum et al., 2014). SOCS is one of the substrate recognition
modules of Cullin5/Rbx2 ubiquitin ligases (Heuze et al., 2005; Kohroki
et al., 2005). The SOCS box is necessary for stabilization and/or de-
gradation of SOCS proteins by recruitment of the ubiquitin transferase
system (Chung et al., 2005; Li et al., 2011). The ubiquitin ligase Cul-
1in55°°%2 mediated regulation of TNFa—NF—«B signaling through
NDRI1 ubiquitination and degradation(Paul et al., 2017). Additionally,
creatine kinase B (CKB) interacts with Asb-9, which prompts the
polyubiquitylation of CKB and reduces total CKB levels within the cell
(Debrincat et al., 2007). In the present study, ASB8 catalyzed the K48-
linked polyubiquitin and proteasomal degradation to IKK( and thereby
restrain immune responses after viral infection. Meanwhile, in response
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Fig. 6. ASB8 catalyzes the K63-linked polyubiquitination of Nspla. (A) Co-immunoprecipitation analysis of the ubiquitination of Nspla in HEK293T cells
transfected with Myc-Nspla and HA-Ub (WT), as well as Flag-ASB8 or Flag-ASB8(dSOCS). (B) Co-immunoprecipitation analysis of the ubiquitination of Nspla in
HEK293T cells transfected with plasmids expressing Myc-Nspla, Flag-ASB8, and HA-Ub (WT), HA-Ub (K48) or HA-Ub (K63). (C, D) HEK293T cells were trans-
fected with the indicated plasmids. After 24 h, cell lysates were immunoprecipitated using anti-Myc antibody, followed by Western blot analysis using the indicated
antibodies. (E) HEK293T cells were transfected with control vector or HA-ASB8, as well as Myc-Nspla. After 24 h, 100 ug/ml CHX was added for different time and
Western blot was used to detect the level of Nspla protein. Densitometry analysis showing fold changes of Nspla levels after cycloheximide (CHX) addition,
normalized with B-actin. Data are representative of results from three independent experiments.

to PRRSV infection, ASB8 facilitated K63-linked polyubiquitination of
PRRSV Nspla on Lys117, which increases the protein stability of Nspla
and promotes PRRSV proliferation. Therefore, ASB8 may mediate both
K48 and K63-linked ubiquitination leading to the degradation or acti-
vation of respective target protein. Similarly, RNF128 catalyzed both
K48-linked and K63-linked ubiquitination, in which RNF128 degrades T
cell antigen receptor and activates of TBK1, respectively (Song et al.,
2016; Su et al., 2009).

In summary, we have identified an E3 ubiquitin ligase ASB8 as a
negative regulator of IKKf} and a host factor directed against RNA virus
infection. Firstly, ASB8 interacted with IKKP but not recognized IKKa in
our study. And the competition combination of ASB8 with IKK blocked
the formation of IKKa-IKK3-NEMO compounds, which further inhibits
NF-kB pathway and IFN-B production. Secondly, ASB8 was phos-
phorylated by IKKp at Ser31, ASB8 bound to IKK(3, which leads to IKKf
K48-linked ubiquitination and degradation, thereby inhibiting phos-
phorylation of IkBa and p65. Thirdly, ASB8 interacted with the PRRSV
Nspla and involved in Nspla protein-induced NF-kB signaling re-
pression. This work provides a new perspective of PRRSV to suppress
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the NF-kB signaling, but also defines a previously unknown, yet critical
role of ASB8. The more precise roles of ASB8 in NF-kB signal pathway
remains under investigation.

4. Materials and methods
4.1. Viruses and cells

The Chinese highly pathogenic PRRSV strain JXwn06 was used in
this study (Du et al., 2016; Su et al., 2018). 3D4/21 cells (CRL-2843)
were porcine alveolar macrophage cell line and were grown in RPMI
1640 medium containing 10% fetal bovine serum (Biological In-
dustries), 100 U/ml penicillin and 10 pg/ml streptomycin sulfate at
37 °C in a humidified 5% CO, incubator(Zhao et al., 2015). Human
embryonic kidney 293T cells (HEK293T) and HeLa cells were cultured
in Dulbecco's modified essential medium (DMEM) containing 10% fetal
bovine serum.
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Fig. 7. ASBS8 interacts with IKKf. (A) Cellular extracts from HEK293T cells with expression of Flag-ASB8 were immunopurified with anti-FLAG affinity beads and
eluted with Flag peptides. The eluates were resolved on SDS-PAGE and silver-stained followed by mass spectrometry analysis. Peptide coverage of the indicated
proteins were shown. (B) Immunoblot analysis of total cell lysates and proteins immunoprecipitated, with antibody to anti-Flag, from HEK293T cells transfected with
expression plasmids for HA-ASB8 and Flag-tagged IKKa and IKK. (C) Detection of the interaction between endogenous ASB8 and IKK [3 by co-IP. (D) Interaction
between the IKK( kinase domain and ASB8 as examined by co-IP. (E) HeLa cells were cotransfected with HA-ASB8 and Flag-IKKa or Flag-IKKp. The cells were fixed
at 24 h posttransfection and doubly stained with a rabbit anti-HA antibody and a mouse anti-Flag antibody followed by FITC-conjugated anti-mouse IgG (green) and
Cy5-conjugated anti-rabbit IgG (red). Nuclei were stained with DAPI (blue). Cells were observed under a laser confocal imaging analysis system. Scale bars, 10 pm.
(F) HEK293T cells were seeded on 24-well plates and transfected the next day with control or corresponding plasmids. 24 h later, luciferase assays were performed.
(G) Immunoblot analysis of phosphorylated (p-) p65 and IkBa in lysates of HEK293T cells transfected for 24 h with appropriate plasmid, followed by SeV infection for

12 h. Data are representative of results from three independent experiments.

4.2. Antibodies and reagents

Mouse anti-Flag monoclonal antibody (MAb) and anti-Flag M2 af-
finity gel were all purchased from Sigma-Aldrich. Anti-Myc-tag mouse
MAD (agarose conjugated) was purchased from Abmart. The antibodies
specific to Myc, HA and phospho-IkBa were from Cell Signaling
Technology (CST). Anti-phosphor-p-p65 polyclonal antibodies
(ImmunoWay) were purchased and used according to the manu-
facturers’ instructions. Antibody to ASB8 was prepared by immunizing
mice with the purified recombinant protein. Anti-PRRSV Nspla was a
gift from Huazhong Agricultural University of China. The rabbit poly-
clonal antibody specific for PRRSV Nsp2 were generously provided by
Prof. Jun Han of China Agricultural University. FITC-conjugated goat
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anti-rabbit antibody and Cy5-conjugated goat anti-mouse antibody
were purchased from Invitrogen. The horseradish peroxidase (HRP)-
conjugated antibodies including goat anti-rabbit IgG and goat anti-
mouse IgG were purchased from Sungene Biotech Co. Cycloheximide
(CHX), NH4Cl and MG132 were purchased from Sigma. Poly (I:C) was
purchased from Invitrogen and was used at a final concentration of
1 pg/ml for cell transfection.

4.3. Plasmids constructs

The ¢cDNA encoding ASB8 was amplified from porcine PBMCs and
cloned into the vector pFlag-CMV2/pHA-CMV2/pMyc-CMV2(Clontech)
via EcoRI/Xbal I sites to construct a recombinant plasmid Flag-ASB8/
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Fig. 8. IKK( phosphorylates ASB8 at Ser31. (A) Immunoblot analysis of lysates of HEK293T cells transfected to express HA-ASB8 and no IKK or Flag-tagged IKK(
or IKKB-KM. (B) Immunoblot analysis of lysates of HEK293T cells transfected to express HA- ASB8 and no IKKf or Flag-tagged IKK( and untreated or treated with
CIP. (C) Mass-spectrometry analysis of an IKKpB-phosphorylated ASB8 Ser31 peptide. (D) Immunoblot analysis of lysates of HEK293T cells transfected to express HA-
ASB8 or eight phosphorylation mutants with or without an expression vector for Flag- IKKP. (E) HEK293T cells were seeded on 24-well plates and transfected the
next day with control or corresponding plasmids. 24 h later, luciferase assays were performed. Data are representative of three independent experiments with three

biological replicates.

HA-ASB8. cDNA encoding full-length nonstructural protein (Nsp) from
PRRSV strain JXwn06 were subcloned into expression vector pMyc-
CMV2. Truncation and point mutations were generated by the fast
multisite mutagenesis system (TransGen Biotech, China) using the WT
protein plasmid as the template. The primer of all constructs were
provided in Table 1.
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4.4. RNA extraction, reverse transcription (RT) and quantitative PCR
(gPCR)

Total RNA from the PRRSV-infected 3D4/21 cells were extracted
using the RNAiso Plus reagent (Takara) according to the manufacturer's
protocols. gPCR was carried out to determine the transcription levels of
specific genes, using DBI Bioscience-2043 Bestar SybrGreen qPCR
master mix on ABI 7500 Real-Time PCR System. Table 2 listed the
specific primers for qPCR detection. The relative quantities of mRNA
accumulation were calculated based on the 2~ *2“* method and the data
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Fig. 9. ASB8 facilitates the K48-linked ubiquitination and degradation of IKKp. (A, B) Co-immunoprecipitation analysis of the ubiquitination of IKKf in
HEK293T cells transfected with the indicated plasmids. (C) HEK293T cells were transfected with Flag-IKK(, HA-Ub (K48) and NC or SiASB8 plasmids. After 24 h, cell
lysates were immunoprecipitated using anti-Flag antibody, followed by Western blot analysis using the indicated antibodies. (D) HEK293T were transiently
transfected with Flag-IKK(3, HA-Ub (K48), HA-Ub (K48R) along with Myc-ASB8. After 24 h, cells were treated for 10 h with 10 pM MG132, then immunoprecipitated
with anti-Flag and probed with the indicated antibodies. (E) HEK293T cells were transfected with IKKf plasmid, along with increasing amounts of plasmid expressing
ASBS8, and then treated with MG132 (10 uM) for 10 h. (F) HEK293T cells were transfected with IKKf and ASB8 plasmids for 24 h and treated with vehicle (DMSO),
NH4CI (10 mM), or MG132 (10 uM) for 10 h. Cell lysates were immunoblotted with the indicated antibodies. (G) Co-immunoprecipitation analysis of the ubiqui-
tination of IKKP in HEK293T cells transfected with plasmids expressing Flag-IKKf3, Myc-ASB8 or its mutants, and HA-Ub (K48). Data are representative of three

independent experiments.

Table 1
Primers used for PCR amplification.

Gene GenBank Primer (5%-3")
accession No.
ASBS8 XM_ F: GTCAAGTTCCAGTTTGGAGCATGT
005664169.2 R: ATCCAGAGCTGCCAGCATGCTGGT
Flag/HA/ XM_ F: CGGAATTCAATGAGTTCCAGTATGTGG
Myc- 005664169.2 R: GCTCTAGACTATTCTACAAGTAACAGGTAT
ASB8
Myc-Nspla ABR37297.1 F: CGGAATTCAATGTCTGGGATACTTGAT
R: GCTCTAGATCAAGCCATAGCACACTC
Myc-Nsplf ABR37297.1 F: CGGAATTCCATGGACGTCTATGACAT
R: GCTCTAGATCAACCGTACCACTTATG
Myc-Nsp4 ABR37297.1 F: CGGAATTCAATGGGCGCTTTCAGAACT
R: GCTCTAGATCATTCCAGTTCGGGTTT
Myc-Nspll ABR37297.1 F: CGGAATTCAATGGGGTCGAGCTCCCCG

R: GCTCTAGATCATTCAAGTTGAAAATAG
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were normalized to the expression level of B-actin gene. The reported
values were from three independent tests.

4.5. Flow cytometry analysis

3D4/21 cells infected with PRRSV strain JXwn06 at 1 MOI (multi-
plicity of infection) for 1 h or mock treated with serum free RPMI 1640.
Then the cells were washed once again and maintained in RPMI 1640
medium supplemented with 2% fetal calf serum for 24 h, 3D4/21 cells
were dissociated from the plates with 0.25% EDTA PBS and washed
with cold PBS containing 2% bovine serum albumin (BSA). Then cells
were stained with ASB8 (1:200) antibody for 30 min at 4 °C, followed by
incubation with 1:200 goat anti-mouse IgG FITC conjugate for 30 min at
4°C. A total of 1 x 10° cells were used for fluorescence-activated cell
sorter (FACS) analysis, and the expression level of ASB8 molecules was
presented as the mean fluorescence intensity (MFI).
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Table 2
Primers used for qRT-PCR amplification.
Gene GenBank accession No. Primer (5’-3")
Q-ASB8 XM_005664169.2 F: GAGAAGGGAGCTGAGGTG
R: AGCGGAGTGTCATTGTTG
IFN-B NM_001003923.1 F: GCAGTATTGATTATCCACGAGA
R: TCTGCCCATCAAGTTCCAC
NF-«xB EU399817.1 F: GTGTGTAAAGAAGCGGGACCT
R: CACTGTCACCTGGAAGCAGAG
IL-6 NM_214399 F: ACTGGCAGAAAACAACCTGA
R: CCTCGACATTTCCCTTATTGCT
IL-18 M86725 F: TGTTCTGCATGAGCTTTGTG
R: TCTGGGTATGGCTTTCCTTAG
TNF-a NM_214022 F: GAGATCAACCTGCCCGACT
R: CTTTCTAAACCAGAAGGACGTG
B-actin XM_003124280 F: CAAATGCTTCTAGGCGGACT
R: TGCTGTCACCTTCACCGTTC
Nsp2 ABR37297.1 F: CAGCCTTATGACCCCAACCAG
R: TGGGCAAAGTCCCCTGTACCAA
N ABR37297.1 F: CAGTCAATCAGCTGTGCCAAA
R: ATCTGACAGGGCACAAGTTCCA
CCL5 NM_001278736.1 F: AATTATTCCTGCAAGCCAA
R: AGTAAATTCTTGATGGCCTT
CCL10 NM_001565.3 F: CTCCCCATATTCCTCGGACACCA
R: GGAAATCCTGCCAGACTTGCT
Sev NC_001552.1 F: GAAAGAGATACCGAACCCAGAG
R: GCTTGAGGGAGTGTATTGTAGG
VSV AM689874.1 F: CTCCATATGAAGACGTGGAA
R: ATCGGAGTCCAACATACCA

4.6. Small RNA interfering assay

To analyze the effects of knockdown ASB8 on PRRSV replication
and cytokine expression, a small RNA interfering (siRNA) assay was
performed by siASB8 RNA targeting for ASB8 gene and scrambled
control siRNA which were synthesized by GenePharma (Suzhou, China)
(Table 3).

4.7. Dual luciferase assays

To evaluate IFN-B and NF-kB expression, HEK293T cells were
seeded into 24-well plates and transiently cotransfected with control
plasmids or ASB8 expression plasmids together with the luciferase re-
porter plasmid were carried out by following vendor's instruction. A
100ng of the pRL-null (Renilla luciferase control reporter vector)
plasmid DNA (Promega) was included as the control. The transfected
cells were cultured for 16 h before inoculated with 0.5 MOI Sendai virus
(SeV) for 16 h and then the lysed cell supernatants were subjected to
luciferase activity analysis using the dual luciferase reporter assay
system (Promega).

4.8. Engyme-linked immunosorbent assay (ELISA)
The concentrations of IFN-f in cell culture supernatants were

measured by ELISA Kits (R&D Systems).

Table 3
Sequences used in small RNA interfering assay.

Sequence name Trans- and anti-sense sequences (5-3")

SiASB8-363 F: GCUUCACUGGGCAGCCUUUTT
R: AAAGGCUGCCCAGUGAAGCTT
SiASB8-690 F: GGCCAAAGACCAGCAGCUUTT

R: AAGCUGCUGGUCUUUGGCCTT
F: UUCUCCGAACGUGUCACFUTT
R: ACGUGACACGUUCGGAGAATT

Negative control
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4.9. Ubiquitination assay

For analysis of the ubiquitination of Nspla and IKK(3, HEK293T
cells were transfected with plasmids expressing Myc-Nspla or Flag-
IKKB, HA-ubiquitin(WT), HA-ubiquitin(K48), HA-ubiquitin(K63) and
Flag-ASB8/Myc-ASB8 or its mutants, and then lysed cell supernatants
were immunoprecipitated with the Myc/Flag-specific antibody and
analyzed by immunoblot with anti-HA probe.

4.10. Immunofluorescence

HeLa or 3D4/21cells grown in 12-well plates were transiently
transfected with Lipofectamine 3000 Reagents (Invitrogen), ASB8 ex-
pressing plasmid or Nspla plasmid by following manufacturer's pro-
tocol. For endogenous fluorescence detection, 3D4/21 cells transfected
with plasmid were inoculated with 1 MOI PRRSV. After 24h post-
transfection or virus infection, the cells were fixed with 4% paraf-
ormaldehyde for 30 min and permeabilized with phosphate-buffered
saline (PBS) containing 0.3% Triton X-100 at RT for 10 min. The cells
were incubated with rabbit anti-HA or anti-Myc and mouse Nspla
antibody for 1h before being washed twice with PBS. After three wa-
shes with PBS, the cells incubated with FITC-conjugated goat anti-
mouse antibodies and Cy5-conjugated goat anti-rabbit antibodies for
1 h. The cells were continue washed for three times and then incubated
with 4/, 6-diamidino-2-phenyl-indole (DAPI, Sigma) for 5 min. Finally,
the images were visualized under an Olympus confocal microscope.

4.11. Western blot and co-immunoprecipitation assays

HEK293T cells were cultivated separately in 60-mm-diameter plate
transfected with either singly or doubly appropriate expression
plasmid. The harvested cells were lysed with cell lysis buffer (Solarbio)
after 24 h transfection. The cell debris were removed by centrifugation
at 13,000 rpm for 15 min. The supernatants were used in im-
munoprecipitation with anti-Myc/Flag agarose beads. The beads were
boiled for 10 min before being washed three times with lysis buffer, and
then the proteins bound to the beads were separated by SDS-PAGE, and
then transferred onto polyvinylidene difluoride (PVDF) membranes;
probed with proper antibodies against Flag or Myc, finally exposed by
using an ECL Western blotting kit (Pierce) and a chemiluminescence
apparatus (Gel Doc XR + Imaging System, BIO-RAD, USA) were per-
formed.

4.12. Statistical analysis

The various treatments were compared using an unpaired, two-
tailed Student's t-test using GraphPad Prism software (Version 6, USA)
(Wang et al., 2019). P < 0.05 was considered statistics significantly. In
addition, P < 0.01 and P < 0.001 were marked with two (**) and
three (***) asterisks, respectively.
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