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During viral infection, sensing of viral RNA by retinoic acid—inducible gene-I-like
receptors (RLRs) initiates an antiviral innate immune response, which is mediated by
the mitochondrial adaptor protein VISA (virus-induced signal adaptor; also known as
mitochondrial antiviral signaling protein [MAVS]). VISA is regulated by various post-
translational modifications (PTMs), such as polyubiquitination, phosphorylation,
O-linked f-d-N-acetylglucosaminylation (O-GIcNAcylation), and monomethylation.
However, whether other forms of PTMs regulate VISA-mediated innate immune sig-
naling remains elusive. Here, we report that Poly(ADP-ribosyl)ation (PARylation) is a
PTM of VISA, which attenuates innate immune response to RNA viruses. Using a bio-
chemical purification approach, we identified tankyrase 1 (TNKS1) as a VISA-associated
protein. Viral infection led to the induction of TNKS1 and its homolog TNKS2, which
translocated from cytosol to mitochondria and interacted with VISA. TNKS1 and
TNKS?2 catalyze the PARylation of VISA at Glul137 residue, thereby priming it for K48-
linked polyubiquitination by the E3 ligase Ring figure protein 146 (RNF146) and subse-
quent degradation. Consistently, TNKS1, TNKS2, or RNF146 deficiency increased the
RNA virus—triggered induction of downstream effector genes and impaired the replica-
tion of the virus. Moreover, TNKS1- or TNKS2-deficient mice produced higher levels
of type I interferons (IFNs) and proinflammatory cytokines after virus infection and
markedly reduced virus loads in the brains and lungs. Together, our findings uncover an
essential role of PARylation of VISA in virus-triggered innate immune signaling, which
represents a mechanism to avoid excessive harmful immune response.
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Innate immunity presents the first line of host defense against microbial infection.
Upon viral infection, virus-associated molecules, such as viral nucleic acids, are recog-
nized by host germline-encoded pattern recognition receptors, which trigger a myriad
of cellular signaling cascades that culminate in the transcription of the effector genes,
including type I interferons (IFNs) and proinflammatory cytokines, to inhibit the virus
infection and clear the infected cells (1).

Pathogen-derived RNA in the cytosol could be detected by retinoic acid-inducible
gene-I-like receptors (RLRs), including by retinoic acid—inducible gene-I (RIG-I) and mel-
anoma differentiation-associated gene 5 (MDAS5). Although it has been well established
that RIG-I and MDA5 have distinct specificities to different types of viruses, both RIG-1
and MDAS5 signal through the central adaptor protein VISA (virus-induced signal adaptor;
also known as mitochondrial antiviral signaling protein (MAVS), CARD adaptor inducing
IFN-B (Cardif), and interferon-beta promoter stimulator 1 (IPS-1) (2-5). VISA contains a
C-terminal transmembrane (TM) domain that targets it to the outer membrane of mito-
chondria and an N-terminal Caspase recruitment domain (CARD) that is responsible for
the recruitment of RLRs. Upon interaction with RLRs, VISA forms prion-like filaments
and recruits several tumor necrosis factor receptor—associated factor (TRAF) proteins,
including TRAF2, TRAF3, TRAF5, and TRAFG6, through its TRAF-binding motif
between the CARD and TM domain. Recruitment of TRAF proteins by VISA activates
the downstream cytosolic kinases TBK1 and IKKs followed by the phosphorylation and
nucleus translocation of the transcriptional factors IRF3/7 and nuclear factor-kappaB
(NF«B), thus inducing the transcription of downstream antiviral genes (6, 7).

Studies of VISA-deficient mice indicated that VISA not only plays a pivotal role in
innate antiviral response but is also involved in the coordination of apoptotic and meta-
bolic functions (8). Therefore, the activity and stability of VISA are tightly and delicately
regulated to exert an optimal protective immune response and to avoid tissue damages and
excessive harmful immune diseases. It has been well established that VISA is dynamically
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response to RNA viruses by the
TNKS-RNF146 axis, which could
help the development of drugs or
vaccines against RNA virus
infection.
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controlled by various forms of posttranslational modifications
(PTMs). For example, the E3 ligase tripartite motif protein 31
(TRIM31) mediates the K63-linked polyubiquitination of VISA
at lysine (K) 10/311/461, which promotes its aggregation and
activation after virus infection (9). On the other hand, Ring figure
protein 34 (RNF34) initiates the K63- to K27-linked polyubiqui-
tination transition on K311 of VISA, leading to its degradation
through autophagosome (10). A series of E3 ligases, including
RNF125, TRIM25, RNF5, membrane-associated RING-CH 5
(MARCHS5), SMAD specific E3 ubiquitin protein ligasel/2
(Smurfl/2), and atrophin-l-interacting protein 4 (AIP4), cata-
lyzes K48-linked polyubiquitination and degradation of VISA,
thereby shutting down the innate antiviral response (11-18),
whereas the deubiquitinase ovarian tumor family deubiquitinase 4
(OTUD4) removes K48-linked ubiquitin moieties from VISA
and maintains its stability after virus infection (19). In addition,
VISA can also be phosphorylated by TBK1 and IKKf upon virus
infection; activated VISA then recruits IRF3 for its phosphoryla-
tion by TBK1 (20). By contrast, the protein phosphatase PPM1A
(also known as PP2Ga) directly dephosphorylates VISA and
impairs innate immune response at the late phase of virus infec-
tion (21). The protein kinase A catalytic subunits-a and -f phos-
phorylate VISA at Thr54, which impairs its aggregation and primes
it for MARCH5-mediated polyubiquitination and degradation,
thus attenuating innate antiviral response (22). More recently,
O-linked p-M-acetylglucosamine (O-GIcNAc) transferase is reported
to mediate O-GlcNAcylation of VISA on Ser366 following virus
infection, which is a prerequisite for K63-linked polyubiquitination
and activation of VISA (23). In addition, the protein arginine meth-
yltransferase 7 catalyzes VISA monomethylation and suppresses
VISA aggregation and activation (24). However, whether other
forms of PTM regulate VISA-mediated innate antiviral response
is unknown.

Adenosine diphosphate (ADP) ribosylation is a reversible
PTM catalyzed by a group of polyadenosine diphosphate ribose
polymerases (PARPs). PARPs conjugate a single ADP ribose
moiety or polymers of ADP ribose moieties from nicotinamide
adenine dinucleotide (NAD™) to a variety of amino acid resi-
dues of target proteins, leading to Mono(ADP-ribosyl)ation
(MARylation) or Poly(ADP-ribosyl)ation (PARylation) of the
substrates. As a result, the PARP family, which is composed of
17 members, can be categorized according to their catalytic
activities: “mono,” “poly,” or “inactive” (25). Although ADP
ribosylation is best known for its roles in gene regulation and
DNA damage repair, ADP ribose is found in both the nucleus
and the cytoplasm. Recent studies have revealed an important
role of ADP ribosylation in diverse cellular signaling pathways,
including those in innate immune and inflammatory responses.
For example, PARP7 suppresses TBK1 activity by mediating
MARylation of TBK1 (26). PARP11 inhibits the type I IFN-
induced signaling by MARylating the E3 ubiquitin ligase p-trans-
ducin repeats—containing protein (B-TrCP) (27). Moreover,
PARP10 negatively regulates tumor necrosis factor o (TNFar)— and
interleukin-1p (IL-1B)-induced NF-kB activation by mediating
MARylation of NF-«B essential modulator (NEMO) (28).
PARP9 and PARP13, which have no ADP ribosylation activity,
inhibit viral replication through regulating the expression of
some antiviral genes or directly targeting specific viral RNA
(29-31). However, whether other PARPs, especially those capa-
ble of mediating PARylation of target proteins, regulate innate
antiviral response remains to be determined.

Tankyrase 1 (TNKS1)/PARP5a and its homolog TNKS2/
PARP5Db are known to mediate PARylation of their substrates,
which are implicated in diverse cellular processes, including
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telomere homeostasis, glucose metabolism, mitotic spindle for-
mation, and WNT signaling (32). Both TNKS1 and TNKS2
harbor an N-terminal ankyrin repeat (ANK) responsible for
binding target proteins that contain a TNKS-binding motif
RxxxxG. TNKS1 and TNKS2 also contain a middle sterile
alpha motif (SAM) domain that mediates their multimerization
and a catalytic domain in the C terminus, which PARylates
themselves or their binding partners (33). TNKS has been
reported to regulate telomere homeostasis, WNT signaling, and
tumor growth by PARylating and destabilizing TRF1, AXIN1/2,
and PTEN, respectively (34-36).

In the present study, we identified VISA as a substrate for
TNKS by the tandem affinity purification followed by mass
spectrometry (TAP-MS) strategy. We found that viral infection
led to the induction of TNKS1 and TNKS2, which translo-
cated from cytosol to mitochondria and interacted with VISA.
TNKS1 and TNKS2 then mediated PARylation of VISA,
which primed it for K48-linked polyubiquitination by the E3
ligase RNF146 and led to its degradation. As a consequence,
knockdown or knockout of TNKS1, TNKS2, or RNF146
potentiated RNA virus—triggered expression of downstream anti-
viral genes and impaired virus replication. In addition, either
TNKS1 or TNKS2 deficiency promoted antiviral innate immune
responses in mice. Collectively, our findings demonstrate that
PARylation of VISA by TNKS1 and TNKS2 is a strategy by
which the host controls excessive and harmful immune response.

Results

Identification of VISA as a TNKS Substrate. VISA is a critical
adaptor protein in RNA virus—triggered innate immune
response. To identify potential molecules associated with VISA,
we generated HEK293 cells stably expressing SFB (S protein,
Flag, and streptavidin-binding peptide)-tagged human VISA.
Following a tandem affinity purification scheme, proteins asso-
ciated with VISA were identified by mass spectrometry. By
comparing with other unrelated purifications with the same
strategy, we identified a series of proteins specifically associated
with VISA (Fig. 14). Among them, PCBP1, NLRX1, TRAF2,
TRAF6, and PLK1 have been reported to be associated with
VISA and involved in innate antiviral response (37), suggesting
that the approach was effective in identifying VISA-associated
proteins. Interestingly, the poly-ADP ribosyltransferase TNKS1
was also identified in the screening (Fig. 14). To confirm the
association of TNKS1 and VISA, we performed transient trans-
fection and coimmunoprecipitation (Co-IP) experiments. The
results indicated that TNKS1 interacted with VISA but not
other tested proteins, including RIG-I, MDAS5, cyclic GMP-
AMP synthase (cGAS), mediator of IRF3 activation (MITA),
TBK1, IKKB, IRF3, and IRF7 (Fig. 1B and SI Appendix, Fig,
S1A). Since TNKS2 is highly homologous with TNKSI, we
tested if it would also associate with VISA. Co-IP experiments
indicated that TNKS2 also interacted with VISA (Fig. 1C and
SI Appendix, Fig. S1B). Furthermore, endogenous TNKS1 and
TNKS2 were constitutively associated with low amounts of VISA
in uninfected cells, and their association was further increased
after Sendai virus (SeV) infection (Fig. 1D). These results confirm
that TNKS1 and TNKS2 are VISA-associated proteins.

The interactions between TNKS1/2 and their substrates are
usually mediated by their ANK region (33). Consistently, our
domain mapping experiments indicated that the ANK region
of TNKS1 and TNKS2 was required for their association with
VISA (S Appendix, Fig. S1 Cand D). It has been reported that
TNKS1 and TNKS2 recognize their substrates through a
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Fig. 1. Identification of TNKS as a VISA-
C Flag-TNKS2 D HEK293 associated protein. (A) HEK293 cells stably
HA: RIG-1 MDA5S VISA cGAS MITA TBK1 Pre aTNKS expressing SFB-tagged human VISA were sub-
IP: Ig oHA ig oHA Ig oHA ig «HA Ig aHA Ig oHA SeV: 0 0 4 8 12 (h) jected to TAP—MS experiments. The tables
. B Flag-TNKS2 B -VISA present summaries of the partial selected pro-
I - TNKS1 teins identified by mass spectrometry analysis.
- - [ S [ TNKs2 (B and C) TNKS1 and TNKS2 interact with VISA.
P - - | HA-tagged ——\/|SA HEK293 cells (2 x 10°) were transfected with
roteins Rk -TNKS1 the indicated plasmids for 20 h before Co-IP
- 4 sl ﬂ - -TNKS2 and immunoblotting analysis. (D) Endogenous
T S A ] o T B SRR |--actin TNKS1 and TNKS2 are associated with VISA.
lysate ‘__ - - - ~|-F|ag-TNK32 HEK293 cells (6 x 10° were untreated or
Flag-TNKS1 infected with SeV for the indicated time points
g . : A
E R before Co-IP and immunoblotting analysis. (E)
Predicted TNKS-binding motif of VISA HA-VISA: _ WT __ AA The schematic presentations of the wild-type
visa 1| | 540 19G_aHA 1gG aHA and TNKS-binding motif mutant of VISA. (F)
IP‘ —a -~ |-Flag-TNKS1 The TNKS-binding motif of VISA is required
169- IPRNPDG GPLE = S |-HA-VISA & AA for its association with TNKS1 and TNKS2.
-~ 7 HEK293 cells (2 x 10°) were transfected with
VISA-AA IPANPDG APLE -Flag-TNKS1 the indicated plasmids for 20 h before Co-IP
TNKS-binding motif x x R x x x x G x x x !ysate‘ L == |-HA-VISA & AA and immunoblotting analysis. (G) Immunoblot
i ; analysis of the subcellular fractions. HEK293
G iochondi il __Flag-TNKS2 cellsy(z x 10°%) were untreated or infected with
Sev: 0 4 8 0 4 & (N HA-VISA: _ WT _ AA SeV for the indicated time points. Cell fractio-
|-- T EBl= |*TNKS1 % nations were performed, and the mitochon-
-TNKS2 -Flag-TNKS2 drial fraction (8%) and cytoplasm fraction
) l-VISA IP||Z|-HA-VISA&AA (1.5%) were analyzed by immunoblotting with
— - = T the indicated antibodies. (H) Induction of TNKS1
|— —_—— |'A|F [B=—=]-Flag-TNKS2 and TNKS2 by different stimuli. HEK293 cells were
| _——|-Tubulin lysate h 0 |-HA-VISA & AA stimulated with SeV, EMCV, IFN-B (50 ng/mL), or
-— e - IFN-y (50 ng/mL) for the indicated time points
I 2.0 AR before immunoblotting analysis. (/) IFN-p induced
H SeV EMCV IFN-y IFN-p < the transcription of TNKST and TNKS2. HEK293
0 612 4 8 3 6 3 6 (h % cells were stimulated with IFN-g (50 ng/mL) for
- EH -TNKS1 o, the indicated time points before gRT-PCR analy-
r'!. -’.' -TNKS2 & sis. Data are repregented as theqmean + SEI\)/I/.
IW‘M"“" **p < 0,01 (Students t test). WT, wild type; AA,
o - - IFN-B: 0 3 6 0 3 6 VISA-AA mutant; IP, immunoprecipitation; HA,
Rel. intensity: 1 1.62 1.52 2.53 1.34 3.00 2.43 2.63 1.42 TNKST TNKS2 hemagglutinin.

consensus RxxxxG motif (here referred to as the TNKS-
binding motif) (33). Interestingly, we found that VISA con-
tained a potential TNKS-binding motif (R'”"NPDGG'"®) at its
N terminus (Fig. 1E). To determine whether this motif was
responsible for its association with TNKS1 and TNKS2, we gen-
erated a VISA mutant (here referred to VISA-AA), in which the
Argl71 and Gly176 were mutated to alanine (A) (Fig. 1£). Com-
pared with wild-type VISA, VISA-AAs were dramatically impaired
to interact with either TNKS1 or TNKS2 (Fig. 1F). Taken
together, these results demonstrate that TNKS1 and TNKS2
interact with the TNKS-binding motif of VISA through their
ANK region.

We next analyzed the subcellular localizations of TNKS1 and
TNKS2. Cellular fractionation assays showed that both TNKS1
and TNKS2 were detectable in the mitochondrial and cytosol
fractions in the absence of viral infection, and SeV infection
induced the translocation of a fraction of TNKSI and TNKS2
from cytosol to mitochondria (Fig. 1G). Confocal microscopy
indicated that Flag-tagged TNKS1 and TNKS2 were partially
colocalized with the mitochondria marker TOM20 (87 Appendix;
Fig. S1E). Interestingly, we repeatedly observed that the protein
levels of TNKS1 and TNKS2 were increased in HEK293 cells
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after SeV infection (Fig. 1 D and G). Therefore, we determined
whether virus infection led to the induction of TNKS1 and
TNKS2. As shown in Fig. 1H, the expressions of TNKSI and
TNKS2 were markedly induced by SeV, encephalomyocarditis
virus (EMCV), IFEN-B, or IEN-y. qRT-PCR analysis showed that
IFN-B induced about 1.5-fold induction of the messenger RNA
(mRNA) level of TNKSI and TNKS2 genes (Fig. 11). Taken
together, these results suggest that viral infection up-regulates the
expressions of TNKS1 and TNKS2, which translocate to the
mitochondria and interact with VISA.

TNKS1 and TNKS2 Negatively Regulate RNA Virus-Triggered
Signaling. Because viral infection caused recruitment of TNKS1
and TNKS2 to the mitochondria and induced their association
with VISA, we determined whether TNKS1 and TNKS2 regu-
lated RNA virus—triggered innate immune signaling. As shown
in ST Appendix, Fig. S2A, overexpression of TNKS1 or TNKS2
inhibited SeV-triggered activation of the IFN-p promoter in
HEK293 cells. However, neither TNKS1 nor TNKS2 had a
significant effect on IFN-y—triggered activation of the IRF1 pro-
moter (SI Appendix, Fig. S2B), indicating that TNKS1 and
TNKS2  specifically regulated  virus-triggered  signaling. To
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Fig. 2. TNKS1 and TNKS2 negatively regulate virus-triggered signaling. (A) Effects of TNKS1 or TNKS2 deficiency on the SeV-triggered transcription of down-
stream genes in MLFs. TNKS1- or TNKS2-deficient MLFs were generated by the CRISPR-Cas9 system. Then, the TNKS1-KO, TNKS2-KO, and control MEFs or
MLFs (2 x 10°) were untreated or infected with SeV for the indicated time points before qRT-PCR analysis. (B) Effects of TNKS1 or TNKS2 deficiency on the
cytoplasmic transfected synthetic RNA- or DNA-triggered transcription of downstream genes. The TNKS1-KO, TNKS2-KO, and control MLFs (2 x 10°) were
untreated or transfected with poly(l:C), HT-DNA, or B-DNA for 10 h before gRT-PCR analysis. (C) Effects of TNKS1 or TNKS2 deficiency on the SeV-triggered
phosphorylation of TBK1 and IRF3. The TNKS1-KO, TNKS2-KO, and control MLFs (4 x 10°) were untreated or infected with SeV for the indicated time points
before the immunoblotting analysis. (D) Effects of TNKS1 or TNKS2 double deficiency on the SeV-triggered transcription of /fnb7 gene in MEFs and MLFs. The
TNKS1-KO, TNKS2-KO, TNKS1/2-DKO, and control MEFs or MLFs (2 x 10°) were untreated or infected with SeV for the indicated time points before qRT-PCR
analysis. (E) Effects of TNKS1 or TNKS2 deficiency on the replication of GFP-VSV. The TNKS1-KO, TNKS2-KO, and control MLFs (2 x 10°) were infected with
GFP-VSV for 24 h and imaged by microscopy. Data are represented as the mean + SEM. **P < 0.01 (Student’s ¢ test); ***P < 0.001 (Student's t test).

determine the roles of endogenous TNKS1 and TNKS?2 in virus-
triggered signaling, we constructed three TNKS1 and TNKS2
RNA interference (RNAI) plasmids, which dramatically reduced
the expression of TNKS1 and TNKS2, respectively (SI Appendix;
Fig. S20). In reporter assays, knockdown of either TNKSI or
TNKS2 significantly potentiated SeV-triggered activation of the
IFN-B promoter (S/ Appendix, Fig. S2D) (we selected TNKSI1-
RNAi-#1 and TNKS2-RNA-#2 constructs for subsequent experi-
ments), and simultaneous knockdown of both TNKSI1 and
TNKS2 markedly enhanced the potentiation effects on SeV- or the
double-stranded RNA (dsRNA) analog polyinosinic:polycytidylic
acid [poly(I:C)]-induced activation of the IFN-f promoter in com-
parison with knockdown of each of them alone (S/ Appendix, Fig.
S2F). In agreement with this, knockdown of either TNKS1 or
TNKS2 markedly enhanced the SeV-triggered phosphorylation of
TBK1 and IRF3, which are the prerequisites for the IFN-p pro-
moter activation, and simultaneous knockdown of both TNKS1
and TNKS2 resulted in a further increase (S7 Appendix, Fig. S2F).
By contrast, knockdown of neither TNKS1 nor TNKS2 affected
IFN-y—triggered activation of the IRF1 promoter (S/ Appendix,
Fig. S2G). Together, these results indicate that TNKS1 and TNKS2
are negative regulators of virus-triggered innate immune signaling,

To further confirm the roles of TNKS1 and TNKS2 in virus
trigger innate immune signaling, we generated TNKS1-knockout
(TNKS1-KO) and TNKS2-deficient (TNKS2-KO) mouse embry-
onic fibroblasts (MEFs), mouse lung fibroblasts (MLFs), and
HEK293 cells by the CRISPR-Cas9 system. qRT-PCR analysis
showed that either TNKS1 or TNKS2 deficiency increased SeV-
induced transcription of downstream effector genes, including
Ifnbl, Isg56, and 1/6, in MEFs, MLFs, and HEK293 cells (Fig. 24
and SI Appendix, Fig. S2 H and J). In addition, TNKS1 or
TNKS2 deficiency also potentiated the transcription of Ifnbl,
Isg56, and 1/6 induced by cytoplasmic transfection of poly(I:C) but
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not herring tesis DNA (HT-DNA) or B-form DNA (B-DNA)
(Fig. 2B). By contrast, neither TNKS1 nor TNKS2 deficiency
affected IFN-y—induced transcription of /RFI, GBP2, and STAT1
in HEK293 cells and MLFs (S/ Appendix, Fig. S2j). Consistently,
phosphorylation of TBK1 and IRF3 induced by SeV was markedly
increased in TNKS1- or TNKS2-deficient MLFs compared with
wild-type MLFs (Fig. 2C). We also generated TNKS1 and
TNKS2 double-knockout (TNKS1/2 DKO) MEFs and MLFs by
the CRISPR-Cas9 system and found that double knockout of
TNKS1 and TNKS2 further increased SeV-induced transcrip-
tion of the /fnbl gene compared with TNKS1 or TNKS2 defi-
ciency alone (Fig. 2D). We next determined whether TNKS1
and TNKS?2 regulated antiviral responses during virus infection
and infected TNKS1- or TNKS2-deficient and control MLFs
with green fluorescent protein (GFP)—tagged vesicular stomatitis
virus (VSV). As shown in Fig. 2E, replication of GFP-tagged
VSV was markedly inhibited in TNKSI- or TNKS2-deficient
cells compared with that in control cells as monitored by GFP
signals. These results together suggest that TNKS1 and TNKS2
negatively regulate RNA virus— and cytosolic poly(I:C)—triggered

innate immune signaling.

TNKS1 or TNKS2 Deficiency Enhances RNA Virus-Triggered
Innate Immune Signaling in Mouse Primary Cells. To examine
whether TNKS regulated virus-triggered innate immune signal-
ing in primary immune cells, we first obtained Tkes 211f:Cre-ERx
mice by crossing 77ks2"* mice with ROSA26-CreERT?2 (here
referred to Cre-ER) mice, which carry a ubiquitous expressing
Cre recombinase inducible by 4-hydroxytamoxifen (4-OHT).
We prepared bone marrow—derived dendritic cells (BMDCs)
and bone marrow—derived macrophages (BMDMs) from
Tnks2™ and Tnks2“CrER* mice. We next infected 4-OHT—
treated Tnks2™" and Tnks2™C=ER* BMDCs and BMDMs
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Fig. 3. TNKS1 or TNKS2 deficiency potentiates
virus-triggered signaling in mouse primary cells.
(A) Effects of TNKS2 deficiency on SeV- or
EMCV-induced transcription of downstream
genes in BMDCs. Tnks2™" and Tnks2/"f:cre-r+
BMDCs (2 x 10°) were treated with 4-OHT
(1 uM) for 3 d followed by infection with SeV or
EMCYV for the indicated time points before qRT-
PCR analysis. (B) Effects of TNKS2 deficiency on
SeV- or EMCV-induced phosphorylation of TBK1
= and IRF3. Tnks2"" and Tnks2™*<"¢t%+ BMDCs (4
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x 10°) were treated with 4-OHT (1 M) for 3 d
followed by infection with SeV or EMCV for the
indicated time points before immunoblotting
analysis. (C) Effects of TNKS1 deficiency on SeV-
or EMCV-induced transcription of downstream
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with SeV or EMCV. qRT-PCR analysis indicated that TNKS2
deficiency potentiated transcriptions of downstream antiviral genes,
including Ifnb1, Isg56, and /6, induced by SeV or EMCV in
BMDC:s (Fig. 34) and BMDMs (87 Appendix, Fig. S3A). In addi-
tion, phosphorylation of TBK1 and IRF3 induced by SeV or
EMCV was markedly increased in Tks2™# R compared with
that of wild-type BMDCs (Fig. 3B). These data suggest that
TNKS2 deficiency potentiates RNA virus—triggered induction of
downstream antiviral genes in mouse primary immune cells.

We also prepared BMDCs and BMDMs from TNKS1-deficient
and wild-type mice. gqRT-PCR analysis indicated that TNKS1 defi-
ciency significantly potentiated SeV- or EMCV-triggered transcription
of downstream effector genes, including Ifnb1, Isg56, and /6, in

PNAS 2022 Vol.119 No.26 2122805119

before qRT-PCR analysis. (E) Effects of TNKS1
deficiency on SeV- or EMCV-induced phosphor-
ylation of TBK1 and IRF3. Thks7** and Tnks1~/~
BMDCs (4 x 10°) were left untreated or infected
with SeV or EMCV for the indicated time points
before immunoblotting analysis. Data are rep-
resented as the mean + SEM. *P < 0.05
(Student’s t test); **P < 0.01 (Student's t test);
***P < 0.001 (Student's t test).

BMDC:s (Fig. 3C) and BMDMs (S Appendix, Fig. S3B). More-
over, transcription of [fnb1, Isg56, and I/6 induced by cytoplas-
mic transfection of poly(I:C) was enhanced in Tks! ~/~ BMDCs
compared with wild-type BMDC:s (Fig. 3D). Consistently, phos-
phorylation of TBKI1 and IRF3 induced by SeV or EMCV was
increased in TNKS1-deficient BMDCs in comparison with wild-
type BMDC:s (Fig. 3E). Taken together, these results suggest that
TNKSI also attenuates virus-triggered innate immune signaling
in mouse primary immune cells.

TNKS1 or TNKS2 Deficiency Promotes Innate Immune Response

to RNA Virus in Mice. To characterize the roles of TNKS2 in vivo,
we intraperitoneally injected 7nks2™ and Tnks2™**FR" mice
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with tamoxifen (80 pg/g) once every 24 h for a total of 5 d consec-
utively followed by a 7-d waiting period. QRT-PCR analysis indi-
cated that intraperitoneal injection of tamoxifen led to efficient
deletion of TNKS2 in all detected organs or tissues, including
lung, liver, brain, muscle, heart, spleen, bone marrow—derived pro-
genitor cells, and peripheral blood mononuclear cells (S7 Appendix,
Fig. S4A). Thus, the strategy to knock out TNKS2 in mice was
reliable and successful. We next infected the tamoxifen-pretreated
Tnks2™ and Tnks2™**ER* mice with EMCV. As shown in Fig.
4A, the concentrations of IFN-B, IL-6, and MCP1 were signifi-
cantly increased in the sera from Tiks2™#FRY mice compared
with those from the 77£s2™" mice after EMCV infection. The
transcription of Ifnbl and Isg56 was also significantly increased,
and the replication of EMCV was impaired in the lungs and brains
from Tnks2™*CER" mice compared with their control littermates
after EMCV infection (Fig. 4B). Consistent with these observa-
tions, hematoxylin and eosin (H&E) staining analysis showed
that there were more infiltrated immune cells in the lungs of
Trks2C7ERY mice than those of wild-type mice after EMCV
infection (Fig. 4C). As a consequence, Tnks2MCERY mice were
more resistant to EMCV-induced death compared with their con-
trol lictermates (Fig. 4D). Taken together, these results suggest that
TNKS?2 inhibits innate immune responses in mice.

We also examined the roles of TNKSI in RNA virus infec-
tion in vivo and infected wild-type and TuksI™"~ mice with
EMCV via intraperitoneal injection. Sera from 7nksI™"~ mice
infected with EMCV showed higher levels of IFN-B, IL-6, and
MCP1 in comparison with those from their wild-type litter-
mates (Fig. 4E). Moreover, the transcription of [fnb1 and Isg56
was significantly increased, whereas the replication of EMCV
was impaired in the lungs and brains from 77ksI™"~ mice com-
pared with those from TnksI** mice after EMCV infection
(Fig. 4F). H&E staining analysis indicated that EMCV infec-
tion induced more immune cells infiltration and caused severe
damages in the lungs of 7nksI™"~ mice compared with wild-
type mice (Fig. 4G). We also monitored the survival of TnksI™*
and TnksI™"" mice every 12 h after EMCV infection. Unexpect-
edly, unlike the TNKS2-deficient mice, the TnksI™"~ mice were
more susceptible to EMCV-induced death compared with the
wild-type mice (Fig. 4H). This seemingly counterintuitive result
prompted us to check the expression of Tnksl and Tnks2 in dif-
ferent tissues of mice and examine the pathologic alterations in
TnksI™'~ mice after viral infection. QRT-PCR analysis indicted
that both 77ksI and 7nks2 were abundantly expressed in the
lung and heart but not the kidney. Interestingly, the expression
of Tnksl was modest in the liver, but the expression of T7nks2
was rather scarce in the liver (SI Appendix, Fig. S4B). In the
absence of infection, the brains, lungs, hearts, spleens, and kid-
neys are comparable between TwksIt™* and TuksI™" mice.
Although the livers from 77ksI™"~ mice were smaller compared
with those from wild-type mice, the difference was not significant
when normalized to the body weight (SI Appendix, Fig. S40),
which is consistent with a previous report (38). After infection
with EMCV, the brains, lungs, hearts, spleens, and kidneys from
TnksT™* and TnksI™"~ mice had a comparable appearance; how-
ever, the liver sizes were significantly reduced in 7wksI™"~ mice
compared with those from their wild-type littermates (S/
Appendix, Fig. S40). H&E staining indicated that the liver from
TNKS1-deficient mice displayed more severe injury and typical
centrilobular necrosis than that from wild-type mice post-EMCV
infection (SI Appendix, Fig. S4D). We also infected TnksI™* and
TuksI™"~ mice with influenza virus A/Puerto Rico/8/1934
(HINI1) (PR8) through intranasal inhalation. Compared with
wild-type mice, Tnksl"~ mice showed higher levels of IFN-f,
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IL-6, and MCP1 in the sera (S/ Appendix, Fig. S4E). Similar to
the phenotypes of TrksI™’~ mice infected with EMCV, TrksI™"~
mice infected with influenza virus PR8 also suffered more sever
liver damage (SI Appendix, Fig. S4F) and were more susceptible to
PR8-induced death (87 Appendix, Fig. S4G). By contrast, the size
of the liver and the pathological alterations were comparable
between TNKS2-deficient and wild-type mice (SI Appendix,
Fig. S4 H and J). These results suggest that TNKS1 negatively
regulates innate antiviral responses in vivo and may have impor-
tant functions in the liver; however, TNKS1-deficient mice
exhibit early death after virus infection, which may be due to
severe liver damages.

TNKS1 and TNKS2 Mediate VISA PARylation and Promote Its
Degradation. TNKS1 and TNKS2 are enzymes that catalyze
PARylation of their substrates; we thus determined whether
their enzymatic activity was required for the regulation of
innate antiviral responses. AZ6102, JW55, and XAV939 are
three potent inhibitors for PARP activity of TNKS, which sig-
nificantly potentiated SeV-triggered transcription of [fnbl in
MLFs (Fig. 54). Moreover, we found that wild-type TNKS1
and TNKS2 but not their PARP-dead mutants TNKS1-PD or
TNKS2-PD reduced SeV-triggered transcription of [FNBI
(Fig. 5B). These results indicate that the enzymatic activity
of TNKS is indispensable for their inhibitory effects on
virus-triggered induction of downstream genes. Because TNKSI
and TNKS2 were associated with VISA, we next examined
whether TNKSI and TNKS2 function through VISA. In reporter
assays, knockdown of either TNKSI or TNKS2 potentiated acti-
vation of the IFN-f promoter mediated by RIG-I or VISA but
had minor effects on the activation of the IFN-f promoter medi-
ated by ¢cGAS-MITA or TBK1 (S/ Appendix, Fig. S5 A and B).
Thus, TNKS1 and TNKS2 regulate innate antiviral response
via VISA.

Having established that TNKS1 and TNKS2 interacted with
VISA and that the enzymatic activity was required for the
inhibitory effects on virus-triggered signaling, we investigated
whether TNKS1 and TNKS2 PARylated VISA. As shown in
Fig. 5C, overexpression of either TNKS1 or TNKS2 resulted in
the PARylation of VISA, whereas overexpression of TNKS1-
PD did not mediate the PARylation of VISA (Fig. 5D). To
confirm that TNKSI1 and TNKS2 directly PARylated VISA,
we performed an in vitro ribosylation assay as illustrated in Fig.
5 E, Upper and found that recombinant Escherichia coli-derived
His-VISA protein could be PARylated by TNKS1 and TNKS2
but not their enzymatic-inactive mutants (Fig. 5 £, Lower). We
further examined the PARylation of endogenous VISA in the
absence or presence of viral infection. As shown in Fig. 5K
VISA was weakly PARylated in uninfected cells, and SeV infec-
tion increased PARylation of VISA, which peaked at 6 h after
infection. However, TNKS1 or TNKS2 deficiency dramatically
inhibited SeV-triggered PARylation of VISA. Taken together,
these results suggest that TNKS1 and TNKS2 directly mediate
the PARylation of VISA.

Since PARylation of some TNKS substrates is known to lead
to their degradaton (39), we determined whether TNKS1 and
TNKS2 affected the stability of VISA. As shown in Fig. 5G, the
expression of VISA was dramatically down-regulated by TNKS1
and TNKS2 but not their enzymatic-inactive mutants. Con-
versely, TNKS1 or TNKS2 deficiency markedly inhibited SeV-
trigged degradation of VISA compared with the control HEK293
cells (Fig. 5F). Similarly, TNKS1 or TNKS2 deficiency also
slowed the SeV-triggered degradation of VISA in BMDCs (Fig.
5H). By contrast, TNKSI or TNKS2 deficiency did not affect the
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Fig. 4. TNKS1 and TNKS2 deficiency potentiates innate immune and inflammatory responses in mice. (A) Effects of TNKS2 deficiency on serum levels of
IFN-p, IL-6, and MCP1 induced by EMCV infection. Sex- and age-matched Tnks2™" and Tnks2//*<r¢-R+ mice (n = 6) were injected intraperitoneally with tamoxi-
fen (80 ug/g dissolved in corn oil) for 5 d consecutively, and 7 d later, the mice were intraperitoneally injected with EMCV (1 x 108 PFU per mouse) for the
indicated time points before measurement of the indicated serum cytokines by ELISA. Each symbol represents an individual mouse. (B) gRT-PCR analysis of
Ifnb1, Isg56, and EMCV-gp2 or Tnks2 in the lungs and brains from Tnks2™ and Tnks2"*“CreER+ mice. Tnks2™" and Tnks2//*re-ER+ mice were pretreated as
described in A and were further intraperitoneally injected with EMCV (1 x 108 PFU per mouse) for 3 d; the lungs and brains were retrieved for qRT-PCR anal-
ysis. (C) H&E staining of lungs from Tnks2™" and Tnks2"/e-ER+ mice, Tnks2™" and Tnks2/f:Cre-ER+ mice were pretreated as described in A and were further
intraperitoneally injected with EMCV (1 x 10® PFU per mouse) for 3 d; the lungs of mice were analyzed by histology with H&E staining. (D) Effects of TNKS2
deficiency on EMCV-induced death. Tnks2™ and Tnks2"/“CER+ mice were pretreated as described in A and were further intraperitoneally injected with
EMCV (1 x 108 PFU per mouse, n = 6 for each genotype group); mouse survival was observed and recorded every 12 h. (£) Effects of TNKS1 deficiency on
serum levels of IFN-B, IL-6, and MCP1 induced by EMCV infection. Sex- and age-matched Tnks1** and Tnks7~~ mice (n = 5) were injected intraperitoneally
with EMCV (1 x 108 PFU per mouse) for the indicated time points before measurement of the indicated serum cytokines by ELISA. Each symbol represents
an individual mouse. (F) qRT-PCR analysis of Ifnb1, Isg56, and EMCV-gp2 or Tnks1 in the lungs and brains from Tnks7™* and Tnks1~/~ mice. Sex- and age-
matched Tnks7** and Tnks1~/~ mice (n = 5) were injected intraperitoneally with EMCV (1 x 108 PFU per mouse) for 3 d, and the lungs and brains were
retrieved for qRT-PCR analysis. (G) H&E staining of the lungs from Tnks7** and Tnks1~~ mice. Sex- and age-matched Tnks7** and Thks1~~ mice (n = 5)
were left untreated or injected intraperitoneally with EMCV (1 x 108 PFU per mouse) for 3 d, and the lungs of mice were analyzed by histology with H&E
staining. (H) Effects of TNKS1 deficiency on EMCV-induced death. Sex- and age-matched Tnks7+* and Thks7~/~ mice were infected intraperitoneally with EMCV
(1 x 108 PFU per mouse, n = 7), and mouse survival was observed and recorded every 12 h. Data are represented as the mean + SEM. *P < 0.05 (Student's t test);
**P < 0.01 (Student’s t test); ***P < 0.001 (Student’s t test). PFU, plague-forming units; ELISA, enzyme linked immunosorbent assay.

transcription of Visa (SI Appendix, Fig. S5C). In addition, the level TNKS2 (87 Appendix, Fig. S5D). Collectively, these results suggest
of VISA-AA, which was impaired for interaction with TNKS1 that both TNKSI and TNKS2 inhibit innate immune response
and TNKS2, was not reduced by overexpression of TNKS1 or by PARylating VISA, which lead to its degradation.
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It has been reported that ADP ribosylation occurred predomi-
nantly on glutamic (E) and aspartic (D) acid residues (40, 41). To
identify the potential PARylation residues of VISA, we mutated
all of the 33 Glu residues and 20 Asp residues of VISA to alanine
individually and examined whether these mutants could be inhib-
ited by TNKS by monitoring IFN-§ activation. Thus, we found
that TNKS2 inhibited IFN-p activation mediated by all the VISA
mutants but not VISA-E137A (SI Appendix, Fig. S6A4). Moreover,
the levels of all tested VISA mutants except VISA-E137A were
markedly down-regulated by TNKS2 (S Appendix, Fig. S6B).
Similar results were also obtained with TNKS1 (S7 Appendix, Fig.
S6 C and D). Consistent with this, PARylation assays indicated
that overexpression of TNKS1 and TNKS2 resulted in the PARy-
lation of wild-type VISA but not VISA-E137A (Fig. 51). Taken
together, these results suggest that TNKS1 and TNKS2 directly
mediate PARylation of VISA at Glul37.

RNF146 Targets VISA for Polyubiquitination and Degradation.
Previous studies have shown that the E3 ligase RNF146 recog-
nizes PARylated TNKS substrates, including Axin, 3BP2, and
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nts before immunoblotting analysis. (/) TNKST and TNKS2 catalyze the PARylation
are represented as the mean + SEM. NS, no significance. *P < 0.05 (Student’s t
n; IgG, immunoglobulin G; Vec, vector; WT, wild type; E137A, VISA-E137A mutant.

PTEN (36, 39, 42), by binding to an internal unit of PAR
through its WWE domain. This binding promotes the polyubi-
quitination and degradation of TNKS substrates (43). We thus
examined whether RNF146 would recognize the PARylated
VISA. As shown in Fig. 64, RNF146 specifically interacted
with VISA but not MDAS5 or RIG-I in HEK293 cells, and this
interaction was impaired by the TNKS inhibitors XAV939 and
JW55 (Fig. 6B). In addition, RNF146 could not interact with
VISA-AA, which lost its ability to interact with TNKS (Fig. 6C).
These results suggested that PARylation of VISA by TNKS was
required for RNF146 to interact with VISA. In support of this,
domain mapping experiments indicated that the Trp-Trp-Glu
(WWE) domain of RNF146, which has been shown to recognize
the ADP ribosylated targets, was required for its association with
VISA (Fig. 6D). Endogenous Co-IP experiments indicated that
RNF146 was weakly associated with VISA in the absence of viral
infection, and their association was dramatically increased after
SeV infection (Fig. 6E). Collectively, these data suggested that
RNF146 is physiologically associated with VISA, and this associa-

tion could be further enhanced upon virus infection.
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Fig. 6. RNF146 mediates polyubiquitination and degradation of VISA. (A) RNF146 interacts with VISA. HEK293 cells (2 x 10°) were transfected with the indi-
cated plasmids for 20 h before Co-IP and immunoblotting analysis. (B) Effects of TNKS inhibitors on the interaction between RNF146 and VISA. HEK293 cells
(2 x 10°% were transfected with the indicated plasmids for 20 h before Co-IP and immunoblotting analysis. (C) The TNKS-binding motif of VISA is required for
its association with RNF146. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 20 h before Co-IP and immunoblotting analysis.
(D) RNF146 interacts with VISA through its WWE domain. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 20 h before Co-IP and
immunoblotting analysis. IgG-H is the heavy chain of IgG. (F) Endogenous RNF146 is associated with VISA. HEK293 cells (6 x 10°) were untreated or infected
with SeV for the indicated time points before Co-IP and immunoblotting analysis. (F) RNF146 inhibits the expression of VISA. HEK293 cells (2 x 10°) were
transfected with the indicated plasmids for 24 h, and the cells were then analyzed by immunoblotting analysis. (G) The RING domain and WWE domain of
RNF146 are required for its inhibitory effects on the VISA expression. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 24 h, and the
cells were then analyzed by immunoblotting analysis. (H) RNF146 destabilizes the wild type but not VISA-AA or VISA-E137A. HEK293 cells (2 x 10°) were trans-
fected with the indicated plasmids for 24 h, and the cells were then analyzed by immunoblotting analysis. (/) RNF146 mediates VISA degradation in a
proteasome-dependent manner. HEK293 cells (2 x 10°) were transfected with the indicated plasmids for 24 h; the cells were then treated with the indicated
inhibitors for 6 h before immunoblotting analysis. (/) The effects of RNF146 deficiency on the VISA expression. The RNF146-deficient and control HEK293 cells
(4 x 10°) were infected with SeV for the indicated time points; the cells were then analyzed by the immunoblotting analysis. (K) RNF146 mediates K48-linked
polyubiquitination of VISA. HEK293 cells (2 x 10°) were transfected with the Flag-VISA, HA-tagged ubiquitin (HA-Ub), ubiquitin K48-only (K480), or K63-only
(K630) mutant with or without Myc-RNF146. Twenty-four hours later, the cell lysates were denatured and reimmunoprecipitated with anti-Flag; then, they
were analyzed by immunoblotting with anti-HA (Upper). The expression levels of the proteins were analyzed by immunoblotting analysis with the indicated
antibodies (Lower). (L) The effects of RNF146 deficiency on the SeV-induced polyubiquitination of VISA. HEK293 cells (6 x 10°%) were untreated or infected
with SeV for the indicated time points; the cell lysates were then immunoprecipitated with anti-VISA for 6 h, and the immunoprecipitates and expression lev-
els of the related proteins were analyzed by immunoblot with the indicated antibodies. CQ, chloroquine; DMSO, dimethy! sulfoxide; IP, immunoprecipitation;
HA, hemagglutinin; IgG, immunoglobulin G; 1gG-H, the heavy chain of IgG; WT, wild type; AA, VISA-AA.

We next determined whether RNF146 regulated the polyu-
biquitination and stability of VISA. As shown in Fig. 6F, over-
expression of RNF146 down-regulated the level of VISA but
not MITA in a dose-dependent manner. As expected, RNF146
mutants lacking the WWE domain or the RING domain,
which is required for RNF146 to interact with VISA or its E3
ligase activity, failed to reduce the level of VISA (Fig. 6G). In
agreement with this, RNF146 could not reduce the level of
VISA-AA and VISA-E137A (Fig. 6H), indicating that the PARy-
ladon of VISA is required for its degradation mediated by
RNF146. Interestingly, RNF146-mediated degradation of VISA
could be inhibited by the proteasomal inhibitor MG132 but
not the lysosomal inhibitor NH4CI or the autophagic inhibitor
3-methyladenine or chloroquine, suggesting that RNF146 medi-
ates degradation of VISA via a proteasomal pathway (Fig. 61). To

PNAS 2022 Vol.119 No.26 2122805119

further determine the role of RNF146 in the regulation of the sta-
bility of VISA, we generated RNF146-deficient (RNF146-KO)
HEK293 cell pools by the CRISPR-Cas9 system. As shown in
Fig. 6/, RNF146 deficiency delayed the degradation of VISA after
SeV infection. These data suggest that RNF146 mediates proteasome-
dependent degradation of VISA.

We further investigated whether RNF146 promoted polyu-
biquitination of VISA. As shown in Fig. 6K, overexpression of
RNF146 markedly increased K48-linked but not K63-linked
polyubiquitination of VISA, whereas RNF146 deficiency mark-
edly impaired SeV-triggered K48- but not K63-linked polyubi-
quitination of VISA in comparison with control cells (Fig. 61).
To determine which lysine residues in VISA were targeted by
RNF146 for K48-linked polyubiquitination, we carried out a
systematic lysine (K) to arginine (R) mutation scanning and
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Fig. 7. RNF146 negatively regulates virus-triggered signaling. (A) Effects of RNF146-RNAi on the expression of RNF146. As shown in Upper, HEK293 cells (2 x 10°)
were transfected with Myc-RNF146 (0.1 pg), HA-p-actin (0.01 pg), and the indicated RNF146-RNAi plasmids (0.5 pg) for 36 h before immunoblotting analysis. As
shown in Lower, HEK293 cells (2 x 10°) were transfected with the indicated RNF146-RNAi plasmids (2 pg) for 12 h. The cells were then selected with puromycin
(1 pg/mL) for 24 h before immunoblotting analysis. (B) Effects of RNF146-RNAi on SeV-triggered activation of the IFN-B promoter. HEK293 cells (1 x 10°) were
transfected with IFN-B promoter (0.1 pg) and pRL-TK Renilla luciferase reporter plasmid (0.01 pg) along with the indicated RNAi plasmids (0.5ug) for 36 h, and the
cells were then untreated or infected with SeV for 10 h before luciferase assays. (C) Effects of double knockdown of TNKS1 and TNKS2 on the synergistic activa-
tion of the IFN-p promoter induced by SeV and RNF146 knockdown. HEK293 cells (1 x 10°) were transfected with IFN-B promoter (0.1 pg) and pRL-TK Renilla lucif-
erase reporter plasmid (0.01 pg) along with the indicated RNAi plasmids (0.5pg) for 36 h, and the cells were then untreated or infected with SeV for 10 h before
luciferase assays. (D) Effects of RNF146 deficiency on the SeV-triggered transcription of downstream genes in HEK293 cells. RNF146-deficient (RNF146-KO)
HEK293 cells were generated by the CRISPR-Cas9 system. Then, the RNF146-KO and control HEK293 cells (2 x 10°) were untreated or infected with SeV for 10 h
before qRT-PCR analysis. (E) Effects of RNF146 deficiency on the SeV-triggered phosphorylation of TBK1 and IRF3. The RNF146-KO and control HEK293
cells (4 x 10°) were untreated or infected with SeV for the indicated time points before immunoblotting analysis. (F) Effects of RNF146 deficiency on the
IFN-y-triggered transcription of downstream genes. The RNF146-KO and control HEK293 cells (2 x 10°) were untreated or treated with IFN-y (50 ng/mL)
for 4 h before gRT-PCR analysis. (G) Effects of RNF146 deficiency on the replication of GFP-VSV. The RNF146-KO and control HEK293 cells (2 x 10°) were
infected with GFP-VSV for 24 h and imaged by microscopy. Data are represented as the mean + SEM. NS, no significance. *P < 0.05 (Student's t test); **P < 0.01
(Student's t test); ***P < 0.001 (Student’s t test). Con., control; Rel. Luc. Act., relative luciferase activity.

tested the effects of RNF146 on their stabilities. As shown in cells (Fig. 70), suggesting that TNKS1 and TNKS2 are required
SI Appendix, Fig. S7A, protein levels of all mutants except  for RNF146 to exert its function. By contrast, neither
VISA (K7R) were markedly reduced by RNF146. Consistently, =~ overexpression nor knockdown of RNF146 affected IFN-
RNF146 mediated polyubiquitination of the wild type but not ~ y—triggered activation of the IRF1 promoter (S/ Appendix, Fig.
VISA(K7R) (81 Appendix, Fig. S7B). Collectively, these results S8 B and O). To further determine the roles of endogenous
suggest that RNF146 directly mediates K48-linked polyubiqui- ~ RNF146, we generated RNF146-deficient HEK293 cell pools by
tination of VISA at K7 and promotes its proteasomal degrada- using three independent RNF146 guide RNAs (gRNAs). RNF146-
tion after virus infection. gRNA-#1 and RNF146-gRNA-#3 but not RNF146-gRNA-#2

dramatically inhibited the expression of RNF146 (Fig. 7E and S/
RNF146 Negatively Regulates Virus-Triggered Signaling. As  Appendix, Fig. S8D). qRT-PCR analysis indicated that RNF146
RNF146 mediated the polyubiquitination and degradation of  deficiency (generated by using RNF146-gRNA-#1 or -#3)
VISA, we next determined the roles of RNF146 in the regula-  potentiated SeV-induced transcription of downstream antiviral
tion of RNA virus—triggered innate immune signaling. genes, including IFNBI, ISG56, and ILG6, compared with
Reporter assays indicated that overexpression of RNF146 control cells (Fig. 7D and SI Appendix, Fig. S8D). In addition,
inhibited SeV-triggered activation of the IFN-B promoter in a  phosphorylation of TBK1 and IRF3 induced by SeV was
dose- dependent manner (87 Appendzx, Fig. §84). To further  dramatically increased in RNF146-deficient HEK293 cells in
probe its roles in virus trigger signaling, we used two comparison with control cells (Fig. 7E). By contrast, IFN-y—induced
RNF146-RNAi plasmids (pGIPZ-RNF146-RNAi-#1 and -#2)  transcription of /RFI was comparable between RNF146-deficient
from the laboratory of Chen and coworkers (36), which could and control HEK293 cells (Fig. 775. Consistendy, RNF146
inhibit the expression of transfected and endogenous RNF146  deficiency impaired the replication of GFP-VSV compared
(Fig. 7A). In reporter assays, knockdown of RNF146 potentiated with the control cells (Fig. 7G). Collectively, these results
SeV-induced activation of the IFN-B promoter in control cells  suggest that RNF146 negatively regulates RNA virus—triggered
(Fig. 7B). but not in TNKS1 and TNKS2 double knockdown innate immune signaling.
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Discussion

VISA is an essential adaptor protein that mediates innate immune
response to RNA viruses, and many proteins modulate innate
immune response by impinging on this key regulatory node.
Exploring the mechanisms of VISA activation and regulation can
help us to understand how the innate immune system mounts an
appropriate response to clear the infected virus but avoids overres-
ponse that could cause harmful immune damage. In this study,
we identified PARylation and subsequent degradation of VISA by
the TNKS-RNF146 axis as a regulatory mechanism to attenuate
the VISA-mediated innate immune response.

Posttranslation modification of VISA is an important way to regu-
late VISA-mediated antiviral response; here, we find PARylation as a
form of PTM of VISA. Several lines of evidences indicated that
VISA/MAVS is a substrate of TNKS1/2, and the PARylation of
VISA/MAVS by TNKS1/2 can serve as a signal for RNF146-
mediated polyubiquitination and degradation. We first identified
TNKS1 and TNKS2 as VISA-associated proteins and found that
they interacted with the TNKS-binding motif of VISA through their
ANK region, which is responsible for binding their substrates. Subse-
quently, we found that viral infection led to the induction of TNKS1
and TNKS2, which translocated from cytosol to mitochondria to
interact with VISA. Consistently, endogenous TNKS1 and TNKS2
were weakly associated with VISA in uninfected cells, and their asso-
clation was increased after SeV infection. These results indicate that
VISA is a substrate for TNKS. In agreement with this, overexpres-
sion of TNKS1 or TNKS2 but not their catalytically inactive
mutants increased PARylation of VISA at E137, whereas deficiency
of either TNKS1 or TNKS2 impaired the virus-triggered PARylation
of VISA. Thus, both TNKS1 and TNKS2 mediated PARylation of
VISA following virus infection. Recent studies suggested that the E3
ligase RNF146 recognized TNKS substrates and promoted their
proteasome-dependent degradation (39). Consistent with this, we
showed that RNF146 associated with PARylated VISA through its
WWE domain, which is responsible for the recognition of the ADP
ribosylated proteins, and promoted VISA degradation. Furthermore,
TNKS inhibitors could inhibit the interaction between RNF146
and VISA. In addition, simultaneous knockdown of both TNKS1
and TNKS?2 inhibited the synergistically activation of the IFN-f
promoter induced by SeV and RNF146 knockdown. VISA-AA,
which is impaired in interaction with TNKS1 or TNKS2, also lost
its ability to interact with RNF146 and be degraded by overexpres-
sion of RNF146. In addition, RNF146 also cannot mediate
degradation of VISA-E137A, the mutant that could not be PARy-
lated by TNKS. These results suggest that PARylated VISA was
recognized by RNF146. Interestingly, RNF146 promoted K48-
but not K63-linked polyubiquitination of VISA at K7 after SeV
infection, which is important for its degradation in a proteasome-
dependent manner. Overall, these results suggest that the
TNKS-RNF146 axis mediates the PARylation, polyubiquitination,
and consequently, degradation of VISA (S Appendix, Fig. S9).

Our results demonstrate that PARylation and subsequent
degradation of VISA by the TNKS-RNF146 axis specifically
inhibited virus-triggered expression of type I IFNs and the
innate antiviral response. Overexpression of TNKS1, TNKS2,
or RNF146 inhibited the virus-triggered activation of IFN-p,
while knockdown or knockout of TNKS1, TNKS2, or RNF146
had the opposite effect. TNKS1 or TNKS2 deficiency potentiated
SeV-, EMCV-, or cytoplasmic-transfected dsRNA-triggered
induction of downstream effector genes in different types of cells.
Moreover, the replication of GFP-tagged VSV was decreased in
RNF146-, TNKS1- or TNKS2-deficient cells compared with

that in control cells. In vivo experiments indicated that the serum

PNAS 2022 Vol. 119 No.26 2122805119

cytokines, such as IFN-B, IL-6, and MCP1, induced by infection
with EMCV or PR8 were significantly increased in TNKSI- or
TNKS2-deficient mice in comparison with their control litter-
mates. Consistently, the transcription of IfnbI and Isg56 was
increased, while the EMCV genomic copy numbers were impaired
in the brains and lungs from TNKS1- or TNKS2-deficient mice
compared with their wild-type counterparts after virus infection.
These results demonstrate that PARylation of VISA by TNKS1 and
TINKS?2 attenuates innate immune response to RNA viruses in vivo.
Unfortunately, we were unable to investigate the role of RNF146
in vivo because RNF146-deficient mice exhibit early embryonic
lethality due to delayed bone formation in the calvarium (44).

TNKS1 and TNKS2 have been implicated in many cellular
processes, including telomere homeostasis, glucose metabolism,
and so on. Here, we found that they have a functional overlap in
innate antiviral response, which reflects the potential nonredun-
dant roles of TNKSI and TNKS2. Both TNKS1 and TNKS2 can
PARylate VISA to down-regulate innate antiviral response. Consis-
tently, knockdown or knockout of TNKS1 or TNKS2 potentiated
virus-triggered innate immune response, while simultaneous
knockdown or knockout of both TNKS1 and TNKS2 markedly
enhanced the SeV-induced activation of the IFN-p compared with
knockdown of each individually. Unfortunately, 7nks! and Tnks2
double-knockout mice are embryonically lethal (45), which hur-
dled our investigation of their roles in double-knockout mice.

Interestingly, although TNKS1-deficient mice and TNKS2-
deficient mice produced a similar cytokine profiles postviral infec-
tion, we observed that TNKS2-deficient mice were more resistant
to virus infection as expected, whereas TNKS1-deficient mice
were more susceptive to EMCV- or PR8-induced death. This
unexpected phenotype of TNKS1-deficient mice suggests that
TNKS1 and TNKS2 may function differently in the pathological
changes of different organs or tissues postvirus infection, although
they have comparable effects on antiviral innate immune response.
Consistent with this, gRT-PCR analysis indicated that 774sI but
not Tnks2 was expressed in the liver of mice. Moreover, we
observed that the livers from TNKS1- but not TNKS2-deficient
mice were much smaller and exhibited serve damage after virus
infection. These results suggest that TNKS1 and TNKS2 function
in a tissue-specific manner. Interestingly, it has been reported that
deficiency of TNKSI in mice enhances energy expenditure, insu-
lin sensitivity, and fatty acid oxidation and exhibits reduced adi-
posity (38). These findings suggest that deficiency of TNKS1
results in liver metabolic disorders. TNKS1-deficient mice exhib-
ited more severe liver damage and are susceptive to EMCV and
PR8 infection; this may be due to their metabolic disorders postvi-
rus infection, which will be characterized in a separate study.

In conclusion, our study suggests that PARylation of VISA by
TNKS1/2 can serve as a signal for RNF146-mediated polyubiquiti-
nation and degradation after virus infection, which represents a regu-
latory mechanism for the feedback regulation of VISA-mediated
innate antiviral response (S/ Appendix, Fig. S9). Recently, the expres-
sion of TNKS1 and TNKS2 was shown to be up-regulated after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection by RNA-sequencing analysis (46), which is consistent with
our finding that TNKS1 and TNKS2 are up-regulated after RNA
virus infection and negatively regulate innate immune response to
RNA viruses. TNKS inhibitor has also been reported to enhance the
antitumor effect of anti-PD-L1 antibody by up-regulating the
inflammatory proteins (e.g., CCL3 and CCL4), which attracted
CD8* T cells in the tumor microenvironment (43). These reports
in combination with our findings suggest that targeting TNKS by
its inhibitors to enhance innate immune and inflammartory response
might be a strategy to treat RNA virus infections and tumors.
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Materials and Methods

All animal experiments were performed in accordance with the Wuhan Univer-
sity Animal Care and Use Committee guidelines. Information on reagents, anti-
bodies, cells, constructs, PCR primers, and RNAi target sequences is described in
SI Appendix, SI Materials and Methods. The methods for generation of bone
marrow-derived monocytes and BMDMs, isolation of MLFs, cell lines, retroviral
gene transfer, transfection, reporter assays, Co-IP, immunoblot analysis, and
statistical analysis are previously described (47), and the details are presented in
Sl Appendix, SI Materials and Methods.

Data Availability. All study data are included in the article and/or S/ Appendix.
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