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The transmembrane endoplasmic reticulum-associated
E3 ubiquitin ligase TRIM13 restrains the
pathogenic-DNA-triggered inflammatory response

Xuelian Li"*t, Zhou Yu**t, Qian Fang*t, Mingjin Yang?t, Jiaying Huang', Zheng Li?,

Jianli Wang">®#, Taoyong Chen**

The endoplasmic reticulum (ER)-localized stimulator of interferon genes (STING) is the core adaptor for the pathogenic-
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DNA-triggered innate response. Aberrant activation of STING causes autoinflammatory and autoimmune diseases,
raising the concern about how STING is finely tuned during innate response to pathogenic DNAs. Here, we report
that the transmembrane domain (TM)-containing ER-localized E3 ubiquitin ligase TRIM13 (tripartite motif con-
taining 13) is required for restraining inflammatory response to pathogenic DNAs. TRIM13 deficiency enhances
pathogenic-DNA-triggered inflammatory cytokine production, inhibits DNA virus replication, and causes age-related
autoinflammation. Mechanistically, TRIM13 interacts with STING via the TM and catalyzes Lys®-linked poly-
ubiquitination of STING, leading to decelerated ER exit and accelerated ER-initiated degradation of STING. STING
deficiency reverses the enhanced innate anti-DNA virus response in TRIM13 knockout mice. Our study delineates a
potential strategy for controlling the homeostasis of STING by transmembrane ER-associated TRIM13 during the

pathogenic-DNA-triggered inflammatory response.

INTRODUCTION
Innate immunity is the first and most rapid line of host defense
against invading pathogens. Host cells initiate the innate immune
response upon recognition of conserved pathogen-associated mo-
lecular patterns and host damage-associated molecular patterns by
diverse pattern recognition receptors (PRRs), such as the Toll-like
receptors (TLRs); the nucleotide binding and oligomerization,
leucine-rich proteins (NLRs); the retinoic acid-inducible gene I
(RIG-I)-like receptors; the absent in melanoma 2-like receptors;
and the DNA receptors (I). Despite their critical roles in host anti-
microbial responses, aberrant activation of PRR signaling pathways
has been linked to autoinflammatory and autoimmune diseases (I).
Pathogenic DNAs derived from pathogens (such as genomic
DNA of bacteria, DNA viruses, parasites, and DNA produced by
retroviruses during the life cycle) and self-origin (such as DNA
released from mitochondria and nuclei into cytosol and extracellular
DNA contained in vesicles and taken by host cells) are potent
immunostimulators of the DNA sensors (2-5). The cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) synthase
(cGAS), together with other DNA sensors [such as interferon (IFN)
gamma inducible protein 16 (IFI116), DEAD-box helicase 41 (DDX41),
Z-DNA binding protein 1 (ZBP1), and heterogeneous nuclear ribo-
nucleoprotein A2/B1 (HNRNPA2BI1)], is responsible for the
recognition of pathogenic DNAs (1-6). These DNA sensors initiate
signaling pathways that converge at the core adaptor STING
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[stimulator of IFN genes; also mediator of IFN regulatory factor 3
(IRF3) activation (MITA), endoplasmic reticulum (ER) IFN stimulator
(ERIS), methionine-proline-tyrosine-serine amino acid sequence con-
taining protein (MPYS), or transmembrane protein 173 (TMEM173)]
(7-11). STING is a transmembrane ER-localized protein that plays
indispensable roles in einnate anti-DNA virus response (7, 8). In
response to bacterial cyclic dinucleotides (CDNs) or cGAS-catalyzed
cGAMP, STING exits the ER and then translocates to the Golgi
apparatus through the ER-Golgi intermediate compartment (ERGIC),
where STING recruits TBK1 [tumor necrosis factor receptor-associated
factor (TRAF) family member associated nuclear factor kB (NF-«B)
activator (TANK)-binding kinase 1] and activates IRF3 -and NF-xB-
transcriptional factors, leading to the production of inflammatory
cytokines and the expression of IFN-stimulated genes (ISGs) (2-5).
STING has also been implicated in cell death, tumorigenesis, and
antitumor immunity (3-5). Autosomal dominant gain-of-function
mutations in human STING cause a severe autoinflammatory syn-
drome called STING-associated vasculopathy with onset in infancy
(SAVI) (12, 13). Various studies in human and mouse models have
illustrated an extensive linkage of STING to multiple inflammatory
or autoimmune disorders (4, 5). These studies raise a key concern
about the mechanism(s) for fine-tuning of STING activation and
signaling, especially the negative regulators for STING.

Several mechanisms have been identified for the negative regula-
tion of STING (2-5). The NLR proteins NLRX1 and NLRC3 as well
as the ER-localized Ca?* sensor STIMI (stromal interaction mole-
cule 1) inhibit STING activation through interaction with STING
(14-16). Posttranslational modifications of STING protein can
also negatively regulate STING activation and signaling. The
kinase ULK1 [uncoordinated phenotype gene 51 (unc-51)-like
kinase 1; also ATG1 (autophagy-related 1)] and the phosphatases
PPMI1A (protein phosphatase, Mg**/Mn** dependent 1A) and
PTPN1/2 (protein tyrosine phosphatase non-receptor type 1 and
2) inhibit STING activation through modulating STING phos-
phorylation (17-19). The E3 ubiquitin ligases ring finger protein
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(RNF) 5 (RNF5), tripartite motif containing 29 (TRIM29), and
TRIM30a promote STING degradation, while the deubiquitinases
ubiquitin specific peptidase (USP) 13 (USP13) and USP21 impair
the formation of STING signalosome (20-25). For ubiquitinated
STING, the ubiquitin-binding selective autophagy receptor p62
(also SQSTM1) directs STING degradation through autophagic path-
way (26). In addition, the metabolite nitro fatty acids inhibit STING
activation by impairing STING palmitoylation (27). Among these
studies, modulation of STING ubiquitylation by E3 ubiquitin ligases
or deubiquitinases represents a kind of key negative mechanism,
whereas several E3 ubiquitin ligases, such as autocrine motility factor
receptor (AMFR), TRIM32, TRIM56, RNF26, and RNF218, have been
implicated in ubiquitinating STING and facilitating STING activa-
tion (28-32). So, it is important to identify previously unknown
E3 ubiquitin ligases with a previously unknown type of ubiquiti-
nation for appropriate and accurate control of STING stability and
activation.

Most of the TRIM family proteins have been defined as E3 ubiqui-
tin ligases, characterized by an N-terminal RING finger domain,
one or two zinc finger domains (named B1 and/or B2 boxes), one
coiled-coil region, and diverse C-terminal domains (33). TRIM13
[also ret finger protein 2 (RFP2)] is a unique transmembrane ER-
localized E3 that has been implicated in ER stress, ER-associated
degradation (ERAD), and autophagy (34-38). In the field of innate
inflammatory response, TRIM13 inhibits tumor necrosis factor
(TNF)-induced NF-«B activation and innate anti-RNA virus response
but potentiates TLR2-initiated innate response (39-41). Here, we
provide genetic and in vivo evidence for the negative role of TRIM13
in the pathogenic-DNA-triggered inflammatory response. TRIM13
deficiency causes autoinflammation in aged mice. Our study provides
fresh mechanistic insights into controlling of STING homeostasis
and illustrates TRIM13 as a negative regulator of STING-associated
inflammation.

RESULTS

TRIM13 restrains DNA-triggered inflammatory responses
We have previously initiated a screen for key E3 ubiquitin ligases
involved in immune response [Gene Expression Omnibus (GEO),
accession number GSE72077] (42). In RAW264.7 macrophages
before and after vesicular stomatitis virus and herpes simplex virus 1
(HSV-1) infection, the mRNA of Trim13 was abundantly expressed.
In the gene database BioGPS, human Trim13 mRNA was highly
expressed in testis and colon tissues as well as in blood cells, whereas
mouse Triml3 mRNA was widely expressed in many tissues and
cells (especially high in macrophages). In the GEO databases for
Trim13 mRNA expression profile, Trim13 mRNA was substantially
up-regulated or down-regulated after infection with HIN1 influenza
virus (GDS5409), tubercle bacillus (GDS4256 and GDS5819),
Listeria monocytogenes (GDS5605), Chlamydia pneumoniae (GDS2651),
or Gram-positive bacteria (GDS5819) under conditions such as
ultraviolet radiation (GDS400), ionizing radiation (GDS1544), or
heat stress (GDS3004) or during autoinflammatory diseases as
allergy (GDS3082), systemic lupus erythematosus (SLE; GDS4889,
GDS4990, and GDS4719), familial hypercholesterolemia and
atherosclerosis (GDS3668), psoriasis (GDS4602), multiple sclerosis
(MS; GDS4218 and GDS3920), or heart failure (GDS3115). These
data suggest that Trim13 may be involved in inflammatory and
autoimmune responses.
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When we were investigating the role of TRIM13 in the innate
immune response, it was reported that TRIM13 was implicated in
TNEF- and TLR2-initiated responses and in innate anti-RNA virus
responses (39-41). In this study, we focused on DNA-triggered
innate responses. In mouse peritoneal macrophages (PMs) and
bone marrow-derived macrophages (BMDMs), Triml3 mRNA
was up-regulated after HSV-1 infection, along with the induction
of Ifnb and 1l6 mRNAs (fig. S1, A and B). We then silenced the
expression of TRIM13 in PMs and human HeLa cells (fig. S1, C and
D). Although all three small interfering RNAs (siRNAs) for mouse
or human Trim13 enhanced the induction of inflammatory cyto-
kines by HSV-1, the #3 siRNA of Trim13 could most efficiently
promote cytokine induction by HSV-1 (fig. S1, E and F) and was thus
used in further experiments. We found that TRIM13 knockdown
enhanced the induction of IFNB, TNF, and IL-6 (interleukin-6)
after HSV-1 infection or after treatments with poly (dA:dT) [poly-
deoxyadenine-deoxythymine nucleotides (pdAT)] and synthesized
c¢GAMP in PMs (fig. S1, G to J). In human HeLa cells, knockdown
of TRIM13 also enhanced the induction of inflammatory cytokines
by HSV-1 infection and by transfection of poly (dA:dT) and cGAMP
(fig. S1, K to M), whereas the induction of anti-inflammatory cyto-
kines I110 and Tgfb was not significantly altered in Trim13-silenced
or Triml3-depleted PMs after HSV-1 infection (fig. SIN). In
RAW264.7 macrophages, TRIM13 overexpression reduced the
induction of inflammatory cytokines (fig. S2, A to E). Therefore,
TRIM13 can restrain both pathogenic-DNA- and cGAMP-triggered
inflammatory responses.

Previously, the E3 ubiquitin ligases RNF5, TRIM29, and TRIM30a
have been identified as a negative regulator of STING by promoting
STING degradation (20-23). So, we compared the effects of Trim13
knockdown on the pathogenic-DNA-triggered inflammatory re-
sponse to that of Rnf5, Trim29, and Trim30a knockdown. In mac-
rophages, the mRNA expression of Trim13 was abundant, together
with Ruf5 and Trim30a, while Trim29 was of low expression (fig.
S3A). After knockdown of Ruf5, Trim29, and Trim30a in PMs
(fig. S3B), we found that the induction of Ifnb and Il6 by HSV-1
infection was significantly increased to different extent, resembling
to the effects of Trim13 knockdown (fig. S3C). These preliminary
data provoked us to further investigate the roles of TRIM13 in the
innate anti-DNA response.

TRIM13 deficiency exaggerates DNA-triggered
inflammatory responses

To validate the role of TRIM13 in regulating innate response to
pathogen-derived DNA, we established Trim13™'~ mice by recom-
binantly deleting exon 3 of Trim13 with insertion of LoxP sequence
at both ends and breeding the mice with EIIA-Cre mice (complete
knockout). In Trim13~'~ PMs and BMDMs, we found that the levels of
inflammatory cytokines induced by HSV-1 infection and by trans-
fection of poly (dA:dT) and cGAMP were all significantly increased,
as compared to Trim13""* macrophages (Fig. 1, A to H). In Trim13™/~
BMDM:s, the production of IFNB, TNF, and IL-6 could be rescued by
the overexpression of wild-type (WT) TRIM13 but not by TRIM13
without E3 ligase activity [mutations of Cys10 and Cys13 in the ring
domain into Ala (TRIM13-CA); Fig. 1, I and J], indicating that the
enhanced inflammatory response in Trim13~"~ BMDMs was because
of TRIM13 deficiency and was probably dependent on the E3 ligase
activity of TRIM13. These data suggest that TRIM13 is required for
restraining the inflammatory response to pathogen DNAs.
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Fig. 1. TRIM13 deficiency amplifies the inflammatory response to DNA and cGAMP. (A to H) PMs (A to D) and BMDMs (E to H) were infected with HSV-1 [multiplicity
of infection (MOI) = 5] or treated with cGAMP (5 ug/ml) or poly (dA:dT) (5 ug/ml) as indicated (A to C and E to G) or for 8 hours (D and H). mRNA levels of cytokines were
examined by quantitative polymerase chain reaction (qPCR) (A to C and E to G), and cytokines in supernatants were measured by enzyme-linked immunosorbent assay
(ELISA) (D and H). (1 and J) Trim13*"* or Trim13™~ BMDMs were transfected with mock, TRIM13, or TRIM13-CA (CA) vectors for 48 hours. TRIM13 expression was examined
by Western blotting (1). After infection with HSV-1 (MOI =5) or treatment with cGAMP (5 ug/ml) or poly (dA:dT) (5 ug/ml) for 8 hours, cytokines in supernatants were measured
by ELISA (J). Results are presented as means + SE [A to H and J; one-way analysis of variance (ANOVA) followed by Bonferroni multiple comparison] of three independent
experiments (n = 3; from three WT or KO mice). One representative experiment of three is shown. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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To confirm the enhanced responsiveness of Trim13~~ BMDMs to
other pathogenic DNAs, we transfected genomic DNAs derived from
autologous thymocytes and B16 melanoma cells after treatments
with chemotherapeutic drugs (dexamethasone, mitomycin C, and
cisplatin). We found that these autologous DNAs induced the produc-
tion of inflammatory cytokines while TRIM13 deficiency significantly
enhanced the response (fig. S4), suggesting that TRIM13 was a negative
regulator of both autologous pathogenic-DNA-triggered responses,
and pathogen-derived DNA-triggered inflammatory responses.

TRIM13 deficiency promotes innate anti-DNA virus response
We then tested whether TRIM13 plays an important role during
innate response to DNA virus HSV-1. We intraperitoneally injected

sublethal dosages of HSV-1 [2 x 10° plaque-forming units (PFUs)
per mouse] into mice. We found that the amounts of IFNf, TNF,
and IL-6 contained in serum were significantly increased in Trim13™"~
mice while the HSV-1 loads in the liver, spleen, and lung were
significantly reduced (Fig. 2, A to E). Histological examination of
the lung tissues 24 hours after HSV-1 infection showed that the
infiltration of inflammatory cells in the lung of Trim13™~ mice was
significantly enhanced (Fig. 2, F and G), which was further confirmed
by counting of CD45" immune cells in bronchoalveolar lavage fluids
(BALFs) (Fig. 2H). When HSV-1 viruses were intravenously injected,
we found that the re/plication of HSV-1 in the brain was significantly
reduced in Trim13™ mice (Fig. 2,1 and J). To evaluate the effects of
TRIM13 loss on protection of host from DNA virus infection, we
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Fig. 2. TRIM13 deficiency promotes innate anti-DNA virus response in vivo. (A to H) Trim1

0
Trim13 +/+ —/- Time after treatment (h)

3** or Trim13™" mice (n = 8 mice) were intraperitoneally injected with 100 pl

of phosphate-buffered saline (PBS) or PBS containing 2 x 108 PFUs of HSV-1. Twelve hours later, serum levels of cytokines were measured by ELISA (A to C). Alternatively,
24 hours after pathogen infections, the HSV-1 titers in tissues (n =8 mice) were determined (D and E). The lung tissues were examined by hematoxylin and eosin (H&E)
staining (F) or by immunofluorescent microscope for CD45" immune cells (G). Cells derived from BALFs were stained for CD45" cells and counted by FACS (fluorescence-
activated cell sorting) (H). (1 and J) Mice (n = 8) were intravenously injected with 100 ul of PBS containing 2 x 10® PFUs of HSV-1. Seventy-two hours after treatments, the
replication status of HSV-1 in the brain was evaluated. (K) Mice (n=10) were intraperitoneally injected with 100 pl of PBS containing 5 x 108 PFUs of HSV-1. Results are
presented as means = SD (A to E and H to J; unpaired Student’s t test). One representative experiment of three is shown. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

40f19

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022



SCIENCE ADVANCES | RESEARCH ARTICLE

intraperitoneally injected lethal dosages of HSV-1 (5 x 10° PFUs per
mouse) in mice. We found that the survival of Trim13™'~ mice was
significantly improved (Fig. 2K). These data suggest that TRIM13 is
required for restraining the inflammatory response to and restricting
the protection of host from DNA virus invasion.

TRIM13 deficiency potentiates DNA virus-triggered NF-xB
and IRF3 activation

To investigate the signaling mechanisms of TRIM13 on innate
anti-DNA virus response, we examined the activation of signaling
mediators responsible for inducing inflammatory cytokines after
infection with HSV-1 and VACV (vaccinia virus) in BMDMs. We
found that TRIM13 deficiency enhanced the phosphorylation of
TBK1, IRF3, IkBa (inhibitor of NF-xB a), and p65 (also RelA), but
not ERK1/2 (extracellular signal-regulated kinase 1/2), JNK1/2
(c-Jun N-terminal kinase 1/2), and p38 (Fig. 3, A and B, and fig. S5,
A and B). Meanwhile, we found that the nuclear translocation of
p65 and IRF3 as well as the dimerization of IRF3 were enhanced in
Trim13”~ BMDMs (Fig. 3, C to F, and fig. 5, C and D). These data
suggest that TRIM13 deficiency facilitates DNA virus-triggered
activation of TBK1-IRF3 and NF-«kB pathways.

Because TRIM13 negatively regulated cGAMP-triggered cytokines,
we examined the effects of TRIM13 on STING-directed activation
of IRF3 and NF-xB by using luciferase reporters. We found that
TRIM13 overexpression inhibited STING- and cGAMP-induced
activation of Ifnb and NF-kB reporters (Fig. 3, G and H), whereas
the TBK1- and IRF3-induced activation of Ifnb as well as the TBK1-,
IKKP (IxB kinase f3)-, and p65-induced activation of NF-«B reporters
were not affected (fig. S5, E to H). When STING was cotransfected
with TRIM13 without transmembrane domain (TM; 1 to 315 amino
acids of TRIM13, termed TRIM13-ATM) or TRIM13 without E3 activi-
ty (TRIM13-CA), we found that these two mutants could not inhibit
cGAMP-induced activation of Ifnb and NF-kB reporters (Fig. 3I).
These data indicate that TRIM13 inhibits the activation of TBK1-
IRF3 and NF-kB pathways at the level of STING.

TRIM13 interacts with STING via the TM

To elucidate the molecular mechanisms involved in TRIM13-mediated
regulation of innate response, we initially (without the awareness
about the association of TRIM13 with STING) examined the partners
of TRIM13 by using liquid chromatography (LC)-mass spectrome-
try in human embryonic kidney (HEK) 293T cells after overexpres-
sion and immunoprecipitation (IP) of TRIM13. We found that
TRIM13 was associated with abundant ER-related proteins and
other vesicular proteins (table S1). However, STING was not detected
possibly because of the absence of STING in the HEK293T cell
model used. In WT BMDMs, we found that endogenous TRIM13
could interact with STING at resting state, while this interaction
was attenuated after HSV-1 infection (Fig. 4A). In STING-deficient
RAW264.7 cells, we found that the overexpressed TRIM13 could
not bind TBK1 and IRF3 anymore (Fig. 4B), indicating that TRIM13
may interact with TBK1 and IRF3 via STING.

Next, we examined the localization of TRIM13 in RAW264.7 cells.
We found that TRIM13 was colocalized with ER proteins (staining for
KDEL), but not with endosomal [staining for EEA1 (early endosome
antigen 1)], mitochondrial [staining for TOM20 (translocase of out-
er membrane 20)], and Golgi apparatus (staining for Golgi 58K)
proteins (Fig. 4C and fig. S6, A and B). In both RAW264.7 cells and
HeLa cells, the bulk of TRIM13 remained in ER after HSV-1

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022

infection (Fig. 4C). After activation by bacterial CDNs or cGAMP,
STING exits the ER and transports through ERGIC to Golgi
apparatus for activation or terminal degradation (2-5). In both
RAW?264.7 cells and in HeLa cells, TRIM13 was colocalized with
STING under resting state (Fig. 4, D and E). After HSV-1 infec-
tion, the colocalization of TRIM13 with STING was attenuated
(Fig. 4, D and E, and fig. S4C), which was consistent with what was
observed in IP assays (Fig. 4A). Therefore, TRIM13 colocalizes with
STING at the ER membrane, while DNA virus infection does not
radically change TRIM13 localization.

STING contains four TM segments (TMs 1 to 4) in its N terminus,
and its C terminus contains a dimerization domain, a CDN binding
region (CBD), and a C-terminal tail (CTT) (2-5), whereas TRIM13
contains three conserved domains—RING (R), B-Box (B), and coiled-
coil (CC)—in its N terminus and a TM in its C terminus (Fig. 4F)
(33). We determined which domain(s) in STING and TRIM13
were responsible for the interaction. Full-length TRIM13 could
bind full-length (FL) STING or the TM of STING (#1), but not
STING without TM (#2) (Fig. 4G). Meanwhile, the full-length
STING could bind full-length TRIM13 or TRIM13 without RING
domain (#1), but not TRIM13 without TM (#2) or TRIM13 with
only RING domain (#3) (Fig. 4H). TRIM13 and STING without
TM could not be colocalized when examined by confocal microscopy
(fig. S6B). These data suggest that TRIM 13 and STING interact with
each other through their TMs.

TRIM13 catalyzes Lys® linkage of STING on Lys'®

Because TRIM13 is an E3 ubiquitin ligase, we investigated the
effects of TRIM13 on STING ubiquitylation to resolve the underlying
molecular mechanisms for TRIM13-elicited inhibition of STING
signaling. In both Trim13*"* and Trim13™~ BMDMs, the Lys*®- and
Lys*-linked polyubiquitinations of STING were not affected after
DNA virus infections (HSV-1 and VACV) (Fig. 5, A and B).
However, the overall polyubiquitination of STING was reduced in
Trim13~'~ BMDMs after DNA virus infections (Fig. 5C). Moreover,
in HEK293T cells, overexpression of TRIM13 enhanced the poly-
ubiquitination of exogenously expressed STING, while TRIM13
without the E3 ligase activity (TRIM13-CA) failed to polyubiquitinate
STING (Fig. 5D), indicating that TRIM13 catalyzed STING poly-
ubiquitination relying on its E3 ligase activity.

After overexpression of TRIM13, STING, and WT or mutated
ubiquitin (Ub; with the only indicated Lys residue unchanged;
fig. S7A) in HEK293T cells, we found that STING was linked to a
Lys®-only ubiquitin mutant (Ub #1; Fig. 5E), indicating that TRIM13
catalyzed Lys® linkage of STING. To identify the Lys residue in
STING modified by TRIM13, we mutated all the 12 Lys residues
into Arg in mouse STING one by one (fig. S7B). In HEK293T cells,
we found that the Lys19 residue at the N terminus of STING (before
the first TM of STING) was the ubiquitin linkage site for TRIM13
because mutation of this residue into Arg (STING-K19R, #1) failed
to be polyubiquitinated by TRIM13 (Fig. 5F).

To confirm the significance of Lys'® in STING in DNA-triggered
innate responses, we reexpressed STING and the STING-K19R
mutant in Stingf/ " RAW264.7 cells (fig. S8A). We found that WT
STING could rescue the IFNB and IL-6 production in Sting™~
RAW264.7 cells induced by HSV-1 infection while STING-K19R
increased the cytokine production (fig. S8, B and C), which may be
because of the durative STING levels in STING-K19R-rescued Sting™~
RAW264.7 cells after HSV-1 infection (fig. S8, D and E). Moreover,
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Fig. 3. TRIM13 is required for restraining the activation of both TBK1-IRF3 and NF-kB signaling pathways. (A to F) Trim13™* or Trim13”~ BMDMs were infected with
HSV-1 (MOI =5) or VACV (MOI = 5) as indicated. Whole-cell extracts (WCE) (A and B) as well as nuclear and cytosolic extracts (C and D) were examined for signaling mediators
by Western blotting. Otherwise, nondenatured lysates were separated in native polyacrylamide gel electrophoresis (PAGE) gel and then examined by Western blotting
for IRF3 (E and F). (G to 1) Human embryonic kidney (HEK) 293T cells were transfected with mock, STING, Flag-tagged TRIM13 (100, 200, 300, or 400 ng), or TRIM13 mutants
(TRIM13-ATM or TRIM13-CA) vectors and indicated reporter vectors. Forty-eight hours later, the cells were treated with or without cGAMP (5 ug/ml) for 8 hours, and the
luciferase activity was determined (n =4 biological samples per group). Results (G to I) are presented as means + SD (one-way ANOVA followed by Bonferroni multiple
comparison). One representative experiment of three is shown. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

we found that the STING-K19R-rescued Sting '~ RAW264.7 cells
showed increased IFNf and IL-6 production even in case when
TRIM13 was overexpressed (fig. S8, F to H). These data suggest that
TRIM13 polyubiquitinates STING on Lys'", which serves as a nega-
tive mechanism for regulating innate response to DNA virus.

TRIM13 deficiency accelerates removal of STING from ER
The above data have shown that TRIM13 interacts with and
polyubiquitinates STING. According to the current models for STING

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022

activation and termination, STING dimerizes upon CDN binding
and then exits ER to Golgi apparatus and to post-Golgi vesicles for
STING signalosome assembly or for autophagosomal and autophagic
degradation (2-5, 43-45). Considering that TRIM13 colocalizes with
STING in ER and acts as an E3 ligase for STING, we hypothesize
that TRIM13 may affect the dimerization of STING, ER exit of
STING, and degradation of STING.

We examined the STING dimerization after HSV-1 or VACV in-
fections. We found that TRIM13 deficiency enhanced the dimerization
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Fig. 4. TRIM13 interacts with STING via their TMs. (A and B) WT BMDMs (A) or Sting”~ RAW264.7 cells (B) were infected with HSV-1 (MOI = 5) as indicated. After IP with
anti-TRIM13 antibody (A) or anti-Flag antibody (B), components in the complex were examined by Western blotting. (C to E) RAW264.7 cells (C and D) or Hela cells (C and
E) were transiently transfected with green fluorescent protein (GFP)-tagged STING or red fluorescent protein (RFP)-tagged TRIM13 for 36 hours, and then infected with
or without HSV-1. Cells were then examined by confocal microscope (C to E). Scale bars, 10 um. (F) Schematic diagram of domains in full-length (FL) or fragments of
TRIM13-Flag or STING-Myc. Numerical numbers indicate for the site of amino acids. (G and H) HEK293T cells were transiently transfected with Flag-tagged TRIM13
(or mutants) and Myc-tagged STING (or mutants) as indicated for 48 hours. WCE were immunoprecipitated with anti-Flag Sepharose beads (G) or anti-Myc Sepharose
beads (H), and the associated STING or TRIM13 proteins were examined by Western blotting. One representative experiment of three is shown.

of STING in BMDMs (Fig. 6, A and B). To investigate the effects
of TRIM13 on the ER exit of STING, we isolated ER fractions from
Trim13*"* and Trim13™'~ BMDMs and examined the amounts of
STING in ER after DNA virus infection. We found that HSV-1 or
VACYV infection triggered the removal of STING from ER while
TRIM13 deficiency accelerated this process (Fig. 6, C and D, and
fig. S9, A and B), indicating that TRIM13 may delay the removal of
STING from ER. In Trim13™'~ mouse embryonic fibroblast (MEF)

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022

cells, we also observed the accelerated removal of STING from ER
after HSV-1 infection (Fig. 6E and fig. S9C).

To distinguish that the accelerated removal of STING from ER of
Trim13”~ BMDMs was not because of the overall STING degradation,
we examined the ER-associated STING in BMDMs in the presence
of proteasome inhibitor MG132, which had been demonstrated to
reverse several E3 ligase-elicited STING degradation (20-23).
We found that Trim13~'~ BMDMs still demonstrated accelerated
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Fig. 5. TRIM13 catalyzes Lys‘-linked polyubiquitination of STING on Lys’g. (A to C) Trim 13** or Trim13™~ BMDM:s cells were infected with HSV-1 (MOl =5) or VACV
(MOI=5) for 4 hours. Then, WCE were immunoprecipitated with anti-STING antibody plus protein A/G beads. Polyubiquitination of STING was examined by Western
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Fig. 6. TRIM13 inhibits STING dimerization and decelerates the ER exit of STING. (A and B) Trim13*"* or Trim13™/~ BMDMs were infected with HSV-1 (MOI = 5) or VACV
(MOI=5) as indicated. Then, the nondenatured lysates were separated in native PAGE gel and then examined for STING by Western blotting. (C to E) ER extracts of
Trim13*"* or Trim13™~ BMDMs (C and D) or MEFs (E) infected with HSV-1 (MOI = 5) or VACV (MOI = 5) as indicated were examined for STING by Western blotting. (F and
G) Trim13*"* or Trim13™~ BMDMs were transfected with mock or TRIM13-ATM vectors for 48 hours and then infected with HSV-1 as indicated in the presence of 15 uM
MG132 (F) or 20 uM chloroquine (CLQ) (G). ER extracts were examined by Western blotting. (H and ) Trim13** or Trim13™~ BMDMs (H) or MEFs (l) were infected with
HSV-1 for 2 hours. Then, the colocalization of STING with KDEL was evaluated by confocal microscopy. Scale bars, 10 um. One representative experiment of three is shown.

removal of STING from ER (Fig. 6F and fig. S9D). When the Trim13™~
BMDMs were rescued with TRIM13 without TM (TRIM13-ATM),
the removal dynamic of STING could not be retrieved (Fig. 6F and
fig. S9D). Previous studies have suggested that autophagosomal,
autophagic, or lysosomal degradation of STING serves as termination
module for STING degradation (2-5, 43-45). So, we went further to
use chloroquine (CLQ) to block the common terminal lysosomal
STING degradation as reported (43-45). In the presence of CLQ,
Trim13”~ BMDMs still demonstrated accelerated decrease of STING
levels in ER (Fig. 6G and fig. SOE). These data indicate that the

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022

accelerated removal of STING from ER in TRIM13-deficient cells
may not be solely because of STING degradation but possibly is
caused by enhanced ER exit of STING.

To further validate the delayed exit of STING from ER, we
performed colocalization assays using BMDMs and MEFs. In Trim13 ™~
cells, colocalization of STING with the ER marker KDEL after HSV-1
infection was more rapidly decreased within 2 hours when overall
STING was minimally decreased (43, 44), as compared to that in
Trim13*'* cells (Fig. 6, H and 1, and fig. $9, F and G). These data
together suggest that TRIM13 may decelerate the ER exit of STING,
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Fig. 7. TRIM13 promotes the degradation of STING. (A) RAW264.7 cells were transfected with indicated vectors for 48 hours. After HSV-1 infection, STING levels in WCE
were examined by Western blotting (A). (B and C) BMDMs (B) or MEFs (C) were transfected with or without mock or TRIM13-CA vectors for 48 hours. STING levels were
examined by Western blotting. (D and E) BMDMs were examined for STING degradation in the presence of CHX (20 uM) (D) or after pretreatment with CHX for 1 hour (E)
by Western blotting. (F and G) Trim 13** or Trim13™~ BMDMs (F) or RAW264.7 cells transfected with mock or TRIM13-Flag vectors for 48 hours (G) were infected with HSV-
1in the presence or absence of 20 uM ESI, and STING in WCE was examined by Western blotting. (H to J) RAW264.7 cells transfected with mock or TRIM13-Flag vectors for
48 hours (H and J) or Trim 13** or Trim13™~ BMDMs (H and 1) were transfected with control (Ctrl) siRNAs or p62-specific siRNAs for 48 hours. The efficiency of p62 knock-

down was evaluated by Western blotting (H). STING in WCE was examined by Western blotting (I and J). One representative experiment of three is shown.

similarly to what has been reported for transmembrane STING
regulators STIM1 and TMEM203 (16, 46).

TRIM13 is required for STING degradation

We then determine what is the role of E3 ligase activity of TRIM13 in
the inhibition of STING. In RAW264.7 cells, overexpression of
TRIM13 accelerated the degradation of STING, while TRIM13-CA
could not (Fig. 7A and fig. S10A). In Trim13~'~ BMDMs and MEFs,
we found that the overall STING amounts were increased, which could
not be rescued by TRIM13-CA overexpression (Fig. 7, B and C, and
fig. S10, B and C). To further confirm the role of TRIM13 in STING
degradation, we performed the cycloheximide (CHX) chase assays
for STING protein in BMDMs. We found that TRIM13 deficiency
did not affect STING degradation in CHX-treated BMDMs without
HSV-1 infection (Fig. 7D and fig. S10D), whereas the degradation
of STING was delayed in CHX-pretreated Trim13~'~ BMDMs after
HSV-1 infection (Fig. 7E and fig. S10E). These data indicate that
TRIM13 is required for DNA virus-induced STING degradation.

Li et al., Sci. Adv. 8, eabh0496 (2022) 26 January 2022

Because TRIM13 is durably localized in ER, it is possible that
TRIM13 may regulate the degradation of STING through ER-initiated
degradation (47, 48), which may be different to ERGIC-initiated
autophagosomal pathway and post-ER-initiated autophagic path-
way (43-45). Given that TRIM13 has been implicated in ERAD of
L-type calcium channels and CD33 chain of T cell receptor (35, 36),
we investigated the effects of ERAD inhibitor Eeyarestatin I (ESI)
on STING degradation. ESI-treated Trim13** BMDMs showed
similar degradation dynamics to Trim13™'~ cells without ESI treat-
ments, while ESI treatments ameliorated the difference between
Trim13*"* and Trim13”'~ BMDMs in the degradation of STING
(Fig. 7F and fig. S10F). Moreover, ESI treatments blocked TRIM13
overexpression-induced enhancement of STING degradation in
RAW264.7 cells (Fig. 7G and fig. S10G). Therefore, TRIM13 mainly
promotes STING degradation through ERAD pathway.

In addition to ERAD, another type of ER-initiated protein
degradation is the autophagic degradation of the ER (termed as
ER-phagy). TRIM13 has been implicated as a ubiquitin-dependent
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ER-phagy receptor to p62 (37). So, it is possible that TRIM13 may
promote ER-phagy degradation of STING (49). We knocked down
p62 in BMDMs and RAW264.7 cells (Fig. 7H). Trim13*'* BMDMs
with p62 knockdown showed similar degradation dynamics to
Trim13™'~ BMDMs without p62 knockdown, while p62 knockdown
ameliorated the difference between Trim13"* and Trim13”~ BMDMs
in the degradation of STING (Fig. 7I and fig. S10H). Moreover, p62
knockdown could not reverse TRIM13 overexpression-induced
STING degradation (Fig. 7] and fig. S10I). These data together
suggest that ER-phagy may regulate STING degradation, while
TRIM13 mainly promotes STING degradation through ERAD
pathway.

The enhanced anti-DNA innate response by TRIM13
deficiency requires STING

To verify the role of STING in TRIMI13-elicited inhibition of
DNA-triggered inflammatory responses, we silenced the expression
of STING (Fig. 8A) or inhibited the activation of STING by using
C-176, a covalent small-molecule inhibitor for STING palmitoylation

(50), in Trim13~'~ BMDMs. We found that STING knockdown and
C-176 both rescued the enhanced production of IFNp and IL-6 by
DNA viruses (Fig. 8, B to I), indicating that STING is required for
TRIM13 deficiency-induced increase in cytokine production in
response to DNA viruses.

To more specifically address the role of STING in TRIM13 loss-
enhanced innate response to pathogenic DNAs, we prepared double-
knockout (DKO; Trim13™~Sting™") mice by breeding Trim13™'~ mice
with Sting”™ mice. In BMDMs treated with HSV-1 infection, we
found that the DKO cells (Fig. 8]) showed similar levels of IFNB and
IL-6 to those of Sting”~ BMDM:s (Fig. 8, K and L). Moreover, we
found that the serum levels of IFNB and IL-6 in DKO mice were simi-
lar to those in Sting’/ " mice after HSV-1 infection (Fig. 8, M and N).
The virus titers in the lung of DKO mice were not significantly
different to that of Sting™~ mice (Fig. 80). When the mice were
pretreated with the STING inhibitor C-176, the virus titers in the
lung of Trim13™~ mice were similar to Trim13*"* mice (Fig. 8P).
These data confirm that STING is required for TRIM13 deficiency-
induced enhancement of innate anti-DNA virus response.
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Fig. 8. STING is required for TRIM13 deficiency-induced enhanced innate anti-DNA response. (A to I) BMDMs (n = 3 mice) were transfected with siRNAs for 48 hours
(A to E) and infected with viruses for 8 hours (B to E) in the presence or absence of 1 uM C-176 (F to I). The cytokines were measured by ELISA (B to I). (J to O) After infection
of BMDM:s (J) with HSV-1 for 8 hours (J to L), the cytokines were measured by ELISA (Kand L) (n = 3 mice). Twelve hours later, after intraperitoneal injection of HSV-1 (2 x 108
PFUs), serum cytokines were measured by ELISA (M and N). Twenty-four hours after infections, the HSV-T1 titers in the lung were determined (O). (P) Trim13** or Trim13™~
mice (n = 6) were pretreated with or without 300 nmol of C-176 daily for 2 days. Twenty-four hours after HSV-1 infection (2 x 108 PFUs), the HSV-1 titers in the lung were
determined. Results (B to | and K to P) are presented as means + SD (one-way ANOVA followed by Bonferroni multiple comparison). One representative experiment of

three is shown. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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TRIM13 deficiency causes age-related

autoinflammation in mice

Aberrant activation of STING has been linked to autoinflammatory
or autoimmune diseases in human and mice (12, 13), and the muta-
tions of STING-interacting proteins, such as STIM1, TMEM203,
and C9ORF72, have been implicated in autoinflammatory and
autoimmune diseases (16, 46, 51). So, we wonder whether TRIM13
deficiency can also cause autoinflammatory symptoms in mice.
Histological examination of organs, such as the lung, liver, kidney,
heart, and brain, showed no marked inflammation signs in Trim13™~
mice at the age of 5 months (Fig. 9, A and B, and fig. S11, A to E).
However, the 10-month-old Trim13™'~ mice demonstrated exten-
sive signs of inflammatory cell infiltrations in the lung, liver, and
kidney and a mild infiltration of inflammatory cells in the heart and
brain (Fig. 9, A and B, and fig. S11, A to E). Among the eight
Trim13”~ mice examined by hematoxylin and eosin (H&E) stain-
ing, seven mice (87.5%) in the lung (around the bronchia or vessels),
six mice (75.0%) in the kidney, four mice (50.0%) in the liver, one
mouse (12.5%) in the brain, and one mouse (12.5%) in the heart
showed foci of infiltrated inflammatory cells. Correspondingly,
the amounts of IFNB and IL-6 in the serum of 10-month-old
Trim13™~ mice were significantly increased (Fig. 9C). Quantitative
polymerase chain reaction (qQPCR) assays of Ifnb and 116 in the
lungs, livers, and kidneys of these Trim13~~ mice also demon-
strated an increase of inflammatory cytokines (fig. S11, F and G).
These data indicate that TRIM13 deficiency can cause age-related
autoinflammation.

Immunofluorescence microscopy examination by staining CD45"
immune cells in the lung, liver, and kidney of 10-month-old mice
confirmed that the observed inflammatory cell foci were composed
of immune cells (Fig. 9D). We then further characterized the
immune cells in the 10-month-old Trim13™'~ mice by using im-
munofluorescence microscopy for immune cell markers. We found
that the cells within the inflammatory cell foci were mainly com-
posed of CD4" and CD14" cells; to a much lesser extent, CD8" cells;
and, minimally, F4/80" or Ly6G" cells (Fig. 9, E and F). However,
TRIM13 deficiency did not affect the numbers of leukocytes, neu-
trophils, and lymphocytes in peripheral blood (fig. SI2A). Moreover,
the weight and major immune cell populations in the spleen of
10-month-old Trim13™~ mice were not significantly changed, as
compared to Trim13"* mice of the same age (fig. S12, B to D).
These data indicate that the TRIM13 deficiency-initiated auto-
inflammation may be because of increased infiltration of inflamma-
tory myeloid cells and CD4" T cells.

As shown in Fig. 9E, most of the cells in the inflammatory foci of
10-month-old Trim13™'~ mice were brightly stained for STING,
indicating that STING levels may be increased in the tissues. So, we
examined the lung tissues derived from 10-month-old Trim13**
and Trim13™'~ mice for STING, Caspase 8, MDA-5 (melanoma
differentiation-associated gene 5), and NEMO (NF-«B essential
modulator), all of which have been implicated as substrates for
TRIM13 (1, 38-40). Despite that STING levels were increased in the
lung of Trim13™~ mice, TRIM13 deficiency did not affect the levels
of the other potential substrates (fig. S13, A and B), indicating that
STING may be the potential target for TRIM13 during age-related
autoinflammation. Furthermore, we investigated whether the ob-
served autoinflammatory changes in TrimI13™ mice were because of
STING activation. When the 10-month-old Trim13™~ mice were
treated with the STING inhibitor C-176, the serum levels of IFNJ
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and IL-6 (Fig. 9G) as well as the mRNA levels of Ifnb and 1I6 in the
lungs (Fig. 9H) were all significantly reduced. These data suggest
that TRIM13 deficiency-associated autoinflammation may be associ-
ated with STING activation.

As revealed in public database, mouse Trim13 mRNA was highly
expressed by macrophages. We wonder whether TRIM13 expressed
by tissue-resident macrophages may contribute to the above-
observed age-related autoinflammation in the lung. In the alveolar
macrophages (AMs) derived from the BALFs of 8-week-old TrimI 37"
mice, the production of inflammatory cytokines after HSV-1 infec-
tion or cGAMP treatment was enhanced (fig. S13, C to E). While
the STING levels were comparable between Trim13™* and Trim13™~
AMs before HSV-1 infection, the STING degradation was delayed
in Trim13™~ AMs (fig. S13, F and G), which was consistent with
that in BMDMs. However, in AMs derived from the BALFs of
10-month-old Trim13™~ mice, the levels of STING were increased
(fig. S13, H and I), which may suggest that TRIM13 negatively
regulates STING degradation in the presence of stimuli (possibly
self-DNA in the current age-related experimental settings, as
compared to AMs derived from 8-week-old mice). Meanwhile, the
expression of inflammatory cytokines and chemokines for inflam-
matory cells was significantly higher in Trim13™~ AMs (fig. S13]),
which may confer to the observed infiltration of inflammatory cells
in the lungs in aged Trim13”~ mice and indicate that the tissue-
resident macrophages may be one of the origins for the observed
autoinflammation.

TRIM13 deficiency enhances double-stranded DNA-induced

autoimmune response

We then determine whether TRIM13 deficiency can increase the
sensitivity of mice to autoimmune diseases. In the GEO databases,
it was demonstrated that human Trim13 mRNA levels were signifi-
cantly lower in peripheral blood monocytes and CD3" T cells of
patients with SLE (Fig. 10, A to C). In patients with MS, the Trim13
mRNA levels were also significantly lower in brain lesions and
peripheral blood mononuclear cells (PBMCs) (Fig. 10, D and E).
Together, in the above age-related autoinflammatory data, it can be
inferred that TRIM13 may contribute to the prevention of auto-
immune diseases.

In the 10-month-old mice, we found that the concentrations of
total immunoglobulin G (IgG) and IgM, and especially the levels
of autoantibodies to nuclear antigen (ANA) and double-stranded
DNA (dsDNA), were significantly higher in Trim13™~ mice than
that in the age-matched Trim13""* mice (Fig. 10, F to 1), indicating
that the aged Trim13™'~ mice were prone to autoimmune diseases.
To further explore the role of TRIM13 in autoimmunity, we im-
munized 8-week-old mice with dsDNA derived from autologous
apoptotic thymocytes. Seven days after the second boost immuniza-
tion, the levels of autoantibodies to dsSDNA were significantly higher
in mice with complete knockout of TRIM13 (crossed the Trim13//1ox
mice with EITA-Cre mice, designated as Trim13~") and in mice with
myeloid-specific knockout of TRIM13 (crossed the Trim13/1¥/1o¥
mice with Lyz-Cre mice, designated as Trim13-Lyz"") (Fig. 10)),
whereas the DKO mice (crossed the Trim13™~ mice or Triml3-
Lyz”"~ mice with Sting”™ mice) demonstrated similar amounts of
serum anti-dsDNA autoantibody to that of Sting™~ mice (Fig. 10]).
Therefore, TRIM13 deficiency may increase the sensitivity of
host to autoimmune disease, which may require the presence
of STING.

120f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

Lung

Kidney

5-month-old

10-month-old 5-month-old 10-month-old

Trim137-

B < 150, Lung c c 25Kidney % c 200 600 -
28 e 28 28 —
SB 5 83 s3 = 150 - °
g & 100, g3 g3 £ E 400
Eg E5 E5 2 )

L2 T eo 22 = bl
c o c O c O ©
£8 50] =8 =8 £ s « 200
23 23 23

o o o

0 Trim13* Trim137-

0 o
Trim13 +/+ -/- +/+ /- Trim13** Trim137~

5 months 10 months

Trim13 +/+ /- ++ -/-
5 months 10 months

Trim13 +/+ /- +/+ =/-
5 months 10 months

D Trim13" Trim13+
Lung Liver Kidney Lung Liver
. i
E CD4* CD8" CD14* F4/80* STING*

Lung

‘i

“

Liver

Kidney

FA ECD4* ECD8* EMCD14*

00, F480" Ly6G" STING’ 250 500 250 T
< — —~ S

omm pe el

8 80 = 400 3 20 % 0

8 b S 300 < <

o 60(% Z z

o @ 4

3 40/ 200 £ € 100

S 2 50 ©

2 20ifp £ e i
g =T T T8 Vehicle C-176 Vehicle C-176 Vehicle C-176 Vehicle C-176
= Lung Liver  Kidney

Fig. 9. TRIM13-deficient mice demonstrate age-related autoinflammation. (A and B) Trim13** or Trim13™" mice were examined by H&E staining (A). The numbers of

inflammatory cell foci (>30 cells per site) on each slide (n = 8 mice) were counted (B). (C) Serum cytokines of 10-month-old mice (n = 8) were measured by ELISA. (D to
F) Tissues from 10-month-old Trim13** (D) or Trim 137" mice (D to F) were stained for indicated immune cell markers [CD45" in (D)] using an immunofluorescent microscope.
The immune cell populations in 15 inflammatory foci (n=15) of one slide were counted (F). (G and H) The 10-month-old Trim13™~ mice (n = 6) were pretreated with or
without 300 nmol of C-176 daily for 10 days. Serum IFNB and IL-6 were measured by ELISA (G). The mRNA levels of cytokines in the lung were quantified by gPCR (H).
Results are presented as means+ SD (B, C, and F to H). [In (B), one-way ANOVA followed by Bonferroni multiple comparison; in (C), (G), and H, unpaired Student’s t test].
One representative experiment of three is shown. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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shown. *P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001.

DISCUSSION

Our study demonstrates the negative role of TRIM13 in restraining
STING activation in response to pathogenic DNAs by using knockout
models. Moreover, we show that TRIM13 is critical in regulating
STING homeostasis during innate immune response to pathogenic
DNAs. Age-related autoinflammation observed in TRIM13 knockout
mice supports a proposal for the important role of TRIM13 in
inflammatory diseases.

The activation of STING should be tightly controlled for pre-
vention of autoinflammatory and autoimmune diseases. Patients
bearing gain-of-function mutations in the STING-encoding gene
Tmem173, such as V147L, N154S, and V155M, demonstrated symp-
toms called SAVI, mainly manifesting skin, mucosa, and lung
inflammation (12, 13). These mutations in STING led to STING
traffic from the ER in the absence of cGAMP and transit through
the ERGIC and Golgi apparatus (52). The knock-in mice containing
N153S or V154M mutations of murine STING demonstrated severe
perivascular inflammation in the lung and skin, which may be
caused by myeloid cell expansion, T cell cytopenia, and disruption
of lymph node organogenesis and innate lymphoid cell develop-
ment (2-5, 13, 53-58). In our study, TRIM13 knockout mice show
signs of age-related autoinflammation and autoimmunity at the
age of 10 months, unlike the early onset of autoinflammation in
STING-mutated mice. The symptoms observed in TRIM13 knock-
out mice partially resemble to, but were less severe in terms of
organ-involved and onset age than, those in STING-mutated mice
(2-4, 13, 53-58). Whether the autoinflammation in TRIM13-null
aged mice is caused by STING activation has not been completely
validated by our study. Our study provides evidence for the critical
role of STING in TRIM13 deficiency-caused enhancement of
innate inflammatory response to DNA virus by using STING
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knockdown, STING inhibitor C-176, and DKO models. STING
knockout that ameliorates the autologous DNA-induced auto-
antibody production in Trim13™~ mice may further support
the functional linkage between TRIM13 and STING. The ideal
evidence may be the confirmation of reversed autoinflammatory
symptoms in the aged DKO mice, which, because of time-consuming
experiments, have not been obtained at present but would be a
notice to us in future studies. On the other hand, it is still not clear
whether TRIM13 deficiency-caused age-related autoinflammation
was dependent on type I IFN or T cell cytopenia. Our preliminary
phenotyping of immune cells in the spleen of 10-month-old Trim13™"
mice may indicate that TRIM13 may not severely affect the
numbers of major immune cell populations, which was unlike to
what had been reported for STING-mutated mice (2-5, 13, 53-58).
Future studies using knockout aged mice, such as STING, IRF3, or
IFNo receptor knockout mice as well as conditional T cell-specific
knockout mice, may help to resolve this concern. As indicated in
public databases, murine STING is widely expressed in many cells,
especially high in T cells, B cells, natural killer cells, dendritic cells,
and macrophages, whereas Trim13 mRNA was relatively restricted
in macrophages and low in T cells and B cells, which may contribute
to the observed differential symptoms between the STING-mutated
mice and the aged TRIM13-deficient mice. The data from experi-
ments in aged AMs may propose that tissue-resident macrophages
may be the driver for infiltrated inflammatory cells, given that
self-DNA is usually increased in aged mice and chemokines are
induced in the AMs of autoinflammatory Trim13™'~ mice. Another
possibility for the later onset of autoinflammation in Trim13™~ mice
is that TRIM13 deficiency may be compensated partially by the
other negative STING regulators, such as E3s and STING-associated
proteins (2-5, 14-26, 46, 51), when the mice are healthy and young.
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Correspondingly, the STING levels in healthy adult mice or in resting
macrophages were comparably between Trim13"* and Trim13™~
genotypes, while the STING proteins were increased in aged auto-
inflammatory Trim13™~ mice, indicating a relatively specific requirement
for TRIM13 in STING homeostasis under the condition of patho-
genic-DNA stimuli. Whether TRIM13 is involved in the development
or functional regulation of T cells (e.g., T helper 17 cells, innate lym-
phoid cells, etc.) and B cells awaits elaborate studies in the future.
STING is an ER-associated adaptor for innate response to patho-
genic DNAs (2-5). CDN or cGAMP triggers STING dimerization
and then the exit from ER in the form of COP-II (coat protein
complex II) vesicles and ERGIC (2-5). Part of the ERGIC-associated
STING is sorted into autophagosomes, while the other vesicle-
associated STING continues to transit to Golgi and post-Golgi
vesicles where the signalosome composed of STING, TBK1, and
IRF3 is formed (2-5, 59). TBK1 recruited by STING phosphoryl-
ates STING at several sites and amplifies the activation of TBK1
and IRF3, leading to the induction of inflammatory cytokines and
ISGs (59, 60). Recent studies have also proposed IFN-independent
and transcription-independent functions for STING during anti-
viral process (45, 61, 62). Along the STING activation pathways,
multiple negative mechanisms have been identified to restrain
STING signaling. ER exit of STING is the initial rate-limiting step
for which STIM1 has been proposed to delay ER exit to ERGIC
and inhibit dimerization of STING by interaction with TM of
STING (16). TRIM13 is a transmembrane ER-associated molecule
and can interact with STING through TM, which is similar to the
reported STIM1-STING interaction (16). Therefore, it may be rea-
sonable to find that TRIM13 delays the ER exit of STING and inhib-
its STING dimerization in our study. It will be interesting to explore
whether TRIM13 can interact with STIM1 in the future. After ER
exit, assembly of STING signalosome in ERGIC, Golgi apparatus,
and possibly endolysosomes is another step under tight control
through posttranslational modification or competitive interaction
with STING (2-5, 14, 15, 17, 18, 24, 25). Because TRIM13 can delay
the ER exit of STING and, itself, is constitutively localized to ER, it
may not directly affect the STING signalosome formation. Degra-
dation of STING serves as the most popular and final feedback
mechanisms for termination of STING signaling. ULK1 and ATG9a
promote autophagic degradation of STING, while p62 directly targets
ubiquitinated STING to autophagosomes (2-5, 17, 26, 43-45). E3
ubiquitin ligases RNF5, TRIM29, and TRIM30a mark STING for
proteasomal degradation (20-23). The STING-interacting partners
TMEM203 and C9ORF72 promote the degradation of STING
through facilitating lysosomal and autolysosomal pathways (46, 51).
ER-phagy may also serve as a potential STING degradation path-
way (49), which has not been clearly understood. TRIM13 promotes
degradation of STING after DNA virus infection, as evidenced by
extensive Western blotting assays and quantification assays using
Trim13”~ BMDMs and MEFs or after TRIM13 overexpression in
macrophages. The stable localization of TRIM13 in ER supports a
proposal for ER-initiated degradation, which may be different to
ERGIC-initiated autophagosomal, autophagic, or lysosomal degra-
dation pathways because these pathways require the ER exit of
STING. Currently, ERAD and ER-phagy are the known ER-initiated
protein degradation mechanisms (47, 48). Our data suggest that
TRIM13 may facilitate STING degradation via the ERAD pathway
because ERAD inhibitor ESI completely ameliorated the differences in
dynamics of STING degradation between Trim13"* and Trim13™" cells
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as well as between mock-transfected and TRIM13-overexpressed cells.
Although TRIM13 has been implicated in the process of ER-phagy
(37), p62 knockdown could not completely reverse the effects of
TRIM13 on STING degradation. However, p62 has been widely im-
plicated in multiple protein degradation pathways, including, but
not limited to, autophagosomal, autophagic, lysosomal, proteasomal,
ER-associated, and ER-phagic degradation pathways (47, 48). So, it
cannot be excluded that TRIM13 may also affect STING degrada-
tion through other pathways (especially ER-phagy), which may
require more accurate protein quantification technique in except of
Western blotting. On the basis of these considerations, we propose
that TRIM13 restrains STING-related innate response to patho-
genic DNAs by modulating ER exit and degradation of STING.

E3 ligases and deubiquitinases can add or remove different types
of ubiquitin chains from STING and regulate STING activation or
stability. Various types of polyubiquitination on different sites of
STING have been identified, such as Lys*® linkage (Lys"** by RNF5,
Lys’”’ by TRIM29, and Lys*” by TRIM30a), LZS ? linkage (Lys" by
TRIM56, Lys*** by MULI, and Lys*”/'>/2242% by TRIM32), Lys'!
linkage (Lys'> by RNF26), and Lys*’ linkage (Lys'*”/!7%/224/23¢ by
AMFR) (2-5, 20-23, 28-32). However, Lys®, Lys®, and Lys™ types
of STING polyubiquitinations have not been reported. Our study
identifies a previously unidentified type of STING polyubiquiti-
nation, Lys®-linked polyubiquitination. Whether this type of ubiq-
uitylation is related or specific to ERAD is not clear and awaits
further studies. Lys" (Lys*® in human) is the first Lys residue in
STING located just before the first TM- of STING. TRIM32 catalyzes
Lys®-linked polyubiquitination on this residue and facilitates
STING interaction with TBK1 (29). TRIM13 catalyzes Lys® linkage
on Lys' of STING and directs STING for degradation, leading to
inhibited STING activation instead. TRIM13 is structurally alike to
RNFS5 in containing TM-, and both are of abundant expression in
macrophages. RNF5 can be localized in both ER and mitochondria
and mediates RNA virus-induced degradation of STING and MAVS
(mitochondrial antiviral signaling protein) while its role in innate
anti-DNA virus has not been verified (20, 63). RNF5 has also been
implicated in ERAD of STING (64). Previously, TRIM13 has been
reported to inhibit RNA virus-induced inflammatory response
possibly through MDA-5 (40). Whether TRIM13 regulates anti-RNA
virus innate response through ERAD may warrant future investiga-
tions. Therefore, TRIM13 catalyzes a previously unidentified type
of STING polyubiquitination, which serves as a negative mecha-
nism for controlling STING activation.

In summary, our study has provided genetic evidence for the
critical role of TRIM13 in retraining STING activation in response to
pathogenic DNAs. The Lys®-linked polyubiquitination of STING by
TRIM13 serves as an important marker for STING degradation, pro-
viding a potential brake for STING activation. TRIM13 deficiency-
associated age-related autoinflammation strongly encourages further
exploration into the potential significance of TRIM13 in human
autoinflammatory and autoimmune diseases.

MATERIALS AND METHODS

Mice and cells

All animal experiments were undertaken in accordance with the
National Institute of Health Guide for the Care and Use of Laboratory
Animals, with the approval of the Scientific Investigation Board
of the Second Military Medical University, Shanghai. C57BL/6
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(H-2K®) WT mice (6 to 8 weeks of age) were purchased from Joint
Ventures Sipper BK Experimental Animal (Shanghai, China). The
Trim13 conditional knockout mice were established by using a
recombinant strategy through replacing exon 3 of Trim13 with inser-
tion of LoxP sequence at both ends with the assistance of the Shanghai
Model Organisms Center Inc. (Shanghai, China) as described (65, 66)
and were backcrossed with C57BL/6 mice for more than six genera-
tions. The Trim13"/** mice were crossed with EITA-Cre mice or
Lyz-Cre mice to create complete knockout or myeloid-specific
knockout mice for experiments. The C57BL/6N-Sting] ™ cyagen
(Sting™™ mice; strain code KOCMP-72512-Sting1-B6N-VA) were
purchased from Cyagen (Guangdong, China). For genotyping of
mice, tail DNA was extracted, and PCR was performed as described
(65, 66). The genotyping primer sequences and the standards are
described in table S2.

The HeLa, HEK293T, and RAW264.7 cells were obtained from
and authenticated by the American Type Culture Collection (ATCC;
Manassas, VA) and were cultured as suggested by the supplier. PMs
and BMDMs were prepared and cultured as described previously
(42, 65, 66). For the isolation of AMs from murine BALFs, after per-
fusion of the lung by injecting 10 ml of ice-cold phosphate-buffered
saline (PBS) into the right ventricle for three times, the BALFs were
collected (1 ml each time for a total of 10 times). Then, the cells in
BALFs were obtained by centrifugation at 300g for 10 min. After
adhesion on plastic dishes for 2 hours, the nonadherent cells were
washed off, while the remaining adherent cells were taken as AMs
[more than 90% of the cells were F4/80 positive as examined by
FACS (fluorescence-activated cell sorting)]. For the depletion of
mouse STING in RAW264.7 cells, pc3-U6-guide RNA-CMV-RED
(encoding guiding RNA and RFP) and Cas9-IRES-EGFP [encoding
Cas9 and green fluorescent protein (GFP)] plasmids (gifts from the
Shanghai Model Organisms Center Inc., Shanghai, China) were
cotransfected into RAW264.7 cells as described (42). Cells with both
red and green fluorescence were then sorted by using the Gallios
Flow Cytometer (Beckman Coulter, Brea, CA). Sorted cells were
cultured for 3 to 5 days, and clones propagated from single cell were
picked out. Three target sequences for guiding RNA synthesis
against Sting were designed (table S2). The embryonic day 13.5 (E13.5)
MEFs derived from Trim13"* or Trim13™~ mice were prepared as
described previously (67).

Antibodies, reagents, and viruses

The antibodies and major reagents used in this study are listed in
table S3. HSV-1 (F strain; a gift from Q. Li, Chinese Academy of
Medical Sciences, China) and VACV (ATCC, Manassas, VA) were
propagated in the monolayer of Vero cells. For infection in vitro, cells
were infected with HSV-1 [multiplicity of infection (MOI) = 5] or
VACV (MOI = 5), respectively. Poly (dA:dT) (5 ug/ml) and 3',3'-cGAMP
(5 pg/ml) were from InvivoGen (San Diego, California). Other non-
specified reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Plasmids, transfection, and RNA interference

The recombinant vectors encoding mouse TRIM13 (GenBank,
no. NM_001164220.1) and STING (GenBank, no. NM_028261.1)
as well as the indicated mutations were constructed as described
(42, 65, 66). For transient transfection of plasmids in RAW264.7
and HEK293T cells, the X-tremeGENE HP reagents were used
according to the manufacturer’s instructions (Roche, Welwyn Garden
City, UK). For transient knockdown of Trim13, three siRNA
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duplexes for mouse or human Trim13 were synthesized (table S2)
and transfected using the INTERFERin-HTS according to the stan-
dard protocol (Polyplus-transfection Company, Illkirch, France). The
siRNA duplexes specific for Sting (sc-154411) and p62 (sc-35233)
were obtained from Santa Cruz Biotechnology (Dallas, TX). siRNA
sequences specific for Ruf5, Trim29, and Trim30a are listed in table
S2. The nonsense sequence 5'-TTCTCCGAACGTGTCACG-3’ was
used as control siRNA.

Quantitative polymerase chain reaction

Total cellular RNA was extracted using TRIzol reagent (Invitrogen
Corporation, CA, USA), and cDNA was synthesized by using the AMV
(avian myeloblastosis virus) Reverse Transcriptase Kit (Promega,
Madison, WI). The mRNA quantification methods were as described
(42, 65, 66). The primer sequences are listed in table S2.

Enzyme-linked immunosorbent assay of cytokines
Enzyme-linked immunosorbent assay (ELISA) kits for mouse IFNB,
TNF, and IL-6 were from R&D Systems (Minneapolis, MN). The
concentrations of cytokines in the culture supernatants or serum
were determined as recommended by the manufacturer.

Nanospray LC-tandem mass spectrometry

The identification of the TRIM13-associated proteins was performed
as described previously (42, 65, 66). The nano-ultraperformance LC
electrospray ionization tandem mass spectrometry was performed
by the Beijing Genomics Institute (Beijing, China).

Luciferase assays

The NF-xB and Ifnb luciferase reporter plasmids were obtained
from Panomics of Affymetrix (Santa Clara, CA). Luciferase activi-
ties were measured with the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI). The determination of reporter transacti-
vation was performed as described previously (42, 66).

IP and immunoblot

The IP using anti-TRIM13, anti-STING, anti-Flag, or anti-Myc
antibodies and the immunoblot assays were performed as described
previously (42, 66). The quantification of protein bands from
Western blotting was performed using the Image] software.

Immunofluorescence confocal microscopy

RAW264.7 cells, MEFs, or HeLa cells seeded on cover sliders were
transiently cotransfected with TRIM13-RFP or STING-GFP vectors
for 48 hours. Samples were washed briefly in PBS and fixed in 4%
paraformaldehyde. For colocalization assays of TRIM13 or STING
with organelle markers, cells were permeabilized in blocking buffer
containing 0.5% saponin and then sequentially stained with anti-KDEL,
EEA1, TOM20 or Golgi 58K, and Oregon Green 488-conjugated
secondary antibody. Upon confocal microscopy, cells were immedi-
ately stained with DAPI (4',6-diamidino-2-phenylindole) (10 ng/ml)
and covered by cover glasses. Images were obtained with a laser
scanning confocal microscope (Leica TCS SP8) and analyzed by the
LAS X software version 2.0.2.15022.

Polyubiquitination assays

For the examination of polyubiquitination of STING, cells were
lysed in stringent lysis buffer supplemented with 1% Triton X-100,
1% NP-40, and 300 mM NaCl. Lysates were denatured by heat in

16 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

1% SDS, followed by IP with anti-STING antibody and protein A/G
beads. The pellets were extensively washed for four times with the
lysis buffer. Then, the final pellets were resolved in SDS sample
buffer, and the ubiquitination of STING was examined by Western
blot (42, 66).

ERisolation

The ER fractions were purified using the Endoplasmic Reticulum
Isolation Kit (#£ER0100, Sigma-Aldrich) as recommended and as
described (68). BMDMs, MEFs, or RAW264.7 cells from five 15-cm
dishes were collected and homogenized by passing through a
22-gauge needle until ~85% lysis. The homogenates were centrifuged
sequentially at 1000g for 10 min, at 12,000¢ for 15 min, and at
100,000g for 1 hour. The pellets (crude microsome) were resus-
pended in 1x isotonic extraction buffer [10 mM Hepes (pH 7.8),
250 mM sucrose, 25 mM potassium chloride, and 1 mM EGTA]
and were loaded onto a 15 to 23% OptiPrep gradient and ultra-
centrifuged for 18 hours at 80,000g. Immunoblotting was applied to
identify the fraction(s) most enriched for ER. For quality control,
calnexin was used as positive control, while TOM20, EEA1, and
Golgi 58K were used as negative control.

Animal models and manipulations

Age- and gender-matched mice with indicated genotype were used
to establish animal models. For in vivo infection with pathogens, mice
were intraperitoneally injected with 100 ul of PBS containing 2 x 10°
or 5 x 10® PFUs of HSV-1. To mimic the neural infection of HSV-1,
100 ul of PBS containing 2 x 10° PFUs of HSV-1 was intravenously
injected via tail vein. The microbe titers in the liver, spleen, lung, and
brain were determined by qPCR assays of Icp0 mRNA of HSV-1
or by plaque formation assays as described previously (42, 65).

For the examination of inflammation in organs, mice were anes-
thetized intraperitoneally with pentobarbital (50 mg/kg), extracted
for blood from the eyeballs, euthanized by cervical dislocation, and
flushed via the right ventricle with 15 ml of sterile PBS. The liver,
lung, kidney, brain, and heart were excised, fixed in 4% formalin,
embedded in paraffin, cut into 4-um sections, affixed onto glass
slides, deparaffinized, and stained with H&E. Peribronchial and
perivascular inflammation were scored by counting the number of
inflammatory cell foci (>30 cells per site) on each slide under x2
magnification of light microscopy. The immune cell subsets in the
foci were characterized by immunofluorescence microscopy as
described previously (66), and the fluorescent antibodies are listed
in table S3. To treat the autoinflammation, the 10-month-old
Trim13™~ mice were intraperitoneally injected with 300 nmol of
C-176 in 150 pl of corn oil or corn oil alone daily for 10 days.

To explore the potential linkage between TRIM13 and auto-
immune symptoms, the serum levels of IgG and IgM were quanti-
fied by using mouse IgM (ab133047) and IgG (ab151276) ELISA kit
from Abcam (Cambridge, MA) as recommended. Autoantibodies
against ANA (ABIN772680) and dsDNA (ABIN627743) in serum
were measured by using ELISA kit from Antibodies-online Ltd.
(Aachen, Germany).

For the dsDNA immunization experiments, 8-week-old mice
with indicated genotypes were immunized subcutaneously with
genomic DNA (50 mg per mouse; derived from apoptotic thymocytes
after 10 uM dexamethasone treatments for 48 hours) plus Freund’s
complete adjuvant (Sigma-Aldrich) on day 1, followed by subcuta-
neous injection of apoptotic thymocyte DNA (50 mg per mouse)
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emulsified with incomplete Freund’s adjuvant (Sigma-Aldrich) on
days 14 and 28 for a total of two boosts. Serum samples were col-
lected 7 days later for ELISA assays of anti-dsDNA antibody.

Statistical analysis

All the experiments were independently repeated at least two or
three times. Results are given as means + SE or means + SD. Sample
sizes were chosen by standard methods to ensure adequate power
and no exclusion. Comparisons between two groups were done using
two-tail unpaired Student’s ¢ test. Multiple comparisons were done
with one-way analysis of variance (ANOVA) followed by Bonferroni
multiple comparisons. The survival of mice was monitored by Kaplan
and Meier method and analyzed by log-rank test. Statistical signifi-
cance was determined as P < 0.05. All the statistics were performed
using the software GraphPad Prism 7.0.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh0496

View/request a protocol for this paper from Bio-protocol.
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