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ABSTRACT

The excessive activation of immune responses will trigger autoimmune diseases or inflammatory
injury. The endosomal sorting complexes required for transport (ESCRT) system can capture and
mediate ubiquitinated protein degradation, which timely terminates signaling pathway hyperactiva-
tion. However, whether the ESCRT system participates in regulating RIGI-like receptor (RLR)-mediated
antiviral responses remains unknown. In this study, we show that LTN1/listerin, a major component
of RQC, can recruit E3 ubiquitin ligase TRIM27 to trigger K63-linked polyubiquitination of RIGI and
IFIH1/MDA5. This Ké3-linked polyubiquitination facilitates the sorting and degradation of RIGI and
IFIH1 proteins through the ESCRT-dependent pathway. Concordantly, LTN1 deficiency enhances the
innate antiviral response to infection with RNA viruses. Thus, our work uncovers a new mechanism
for RIGI and IFIH1 degradation and identifies the role of LTN1 in negatively regulating RLR-mediated
antiviral innate immunity, which may provide new targets for the intervention of viral infection.

Abbreviation: 5'-pppRNA: 5’ triphosphate double stranded RNA; ATG5: autophagy related 5; ATG7:
autophagy related 7; BafA1: bafilomycin A;; ESCRT: endosomal sorting complexes required for
transport; CHX: cycloheximide; IFIH1/MDA5: interferon induced with helicase C domain 1; IFN:
interferon; PIK3C3/VPS34: phosphatidylinositol 3-kinase catalytic subunit type 3; RIGI: RNA sensor RIG-
I; RLR: RIGI-like receptors; RQC: ribosome-associated protein quality control; SeV: Sendai virus; TRIM27:
tripartite motif-containing 27; VSV: vesicular stomatitis virus; VPS4: vacuolar protein sorting 4.
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Introduction cytoplasm, RIGI and IFIH1 then interact with the crucial adap-

Viral infectious diseases seriously endanger human survival
and health, especially RNA viruses such as influenza virus and
SARS-CoV-2 that have triggered epidemics in recent years
[1,2]. The recent coronavirus disease 2019 (COVID-19)
caused by SARS-CoV-2 has posed a great threat to human
life and health. The virus is contagious, highly lethal, involves
multiple organ system damage, causes a potentially fatal sys-
temic disease, and has no specific drug, posing a challenge to
countless countries and organizations around the world [3,4].
More than 770 million cases and 6.9 million deaths have been
reported associated with COVID-19 (Available from: https://
covid19.who.int/). Therefore, it is urgent to more comprehen-
sively reveal how the host immune system fights viral infec-
tions and to develop key strategies to combat them.

Host immune surveillance systems detect viral nucleic acids
by pattern recognition receptors (PRRs) [5]. RIGI (RNA sensor
RIG-I)-like receptors (RLRs) are cytoplasmic RNA helicases that
are responsible for the rapid recognition of virus RNA [6].
Specifically, after recognizing viral-derived RNA in the

tor MAVS (mitochondrial antiviral signaling protein) to trans-
mit viral signals. MAVS then rapidly forms prion-like aggregates
mediates on mitochondria to trigger the activation of the down-
stream effectors TBK1 (TANK-binding kinase 1) and IRF3
(interferon regulatory factor 3) which further induces the pro-
duction of type I interferons (IFNs) and interferon-stimulated
genes (ISGs) [7]. The IFNs responses are critical to innate anti-
viral immunity [8]. However, inappropriate immune reactions
will contribute to immune-related tissue injury or autoimmune
diseases [9]. Therefore, strict regulation of RLR signaling is
essential to ensure successful virus elimination without detri-
mental immunopathology.

The endosomal sorting complexes required for transport
(ESCRT) system, required for transport, captures ubiquiti-
nated proteins and sequesters them into intralumenal vesicles
in late endosomes. These vesicles mature into multivesicular
bodies/MVBs, which eventually fuse with lysosomes for pro-
tein degradation [10]. The ESCRT pathway comprises five key
complexes: ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III
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complexes, and VPS4 (vacuolar protein sorting 4) [11].
ESCRT-0 [12], -I [13] and -II [14] complexes interact with
proteins tagged with ubiquitin, clustering them in a specific
membrane domain that undergoes invagination to form
a luminal vesicle. Meanwhile, ESCRT-III forms the helical
structure to seclude cargos, facilitating the curvature of the
membrane toward the lumen [15]. Finally, ESCRT-III and
VPS4 modify and split the membrane, recycling into the
cytoplasm [16]. Two recent studies reported that ubiquiti-
nated STINGI (stimulator of interferon response cGAMP
interactor 1) can be trafficked to the endosome for degrada-
tion in an ESCRT-dependent mechanism [17,18], which sug-
gests that the ESCRT complex could potentially regulate the
innate antiviral signaling. However, the involvement of
ESCRT systems in the degradation of RLRs is currently
unknown.

Hijacking the host protein synthesis machinery to achieve
large-scale virus production is one of the most common
characteristics of viral infection. This process increases the
probability of host ribosome stagnation and collision, leading
to an imbalance of host protein synthesis homeostasis and
triggering the activation of the ribosome-associated protein
quality control (RQC) system [19]. The E3 ubiquitin ligase
LTNI (listerin E3 ubiquitin protein ligase 1) plays an impor-
tant role in the RQC system. LTN1 binds to ribosomes and
promotes the degradation of incomplete nascent polypeptides
tagged with the ubiquitin through the proteasome pathway
[20,21]. However, the role and mechanism of LTNI1 in anti-
viral innate immunity are still unclear. In this study, we show
that LTN1 can recruit E3 ubiquitin ligase TRIM27 to trigger
K63-linked polyubiquitination of RIGI and IFIH1. This K63-
linked polyubiquitination facilitates the sorting and degrada-
tion of RIGI and IFIH1 proteins through the ESCRT-
dependent pathway. LTN1 deficiency promotes the innate
antiviral response to infection with RNA viruses both
in vitro and in vivo. Thus, our work uncovers a new mechan-
ism for RIGI and IFIHI degradation and a previously
unknown function for LTN1 in negative regulation of anti-
viral innate immunity. This emphasizes the translational
potential of targeting this pathway in virus invasion.

Results
LTN1 inhibits RLR-induced innate immune response

To investigate the role of LTNI in innate immunity, we
created the small interfering RNA (siRNA) to silence for the
mouse Ltnl gene and performed the knockdown assays in
peritoneal macrophages. mRNA and protein expression of
LTN1 were efficiently knocked down, as measured by qPCR
and western blotting analysis, respectively (Figure S1A). We
then infected the macrophages with SeV or stimulated them
with nucleic acid ligands, including the RNA mimics 5'-
ppPRNA and HMW poly(I:C). We observed that Ifnbl
expression was upregulated in the LTN1-knockdown group
compared to the control siRNA group upon SeV infection, as
well as 5-pppRNA or HMW poly(I:C) transfection (Figure
S1B). The IFNB secretion induced by infection with SeV, as
well as stimulation with 5'-pppRNA and HMW poly(I:C), was
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also enhanced following the knockdown of LTN1 in macro-
phages (Figure S1C). We also transfected siRNA specific to
human LTNI into THP-1 cells, a human monocyte cell line
(Figure S1D). Knockdown of LTN1 in THP-1 cells signifi-
cantly elevated IFNBI and IFNA4 mRNA expression follow-
ing infection with SeV or transfection with 5-pppRNA
(Figure S1E, F). We further explored the function of LTN1
in HEK293T cells with LTN1 overexpression, and found that
overexpression of LTN1 decreased IFNBI mRNA after infec-
tion with SeV (Figure S1G). The immune response induced by
SeV or EMCYV infection or transfection of the RNA mimics 5'-
pppRNA was predominantly initiated through the RLRs/
MAVS pathway. Thus, our data suggest that LTN1 May
negatively regulate antiviral innate immune responses
mediated by RLRs.

To further verify the role of LTNI1 in the regulation of
IFNB production, we generated myeloid-specific Ltnl-
deficient mice (Itn1""Lyz2-Cre) using the Cre/loxP technique.
Mice with Ltnl loxP stie was hybridized with Lyz2-Cre trans-
genic mice, in which exon 3-5 of Ltnl was specifically deleted
by Cre recombinase expression on bone marrow cell-specific
promoter Lyz (Figure 1A). We demonstrated that the protein
level of LTN1 was obviously downregulated in peritoneal
macrophages and bone marrow-derived macrophages
(BMDMs) cultured from ltnlﬂ/ﬂLyZZ—Cre mice (Figure 1B).
We then found that the Ifnbl and Ifna4 mRNA levels were
enhanced in Ltnl-deficient peritoneal macrophages than that
in wild-type macrophages upon infection with SeV, as well as
stimulation with 5-pppRNA and infection with EMCV
(Figure 1C-E). We further observed accordingly higher
IFNB secretion in macrophages from Itn1""Lyz2-Cre mice
than in those from wild-type mice (Figure 1F). The mRNA
levels of Ifnbl, Ifna4 and Il6 were also increased in Ltnl-
deficient BMDMs infected with SeV or stimulated with 5'-
pppRNA and infected with EMCV (Figure S2A, B and C). We
also established a LTNI-knockout HeLa cell line through the
CRISPR-Cas9 system and found that knockout of LTNI in
HeLa cells increased IFNBI production after SeV infection
(Figure 1G).

IENB plays a crucial role in innate antiviral immunity.
Therefore, it was necessary to investigate the role of LTN1
in antiviral responses using the VSV virus. We prepared
primary macrophages and transfected them with LTNI
siRNA or control siRNA, followed by infection with VSV.
Results showed that the siRNA knockdown of LTNI1
expression increased VSV infection-induced Ifnbl mRNA
levels. In contrast, the VSV replication was greatly
decreased, as evidenced by lower viral mRNA levels and
titers (Figure S3A). Similarly, the deficiency of LTN1 in
THP-1 cells also promoted VSV infection-induced IFNBI
expression, while VSV replication was decreased in the
LTNI1 knockdown group compared to the siRNA control
group (Figure S3B). We further prepared peritoneal macro-
phages from Ltn1™™ and 1tn1™" Lyz2-Cre mice followed by
infection with VSV and we found that LTNI deficiency
increased VSV infection-induced IFNB secretion, while
attenuated VSV replication (Figure 1H,I). Overexpression
of LTNI1 in HEK293T cells resulted in decreased IFNB
secretion and increased VSV mRNA and viral titer after
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Figure 1. LTN1 negatively regulates cytosolic RNA-induced activation of innate immunity. (A) schematic description of myeloid lineage-specific Ltn7-knockout mice. (B)
immunoblot analysis of LTN1 protein in peritoneal macrophages (PMs) and bone marrow derived macrophages (BMDM:s). (C-E) qPCR analysis of Ifnb1, Ifna4 mRNA in
peritoneal macrophages from LtnT" and ltnl"’ﬂLyzz-Cre mice infected with SeV (C) or EMCV (E) for 0-12 h or transfected with 5'-pppRNA (D) for 0-6 h. (F) ELISA
quantification of IFNB secretion in peritoneal macrophages from Ltn1" and Itnlﬂ/ﬂLyZZ—Cre mice treated as in (C-E), mock, control (no stimulation). (G) gPCR analysis of IFNB1
mRNA in wild-type Hela cells (sgCtrl) and LTN7-knockout Hela cells (sgLTN7) infected with SeV for 0-12 h. (H) secretion of IFNB measured by ELISA, VSV RNA measured by
gPCR or VSV titers measured by plaque assay in Ltn1™" and Itn1ﬂ/f'Ly22—Cre peritoneal macrophages infected with VSV for 12 h. (I) immunoblot analysis of VSVG in Ltn1™" and
Itniﬂ/"LyZZ-Cre peritoneal macrophages infected with VSV for 0-12 h. (J) Flag-LTN1 and control plasmid (Ctrl vector) were transfected in HEK293T cells followed by infection
with VSV, secretion of IFNB, VSV RNA, VSV titers were determined. (K) HEK293T cells were transfected as in (J), VSV-GFP replication were determined by fluorescence
microscopy (bright-field, upper; fluorescence, bottom. Scale bars: 100 um) and flow cytometry analysis of the replication of GFP-VSV in HEK293T cells transfected as in (J) for
20 h, stimulated with VSV-GFP for 16 h, bars: 100 pm. (L, M) immunoblot analysis of phosphorylated (p-) and total IRF3 and TBK1 in lysates of LtnT™" and Itnlﬂ/ﬂLyzz—Cre
peritoneal macrophages infected with SeV (L) or EMCV (M) for 0, 4, 8 h. Data are from three independent experiments (C-H, J, mean = S.D. of triplicate assays) or are

representative of three independent experiments with similar results. *P < 0.05, **P < 0.01, Student's t-test.

infection with VSV virus (Figure 1]). Moreover, we used
the GFP-VSV virus to infect HEK293T cells, and found
increased levels of GFP-VSV in LTN1 overexpressing
HEK293T cells (Figure 1K). These data indicate that
LTN1 negatively regulates IFNB production triggered by
RNA viruses, which facilitates the replication and escape
of viruses.

To explore the role of LTN1 in RLR-mediated signaling,
we detected that the phosphorylation of TBK1 and IRF3 was
greater in macrophages from Itn1""Lyz2-Cre mice than in
macrophages from Ltn1™" mice after infection with SeV or
EMVC (Figure 1L,M). Furthermore, the knocking out of
LTN1 increased the phosphorylation of IRF3 and TBKI in
BMDMs from Itn1"Lyz2-Cre mice than that from Ltn1™"
mice after infection with SeV or EMVC (Figure S2D, E).
Taken together, these data demonstrate that LTN1 negatively
regulates RLRs-induced IFNB signaling to facilitate RNA virus
infection.

LTN1 targets RIGI-IFIH1 and decreases their protein levels

To reveal the molecular mechanisms by which LTN1 inhi-
bits RLR-mediated immunity, we first evaluated the effects
of LTNI1 on IFNBI expression in HEK293T cells mediated
by key molecules in the RLR signaling pathway. We found
that overexpression of Flag-LTN1 conspicuously decreased
IFNB1 mRNA expression in HEK293T cells transfected with
RIG-IN or IFIHI, but not in cells transfected with MAVS,
TBK1 or IRF3-5D (Figure 2A). These data indicate that
LTN1 May target RIGI and IFIH1 in RLR signaling to
regulate IFNB production and the antiviral response.
Consistently, co-immunoprecipitation assays further showed
that endogenous LTN1 formed complexes with RIGI or
[FIH1 upon infection with SeV or EMCV in peritoneal
macrophages (Figure 2B). Furthermore, confocal micro-
scopy showed that LTN1 was co-localized with RIGI or
IFIH1 (Figure 2C).
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Figure 2. LTN1 targets RIGI-IFIH1 and decreases their protein levels. (A) qPCR analysis of IFNBT mRNA in HEK293T cells transfected for 24 h with control plasmid or

plasmid expressing Flag-LTN1 together with expression plasmids for the RIGI
immunoprecipitation and immunoblot analysis of LTN1 and RIGI (left) infected

N-terminal 2CARD (RIGIN), IFIH1, MAVS, TBK1, IRF3-5D (horizontal axes). (B)
with SeV or LTN1 and IFIH1 (right) infected with EMCV in mouse peritoneal

macrophages for 0, 4, 8 h. (C) Flag- and MYC-specific immunostaining of HEK293T cells transfected with Flag-LTN1 and MYC-RIGI or MYC-IFIH1. Scale bars: 20 um. (D)
MYC-RIGI, MYC-IFIH1, HA-MAVS, HA-TBK1 were transfected into HEK293T cells together with gradient amount of Flag-LTN1, the protein levels of RIGI or IFIHT were
detected by immunoblot. (E) immunoblot analysis of innate signaling proteins in Ltn1™" and ItnIf"f'Lyzz-Cre peritoneal macrophages infected with SeV for indicated
times. (F) immunoblot analysis of innate signaling proteins in Ltn1"™ and /tn1"MLyz2-Cre peritoneal macrophages infected with SeV for 8 h, and then treated with the
protein synthesis inhibitor CHX for the indicated times. (G) quantification analysis of proteins degradation kinetics in (F). Data are from three independent
experiments (A, G, mean + S.D. of triplicate assays) or are representative of three independent experiments with similar results. *P < 0.05, **P < 0.01, Student’s t-test.

Considering the negative regulation of antiviral immunity
by LTN1, we speculated that LTN1 May directly regulate the
protein expression of RIGI or IFIH1. Therefore, we evaluated
the expression of key molecules in the RLR signaling pathway
upon LTNI1 overexpression. MYC-RIGI, MYC-IFIH1, HA-
MAVS and HA-TBK1 plasmids were co-transfected with
Flag-LTN1 plasmid into HEK293T cells. We found the pro-
tein level of RIGI and IFIHI was decreased in a dose-
dependent manner by the exogenous expression of LTN1
(Figure 2D). In contrast, no such phenomenon was observed
for the adaptor proteins MAVS or TBK1 (Figure 2D).
Furthermore, we observed higher protein expression of RIGI
and IFIH1 in the macrophages from Itn1""Lyz2-Cre mice

after infection with SeV compared to macrophages from
Ltn1™ mice (Figure 2E). While, the protein expression of
MAVS, TBK1 and IRF3 was comparable between macro-
phages from Itn1""Lyz2-Cre mice and macrophages from
Ltn1™™ mice (Figure 2E). Together, these data suggest that
LTNT1 interacts with RIGI and IFIH1 and affects their protein
expression.

To investigate how LTN1 regulates RIGI and IFIH1 pro-
tein expression, peritoneal macrophages were first infected
with SeV for 8h, followed by treatment with the protein
synthesis inhibitor cycloheximide (CHX) for different times.
We then measured the protein degradation rate of various
proteins in the RLR signaling pathway. We observed a delay
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in the degradation of RIGI and IFIH1 proteins in Ltnl-
deficient peritoneal macrophages. However, we found no
differences in the degradation of MAVS, TBKI1, or IRF3
proteins between macrophages from Itn1""Lyz2-Cre mice
and those from Ltn1™" mice (Figure 2F,G). Taken together,
these results indicate that LTN1 May target RIGI and IFIH1
for degradation to regulate innate immunity.

LTN1 promotes the degradation of RIGI and IFIH1
through BECN1/PIK3C3 complex Il independent of the
conventional autophagy

To determine how LTNI mediates the degradation of RIGI
and IFIH1 proteins, we tested various inhibitors commonly
used to study protein degradation. We found that LTN1-
induced RIGI and IFIH1 degradation could be blocked by
a specific vacuolar-type H'-translocating ATPase/V-ATPase
inhibitor bafilomycin A; (BafAl) or autophagy inhibitors
3-methyladenine (3-MA) and wortmannin, but not by protea-
some inhibitor MG132, indicating that LTN1 May promote
RIGI and IFIH1 degradation through the autophagic pro-
cesses (Figure 3A). BECNI1 (beclin 1, autophagy related),
ATGS5 and ATG?7 are core subunits regulating the autophagy
pathway [22]. We then constructed BECNI, ATG5- and
ATG7-knockout HEK293T cells using the CRISPR-Cas9 sys-
tem. We found that LTN1-mediated degradation of RIGI and
IFIH1 proteins was completely reversed in BECNI-knockout
cells (Figure 3B). However, the degradation of RIGI and
IFIH1 proteins remained unchanged after the knockout of
ATGS5 and ATG7 (Figure S4A, B). We investigated the role
of selective autophagy and chaperone-mediated autophagy in
LTNI-mediated degradation by using SQSTM1/p62- and
CALCOCO2/NDP52-knockout cells, and LAMP2 knockdown
cells. Despite the absence or downregulation of these proteins,
LTN1 still promoted the degradation of RIGI and IFIH1
(Figure S4C, D and E).

BECN1 mainly forms two complexes in cells. Complex I is
composed of the ATGI14-BECNI1-PIK3C3/VPS34-PIK3R4
/VPS15, which is active on autophagosomes and participates
in the nucleation process of autophagy. Complex II is com-
posed of UVRAG-BECNI1-PIK3C3-PIK3R4, which is mainly
active in endocytic pathways through co-localizing with endo-
lysosomal compartments [23]. PIK3C3 is the only class III
phosphatidylinositol 3-kinase/PtdIns3K found in both com-
plexes I and II. It phosphorylates phosphatidylinositol to
produce phosphatidylinositol 3-phosphate, which regulates
various biological processes, including cell growth and devel-
opment, energy metabolism, and tumor progression. Our
above data showed that phosphatidylinositol 3-kinase inhibi-
tors 3-MA and wortmannin can block the LTNI1-mediated
degradation of RIGI and IFIHI1. Thus, we speculate that
PIK3C3 May participate in the LTNI1-mediated degradation
of the two receptors. To confirm this conclusion, we used
CRISPR-Cas9 to knock out PIK3C3 in HEK293T cells and
found that the LTN1-mediated degradation of the two recep-
tors were completely inhibited in the PIK3C3-knockout cells
(Figure 3C). To further investigate the role of PIK3C3, we
utilized SAR405, a specific inhibitor for PIK3C3. Consistent
with the findings in Figure 3C, SAR405 blocked the

degradation of RIGI and IFIHI1 proteins (Figure S4F). These
data suggest that LTN1 promotes the degradation of RIGI and
IFIH1 through BECN1-PIK3C3 complex II in an autophagy-
independent manner.

LTN1 promotes the degradation of RIGI and IFIH1
through the ESCRT pathway

The BECN1-PIK3C3 complex II is active in the endocytic
pathway through its co-localization with the endolysosomal
compartment. Phosphatidylinositol 3-phosphate produced
by PIK3C3 is enriched in early endosomes and can be
identified by the HGS/HRS protein of ESCRT-0 in the
ESCRT mechanism by anchoring the FYVE domain of
ESCRT in the endosome. The ESCRT mechanism sorts ubi-
quitinated cargos within the endosomal chamber and
packages them into vesicles that enter the endosomal
lumen for eventual degradation. The ESCRT system consists
of ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. ESCRT-0
includes HGS and STAM, which are crucial for sorting
ubiquitinated cargos into endosomes. VPS4 remodels and
cuts membranes, resulting in membrane tube formation
and ultimately, membrane slicing. Thus, we next examined
whether LTN1 promotes the degradation of RIGI and IFIH1
through the ESCRT system in endosomes by disturbing
some key compartments of ESCRT.

To test the hypothesis, we used a siRNA mixture to simul-
taneously target HGS, STAM, and STAM?2 and disrupt the
ESCRT-0 in HEK293T cells. Our findings indicate that LTN1-
mediated degradation of RIGI and IFIH1 were abolished in
HEK293T cells following siRNA knockdown of ESCRT-0
subunits (Figure S5A). We further constructed a HGS-
knockout cell line and found that LTN1 completely lost its
role in promoting the degradation of RIGI and IFIH1 in HGS-
knockout HEK293T cells (Figure 3D). VPS4 is known to
interact with ESCRT-III to promote the biogenesis of intra-
luminal vesicles and the formation of multivesicular endo-
somes, where ubiquitinated cargos are degraded.
Consistently, we found that the LTN1-mediated degradation
of RIGI and IFIHI1 was similarly abolished in HEK293T cells
following VPS4 siRNA knockdown (Figure S5B).

To obtain direct evidence for the internalization of RIGI
and IFIH1 by LTN1 into acidic multivesicular bodies, we
constructed an expression vector of GFP-mCherry-RIGI and -
IFIHI1, in which the green fluorescence of GFP quenches
easily in an acidic environment, whereas the red fluorescence
of mCherry is more stable. We transfected the vectors for
GFP-mCherry-RIGI and -IFIH1 into HEK293T cells together
with the LTNI plasmid. Live cell time-lapse imaging showed
a decrease in the green fluorescence of RIGI and IFIHI, as
well as a slight decrease in the red fluorescence. In contrast,
HEK293T cells transfected with control vector did not exhibit
reduced green fluorescence, indicating that LTN1 specifically
facilitates the internalization of RIGI and IFIH1 into acidic
endosomes (Figure 3E). Importantly, the disappearance of
GFP fluorescence was not observed in HGS-knockout cells
(Figure 3F). Together, these data suggest that the ESCRT
system is responsible for the degradation of RIGI and IFIH1
mediated by LTN1 in endosomes.
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Figure 3. LTN1 promotes the degradation of RIGI and IFIHT through BECN1- PIK3C3 complex Il independent of conventional autophagy. (A) HA-RIGI or MYC-IFIH1
was transfected into HEK293T cells together with Flag-LTN1, followed by treatment with MG132 (10 pM), BafA1 (0.5 uM), wortmannin (10 uM) or 3-methyladenine
(10 mM) for 10 h. The protein levels of RIGI or IFIH1 were detected by immunoblot analysis. (B) HA-RIGI or MYC-IFIH1 was transfected into BECN1-knockout HEK293T
cells (sgBECNT) together with gradient amount of Flag-LTN1, the protein levels of BECN1, RIGI or IFIH1 were detected by immunoblot analysis. (C) HA-RIGI or MYC-
IFIH1 was transfected into PIK3C3-knockout HEK293T cells (sgPIK3C3) together with gradient amount of Flag-LTN1, the protein levels of PIK3C3, RIGI or IFIH1 were
detected by immunoblot analysis. (D) HA-RIGI or MYC-IFIH1 was transfected into HGS-knockout HEK293T cells (sgHGS) together with gradient amount of Flag-LTN1,
the protein levels of HGS, RIGI or IFIH1 were detected by immunoblot analysis. (E) GFP-mCherry-RIGI or GFP-mCherry-IFIH1 was transfected into HEK293T cells
together with LTN1 plasmid or control plasmid. Representative confocal time lapse images every 6 min and quantitation of green and red fluorescence for RIGI and
IFIH1 expression. (F) GFP-mCherry-RIGI or GFP-mCherry-IFIH1 was transfected into HGS-knockout HEK293T cells (sgHGS) or wild type HEK293T cells (sgCtrl) together
with LTN1 plasmid. Representative confocal time lapse images every 6 min and quantitation of green and red fluorescence for RIGI and IFIH1 expression. Data are

representative of three independent experiments with similar results.

1513-1762), a HEAT repeat-containing domain (amino
acids 59-1512), and an N-terminal domain (amino acids 1-
58). To investigate the functional domain that contributes to
LTN1-mediated antiviral immunity, we generated several
mutant plasmids including a point mutation LTN1 (C/A), in

LTN1 promotes K63-linked polyubiquitination on RIGI
and IFIH1 independent of its E3 ligase activity

LTN1 is a RING-type E3 ubiquitin ligase involved in ubiqui-
tination modification of aberrant nascent chains [24]. Cargos
sorting into endosomes through ESCRT are predominantly

tagged with lysine-63-linked polyubiquitin chains [25,26].
Thus, we investigated whether LTN1-mediated degradation
of RIGI and IFIH1 occurs through protein ubiquitination.
LTN1 contains a C-terminal RING domain (amino acids

which the conserved cystines in the RING domain were
mutated to alanines, a ring domain-deleted mutant LTN1
(AR), a HEAT domain, and a HEAT-lacking mutant (LTN1
[AHEAT]) (Figure 4A). We transfected these mutants into
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HEK293T cells and measured IFNBI transcription after infec-
tion with SeV. We found that LTN1 mutants LTN1 (C/A) and
LTN1 (AR) could still inhibit virus-infection induced IFNBI
transcription. Conversely, the LTN1 mutant LTN1 (AHEAT)
failed to attenuate infection-mediated IFNBI transcription
(Figure 4B). Importantly, the LTN1 mutant with the HEAT
domain alone was able to attenuate virus-induced IFNBI
transcription (Figure 4B). Meanwhile, we showed that the
HEAT domain of LTN1 was required for the LTNI-
mediated degradation of RIGI and IFIH1 (Figure 4C).

To further investigate whether the E3 ligase activity of LTN1
was involved in this process, Flag-LTN1 (AR) was transfected into
HEK293T cells together with MYC-RIGI or IFIH1 and HA-
Ubiquitin plasmids. We found that the LTN1 (AR) could still
increase the ubiquitination level of RIGI and IFIH1 (Figure 4D).
Surprisingly, the overexpression of LTN1 (AHEAT) abolished the
polyubiquitination of RIGI and IFIH1 (Figure 4E). These data
demonstrate that LTN1 promotes the polyubiquitination of RIGI
and IFIH1 independently of its E3 enzymatic activity. As poly-
ubiquitin chains comprise several potential linkage residues, such
as K6, K11, K27, K29, K33, K48, and K63, we investigated the type
of polyubiquitin chains attached to RIGI and IFIH1 induced by
LTNI. We found that LTN1 mainly promoted K63-linked ubiqui-
tin chains in the presence of the inhibitor BafA1, but not other type
ubiquitin chains to RIGI and IFIH1 (Figure 4F). To assess the
ubiquitination of endogenous RIGI and IFIH1 induced by LTNI,
we measured the polyubiquitination of RIGI and IFIH]1 in primary
macrophages prepared from Itn1"Lyz2-Cre and Ln1™" mice
with infection of SeV or EMCV. Our results showed that infection
with SeV and EMCV increased both the K48- and K63-linked
polyubiquitination of endogenous RIGI and IFIHI, respectively
(Figure 4G). Notably, the K63-linked polyubiquitination of endo-
genous RIGI and IFIH1 was substantially decreased in Itn 1% Lyz2-
Cre macrophages than in Ltn1"™ macrophages (Figure 4G).

Next, we reintroduced wild-type LTN1 or LTN1 (AHEAT) into
LTNI-deficient HeLa cells. Reintroduction of wild-type LTN1
decreased IFNB transcription and IRF3 or TBK1 phosphorylation
in LTN1-deficient HeLa cells (Figure 4H,I). Notably, reintroduc-
tion of LTN1 (AHEAT) in LTN1-deficient HeLa cells could not
attenuate the SeV-induced expression of IFNBI or phosphoryla-
tion of IRF3 or TBKI1 (Figure 4H,I). Consistent with the restora-
tion of IFNBI transcription, the reintroduction of wild-type LTN1
in LTN1-deficient HeLa cells decreased the protein level of RIGI
and IFIH1, whereas the reintroduction of LTN1 (AHEAT) had no
such effect (Figure 4]). These results illustrate that the HEAT
domain of LTNI1 is indispensable for modulating the antiviral
signaling pathway.

LTN1 enhances the K63-polyubiquitination of RIGI and
IFIH1 by recruiting the E3 ubiquitin ligase TRIM27

As LTN1 enhanced the polyubiquitination of RIGI and IFIH1
independent of its enzymatic activity, we hypothesized that
LTNI might recruit other E3 ligase for K63-linked polyubi-
quitination. Through mass spectrometry analysis of LTN1-
interacting proteins, we identified the E3 ubiquitin ligase
TRIM27 as a potential candidate binding protein of LTNI1
(Table S2). A previous related study has reported that

TRIM27 is localized on endosomes [27]. Therefore, we sus-
pected that LTNI1 likely recruits TRIM27 to facilitate the
degradation of RIGI and IFIHI1. The in vitro binding experi-
ments with recombinant proteins revealed that RIGI and
IFIH1 directly combine with LTN1 (Figure 5A). However,
TRIM27 could not interact with RIGI and IFIH1 directly,
the presence of LTNI1 facilitated the interaction between
TRIM27 and RIGI and IFIH1 (Figure 5A). To confirm
LTNI recruits TRIM27 to mediate the polyubiquitination of
RIGI and IFIHI1, we then performed the ubiquitination
experiments in vitro. While LTN1 and TRIM27 together cat-
alyzed the polyubiquitination of RIGI and IFIHI, indicating
that LTN1 recruits the E3 ubiquitin ligase TRIM27 to pro-
mote RIGI and IFIH1 ubiquitination (Figure 5B). To confirm
that TRIM27 is involved in LTN1-mediated degradation and
polyubiquitination of RIGI and IFIHI1, we used siRNA to
knockdown TRIM27 expression. We found that TRIM27
siRNA knockdown could inhibit LTN1-mediated degradation
and ubiquitination of RIGI and IFIH1 (Figure S6A, and S5C).
To determine the role of TRIM27 in LTNI1-mediated degra-
dation and polyubiquitination of RIGI and IFIH1, we used
CRISPR-Cas9 technology with a guide RNA specific to the
human TRIM27 gene (sgTRIM27) to establish TRIM27-
knockout HEK293T cells. The mRNA levels of Ifnbl were
increased in TRIM27-knockout HEK293T cells infected with
SeV and EMCYV (Figure S6B). Consistently, we also found that
TRIM27 deficiency increased VSV infection-induced IFNB
secretion, while attenuating VSV replication (Figure S6B).
We also used the GFP-VSV virus to infect HEK293T cells,
and found decreased levels of GFP-VSV in TRIM27-knockout
HEK293T cells (Figure S6C). We further constructed the E3
ligase deficient mutant plasmid of TRIM27 (called “TRIM27
(C/A)” here), in which the two conserved catalytic cysteine
residues within the TRIM27 RING domain (C16 and C31)
were replaced with alanine [28,29]. Moreover, overexpression
of WT His-TRIM27, but not the enzymatic mutant His-
TRIM27 (C/A), rescued LTNI1-mediated polyubiquitination
of RIGI and IFIH1 in TRIM27-knockout HEK293T cells
(Figure S6D). In vitro ubiquitination assay showed that
TRIM27 could promote the polyubiquitination of RIGI and
[FIH1 in the presence of LTNI, but not TRIM27 (C/A)
(Figure S6E). Furthermore, in vitro binding assay also showed
that the HEAT domain of LTNI, but not the RING domain
also played a key role in recruiting TRIM27 and mediating
interactions with RIGI, IFIH1, and TRIM27 (Figure S6F).
Functionally, siRNA knockdown of TRIM27 prevented an
increase in Ifnbl mRNA expression in Ltnl-knockout macro-
phages infected with SeV (Figure 5D). Importantly, the dis-
appearance of GFP fluorescence was not observed in TRIM27-
knockout cells (Figure 5E), which suggested that TRIM27 was
essential for LTN1-mediated degradation of RIGI and IFIHI.
Overall, these results indicate that LTN1 recruits TRIM27 to
promote the K63-linked polyubiquitination of RIGI and
IFIHI, as well as subsequent degradation.

LTN1 negatively regulates anti-RNA viral responses in vivo

To investigate the significance of LTNI in antiviral responses
in vivo, Ltn1™" and Itn1""Lyz2-Cre mice were challenged



AUTOPHAGY 1277
e =
B I i
gz TSz
A B c cdzd cdzd
o Vector WFlag-LTN1 (AR) STz 3 STz 3
o v g WFlag-LTN1 BFlagLTN1 (HEAT) sE55EE s EEEE
2 (Yo R L B Flag-LTN1 (C/A) BFlag-LTN1 (AHEAT) T O DD 0D D OO 00D
o L 150 28 8 8 & & 08 8 8 & 8
C_J O | il el et
¥ 3 MYC-RIGI + + + + + + MYC-HFIHT + + + + + +
N HEAT RING .
Flag-LTN1 (AR) _ < ——— ———
Flag-LTN1 (HEAT) I [
Flag-LTN1 (AHEAT) — - 1B:Flag 1B:Flag
Flag-LTN1 (C/A) — % 50
(CIA) h ~ d
PBS SeV
D E ¢
Flag-LTN1 — — + FlagLTN1 — — + — Flag.LTN1 — FlaglTN1 — — + —
FlaglTNT(AR) - - — + FlagLTNT(AR) - - - Flag-LTN1 (AHEAT) - - - Flag-LTN1 (AHEAT) - — — +
MYCRIGI + + + + MYC-IFIH1 + + + + MYC-RIGI + + MYC-IFIHT  + + + +
HA-Ubiquitn - + + + HA-Ubiquitin - + + + HA-Ubiquitin -+ HA-Ubiquitn - + + +
IB:HA " IB:HA '
IB:HA IB:HA
IP:MYC - IP:MYC
IP:MYC IP:MYC
F G
WT  Ke Ki1 K27 K29 K33 Ltn1™  jin1"Lyz2-Cre Lin1" lin1"Lyz2-Cre
HA-Ubiquitin — + + + + + + + o+ o+ o+ o+ SeV (h) 06 0 6 EMCV(h) 0 6 0 6
MYC-RIGI + + o+ o+ + + o+ o+ o+ o+ ”
Flag-LTN1 — — + — + — + — + — + — + -Ub- <
g 1B:Ub-WT i B:Ub-WT
BafA1T + + + + + + + + + + + + +
" Rl
IB:HA % IB: Ub-K48 IB: Ub-K48
IP:MYC » = Y IP: RIGI IP: IFIH1
IB:MYC |--.-.---_---- ' R
IB: Ub-K63 ¥ IB: Ub-K63
IB:MYC |__----..-----v~
WCL | IB:Flag e e e g w -
BACTE |—— ] BRG] A —
WI K6 KiT KZ7 K29 K33 K48 K63
HAUbiquin — + + & & + + & & & + 4 + ¥ + ¥ + WOL| 1B:LTNT [wm s | WeL| BILTNT [ |
MYC-IFIHT + + + + + + + + o+ o+ o+ + 4+ o+ 4+ 1B ACTB EI 1B ACTB E’
Flag-LTN1 — — + — 4+ — + — + — + — + — + — +
BafA1l + + + + + + + + + + + + + + + + +
H | J
PBS SeV SeV
O sgCtri+Vector
H W sgLTNT +Vector s s~ o=l ~ = s~
‘ B sgCtrl+Flag-LTN1 EEx EEZ EE=
IB:HA - B sgLTN7+Flag-LTN1 55 D HEE 5 > BT 55 %5t
Rl ! ‘ (AHEAT) 83884838 ¢&8g S8 8&L&d
IP:MYC y — 100 > > > > > >
Lint ++ J—d— 4=+ == - Lint T+ J—of— -
o Bemsmcmec ot cmEE g oo [ mmem]  melmmed]
owe [EFSge-sespoaTER  : - o1 e
= x
5 - —— €
v | = o = = cjgmw £ oo [ =] w|mmme
=
wscrs [N S owey - ., e
PBS SeV

Figure 4. LTN1 promotes K63-linked polyubiquitination on RIGI and IFIH1 independent of its E3 ligase activity. (A) schematic structure of human LTN1 (WT) and its
truncation mutants. (B) qPCR analysis of IFNBT mRNA in HEK293T cells transfected with expression plasmids for Flag-LTN1, Flag-LTN1 (C/A), Flag-LTN1 (AR), Flag-LTN1
(HEAT), and Flag-LTN1 (AHEAT) followed by infection with SeV for 8 h. (C) MYC-RIGI or MYC-IFIH1 was transfected into HEK293T cells together with plasmids for Flag-
LTN1, Flag-LTN1 (AR), Flag-LTN1 (HEAT), and Flag-LTN1 (AHEAT), the levels of RIGI or IFIHT were detected by immunoblot. (D) co-immunoprecipitation analysis of the
ubiquitination of RIGI or IFIH1 in HEK293T cells transfected with plasmids encoding MYC-RIGI or MYC-IFIH1 and HA-Ubiquitin (WT), as well as a control vector or
plasmids encoding Flag — LTN1, Flag-LTN1 (AR). (E) co-immunoprecipitation analysis of the ubiquitination of RIGI or IFIH1 in HEK293T cells transfected with plasmids
encoding MYC-RIGI or MYC-IFIH1 together with HA-Ubiquitin and plasmids for Flag-LTN1 and Flag-LTN1 (AHEAT). (F) co-immunoprecipitation analysis of the
ubiquitination of RIGI or IFIH1 in HEK293T cells co-transfected with MYC-RIGI or MYC-IFIH1 and HA-Ubiquitin (WT, K6, K11, K27, K29, K33, K48, K63) plasmids and
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with VSV. We found that VSV-induced IFNB secretion was
significantly increased in the serum from Itn1""Lyz2-Cre
mice compared to that from Ltn1™ mice (Figure 6A). In
the spleen, liver, and lung of Itn1""Lyz2-Cre mice infected
with VSV, the expression of Ifubl was higher than that of
LtnIV? mice (Figure 6B), which corresponded to a substantial
reduction in VSV replication and titers (Figure 6C,D).
Notably, severe pulmonary damage was observed in Ltn1™™
mice following VSV infection (Figure 6E), while itn1""Lyz2-
Cre mice showed a lower mortality risk compared to their
matched controls (Figure 6F). These findings suggest that
Ltnl-deficient mice are more resistant to RNA virus infection
than wild-type mice.

Discussion

Viral infection may trigger translational stress, such as ribo-
some stalling or ribosome collision [30]. Colliding ribosomes
can divide to produce 40S and 60S ribosomal subunits,
which are recognized by ZNF598/Hel2 [31]. The 40S subunit
is dissociated for recycling, while the 60S subunit still binds
to the nascent peptidyl-tRNA conjugate [32]. Rqc2 is
involved in identifying the 60S subunit and then recruiting
the E3 ubiquitin ligase LTN1 for nascent peptide ubiquitina-
tion. The ubiquitinated peptide eventually enters the protea-
some for degradation to alleviate ribosomal stress and
ribosome rescue [31,33]. It has been reported that ASSC3
and ZNF598/Hel2, which are key molecules in the regulation
of ribosome dissociation, play a role in the antiviral response
by regulating innate immunity. The loss of ASSC3 function
leads to increased ribosome collision, which can act as co-
activators of CGAS [33]. The E3 ubiquitin ligase ZNF598/
Hel2 can bind to RIGI, promote the non-covalent binding of
FATI10 to RIGI, inhibit RIGI polyubiquitination, and nega-
tively regulate RLR-mediated antiviral response [31]. All
these indicate a significant correlation between viral infec-
tion and RQC response. However, as a key component of
RQC, the function of LTN1 in the innate antiviral immune
response is unclear. Our study found that LTNI1 interacts
with RIGI and IFIH1 on endosomes and promotes their
K63-linked ubiquitination through recruitment of the E3
ligase TRIM27. Polyubiquitinated RIGI and IFIHI are then
recognized and sorted into endosomes by ESCRT machinery,
leading to the degradation of these two receptors in endo-
somes (Figure 7).

The proper expression and activation of RIGI and IFIH1
are critical for inducing antiviral innate immune responses
and promoting IFNB secretion [34]. However, unrestrained
expression of RIGI and IFIH1 May lead to autoinflammatory
and autoimmune diseases through the induction of RLR-
induced signaling hyperactivation [35]. IFIH1 has been

discovered as a risk gene closely related to many autoimmune
diseases. Genome-wide association studies indicated that
IFIHI1 gain-of-function mutants are closely related to type 1
diabetes (T1D) [36], systemic lupus erythematosus (SLE) [37],
psoriasis [38] and Aicardi-Goutieres syndrome (AGS) [39].
Therefore, it is crucial to explore how to block RLR signaling
to inhibit the overexpression of type I IFNs and prevent the
occurrence of autoimmune diseases. Previous studies on the
mechanism of RIGI and IFIH1 degradation mainly focused on
the proteasome and classical autophagy pathways. Several E3
ubiquitin ligases, such as RNF125 [40], RNF122 [41] and
TRIM40 [42], promoted RIGI or IFIH1 ubiquitin modifica-
tion and proteasome pathway degradation. CCDC50 [43] and
LRRC25 [44] delivered the over-activated RIGI-IFIH1 for
autolysosomal degradation. However, ESCRT system regu-
lates the protein expression of RIGI and IFIH1 has not been
reported. Consequently, our study reveals an innovative
degradation pathway for RIGI and IFIH1 mediated by LTN1
through the ESCRT-dependent pathway.

LTN1 comprises a conserved N-terminal domain, ARM
and HEAT repeats, and a RING domain in the C-terminal.
The N-terminal domain is required to interact with 60S sub-
units, and the RING domain provides E3 ligase activity
required for the ubiquitination and degradation of nascent
proteins [45]. However, the function of the ARM-HEAT
repeats remains enigmatic, although they are assumed to
solely represent the link between LTN1 ends and distal sites
on the ribosome [20,21]. Unexpectedly, we found that the E3
ligase activity of LTN1 is not necessary for the degradation of
RIGI and IFIH1, which differs from its function in the RQC-
mediated degradation of aberrant nascent polypeptide.
Interestingly, the HEAT domain is crucial in this process.
Deletion of the HEAT domain impaired the effect of LTN1
during regulation of the innate immune response.
Consistently, knockout of NEMF and TCEF25, which encode
another two components in the RQC system that facilitate the
degradation of nascent protein by LTNI1 (46), does not affect
LTNI-induced degradation of RIGI and IFIH1 (Figure S7A,
7B). Therefore, we concluded that LTN1 can degrade these
two key receptor proteins in the antiviral signaling pathway,
regulating antiviral response independently of the RQC
function.

Considering that the RING domain of LTN1 is dispensable
for the degradation of RIGI and IFIH1, LTN1 May use other
E3 ubiquitin ligases to promote the K63-linked ubiquitination
of RIGI and IFIHI. Indeed, we found that LTN1 can recruit
TRIM27 to mediate the ubiquitin modification of RIGI and
[FIH1. Our study found that TRIM27 mediated the K63-
linked ubiquitin modification of RIGI and IFIH1 for degrada-
tion in an ESCRT-dependent mechanism. Previous study has
reported that TRIM27 can induce TBK1 degradation via K48-

Flag-LTN1 followed by treatment with BafA1. (G) Ltn1" and /tn1"fLyz2-Cre peritoneal macrophages were infected with SeV (left), EMCV (right) for 6 h, endogenous
ubiquitination of RIGI or IFIH1 were assessed by immunoblot analysis with anti-ubiquitin, anti-K48 ubiquitin or anti-K63 ubiquitin after immunoprecipitation with
anti-RIGI or anti-IFIH1 and by immunoblot analysis with input proteins and loading control. (H) qPCR analysis of IFNBT mRNA of wild type Hela cells (sgCtrl) and
LTNT-knockout Hela cells (sgLTNT) transfected for 24 h with expression plasmids for Flag-LTN1, and Flag-LTN1 (AHEAT) followed by infection with SeV for 8 h. (I)
immunoblot analysis of phosphorylated (p-) and total IRF3 and TBK1 in lysates of wild type Hela cells (sgCtrl) and LTN1-knockout HeLa cells (sgLTNT) transfected as in
(H) followed by infection with SeV for 8 h. (J) immunoblot analysis of innate signaling proteins in wild type Hela cells (sgCtrl) and LTN7-knockout HeLa cells (sgLTNT)
transfected as in (I) followed by infection with SeV for 8 h. Data are from three independent experiments (B, H, mean + S.D. of triplicate assays) or representative of

three independent experiments with similar results.
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Figure 5. LTN1 enhances the K63-polyubiquitination of RIGI and IFIH1 by recruiting the E3 ubiquitin ligase TRIM27. (A) in vitro affinity-isolation assay of RIGI or IFIH1
with LTN1, TRIM27 using purified recombinant proteins. (B) in vitro ubiquitination assay of RIGI or IFIH1 with recombinant LTN1, TRIM27 proteins. (C) co-
immunoprecipitation analysis of the ubiquitination of RIGI or IFIH1 in HEK293T cells transfected with siTRIM27 and control siRNA for 24 h followed by transfection
of the plasmids expressing MYC-RIGI or MYC-IFIH1, HA-Ubiquitin, and Flag-LTN1 or Flag control vector. (D) peritoneal macrophages from Ltn1™" and Itniﬂ/ﬂLyZZ—Cre
mice were transfected siRNA against TRIM27 and control siRNA, followed by infection with SeV for 8 h, the Ifnb7 mRNA levels were detected by qPCR analysis. (E)
GFP-mCherry-RIGI or GFP-mCherry-IFIH1 was transfected into TRIM27-knockout HEK293T cells (sgTRIM27) or wild-type HEK293T cells (sgCtrl) together with LTN1
plasmid. Representative confocal time lapse images every 6 min and quantitation of green and red fluorescence for RIGI and IFIHT expression. Data are from three
independent experiments (D, mean + S.D. of triplicate assays) or are representative of three independent experiments with similar results. **P < 0.01, Student's t-test.
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Figure 6. Deficiency of LTN1 enhances type | IFN production and protects mice from RNA viral infection. (A) IFNB secretion in sera from LtnT™™ and itn1"Lyz2-Cre
mice after intraperitoneal injection for 8 h with VSV (5 x 107 PFU per mouse). (B) expression of /fnb7 mRNA in the spleen (left), liver (middle) and lung (right) by qPCR
analysis from Ltn1" and Itn?ﬂ/ﬂLyzz—Cre mice (n = 6/group) infected for 48 h by intraperitoneal injection of VSV for 48 h (5 x 10’ PFU per mouse). (C) expression of
VSV mRNA in the spleen, liver and lung by gPCR analysis from Ltn1"™ and /tn1""Lyz2-Cre mice infected for 48 h by intraperitoneal injection of VSV (5 x 107 PFU per
mouse). (D) plaque assay of viral titers in the spleen (left), liver (middle) and lung (ri9ht) from Ltn1"" and lrnlf"ﬂLyZZ-Cre mice infected with the VSV for 48 h (5 x 107
PFU per mouse). (E) hematoxylin-and-eosin-stained images of lung sections of Ltn1™™ and Itn1""Lyz2-Cre mice infected for 48 h by intraperitoneal injection of VSV
(5% 107 PFU per mouse); Scale bars: 100 pm. (F) survival of Ltn1" and ltn1f"ﬂLy22-Cre mice after intravenous injection of VSV (1 x 108 PFU per mouse). Data are from
three independent experiments (A-D, mean + S.D. of triplicate assays). *P < 0.05, **P < 0.01, Student’s t-test (A-D), the log-rank mantel-cox test (F).

linked ubiquitination to inhibit type I IFN production and and a broader perspective that further sheds light on
suppress antiviral innate immune response [46]. This suggests TRIM27’s contribution to the antiviral immune process.

that TRIM27 May potentially regulate antiviral innate immu- In summary, we identified LTN1 as a suppressor of anti-
nity through multiple targets. Our study provides new insights RNA viral innate immunity by targeting RIGI and IFIH1, in
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addition to its well-known function in ribosome-associated
protein quality control. Our research also revealed a new
mechanism for regulating RIGI and IFIHI1 degradation
through ESCRT pathway. Therefore, the regulation of RIGI
and IFIH1 expression by LTNI1 holds promise as an interven-
tion for diseases characterized by abnormal activation of
innate immune responses.

Materials and methods
Reagents and antibodies

The following reagents were used in this study: Phorbol 12-
myristate 13-acetate (PMA) (Sigma, P1585); MG132 (Sigma,
C2211); bafilomycin A; (Invivogen, tlrl-Bafl); 3-methylade-
nine (Sigma, M9281); wortmannin(Medchemexpress, HY-
10197); poly(I:C) (Invitrogen, tlrl-pic); cGAMP (Invitrogen,
tlrl-nacga23-1); 5-pppRNA (Invitrogen, tlrl-3prna); SAR405
(Medchemexpress, HY-12481); Flag-peptide (Sigma, F4799).
The following antibodies were used in this study: anti-
LTN1 (Abcam, abl04375); anti-IRF3 (Cell Signaling
Technology, 4302s); anti-VSVG (Sigma, v5507); anti-p-IRF3

(Cell Signaling Technology, 4947s); anti-TBK1 (Cell Signaling
Technology, 3504s); anti-p-TBK1 (Cell Signaling Technology,
5483s); anti-RIGI (Cell Signaling Technology, 3743s); anti-
IFIH1 (Cell Signaling Technology, 5321s); anti-MAVS (Santa
Cruz Biotechnology, sc-365333); anti-ATG5 (Cell Signaling
Technology, 12994s); anti-ATG7 (Cell Signaling Technology,
8558s); anti-His (Cell Signaling Technology, 12698S); anti-
Flag (M2; Sigma, f1804); anti-DDDDK tag (Abcam, ab1257);
anti-HGS (Santa cruz biotechnology, sc-71455); PIK3C3/PI3-
kinase pl00 (Santa Cruz Biotechnology, sc-365404); mouse
anti-MYC (Origene, TA150121); goat-anti-mouse Alexa Fluor
568 (Invitrogen, A-11004); goat-anti-rabbit Alexa Fluor 488
(Invitrogen, A-11034); anti-TRIM27 (Proteintech 12205-1-p);
anti-NEMF  (Proteintech 11840-1-p); anti-SQSTM1/p62
(Abcam, ab240635), anti-TCF25 (Abcam, ab67762).

Animal studies

The Ltn1™" mice were generated by Beijing Biocytogen
(Beijing, China) using the CRISPR-Cas9 system. Simply, con-
struct a Cas9-sgRNA expression plasmid and a targeting
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vector containing a loxP site. Then, insert the plasmid
upstream and the targeting vector downstream of exons 3-5.
Microinject the linearized Cas9-sgRNA and targeting vector
into mouse zygotes and implant the injected zygotes into
C57BL/6 female mice. Genotyping was performed by PCR
using the following primers: forward 5-
CGTTGCTTTCGCCTTGGATCAGTTA-3’,  reverse  5-
ATTTAGCTTGTGTGCCTTTGCGTCT -3’. Lyz2-Cre mice
were obtained from The Jackson Laboratory. The primers
for Lyz2-Cre transgenic mice genotyping were oIMR3066
mutant 5-CCCAGAAATGCCAGATTACG-3’, oIMR3067
common 5-CTTGGGCTGCCAGAATTTCTC-3’, oIMR3068
Wild type 5-TTACAGTCGGCCAGGCTGAC-3". Ltn1"™
mice used in our experiments were Cre-negative littermates
of the Itn1""Lyz2-Cre mice. All mice used were 6-8 weeks of
age. Mice were housed in individually ventilated cages. All
mice with C57BL/6 background were reared without specific
pathogens, approved by the Scientific Investigation Board of
the Medical School of Shandong University.

Elisa

ELISA kits (Biolegend 439,407) were used to detect the con-
centration of IFNB in culture supernatant and serum samples.

Viral infection and plaque assay

VSV and VSV-GFP virus were got from H. Meng (Institute of
Basic Medicine, Shandong Academy of Medical Sciences,
China) and SeV was purchased from China Center for Type
Culture Collection (Wuhan University, China). HEK293T
(National Collection Of Authenticated Cell Cultures), THP-1
(National Collection Of Authenticated Cell Cultures),
BMDMs or primary peritoneal macrophages (4 x 10°) were
plated 24 h. After that, we added VSV (MOI=0.1) or SeV to
the cells at the prescribed time. As previously described, VSV
plaque detection was performed in HEK293 cells [47].

Coimmunoprecipitation and immunoblot analysis

Cells were incubated in cell lysis buffer (Sigma, C2978) con-
taining complete protease inhibitor (Sigma, S8820) for 30 min,
and then centrifuged at 4°C for 10 min. For each immuno-
precipitation assay, cells were lysed with IP buffer (1% [v:v]
Nonidet P-40 [Solarbio, N8030], 50 mM Tris-HCI, pH 7.4, 50
mM EDTA, 150 mM NaCl and protease inhibitor mixture
[Sigma, S8820]). Proteins were quantified by a Pierce™ BCA
Protein Assay Kit according to the manufacturer’s instruction
(Thermo Scientific 23,225). The supernatant was mixed with
0.5 pg incubate the indicator antibody of for 1 h, and then we
added 35ul incubated protein A/G PLUS-Agarose (Santa
Cruz Biotechnology, sc-2003) to the mixture overnight. Cell
lysates or immunoprecipitates were separated by SDS-PAGE
and western blotting analysis was performed.

CRISPR-Cas9 knockout

Genome engineering via the CRISPR-Cas9 system involved
cloning double-stranded oligonucleotides that corresponded

to the target sequences into the lentiCRISPR V2 vector. The
resulting construct was then co-transfected into HEK293T
cells, which were subsequently selected with puromycin (3
pg/mL) for at least 5days starting 2 days after transfection.
The pool of sorted cells was either directly used in subsequent
functional assays or diluted into 96-well plates by serial dilu-
tions to obtain single clones. The knockout efficiency was
examined by RT-qPCR analysis or immunoblotting analysis.

RNA knockdown

For siRNA knockdown, THP-1 or macrophages were planted
in 6- or 24-well plates, and the siRNA oligomers were trans-
fected using the Lipofectamine™ RNAiIMAX Transfection
Reagent (Invitrogen 13,778,150) according to the recommen-
dation of the manufacturer. siRNA (final concentration, 100
nM) reagents were transfected into each well. The knockdown
efficiency was detected by quantitative real-time PCR after 48
h transfection, or continued to the subsequently indicated
treatment.

mRNA isolation and real-time PCR

Cells were collected and the total RNA was extracted from
whole cell lysates using an EASYspin Plus tissue/cell rapid
RNA exaction kit (Aidlab, RN2802) and the diluted RNA of
total RNA was reverse transcribed with a PrimeScript™ RT
reagent Kit (Takara, R047A). The SYBR RT-PCR kit (Roche
06,924,204,001) was used for quantitative real-time PCR
(qQPCR) analysis in triplicate wells. The analysis was con-
ducted with an iCycler IQ thermal cycler and detection sys-
tem (Bio-Rad) following the manufacturer’s instructions. The
ACTB housekeeping gene in each individual sample was used
for normalization. The 27**“" method was used to calculate
relative expression changes. Detailed primers are listed in
Table S1.

Confocal microscopy

After transfecting HEK293T cells with the relevant expression
plasmid, the cells were fixed with 4% paraformaldehyde for
15min and permeabilized with 0.05% Triton X-100
(Beyotime, P0096) in PBS (Solarbio, P1020) for 15 min. The
cells were then blocked for 1 h with 2% BSA (Geneview, 9048-
46-8), incubated overnight at 4°C with the primary antibody,
and subsequently incubated with the secondary antibody
(1:1000). LSM 880 Meta confocal microscope (Carl Zeiss,
Jena, Germany) was employed to capture images of the cells.

Confocal time-lapse imaging

HEK293T Cells were planted in 0.17 £ 0.005 mm glass bottom
dishes (Cellvis) overnight and transfected with GFP-mCherry-
RIGI (this paper) or GFP-mCherry-IFIH1 (this paper) for 12
h, followed by transfection with Flag-LTN1 (this paper) for
12h and the images were got using an Opera Phenix High-
Content Screening System (Perkin Elmer, USA). During ima-
ging, cells were sustained in a heated incubation incubator at



37°C with CO,. Morphologic analysis was implemented using
with Harmony Software (V4.9, Perkin Elmer).

Virus infection in vivo

Littermate mice of wild type and ltn1"Lyz2-Cre mice were
distributed into groups according to age and sex and then
were given intravenous (i.v.) injection with VSV (1 x 10® PFU
per mouse) or intraperitoneal injection with VSV (5x 10’
PFU per mouse). The concentration of IFNB was detected
by ELISA. The VSV titers in the spleen, lung or liver were
detected by standard plaque assays. The survival rate of mice
infected with VSV was evaluated by survival test. We sepa-
rated mouse lungs, fixed them in 10% phosphate buffered
formalin, then cultured into paraffin sections, stained with
hematoxylin eosin, and examined histological changes under
light microscopy.

Protein purification

A TNT Quick Coupled Transcription/Translation System kit
(Promega, L1171) was used to express IFIHI, RIGI, TRIM27
gene or TRIM27 (C/A) gene according to the method pro-
vided by the manufacturer. IFIH1 in the pcDNA6B-Flag
expression vector was a kind gift from Dr. Peihui Wang
(Shandong University, China) as described previously [48].
Flag-LTN1, Flag-LTN1 (AHEAT) and Flag-LTN1 (AR) pro-
teins were purified in HEK293T cells using anti-FLAG M2
affinity gel (Sigma, A2220) and 3xFLAG peptide (Sigma,
F4799). Briefly, Flag-tagged vectors were expressed in
HEK293T cells by Lipofectamine 3000 reagents (Invitrogen,
L3000015). After 48 h of transfection, cells were lysed in the
IP Buffer (1% NP-40 [solarbio, N8030], 50 mM Tris-HCl pH
7.4, 50 mM EDTA, 150 mM NaCl and protease inhibitors).
After centrifugation at 12,000 g for 10 min, Flag- was captured
on anti-Flag agarose beads (Millipore, A2220) and eluted
using the Flag peptide.

Stimulants transfection

HMW Poly(I:C) (Invitrogen, tlrl-pic) and 5-pppRNA
(Invitrogen, tlrl-3prna) were purchased from Invivogen.
Stimulants were used at the following concentrations: 5'-
pppRNA, 0.5 ug ml™"; HMW poly(I:C), 1 ug ml™". For trans-
fection, stimulants were transfected in cells using
Lipofectamine 2000 reagents (Invitrogen 11,668,019).

In vitro ubiquitination assay

The in vitro ubiquitination assays were conducted according
to previously described methods [47]. Recombinant Human
Ubiquitin Protein (Boston Biochem, U-100 H-10 M), UBE1
(Boston Biochem, E-306-050), and UBE2D1/UbcHb5a Protein
(Boston Biochem, E2-616-100) were applied to analyze ubi-
quitination according to the protocol recommended by the
manufacturer. Briefly, UBA1, UBE2D1, LTNI1, TRIM27 or
TRIM27 (C/A) and RIGI or IFIH1 proteins were mixed with
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reaction buffer, ubiquitin, ATP and MgCl,. The reaction mix
was incubated at 30°C for 1 h, followed by added with 6x SDS
loading buffer at 98°C for 8 min to stop the reaction.

Statistical analysis

All data were obtained from at least three independent experi-
ments and the results are comparable. Data processing was
based on GraphPad Prism7.0, and is carried out by unpaired
t-test. All data were showed as mean + S.D. of one represen-
tative experiment. In the animal survival test, the Kaplan-
Meier survival curve was drawn and analyzed by the log-
rank method. *P < 0.05was considered statistically significant.
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