SOCIETY FOR

L] amemcan | Journal of
3 MICROBIOLOGY Virology®

VIRUS-CELL INTERACTIONS

L)

Check for
updates

TARDBP Inhibits Porcine Epidemic Diarrhea Virus Replication
through Degrading Viral Nucleocapsid Protein and Activating

Type | Interferon Signaling

Sujie Dong,*? Ning Kong,*< Yu Zhang,® Youwen Li,” Dage Sun,® Wenzhen Qin,* Huanjie Zhai,* Xueying Zhai,* Xinyu Yang,?
Chengian Ye,® Manging Ye,® Changlong Liu,* Lingxue Yu,*“ Hao Zheng,*< Wu Tong,* Hai Yu,* Wen Zhang,® Guangzhi Tong,*

Tongling Shan®¢

aShanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai, China

bCollege of Animal Science, Tarim University, Xinjiang, China

cJiangsu Co-Innovation Center for the Prevention and Control of Important Animal Infectious Disease and Zoonose, Yangzhou University, Yangzhou, China

dDepartment of Preventive Dentistry, Ninth People’s Hospital, Shanghai JiaoTong University School of Medicine, Shanghai, China

eSchool of Medicine, Jiangsu University, Zhenjiang, China

Sujie Dong, Ning Kong, Yu Zhang, and Youwen Li contributed equally to this article. Author order was determined by the corresponding author after negotiation.

ABSTRACT In global infection and serious morbidity and mortality, porcine epidemic di-
arrhea virus (PEDV) has been regarded as a dreadful porcine pathogen, but the existing
commercial vaccines are not enough to fully protect against the epidemic strains.
Therefore, it is of great necessity to feature the PEDV-host interaction and develop effi-
cient countermeasures against viral infection. As an RNA/DNA protein, the trans-active
response DNA binding protein (TARDBP) plays a variety of functions in generating and
processing RNA, including transcription, splicing, transport, and mRNA stability, which
have been reported to regulate viral replication. The current work aimed to detect
whether and how TARDBP influences PEDV replication. Our data demonstrated that PEDV
replication was significantly suppressed by TARDBP, regulated by KLF16, which targeted
its promoter. We observed that through the proteasomal and autophagic degradation
pathway, TARDBP inhibited PEDV replication via the binding as well as degradation of
PEDV-encoded nucleocapsid (N) protein. Moreover, we found that TARDBP promoted
autophagic degradation of N protein via interacting with MARCHF8, an E3 ubiquitin
ligase, as well as NDP52, a cargo receptor. We also showed that TARDBP promoted host
antiviral innate immune response by inducing interferon (IFN) expression through the
MyD88-TRAF3-IRF3 pathway during PEDV infection. In conclusion, these data revealed a
new antiviral role of TARDBP, effectively suppressing PEDV replication through degrading
virus N protein via the proteasomal and autophagic degradation pathway and activating
type | IFN signaling via upregulating the expression of MyD88.

IMPORTANCE PEDV refers to the highly contagious enteric coronavirus that has quickly
spread globally and generated substantial financial damage to the global swine industry.
During virus infection, the host regulates the innate immunity and autophagy process to
inhibit virus infection. However, the virus has evolved plenty of strategies with the pur-
pose of limiting IFN-I production and autophagy processes. Here, we identified that
TARDBP expression was downregulated via the transcription factor KLF16 during PEDV
infection. TARDBP could inhibit PEDV replication through the combination as well as deg-
radation of PEDV-encoded nucleocapsid (N) protein via proteasomal and autophagic deg-
radation pathways and promoted host antiviral innate immune response by inducing IFN
expression through the MyD88-TRAF3-IRF3 pathway. In sum, our data identify a novel
antiviral function of TARDBP and provide a better grasp of the innate immune response
and protein degradation pathway against PEDV infection.
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orcine epidemic diarrhea (PED) represents the destructive porcine bowel disorder

resulting from PED virus (PEDV), which has the features of dehydration, vomiting,
and acute diarrhea, and it has a 100% mortality rate among piglets aged <1 week. PED
reoccurred in 2010, after which it spread in the world rapidly and induced tremendous
financial losses to porcine industry globally (1-4). PEDV, belonging to genus
Alphacoronavirus, family Coronaviridae, order Nidovirales, represents an enveloped,
positive-sense, single-stranded RNA virus that has a genomic size of about 28 kb. Its
genome possesses one 3'-untranslated region (UTR), one 5’-UTR, and 7 or more open
reading frames (ORFs) encoding 4 structural proteins (SPs), including envelope (E),
membrane (M), spike (S), and nucleocapsid (N) proteins, one accessory protein, ORF3,
and 16 nonstructural proteins (NSPs; nsp1 to nsp16) (5). In vitro, a number of SPs and
NSPs will suppress type I/lll interferon (IFN) responses (6, 7). IFN exerts a predominant
function in the innate immunity of the host, which accounts for the first-line defense
to resist pathogenic microorganisms (8, 9). Among the structural proteins, N protein
has an important effect on viral replication as well as inhibiting IFN expression from
offsetting the innate immunity of the host (7, 10). As a result, it is a candidate anti-
PEDV infection target.

Host factors are often investigated to reveal their roles in the viral life cycle to control
viral replication and pathogenesis. Among these proteins, Ou et al. first identified the gene
encoding trans-active response DNA binding protein (TARDBP) to be a factor combined
with TAR DNA in human immunodeficiency virus type 1 (HIV-1) (11), and it is a member of
the heterogeneous nuclear ribonucleoprotein (hnRNP) family, with several effects on RNA
processing, like transport, splicing, and transcription, together with mRNA stability (12).
There are 2 RNA recognition motifs (RRMs) in TARDBP that help to bind to TG/UG repeats
within DNA/RNA. Separately, there is also one C-terminal glycine-abundant domain that
has an essential role in protein interactions (13-16). At present, TARDBP-mediated neuro-
toxicity has been identified as a contributing factor for the pathogenic mechanisms of
Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), and frontotemporal lobar
degeneration (FTLD) (17-20). Recently, TARDBP was reported to regulate hepatitis B virus
(HBV) replication through combining with HBV RNA and DNA (21).

Autophagy is the leading intracellular degradation system through which cytosolic
components and organelles can be delivered to and degraded in the lysosome in
nearly all eukaryotic cells. Mechanisms of autophagy have been investigated deeply
and include three patterns: macroautophagy/autophagy, microautophagy, and chaper-
one-mediated autophagy (22, 23). Selective autophagy can be triggered in response to
cellular stresses and occur to degrade specific proteins, organelles, and invading path-
ogenic microbes. Ubiquitin identified using cargo receptors would be used to modify
the substrate proteins. The cargo receptors can deliver the specific substrates to the
autophagosome for the purpose of selective degradation (24). Upon virus infection,
host autophagy plays a role in the innate antiviral defense, contributing to a series of
viral replication regulation events for Sindbis virus, human parainfluenza virus type 3,
and vesicular stomatitis virus (VSV) (25-27). Obviously, viruses like HBV and influenza A
virus (IAV) have advanced approaches to evasion of autophagic degradation and could
enhance parts of the autophagy machinery to stimulate their replication and viral
pathogenesis (28-33). Infection of IAV can induce autophagosome and upregulate the
levels of LC3-Il. Autophagy is also related to the accumulation of IAV RNA and is
involved in IAV-regulated cell death (34). As illustrated by Gassen and colleagues, hin-
dering S-phase kinase-associated protein 2 (SKP2) was found to stimulate autophagy
and reduce Middle East respiratory syndrome coronavirus replication (35). Additionally,
HBV replication and envelopment are dependent on autophagy through interference
with autophagosome-lysosome fusion via hindering the member RAS oncogene family
7 (RAB7) complex (36) as well as the synaptosome-associated protein 29 (SNAP29)
complex (37). Our previous studies demonstrate that host gene bone marrow stromal
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cell antigen 2 (BST2) can adopt a selective autophagy pathway for inhibiting PEDV rep-
lication (24). However, the PEDV-induced biological activity in cells and the roles of
autophagy on PEDV replication are not yet fully understood.

This study aims to elucidate whether and how TARDBP regulates PEDV infection.
We observed that transcription factor KLF16 regulated the expression of TARDBP dur-
ing PEDV infection. In addition, we found that TARDBP hindered PEDV replication
through targeting and degrading virus N protein via proteasomal and autophagic deg-
radation pathway and activating type | IFN signaling via MyD88.

RESULTS

PEDV infection can decrease TARDBP expression via the transcription factor
KLF16. With the purpose of investigating the underlying function of TARDBP in antivi-
ral responses, this study first examined whether PEDV infection affects TARDBP expres-
sion in cells. We gathered and analyzed LLC-PK1 cells following PEDV (strain JS-2013)
infection at a multiplicity of infection (MOI) of 1, in accordance with a previous descrip-
tion (38). The presence of TARDBP was investigated by Western blotting (WB) and
quantitative real-time PCR (qRT-PCR) on cells infected with PEDV. Consistent with those
obtained results, there existed a reduction in the protein and mRNA levels of TARDBP
within LLC-PK1 cells with PEDV infection (Fig. 1A and B) compared with the levels in
uninfected cells, suggesting that PEDV infection downregulates TARDBP endogenous
expression in host cells. The present work explored TARDBP within Vero cells infected
with PEDV by WB (Fig. 1C), which also indicated that the TARDBP levels were decreased
in Vero cells infected with PEDV.

To further explore the transcriptional regulation of TARDBP, this study amplified the
1,921 bp of TARDBP promoter and truncated promoter sequences (D1 to D8) and
inserted them in pGL3-Basic luciferase vector to identify direct luciferase activities of
HEK 293T cells. According to our obtained results, the segments containing nucleotides
from —413 to —1 (D4) induced the highest luciferase activity. D4 sequences were trun-
cated again and inserted in luciferase vector to verify minimal TARDBP core promoter
boundaries. The truncated promoter contains nucleotides from —99 to —33 (F1, F2,
and F3) that induced the highest luciferase activity, indicating the TARDBP core pro-
moter was located at positions —99 to —33 (Fig. 1D).

We then predicted the possible transcription factor-binding sites (TFBS) in gene pro-
moter with JASPAR (http://jaspar.genereg.net/) (39). Based on the above-described find-
ings, the minimal TARDBP key promoter region, which spanned nucleotide positions —99
to —33, contained the following TFBS: SP3-, KLF4-, KLF5-, and KLF16-binding sites (Fig. 1E).
With the purpose of investigating the effect of these predicted transcription factors on the
TARDBP promoter, we measured the mRNA levels of the putative transcription factors in
PEDV-infected LLC-PK1 cells. As shown in the qRT-PCR analysis, all four transcription factors
were significantly downregulated (Fig. 1F) in PEDV-infected cells, in line with TARDBP
expression tendency. Following this, we chose small interfering RNAs (siRNAs) that could
target the SP3, KLF4, KLF5, and KLF16 mRNA sequences. As presented in the gRT-PCR
results, only in LLC-PK1 cells subjected to KLF16 siRNA transfection was TARDBP expression
obviously decreased (Fig. 1G). We also performed the chromatin immunoprecipitation
(ChIP) assay using Flag-KLF16 for the sake of immunoprecipitating TARDBP core promoter.
The results confirmed that KLF16 directly bound to TARDBP promoter (Fig. 1H), indicating
the role of KLF16 in regulating TARDBP expression. These data suggest that PEDV infection
downregulates TARDBP expression via the transcription factor KLF16.

TARDBP can suppress PEDV replication. TARDBP has been considered part of an
RNA-binding scaffold promoting HBV replication (21). For investigating TARDBP's role in
PEDV infection, this work initially checked whether the TARDBP affects PEDV replication in
vitro. We transfected TARDBP plasmids (Flag-TARDBP) into Vero cells. After transfection for
24 h, PEDV was infected into cells at an MOI of 0.01. We also gathered infected cell culture
supernatants and cells at specific time points and measured PEDV N expression and PEDV
viral loads. The viral yield was calculated at 14 and 18 h postinfection (hpi) by Western blot-
ting (Fig. 2A), qRT-PCR (Fig. 2B), and median 50% tissue culture infectious dose (TCID,)
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FIG 1 PEDV infection can inhibit TARDBP expression via transcription factor KLF16. (A) After pseudoinfection or infection of LLC-PK1 cells
using PEDV at an MOI of 1, cells were subjected to separate explorations at 20, 23, and 26 hpi. Western blotting was used to analyze the
presence of TARDBP and PEDV N proteins. The loading control for samples was ACTB. (B) qRT-PCR was employed for examining the
TARDBP mRNA expression in samples identical to those in panel A. (C) After pseudoinfection or infection of Vero cells using PEDV at an
MOI of 1, cells were subjected to separate explorations at 8 and 9 hpi. Western blotting was used to analyze the presence of TARDBP and
PEDV N proteins. The loading control for samples was ACTB. (D) Cotransfection of HEK 293T cells with a range of truncated constructs
(—1921 to —1) of TARDBP promoter was accomplished, where pRL-TK-Luc was utilized for performing dual luciferase experiments. (E) The
TFBS of the TARDBP promoter was inspected with JASPAR. (F) Relative mRNAs of predicted genes were explored by qRT-PCR in LLC-PK1
cells infected with PEDV. (G) TARDBP mRNAs in the LLC-PK1 cell-transfected siRNA of predicted genes were studied by qRT-PCR.
(H) Following transfection with either Flag-KLF16 plasmid or blank vector, the samples of LLC-PK1 cells were subjected to harvesting and
treatment for subsequent ChIP analysis. For the precipitation of chromatin-bound KLF16, a normal rabbit IgG or anti-Flag antibody was
utilized. Data presented are means * SDs from triplicate experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-tailed Student's t test).
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FIG 2 TARDBP can suppress PEDV replication in cells. (A and B) TARDBP plasmids were transfected into Vero cells infected
with PEDV at an MOI of 0.01 at 24 h posttransfection. PEDV was explored with Western blotting and gRT-PCR separately.
(C) PEDV titers were measured by the TCID;, method using the culture supernatants of Vero cells that were processed as
stated for panel A. (D) Following transfection using Flag-TARDBP plasmid, the Vero cells were subjected to PEDV infection at
an MOI of 0.01. Further, the culture supernatants gathered at the designated times were measured for viral titers by the
TCIDs, method. (E and F) Following transfection using enhancing Flag-TARDBP plasmid, the Vero cells were subjected to PEDV
infection at an MOI of 0.01. The cell samples and supernatants were gathered with the purpose of analyzing PEDV replication
with Western blotting and qRT-PCR. (G and H) TARDBP plasmids were transfected into LLC-PK1 cells. Afterwards, PEDV (MOI
of 1) infected cells at 24 h posttransfection. PEDV replication was studied based on WB and qRT-PCR separately. (I) The siRNAs
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TABLE 1 Primer and siRNA sequences used in this study

ChlP assay
ChlP primer forward
ChIP primer reverse

siRNA sequences

Purpose and name Sequence (5'-3’)

Real-time PCR Primers
PEDV N forward GAGGGTGTTTTCTGGGTTG
PEDV N reverse CGTGAAGTAGGAGGTGTGTTAG
PpTARDBP forward TTTTGCCTTTGTTACATTTGC
PTARDBP reverse AGTTCATCCCTCCACCCAT
KLF16 forward CCTTTGCTTGCGACTGG
KLF16 reverse CGAGCGTGCTTGGTCAG
ACTB forward TCCCTGGAGAAGAGCTACGA
ACTB reverse AGCACTGTGTTGGCGTACAG
pGAPDH forward ATGGATGACGATATTGCTGCGCTC
PGAPDH reverse TTCTCACGGTTGGCTTTGG
hIFN-B forward TCTTTCCATGAGCTACAACTTGCT
hIFN-B forward GCAGTATTCAAGCCTCCCATTC

CCAGTCTCGGGAGGGTCCAGAGGGC
GCCCTGGGTCTCGGCCGGAGCTCGC

si-TARDBP sense GGCCUUUGGUUCUGGAAAUTT
si-TARDBP antisense AUUUCCAGAACCAAAGGCCTT

si-KLF16 sense CUGCCAAAGAGCAGUUUAATT
si-KLF16 antisense UUAAACUGCUCUUUGGCAGTT
si-MyD88 sense GUACAAGGCAAUGAAGAAATT
si-MyD88 antisense UUUCUUCAUUGCCUUGUACTT
si-TRAF3 sense GGCCGUUUAAGCAGAAAGUTT
si-TARF3 antisense ACUUUCUGCUUAAACGGCCTT
si-TRAF6 sense GCGCUGUGCAAACUAUAUATT
si-TRAF6 antisense UAUAUAGUUUGCACAGCGCTT
NC sense UUCUCCGAACGUGUCACGUTT
NC antisense ACGUGACACGUUCGGAGAATT

(Fig. 2C). The results demonstrated that TARDBP significantly suppressed PEDV prolifera-
tion. Additionally, the viral titers within Vero cell supernatants revealed that TARDBP over-
expression significantly inhibited PEDV replication (Fig. 2D). The PEDV N mRNA and protein
expression obviously decreased based on the increase of plasmid (Flag-TARDBP) quantity
(Fig. 2E and F). The TARDBP protein was then overexpressed in LLC-PK1 cells. Similarly, the
PEDV N protein and mRNA levels also were significantly downregulated at 24 and 28 hpi
in LLC-PK1 cells (Fig. 2G and H). We then designed siRNAs targeting TARDBP, transfected
the TARDBP siRNA into LLC-PK1 cells (Table 1), and detected that the siRNA interference ef-
ficiency reached about 75% (Fig. 2I). As expected, silencing TARDBP expression promotes
PEDV replication within LLC-PK1 cells (Fig. 2J and K). All in all, PEDV replication within LLC-
PK1 and Vero cells can be hindered by TARDBP.

TARDBP can interact with PEDV N protein. To determine the molecular mecha-
nisms through which TARDBP hinders PEDV replication, this study analyzed whether
TARDBP modulates PEDV replication by regulating the PEDV SPs (S1, S2, E, M, and N).
Coimmunoprecipitation (co-IP) assay was applied based on the indicated antibodies in
HEK 293T cells subject to specific plasmid and Flag-TARDBP plasmid cotransfection.
We found that PEDV N was precipitated using Flag-TARDBP (Fig. 3A) and that the inter-
action was not affected by cell lysis with RNase (Fig. 3B), indicating that the PEDV N pro-
tein shows direct interaction with TARDBP and does not depend on RNA. Moreover, PEDV

FIG 2 Legend (Continued)

targeting TARDBP were designed and transfected with the TARDBP siRNA to LLC-PK1 cells, and the siRNA interference
efficiency reached about 75%. (J and K) TARDBP siRNA or negative-control siRNA was transfected into LLC-PK1 cells, which
were infected with PEDV at an MOI of 1 at 24 h posttransfection. PEDV replication was investigated based on WB and gRT-
PCR separately. Data are presented as means = SD from triplicate samples. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-tailed

Student's t test).
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FIG 3 TARDBP can interact with PEDV N protein. (A) An entire day of transfection of HEK 293T cells was accomplished using the HA-N- and Flag-TARDBP-
encoding plasmids, and then the anti-Flag binding beads were utilized for the co-IP procedure. Western blotting was used for analyzing the precipitated
proteins. ACTB was applied as a control. WCL, whole-cell lysate. (B) The interaction of TARDBP with PEDV N protein after RNase treatment. (C) Following
pseudoinfection or infection using PEDV at an MOI of 0.01, the Vero cells were gathered for the endogenous TARDBP immunoprecipitation based on the
antibody of N protein. (D) The pCold TF and pCold GST plasmids were utilized for independent cloning of TARDBP and PEDV N, which were subsequently
denoted in BL21(DE3) bacterial strain for the affinity isolation of GST. The eluted proteins were explored with the use of Western blotting. (E) Following an
entire day of transfection of Hela cells using N-mCherry- and Flag-TARDBP-encoding plasmids, the specific antibodies were utilized to accomplish cellular
labeling. DAPI labeling was used for the cellular nuclei, while a confocal immunofluorescence microscope was utilized for the monitoring of fluorescent
signals (scale bars, 100 wm).

N protein had the ability to effectively coimmunoprecipitate with the endogenous TARDBP
protein in Vero cells (Fig. 3C). According to the glutathione S-transferase (GST) affinity isola-
tion assay, the binding between PEDV N (GST-N) and TARDBP was also confirmed (Fig. 3D).
TARDBP is predominantly localized in the nucleus, and it is characterized by one nuclear
localization signal (NLS) as well as one nuclear export signal (NES), giving it the capability
of cytoplasmic-nuclear shuttling (40). To further investigate the position of TARDBP and N,
Hela cells were cotransfected using plasmids that encoded Flag-TARDBP as well as N-
mCherry, with protein localization being examined after a whole day. As shown in Fig. 3E,
TARDBP in the nucleus shuttled to the cytoplasm and efficiently colocalized with N
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proteins in the cytoplasm. Collectively, the obtained findings show that TARDBP interacts
with the PEDV N protein.

TARDBP can degrade PEDV N protein by proteasomal and autophagic degradation.
Coronavirus N protein performs plenty of roles in the viral replication cycle and patho-
genesis, such as host cell cycle regulation and immune system interference (10). The
PEDV N protein refers to an abundant structural protein produced within infected cells.
Some studies suggested that PEDV N protein is involved in immune reactions and sig-
nal transduction within host cells with the purpose of facilitating viral replication (41,
42). Since PEDV N protein interacts with TARDBP, which has been considered to induce
neuronal damage via autophagic flux (43), we hypothesized that TARDBP promotes
host protein degradation pathways to regulate the PEDV N protein level. We cotrans-
fected HEK 293T cells by enhancing amounts of Flag-TARDBP expression plasmids
along with HA-N plasmids. The PEDV N protein abundances decreased with Flag-
TARDBP concentration (Fig. 4A) in HEK 293T cells, and the results were confirmed in
Vero cells (Fig. 4B). As reported above, two leading intracellular protein degeneration
pathways exist within eukaryotic cells, the autolysosome pathway and ubiquitin-
proteasome system pathway (23). To detect the predominant degeneration pathway
in TARDBP-mediated PEDV N protein degradation, Flag-TARDBP and HA-N were
cotransfected into HEK 293T cells, which were treated using the autophagy activator
rapamycin, MG132 (a protease inhibitor), and autophagy inhibitors 3-methyladenine
(3-MA), bafilomycin A1 (Baf A1), and chloroquine (CQ). The amount of intracellular
PEDV N protein was checked by WB. Moreover, PEDV N protein degeneration mediated
by TARDBP was significantly enhanced in cells treated with rapamycin (Fig. 4Q).
Conversely, N protein degeneration was reversed via MG132 and BafA1, 3MA, and CQ
(Fig. 4C). These results indicate that TARDBP promotes proteasomal and autophagic
degradation of PEDV N.

Our previous study found that PEDV infection can induce autophagy (24). To further
confirm TARDBP suppresses PEDV N protein through autophagy, the autophagic marker
MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3) (44, 45) was measured in
Flag-TARDBP and HA-N cotransfected Vero cells. LC3-I-to-LC3-Il conversion significantly
improved in a dose-dependent manner with Flag-TARDBP amounts (Fig. 4D). Moreover,
the overexpression of TARDBP could notably increase the degradation of ubiquitinated N
protein (Fig. 4E). Further, we treated the PEDV-infected cells with autophagy activator rapa-
mycin, aiming to strengthen the evidence that PEDV N protein is degraded via autophagy.
Western blotting and gRT-PCR findings demonstrated that the autophagy activator rapa-
mycin could enhance the degradation of PEDV N at 14 and 18 hpi in Vero cells (Fig. 4F and
G). Such data suggested that the induced autophagy facilitated TARDBP degradation of
PEDV N protein.

TARDBP can degrade PEDV N protein via TARDBP-MARCHF8-NDP52-autophagosome
pathway. In the process of selective autophagy, SPs can be ubiquitinated initially via the
E3 ubiquitin ligase and subsequently detected via cargo receptors. Cargo receptors are ca-
pable of delivering substrates into ATG8 family proteins, forming autophagosome degrada-
tion substrates (46). According to recent research, some host antiviral factors, such as BST2
and PABPC4, were able to recruit MARCHFS8 (an E3 ubiquitin ligase) for catalyzing ubiquiti-
nation of PEDV N protein, and later the ubiquitinated N protein can be identified and
transmitted to the lysosome for degradation by the cargo receptor NDP52 (24, 47). To
investigate the mechanism of TARDBP degradation of the PEDV N by autophagy, one of
the protein degradation pathways, we performed the co-IP assay and found that
MARCHF8 coimmunoprecipitated with Flag-TARDBP as well as endogenous TARDBP pro-
tein in HEK 293T cells (Fig. 5A and B), and we also found that the interaction of MARCHF8
and TARDBP did not depend on RNA (Fig. 5A). The GST affinity isolation assay further con-
firmed the direct binding of TARDBP to MARCHF8 (Fig. 5C). We next validated the interac-
tions between TARDBP and NDP52 (Fig. 5D to F) and found that the interaction of NDP52
and TARDBP did not depend on RNA (Fig. 5D). Immunofluorescence confocal microscopy
analysis also showed that TARDBP in the nucleus was transmitted to the cytoplasm and
efficiently colocalized with MARCHF8 and NDP52 (Fig. 5G). To explore whether the
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FIG 4 TARDBP can degrade PEDV N protein by proteasomal and autophagic degradation. (A and B) A 24-h cotransfection of
HEK 293T cells (A) and Vero cells (B) was accomplished using HA-N- and enhanced Flag-TARDBP-encoding plasmids.
Subsequently, the cellular lysates were detected by Western blotting. (C) After transfection using HA-N- and Flag-TARDBP-
encoding plasmids, the HEK 293T cells were subjected to separate processing with the rapamycin autophagy activator, the
MG132 protease inhibitor, the Baf A1 (bafilomycin A1) autophagy inhibitor, 3MA (3-methyladenine), and CQ (chloroquine).
Western blotting proceeded for investigating the cellular lysates. (D) An entire day of transfection of Vero cells was
accomplished using the HA-N- and enhanced Flag-TARDBP-encoding plasmids. Subsequently, Western blotting proceeded for
investigating the cellular lysates. (E) Cotransfection of HEK 293T cells with HA-TARDBP and Flag-N was accomplished, and
then the cellular lysates were collected 24 h posttransfection. The ubiquitinated N proteins were immunoprecipitated with an
anti-Flag antibody and explored by WB. (F and G) dimethyl sulfoxide (DMSO) or rapamycin was added to the Vero cells.
Twenty-four hours later, PEDV infection of the cells was accomplished at an MOI of 0.01. At 14 and 18 h postinfection, the
cellular lysate samples and supernatants were harvested for assessing the mRNA levels and expression of PEDV N protein
independently via qRT-PCR and Western blotting.
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FIG 5 TARDBP deteriorated N protein via the TARDBP-MARCHF8-NDP52-autophagosome axis. (A) Anti-Flag binding beads were utilized for
the co-IP procedure before an entire day of transfection of HEK 293T cells using the Flag-TARDBP- and MYC-MARCHF8-encoding plasmids.
The cells were collected and left untreated or treated with RNase. The precipitated proteins were analyzed by Western blotting. (B) Anti-Flag
binding beads were utilized for the co-IP procedure, based on which an entire day of transfection of HEK 293T cells was accomplished using
the Flag-MARCHF8-encoding plasmids. Western blotting was used to study precipitated proteins. (C) GST-MARCHF8 and TARDBP were
detected by the GST affinity isolation assay. (D) A 24-h transfection of HEK 293T cells was accomplished using the Flag-TARDBP- and MYC-
NDP52-encoding plasmids. The cells were collected and treated with RNase or left untreated. The precipitated proteins were analyzed by
Western blotting. (E) An entire day of transfection of HEK 293T cells was accomplished using the Flag-NDP52-encoding plasmids prior to the
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MARCHF8-NDP52-autophagosome pathway is involved in TARDBP-induced PEDV N pro-
tein degradation, HEK 293T cells were subjected to cotransfection using HA-N and Flag-
TARDBP with MARCHF8 siRNA or NDP52 siRNA. Western blotting revealed that MARCHF8
or NDP52 could block the TARDBP-induced degradation of PEDV N protein (Fig. 5H). Next,
to investigate whether the MARCHF8-NDP52-autophagosome axis is required in TARDBP
inhibiting PEDV replication processes, we cotransfected Flag-TARDBP and MARCHF8 siRNA
into Vero cells, along with PEDV infection, and found that PEDV inhibition by TARDBP was
reversed by MARCHF8 interference (Fig. 5I). The function of TARDBP in PEDV proliferation
inhibition was effectively reversed when the autophagy pathway was blocked. These
results consistently demonstrated that TARDBP can degrade PEDV N protein via the
TARDBP-MARCHF8-NDP52-autophagosome way.

TARDBP can upregulate IFN expression by interacting with MyD88. IFNs are criti-
cal mediators of host antiviral immunity through inducing the antiviral state of cells,
inducing apoptosis of infected cells, and regulating immunocyte subpopulations that are
important for antiviral responses (48). During virus infection, the virus evolves many
aggressive strategies against IFN responses, and the host frequently has to acquire novel
functions of antiviral proteins to handle quickly evolving or newly emerging viruses (24). It
was reported that PEDV nsp3 and nsp16 negatively regulate IFN-3 expression through
RIG-1 and MDAS5 (49, 50). However, it is unknown whether and how TARDBP affects IFN-
mediated antiviral responses to antagonize PEDV. This study carried out an IFN-3 pro-
moter and IFN-stimulated response element (ISRE)-driven luciferase reporter assay, finding
that TARDBP induced IFN- B activation dose dependently (Fig. 6A). To clarify how TARDBP
facilitates IFN-B, we cotransfected TARDBP expression plasmids using plasmids that
encoded critical signaling proteins related to intrinsic antiviral response. As shown in Fig.
6B, TARDBP increased the luciferase reporter activity induced by MyD88, TRAF3, and
TRAF6. Furthermore, we selected siRNAs targeting MyD88, TRAF3, and TRAF6. In HEK 293T
cells subjected to TARDBP expression plasmids and MyD88 siRNA or TRAF3 siRNA cotrans-
fection, the IFN-B expression was significantly decreased (Fig. 6C). Moreover, the co-IP
(Fig. 6D) and confocal immunofluorescence assays (Fig. 6E) demonstrated that
TARDBP protein could interact and colocalize with MyD88 in the cytoplasm without
TRAF3 (data not shown). We next found that TARDBP protein could efficiently upreg-
ulate the endogenous MyD88, TRAF3, and phosphorylated IRF3 in HEK 293T cells in a
dose-dependent manner (Fig. 6F). Further, the interference of MyD88 can block the
TARDBP-mediated TRAF3 upregulation (Fig. 6G). Altogether, TARDBP upregulates IFN
expression through the MyD88-TRAF3-IRF3 pathway to promote host antiviral innate
immune responses.

DISCUSSION

PEDV can threaten the swine industry in China and globally, considering the current
circumstances, but the existing commercial vaccines do not do enough to fully protect
against the epidemic strains. As a result, this study aimed to explore whether potential
host factor modification exists on PEDV infection as well as resistance regulation in vi-
ral replication. This study describes a novel mechanism by which TARDBP significantly
promotes PEDV N protein ubiquitination. Furthermore, we identified the mechanism
TARDBP uses to suppress PEDV replication by degrading viral N protein via the ubiqui-
tin-proteasome and the TARDBP-MARCHF8-NDP52-autophagosome pathways. We
have also demonstrated the new immunomodulatory mechanisms of TARDBP by
MyD88-TRAF3-pIRF3-induced IFN response regulation (Fig. 7).

FIG 5 Legend (Continued)

Journal of Virology

co-IP procedure, where the anti-Flag binding beads were utilized. Subsequently, Western blotting proceeded for investigating the protein
precipitates. (F) GST-NDP52 and TARDBP were detected via GST affinity isolation. (G) Flag-TARDBP and MYC-MARCHF8 or MYC-NDP52 were
transfected into Hela cells and subsequently labeled with antibodies, with cell nuclei labeled with DAPI, for confocal immunofluorescence
microscopy. Scale bars, 100 um. (H) HA-N, Flag-TARDBP, and siRNA (MARCHF8 siRNA, NDP52 siRNA, or NC siRNA) were cotransfected into
HEK 293T cells. N protein abundance was detected via WB. (I) The Flag-TARDBP and MARCHF8 siRNA/NC siRNA were transfected into the
Vero cells. PEDV infection of the cells 24 h later was accomplished at an MOI of 0.01, followed by gathering the cellular lysates for the

Western blot-based expression evaluation of the PEDV N protein.
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FIG 6 TARDBP can upregulate IFN expression by interacting with MyD88. (A) We transfected HEK 293T cells with IFN-3 or ISRE luciferase
reporter along with the enhancing amounts (wedge) of Flag-TARDBP using dual luciferase activity. (B) TARDBP and IFN-B luciferase
reporter, along with plasmids encoding MDAS5, RIG-, MAVS, MyD88, TRAF3, TRAF6, TBK1, IKK, and IRF3, were cotransfected into HEK 293T
cells for examining dual luciferase activity. (C) HEK 293T cells were cotransfected with Flag-TARDBP, and IFN-B luciferase reporter and
SiRNA (MyD88 siRNA, TRAF3 siRNA, or TRAF6 siRNA) were studied for dual luciferase activity. (D) Transfection of HEK 293T cells was
accomplished using the Flag-MyD88- and HA-TARDBP-encoding plasmids prior to the co-IP procedure, where the anti-Flag binding beads
were utilized. (E) Following transfection of Hela cells using TARDBP-HA- and MyD88-Flag-encoding plasmids, the specific primary and
secondary antibodies were utilized to accomplish cellular labeling. DAPI labeling was used for the cellular nuclei. At the same time,
confocal immunofluorescence microscopy was used to observe the fluorescent signals. Scale bars, 100 um. (F) HEK 293T cells were
transfected with enhancing amounts (wedge) of Flag-TARDBP for a whole day. Western blotting was used to analyze the cell lysates.
(G) HEK 293T cells were transfected with enhancing amounts (wedge) of Flag-TARDBP and MyD88 siRNA for 24 h. WB was used for
studying the cell lysates.
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FIG 7 Antiviral mechanism of TARDBP can inhibit PEDV replication. During PEDV infection, host cells activate KLF16 with the purpose
of upregulating the abundance of TARDBP protein. TARDBP recruits the E3 ubiquitin ligase MARCHF8 to catalyze and degrade the N
protein through the ubiquitin-proteasome and autolysosome pathways. Additionally, TARDBP activates type | IFN signaling by
directly targeting MyD88, which regulates TRAF3 expression and induces the phosphorylation of IRF3.

TARDBP was initially detected as a cellular element in repressing transcription of
the HIV-1 long terminal repeat (11). The following research verified the role of TARDBP
as a transcriptional repressor (51-53). This study first identified that PEDV infection can
inhibit TARDBP endogenous expression in host cells. The control of TARDBP expression
at the transcriptional level could indicate a deeply critical element for the pathogenesis
of PEDV. Baralle and Romano have detected the region that spanned nucleotides 451
to 230 upstream from the transcription start site as a TARDBP gene core promoter with
obvious transcription activity in humans (54). The current work amplified the porcine
TARDBP promoter sequence and identified the region positions —99 to —33 upstream
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as the minimal TARDBP core promoter region with obvious transcriptional activity. We
also observed and confirmed that PEDV infection directly downregulated TARDBP via
the core promoter KLF16. We further confirmed that TARDBP suppressed PEDV replica-
tion in PEDV-infected cells, but the underlying mechanism is unknown.

TARDBP accounts for one of the multifunctional proteins that bind to DNA or RNA
and interact with numerous proteins, and many such proteins are related to nuclear
RNA processing and cytoplasmic protein translation (55). Its potential interaction part-
ners are suggested to interfere with HBV replication (21). At present, PEDV N protein
interacts with many proteins within host cells, like BST2 (24), PABPC4 (47), IRAV (56),
translation elongation factor-1 alpha (57), and nucleolin (58), which inhibited PEDV
replication. As TARDBP can interact with many proteins and there are nuclear import/
export signals, it is hypothesized that TARDBP interacts with PEDV protein to suppress
virus replication. In support of this hypothesis, we detected the PEDV nucleocapsid
protein in precipitated TARDBP and found that TARDBP in the nucleus shuttled to cyto-
plasm and colocalized with N protein in the cytoplasm, confirming the interaction
between PEDV N and TARDBP.

Virus-host interactions have a critical effect on life cycle as well as disease pathogenesis
of viruses. Cellular pathways, such as autophagy, have been detrimental or beneficial to vi-
rus infection (59). Ying et al. (13) revealed autophagy contributed to TARDBP-mediated
neurodegenerative disorders. The loss of TARDBP greatly triggers TF-EB’s nuclear transport,
which has a critical effect on regulating autophagy and lysosomal biogenesis. Therefore, it
enhances extensive gene expression related to lysosomal autophagic pathways while
increasing lysosomal biogenesis and autophagy (60). Generally, the autolysosome and
ubiquitin-proteasome pathways represent two important pathways for intracellular protein
degeneration (23, 61). Autophagy is the catabolic degeneration event that delivers cyto-
plasmic contents into lysosome. The autophagy process involves ubiquitination (62). PEDV
replication has been suggested to be tightly associated with autophagy (24, 47). This work
discovered that TARDBP overexpression markedly promoted PEDV N protein ubiquitina-
tion. Meanwhile, the TARDBP-induced N degeneration was partially abolished through
treatment with autophagy inhibitors (BafA1, CQ, and 3-MA) as well as proteasome inhibitor
(MG132), indicating the effect of TARDBP on enhancing PEDV N's autophagic and protea-
somal decomposition. As recently discovered, MARCHF8, an E3 ubiquitin ligase, was
recruited by host factor BST2 for the catalysis of PEDV N ubiquitination, inducing selective
autophagic degeneration (24). We found that silencing MARCHF8 or NDP52 could block
the TARDBP-induced degradation of PEDV N protein through the autolysosome pathway.
The TARDBP-MARCHF8-NDP52-autophagosome pathway has an important effect on N
protein degeneration, with selective autophagy induced by TARDBP.

IFNs are antiviral cytokines with multiple functions and are triggered by viral infections,
like that of Sendai virus (63). Upon viral infection, pathogen-associated molecular patterns
(PAMPs) can recognize viral RNA via the cytoplasmic sensors melanoma differentiation-
associated gene 5 protein (MDA5) and retinoic acid-inducible gene | (RIG-I) (64). In the
above-mentioned sensors, their activated recruitment domains show interaction with mito-
chondrial antiviral signal proteins (MAVS), followed by subsequent interaction with tumor
necrosis factor (TNF) receptor-associated factor 3 (TRAF3), along with recruitment of I« B ki-
nase (IKK)-related kinases, like IKKe and TANK binding kinase 1 (TBK1). IKKe and TBK1 have
the ability to phosphorylate interferon regulatory factor 3/7 (IRF3/7) (65-68). The phospho-
rylated and dimerized IRF3/7 can be imported into the nucleus to activate IFN-a/p.
Additionally, Toll-like receptors (TLRs) further recruit MyD88 and TRIF, two downstream
adaptors, for signal transduction, thus inducing chemokine and cytokine generation (69-
71). The correlation between swine acute diarrhea syndrome coronavirus N protein and
RIG-I contributes to the independent regulation of RIG-I ubiquitination associated with
K27, K48, and K63, thus suppressing IFN response in the host by inducing proteasome-
dependent degeneration (72). The PEDV N protein was reported to suppress IRF3-
mediated IFN-I production through inhibiting IRF3 nuclear transport and phosphorylation
by interacting with TBK1 (6, 42). Because IFN has a critical effect on inherent antiviral
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immunity, it was speculated in the present work that TARDBP inhibited PEDV replication
by activating IFN generation. Conforming to our speculation, TRAF3 was discovered to
modulate IFN-B activation through interacting with MyD88. During PEDV infection,
TARDBP combines with MyD88, which then regulates TRAF3 expression and induces the
phosphorylation of IRF3.

In summary, we show that TARDBP inhibits PEDV replication through the induction
of type I IFN expression and degradation of viral nucleocapsid protein (Fig. 7). The tran-
scription factor KLF16 shows direct binding to the core promoter of TARDBP, thus
increasing TARDBP protein expression, while the latter also exhibits direct binding to
and degradation of PEDV N protein via the autolysosome and ubiquitin-proteasome
pathways. TARDBP can also recruit MARCHFS8, an E3 ubiquitin ligase, for the catalysis of
PEDV N protein ubiquitination. Thereafter, NDP52 (a cargo receptor) can recognize
ubiquitin complex (PEDV N-TARDBP-MARCHF8) while degrading N by delivering it into
autolysosomes. We also illustrate the mechanism of immunomodulation by TARDBP
through MyD88-mediated regulation of the IFN response during PEDV infection. Our
study illustrates the novel mechanism of TARDBP-regulated viral restriction and pro-
vides a possible anti-PEDV infection target.

MATERIALS AND METHODS

Antibodies and reagents. We obtained anti-TARDBP antibody (10782-2-AP), anti-LC3 antibody (14600-
1-AP), anti-ACTB/B-actin antibody (66009-1-lg), anti-GST-tag antibody (10000-0-AP), anti-MARCHF8 antibody
(14119-1-AP), anti-NDP52 antibody (12229-1-AP), anti-MyD88 antibody (23230-1-AP), anti-TRAF3 antibody
(66310-1-Ig), horseradish peroxidase (HRP)-labeled anti-mouse (SA00001-1) and anti-rabbit (SA00001-2) IgG
antibodies, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (60004-1-Ig) (Proteintech
Group). Additionally, we acquired bafilomycin AT (Baf A1; 54645), anti-MYC-tag antibody (2278), anti-
hemagglutinin (HA)-tag antibody (3724), and anti-P-IRF3 antibody (4947) (Cell Signaling Technology). Anti-
ubiquitin antibody (SC-8017), human NDP52 siRNA (sc-93738), and human MARCHF8 siRNA (SC-90432) were
obtained from Santa Cruz Biotechnology. Genepharma was responsible for designing and synthesizing siRNAs
for KLF16, TARF3, TARDBP, TRAF6, MyD88, and control (Table 1). We acquired 3-methyladenine (3-MA; M9281),
anti-Flag tag antibody (F1804), MG132 (M7449), and chloroquine phosphate (CQ; PHR1258) from Sigma-
Aldrich. Meanwhile, we acquired rapamycin (HY-10219) from MedChemExpress, 4’ ,6-diamidino-2-phenylindole
(DAPI; C1002) from Beyotime Biotech-nology, and the ClonExpress Il one-step cloning kit (C112-02) and Dual-
Glo luciferase assay system (DL101) from Vazyme Biotech Co., Ltd. Finally, our laboratory was responsible for
preparing anti-PEDV (J5-2013) N protein monoclonal antibody (73).

Cell culture and transfection. We cultivated porcine kidney PK-15 cells (CCL-33; ATCC) and HEK
293T cells (CRL-11268; ATCC) in Dulbecco’s modified Eagle medium (DMEM) (D6429; Sigma-Aldrich) that
contained 10% fetal bovine serum (FBS; 10099141; Gibco). We also cultured African green monkey kid-
ney Vero cells (CCL-81; ATCC) n DMEM (12430054; Invitrogen) that contained 10% FBS. We obtained
LLC-PK1 cells from Rui Luo (Huazhong Agricultural University, Wuhan, China) and cultivated them in
MEM (11095080; Invitrogen). The above-described cell lines were inoculated under 5% CO, and 37°C
conditions. In line with specific protocols, we transfected plasmids into cells, reaching 80 to 90% density,
and inoculated them in 6-well plates using Lipofectamine 3000 (L3000015; Invitrogen). In addition,
siRNA was transfected into cells, reaching around 50 to 60% density, using Lipofectamine RNAIMAX
(13778150; Invitrogen).

Viral infection. PEDV variant strain JS-2013, utilized in the present work, was separated and pre-
served at our laboratory (38). In the PEDV infection process, Vero cells were grown to more than 90% ad-
herence in culture plates and rinsed thrice using phosphate-buffered saline (PBS) (C20012500BT; Gibco),
followed by PEDV infection at an MOI of 1 or 0.01 as well as 4 wg/mL trypsin treatment (15050065;
Invitrogen). After an hour, the cells were washed thrice by PBS in culture with serum-free DMEM that
contained 4 pg/mL trypsin for diverse time periods at 37°C prior to collection. Kaerber's approach was
utilized to determine viral titers, represented as 50% tissue culture infective doses (TCID,,) per microliter.

qRT-PCR. Using the RNeasy minikit (74104; Qiagen) or QlAamp viral RNA minikit (52906; Qiagen),
total RNA from the indicated cells that underwent different treatments was extracted. After extraction,
total RNA was prepared as cDNA with PrimeScript RT reagent kit (RRO47A; TaKaRa) through reverse tran-
scription. Later, qRT-PCR was conducted with the use of SYBR premix Ex Taq (q711-03; Vazyme Biotech
Co., Ltd.). Table S1 in the supplemental material displays sequences of all primers utilized in qPCR.
GAPDH or ACTB (B-actin) served as the internal reference.

Western blotting assay. After rinsing with prechilled PBS, cells were subjected to 5-min incubations
using radioimmunoprecipitation assay (RIPA) lysis and extraction buffer (89901; Thermo Fisher Scientific)
that contained protease (B14001)/phosphatase (B15001) inhibitor cocktail (Bimake) on ice. Thereafter,
we collected lysates after a 10-min denaturation with 5x SDS-PAGE sample loading buffer. Later, we iso-
lated proteins by SDS-PAGE, followed by transfer onto nitrocellulose membranes (10600001; GE
Healthcare). After blocking using PBS that contained nonfat dry milk powder (232100; BD) and 0.2%
Tween 20 (P1379; Sigma-Aldrich), membranes were further probed using primary antibodies under
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ambient temperature and later HRP-labeled secondary antibodies. Proteins were then measured by
enhanced chemiluminescence (ECL) (SB-WBO012; Share-bio).
ChIP assay. In brief, we inoculated PK-15 cells into 6-well plates, followed by transfection using Flag
or Flag-KLF16 coding plasmid. After 24 h, we harvested cells for ChIP assay, conducted by SimpleChIP
enzymatic chromatin IP kit (9003; Cell Signaling Technology). Chromatin fragments were immunopreci-
pitated using anti-Flag antibody-coupled protein G magnetic beads (9006; Cell Signaling Technology),
followed by quantification of chromatin fragments through qRT-PCR.
Coimmunoprecipitation assay. For co-IP assay, we inoculated cells by specific plasmids for a 24-h
period, followed by cell lysis using NP-40 cell lysis buffer (FNN0021; Life Technologies) that contained
protease inhibitor cocktail. Later, we collected lysates, followed by centrifugation and incubation using
Dynabeads protein G that was coupled to anti-Flag-antibody (10004D; Life Technologies), followed by
rinsing by 0.02% PBS-Tween 20 as well as resuspension in 50 mM glycine elution buffer (pH 2.8).
Immunoblotting (IB) using specific antibodies was then conducted to analyze proteins.

GST affinity isolation assay. We inserted full-length sequences of PEDV N MARCHF8 gene, TARDBP
gene, and NDP52 gene in pCold TF (3365) and pCold GST (3372) (Clontech Laboratories, Inc.) plasmids.
Later, these genes were expressed within the BL21 competent cells (C504-03; Vazyme Biotech). Protein
interactions were examined with a GST protein interaction pulldown kit (21516; Thermo) by following
specific protocols. WB assay was performed for protein analysis after elution using reduced glutathione.
Confocal immunofluorescence assay. After transfection, 4% paraformaldehyde (PFA; P6148;
Sigma-Aldrich) was used to fix cells with cell permeabilization based on 0.1% Triton X-100 (T9284;
Sigma-Aldrich) under ambient temperature. After 1 h of blocking using 5% bovine serum albumin (BSA;
9998; Cell Signaling Technology), cells were subjected to an additional 1 h of incubation using primary
antibody. The cells then were rinsed thrice with PBS, followed by another 1-h incubation using fluores-
cently labeled secondary antibody in the dark, as previously described (24). We stained nuclei with DAPI
for a 5-min period. Finally, a laser scanning confocal immunofluorescence microscope (Carl Zeiss,
Oberkochen, Germany) was employed for observing fluorescence images.
Luciferase reporter assay. Target-encoding plasmids were transfected into HEK 293T cells culti-
vated within the 24-well plates using Lipofectamine 3000. Twenty-four hours later, cells were gathered
with the purpose of measuring their luciferase activities by adopting a Dual-Glo luciferase assay system
(DL101; Vazyme Biotech Co., Ltd.), with Renilla luciferase being a reference.
Statistical analysis. GraphPad Prism 5 software (GraphPad Software, USA) was used for comparing
two groups using two-tailed Student's t test. Significance levels were defined at P values of <0.05 (*),
<0.01 (**), and <0.001 (***), whereas ns stands for not significant. The data are means from 3 separate
assays.
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