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Tupaia OASL1 Promotes Cellular Antiviral Immune
Responses by Recruiting MDAS to MAVS

Yu-Lin Yao,"‘”“’1E Dandan Yu,""Jr"‘IE Ling Xu,""Jr Tianle Gu,""”lE Yu Li,""”xE Xiao Zheng,""*’§

Rui Bi,*"* and Yong-Gang Yao*""%!

Melanoma differentiation-associated gene 5 (MDAS) is a key cytoplasmic dsRNA sensor. Upon binding to invading viral RNA,
activated MDAS is recruited to mitochondria and interacts with mitochondrial antiviral signaling gene (MAVS) to initiate innate
antiviral immune responses. The elegant regulation of this process remains elusive. In this study, using the Chinese tree shrew
(Tupaia belangeri chinensis), which is genetically close to primates, we identified the Tupaia oligoadenylate synthetases-like 1
(tOASL1) as a positive regulator of the Tupaia MDAS (tMDAS) and Tupaia MAVS (tMAVS)-mediated IFN signaling. Over-
expression of tOASL1 significantly potentiated the RNA virus-triggered induction of the type I IFNs and downstream antiviral
genes. Conversely, knockdown of tOASL1 had an impaired antiviral immune response. Mechanistically, tOASL1 was associated
with mitochondria and directly interacted with tMDAS5 and tMAVS. Upon RNA virus infection, tOASL1 enhanced the interaction
between tMDAS and tMAYVS via its OAS and UBL domains. Our results revealed a novel mechanism by which tOASL1 contrib-
utes to host antiviral responses via enhancing tMDAS and tMAVS interaction. The Journal of Immunology, 2020, 205: 3419-3428.

he innate immune system provides the critical first line of
host defense against pathogen invasions via recognition
of pathogen-associated molecular patterns aided by pat-
tern recognition receptors, which initiate a series of signaling
cascades leading to the induction of the type I IFN and proin-
flammatory cytokines (1, 2). Viral RNAs derived from the viral
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genome or its replication intermediates are mainly recognized
by retinoic acid inducible gene I (RIG-I)-like receptors (RLRs)
including RIG-I, melanoma differentiation-associated gene 5
(MDAJS), and laboratory of genetics and physiology 2 (LGP2)
(3, 4). RIG-I and MDAS contain two caspase activation and
recruitment domains (CARDs), a helicase domain, and a C-
terminal domain (CTD), and recognize different types of RNA
viruses (3, 4). Following ligand binding, RIG-I and MDAS are
recruited to the mitochondrion-associated membrane where
they bind to mitochondrial antiviral signaling gene [MAVS
(5), also named as IPS-1 (6), Cardif (7) or VISA (8)] via homo-
typic CARD interaction and promote a massive MAVS prion-like
fiber formation (9, 10). Subsequently, MAVS recruited down-
stream antiviral kinases, such as TRAF3, TBK1/IKKe, and IKKa/
B, which further phosphorylate the transcription factors IRF3 and
NF-kB to induce the production of type I IFNs. The IFNs trigger
the JAK/STAT signaling pathway to increase the expression of
hundreds of IFN-stimulated genes (ISGs) and eventually help the
host cells to defend from invading viruses (1, 11). In contrast to
RIG-I and MDAS, the LGP2 lacks the CARDs and regulates the
RLR signaling in response to certain viruses (12—14). To invoke a
proper antiviral immune response, signaling proteins involved in
these cascades were precisely regulated by immune regulators.
Negative regulators dampen innate immune activation and in-
flammation to avoid additional tissue damage, whereas rapid and
robust induction of IFN aided by positive regulators is critical for
effective clearance of invading viruses (15).

The 2',5'-oligoadenylate synthetases (OAS) family proteins are
composed of OAS1, OAS2, OAS3, and OAS-like (OASL). All
OAS members are characterized by their highly conserved N-
terminal OAS domain and play a critical role in blocking viral
infections (16, 17). Among them, OAS1, OAS2 and OAS3, pos-
sess the 2'-5" oligoadenylates synthetase activity and exert an-
tiviral activity via the canonical RNase L—dependent pathway
(18). The OASL is devoid of enzyme activity to synthetize 2'-5’
oligoadenylates and exerts its antiviral activity as a multifaceted
immune regulator (19). In human beings, the OASL counteracts
the RNA virus infections by interacting and enhancing RIG-I
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activation (20). However, the OASL has an inhibitory effect on
cGAS activity to reduce IFN induction during DNA virus in-
fection (21). Unlike human, mouse Oasll specifically binds to
IRF7 5’ untranslated region and inhibits the translation of IRF7
mRNA, thus negatively regulating the antiviral innate immunity
regardless of DNA and RNA virus infections (22).

We recently characterized the OASs (including tOAS1, tOAS2,
Tupaia OASL [tOASL] 1, and tOASL2) of the Chinese tree
shrew (Tupaia belangeri chinensis) (23), which is a small
mammal genetically closer to primates (24, 25) and has been
used as a good model for studying infectious diseases (26—30)
and other diseases (31-33). We found that the antiviral activities
of tOAS1 and tOAS2 were dependent on the canonical RNase L
pathway, whereas those of tOASL1 and tOASL2 were inde-
pendent on the RNase L pathway (23). In this study, we aimed
to test whether tOASs block viral replications through regulating
antiviral innate immune responses. We identified tOASL1 as a
positive regulator in RNA virus—induced production of type I IFN
mediated by Tupaia MDAS (tMDAS) and Tupaia MAVS (tMAVS).

Materials and Methods

Ethics statement

The healthy adult Chinese tree shrews (n = 10) were introduced from the
experimental animal core facility of the Kunming Institute of Zoology
(KIZ), Chinese Academy of Sciences (CAS). After euthanasia, we isolated
tree shrew primary renal cells (TSPRCs) according to the method of
enzyme-assisted dissection, as described in our previous study (34). All
experimental procedures were performed with the approval of the Insti-
tutional Animal Care and Use Committee of the KIZ (Approval No.:
SYDW20110315001).

Cells, viruses, ligands, and plasmids

Vero, HEK293T, and HeLa cells were introduced from Kunming Cell
Bank, KIZ, CAS. Cells were cultured at 37°C in 5% CO, with DMEM
(11965-092, DMEM,; Life Technologies-BRL) supplemented with 10%
FBS (10099-141, FBS; Life Technologies-BRL) and 1X penicillin/
streptomycin (10378016; Life Technologies-BRL). DNA virus (HSV-1)
and RNA viruses (including Sendai virus [SeV], encephalomyocarditis
virus [EMCV], Newcastle disease virus [NDV], and vesicular stomatitis
virus [VSV]) were taken from our previous study (34). High m.w. poly I:C
(poly I:C H) (catalog no. tlrl-piclv), poly dA:dT (catalog no. tlrl-patn), and
IFN stimulatory DNA (ISD) (catalog no. tlrl-isdn) were from InvivoGen.

Expression vectors for tOAS1, tOAS2, tOASL1, tOASL2, tMAVS,
tMDAS, and Tupaia LGP2 were taken from our previous studies (23, 34,
35). The Myc-tagged tOASL1 was subcloned into pCS2-N-myc with
BspEI and Sacl. Expression vector for tTBK1 was generated using specific
primers and was cloned into pCMV-3Tag-8 vectors (Supplemental
Table I). The tree shrew IFNBI promoter luciferase reporter (IFN-
B-Luc: pGL3-tIFN-B-promoter), ISRE-Luc (219092, ISRE cis-reporter;
Stratagene) and NF-kB-Luc (631912, pNFkB-TA-Luc; Clontech Labora-
tories), and pRL-SV40-Renilla (as an internal control; Promega) were from
our previous studies (34, 35). We created pCMV-3Tag-8 and pCMV-HA
expression vectors for different domains of tOASL1 (tOASL1-OAS and
tOASL1-UBL), tMDAS5 (tMDAS-CARD, tMDAS-Helicase, and tMDAS-
CTD), and tMAVS (tMAVS-CARD, tMAVS pattern recognition receptors,
and tMAVS-TM) (Supplemental Table I). All constructs were confirmed by
direct sequencing.

Abs

We used the following primary Abs: mouse monoclonal anti-FLAG
(M20008; Abmart), mouse monoclonal anti-HA (3724; Cell Signal
Technology), mouse anti—c-Myc (9E11) (MA1-16637; Life Technologies),
rabbit monoclonal anti-FLAG (14973; Cell Signal Technology), mouse
monoclonal anti—B-actin (E1C602-2; EnoGene), mouse monoclonal anti-
GAPDH (E12-052-4; EnoGene), rabbit monoclonal anti-TBK1 (3504;
Cell Signal Technology), rabbit monoclonal anti—phospho-TBK1 (Ser172)
(5483; Cell Signal Technology), rabbit monoclonal anti-IRF3 (4302; Cell
Signal Technology), and rabbit monoclonal anti—phospho-IRF3 (Ser396)
(4947; Cell Signal Technology). The NF-kB pathway sample kit (9936;
Cell Signal Technology), which contains Abs against phospho-p65
(Ser536), p65, phospho-IKKa/B (Ser176/180), IKKa/B, phospho-IkBa
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(Ser32), and IkBa, was used to test the activation of the NF-«kB signaling.
We used the following secondary Abs: peroxidase-conjugated anti-mouse
Ab (474-1806; KPL), peroxidase-conjugated anti-rabbit Ab (074-1506;
KPL), Alexa Fluor 594—conjugated anti-rabbit IgG (A21207; Invitrogen),
and Alexa Fluor 488—conjugated anti-mouse IgG (A21202; Invitrogen).

Generation of tOASLI knockout cell

We used the CRISPR-Cas9 system (36) to knock out the tOASLI gene in
the TSR6 cell line that was established in our previous study (37).
Briefly, small guide RNAs (sgRNAs) (tOASL1-sgRNA-forward [F]: 5'-
CACCGTCGTCTTTCCCTCACGGTT-3'/tOASL1-sgRNA-reverse: 5'-
AAACAACCGTGAGTGGAAAGACGAC-3') targeting tOASLI were
annealed and cloned into the pX330-T7 vector (a kind gift from Dr. P.
Zheng, KIZ) expressing mCherry. The TSR6 cells were transfected
with the pX330-T7 vector carrying the sgRNAs by using Lipofect-
amine 3000 (L3000008; Invitrogen). The transfected cells expressing
mCherry were sorted by flow cytometry and cultured for 48 h. Single
cells were manually picked with a mouth pipette for expansion for 3
wk. We used AxyPrep Multisource Genomic DNA Miniprep Kit
(26817KC1; Axygen) to extract genomic DNA of single TSR6 cells
with potential knockout (KO) of tOASLI1. The gene region spanning
the sgRNA targeting sites was amplified by using primer pair tOASLI1-
sgRNA-Fc: 5'-AGGTGCTGGACTCTGTGAC-3'/tOASL1-sgRNA-Rc:
5'-AGGTGCTGGACTCTGTGAC-3'. The PCR products were sequenced
by using primer tOASL1-sgRNA-Fc to screen for mutation(s). We were able
to pick up a cell clone with a deletion of 14 bp (c.66_79del) that disrupts the
translation of tOASL1 protein. The KO of endogenous tOASLI protein was
further validated by Western blot.

RNA interference and transfection

The small interfering RNAs (siRNAs) targeting tOASLI and small inter-
fering negative controls (siNC) were synthesized by RiboBio (Guangzhou,
China). We designed three siRNAs targeting the tOASLI gene: small in-
terfering tOASL (sitOASL) 1-1, 5'-GCACTACACCTTCCAACAT-3';
sitOASL1-2, 5'-CCTTACGAGTCCATAAAGA-3'; and sitOASL1-3, 5'-
ACACTACAGCATCCAAGAT-3'. Transfection of siRNA into TSPRCs
using Lipofectamine 3000 was performed according to manufacturer’s
instructions, as described in our previous study (38). The knockdown ef-
ficiency of siRNAs was evaluated at the mRNA and protein levels.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from TSPRCs using the RNAsimple Total RNA
Kit (DP419; TIANGEN) according to the manufacturer’s instruction. As
described in our previous studies (23, 35, 39), the quality of total RNA was
measured on a biophotometer (Eppendorf). About 2 pg total RNA (with an
A260/A280 ratio of 1.8-2.0) was used to synthesize cDNA by using oligo-
dT,g primer and Moloney murine leukemia virus reverse transcriptase
(M1701; Promega). For detection of the viral RNA, we used a virus-
specific primer (SeV R15360: 5'-ACCAGACAAGAGTTTAAGAGA-
TATG-3’) to transcribe the SeV RNA and used a primer pair SeV-F15160:
5'-TGTTCGGGGCCAGGCAAAAT-3'/SeV-R15247:  5'-GTTCTGCAC-
GATAGGGACTA-3' for quantitative real-time PCR (RT-gPCR). For quan-
tification of EMCV RNA, we used a specific primer for the L antisense
(5'-GGCCGTCATGGTGGCGAATAAGCGCACTCTCTCACTTTTGA-
3") for the transcription and used EMCV common F: 5'-AATAAAT-
CATAAGGCCGTCATGGTGGCGAATAA-3'/L reverse primer: 5'-A-
ATAAATCATAATCGAAAACGACTTCCATGTCT-3" for RT-gPCR. For
detection of NDV RNA, we used a specific primer (NDV R15168: 5'-
ACCAAACAAAGATTTGGTGAATGAC-3') to transcribe the NDV
RNA and used primer pair NDV-F15160: 5'-CTTATTTACCCCTTA-
CAATC-3'/NDV-R15247: 5'-CTGAGACCCAGTATTGTGAC-3" for
RT-gPCR. For detection of HSV-1 RNA, we used HSV-1-F: 5'-
TGGGACACATGCCTTCTTGG-3'/HSV-1-R15247: 5'-ACCCTTAGTCA-
GACTCTGTTACTTACCC-3' for RT-qPCR.

In brief, RT-qPCR was conducted using iTaq Universal SYBR Green
Supermix (172-5125; Bio-Rad Laboratories) with gene-specific primer
pairs (Supplemental Table I) on a CFX Connect Real-Time PCR Detection
System (Bio-Rad Laboratories). The thermal cycling protocol was one
cycle at 95°C for 1 min, 40 cycles of 95°C for 15 s, and 55°C for 15 s. The
tree shrew (B-actin transcript was used for the normalization of the target
gene (35).

Western blotting

We followed the procedures for Western blotting and immunoprecipitation
in our previous studies (23, 34). In brief, TSPRCs and HEK293T cells were
transfected with the indicated expression vectors and/or tOASLI siRNAs
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for 48 h using Lipofectamine 3000. Cells were then harvested and lysed in
RIPA lysis buffer (P0013; Beyotime Institute of Biotechnology) on ice.
Protein concentration was determined by using the BCA protein assay kit
(P0012; Beyotime Institute of Biotechnology). Equal amount (20 pg) of
cellular protein for each sample was used for Western blotting. Electro-
phoresis was performed using 12% SDS-PAGE. Proteins were transferred
onto polyvinylidene fluoride membranes (IPVH00010; Roche Diagnostics)
using the standard procedure. After having blocking in 5% nonfat dry milk
dissolved in TBS (#9997; Cell Signaling Technology) containing 0.1%
Tween 20 (TBST [0.1%, P1379; Sigma]) at room temperature for 2 h, the
membranes were incubated with the respective Abs against FLAG (1:5000),
HA (1:5000), Myc (1:5000), OASL (1:1000), IRF3 (1:1000), phospho-IRF3
(Ser396) (1:1000), TBK1 (1:1000), phospho-TBK1 (Ser172) (1:1000), p65
(1:1000), phospho-p65 (Ser536) (1:1000), phospho-IKKa/ (Ser176/180)
(1:1000), IKKa/B (1:1000), phospho-IkBa (Ser32) (1:1000), IxBa
(1:1000), GAPDH (1:10,000), or B-actin (1:10,000) overnight at 4°C. The
membranes were washed three times (5 min each time) with TBST and
were incubated with anti-mouse or anti-rabbit secondary Ab (1:10,000;
KPL), dependent on the primary Ab, for 1 h at room temperature. After
washing, the protein bands were visualized using the ECL reagents
(WBKLSO0500; MilliporeSigma).

Coimmunoprecipitation assay

Cells were lysed in RIPA lysis buffer on ice for 1 h, followed by a centrifuge
at 12,000 X g for 10 min at 4°C. Appropriate Abs were incubated with
protein G agarose beads (15920010; Life Technologies) to form a complex
for 2 h at room temperature. Then, the protein G agarose bead—conjugated
Abs were mixed with the cell lysates to form the protein complex over-
night at 4°C. After four washes with the RIPA lysis buffer, the immuno-
precipitates were resuspended in loading sample buffer and were analyzed
by immunoblot analysis.

Luciferase reporter assay

TSPRCs were seeded in 24-well plates at a density of 1 X 10* cells and
cultured overnight. Cells were transiently transfected with 0.1 wg of the
luciferase reporter vector, 0.01 wg pRL-SV40-Renilla, together with the
indicated amount of empty vector or expression vector by using X-
tremeGENE HP DNA Transfection Reagent (06366236001; Roche). Af-
ter transfection for 36 h, cells were left untreated or infected with NDV
(multiplicity of infection [MOI] = 1) or HSV-1 (MOI = 1) for 12 h. Cells
were harvested for luciferase activity using the Dual-Luciferase Reporter
Assay System (E1960; Promega) on an Infinite M1000 Pro multimode
microplate reader (30064852; Tecan).

Immunofluorescence analysis

TSPRCs were seeded on glass coverslips and transfected with the indicated
expression vectors for 36 h, and then cells were left uninfected or infected
with NDV (MOI = 1) for the indicated times. After three washes with PBS,
cells were fixed with 300 pl 4% paraformaldehyde for 15 min at 37°C,
followed by a permeabilized procedure using 0.1% Triton X-100 (Sigma-
Aldrich) for 15 min at room temperature. Cells were then incubated with
mouse anti-FLAG (1:500), rabbit anti-FLAG (1:500), and mouse anti-HA
(1:500) overnight at 4°C. After washing with PBS three times, cells were
incubated with the indicated secondary Ab (1:500) at room temperature for
2 h. Cell nuclei were stained with 1 pg/ml DAPI (10236276001; Roche
Diagnostics). The slides were analyzed using an Olympus FluoView 1000
confocal microscope (Olympus).

Mitochondrion isolation

Crude mitochondrion preparations were isolated by using the Mitochondria
Crude Isolation Kit (Beyotime Institute of Biotechnology), as described in
our previous studies (39). We used the indicated amounts of proteinase K
to treat crude mitochondria (~40 wg) for 30 min on ice, followed by a
treatment with 1 mM PMSF (Sigma-Aldrich) to stop proteinase K activity.
Protein denaturation was performed at 95°C for 5 min in NaDodSO,
loading buffer (Beyotime Institute of Biotechnology), followed by the
Western blot assay.

VSV plaque assay

We followed the procedure described in our recent study for the VSV plaque
assay (38). Briefly, Vero cells were seeded in six-well plates and were
infected with VSV supernatants serially diluted (10-fold) in serum-free
DMEM. The supernatant was discarded after 1 h postinfection, and 1%
low melting-point agarose with growth medium (2 ml/well) was overlaid
on the infected cells. At 3 d postinfection, the overlaid agarose was
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discarded, and cells were fixed with 4% formaldehyde for 20 min. Cells
were further stained with 0.2% crystal violet (Beyotime Institute of Bio-
technology) at room temperature for 10 min. The PFU per sample unit
volume (PFU/ml) was determined by counting the number of plaques in
each well.

Statistical analysis

Comparison of the mRNA levels between different groups was analyzed by
using the GraphPad software (GraphPad Software) with two-tailed un-
paired Student ¢ test. Data were presented as mean = SD. A p value <0.05
was considered to be statistically significant.

Results
tOASLI positively regulated the RNA virus—triggered type |
IFN signaling

To determine the potential roles of tOAS family members in
regulating antiviral signaling, we first performed a functional
screening using the IFN-B promoter reporter in TSPRCs over-
expressing tOAS members. We found that overexpression of
tOASL1 significantly enhanced the IFN- promoter activation
induced by an RNA virus-NDV but not by a DNA virus—-HSV-1
infection (Fig. 1A). The potentiated effect of tOASL1 over-
expression on type I IFN signaling upon RNA virus infection, as
demonstrated by increased t/FNBI mRNA expression, could be
well reproduced by challenging with various RNA viruses in-
cluding SeV, EMCV, NDV, and dsRNA analogue poly I:C H
(Fig. 1B, left). tOASL1 overexpression reduced the viral mRNA
levels of SeV, EMCYV, and NDV (Fig. 1B, right). Consistent with
the pattern of Fig. 1A, tOASL1 overexpression had no obvious
change on t#/FNBI mRNA expression in TSPRCs stimulated by
HSV-1 and DNA ligands, including poly dA:dT and ISD (Fig. 1B,
left), although a lower level of HSV-1 viral RNA was found in
TSPRCs overexpressing tOASL1 relative to the empty vector
group (Fig. 1B, right). Note that the inhibitory effect of tOASL1
overexpression on HSV-1 viral RNA level was much inferior to
those of the viral levels of SeV, EMCYV, and NDV (Fig. 1B, right).
These results indicated that tOASL1 was actively involved in
RNA virus—induced type I IFN signaling. As NDV infection had
the best stimulation effect in TSPRCs, we used this virus for
stimulation in the subsequent assays unless otherwise stated.
Concordantly, tOASL1 overexpression could activate the NDV-
triggered IFN-B promoter activity in a dose-dependent manner
(Fig. 1C). Because IFN-f3 promotor activation is driven by IFN-
stimulated response element (ISRE) and NF-kB, we next tested
the activation of ISRE and NF-kB promoters in the presence of
tOASL1 overexpression and NDV infection. Overexpression of
tOASL1 significantly potentiated NDV-induced ISRE and NF-kB
activations (Fig. 1D) and enhanced mRNA expression of t/FNBI
and its downstream genes including #SG54, tISG56, and tMxI
(Fig. 1E). Consistently, tOASL1 overexpression increased phos-
phorylation of TBK1, IRF3, p65, IKKa/B, and IkBa upon NDV
infection in a time-dependent manner (Fig. 1F). These results
demonstrated that tOASL1 activated the IRF3 and NF-kB sig-
naling and positively regulated the antiviral immune responses.

Endogenous tOASLI was critically required for antiviral
immune responses to RNA virus

To characterize the roles of tOASL1 in antiviral responses, we
performed knockdown assays using siRNAs targeting rOASLI to
reduce endogenous tOASL1 expression. Among the three rOASLI
siRNAs, sitOASLI-1 exhibited the highest knockdown effi-
ciency, whereas sitOASL1-3 had no obvious inhibitory effect on
tOASL1 expression (Fig. 2A). We used sitOASL1-1 for the
subsequent experiments. Consistent with the upregulation effect
of tOASL1 (Fig. 1C, 1D), knockdown of tOASLI significantly
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FIGURE 1. The tOASLI is a positive regulator of the antiviral signaling to counteract RNA virus infection. (A) Effects of overexpressed tOAS family
members (tOAS1, tOAS2, tOASL1, and tOASL2) on IFN-B-Luc reporter activation upon NDV and HSV-1 infection. Left, IFN-B-Luc reporter luciferase
activity; right, Western blot showing successful overexpression of the indicated proteins. TSPRCs (1 X 10°) were cotransfected with the indicated ex-
pression vector (400 ng), IFN-B-Luc reporter vector (100 ng), and TK (10 ng, as an inner control) for 36 h, followed by infection with or without NDV
(MOI = 1) or HSV-1 (MOI = 1) for 12 h before the harvest. (B) Upregulation of the z/FNBI mRNA level by overexpressed tOASL1 in TSPRCs infected
with RNA virus infection. Left, Cells (1 X 10°) were transfected with empty vector (Vector) and tOASL1 (each 500 ng) for 36 h, followed by
infection with SeV (20 HAU/ml), EMCV (MOI = 1), NDV (MOI = 1), or HSV-1 (MOI = 1) or transfected with poly I:C H (1 ng/ml), poly dA:dT
(1 pg/ml), and ISD (2 pg/ml) for 12 h before the harvest. The uninfected or untransfected cells were used as the control (Mock). The mRNA levels
of tIFNBI and viral RNA (SeV, EMCYV, NDV, and HSV-1) were measured by RT-qPCR with normalization to B-actin (right). (C) Overexpression of
tOASL1 activated the IFN-B-Luc reporter in a dose-dependent manner in TSPRCs. The procedure was the same as in (A), except for using an
increased amount (16, 80, and 400 ng) of tOASL1 expression vector (with empty vector to reach a total amount of 400 ng). (D) tOASLI1 over-
expression activated the ISRE-Luc and NF-kB-Luc reporters in TSPRCs upon NDV infection. The procedure was the same as in (A). (E) tOASL1
overexpression upregulated t/FNBI, tISG54, tISG56, and tMx] mRNA levels in TSPRCs upon NDV infection. The procedure was similar to (B). (F)
Overexpression of tOASL1 enhanced the phosphorylation of IRF3, TBK1, p65, IKKa/B, and IkBa. TSPRCs (4 X 10°) were transfected with the
indicated expression vector for 36 h and then were infected with or without NDV (MOI = 1) for the indicated times before the harvest. tMVAS was
used as a positive control in (A), (B), (D), and (E). The experiments for (A)—(F) were independently repeated three times with similar results, and the
shown results were a representative experiment. Values were presented as mean = SD (n = 3 independent experiments). *p < 0.05, **p < 0.01,
#*k%p < 0.001, two-tailed unpaired Student # test.

impaired the activation of IFN-B, ISRE, and NF-kB promoter that endogenous tOASL1 was critically involved in antiviral im-
reporters (Fig. 2B) and significantly reduced mRNA levels of mune responses by positively modulating type I IFN signaling.
tIFNBI and downstream ISGs (Fig. 2C). In line with this ob-
servation, tOASL1 knockdown distinctly suppressed the phos-
phorylation of TBK1, IRF3, p65, IKKa/B, and IkBa induced by
NDV infection (Fig. 2D). We next investigated the potential mechanism by which tOASL1
We generated tOASL1-deficient TSR6 cells (tOASL1-KO) using ~ enhanced RNA virus—induced type 1 IFN signaling pathway.
the CRISPR/Cas9-mediated genome editing method (Fig. 2E) to TSPRCs were cotransfected with expression vectors for tMDAS,
further investigate the role of endogenous tOASLI in antiviral ~ tMAVS, and tTBK1, together with tOASL1 expression vector. We
immune response. The replication of VSV (tagged by GFP; found that tOASL1 overexpression enhanced the reporter activi-
VSV-GFP) was significantly enhanced in tOASL1-KO cells in ties of the IFN-B-Luc, ISRE-Luc, and NF-kB-Luc induced by
comparison with the wild-type (WT) TSR6 cells (Fig. 2F, 2G). tMDAS5 and tMAVS, but not TBK1, in a dose-dependent manner
Similarly, more VSV plaques (Fig. 2H, 2I) were found in (Fig. 3A). This result suggested that tMDAS and tMAVS may be
tOASL1-KO cells relative to the WT cells. All these data suggested involved in tOASL1-regulated innate immune pathway. We further

tOASLI promoted RNA virus—triggered IFN signaling mediated
by tMDAS5 and tMAVS

0202 ‘8z Jequiada uo oe A Bues-6uo A Aq /610" jounwiwi I :mmmy;:dny woJy pepeojumoq


http://www.jimmunol.org/

The Journal of Immunology

< — 3.0x104q UFNBT _,
3 152101 toASL1 N
- ) = 2.0x1041
< A S <
=z & & & z
m1.0x10"‘ - o 1.0x1041
% - .
= ® 6 6 Gypa $30x10°7
5 e )
%5.03“0 tOASL1|™ « o £% EZ.OX1D'5
© B-actin .m'—m &1-0"106'
o 0 -
RN O Mock NDV
g\%\fg\f%\/
S
B

0 siNnc B2 sitOASL1-1 NDV 0 6 12 0 6 12h

—
o MMAYS  OASLTt = = — % + 4%
IFN-B-Luc = i

St p-IRF3
201

_.3-1 IRF3

% ° p-TBK1

< 0" Mock NDV K1

#1507ISRE-Luc __«

:9__.1 T p-p65

51001

= . p65

@ 4

ha I’In l p-IKK-a/p

[}

@ 9 Mock  NDV liskalp
1007NF-kB-Luc__x+ p-IkB-a
801 -

601 IkB-a
4071 _ . tOASL1
ST PR ()] I
0 Mock NDV

3423

ISG54 I Mx1 osiNC
0.047 5654 o5, 1SG6 057 MXT . msitOASL1-1
0.031 0.41 0.41
0.31 0.31
0.021
0.21 0.21
0.011 0.11 0.1
0- 0- 0-
Mock NDV Mock NDV Mock NDV
E sgRNA i
g target site _S o
WT AGTGGCTGCAGCCCAhccgtgagtggaaagacgaGGT & kDa

¢.66_79del (14bp del) tOASL1 @-55

W WA A A M
ko B~ WAy B-actin SRR o

G

WT KO
F o G =
™. 2
Q ]
:‘, ]
a2 3
= o
(0]
= 0
8
0 =
i§ GFP
B-actin
H | 8
= ; E
£ 3| 56
TNECTITEE
g a4
=]
=
= o S2
o x 105
0

& @

FIGURE 2. Knockdown or deficiency of tOASL1 impaired the antiviral responses upon RNA virus infection. (A) Knockdown efficiency of siRNAs
targeting endogenous tOASLI in TSPRCs. Cells (1 X 10°) were transfected with the siRNA negative control (siNC, 50 nM) or the respective siRNAs
targeting to different tOASLI region (50 nM) for 36 h. The mRNA and protein levels of endogenous tOASL1 were measured by RT-qPCR (left) and
immunoblotting analysis (right). (B) Knockdown of tOASL1 inhibited the activation of IFN-B-Luc, ISRE-Luc, and NF-kB-Luc reporters upon NDV in-
fection. TSPRCs (1 X 105) were cotransfected with the indicated reporter vector (100 ng), TK (10 ng), and siRNA (siNC, sitOASL1-1, and sitMAVS, each
50 nM) for 24 h, followed by NDV infection (MOI = 1) or without infection (Mock) for 12 h before the harvest for the luciferase assay. (C) tOASL1
knockdown significantly inhibited the mRNA expression of #/FNBI and downstream antiviral genes in TSPRCs. The procedures for siRNA transfection (36
h) and NDV infection (12 h) were the same as in (B). (D) tOASL1 knockdown decreased the phosphorylation of IRF3, TBK1, p65, IKKa/B, and IkBa in
TSPRCs infected with NDV. (E) KO of the tOASLI gene in tree shrew renal cell line TSR6 using CRISPR/Cas9. Left, Sequencing chromatographs showing the
mutation in tOASL1-KO cells. Right, The tOASLI1 protein expression was found in WT cells but not in KO cells. (F and G) tOASL1 deficiency promoted VSV
replication in TSR6 cells. Cells (2 X 10°) were infected with VSV (MOI = 0.1) for 12 h (F), and the percentage of 10,000 cells expressing GFP (GFP* cells) was
quantified by flow cytometry (upper) or immunoblotting (lower) for GFP expression (G). (H and I) The viral titers in the supernatant of VSV-infected TSR6 cells
were analyzed by standard median tissue culture infective dose (TCIDs() (H) and plaque assay (1). All data were representative of three independent experiments
with similar results. Data were presented as mean * SD. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired Student ¢ test.

investigated whether tMDAS and tMAVS mediated the tOASL1-
regulated antiviral immunity. Coexpression of tOASL1 and tMDAS
or tOASL1 and tMAVS significantly upregulated the transcription
of tIFNBI in TSPRCs upon NDV infection (Fig. 3B, 3C). Over-
expression of all three proteins had an even stronger induction effect
on tIFNBI mRNA level (Fig. 3D). In contrast, knockdown of
tMDAS or tMAVS impaired the induction of the IFN signaling in
TSPRCs overexpressing tOASL1 (Fig. 3E). Taken together, these
results indicated that tMDAS and tMAVS were involved in tOASL1-
regulated antiviral response.

tOASLI interacted with tMDAS and tMAVS

We next sought to determine whether tOASL1 could physically interact
with tMDAS and tMAVS. A coimmunoprecipitation assay showed that
overexpressed tOASL1 interacted with tMDAS (Fig. 3F) and tMAVS
(Fig. 3G), but not Tupaia LGP2 (Supplemental Fig. 1A), in 293T cells.
The interactions between tOASL1 and tMDAS or tMAVS could be

confirmed by reciprocal coimmunoprecipitation assay (Fig. 3H).
Furthermore, we observed that tOASL1 bound to tMDAS and tMAVS
in TSPRCs with or without NDV infection (Fig. 3I). The overex-
pressed tOASL1 protein was colocalized with tMDAS (Supplemental
Fig. 1B) and tMAVS (Supplemental Fig. 1C) in TSPRCs, and this
colocalization pattern was not affected by NDV infection. Intriguingly,
staining for exogenous tOASL1 showed that this protein could (par-
tially) colocalize with mitochondria in TSPRCs with or without NDV
infection (Fig. 3J). Whether the colocalization of tOASLI to mito-
chondria was mediated by tMAVS, which is a protein located on the
outer mitochondrial membrane, remained to be determined. We failed
to detect the endogenous tOASL1 because of the lack of proper Ab.

tOASLI interacted with tMDAS and tMAVS via its OAS and
UBL domains

To map the tOASL1 domains that interacted with tMDAS and
tMAVS, we generated a series of truncated mutants of tOASLI,
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FIGURE 3. The regulatory effect of tOASL1 on the type I IFN signaling was medicated by tMDAS and tMAVS. (A) Activation of IFN-B-Luc, ISRE-Luc,
or NF-kB-Luc reporter activities by coexpression of the indicated protein (tMDAS, tMAVS, and tTBK1) and different dosage of tOASL1 in TSPRCs. The
procedure is similar to Fig. 1C, except for using an increased amount (80 and 400 ng) of tOASL1 expression vector (with empty vector to reach a total
amount of 400 ng). (B and C) tOASL1 overexpression enhanced the (B) tMDAS- or (C) tMAVS-triggered IFN signaling. (D) tOASL1 overexpression
enhanced the tMDAS and tMAVS-triggered IFN signaling. The procedure in (B)—(D) was similar to Fig. 1B. (E) Knockdown of tMDAS5 or tMAVS impaired
the induction of the IEN signaling in TSPRCs overexpressing tOASL1. (F and G) tOASLI interacted with tMDAS5 and tMAVS. HEK293T cells (1 X 107)
were cotransfected with tOASL1-FLAG and tMDAS5-HA (F) or tOASL1-FLAG and tMAVS-HA (G) (each 5 pg) for 48 h before the harvest for immu-
noprecipitation analysis. IgG was used as a control. (H) Reciprocal coimmunoprecipitation assay of (F) and (G) in HEK293T cells. IgG-H-IgG H chain. (I)
tOASLI interacted with tMDAS and tMAVS in TSPRCs. The procedure was the same as in (F) and (G). Cells were left untreated or infected with NDV
(MOI = 1) for 12 h before the harvest. (J) Colocalization of tOASL1 with mitochondria in TSPRCs with or without NDV infection. Cells (1 X 10%) were
cotransfected with expression vector for tOASL1-FLAG (500 ng) and pDsRed-Mito (concentration ratio 10:1) for 36 h, followed by infection with or
without NDV (MOI = 1) at the indicated times. tOASL1 was immunostained by using anti-FLAG (green), and mitochondria were directly imaged by
confocal microscopy (red). Nuclei were stained with blue staining (DAPI). Scale bar, 10 wm. All data shown were representative of three independent
experiments with similar results. Values were presented as mean * SD. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired Student 7 test. IB,
immunoblot; IP, immunoprecipitation; WCL, whole cell lysates.
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tMDAS, and tMAVS (Fig. 4, upper panel). Coimmunoprecipitation
experiments showed that the OAS domain of tOASL1 (tOASL1-
OAS) could bind to tMDAS, whereas the remaining UBL domain
of tOASL1 (tOASL1-UBL) bound to tMAVS (Fig. 4A). We
further mapped the tMDAS and tMAVS domains that were re-
quired for their interaction with tOASL1, respectively. We found
the CTD of tMDAS (tMDAS5-CTD) and the CARD of tMAVS
(tMAVS-CARD) could interact with tOASL1, respectively. The
other domains of tMDAS and tMAVS did not bind to tOASL1
(Fig. 4B, 4C). All these results suggested that tOASLI1 interacted
with tMDAS through the binding of tOASL1-OAS to tMDAS-
CTD, whereas tOASL1 interacted with tMAVS through the
binding of tOASL1-UBL to tMAVS-CARD.

tOASLI facilitated recruitment of tMDA5 to tMAVS

As tOASL1 interacted with tMDAS and tMAVS using different
domains, we tested whether both tOASL1 domains were essential
for initiating the type I IFN signaling. We found that only full-
length tOASL1 (tOASL1-WT) potentiated the transcription of
tIFNBI, tISG54, tISG56, and tMxI induced by NDV infection,
whereas the two tOASL1 domains did not affect the induced ex-
pression of these genes (Fig. 5A). The #/FNBI mRNA level was
significantly decreased in tOASL1-KO cells in comparison with
WT TSR6 cells upon NDV infection (Fig. 5B). Introduction of
tOASL1-WT, but not mutants tOASL1-OAS and tOASL1-UBL,
back into tOASL1-KO cells showed that only tOASL1-WT could
upregulate the transcription of #/FNBI (Fig. 5B). In addition, we
observed a marked reduction of #/FNBI mRNA level in tOASL1-
KO cells transfected with tMDAS, but not tMAVS (Supplemental
Fig. 1D). All these results indicated that only the full-length
tOASL1 was responsible for enhancing type I IFN signaling.
We speculated that a combination of tOASLI1, tMDAS, and
tMAVS as a probable signalosome complex would play the role,
although we failed to obtain direct evidence for the proposed
complex (data not shown).

Upon binding to viral RNA, MDAS was recruited to MAVS,
leading to the activation of type I IFN signaling (6, 40). We in-
vestigated whether tOASL1 could facilitate the recruitment of

3425

tMDAS to tMAVS. Coimmunoprecipitation assay indicated that
tOASL1 enhanced tMDAS and tMAVS interaction in 293T cells
(Fig. 5C). Similarly, overexpressing tOASL1 in TSPRCs could
enhance the interaction of overexpressed tMDAS and tMAVS,
irrespective of NDV infection (Fig. 5D). Consistently, tOASL1
KO dramatically impaired the interaction between tMDAS and
tMAVS (Fig. SE). We performed similar experiments to discern
the potential interaction of tOASL1 with human RLRs. We ob-
served that tOASL1 had no interaction with human MDAS
(hMDAS5), human MAVS (hMAVS), and human RIG-I in 293T cells
(Supplemental Fig. 1E), suggesting a potential species specificity.
In addition, tOASL1 overexpression had no obvious effect on the
interaction between hMDAS and hMAVS in TSPRCs, irrespective
of NDV infection (Supplemental Fig. 1F). Consistently, over-
expressing tOASL1 in HeLa cells also facilitated the recruitment
of tMDAS to tMAVS but not hMDAS to hMAVS (Supplemental
Fig. 1G).

Because the interaction between MDAS and MAVS is critical for
initiating the type I IFN signaling (40, 41) and tOASLI1 can
colocalize with mitochondria (Fig. 3J), we asked whether tOASL1
can facilitate the recruitment of tMDAS to mitochondria upon
NDV infection. We found that tOASL1 overexpression increased
endogenous tMDAS levels in mitochondria in TSPRCs infected
with NDV (Fig. 5F), whereas the level of tMDAS in the crude
mitochondria was substantially decreased when tOASL1 was ab-
sent (Fig. 5G). Together, our results indicated that tOASL1 was
required for enhanced interaction between tMDAS and tMAVS,
and tOASL1 promoted the recruitment of tMDAS to tMAVS on
mitochondria (Fig. SH).

Discussion

During viral infection, RIG-I and MDAS are well-known nucleic
acid sensors to bind viral dsRNAs and are recruited to the adaptor
protein MAVS, which acts as a central scaffold for a virus-induced
complex assembly (6, 8). This process is critical for triggering
distinct signaling pathways and the induction of type I IFNs.
Although ATP-dependent conformational change allows CARDs
of RIG-I and MDAS to interact with MAVS and leads to the
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FIGURE 4. Domain mapping of tOASL] for interaction with tMDA5 and tMAVS. (A—C) HEK293T cells (1 X 107) were cotransfected with the indicated
expression vectors for tOASL1, tMDAS, tMAVS, and/or the related domains (each 5 pg). Cells were harvested at 48 h, and immunoprecipitation assays

were performed following the procedure in Fig. 3F. IgG-L-IgG L chain.
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FIGURE 5. tOASL1 potentiated the IFN signaling by recruiting tMDAS to tMAVS. (A) Overexpression of tOASLI, but not its domains, increased the
mRNA levels of /FNBI and downstream ISGs in TSPRCs with NDV infection. The procedure was the same as in Fig. 1B. (B) Overexpression of tOASL1
in tOASL1-KO cells could rescue NDV-induced t/FNBI expression. Cells (1 X 105) were transfected with tOASL1-WT or its mutants (tOASL1-OAS and
tOASL1-UBL) (each 500 ng) for 36 h, followed by infection with NDV (MOI = 1) for 12 h before the harvest for RT-qPCR. (C) Overexpression of tOASL1
promoted the interaction between tMDA5 and tMAVS in HEK293T cells. Cells (1 X 107) were transfected with Myc-tagged tOASLI (5 pg) or tMAVS-
FLAG (5 pg) and tMDAS-HA (5 pg) for 48 h before the harvest for immunoprecipitation assays. (D) Overexpression of tOASL1 enhanced the tMDAS and
tMAVS interaction in TSPRCs infected with or without NDV infection. The immunoprecipitation procedure was the similar as in (C). (E) tOASL1 defi-
ciency decreased the tMDAS and tMAVS interaction in TSR6 cells. tOASL1-KO or TSR6-WT (WT) cells (1 X 107) were transfected with tMDA5-HA
(5 ng) and tMAVS-FLAG (5 pg) for 36 h, followed by infection with or without NDV (MOI = 1) for 12 h before the immunoprecipitation assays. (F)
Overexpression of tOASL1 increased the recruitment of tMDAS to mitochondria in TSR6 cells with NDV infection. TSR6 cells (1 X 107) were transfected
with control vector (Vector) or tOASL1-FLAG (each 5 pg) for 36 h. Cells then were left untreated or infected with NDV (MOI = 1) for 12 h before the
harvest for the isolation of crude mitochondria and for collecting whole cell lysate (total protein). (G) KO of tOASL1 decreased the recruitment of tMDAS
to mitochondria in TSR6 cells with NDV infection. The procedure was similar to (F). (H) A working model illustrating the role of tOASL1 in potentiating
type I IFN signaling upon RNA virus infection via interaction of tMDAS5 and tMAVS. All data were representative of three independent experiments
showing similar results. Bars represent mean = SD. **p < 0.01, ***p < 0.001, two-tailed unpaired Student ¢ test.
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formation of the MAVS signalosome (10), how this process is The OASL belonged to the OAS family proteins characterized by
mediated remains unclear. Several lines of evidence suggest its N-terminal OASL domain but was devoid of the enzymatic
that some host proteins are critical for controlling the associ- activity to activate the OAS/RNase L pathway (19). In our previous

ation of RIG-I or MDAS with the adaptor MAVS, such as study, we found that the cDNA of tOASL1 was 2176 bp in length
ECSIT signaling integrator (ECSIT) (42), Zyxin (43), NLR and encoded a polypeptide of 514 aa, which shared 75.4% residue
family pyrin domain containing 12 (44), and the most recently identity to human ortholog of OASL. tOASL1 contained a typical
reported nucleotide binding oligomerization domain containing N-terminal OAS domain and two tandem ubiquitin-like domains
1 (45). In this study, we found that tOASL1, a member of 2',5’- at the C-terminal. Phylogenetic analyses revealed that tOASL1
OAS family proteins, potentiated RNA virus—induced signaling was first clustered with the corresponding orthologs of primates,
cascade in the Chinese tree shrew by recruiting tMDAS to indicating that tOASL1 was relatively conserved in the Chinese
tMAVS. This finding provided another line of evidence for the tree shrew (23). In addition, we found that the mRNA levels of
complexity of assembling the MAVS signalosome, especially tOASL1 and the other three tOASs (tOAS1, tOAS2, and tOASL2)
considering the fact that RIG-I was naturally lost in the Chinese were significantly increased in cells upon DNA virus (HSV-1) or
tree shrew (24, 34). RNA virus (SeV, NDV, and VSV) infection compared with uninfected
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TSPRCs (23). These available results indicated that tOASs were
ISGs. Several studies had reported that OASL played an essential
role in modulating virus-induced type I IFN signaling pathway
(20-22, 46), albeit the role of OASL in human (20, 21) was
different from that of mouse (22), indicating a potential species-
specific pattern. Similar to human OASL (hOASL) (20) and
porcine OASL (46), the tOASL1 was actively involved in RNA
virus—induced IFN induction pathway and acted as a positive
regulator. However, tOASL1 differed from hOASL in several
aspects. First, although hOASL and tOASL1 commonly pro-
moted RNA virus—induced IFN induction, tOASL1 had no effect
on IFN production upon DNA virus (Fig. 1A, 1B), whereas
hOASL had an inhibitory effect (21). Note that mouse Oasl1 had
an inhibitory effect on both RNA virus— and DNA virus—induced
IFN inductions (22). The exact reason for this species-specific
role remained unknown, but this offered a good opportunity for
us to learn the evolutionary complexity and compensation of the
immune system. Second, different from hOASL, which inter-
acted and colocalized with RIG-I to mediate the downstream
effect (20), tOASL1 interacted with tMDAS5 and tMAVS and
potentiated the tMDAS- and tMAVS-triggered IFN inductions
(Fig. 3). We believe this difference was compatible with the fact
that RIG-I was naturally lost, and MDAS had a functional re-
placement in the Chinese tree shrew (34). Moreover, we found
that tOASL1 could colocalize and interacted with MAVS. Sim-
ilar to the mitochondrion-localized ZNFX1 (47), no predicted
mitochondrial targeting motif was found for tOASL1. The OAS
domain had been reported to be associated with mitochondria
(48), and the UBL domain of tOASL1 was critical for interacting
with tMAVS (Fig. 4A), which might be responsible for the mi-
tochondrial localization of tOASL1, irrespective of RNA virus
infection. To our knowledge, this is the first time that OASL was
found to be localized in mitochondria, which would facilitate its
natural interaction with MAVS.

Another interesting observation in this study is that tOASL1
promoted the recruitment of tMDAS to tMAVS (Fig. 5C-G,
Supplemental Fig. 1G). In particular, tOASL1 interacted with
tMDAS and tMAVS using different domains, which might be
helpful for forming the tOASL1-tMDAS-tMAVS complex. It is
pitiful that we were unable to isolate this protein complex (pre-
sumably because of its large size) and make further character-
ization. Note that overexpression of tOASL1 domains, but not
full-length tOASLI1, could not enhance NDV-induced transcrip-
tion of t/FNBI and downstream antiviral genes (Fig. 5A). In ad-
dition, tOASL1 deficiency dramatically impaired the interaction
between tMDAS and tMAVS (Fig. SE). On this point, tOASL1 not
only acts as a scaffold protein bridging tMDAS and tMAVS but
also works as a positive regulator of antiviral signaling to coun-
teract RNA virus infection.

In summary, we identified tOASLI1 as a positive regulator of
the type I IFN induction by recruiting tMDAS5 to tMAVS to
counteract RNA virus infection. We further elucidated the
molecular mechanism by which tOASL1 positively regulates the
anti-RNA virus innate immunity. The multifaceted role of OASL
illustrated a unique picture of the innate immunity in different
species.
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Table S1. Primers and vectors used in this study.

Primer Sequence (5'-3") Restriction Application and vector

endonuclease @
tIFNB1-F ACCACTTGGAAACCATGC - Analytical RT-qPCR for tIFNB1
tIFNB1-R TTTCCACTCGGACTATCG
t1ISG54-F CTATCTGTATTGCCGTATTGG - Analytical RT-qPCR for tISG54
t1ISG54-R CTTCTGTCCTCTCCTCTG
tMx1-F GAAGACATTAGACTAGAACAAGAA - Analytical RT-qPCR for tMx1
tMx1-R TCCTGGCAGTAGACAATC
t1ISG56-F AGAGCAGCCGTCATTTAC - Analytical RT-qPCR for tISG56
t1ISG56-R CAGGGCTTCCTTTAGTTC
tOASL1-BspE I-F ACTCCGGAATGGCACTGGCCGAGGAGC BspE | PCR for constructing tOASL1-Myc vector
tOASL1-Sac I-R CCGAGCTCCTACCTGGATGGAAACAGA Sac | using pCS-myc-N vector
tOASL1-OAS-Notl-F TTGCGGCCGCATGGCACTGGCCGAGGAGC Not | PCR for constructing tOASL1-OAS-FLAG
tOASL1-OAS-EcoRV-R TTGATATCGTCTCGGGCTCTCTGCACA EcoR V vector using pPCMV-3Tag-8 vector
tOASL1-UBL-Notl-F TTGCGGCCGCATGATCCAGGTGACAGTGG Not | PCR for constructing tOASL1-UBL-FLAG
tOASL1-UBL-Xhol-R CCCTCGAGCCTGGATGGAAACAGAGGC xho | vector using pCMV-3Tag-8 vector
tMDAS5-CARD-EcoRI-F CGGAATTCAAATGTCGAATGGGCATTCCT EcoR | PCR for constructing HA-tMDAS5-CARD
tMDA5-CARD-Xhol-R CCCTCGAGCTAATCGTTTCCTGTTTTT Xho | vector using pPCMV-HA vector
tMDAGS-Helicase-EcoRI-F  CGGAATTCAACTACAGCTCAGGCCTTACC EcoR | PCR for constructing HA-tMDA5-Helicase
tMDAS5-Helicase-Xhol-R CCCTCGAGCTAAATCTTATGAGCATAC Xho | vector using pCMV-HA vector
tMDAS5-CTD-EcoRI-F CGGAATTCAACCATCATTAATAACTTTGC EcoR | PCR for constructing HA-tMDA5-CTD
tMDAS5-CTD-Xhol-R CCCTCGAGCTAATCCTCATCACTAAAC Xho | vector using pPCMV-HA vector
tMAVS-CARD-Xhol-F CCCTCGAGAAATGTCATTTGCCGAGAACA xho | PCR for constructing HA-tMAVS-CARD
tMAVS-CARD-NotI-R TTGCGGCCGCACGGGTCACTTCCTCGGCG Not | vector using pPCMV-HA vector
tMAVS-PRR-Xhol-F CCCTCGAGAAATGGTCTACCAGACCTACC xho | PCR for constructing HA-tMAVS-PRR
tMAVS-PRR-Notl-R TTGCGGCCGCAACCCTGACACACGGCTCC Not I vector using pCMV-HA vector
tMAVS-TM-Xhol-F CCCTCGAGAAATGTCATGGCTTGGGGTGG xho | PCR for constructing HA-tMAVS-TM
tMAVS-TM-Notl-R TTGCGGCCGCTCACTGGAGTGGGCGCCGC Not | vector using pCMV-HA vector
tTBK1- Sacl-F CGAGCTCATGCAGAGCACTTCCAATCA Sac | PCR for constructing tTBK1-FLAG vector
{TBK1- Xhol-R CCGCTCGAGAAGACAGTCCACGTTGCGAA Xho | using pPCMV-3Tag-8 vector

2 Restriction endonuclease sites introduced by PCR are underlined. RT-gPCR, quantitative real-time PCR.
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Supplementary Figure 1. tOASL1 did not interact with tLGP2, and co-localized with tMDA5
and tMAVS.

(A) No interaction of tOASL1 and tLGP2 in HEK293T cells. The procedure was same to Figure 3F.
(B-C) tOASL1 co-localized with tMDAS5 and tMAVS in TSPRCs with or without NDV infection.
Cells (1x10% were co-transfected with expression vector for tOASL1-FLAG (300 ng) and
tMDAS5-HA (300 ng) or tMAVS-EGFP (300 ng) for 36 h, followed by infection with or without NDV
(MOI=1) at the indicated times. tOASL1-FLAG and tMDA5-HA were immunostained by using
anti-FLAG (red) and anti-HA (green) antibody, respectively. Nuclei were stained with blue staining
(DAPI). Scale bar, 10 um.

(D) Knockout of tOASL1 impaired tMDAS5-triggered tIFNB1 expression. tOASL1-KO cells (1<10°)
were transfected with tMDAS, tMAVS or vector (each 500 ng) for 48h before the harvest for
RT-gPCR.

(E) tOASL1 did not interact with hMDAS5, hMAVS and hRIG-I in HEK293T cells. The procedure
was same to Figure 3F.

(F) tOASL1 had no effect on the interaction between hMDAS and hMAVS in TSPRCs. The
procedure was same to Figure 5D.

(G) tOASL1 promoted the recruitment of tMDADS to tMAVS in HeLa cells with NDV infection. The
procedure was same to Figure 5D.

Shown were representative results from three independent experiments.



