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The Journal of Immunology

An Alternative Splicing of Tupaia STING Modulated
Anti-RNA Virus Responses by Targeting MDAS-LGP2
and IRF3

Ling Xu,®"* Dandan Yu,*"* Li Peng,* Yong Wu,* Yu Fan,* Tianle Gu,*8
Yu-Lin Yao,*? Jin Zhong,’ Xinwen Chen,' and Yong-Gang Yao**%#

The stimulator of IFN genes (STING; also known as MITA, TMEM173, MPYS, or ERIS) is generally regarded as a key adaptor
protein for sensing pathogenic DNA genomes. However, its role in RNA viral signaling as part of the innate immunity system remains
controversial. In this study, we identified two isoforms of STING (a full-length Tupaia STING [tSTING-FL] and a Tupaia STING
short isoform [tSTING-mini]) in the Chinese tree shrew (Tupaia belangeri chinensis), a close relative of primates. tSTING-FL
played a key role in the HSV-1-triggered type I IFN signaling pathway, whereas tSTING-mini was critical for RNA virus-induced
antiviral signaling transduction. tSTING-mini, but not tSTING-FL, interacted with tMDAS-tLGP2 and tIRF3 in resting cells.
Upon RNA virus infection, tSTING-mini caused a rapid enhancement of the tMDAS-tL.GP2-mediated antiviral response and
acted earlier than tSTING-FL. Furthermore, tSTING-mini was translocated from the cytoplasm to the nucleus during RNA virus
infection and promoted tIRF3 phosphorylation through tSTING-mini—tIRF3 interaction, leading to a restriction of viral repli-
cation. After the initiation of antiviral effect, tSTING-mini underwent rapid degradation by tDTX3L-tPAPR9 via k48-linked
ubiquitination through a proteasome-dependent pathway. Our results have shown alternative isoforms of STING counteract RNA

virus infection in different ways. The Journal of Immunology, 2020, 204: 3191-3204.

he innate immune system is crucial for defending against

infections and employs pattern recognition receptors to

recognize pathogen-associated molecular patterns. Sub-
sequently powerful cellular antiviral signaling events and triggered
signal cascades lead to the production of type I IFN (1, 2). Mo-
bilization of these immune factors leads to rapid and temporally
regulated changes in the expression of the hundreds of genes in-
volved in host defenses, cell migration, tissue repair and regula-
tion of adaptive immunity (3). Stimulator of IFN genes (STING)
(4) (also known as mediator of IRF3 activation [MITA (5)],
plasma membrane tetraspanner [MPYS (6)], endoplasmic reticu-
lum (ER) IFN stimulator [ERIS (7)], or transmembrane protein
173 (TMEM173) was independently characterized by different
groups and has been generally regarded as a key adaptor protein
for DNA virus-sensing pathways. STING acts downstream of the
retinoic acid-induced gene-I (RIG-I) and mitochondrial antiviral-
signaling protein (MAVS) and plays a role in innate immune

responses to cytosolic RNA by initiating the IFN response (4, 5,
8, 9). Subsequent studies have linked STING to cytosolic nucleic
acid ligands, including dsDNA and unique bacterial nucleic acids
called cyclic dinucleotides (4, 10-13). STING can activate TANK-
binding kinase 1 (TBK1), and the activated TBK1 phosphorylates
IFN regulatory factor 3 (IRF3), which is a key transcription factor
for the induction of IFN-f3 expression (4, 5, 14, 15). Knockdown
of STING using RNA interference at the N terminus of STING
reduced RNA virus controlling activity (4, 5). However, using
STING-deficient mice failed to confirm the proposed connection
between STING and RNA virus infection (16-18). As compared
with its documented role in sensing pathogenic DNA genomes, the
basis for the involvements of STING in controlling RNA viral
signaling remains controversial (8, 10, 19, 20), although STING
antagonists were discovered in many RNA viruses (10, 21-26).
Because of its close relationship to primates (27, 28), the Chinese
tree shrew (Tupaia belangeri chinensis) has proven to be a good
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model for studying infectious diseases (29, 30) and for under-
standing the adaptation and functional diversity of antiviral activity
in vertebrates (27, 31-33). For example, many studies have reported
that the tree shrew was susceptible to hepatitis B virus and hepatitis C
virus (34-39), HSV-1 (30), Zika virus (40), and influenza HIN1 virus
(41). In this study, we characterized the STING ortholog from the
Chinese tree shrew as having two isoforms, designated as full-length
Tupaia STING (tSTING-FL) and short isoform Tupaia STING
(tSTING-mini). tSTING-mini is part of the antiviral signaling after
RNA virus infection acting with Tupaia melanoma differentiation-
associated protein 5 (tMDAS)-Tupaia laboratory of genetics and
physiology 2 (tLGP2). tSTING-mini facilitates IRF3 phosphorylation
upon RNA virus infection, whereas tSTING-FL has a major role in
anti-DNA virus response. Our study has revealed the diverse roles of
the STING-mediated antiviral signaling via its isoforms in the Chi-
nese tree shrew and has shown Tupaia STING (tSTING) restricts
RNA virus replication by the phenomenon of alternative splicing.

Materials and Methods

Ethics statement

Animal experimental procedures and protocols were approved by the In-
stitutional Animal Care and Use Committee of Kunming Institute of
Zoology (KIZ), Chinese Academy of Sciences (CAS) (Approval No:
SYDW20110315001) in accordance with the regulations in the Guide for
the Care and Use of Laboratory Animals issued by the Ministry of Science
and Technology of China.

Reagents and Abs

Poly(dA:dT) (catalog no. tlrl-patn), cyclic dimeric GMP (c-di-GMP; cat-
alog no. tlrl-cdg), and IFN stimulatory DNA (ISD; catalog no. tlrl-isdn)
were purchased from InvivoGen (San Diego, CA). The following Abs
were used in this study: mouse monoclonal anti-Flag (M20008; Abmart),
mouse anti—c-Myc (9E11) (MAI1-16637; Life Technologies), mouse
monoclonal anti-hemagglutinin (HA) (3724; Cell Signal Technology),
mouse monoclonal anti-His (MA121315; Thermo Fisher Scientific), rabbit
monoclonal anti-IRF3 (4302; Cell Signal Technology), rabbit monoclonal
anti—phospho-IRF3 (Ser396) (4947; Cell Signal Technology), mouse
monoclonal anti-GAPDH (E12-052-4; EnoGene), rabbit monoclonal anti-
Histone H3 (4499; Cell Signal Technology), rabbit polycloncal tPARP9
(17535; Proteintech), rabbit polycloncal tDTX3L (11963; Proteintech),
mouse monoclonal anti—B-actin (E1C602-2; EnoGene), mouse monoclonal
anti—3-Tubulin (ZM-0439; Origene), and rabbit polycloncal anti-TMEM173
(LS-B7237; LifeSpan BioSciences; the epitope of this Ab was located in the
region from the 50th to the 100th residue of human STING and was used to
detect both tSTING-FL and tSTING-mini). Detection for phospho-p65
(Ser536) and p65 were performed by using the NF-kB pathway sample kit
(9936; Cell Signal Technology). Peroxidase-conjugated anti-mouse Ab (474-
1806; KPL) and anti-rabbit Ab (074-1506; KPL), FITC-conjugated anti-
rabbit IgG (A21207; Life Technologies), and anti-mouse IgG (A21202;
Invitrogen) were used as secondary Abs. Restriction enzymes EcoR 1, Xho 1,
BspE 1, Sac 1, and Hind III were purchased from Thermo Fisher Scientific.

Cell lines, viruses, and experimental animals

Vero (from African green monkey kidney) and HEK293T cells were
supplied by the Kunming Cell Bank, KIZ, CAS. Cells were grown in
DMEM (11965-092; Life Technologies-BRL) supplemented with 10% FBS
(10099-141; Life Technologies-BRL) and 1X penicillin/streptomycin
(10378016; Life Technologies-BRL) at 37°C in 5% CO,. Chinese tree
shrew primary renal cells (TSPRCs) were isolated and cultured according
to the method of enzyme-assisted dissection as described previously (42,
43). RNA viruses (including Sendai virus [SeV], GFP-tagged vesicular
stomatitis virus [VSV], Newcastle disease virus [NDV]), and DNA virus
(HSV-1) were taken from our previous study (31). The Chinese tree shrews
(n =30) were purchased from the experimental animal core facility of KIZ,
CAS. After euthanasia, seven different tissues (heart, liver, spleen, lung,
kidney, intestine and brain) were dissected and frozen in liquid nitrogen, or
the animals were used for isolating primary cells.

RNA interference and transfection

The small-interfering RNAs (siRNAs) targeting tSTING-FL or tSTING-
mini and the negative control siRNA (Scramble) were obtained from
RiboBio (Guangzhou, China). We designed three siRNAs for each of

tSTING-mini MODULATES ANTI-RNA VIRUS RESPONSES

tSTING-FL, tSTING-mini, sitPARP9, and sitDTX3L, and evaluated the
knockdown efficiency of each siRNA, respectively. The efficient siRNA for
tSTING-FL (sitSTING-FL: 5'-GCGCTAAGCATCCTCCTAA-3') was lo-
cated in exon 2, whereas the efficient siRNA for tSTING-mini (sitSTING-
mini: 5'-CCTCCCAAACTCTTCTGC-3") was located in a region covering
exons 2 and 5. The efficient siRNAs for sitPARP9 and sitDTX3L were 5'-
TGGCAGCTCTGTTGACTAA-3" and 5'-AGTACAACACTCACAGTAA-
3’, respectively. TSPRCs were transfected according to the procedure in
our previous study (31). In brief, cells (1 X 10° per well) were seeded in
12-well plates to grow to 50% confluence. Before transfection, culture
medium was removed and washed once with Opti-MEM (31985-070;
Life Technologies-BRL). The indicated siRNAs or Scramble was dis-
solved in Opti-MEM and was then mixed with 50 nl Lipofectamine
3000 (L3000008; Invitrogen) to achieve a final volume of 100 pl. After
incubation at room temperature for 20 min, the siRNA-Lipofectamine
mixture was added to each well, together with 400 w1l Opti-MEM. After
an incubation period of 6 h in the CO, incubator (Thermo Fisher
Scientific), the medium was removed, and 1 ml growth medium was
added to each well for 48 h. The inhibition efficiency of each siRNA
was determined by real-time quantitative PCR (RT-qPCR) or Western
blotting.

Total RNA extraction and quantification

Total RNA was extracted from tissues or primary renal cells using the
RNAsimple Total RNA Kit (DP419; TIANGEN, Beijing, China) according
to the manufacturer’s instruction. We followed the procedure in our pre-
vious studies (32, 42, 43) to evaluate the quality and integrity of total RNA
and perform the RT-qPCR. In brief, we used 1 g total RNA to synthesize
cDNA by using oligo-dT18 primer and M-MLV reverse transcriptase
(M1701; Promega). RT-qPCR was performed using iTaq Universal SYBR
Green Supermix (172-5125; Bio-Rad) supplemented with gene specific
primers (Supplemental Table I) on a CFX Connect Real-Time PCR De-
tection system (Bio-Rad Laboratories, Hercules, CA) with the following
thermal cycling condition: 1 cycle at 95°C for 1 min, 40 cycles of 95°C for
15 s, and 55°C for 15 s. The reaction volume (20 pl) contained 0.4 pM of
each upstream and downstream primer (Supplemental Table I), 1 wl of
cDNA, and 10 pl of iTaq Universal SYBR Green Supermix. The tree
shrew B-actin gene was used as the reference for normalization of the
target gene.

Establishment of CRISPR/Cas9-mediated tSTING knockout
cell lines

We used the CRISPR/Cas9 system (44) to knock out the tSTING gene in
TSR6 cells (45). The single guide RNAs (sgRNAs; tSTING-sgRNA-F1 5'-
CACCGCCGTGGAATGGACGGATGC-3'/tSTING-sgRNA-R1 5'-AAA-
CGCATCCGTCCATTCCACGGC-3') targeted the exon 1 of tSTING.
Briefly, the sgRNA pair was 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. Trans-
fected cells expressing mCherry were sorted by flow cytometry and cul-
tured for 48 h. Single cells were manually picked with a mouth pipette for
expansion for 3 wk. The AxyPrep Multisource Genomic DNA Miniprep
Kit (26817KC1; Axygen) was used to extract genomic DNA of single
TSR6 cells with potential knockout of tSTING. The gene region spanning
the sgRNA targeting sites was amplified by using primer pair tSTING-
sgRNA-Fc 5'-GAGGGACTGTGCATGGGCAG-3'/tSTING-sgRNA-Rc 5'-
GAGGCCAGGTGGAGCACCAG-3'. The PCR products were sequenced by
using the primer tSTING-sgRNA-Fc to screen for mutation(s). We were
able to pick up a cell clone (tSTING-knockout [KO] no. 3) with a
frameshift mutation (c.37 insA) that disrupts the translation of tSTING
protein. We used the anti-TMEM173 polyclonal Ab to probe the en-
dogenous tSTING.

Plasmid construction

The coding regions of tSTING-FL and tSTING-mini were amplified and
cloned into pEGFP-N2 with EcoR I and Sac I, pPCMV-HA vector with
EcoR 1 and Xho I, and cMyc-tagged pCS-myc-N vector with BspE I and
Xho 1, respectively (Supplemental Table I). The tree shrew IFNBI pro-
moter 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), and pRL-SV40-Renilla (as an internal con-
trol; Promega) were described in our previous studies (31, 43). Expres-
sion vectors for tMDAS, tLGP2, and tMAVS were from our previous
study (31). Expression vectors for tTBK1, tIRF3, tPARPY, and tDTX3L
were generated using specific primer pairs and were cloned into indi-
cated vectors (Supplemental Table I). All plasmids were verified by di-
rect sequencing.
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FIGURE 1. Genomic structure and expression pattern of the STING gene in the Chinese tree shrew. (A) Schematic sequence (upper) and domain structure
(below) of tree shrew tSTING-FL and short STING (tSTING-mini). (B) The mRNA and protein levels of tSTING in seven tissues from the Chinese tree
shrew. (Upper) The RT-qPCR results (n = 10 animals, mean = SEM) for tSTING transcripts. RT-qPCR was determined by using sequence-specific primers
and was normalized by B-actin. (Below) Protein levels of the two tSTING isoforms in different tissues (each 50 pg; tree shrew tissues were from two
individuals) and TSPRCs (150 pg) were detected by anti-TMEM173 Ab. The tubulin was used as the loading control. The Western blot was repeated four
times, with similar results. tSTING-All refers to the result of the primer pair that captures both tSTING-FL and tSTING-mini. (C and D) Time-dependent
alterations of #STING mRNA and protein levels in TSPRCs during HSV-1 (C) and NDV (D) infection. Cells (1 X 10°) were grown in the 12-well plates
overnight, followed by infection with HSV-1 (MOI = 10) or NDV (MOI = 1) for indicated times before the harvest. The procedure for detecting tSTING
transcripts (n = 3 replicates per group, mean = SEM) and protein levels was similar to (B). (E) Activation of the IFN-B-Luc, NF-kB-Luc, and ISRE-Luc
reporters by tSTING isoforms in TSPRCs. (left) Cells (1 X 10*) were transfected with the respective reporter vector and increased amount (3.2, 16, 80, and
400 ng) of tSTING-FL or tSTING-mini expression vector (with empty vector to reach a total amount of 400 ng) for 48 h before the luciferase assay (n =3
replicates per group, mean * SEM). (right) Immunoblot analysis showing successful dose-dependent overexpression of tSTING-FL and tSTING-mini in
TSPRCs. Ab for Myc was used for detecting tSTING-FL and tSTING-mini. Tubulin was used as a loading control. All data in (C)—(E) are representative of
three independent experiments with similar results. *p < 0.05, **p < 0.01, ***p < 0.001, relative to empty vector group, two-tailed Student ¢ test.

Lentiviral infection system for STING reporter vector, 0.01 g pRL-SV40-Renilla, together with the indicated
mounts of an empty vector (Mock) or indicated expression vector using X-
tremeGENE HP DNA Transfection Reagent (06366236001; Roche). After

transfection for 36 h, cells were left untreated or infected with SeV (20

We generated a lentiviral expression system for tSTING-FL or tSTING-
mini by using the HEK293T cells. Briefly, cells were seeded into six-

well plates at a density of 4 X 10° cells per well and cotransfected with
0.4 g of pMD2.G (12259; Addgene), 0.8 g of psPAX2 (12260; Addg-
ene), and 1.3 pg of pLVX-IRES-Neo (632181; Clontech) with tSTING-FL
or tSTING-mini, respectively. The viral supernatants were harvested and
filtered with 0.45-pm filters at 48 h posttransfection.

For lentiviral infection, tSTING-deficient TSR6 cells (tSTING-KO) were
seeded in six-well plates at a density of 4 X 10° cells per well. After 12 h,
the culture medium was replaced by infection mixture (500 wl culture
medium with 1 pg polybrene [H8761; Solarbio] and 500 wl viral super-
natants). G418 (11811023, 0.5 wg/ml; Thermo Fisher Scientific) was
added to the culture medium at 48 h postinfection, and the G418-resistant
cells were pooled and expanded.

Luciferase reporter assay

TSPRCs were plated in 24-well plates at a density of 1 X 10* cells and
cultured overnight. Cells were transfected with 0.1 g of the luciferase

hemagglutination unit/ml), NDV (multiplicity of infection [MOI] = 1) for
12 h, or HSV-1 (MOI = 1) for the indicated times. Cells were harvested for
luciferase activity by using the Dual-Luciferase Reporter Assay System
(E1960; Promega) on an Infinite M1000 Pro multimode microplate reader
(30064852; Tecan).

Immunofluorescence analysis and flow cytometry

TSPRCs were seeded on glass coverslips and grown overnight to 40%
confluence in DMEM supplemented with 10% FBS at 37°C in 5% CO,.
After transfection with the indicated vectors for 36 h, cells were left un-
treated or infected with DNA virus (HSV-1) for 2 h or RNA virus (NDV)
for the indicated times. For immunofluorescence analysis, cells were fixed
with 4% paraformaldehyde for 10 min for direct imaging by an Olympus
FluoView 1000 confocal microscope (Olympus, America) or were incu-
bated with mouse anti-Flag (1:500), anti-HA (1:500), anti-IRF3 (1:500),
anti-tPARP9 (1: 500), or anti-tDTX3L (1: 500) overnight at 4°C. After
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FIGURE 2. The two STING isoforms play different roles in TSPRCs in response to NDV and HSV-1 infections. (A) Effect of tSTING-FL or tSTING-
mini overexpression on the IEN-B-Luc, ISRE-Luc, and NF-kB-Luc reporters in response to NDV or HSV-1 infection. TSPRCs (1 X 10*) were cotransfected
with the expression vector for tSTING-FL (400 ng) or tSTING-mini (400 ng), indicated luciferase reporter vector (100 ng), and TK (10 ng, as an inner

control) for 36 h, followed by NDV infection (MOI = 1) or HSV-1 (MOI =
mini but not tSTING-FL overexpression on the IFN--Luc, ISRE-Luc, and

10) for 12 h before the harvest. (B) Dose-dependent activation effect of tSTING-
NF-kB-Luc reporters in TSPRCs infected with NDV. The procedure was similar

to (A), except for using increased amount (3.2, 16, 80, and 400 ng) of tSTING-FL or tSTING-mini expression vector (with empty vector to reach a total
amount of 400 ng). The inserted immunoblot showed successful overexpression of tSTING-FL and tSTING-mini in TSPRCs. (C) Knockdown efficiency of
tSTING-siRNAs. TSPRCs (1 X 105) were transfected with siRNA negative control (Scramble, 50 nM), sitSTING-mini (50 nM), or sitSTING-FL (50 nM)
for 24 h and harvested for measuring tSTING mRNA (upper) and protein (below) levels. The procedure was similar to Fig. 1B. (D) Effect of tSTING-FL or
tSTING-mini knockdown on the IFN-B-Luc, ISRE-Luc, and NF-kB-Luc reporter activities induced by NDV or HSV-1 infection. Procedure was similar to
(A), with the replacement of expression vector with siRNA negative control (Scramble, 50 nM), sitSTING-FL (50 nM) or sitSTING-FL (50 nM) for 24 h.
(E) Knockdown of tSTING-mini, but not tSTING-FL, significantly decreases NDV-induced t/FNBI, tISG15, and tMxI mRNA levels in TSPRCs. Cells (1 X

10%) were transfected with the siRNA negative control (Scramble, 50 nM)

, sitSTING-FL (50 nM), or sitSTING-mini (50 nM) for 24 h, followed by NDV

infection (MOI = 1) for 12 h before the harvest. The values in (A)—(E) are mean = SEM (n = 3 replicates per group). All data in (A)—(E) are representative of
three independent experiments with similar results. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student ¢ test.

three washes with PBS (5 min each), immunoreactivity was detected by
using the FITC-conjugated secondary Ab (1:500; KPL, 172-1506; incu-
bation for 1 h at room temperature). Nuclei were counterstained with 1 pg/
ml DAPI (10236276001; Roche Diagnostics), and the slides were visual-
ized under an Olympus FluoView 1000 confocal microscope.

For measuring replication of VSV-GFP, flow cytometry analysis was
performed as described in our previous study (31). Briefly, cells were in-
fected with VSV after indicated times and were fixed in 4% paraformal-
dehyde in PBS (pH 7.4). Percentage of 10,000 cells expressing GFP

(GFP* cells) was counted by flow cytometry. The flow cytometry data were
analyzed by FlowJo v10.0.7 software.

Western blotting and immunoprecipitation

We followed the procedures for Western blotting and immunoprecipitation
in our previous study (31). In brief, TSPRCs were seeded in 10-cm plates at
70% confluence and were transfected with the indicated vectors using X-
tremeGENE HP DNA Transfection Reagent (06366546001; Roche). Cells
were lysed on ice in RIPA lysis buffer (PO013; Beyotime Institute of
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FIGURE 3. The effect of overexpression or knockdown of tSTING isoforms on the replication of VSV and HSV-1. (A) Effect of tSTING-FL or tSTING-
mini overexpression on HSV-1 DNA copies in the supernatants of TSPRCs infected with HSV-1. TSPRCs (1 X 10%) were transfected with the indicated
expression vector or empty vector (each 1 pg) for 12 h before HSV-1 infection (MOI = 10) for 1 h. Cells were washed with PBS seven times and switched to
growth medium for 36 h. The culture medium was collected to quantify the HSV-I DNA copies by using RT-qPCR. The immunoblot on the right showed
successful overexpression of tSTING-FL and tSTING-mini in TSPRCs. (B) Knockdown of tSTING-FL promotes HSV-1 DNA copies in TSPRCs infected
with HSV-1. TSPRCs (1 X 10°) were transfected with the siRNA negative control (Scramble, 50 nM), sitSTING-FL (50 nM), or sitSTING-mini (50 nM) for
24 h. The subsequent procedure and conditions were the same as (A). (C) Overexpression of tSTING inhibits VSV replication in TSPRCs. Cells (1 X 10°)
were transfected with the indicated expression vector or empty vector (each 1 pg) for 12 h and infected with VSV (MOI = 0.01) for 12 h. (left) The
percentage of VSV-GFP—positive cells (GFP* cells) in cells transfected with empty vector (Vector) or tSTING isoform. (Right) The VSV titers in the
supernatants of transfected cells were analyzed by standard plaque assay. (D) Flow cytometry analysis of cells and VSV plaque assay in (C). (Upper)
Percentage of 10,000 cells expressing GFP (GFP™ cells) was counted by flow cytometry. (Below) Vero cells were infected with different dilutions of VSV in
the culture supernatant of infected TSPRCs (10~° for cells transfected with empty vector, 10~ for cells transfected with tSTING-FL, and 10" for cells
transfected with tSTING-mini). (E) Knockdown of tSTING-mini increases VSV replication in TSPRCs. Cells (1 X 10°) were transfected with the siRNA
negative control (Scramble, 50 nM), sitSTING-FL (50 nM), and sitSTING-mini (50 nM) for 24 h, followed by VSV infection for 12 h before the harvest.
The procedure was similar to (C). (F) Flow cytometry analysis of cells and VSV plaque assay in (E). The procedure was similar to (D). (G) Identification of
the tSTING knockout cells. (left) Sequencing chromatographs showing the frameshift mutation (c.37insA) in tSTING in TSR6 knockout cells (tSTING-
KO). (right) Immunoblot analysis showing no endogenous tSTING protein in tSTING-KO cells. (H and I) Stable expression of tSTING-FL or tSTING-mini
in tSTING-KO cells rescued the ability to restrict VSV replication. The TSR6, tSTING-KO, and STING-KO cells with lentiviral transfection for empty
vector (pLVX), tSTING-FL, or tSTING-mini (each 1 X 10° cells) were infected with VSV (MOI = 0.01) for 12 h, respectively. (Figure legend continues)
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Biotechnology) and were centrifuged at 12,000 X g, 4°C for 5 min to
harvest the cell lysates. Protein concentration was determined by using the
BCA protein assay kit (PO012; Beyotime Institute of Biotechnology). BSA
(PO007; Beyotime Institute of Biotechnology) was used as a protein
standard. Cell lysates (20 g total protein per sample) were separated by
electrophoresis on 12% SDS-PAGE and were transferred to polyvinylidene
fluoride (PVDF) membranes (IPVH00010; Roche Diagnostics) using the
standard procedure. The membranes were blocked with 5% nonfat dry
milk in TBST (TBS [no. 9997; Cell Signaling Technology] with Tween 20
[P1379, 0.1%; Sigma-Aldrich]) at room temperature for 2 h. Membranes
were incubated with respective primary Abs against Myc (1:5000), STING
(1: 500), Flag (1:5000), HA (1:5000), IRF3 (1:1000), phospho-IRF3
(Ser396) (1:1000), phospho-p65 (Ser536) (1:1000), p65 (1:1000), His-
tone H3 (1:2000), PARP9 (1:1000), DTX3L (1:1000), GAPDH (1:10,000),
Tubulin (1:10,000), and B-actin (1:10,000) overnight at 4°C. Mem-
branes were washed three times (5 min each) and were incubated with
TBST-conjugated anti-mouse or anti-rabbit secondary Ab (1:10,000)
for 1 h at room temperature. After another round of three washes with
TBST, proteins on the membranes were detected by using ECL re-
agents (WBKLSO0500; Millipore).

For immunoprecipitation, appropriate Abs were incubated with protein
G-agarose beads (15920010; Life Technologies) to form a complex for 2 h
at room temperature. Cells were lysed with the RIPA lysis buffer on ice for
1 h, followed by a centrifugation at 12,000 X g for 10 min at 4°C. Lysates
were then immunoprecipitated with the complex at 4°C overnight, fol-
lowed by four washes with the RIPA lysis buffer and were resuspended in
loading sample buffer for SDS-PAGE.

VSV plaque assay

TSPRCs (2 X 10°) were transfected with the indicated vectors, tSTING
siRNA or scrambled siRNA for 12 h prior to VSV infection. Cells were
washed with serum-free DMEM for three times at 1 h after VSV (MOI =
0.01) infection, then were grown in DMEM supplemented with 1% FBS.
The culture supernatants were harvested at 16 h after virus infection and
were serially diluted (10-fold) in serum-free DMEM to infect confluent
Vero cells cultured on six-well plates. At 1 h postinfection, the supernatant
was discarded, and 1% low—melting point agarose with growth medium
(2 ml/well) was overlaid. At 3 d postinfection, the agarose was removed,
and cells were fixed with 4% formaldehyde for 20 min and stained with
0.2% crystal violet (Beyotime Institute of Biotechnology). Plaques were
counted, averaged, and multiplied by the dilution factor to determine viral
titer as the number of PFU per sample unit volume.

Statistical tests

The Image] (National Institutes of Health, Bethesda, MD) was used to
evaluate the densitometry of immunofluorescence. Comparisons between
different groups were conducted by using two-tailed Student # test (PRISM
software; GraphPad Software). Data are presented as mean = SEM. A
p value < 0.05 was considered as statistically significant.

Results
Identification of the STING ortholog in the Chinese tree shrew

The full length of #STING transcript (tSTING-FL) is 1516 bp
(https://www.ncbi.nlm.nih.gov/nuccore/KU998262), with a 223-
bp 5'-untranslated region and a 153 bp 3’-untranslated region
(excluding the poly-A tail). Similar to human STING, tSTING-FL
has canonical functional domains, including four transmembrane
motifs (TM) in the N-terminal (residue 1-137) and the C-terminal
domain (residue 138-379), which are responsible for binding
the cytosolic dinucleotides and recruiting the downstream factors
(9, 10) (Fig. 1A, Supplemental Fig. 1A). In addition to this
canonical transcript, we identified an alternative splicing vari-
ant of tSTING (designated as tSTING-mini, https://www.ncbi.
nlm.nih.gov/nuccore/KU998263) in pooled total RNA from six
tissues. The variant was the result of exon skipping and ended

tSTING-mini MODULATES ANTI-RNA VIRUS RESPONSES

at a stop codon at nt 351 (Fig. 1A). tSTING-mini shared the
same N-terminal portion with tSTING-FL up to the 111st res-
idue and possessed a unique five-residue sequence at the C
terminus. The tSTING-mini contained the first three TMs and
the incomplete fourth TM of tSTING-FL (Fig. 1A, Supplemental
Fig. 1A).

We used transcript-specific primer pairs to quantify the mRNA
levels of tSTING-FL and tSTING-mini (Supplemental Fig. 1B,
Supplemental Table I). We have shown that the spleen and lung
had a relatively high mRNA level of whole tSTING (tSTING-AII)
and tSTING-FL, whereas the kidney tissue had the highest level of
tSTING-mini. The mRNA level of tSTING-mini was barely de-
tected in heart, spleen, and brain (Fig. 1B upper). The tSTING-FL
protein was generally more abundant than the tSTING-mini pro-
tein in each tissue. Note that there was inconsistency regarding the
mRNA and protein levels for tSTING in the heart and kidney
(Fig. 1B below and Supplemental Fig. 1C). The tSTING-mini
protein level was relatively higher in the heart and kidney, but
not in immune compartment like spleen. We also found that the
mRNA levels of tSTING-All, tSTING-FL, and tSTING-mini in
the kidney tissue had some differences with those of cells de-
rived from the kidney tissues, such as TSPRCs and TSR6 cells
(Supplemental Fig. 1D).

To determine the different effects of tSTING after viral infection,
we investigated the dynamics of tSTING-FL and tSTING-mini in
TSPRCs in response to infection of DNA virus (HSV-1, Fig. 1C) or
RNA viruses (NDV, Fig. 1D; SeV, Supplemental Fig. 1E), re-
spectively. The mRNA and protein levels of tSTING-FL were
increased in a time-dependent manner, whereas those of tSTING-
mini were reduced during HSV-1 infection (Fig. 1C). Upon NDV
infection, the mRNA level of tSTING-FL had no substantial
change relative to the baseline level, but the protein level was
decreased along with time and then increased at 2 h. The protein
level of tSTING-mini was increased after NDV infection, with a
peak level at 2 h, thereafter gradually returned to the basal level at
the late time points (Fig. 1D). Upon SeV infection, the mRNA and
protein levels of tSTING-FL had no significant change relative to
the baseline level, whereas the mRNA and protein levels of
tSTING-mini presented a similar pattern as that of NDV infection
(Supplemental Fig. 1E).

We constructed tSTING expression vectors and explored their
function in activating the IFN--Luc, ISRE-Luc, and NF-kB-Luc
luciferase reporters. Overexpression of tSTING-FL or tSTING-
mini in TSPRCs activated all three luciferase reporters in a
dose-dependent manner (Fig. 1E). These results demonstrated that
tSTING-FL and tSTING-mini had different structures and tissue
expression patterns and could positively regulate the type I IFN
induction.

tSTING-mini activated RNA virus-triggered IFN signaling

We determined whether tSTING-FL and tSTING-mini played
different roles in activating the IFN-3-Luc, NF-kB-Luc, and ISRE-
Luc luciferase reporters in TSPRCs in response to HSV-1 or RNA
viruses (NDV and SeV) infection. Compared with the empty
vector group, overexpression of tSTING-FL significantly poten-
tiated HSV-1-induced activation of the three luciferase reporters,
whereas it had a relatively weak activation effect in response to
NDV (Fig. 2A) and SeV (Supplemental Fig. 2A) infections. The

The subsequent procedure and conditions were the same as (C). Results of flow cytometry analysis of the indicated cells were shown in (H), and the original
flow cytometry data are shown in (I). The values in (A)—(C), (E), and (H) are mean = SEM (n = 3 replicates per group). All data in (A)—(l) are representative of
three independent experiments with similar results. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student ¢ test.
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FIGURE 4. tSTING-mini interacts with tMDAS—tLGP2 and promotes IFN signaling. (A) Overexpression of tMDAS5—tLGP2 activates the IFN-B-Luc,

ISRE-Luc, and NF-kB reporters mediated by tSTING-mini. TSPRCs (1 X 10%) were transfected with the indicated reporter (100 ng), TK (10 ng, as an inner
control), expression vectors for tMDAS (175 ng) and tLGP2 (25 ng), and expression vector for tSTING-mini or tSTING-FL (200 ng) for 48 h, followed by
NDV infection (MOI = 1) for the indicated times before the luciferase analysis. (B) Immunoblot analysis showed successful overexpression of the indicated

vectors in TSPRCs.

(C) Overexpression of tMDAS—tLGP2 activates tSTING-mini-mediated upregulation of t/FNBI,

(Figure legend continues)
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enhancing effect of tSTING-FL overexpression on HSV-1-induced
luciferase reporter activities was dose dependent (Supplemental
Fig. 2B). Similar patterns were observed for stimulation with
poly(dAT:dTA) (AT-rich dsDNA) (Supplemental Fig. 2C), ISD
(non—AT-rich dsDNA) (Supplemental Fig. 2D), or c-di-GMP
(Supplemental Fig. 2E) in TSPRCs overexpressing tSTING-
FL. We observed a different activation effect in TSPRCs
overexpressing tSTING-mini compared with tSTING-FL
overexpression in response to HSV-1 or RNA virus (NDV
and SeV) infection. NDV or SeV infection, but not HSV-1
infection, significantly activated the three luciferase re-
porters in TSPRCs overexpressing tSTING-mini relative to
the empty vector group (Fig. 2A, Supplemental Fig. 2A).
Moreover, NDV or SeV infection induced tSTING-mini—me-
diated IFN-B-Luc, NF-«kB-Luc, and ISRE-Luc reporter ac-
tivities in a dose-dependent manner, and this effect was more
pronounced than that of tSTING-FL (Fig. 2B, Supplemental
Fig. 2F, 2G). Overexpression of tSTING-mini in TSPRCs had a
seemingly dose-dependent inhibitory effect on the three luciferase
reporter activities upon HSV-1 infection (Supplemental Fig. 2B),
poly(dAT:dTA) (Supplemental Fig. 2C), ISD (Supplemental Fig.
2D), or c-di-GMP (Supplemental Fig. 2E) stimulation. These
observations indicated that tSTING-FL and tSTING-mini had
different roles to counteract HSV-1 and RNA viruses (NDV and
SeV) infections.

To determine the roles of endogenous tSTING-FL and tSTING-
mini, we knocked down tSTING-FL and tSTING-mini by using
siRNA in TSPRCs. We observed a reasonably good knockdown
efficiency (up to 50%) for siRNAs specifically targeting the
two tSTING transcripts, respectively (Fig. 2C). Knockdown of
tSTING-FL significantly inhibited the HSV-1-induced activation
of the IFN-B-Luc, ISRE-Luc, and NF-kB-Luc reporters relative to
scramble cells (Fig. 2D). Furthermore, knockdown of tSTING-FL
significantly inhibited HSV-1-induced transcription of endoge-
nous tISG15, tMx1, and tIFNBI (Supplemental Fig. 2H). In con-
trast, knockdown of tSTING-mini by sitSTING-mini had no
obvious effect on the HSV-1-induced activation of the three lu-
ciferase reporters but had a significant inhibition effect on the
three luciferase reporter activities in TSPRCs infected with NDV
or SeV (Fig. 2D, Supplemental Fig. 2I). This inhibitory effect
could also be seen in the significant decrease of NDV- or SeV-
induced mRNA levels of tISG15, tMx1, and tIFNBI in TSPRCs
transfected with sitSTING-mini as compared with that of
sitSTING-FL (Fig. 2E, Supplemental Fig. 2J). These results
suggested that tSTING-mini might be preferentially involved in
RNA virus infection.

We further examined the effects of tSTING-FL and tSTING-
mini on viral replication. We observed a significant decrease
of HSV-1 copy in TSPRCs overexpressing tSTING-FL but not
tSTING-mini (Fig. 3A). Conversely, knockdown of tSTING-FL
significantly increased HSV-1 copies, whereas tSTING-mini
knockdown had no such an effect (Fig. 3B). As indicated by
the diminished GFP expression, overexpression of tSTING-FL

tSTING-mini MODULATES ANTI-RNA VIRUS RESPONSES

or tSTING-mini could inhibit GFP-tagged VSV (VSV-GFP) rep-
lication in TSPRCs, but the inhibitory effect was more striking for
tSTING-mini (Fig. 3C, 3D). Further quantification of viral titers
confirmed the stronger inhibitory effect of tSTING-mini over
tSTING-FL (Fig. 3D). Knockdown of tSTING-FL or tSTING-
mini increased VSV-GFP replication in the TSPRCs, with the
best effect for sitSTING-mini (Fig. 3E, 3F).

We generated tSTING-deficient TSR6 cells (tSTING-KO) by
using the CRISPR/Cas9 method (Fig. 3G). The replication of
VSV-GFP was significantly enhanced in tSTING-KO cells in
comparison with wild-type TSR6 cells (Fig. 3H). Introduction
of tSTING-FL or tSTING-mini back into tSTING-KO cells
showed that tSTING-FL could inhibit VSV-GFP replication,
whereas tSTING-mini had a greater inhibition effect compared
with tSTING-KO cells transfected with pLVX (negative con-
trol) or tSTING-FL (Fig. 3H, 3I). Taken together, these results
suggested that tSTING-mini played an active role in antiviral
response to RNA virus but not DNA virus infection. Con-
versely, tSTING-FL maintained its canonical function for anti-
DNA virus infection and had an inferior effect on anti-RNA
virus infection compared with tSTING-mini.

tSTING-mini interacted with tMDA5S—tLGP2 and promoted the
IFN signaling in response to RNA viruses

We recently found the Chinese tree shrew lacks RIG-1 (27, 31).
With the help of tLGP2, tMDAS partially replaced the function of
RIG-I to sense RNA virus (31). We examined whether tSTING-
mini was involved in the tMDAS—tLGP2-mediated signaling in
TSPRCs to enhance antiviral activity via the RNA virus-induced
signaling. In transient transfection and reporter assays, over-
expression of tSTING-mini significantly enhanced the activation of
the IFN-B-Luc, ISRE-Luc, and NF-kB-Luc reporters induced by
tMDAS—-tLGP2, compared with tSTING-FL (Fig. 4A). tSTING-
mini had a rapid induction effect and remarkably increased the
luciferase activities at 5 and 60 min after NDV infection, followed
by a return to the resting state at 4 h (Fig. 4A, 4B). Similarly,
overexpression of tSTING-mini together with tMDAS and tLGP2
significantly enhanced the NDV-induced upregulation of down-
stream genes tIFNBI, tMx1, and tOASI (Fig. 4C).
Immunoprecipitation of tagged proteins showed that tSTING-
mini bound to tMDA5—tLGP2 in uninfected cells, and this as-
sociation was increased at 5 min after NDV infection (Fig. 4D).
The interaction of tSTING-mini and tMDAS5S—tLGP2 was greatly
reduced along with the degradation of tSTING-mini at 4 h in
NDV-infected TSPRCs (Fig. 4D). In contrast, overexpressed
tSTING-FL did not bind to tMDAS5—tLGP2 in resting TSPRCs,
but we observed a time-dependent increase of association be-
tween tSTING-FL and tMDAS5—-tLGP2 in TSPRCs after NDV
infection (Fig. 4D). These data suggested that tSTING-mini
regulated the RNA virus-induced signaling mediated by
tMDAS5—tLGP2 in a rapid manner. We observed an association
of tSTING-mini or tSTING-FL with tMDAS, similar to the
pattern for association with tMDAS—tLGP2 during NDV

1OAS1, and tMxI mRNA levels in TSPRCs by using RT-gPCR. Cells (1 X 10%) were transfected with expression vectors for tMDA5 (400 ng) and tLGP2
(100 ng) and expression vector for tSTING-FL (500 ng) or tSTING-mini (500 ng) for 36 h, followed by NDV infection (MOI = 1) for the indicated times
before the harvest. The values in (A) and (C) are mean = SEM (n = 3 replicates per group). (D) tSTING interacts with tMDAS5-tLGP2. TSPRCs (1 X 107)
were cotransfected with expression vectors for tSTING-FL-Myc or tSTING-mini-Myc (5 pg) and Flag-tMDAS (4 png)/HA-tLGP2 (1 wg) for 48 h, fol-
lowed by NDV infection (MOI = 1) for the indicated times before the harvest. Whole-cell lysates (WCL) were immunoprecipitated (IP) by using anti-cMyc
Ab. Immunoblots (IB) for tSTING (tSTING-FL and tSTING-mini), tMDAS, tLGP2, and B-actin were performed by using anti-cMyc, anti-Flag, anti-HA,
and anti—(3-actin Abs, respectively. (E) tSTING interacts with tMDAS. (F) tSTING interacts with tMAVS. The procedures for IP and IB in (E) and (F)
were similar to (D). IgL, Ig L chain. All data in (A)—(F) are representative of three independent experiments with similar results. *p < 0.05, **p < 0.01,

#kp < 0.001, ##**p < 0.0001, two-tailed Student ¢ test.
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FIGURE 5. tSTING-mini promotes
tIRF3 phosphorylation and interacts
with tIRF3 in TSPRCs. (A) Over-
expression of tSTING-mini activates
tIRF3-mediated activation of the IFN-
B-Luc reporter. (Upper) TSPRCs (1 X
10%) were transfected with IFN-B-Luc
reporter (100 ng), TK (10 ng), and
expression vectors of tIRF3 (200 ng)
and tSTING-FL (200 ng) or tSTING-
mini (200 ng) for 48 h, followed by
NDV infection (MOI = 1) at the indi-
cated times (n = 3 replicates per group,
mean * SEM; **p < 0.01, two-tailed
Student ¢ test). This assay was inde-
pendently repeated three times and
had consistent results. (Below) Im-
munoblot analysis showing success-
ful overexpression of the indicated
expression vectors in TSPRCs. (B)
Overexpression of tSTING-mini pro-
motes tIRF3 phosphorylation. TSPRCs
(1 X 10% were transfected with empty
vector (Vector, 2.5 pg), HA-tSTING-
mini, or HA-tSTING-FL expression
vector (2.5 pg) for 48 h, followed by
infection with NDV (MOI = 1) at the
indicated times. (C) tIRF3 interacts with
tSTING-mini. TSPRCs (1 X 107) were
transfected with expression vectors
Flag-tIRF3 (5 pg) and HA-tSTING-FL
(5 png) or HA—tSTING-mini (5 pg)
for 48 h, then infected with NDV
(MOI = 1) at the indicated times. The
procedures for immunoprecipitation
(IP) and immunoblots (IB) were similar
to Fig. 4D. (D) Colocalization of tSTING-
mini and tIRF3 in response to NDV in-
fection. TSPRCs (1 X 10%) were trans-
fected with vector tSTING-mini-EGFP
(0.5 pg) for 48 h, followed by NDV
infection (MOI = 1) at the indicated
times. tIRF3 was immunostained by
using anti-IRF3 Ab. All immunoblots
and images are representative of three
independent experiments with similar
results. Scale bars, 10 pm.

infection (Fig. 4E). Overexpression of tagged tSTING-mini
also interacted with the downstream adaptor tMAVS of
the RLR (RIG-I-like receptors) signaling (Fig. 4F). Collec-
tively, we found that the interaction of tSTING-mini and
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tSTING-mini mediated tIRF3 phosphorylation through
tSTING-mini-tIRF3 interaction after RNA virus infection

STING can trigger the phosphorylation of TBK1 and IRF3 by VSV
and SeV infections (4, 5). We found that tSTING-mini over-
expression in TSPRCs infected with NDV significantly enhanced
the activation of IFN-B-Luc mediated by tIRF3 (Fig. 5A), but not
tTBK1 (Supplemental Fig. 3A). tSTING-mini overexpression
activated the tIRF3 phosphorylation at an early time point (at
10 min) and peaked at 1 h after NDV infection in TSPRCs.
However, tIRF3 was phosphorylated in TSPRCs transfected with
tSTING-FL or empty vector during NDV infection at a later stage
(at 30 min), and had a gradual increase of phosphorylated level
(Fig. 5B). We observed a similar pattern of time-dependent phos-
phorylation for p65 of the NF-«kB signaling in TSPRCs transfected
with empty vector, tSTING-FL or tSTING-mini, irrespective of
NDV infection (Fig. 5B). Overexpression of tSTING-mini bound
to tIRF3 in uninfected cells; this association was rapid, markedly
increased at 5 min, and had disappeared by 4 h after NDV in-
fection (Fig. 5C). In contrast, overexpression of tSTING-FL
in TSPRCs only interacted with tIRF3 at the later stage (after
1 h) during NDV infection (Fig. 5C). tSTING-mini could not
be immunoprecipitated by tTBK1 (Supplemental Fig. 3B) and
tSTING-FL (Supplemental Fig. 3C) at resting cells or during NDV
infection (Supplemental Fig. 3D), whereas tSTING-FL did have
an interaction with tTBK1 (Supplemental Fig. 3B). These results
suggested that tSTING-mini interacted strongly with tIRF3 and
promoted tIRF3 phosphorylation at an early stage after NDV
infection.

Translocation of tSTING-mini into the nucleus upon RNA
virus infection

Immunostaining assays were used to show if tSTING-mini was
colocalized with tIRF3 in TSPRCs upon NDV infection. We
showed tSTING-mini—-EGFP was colocalized with tIRF3 and
translocated into the nucleus in a time-dependent manner after
NDV infection (Fig. 5D). We found that both tSTING-FL-EGFP
and tSTING-mini-EGFP were located in the ER in resting
TSPRCs (Fig. 6A), consistent with previous studies (4, 46, 47).
After HSV-1 infection for 2 h, tSTING-FL-EGFP was detached
from the ER and relocalized to form puncta structures in the cy-
toplasm. In contrast, tSTING-mini—-EGFP was retained in the ER
and had no change to its location upon HSV-1 infection (Fig. 6A).
Interestingly, NDV infection partially detached tSTING-FL-EGFP
from the ER and led to diffusion and formation of cellular puncta.
The tSTING-mini—-EGFP was detached from the ER upon NDV
infection and translocated to the nucleus (Fig. 6A). Biochemical
assays for cytoplasmic and nuclear proteins confirmed the trans-
location of tSTING-mini into the nucleus after NDV infection in
TSPRCs (Fig. 6B). A fast degradation of tSTING-mini could be
observed over time in nuclear and cytoplasmic fractions in NDV-
infected TSPRCs (Fig. 6B). These data indicated that tSTING-
mini was translocated from the cytoplasm to the nucleus and
degrades rapidly following RNA virus infection.

Ubiquitination and proteasomal degradation of tSTING-mini
was promoted by tDTX3L and tPARP9

So as to identify potential factors that mediate the rapid degra-
dation of tSTING-mini, we infected TSPRCs overexpressing
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tSTING-mini with NDV, followed by treatment with or without
MG132 (a proteasomal inhibitor) and 3-methyladenine (3-MA; an
inhibitor of autophagy), respectively. We observed a higher level
of tSTING-mini in TSPRCs with MG132 treatment than that
of the control (DMSO) or 3-MA-treated cells, indicating that
tSTING-mini underwent degradation during NDV infection by
proteolysis (Fig. 7A). In addition, MG132 treatment led to an
increased level of tSTING-mini in a dose-dependent manner
(Fig. 7B).

The proteasome serves to degrade proteins following their
conjugation to ubiquitin (48). The PARP9-DTX3L complex acted
as an E3 ubiquitin ligase targeting to both host and pathogen to
enhance the IFN signaling (49). We determined subcellular lo-
calization of endogenous tPARP9 and tDTX3L in TSPRCs with or
without NDV infection. The tPARP9 was mainly located in the
nucleus, whereas tDTX3L was mainly distributed in cytoplasm in
resting cells. Upon NDV infection, the tDTX3L was translocated
into the nucleus in a time-dependent manner (Supplemental Fig.
3F, 3G). This cytoplasm-to-nucleus shuttling upon NDV infection
was consistent with the subcellular localization of this complex
that underwent dynamic shuttling between the nucleus and the
cytoplasm upon IFN-vy treatment (50). We therefore investigated
whether tPARP9-tDTX3L targeted tSTING-mini. Overexpression
of tPARP9—DTX3L in TSPRCs caused a decreased level of
tSTING-mini, whereas overexpression of tPARP9 or DTX3L
alone had no such effect. The overexpression was sensitive to
blockade by MG132 (Fig. 7C). We used siRNA to knockdown
endogenous tPARPY9 and tDTX3L (Supplemental Fig. 3H, 3I)
and could obtain a good knockdown efficiency (up to 50%) for
tPARP9 (sitPARP9-3#) and tDTX3L (sitDTX3L-2#), respec-
tively. Knockdown of tPARP9-tDTX3L complex caused a
significantly increased level of tSTING-mini, whereas knock-
down of tPARP9 or DTX3L alone had no such an effect (Fig.
7D). Moreover, the level of tSTING-mini ubiquitination was
substantially increased in the presence of tPARP9—tDTX3L but
not tPARP9 or DTX3L (Fig. 7E). To investigate the form of the
polyubiquitin chains linked to tSTING-mini, we used wild-type
HA-ubiquitin and its mutants K48 and K63, which have a ly-
sine residue at the 48th and 63rd positions, respectively. The
ubiquitination of tSTING-mini induced by tPARP9-tDTX3L
was detected predominantly in cells overexpressing wild-type
HA-ubiquitin or K48 (Fig. 7E). These results indicated that
tPARP9-tDTX3L conjugates K48-linked polyubiquitin chains
with tSTING-mini.

Discussion

The recognition of nucleic acids is a general strategy used by a host
to detect invading pathogens. STING has been established as
a central component in the innate immune response to cytosolic
DNA and RNA derived from pathogens (8, 9), whereas its role in
RNA virus infection remains controversial (10, 19). Most recently,
Franz and coworkers (20) reported a novel mechanism for a
STING-dependent translation inhibition that restricts RNA virus
replication. In this study, we took advantage of the Chinese tree
shrew, which has several unique genetic features in its immune
system (27), including having two STING isoforms, as a model to
characterize the role of STING following RNA virus infection. We
found that tSTING-mini, a short alternative splicing variant of the

Western blot for HA—tSTING-mini expression in the cytoplasmic and nuclear fractions from TSPRCs, which were transfected with HA-tSTING-mini
for 36 h, followed with NDV infection at the indicated times. All immunoblots and images are representative of three independent experiments with

similar results.
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FIGURE 7. Ubiquitination and proteasome degradation of tSTING-mini is promoted by tPARP9—DTX3L. (A) MG132, but not 3-MA, inhibited the
NDV-induced tSTING-mini degradation in TSPRCs. Cells (1 X 10°) were transfected with expression vector of tSTING-mini-Myc (2.5 pg) for 40 h and
then treated with DMSO, MG132 (50 mM) or 3-MA (10 mM) for 4 h, respectively, followed by NDV infection (MOI = 1) or uninfected (Mock) for 3 h.
Immunoblots for tSTING-mini and GAPDH were performed by using anti-Myc and anti-GAPDH Abs, respectively. (B) MG132 inhibited the NDV-induced
degradation of tSTING-mini in a dose-dependent manner. The procedure was the same as (A), but with a dose-dependent treatment with MG132 treatment
(2, 10, and 50 mM) and NDV infection for 3 h. (C) Immunoblot of tSTING-mini-Myc in TSPRCs with overexpression of tPARP9—tDTX3L, tPARP9, or
tDTXA3L. Cells (1 X 10°) were cotransfected with expression vector of GFP (0.8 pg), tPARP9—tDTX3L (0.4 ng), tPARP9 (0.8 pg), or tDTX3L (0.8 pg),
together with vectors tSTING-mini-Myc (0.8 wg) and HA-tagged ubiquitin (HA-Ub, 0.8 ng) for 40 h. Cells were then treated with or without MG132
(50 mM) for 8 h and infected with NDV 2 h before the harvest. (D) Immunoblot of tSTING-mini-Myc in TSPRCs with knockdown of tPARP9—DTX3L,
tPARPY, or tDTX3L. Cells (1 X 10°%) were cotransfected with sitPARP9-sitDTX3L (each 100 uM), sitPARP9 (100 uM), or sitDTX3L (100 wM), together
with expression vectors tSTING-mini-Myc (0.8 ng) and HA-tagged ubiquitin (HA-Ub, 0.8 pg) for 36 h. Cells were then treated as in (C). (E) Over-
expression of tPARP9—tDTX3L promoted tSTING-mini degradation via K48-linked polyubiquitination in TSPRCs. TSPRCs (1 X 107) were cotransfected
with different combinations of expression vectors for tSTING-mini-Myc (6 pg), tPARPO~DTX3L (each 1 ng), tPARPI (2 pg), tDTX3L (2 pg), and HA-
Ub or its mutants (2 pg) for 48 h. Cell lysates (Input) were immunoprecipitated (IP) by using anti-Myc Ab. Immunoblots (IB) for tSTING-mini, tPARP9,
tDTX3L, and Ub were performed by using anti-Myc, anti-His, anti-Flag and anti-HA Abs, respectively. Data are representative of three independent

experiments with similar results.

canonical tSTING, plays a critical role in restricting the RNA
virus-induced signaling cascade. Overexpression of tSTING-mini
activated the type I IFNs and IFN-stimulated genes and resulted in
a very significant increase in tMDAS—tLGP2-mediated antiviral
signaling after RNA virus infection, thereby providing a new
mechanism for tSTING to restrict RNA virus replication by the
phenomenon of alternative splicing.

STING has been shown to play an essential role in DNA virus
and RNA virus induced signaling transduction in other vertebrate
species, such as fish (51) and chicken (52). Similarly, we found
that tSTING-FL is involved in the RNA virus-induced IFN in-
duction pathway in the Chinese tree shrew, but its effect was in-
ferior to that of tSTING-mini (Figs. 2, 3). There are three reasons
as to why tSTING-mini initiates a faster and stronger anti-RNA
virus response than tSTING-FL. First, tSTING-mini binds with
tMDAS—tLGP2, tMDAS, and tMAVS in resting cells, whereas
tSTING-FL does not bind to these proteins without viral infection

(Fig. 4D-F). Second, tMDAS activates the tSTING-mini—mediated
signaling in a stronger and earlier way than the tSTING-FL-
mediated signaling (Supplemental Fig. 3E). Moreover, tLGP2
has a stronger enhancing effect on tMDAS—tSTING-mini than on
tMDAS—-tSTING-FL-mediated antiviral signaling (Fig. 4A-C).
Third, tSTING-mini, but not tSTING-FL, is able to promote tIRF3
phosphorylation upon RNA virus infection (Fig. 5B) without
tTBK1 recruitment (Supplemental Fig. 3D). These results explain
(at least partially) why tSTING-mini can modulate antiviral im-
munity in a faster and stronger way after a RNA virus infection.
Further investigations should be carried out to explore the mecha-
nism underlying tSTING-mini-mediated activation of IFN signaling
without the involvement of TBKI.

Another interesting observation was the nuclear translocation of
tSTING-mini after a RNA virus infection (Figs. 5D, 6). tSTING-
mini interacted with tIRF3 in resting cells and the interaction was
rapid and appeared within 5 min after NDV infection (Fig. 5C),
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faster than the nuclear translocation of tSTING-mini (Fig. 6B).
We speculate that nuclear translocation of tSTING-mini is caused
by a hitchhiking effect of the cytoplasm-to-nucleus shuttling of
tIRF3 after NDV infection, as the latter contained a nucleus lo-
calization signal (53). Note that we found a fast degradation of
tSTING-mini after its translocation to the nucleus upon RNA virus
infection, and this K48-mediated degradation to ubiquitin was
promoted by tDTX3L~tPARP9 (Fig. 7), suggesting that tDTX3L—
tPARP9 was a E3 ubiquitin ligase targeting tSTING-mini. This
result was similar to a previous observation that PARP9-DTX3L
could interact with STAT1 and enhanced translocation of STAT1
into the nucleus (49). However, it remained unclear whether the
nuclear-cytoplasmic shuttling of tSTING-mini was essential for
fast tIRF3 phosphorylation or whether the nuclear shuttling of
tSTING-mini was associated with PARP9-DTX3L-mediated
ubiquitination in a proteasome-dependent pathway. It should be
mentioned that endogenous interaction between tSTING-mini
with other cellular factors at the resting state and during RNA
virus infection could not be performed due to the lack of specific
Ab for tSTING-mini, although these results will enhance the bi-
ological relevance of the study.

Alternative splicing of an individual gene has the ability to
generate multiple mRNAs that encode proteins with diverse and
even antagonistic functions, and the shorter isoform fine-tuned
signaling was a common mechanism observed during the RLR
signaling (3), for example, short isoforms of human RIG-I [with a
short deletion of the 36th—80th residues (54)], TBKI1 [lacking
exon 3-6 (55)], MAVS (56), and STING [STING-(3, lacking exon
1-5 (57) and MRP, lacking exon 7 (58)]. Intriguingly, the tSTING-
mini is shown to have a different regulatory role as compared with
the human short STING isoform MRP (58) or STING-B (57).
First, MRP harbored all four TMs and the dimerization domain
but no TBK1-binding domain. Therefore, MRP could form homo-
and heterodimers with itself and/or with STING but did not in-
teract with TBK1 (58). tSTING-mini lacks both domains (Fig. 1A)
and did not interact with tTBK1 (Supplemental Fig. 3B, 3D) or
form heterodimer with tSTING-FL (Supplemental Fig. 3C). Sec-
ond, overexpression of MRP inhibited STING-mediated activation
of IFN-B by SeV infection or cyclic diguanylate treatment and
enhanced the activation of IFN-f3 upon HSV-1 infection (58). The
STING- dominantly inhibited innate nucleic acid sensing (57).
Conversely, overexpression of tSTING-mini enhanced NDV- and
SeV-induced activation of IFN-$3, potently reduced VSV-GFP
replication, but had no significant effect on HSV-1 infection
(Figs. 2, 3). Third, MRP expression was reduced after SeV in-
fection but was upregulated after HSV-1 infection (58), whereas
tSTING-mini has an opposite expression pattern in response
to HSV-1 and RNA virus (NDV and SeV) infections (Fig. 2).
Fourth, MRP retained the ability to interact with inducible
inhibitor of NF-kB (IkB) and activated the NF-kB pathway
(58), whereas tSTING-mini enhances the tMDAS- or tMDAS—
tLGP2-mediated antiviral signaling after RNA virus infection
(Fig. 4) and promotes tIRF3 phosphorylation through tSTING-
mini—tIRF3 interaction (Fig. 5). All these data have suggested
that there is a species-specific role of short STING isoform
in the Chinese tree shrew and human in RNA virus-induced
signaling, which also reflects diverse regulation of the innate
immunity system.

In summary, we have found two STING isoforms in the Chinese
tree shrew, which have markedly different functions in response to
DNA virus and RNA virus infections. We have shown the molecular
mechanism by which tSTING-mini positively regulates the anti-
RNA virus response. Our study has offered a model concerning
the role of STING in RNA virus infection via alternative splicing
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and illustrates a unique picture of the innate immunity system in the
Chinese tree shrew.
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