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ABSTRACT

Seneca Valley virus (SVV) causes vesicular disease in pigs, posing a threat to global pork production.
OPTN (optineurin) is a macroautophagy/autophagy receptor that restricts microbial propagation by
targeting specific viral or bacterial proteins for degradation. OPTN is degraded and cleaved at
glutamine 513 following SVV infection via the activity of viral 3C protease (3C[pro]), resulting in
N-terminal and a C-terminal OPTN fragments. Moreover, OPTN interacts with VP1 and targets VP1 for
degradation to inhibit viral replication. The N-terminal cleaved OPTN sustained its interaction with
VP1, whereas the degradation capacity targeting VP1 decreased. The inhibitory effect of N-terminal
OPTN against SVV infection was significantly reduced, C-terminal OPTN failed to inhibit viral replica-
tion, and degradation of VP1 was blocked. The knockdown of OPTN resulted in reduced TBK1
activation and phosphorylation of IRF3, whereas overexpression of OPTN led to increased TBK1-
IRF3 signaling. Additionally, the N-terminal OPTN diminished the activation of the type | IFN (inter-
feron) pathway. These results show that SVV 3C[pro] targets OPTN because its cleavage impairs its
function in selective autophagy and type | IFN production, revealing a novel model in which the virus
develops diverse strategies for evading host autophagic machinery and type | IFN response for
survival.
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Introduction histidine (48) residues. Moreover, 3C[pro]-mediated cleavage

Seneca Valley virus (SVV) was first discovered in the United
States in 2002 and was isolated from a cell culture contami-
nant [1,2]. As an emerging pathogen of swine, it was not until
2014 that the association of etiological agents with vesicular
disease in pigs was identified, and SVV has spread globally
[3-8]. As an oncolytic virus, SVV is an attractive therapeutic
modality for cancer treatment [9,10]. SVV is a single-stranded
RNA virus belonging to the genus Senecavirus within the
Picornaviridae family [1,11]. The genome of SVV comprises
a 5 untranslated region/UTR, a large open reading frame/
ORF, a 3’ untranslated region, and a polyA tail of approxi-
mately 7.2 kb in length. The open reading frame encodes
a polyprotein that is subsequently processed into four struc-
tural proteins (VP4, VP2, VP3, and VP1) and seven nonstruc-
tural proteins (24, 2B, 2C, 3A, 3B, 3C, and 3D) [1]. Similar to
other picornaviruses, SVV viral 3C protease (3C[pro]) pos-
sesses a conserved catalytic box with cysteine (160) and

and degradation of host proteins play an indispensable role in
the viral life cycle [1,12-15]. SVV 3C[pro] degrades and
cleaves numerous key innate immune molecules, including
MAVS (mitochondrial antiviral signaling protein) [12], RIGI
(RNA sensor RIG-I) [14], IRF3 (interferon regulatory factor 3)
[16], IRF7 [16], NLRP3 (NLR family pyrin domain contain-
ing 3) [17], GSDMD (gasdermin D) [17], and NFKB/NF-kB
subunit RELA/p65 [18].

Autophagy is a cellular strategy used to degrade damaged
proteins and organelles and is involved in the antiviral immunity
response by targeting viruses and specific viral components for
degradation to eliminate invading pathogens [19-21]. To date,
increased evidence has indicated that viruses have multiple stra-
tegies to evade or even exploit autophagic machinery for survi-
val. Autophagy was initially regarded as a strictly nonselective
catabolic process. Selective autophagy is modulated by a growing
number of autophagy receptors that harbor a ubiquitin-binding
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domain (UBD) that recognizes ubiquitinated cytoplasmic cargo
and a MAPILC3/LC3 (microtubule associated protein 1 light
chain 3)-interacting region (LIR), which links the cargo to auto-
phagosomes for degradation. Xenophagy is a process in which
autophagy receptors target the invading bacteria and viruses for
degradation. Members of the family of SQSTM1/p62 (sequesto-
some 1)-like receptors (SLRs), including SQSTM1, OPTN (opti-
neurin), NBR1 (NBR1 autophagy cargo receptor), CALCOCO2/
NDP52 (calcium binding and coiled-coil domain 2), and
TAXIBP1 (Taxl binding protein 1), harbor UBD and LIR
domains to recognize ubiquitinated substrates in autophago-
somes [22,23].

SQSTM1 and autophagy cargo receptor NBR1 were
cleaved following coxsackievirus B3 (CVB3) infection, leading
to impaired function of SQSTMI1 and NBRI1 in selective
autophagy [24,25]. SQSTM1/p62 and CALCOCO2/NDP52
directly interact with the capsid protein VP1 of CVB3 to
differentially regulate viral propagation [26]. Coxsackievirus
2A proteinase cleaves SQSTM1 and impairs its interaction
with the viral capsid, while 3C proteinase targets
CALCOCO2/NDP52 for cleavage to generate a C-terminal
fragment that holds the full-length function [26]. SQSTM1/
p62 was not degraded in a conventional manner during
poliovirus infection but was cleaved in a manner similar to
CVB3 [27]. SQSTM1/p62 is capable of binding to, and
degrading avibirnavirus VP2 via autophagy, to limit viral
replication [28]. NBRI restricts viral infection by targeting
the viral capsid protein and cauliffower mosaic virus
(CaMV) [29]. SVV 3Clpro] targets selective autophagy
SQSTM1 for cleavage [30,31], and the SQSTMI1 cleavage
fragments lose their capacity to mediate selective autophagy
and suppress viral replication [30]. However, other autophagy
receptors that regulate SVV replication remain unclear.

The autophagy receptor, OPTN, is a multifunctional
protein participated in multiple cellular processes such as
vesicular trafficking, autophagy, viral infection, antibacterial
and antiviral responses, and innate immune responses
[32,33]. OPTN facilitates the degradation of mitochondria,
bacteria, and viral proteins [34-39]. The protein comprises
an NFKB/NF-kB-essential molecule (NEMO)-like domain,
two coiled-coil (CC) motifs, a leucine zipper (LZ), ubiquitin
binding in TNIP/ABIN (TNFAIP3/A20 and inhibitor of
NFKB/NF-kB) and IKBKG/NEMO (UBAN), LC3-
interacting region (LIR), and zinc finger (ZnF) domain
[32,40,41]. The UBAN domain links ubiquitinated cargo
to autophagosomal membranes arrayed by microtubule-
associated protein LC3 via its LIR domain [40]. Both endo-
genous and ectopically expressed OPTN can interact with
itself to form homo-oligomers [42]. OPTN targets herpes
simplex virus 1 (HSV-1) VP16 and glycoprotein B (gB) for
degradation [38], whereas HSV-1 ICPO protein downregu-
lates SQSTM1 and OPTN expression at early stages of viral
replication to counteract the host [43]. Phosphorylated
OPTN enhanced selective autophagy of ubiquitin-coated
Salmonella, TBK1 (TANK binding kinase 1) phosphorylated
OPTN, increasing LC3 binding capacity and autophagic
clearance of Salmonella [34]. Moreover, OPTN is required
for host resistance to mycobacterial infection [39]. OPTN is
involved in TBKI1 activation and plays a pivotal role in
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antiviral type I IFN (interferon) production [33]. OPTN
recruits ubiquitinated TBK1 and activates TBK1 to induce
the phosphorylation of IRF3 and type I IFN production
[33,44-46]. Bluetongue virus NS3 protein targets OPTN to
decrease TBK1 activation and dampen IRF3 signaling [46].

In this study, we investigated how the selective autophagy
receptor, OPTN, affects viral accumulation in response to
SVV infection. Our results provide a novel mechanism for
OPTN-mediated selective autophagy in host antiviral defense
and reveal viral antagonistic actions to evade autophagic
clearance.

Results

SVV infection cleaves and downregulates OPTN
expression

We examined OPTN expression during SVV infection and
found that OPTN was potentially cleaved after SVV infec-
tion in BHK-21 and PK-15 cells, producing two cleavage
fragments using a specific OPTN antibody (Figure la,d),
while OPTN was not cleaved in mock-infected cells
(Figure la,d). Furthermore, OPTN was degraded during
SVV infection (Figure lab,d and e), suggesting that
OPTN was cleaved and degraded during SVV infection.
To determine whether OPTN was transcriptionally down-
regulated after SVV infection, qRT-PCR was used to detect
the gene expression of OPTN. As shown in Figure 1c and
1f, the mRNA levels of OPTN were unaltered in response to
SVV infection, suggesting that the decreased protein
expression of OPTN was not related to gene expression.
Overall, these results suggest that OPTN was cleaved and
degraded in the SVV-infected cells.

Cleavage and degradation of OPTN was mediated by SVV
3C[pro]

To investigate whether SVV proteases are responsible for
OPTN cleavage, co-transfection of human influenza hemag-
glutinin (HA)-OPTN with previously constructed SVV pro-
tein-expressing plasmids were utilized [31]. Only 3C[pro]
resulted in the production of cleavage fragments, similar to
those observed during SVV infection (Figure 2a). We also
found that 3C[pro] from other members of the
Picornaviridae family downregulated OPTN expression,
including EMCV, FMDV, CVB3, HRV, and EV71
(Figure 2b). As shown in Figure 2b, only SVV 3C[pro] cleaved
OPTN, indicating the specificity of OPTN cleavage by 3C
[pro] in different picornaviruses. SVV 3C[pro] directly cleaves
host proteins based on its protease activity [12,13,17]. We
cotransfected HA-OPTN with green fluorescent protein
(GFP)-3C plasmids with mutated protease activity residues,
including GFP-3C™*8 GFP-3C“'*°4, and GFP-3C[DM]
H48A,C160A from our previous study [47]. The 3C[pro]
mutant lacking conserved protease activity failed to mediate
the cleavage of OPTN (Figure 2c). These results indicate that
the cleavage of OPTN was mediated by the protease sites
(3CH*8 and 3C¢'%%) of 3C[pro]. In the presence of the pan-
caspase inhibitor Z-VAD-FMK, OPTN degradation was
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Figure 1. Cleavage and downregulation of OPTN after Seneca Valley virus (SVV) infection. Protein expression levels of OPTN after SVV infection. (a, d) BHK-21 cells
and PK-15 cells were mock-infected with phosphate-buffered saline (PBS) or infected with SVV for 0, 3, 6, 9, and 12 h at an MOI of 5. Western blotting was performed
to examine the expression of OPTN using an anti-OPTN antibody, SVV capsid protein VP1. ACTB served as a loading control. (b, e) quantification analysis of OPTN
expression from figure (a, d) with ImageJ. Data are accumulated from three independent experiments. (¥, P < 0.05; ***, P < 0.001; NS, not significant). (s, f) the mRNA
expression of OPTN following SVV infection. BHK-21 cells and PK-15 cells were mock-infected with PBS or infected with SVV for 0, 6, and 12 h (MOl = 5). Real-time
quantitative RT-PCR was used to analyze the transcriptional level of OPTN and normalized to ACTB mRNA. Statistical data from three independent infection
experiments is shown (NS, not significant).
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Figure 2. Seneca Valley virus (SVV) 3C protease (3C[pro]) targets OPTN for cleavage and degradation via its protease activity. (a) BHK-21 cells were cotransfected with
plasmids encoding OPTN and viral proteins for 24 h, then western blotting was used to analyze OPTN expression with antibodies against green fluorescent protein
(GFP) and HA. ACTB served as a loading control. (b) BHK-21 cells were cotransfected GFP-tagged 3C[pro] of EMCV, FMDV, CVB3, HRV, EV71, and SVV with human
influenza hemagglutinin (HA)-OPTN. Cell lysates were collected at 24 h post-transfection (hpt), and analyzed by immunoblotting using anti-GFP and anti-HA
antibodies. ACTB served as a loading control. (c) BHK-21 cells were cotransfected with plasmids encoding GFP-tagged 3C[pro], 3C*®*, 3C1%%A and 3C-DM H48A C160A
with HA-OPTN. At 24 hpt, cell samples were subjected to immunoblot analysis with antibodies against GFP and HA. ACTB served as a loading control. (d) BHK-21 cells
were cotransfected with a GFP empty vector or GFP-3C with HA-OPTN. Dimethyl sulfoxide (DMSO), lysosome inhibitor (NH,Cl) (10 mM), proteasome inhibitor (MG132)
(10 pM), and caspase inhibitor (Z-VAD-FMK) (50 uM) were added to cells at 12 hpt. Samples were collected at 24 h post-infection (hpi) and subjected to immunoblot
analysis with antibodies against GFP and HA. ACTB served as a loading control. (e) the quantification relative to ACTB of three independent experiments of (D) (***, P
< 0.001; NS, not significant). The gray intensity ratio was examined using ImageJ.




AUTOPHAGY 617

GFP-3C|

(1-513) (514-574) (514-574)

A B GFP GFP-3C C GFP GFP-3C
TBK1 Ubiquitin HA-OPTN(1-438) + - - - + - - - FEE R
Lt Q513 HA-OPTN(224-574 £ 3 gz
131 97 224 (368-369)EQ  (483-484)EQ & 574 : (224- ) -+ - = -+ - - 3 3' g 3
OPTN(WT) N{ [NEmoOmke] [ 1H [ cc i.—c HA-OPTN(141-574) - -+ - - -t - g 3 g 8
v HA-OPTN(1-483) - - - + - - - 4 ioa [
OPTN(1-438) [ [NEwoike] [o2] [N [ cc | GFP 4+ + + + - - - _ E E E E E E
OPTN(224-574) GFP-3C - - - - + + + + e @ 9 o o O
< < < < < <
OPTN(141-574) EE & e wera e e o s s .
OPTN(1-483) [ [Nevone] [T | cC Tosay = s kb --.-. HA-OPTN
GFP-3C ——— — W CCp3C
OPTN(1-513) [ [Newouke] [ N | cc Tusan] oF 49 W - - - -
OPTN(514-574) & ACTE e eme e GG G4 G W m‘i
GFP
D E GFP GFP-3C m ACTB
< g < < < <
GFP GFP-3C s T £ 5 ¢ 2
&8 & & 8 &
s é < é HA-OPTN
ﬁ P % 2 HA-OPTN (D s e =
< < % 2 < < ¢ 2 GFP-3C | ———
g T o2 2 g £ 2 3 GFr b el & .
U o 9 g 4 ¢ 9 o ACTE R wEn eve SIS c
< < < < <« < < < < <« o
§ = § 3§ 8 8 T § 3§ ¢ F GFP-3C HA-OPTN 5
< wn n < o] 'e} w0 0 O
o ow ¢ ¢ g w w g g dJ B
s = § £ g § £ & £ g S S
S 8 & & 8 F 8 & 3 8 3 =
8 o o O w ¢ o o ¢ u ° °
@ E
) HA-OPTN HA-OPTN a HA-OPTN
()
=)
£
(]

Figure 3. OPTN is cleaved at residue Q513 by Seneca Valley virus (SVV) 3C protease (3C[pro]). (a) schematic diagram of the structural domains and truncated OPTN
mutants. IKBKG/NEMO, inhibitor of nuclear factor-kappa B kinase regulator subunit gamma; TBK1, TANK-binding kinase 1; LIR, LC3-interacting region; CC, coiled-coil
domain; UBAN: ubiquitin binding in TNIP/ABIN (TNFAIP3/A20 and inhibitor of NFKB/NF-KB) and IKBKG/NEMO; ZnF, zinc finger. (b) BHK-21 cells were cotransfected
with human influenza hemagglutinin (HA)-OPTN and its truncation constructs with green fluorescent protein (GFP)-3C for 24 h. Samples were analyzed by western
blotting with antibodies against GFP, HA, and ACTB. (c) BHK-21 cells were cotransfected with GFP-3C and HA-OPTN (E368A-Q369A) and HA-OPTN (E483A-Q484A) for

24 h. Samples were analyzed by western blotting with antibodies against GFP, HA, and ACTB. (d) BHK-21 cells were cotransfected with GFP-3C with HA-
OPTNQ488A’E495A’ESOOA, HA_OPTNQSO7A,E511A,QS13A, HA_OPTNQSZSA,QszﬁA,QS31A,ESSSA’ HA-OPTNQS41A'QS42A'QS43A’E54SA, and HA_OPTNESS7A,QS66A fOY 24 h Samples were ana-

lyzed by western blotting with antibodies against GFP, HA, and ACTB. (e) BHK-21 cells were cotransfected GFP-3C with HA-OPTN®*®’* HA-OPTN®'"", and HA-
OPTN®'3A for 24 h. Samples were analyzed by western blotting with antibodies against GFP, HA, and ACTB. (f) BHK-21 cells were transfected or cotransfected GFP-
3C, and HA-OPTN cleavage fragments with HA-OPTN. The cells were stained with antibodies to HA and examined under confocal microscopy. Samples were stained
with HA antibody (red) and 4',6-diamidino-2-phenylindole (DAPI) (blue), then examined by confocal microscopy. Scale bar: 10 pm.

restored, but caspase inhibition did not prevent OPTN clea- for SVV 3C[pro] disappeared in OPTN@P7AEMAQLLA (hile
vage (Figure 2d, e), indicating that OPTN cleavage was cas- all the other OPTN mutants were still cleaved after co-
pase-independent. transfection with SVV 3C[pro] (Figure 3d), indicating that Q507,

E511, and Q513 were potential targets of SVV 3C[pro] for OPTN

cleavage. Therefore, we constructed three single-point mutants
SVV 3C[pro] cleaves OPTN at residue Q513 within Q507, E511, and Q513 of the OPTN. We found that the
cleavage product disappeared in HA-OPTN®'** cotransfected
cells with 3C[pro] (Figure 3e), indicating that the Q513A mutation
in OPTN was resistant to SVV 3C[pro] cleavage. GFP-3C exhib-
ited diffuse distribution in the cytoplasm and nucleus, HA-OPTN
and HA-OPTN (1-513) displayed puncta structures in the cyto-
plasm, HA-OPTN (514-574) was expressed in the cytoplasm and

pairs in cellular proteins for cleavage [48]. As shown in Figure 3b, nucleus (Figure 3f). In co-tra.nsfected BHK_Z.I cells, GFP-3C
. . . formed punctua aggregates with HA-OPTN in the cytoplasm
the potential cleavage site of OPTN was located at residues 224 (Figure 3f), whereas GFP-3C lost the punctua structures with
574, HA-OPTN (224-574) and HA-OPTN (141-574) were . oo ° > Wit P
. ..~ OPIN truncations. These results suggest that Q513 was
cleaved by GFP-3C, produced two bands. Two (E-Q) pairs within a cleavage site on OPTN after SVV 3C[pro] expression
residues 224-574 were replaced with alanine (A). However, we & p p )
found that HA-OPTN™®4 @4 and HA-QPTNH&AQsA
mutants were still cleavable after co-transfection with GFP-3C
(Figure 3c). Next, we replaced all glutamic acid (E) and glutamine
(Q) residues within residues 483-574 with alanine (A) of OPTN. Next, we evaluated the colocalization of OPTN with viral
Two triple mutant HA-QPTNQSAEASA ESOA and HA-  proteins using confocal microscopy. The results indicated
OPTNPU7AESUAQIA =ty quadruple mutant were HA- that GFP-tagged leader proteinase (Lpro), VP3, VPI, 2 B,
OPTNPPAQAQBIAESSA - 5nd  HA-QPTNPHAPRAQL 3¢ and 3D colocalized with HA-tagged OPTN (Figure 4a)
BAQBBA one double mutant HA-OPTNE?7AQ%664 wvere con-  and exhibited puncta distribution in the cytoplasm after
structed. The results showed that the specific cleavage manner cotransfection. Co-immunoprecipitation (co-IP) assays were

To characterize the cleavage site of OPTN, we constructed trunca-
tion and point mutation plasmids based on the OPTN structure
and molecular weight of the cleaved OPTN, including HA-OPTN
(1-438), HA-OPTN (224-574), HA-OPTN (141-574), and HA-
OPTN (1-483) (Figure 3a). Picornavirus 3C[pro] preferentially
target glutamine-glycine (Q-G) or glutamic acid-glutamine (E-Q)

OPTN targets VP1 for degradation
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Figure 4. OPTN targets VP1 for degradation. (a) a series of green fluorescent protein (GFP)-tagged Seneca Valley virus (SVV) protein-expressing plasmids were
cotransfected with human influenza hemagglutinin (HA)-OPTN in BHK-21 cells for 24 h. The cells were stained with antibodies to HA and examined under confocal
microscopy. Samples were stained with HA antibody (red) and 4”,6-diamidino-2-phenylindole (DAPI) (blue), then examined by confocal microscopy. Scale bar: 10 pm.
(b) a series of GFP-tagged SVV protein-expressing plasmids were cotransfected with HA-OPTN in BHK-21 cells for 24 h. Cell samples were prepared for co-IP analysis.
(c) GFP-fused SVV capsid protein-expressing plasmids were cotransfected with HA-OPTN in BHK-21 cells for 24 h. Cell samples were subjected to co-IP analysis. (d)
BHK-21 cells were cotransfected with GFP-VP1 with HA-OPTN constructs for 24 h. Cell samples were prepared for western blot analysis. (e) BHK-21 cells were
cotransfected with GFP-VP1 and HA-OPTN constructs for 24 h. Cell samples were subjected to co-IP analysis. (f) BHK-21 cells were cotransfected with GFP-VP1 and
HA-OPTN constructs for 24 h. The cells were stained with antibodies to HA and examined under confocal microscopy. Samples were stained with HA antibody (red)
and 4”,6-diamidino-2-phenylindole (DAPI) (blue), then examined by confocal microscopy. Scale bar: 10 um. (g) BHK-21 cells were infected with SVV (MOl = 0.5). At 12
h post-infection (hpi), cells were treated with cycloheximide (CHX) (100 pg/ml) and dimethyl sulfoxide (DMSO), bafilomycin A; (Baf A1; 200 nM), chloroquine (CQ; 40
uM), 3-methyladenine (3-MA; 25 mM), proteasome inhibitor (MG132; 10 uM), lysosome inhibitor (NH,Cl; 10 mM), and caspase inhibitor (Z-VAD-FMK) (50 uM) for 12 h.
Cell samples were prepared for western blot analysis at 24 hpi. (h) the quantification relative to ACTB of three independent experiments of (G) (***, P < 0.001; NS, not
significant). The gray intensity ratio was examined using Imagel. (i) BHK-21 cells were cotransfected GFP-VP1 with HA-OPTN. At 16 hpi, cells were treated with DMSO,
Baf. A1 (200 nM), CQ (40 pM), 3-MA (25 mM), MG132 (10 uM), and NH4CI (10 mM), Z-VAD-FMK (50 pM), and rapamycin (50 nM) for 12 h. Cell samples were prepared
for western blot analysis at 28 hpt. (j) the quantification relative to ACTB of three independent experiments of (I) (***, P <0.001; NS, not significant). The gray
intensity ratio was examined using ImageJ.



performed to assess the interaction between OPTN and the
viral proteins (Figure 4b). As shown in Figure 4b, HA-OPTN
strongly interacted with Lpro, VP3, VP1, and 3D and weakly
interacted with VP4, 2C, and 3C. We further analyzed the
interaction between OPTN and viral capsid proteins using
GFP beads (Figure 4c). Consistent with the results shown in
Figure 4a, OPTN interacted only with VP3 and VPI
(Figure 4C). Western blotting indicated that HA-OPTN
degraded VP1, whereas the cleaved fragments lost their degra-
dation ability (Figure 4d). The cleaved OPTN (1-513) frag-
ment still interacted and colocalized with GFP-VP1
(Figure 4e,f). BHK-21 cells were infected with SVV for 12h
with cycloheximide (CHX) to inhibit protein synthesis, bafi-
lomycin A; (Baf. Al), chloroquine (CQ), 3-methyladenine
(3-MA) to inhibit autophagy, proteasome inhibitor
(MG132), lysosome inhibitor (NH4CI), caspase inhibitor
(Z-VAD-FMK), or dimethyl sulfoxide (DMSO) as a control.
Compared to the MG132, NH,Cl, and Z-VAD-FMK treat-
ment groups, the VP1 levels were significantly higher in the
autophagy inhibitor Baf. Al-, CQ-, and 3-MA-treated groups
(Figure 4g,f). These results showed that the degradation of
SVV VP1 is autophagy-dependent. We further explored
degradation in vitro. In GFP-VP1, HA-OPTN, or HA vector
co-transfected cells, compared with DMSO treatment, the
protein abundance of VP1 was slightly restored after treat-
ment with an autophagy inhibitor (Baf. Al, CQ, 3-MA),
whereas treatment with MG132, NH,Cl, and Z-VAD-FMK
could not recover VP1 expression levels (Figure 4i,j). In
autophagy inducer rapamycin (Rapa)-treated cells, the levels
of VP1 were significantly reduced (Figure 4i,j). Collectively,
these results demonstrated that VP1 was degraded in an
autophagy-dependent manner, and OPTN targeted the VP1
protein for degradation.

Cleaved OPTN products attenuated its antiviral activity

We examined the effects of the autophagy receptor OPTN on
SVV propagation using siRNA-mediated knockdown and
OPTN overexpression. OPTN was considerably downregu-
lated after transfection with specific siRNAs (Figure 5a), and
silencing OPTN expression promoted SVV VP1 production
and enhanced virus titers (Figure 5¢,d). Knockdown and over-
expression of OPTN had no obvious effect on cell viability
(Figure 5b). In contrast to the RNAi-mediated knockdown,
overexpression of OPTN inhibited SVV replication (Figure 5e,
f). We also assessed the potential effects of the OPTN cleavage
fragments and OPTN cleavage site mutants on viral replica-
tion. BHK-21 cells were transfected with HA-OPTN, HA-
OPTN (1-513), HA-OPTN (514-574), HA-OPTN®!34 or
empty HA vectors, followed by SVV infection for 12h
(Figure 5g). Compared with the full-length OPTN, the inhi-
bitory effect of OPTN (1-513) against SVV infection was
markedly reduced, and the cleaved OPTN (514-574) frag-
ments and cleavage site mutant HA-OPTN?'* lost their
ability to suppress SVV propagation (Figure 5g-i).
Collectively, these results indicate that 3C[pro]-mediated clea-
vage of OPTN products dampened their antiviral activity.
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OPTN cleavage product impairs its function in selective
autophagy

We examined the interaction of 3C[pro]-mediated OPTN
cleavage products with ubiquitin and LC3 and found that
both OPTN and N-terminal OPTN formed aggregates, and
the C-terminal OPTN lost the ability to form aggregates
(Figure 6a,b). Punctate colocalization of full-length OPTN
with ubiquitin or LC3 was rarely observed for C-terminal
OPTN (Figure 6¢-f), and an impaired colocalization ratio
was observed for N-terminal OPTN (Figure 6c-f). Co-IP
results indicated that intact OPTN was able to bind to both
ubiquitinated proteins and LC3, the OPTN (1-513) binding
ability to ubiquitinated proteins, and LC3 was maintained, but
attenuated (Figure 6g,h). OPTN (514-574), which lacked both
LIR and UBAN domains, lost its ability to bind to ubiquiti-
nated proteins and LC3 (Figure 6g,h). Additionally, we found
that HA-ubiquitin, RFP-LC3, and MYC-OPTN colocalized
with GFP-VP1 in the cytoplasm (Figure 6IK). Compared
with full-length OPTN, the colocalization ratios for OPTN
(1-513) were markedly reduced (Figure 6j,1). The OPTN
UBAN domain is essential for self-oligomerization in
a ubiquitin-independent manner [42]. OPTN (1-513) main-
tained its ability to bind to full-length OPTN despite weak-
ening, likely through its UBAN domain (Figure 6m). OPTN
(514-574) failed to interact with WT OPTN (Figure 6M). In
summary, the 3C[pro]-mediated cleavage of OPTN attenuated
its ability to induce selective autophagy.

Cleaved OPTN dampened TBK1-IRF3 activation and IFNB/
IFN-B production

We then investigated the role of OPTN cleavage products in
IFN response. We found that SVV infection dramatically
inhibited TBK1 and IRF3 phosphorylation (Figure 7a).
Knockdown of OPTN impaired TBK1 activation and IRF3
phosphorylation (Figure 7b), and overexpression of OPTN
promoted TBKI1-IRF3 phosphorylation (Figure 7c,d). OPTN
(1-513) attenuated the capacity to induce TBKI activation
and IRF3 phosphorylation (Figure 7d). To explore whether
OPTN inhibited SVV replication through the innate immune
pathway, we examined IFN expression using qRT-PCR and
enzyme-linked immunosorbent assay and found that OPTN
overexpression enhanced the mRNA and protein levels of IFN
(Figure 7e,f). Consistently, OPTN (1-513) diminished its abil-
ity to induce IFN production (Figure 7e,f), OPTN (514-574)
completely lost its function in IEN signaling (Figure 7d-f). To
identify whether cleaved OPTN interacted with TBK1, co-IP
and immunofluorescence staining indicated that OPTN (1-
513) sustained its interaction and colocalization with TBK1
(Figure 7g,h). The level of OPTN was decreased when treated
with the TBK1 inhibitor BX795, and the AKT signaling path-
ways were inactivated (Figure 71). Previous studies have indi-
cated that Bx795treatment reduced OPTN expression, and
Bx795inhibited HSV infection by inhibiting AKT phosphor-
ylation [38,49,50]. Taken together, these results reveal that
OPTN promotes IFN production via the TBK1-IRF3 pathway,
resulting in facilitation of the host antiviral innate immune
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Figure 5. OPTN inhibits Seneca Valley virus (SVV) replication. (A) effects of knockdown of OPTN. BHK-21 cells were transiently transfected with siOPTN for 36 h.
Western blotting was performed to examine the expression of OPTN using an anti-OPTN antibody. (B) Cell viability of BHK-21 was analyzed after transfection with
siRnas and human influenza hemagglutinin (HA)-OPTN constructs via CCK-8 assay. (C, E) BHK-21 cells were transfected with siRNA or HA-OPTN for 36 h, then infected
with SVV (MOI=0.5) for 6 h and 12 h. Cell lysates were subjected to western blot analysis with antibodies to OPTN, HA, VP1, and ACTB. (D, F) growth analysis of
siRnas or HA-OPTN transfected BHK-21 cells after SVV infection. BHK-21 cells in 12-well plates were infected with SVV (MOl = 0.5). At each indicated time point, the
total viruses were titrated with the TCIDs, assay. (G, 1) influence of cleaved OPTN for SVV replication. BHK-21 cells were transfected with HA empty vector or HA-OPTN

constructs for 36 h, then infected with SVV (MOI

=0.5) for 12 h. Samples were subjected to western blot analysis and TCIDs, assay, respectively. (H) quantification

displayed with graphs representing VP1 normalized against ACTB using ImageJ. Error bars indicate mean + SD of three independent tests (***, P < 0.001; NS, not

significant).

response, thereby inhibiting SVV replication. To resist these
effects, SVV 3Clpro]-cleaved OPTN antagonizes OPTN-
mediated TBK1-IRF3 signaling and IFNB production.

Discussion

Autophagy is a fundamental catabolic process that maintains
cellular homeostasis by degrading damaged cytoplasmic and
detrimental components in lysosomes [51]. Autophagy was
originally considered a nonselective process. However, accu-
mulating evidence has indicated its selective ability. Selective
autophagy via autophagy receptors binds to cytoplasmic con-
tents and LC3, thereby linking the cargo to autophagosomal
membranes [52]. Members of the autophagy receptors func-
tion in autophagic host defense mechanisms and target many
invading microbes, including Sindbis virus, cauliflower
mosaic virus (CaMV), and CVB3 [29,53]. Accumulating evi-
dence has demonstrated the effects of autophagy receptors

and autophagic signaling pathways on the replication of
Picornaviridae family members [24,31,54-56]. We previously
revealed that SQSTM1/p62 is cleaved following SVV infection
and that SVV infection activates the AKT-AMPK-MAPK-
MTOR pathway for autophagy [31]. The present study inves-
tigated the interaction between the autophagy receptor OPTN
and SVV. In this study, we showed that OPTN is also cleaved
after SVV infection, and that cleavage is catalyzed by viral 3C
[pro]. 3C[pro]-mediated OPTN cleavage products impaired
its ability to induce selective autophagy and VP1 degradation
and reduced its ability to inhibit SVV replication. Our results
suggest a function for autophagy in anti-SVV infection:
OPTN-mediated autophagic viral capsid protein clearance
enhances host survival, and the virus adapts autophagic pro-
cesses for survival.

CVB3 2A[pro] and 3C[pro] cleave SQSTM1/p62, impair-
ing its capacity to associate with the viral capsid, whereas 3C
[pro] cleaves CALCOCO2/NDP52 to generate cleavage
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Figure 6. Binding activities impaired for OPTN cleavage fragments. (3, ¢, d) BHK-21 cells were transfected with indicated plasmids for 24 h. Samples were stained with human
influenza hemagglutinin (HA) antibodies, MYC antibodies, and 4',6-diamidino-2-phenylindole (DAPI), then examined by confocal microscopy. Scale bar: 10 um. (b, e, f) the
percentage of cells with a punctate structure was counted. Statistical data from three independent infection tests is shown (NS, not significant). (g-h) interaction of OPTN cleavage
fragments with ubiquitin and LC3. BHK-21 cells were cotransfected with OPTN cleavage constructs and HA-ubiquitin (g), or green fluorescent protein (GFP)-LC3 (h) for 24 h. Cell
samples were prepared for co-immunoprecipitation (co-IP) analysis. (i-l) colocalization of OPTN cleavage fragments with GFP-VP1, HA-ubiquitin, and RFP-LC3, respectively. BHK-
21 cells were cotransfected with the indicated plasmids for 24 h. Samples were stained with HA antibody, MYC antibody, and DAPI (blue), then examined by confocal microscopy.
Scale bar: 10 um. The percentage of cells with punctate colocalization over the total number of cotransfected cells is counted. Statistical data from three independent infection
tests is shown (NS, not significant). (m) interaction of OPTN cleavage fragments with wide-type OPTN. BHK-21 cells were cotransfected with OPTN cleavage constructs and full-
length OPTN for 24 h. Cell samples were prepared for western blot analysis.
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Figure 7. Cleaved OPTN mediating the TBK1-IRF3 signaling pathway was dampened. (a) BHK-21 cells were mock-infected with phosphate-buffered saline (PBS) or
infected with Seneca Valley virus (SWV) for 0, 3, 6, 9, and 12 h (MOl = 5). Western blot was performed to examine the expression of TBK1, p-TBK1, IRF3, p-IRF3, SVV-
VP1, and ACTB as an internal control. (b) BHK-21 cells were transfected with OPTN siRNA or siNC for 36 h, followed by SVV infection (MOl =5). Western blot was
performed to examine the expression of TBK1, p-TBK1, IRF3, p-IRF3, OPTN, SVV-VP1, and ACTB as an internal control. (c-d) BHK-21 cells were transfected with MYC-
OPTN plasmids for 36 h, followed by SVV infection (MOl =5). Western blot was performed to examine the expression of TBK1, p-TBK1, IRF3, p-IRF3, SVV-VP1, and
ACTB as an internal control. (e) BHK-21 cells were transfected with MYC-OPTN plasmids, specific siRnas targeting OPTN, the IFNB mRNA levels were detected by
quantitative RT-PCR and normalized to ACTB mRNA. Statistical data from three independent infection experiments is shown (NS, not significant). (f) the HEK293T cells
were transfected with MYC-OPTN plasmids and specific siRnas targeting OPTN after 10 ug/ml poly (I:C) treatment, respectively. Concentrations of IFNB in the cell
culture media were measured by enzyme-linked immunosorbent assay (ELISA) at 24 h post-transfection (hpt). (g) interaction of OPTN with TBK1. BHK-21 cells were
cotransfected with OPTN cleavage constructs and full-length OPTN with MYC-TBK1 for 24 h. Cell samples were prepared for co-immunoprecipitation (co-IP) analysis.
(h) BHK-21 cells were cotransfected with OPTN cleavage constructs and full-length OPTN with MYC-TBK1 for 24 h. The cells were stained with antibodies to HA and
MYC, and examined under confocal microscopy. Samples were stained with HA antibody (green), MYC antibody (red) and 4',6-diamidino-2-phenylindole (DAPI)
(blue), then examined by confocal microscopy. Scale bar: 10 um. (i) BHK-21 cells were pretreated with Bx795(10 mM) or dimethyl sulfoxide (DMSO) for 1 h. After SVV
(MOl =5) adsorption for 1h, BHK-21 cells were overlaid with new medium containing Bx795(10 mM) or DMSO. Western blot was performed to examine the
expression of TBK1, p-TBK1, IRF3, p-IRF3, AKT, p-AKT, OPTN, SVV-VP1, and ACTB as an internal control.

fragments that retain the function of full-length CALCOCO2/
NDP52 [24,26]. NBR1 is also cleaved following CVB3 infec-
tion, and cleavage is mediated by viral 2A[pro] and 3C[pro] at
two different sites [25]. SQSTM1/p62 and NBR1 C-terminal

cleavage products exhibit dominant-negative effects, and
overexpression of the C-terminal cleavage fragments of
NBR1 induces an accumulation of native SQSTM1/p62 [25].
SQSTM1/p62 and NBR1 are mutually regulated following



CVB3 infection, and loss of function of one autophagy recep-
tor after CVB3 infection cannot be compensated by the other
[25]. SQSTM1/p62 and NBRI interact and form oligomers
that can function independently [57]. SQSTM1/p62 and
CALCOCO2/NDP52 mediate Shigella and Listeria through
different pathways of selective autophagy [58]. NBR1 is also
recruited to Shigella and its reduction strikingly diminishes
the recruitment of SQSTM1/p62 and CALCOCO2/NDP52
[58]. Furthermore, CVB3 2A[pro] cleaves autophagic receptor
protein TAXIBPI, which separates the C-terminal UBD
domain, causing disrupted ubiquitin association and impaired
selective autophagy [59]. SQSTM1/p62 is also cleaved follow-
ing poliovirus (PV) infection [27]. Similarly, SVV infection
cleaved SQSTM1/p62 [31,54], and 3Cl[pro] targeted glutamic
acid 355, glutamine 392, and glutamine 395 for cleavage [54].
OPTN targets Salmonella, Mycobacterium tuberculosis, and
the HSV-1 VP16 and gB proteins to promote autophagy
[34,39]. SQSTM1/p62, OPTN, and CALCOCO2/NDP52 are
mutually dependent in promoting Salmonella xenophagy
[34,60,61]. There may be a fine-tuned regulatory mechanism
among the different autophagy receptors. Overall, these stu-
dies indicate that more than one autophagy adaptor is
involved in counteracting these invading microbes, and
some of them work together against intruding pathogens.
Future work will aim to elucidate the roles of other autophagy
receptors during SVV infection.

OPTN selectively targets the HSV-1 VP16 protein and
fusion glycoprotein (gB) for autophagy degradation [38]. To
counteract this, the ICPO protein of HSV-1 degrades OPTN
expression during the early stages of infection [43]. In the
present study, we revealed that OPTN was cleaved and
degraded during SVV infection of BHK-21 and PK-15 cells
(Figure la, d). Further study indicated that the proteolytic
cleavage and degradation of OPTN were mediated by viral 3C
[pro] through its catalytic activity (Figure 2a, c). Additionally,
we found that OPTN was downregulated by some 3C[pro] of
picornaviruses, whereas only SVV 3C[pro] preferentially
cleaved OPTN (Figure 2b). SVV 3Clpro] cleaves OPTN at
glutamine 513, generating an N-terminal fragment that con-
tains the LIR motif and UBAN domain and a short
C-terminal ZnF domain (Figure 3a, e). The cleavage pattern
of OPTN differs from that of other adaptors. For example,
CVB3 2A cleaves SQSTM1/p62, generating a C-terminal LIR
domain with a UBA domain; 3C cleaves CALCOCO2/NDP52,
generating a C-terminal LIR motif with a UBA domain; and
2A and 3C cleave NBR1 at two distinct sites that generate
a C-terminal LIR motif with a UBA domain, a middle LIR
motif, and an N-terminal ZnF domain [24-26]. Therefore, the
SVV 3Clpro]-medicated OPTN N-terminal cleavage fragment
likely retains the function of the full-length OPTN. Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
NSP5 targets SQSTM1/p62 for separation of the UBA domain
from the LIR motif and disrupts the synergistic effect of the
functional domains, then abolishes the ability to induce selec-
tive autophagic degradation of viral membrane proteins [62].
Although the cleavage sites in SQSTM1/p62 are different,
cleavage of SQSTM1/p62 disrupts its function and thus pro-
motes evasion of cellular autophagic degradation for viral
survival.
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We observed that Lpro, VP3, VP1, 2B, 3C, and 3D coloca-
lized with HA-OPTN (Figure 4a), confirming the interaction
between Lpro, VP1, VP3, 3D, and HA-OPTN in the co-IP
assay (Figure 4b,c). OPTN degraded SVV VP1 in an autophagic
manner (Figure 4d-j). Similarly, NBR1 targets CaMV capsid
proteins to induce autophagy-dependent degradation [29]. The
SARS-CoV-2 protease NSP5 cleaved SQSTM1/p62 to evade the
autophagic degradation of viral M protein [62]. CVB3 2A[pro]
mediated C-terminal SQSTM1/p62 cleavage fragment that con-
tains both LIR and UBA domains maintained its binding capa-
city to LC3 but lost its interaction with ubiquitinated protein,
and punctate colocalization between C-terminal SQSTM1/p62
and LC3 and ubiquitin was greatly decreased [24]. We found
that the OPTN N-terminal cleavage product contains both LIR
and UBAN domains and retained its ability to bind to ubiquitin
and LC3 (Figure 6g-h), but the punctate colocalization ratios
were markedly reduced (Figure 6b-f). Phosphorylated OPTN
localizes to ubiquitin- and LC3B-positive Salmonella [34].
OPTN strongly colocalized with HSV-1 VP16 and LAMPI
(lysosomal associated membrane protein 1) [38]. Our results
showed that OPTN strongly colocalized with SVV VP1, ubiqui-
tin, and LC3 (Figure 6ik), although the N-terminal OPTN
cleavage product had a lower colocalization ratio (Figure 6],L).
OPTIN restricts HSV-1 and HSV-2 infection, and OPTN-
knockout mice are susceptible to herpesvirus infection [35,38].
In OPTN-deficient cells, intracellular replicating Salmonella,
Mycobacterium marinum (Mm), and Listeria monocytogenes
are increased [39,61,63]. Overexpression of OPTN by mRNA
injection enhances GFP-LC3 puncta in association with Mm and
inhibits Mm infection [39]. In this study, we observed that
OPTN-depletion markedly enhanced SVV infection (Figure 5).

TBK1 functions in autophagic clearance of invading bacteria
[64]. TBK1 directly phosphorylates OPTN after activation by
invaders, thereby strengthening the interaction of OPTN with
ATGS, which allows the autophagic machinery to recruit invad-
ing bacteria for elimination by lysosomes [64]. CALCOCO2/
NDP52 recognizes Salmonella enterica coated with ubiquitin
and recruits TBK1; downregulation of CALCOCO2/NDP52
and TBKI1 promotes bacterial proliferation [64,65]. SVV infec-
tion barely induced IRF3 phosphorylation and IRF3 transloca-
tion to inhibit antiviral type I IFNs production [12]. This
indicated an unknown mechanism for blocking type I IFNs
signaling upstream of IRF3 activation. Downregulation of
OPTN expression restricted phosphorylation of IRF3 and pro-
duction of IFNB (Figure 7b,e,f), while overexpression of OPTN
activated TBK1 and IRF3 phosphorylation, promoting IFNB
production (Figure 7c-f). Previous studies have indicated that
OPTN deficiency in vivo negatively regulates IFNB [33,46,66]. In
contrast, Sendai virus (SeV) infection induces OPTN expression,
which negatively regulates the induction of IFNB during SeV
infection [67]. The apparent differences among these reports are
possibly due to virus-specific and cell type discrepancies, but
with the use of OPTN-deficient- or mutant mice, it has been
demonstrated that OPTN is a positive inducer of IFNB
responses via TBK1 activation [46,61,66,68]. The polyubiquitin
binding-defective mutant OPTN"*"NPYN mice markedly
reduced phosphorylation of IRF3 and the production of IFNB
mRNA and secretion [45], and ubiquitin-binding domain dele-
tion in OPTN*" mice dampened TLR4-induced IFNB



624 J. SONG ET AL.

Svv

* endosome

y TR \\(
& \

( Lysosome
LC3-II \
Q@ / ® )
. TBK1 LC3 Il LC3-II LC3-II
/@0 [lCrm—+((r) | i+{{PTD)
“ oPTN / (_OPTN \ Leai YPAvpi Ub/\py Ub/yps
-l T
VP1 l
@ IRF3  IRF3 @ eragopnore  Auophagosoe Autolysosome
Pl .
—" N
y IRF3 IRF3 Nucleus \
( & Type | IFNs _ /
N »
- - _

—_— T —

Figure 8. Proposed model of OPTN-mediated TBK1-IRF3 signaling pathway during Seneca Valley virus (SVV) infection. OPTN induces the activation of TBK1-IRF3

signaling pathway and targeted SVV-VP1 for degradation, thereby inhibiting viral
cleavage impairs the antiviral activity of OPTN and the OPTN-mediated TBK1-IRF3
N-terminal OPTN is attenuated, resulting in impaired selective autophagy.

production, indicating that OPTN is a positive regulator of the
IRF3 pathway [68]. The limitation in our study is without using
OPTN-deficient mice or piglets to assess the roles of OPTN in
SVV infection and IFNB production. CVB3 2A[pro] cleaves
SQSTM1/p62, which disrupts selective autophagy and loses the
ability to activate NFKB/NF-«B signaling [24]. The NS3 protein
of the bluetongue virus (BTV) targets OPTN to inhibit IRF3
signaling [46]. Many other upstream factors of type I IFN sig-
naling, including RIGI-IFIH1/MDAS5, and MAVS, are targeted
by SVV 3C|pro] [12,16]. Similar to previous studies, we found
that SVV 3C[pro] cleaves OPTN, resulting in diminished selec-
tive autophagy, impaired IRF3 activation, and IFNB production
(Figure 7d, f). The interaction between ubiquitin chains and
OPTN is necessary for OPTN-TBK1 complex activation, leading
to IRF3 phosphorylation and IFNB production [45,69]. The zinc
finger domain (ZnF) is the ubiquitin binding site for
CALCOCO2/NDP52 and TAXIBP1 [64,70]. CALCOCO2/
NDP52 depends on its ubiquitin-binding ZnF domain to detect
ubiquitin-coated Salmonella enterica and marks invading bac-
teria with an additional layer of host protein [64,71]. OPTN
contains two ubiquitin-binding domains, the UBAN domain
and ZnF domain [72,73]. Binding of the ZnF to ubiquitin is
consistent with our study, SVV 3Cl[pro]-mediated cleavage of
OPTN separated its ZnF domain, which lost one ubiquitin-

replication. To facilitate survival, SVV (3C protease) 3C[pro] targets OPTN, since its
signaling pathway. Furthermore, the binding capacity to ubiquitinated proteins for

interacting region, significantly reducing OPTN-mediated selec-
tive autophagy and IFNB production. This likely indicates that
OPTN-mediated selective autophagy during SVV infection has
a mechanism similar to that of CALCOCO2/NDP52-mediate
autophagy in Salmonella enterica. TBK1 phosphorylates auto-
phagy-relevant sites, including the ubiquitin- and LC3-binding
domains of OPTN [74]. Constitutive interaction of TBK1 with
OPTN and the ability of OPTN to bind to ubiquitin chains are
essential for TBK1 recruitment and kinase activation on mito-
chondria [74]. Our studies demonstrated that OPTN lacking the
ubiquitin-binding domain reduced TBK1 activation (Figure 7d),
it indicated that OPTN has a dual role in IFN signaling and
selective autophagy. Recent studies have indicated that 3C[pro]-
mediated SQSTM1/p62 cleavage products completely lose their
capacity to mediate selective autophagy and restrict SVV replica-
tion [30].

In summary, the present study proposes a model in which
OPTN targets SVV VP1 for degradation to inhibit viral pro-
pagation. SVV 3Clpro] cleaves OPTN to impair its functions
in selective autophagy, TBK1-IRF3 signaling, and type I IFN
production (Figure 8). These findings provide further insights
into the crosstalk between selective autophagy receptors and
type I IFN signaling modulated by OPTN during SVV
infection.



Table 1. Primers used in this study.
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Primers?

Sequence (5-3")° Restriction site

HA-myc-OPTN-F
HA-myc-OPTN-R
HA-OPTN(141-574)-F
HA-OPTN(224-574)-F
HA-OPTN(1-438)-R
HA-myc-OPTN(1-513)-R
HA-myc-OPTN(514-574)-F
GFP-RFP-LC3-F
GFP-RFP-LC3-R
Q-OPTN-F

Q-OPTN-R

Q-B-actin-F

Q-B-actin-R

Q-IFN-B-F

Q-IFN-B-R

TGGCCATGGAGGCCCGAATTCGGATGTCCCATCAACCTCTGAGCT EcoRI
GATCCCCGCGGCCGCGGTACCTCAAATGATGCAATCCATGACA Kpnl
TGGCCATGGAGGCCCGAATTCGGGAGCAGCTGAAGATCCAGGTGA EcoRI
TGGCCATGGAGGCCCGAATTCGGGAATTAGCTGTGAGCCAACTCC Kpnl
GATCCCCGCGGCCGCGGTACCTCACATCTGAAGCTGTTTGGATGCC EcoRI
GATCCCCGCGGCCGCGGTACCTTACTGCATTTCCATCAAGGATTGC Kpnl
TGGCCATGGAGGCCCGAATTCGGAGCCGGCACGGGGCAAGAACCA EcoRI
TCGAGCTCAAGCTTCGAATTCTATGCCGTCCGAGAAGACTTTC EcoRI
TTATCTAGATCCGGTGGATCCTTACACAGCCAGTGCTGTTCCGA BamHI

AGGCAATCCTTGATGGAAATGCAG
AACTTCTCCACATTTGGGGCAAGA
TTCAACACCCCAGCCATGTACG
CAGCCAGGTCCAGACGCAGGAT
AGAAGCAATTCAGAGTGTGAGGAC
TGCTGGAGAAAGTGTTGTTGAAGA

°F denotes forward PCR primer; R denotes reverse PCR primer. Restriction sites are underlined.

Materials and methods
Cells, viruses, and antibodies, and chemical reagents

BHK-21 cells (ATCC, CCL-10), PK-15 cells (ATCC,CCL-
33), and HEK-293T cells (ATCC, CRL-11268) were grown
at 37°C with 5% CO, in Dulbecco’s modified Eagle’s med-
ium (DMEM; Invitrogen 1,917,773) containing 10% fetal
bovine serum (FBS; Invitrogen, 10099141C). The SVV
CHhb17 strain was used in the study [56]. The mouse
monoclonal antibody specific to SVV VP1 was prepared
in our laboratory and has been reported previously [56].
Rabbit anti-OPTN (10837-1-AP) and rabbit anti-GFP (-
50430-2-AP) were obtained from Proteintech. Rabbit anti-
HA (3724), TBK1 (3504), p-TBK1 (5483; Serl72), IRF3
(11904), p-IRF3 (29047; Ser396), AKT (4685), p-AKT
(4085; Ser473) were obtained from Cell Signaling
Technology. Mouse anti-GFP (ab127417) and mouse anti-
ACTB/p-actin antibody (ab8226) were obtained from
Abcam. Mouse anti-HA (H3663) monoclonal antibody,
mouse anti-MYC (M4439) monoclonal antibody, and rabbit
anti-MYC antibody (C3956) were obtained from Sigma-
Aldrich. Alexa Fluor 568-conjugated goat anti-rabbit sec-
ondary antibody (11011), Alexa Fluor 488-conjugated goat
anti-mouse secondary antibody (11017), and Alexa Fluor
647-conjugated goat anti-mouse secondary antibody
(A32728) were obtained from Invitrogen. Chemical
reagents MG132 (S2619), Z-VAD-FMK (§7023), bafilomy-
cin A; (§1413), chloroquine (CQ; $6999), 3-methyladenine
(3-MA; S2767), and Bx795(S1274) were purchased from
Selleck Chemicals.

Growth kinetics of SVV in BHK-21 cells

BHK-21 cells grown in 6-well plates were infected with SVV
at the multiplicity of infection (MOI) indicated. After 1h of
incubation at 37°C, cells were washed with DMEM medium,
then supplemented with DMEM containing 2% FBS. At the
indicated times postinfection, the cells and supernatants were
harvested, frozen, and thawed. Samples were titrated on BHK-
21 cells by using TCIDs, assay.

Plasmid construction

he OPTN gene from BHK-21 cells was amplified and recom-
bined into the eukaryotic vectors pCMV-HA (Clontech
631,604) and pCMV-MYC (Clontech 631,604) by using
ClonExpress One Step Cloning Kit (Vazyme, C112). LC3
was cloned from BHK-21 cells and inserted into pEGFP-C1
(Clontech, 6084-1) and pmCherry-Cl (Clontech 632,524).
The genes coding for SVV structural and nonstructural pro-
teins and engineered into the eukaryotic vectors pEGFP-C1
that have been used in our previous studies [31]. The mutants
of GFP-3C plasmid, GFP-3C"*** (single point mutant), GFP-
3Ccreoa (single point mutant) and GFP-3C[DM] (H48A and
C160A double mutants), and 3C sequence of encephalomyo-
carditis virus (EMCV), foot-and-mouth disease virus
(FMDV), human rhinovirus (HRV), Coxsackievirus type 3
(CVB3), and EV71 (enterovirus 71) were recombined into
pEGFP-C1 that have been used in our previous studies [47].
The mutants of HA-OPTN™ 4@ HA-QPTNM$AQISA,
HA-OPTNQSBAESSES00A 114 PTNQI7AESIIAQSIZA  [ya
OPTNQ25AQS26AQ53IAESISA 14 pTNQSHIAQS2AQ543AQ5
454 HA-OPTN®?7A964 wwere performed with mutagenesis
PCR on HA-OPTN. Lipofectamine 3000 (Invitrogen,
L3000015) was used for plasmid transfection. Primers used
in this study are displayed in Table 1.

RNA interference (RNAI)

The small interfering RNAs (siRNAs) targeting OPTN were
synthesized by GenePharma (Suzhou, China): siOPTN-1
(sense, 5- GGAAUUAGCUGUGAGCCAATT-3’; antisense,
5-UUGGCUCACAGCUAAUUCCTT-3’), siOPTN-2 (sense,
5- GGAAGUGAAGUGGAAGCAUTT -3’ antisense, 5-
AUGCUUCCACUUCACUUCCTT-3), siOPTN-3 (sense, 5-
GGACAAGAUGAUGCUGCAATT -3’5 antisense, 5-
UUGCAGCAUCAUCUUGUCCTT-3). The siNC (sense, 5-
UUCUCCGAACGUGUCACGUTT-3% antisense, 5-
ACGUGACACGUUCGGAGAATT-3) served as a negative
control. Cells seeded in 6-well plates were transfected with
siRNAs using Lipofectamine RNAIMAX transfection reagent
(Invitrogen 13,778,150). Cells were lysed at 36h post-
transfection, the effects of gene-silenced for OPTN were
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analyzed by western blotting, and cell viability of siRNA-
transfected cells was tested by CCK-8 assay. At 36h post-
transfection, cells were infected with SVV. The cells were
collected at indicated times for analysis of VP1 production
and virus titer.

Western blotting

The cell samples were prepared using lysis buffer containing
1% NP-40 (Beyotime, P0013F), 50 mM Tris, pH 7.4, 0.5 mM
EDTA, 150 mM NaCl and protease inhibitor (Sigma, P8340),
and clarified by centrifugation at 14,000 x g for 20 min at 4°C
with rotation. Proteins were fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis/SDS-PAGE and
blotted onto nitrocellulose (NC) membranes (PALL 66,485),
then blocked with 5% nonfat milk (BD 232,100) in phosphate-
buffered saline (PBS; Solarbio, P1020). The membranes were
incubated with specific primary antibodies, followed by an
appropriate horseradish peroxidase-conjugated secondary
antibody (Abcam, ab205718 and ab205719). Membrane-
bound protein bands were detected using enhanced chemilu-
minescence detection reagents (Vazyme, E412).

Co-immunoprecipitation (co-IP)

BHK-21 cells were seeded on 6-well plates and cultured for
24h before co-transfection with plasmids. Twenty-four
hours after co-transfection, the whole cell lysates were
prepared using NP-40 buffer (10 mM Tris, pH 7.5, 150
mM NaCl, 0.5% NP-40, 0.5 mM EDTA) for 30 min at 4°C
with rotation. The cell lysates were clarified by centrifuga-
tion at 14,000 x g for 20 min. The cell supernatants were
incubated with anti-HA magnetic beads (Thermo Scientific
88,836), GFP-trap agarose (Chromotek, gta-20), or anti-
MYC antibody in conjunction with protein A/G beads
(Santa Cruz Biotechnology, SC-2003) overnight at 4°C
with rotation. Immunoprecipitation pellets were washed
three times with lysis buffer and boiled with 5 x SDS load-
ing buffer for 5min, and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for western blot
analysis.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen
15,596,026). RT SuperMix for qPCR (Vazyme, R122) was used
to prepare the first strand cDNA. The generated cDNA was
used as template, QRT-PCR was performed using SYBR Green
Master Mix (Vazyme, Q111). The mRNA level of ACTB was
used as the reference control, data are expressed as relative
fold change that calculated using the 27“T method. Primers
used in this study are displayed in Table 1.

Immunofluorescence assay (IFA)

BHK-21 cells were seeded on cover slips in 24-well plates.
After 24 h of transfection, cells were fixed with 4% parafor-
maldehyde for 10 min and permeabilized with 0.1% Triton

X-100 (Sigma, T8787) in PBS for 10 min. After that, the cells
were blocked with 2% bovine serum albumin (BSA; Beyotime,
ST023) in PBS for 30 min. Then, the cells were incubated with
primary antibody for 1 h and secondary antibody for another
1h. After washing with PBS, cells were incubated with
4’,6-diamidino-2-phenylindole (DAPIL; Beyotime, C1006) for
5 min. The images were taken with a laser scanning confocal
microscope (Nikon Al, Japan).

Statistical analysis

Statistical analysis was determined with GraphPad Prism ver-
sion 6.00 (La Jolla, CA, USA). All experiments were per-
formed in three independent experiments. Experimental data
in the graphs represent means + standard deviations (SD).
Asterisks indicate statistically significant: *, P <0.05; **, P<
0.01; ***, P<0.001.
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