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Summary

RIG-I, a cytoplasmic viral RNA sensor, is crucial for innate antiviral immune responses;
however, there are controversies about RIG-I’s regulatory mechanism by several
ubiquitin ligases and LGP2. This study revealed that the RIPLET ubiquitin ligase is a
general activating factor for RIG-I signaling. In contrast, another ubiquitin ligase,
TRIM2S, activated RIG-I in a cell-type-specific manner. RIPLET and TRIM25 functions
were modulated by accessory factors, such as ZCCH3C and NLRP12. Interestingly, we
found an additional role of RIPLET in innate immune responses. RIPLET induced
delayed polyubiquitination of LGP, resulting in the attenuation of excessive cytokine
expression at the late phase. Moreover, RIPLET was involved in the innate immune
responses against SARS-CoV-2 infection, a cause of the recent COVID-19 pandemic.
Our data indicate that RIPLET fine-tunes innate immune responses via polyubiquitination

of RIG-I and LGP2 against virus infection, including SARS-CoV-2.
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Introduction

Cytoplasmic viral RNA sensing initiates innate antiviral immune responses, including
type I interferon (IFN) production. RIG-I is a member of the RIG-I-like receptors (RLRs)
and senses 5 tri- and di-phosphate viral double-stranded RNA (dsRNA)' 2. Following
viral RNA recognition, RIG-I is associated with the mitochondrial antiviral-signaling
protein (MAVS) adaptor protein localized on the outer membrane of mitochondria
triggering the expression of cytokines, such as type I IFN and other pro-inflammatory
cytokines®. Influenza A virus, hepatitis C virus, Sendai virus (SeV), and vesicular
stomatitis virus are mainly recognized by RIG-I*. RIG-I is an IFN-inducible gene
expressed in various cell types, such as epithelial cells, dendritic cells, and macrophages”.
Although RIG-I is crucial for innate antiviral immune responses, excessive RIG-I
activation leads to autoimmune disorders®. Thus, RIG-I should be tightly controlled by
several RIG-I regulators.

The RIG-I protein comprises two caspase activation and recruitment domains
(2CARDs), RNA helicase domain, and C-terminal domain (CTD). The protein harbors
post-translational modifications, and it has been shown that K63-linked polyubiquitin
chains are essential for RIG-I activation’. TRIM25 is an E3 ubiquitin ligase that delivers
the K63-linked polyubiquitin moiety to RIG-I 2CARDs’. The polyubiquitin chains
stabilize the 2CARD tetramer structure and promote type I IFN expression®. Recent
studies have identified several TRIM25 regulators. The ZCCHC3 and NDR2 proteins
promote TRIM25-mediated activation of RIG-I, thereby enhancing innate antiviral

immune responses” '°. In contrast, NLRP12 inhibits TRIM25 to attenuate RIG-I-
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mediated signaling'!.

RIPLET is another ubiquitin ligase that mediates K63-linked polyubiquitination of the
CTD and CARDs, and is essential for RIG-I activation'? 31415 Although many groups
have reported TRIM25 as essential for RIG-I activation!, several recent studies have
challenged this model and shown that RIPLET, but not TRIM25, is necessary for RIG-I-

mediated innate immune responses'® 16 17

. Besides these contradictions, the ubiquitin
ligases MEX3C and TRIM4 have been reported to mediate Ko63-linked
polyubiquitination of RIG-I CARDs!® !, These apparent contradictions are still
unresolved!:20-21,

LGP2 and MDAS are other RLRs involved in innate antiviral immune responses,
including type T IFN expression??. LGP2 was once reported as a negative regulator
because its over-expression attenuates RIG-I-mediated type I IFN expression?®. However,
LGP2 knockout (KO) exhibited a defect in RIG-I-mediated type I IFN expression after
viral infection?*. LGP2 regulates MDAS assembly on viral RNA??, It has recently been
shown that an E3 ubiquitin ligase binds to LGP2%%; however, the role of LGP2
polyubiquitination in RIG-I activation remains unclear.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a virus causing
coronavirus disease 2019 (COVID-19)?’. The viral spike protein binds to human
angiotensin-converting enzyme 2 (ACE2) to infect host cells?’. The cytoplasmic innate
immune response against SARS-CoV-2 remains unclear. Since several viruses have

evolved to escape the host innate immune response!, it is expected that SARS-CoV-2 can

also suppress the innate immune response.
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Here, we focused on the role of RIPLET in RIG-I-mediated cytoplasmic antiviral
innate immune response. Our genetic data showed that RIPLET is a general activating
factor for RIG-I. In contrast, TRIM25 KO exhibited a defect in RIG-I activation in a cell-
type-specific manner. We also found RIPLET-mediated polyubiquitination of LGP2.
Thus, our data reconcile previous apparent contradictions and indicate that the ubiquitin
ligase RIPLET modulates antiviral innate immune responses via the post-translational

modification of RIG-1 and LGP2.
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Results
RIPLET KO exhibits severe defects in RIG-I-dependent cytokine expression

1417 To address

Recent studies reported contradictory data related to RIG-I ubiquitination
this issue, we generated single-KO, double- KO (DKO), and triple-KO (TKO) cells of
TRIM2S5, RIPLET, MEX3C, and/or TRIM4 using a CRISPR-Cas9 system. We confirmed
that CRISPR-Cas9-mediated KO induced several deletion and insertion mutations in each
gene and that each KO abolished the expression of TRIM25, MEX3C, TRIM4, and
RIPLET (Supplementary Figs. Sla and b). Over-expression of full-length RIG-I leads to
its autoactivation, leading to IFN-B promoter activation'? '3, and we found that RIPLET
KO abolished the full-length RIG-I-mediated IFN-B promoter activation (Fig. 1a). In
contrast, neither TRIM25, MEX3C, nor TRIM4 KO failed to reduce the IFN- promoter
activities in HEK293 cells (Fig. 1a).

As previously reported’, TRIM25 over-expression markedly enhanced RIG-I CARDs-
mediated type I IFN promoter activation (Supplementary Fig. Slc); however, RIG-I
CARDs-mediated promoter activities were not reduced in three independently isolated
TRIM25 KO cells (Fig. 1b). We confirmed that endogenous TRIM25 proteins were
undetected in the three independent TRIM25 KO clones (Supplementary Fig. S1d).
MEX3C KO and TRIM4 KO also failed to suppress promoter activities induced by RIG-
I CARDs, whereas RIPLET KO significantly reduced the promoter activities by the RIG-
I CARDs (Fig. 1¢). TKO of TRIM25, MEX3C, and TRIM4 also failed to mitigate RIG-I

CARDs-mediated type I IFN promoter activation (Fig. 1d). We confirmed that RIPLET

KO did not reduce the promoter activity driven by MAVS over-expression (Fig. le),
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which weakened the possibility that RIPLET activated the promoter activity in a RIG-I-
independent manner.

Next, we investigated cytokine expression in response to RIG-I activation. RIPLET
KO abolished the expression of IFN-f, [P-10, and Ccl5 mRNA in response to transfection
with short poly I:C, which is a ligand of RIG-I, or Sendai virus (SeV) infection (Figs. 1f-
1h). In contrast, KO of each TRIM25, MEXC3C, and TRIM4 failed to reduce the
cytokine expression (Fig. 1f and Supplementary Figs. Sle and f). Also, TKO of TRIM25,
TRIM4, and MEX3C failed to reduce the cytokine expression in HEK293 cells (Figs. 1g
and h, and Supplementary Figs. S1g—j). These data weakened the possibility that TRIM25,
MEX3C, and TRIM4 redundantly activated RIG-I to induce type I IFN expression in
HEK?293 cells. Since some of the TRIM25, MEX3C, TRIM4 KO, and TKO cells
exhibited enhanced cytokine expression previously observed by Cadena C et al.'4, KO of
those E3 ubiquitin ligases might lead to suppressor mutations on other gene (s) by an
unknown mechanism (see discussion).

Defective RIG-I-mediated type I IFN expression was also detected in RIPLET KO
HeLa cells (Fig. 11). Still, there was no defect in type I IFN expression in TRIM25-KO
HeLa cells (Fig. 11), suggesting that the observation of no defect of RIG-I signaling in
TRIM25-KO cells was not specific to HEK293 cells. The DKO of TRIM25 and RIPLET
also exhibited a severe defect in short poly I:C-induced expression of IFN-f, IP-10, and
Ccl5 mRNA (Fig. 1j and Supplementary Figs. S2a—c).

Next, we observed the subcellular localization of RIPLET, TRIM25, RIG-I, and K63-

linked polyubiquitin chains. Proximity ligation assay (PLA) was used to detect the co-
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localization of two proteins, and the number of endogenous RIG-I and Riplet co-
localization PLA signals was increased after stimulation with short poly I:C (Figs. 1k and
1), which was consistent with the observation that RIPLET binds to RIG-I after
stimulation'?. Interestingly, several PLA signals were detected on rhodamine-conjugated
short poly I:C and mitochondria (Supplementary Figs. S2d and e). Co-localization of
RIG-I and K63-linked polyubiquitin chains were also detected by PLA (Fig. Im). The
number of PLA signals was markedly increased after stimulation with short poly I:C, and
RIPLET KO abolished the signals (Figs. Im and n). Several PLA signals were localized
on rhodamine-conjugated short poly I:C; however, there were many signals that were not
co-localized with the short poly I:C (Supplemental Fig. S2f), implying that ubiquitin-
associated RIG-I detached from the ligands after its activation. Our data collectively
indicate that the RIPIET, but not TRIM25, MEX3C, nor TRIM4, is essential for RIG-I
activation in several cell types, and this notion is consistent with a previous report by

Cadena C et al.'“.

Cell-type-specific defects of TRIM25 KO cells in RIG-I activation

Although TRIM25 KO unaffected RIG-I-dependent type I IFN expression in HEK293
and HeLa cells, we found that TRIM25 KO reduced IFN-B mRNA expression in A549
cells at the early phase after stimulation with short poly I:C (Fig. 2a), and IP-10 and Ccl5
expression was also reduced by TRIM25 KO at both the early and late phases (Figs. 2b
and c). Notably, RIPLET KO also abolished the cytokine expression in response to a RIG-

I ligand even in A549 cells (Figs. 2a—). TRIM25 KO failed to reduce IFN-f mRNA
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expression after SeV infection (Fig. 2d). In contrast, it moderately reduced IP-10 and Ccl5
mRNA expression in response to SeV infection (Figs. 2e and 2f). To further test the defect
of TRIM25 KO in RIG-I activation, we sought to generate additional TRIM25 KO cells
and obtained two A549 TRIM25 KO clones (clone #2 and #9). We found that TRIM25
KO significantly reduced the expression of IP-10 and Ccl5 mRNA in two independently
isolated TRIM25 KO clones in response to short poly I:C stimulation (Figs. 2g—i), and
IP-10 and Ccl5 mRNA expression induced by SeV infection was also reduced in a
TRIM25 KO clones (Fig. 2j). Additionally, Ccl5 mRNA expression was reduced by
TRIM25 KO in SKOV3 cells after SeV infection (Fig. 2k). PLA signals of endogenous
RIG-I and TRIM25 were detected on short poly I:C as was the case with those of RIG-I
and Riplet (Fig. 21). Considering these data, we prefer the interpretation that TRIM25
activates RIG-I in a cell-type-specific manner (see discussion).

Since recent studies have reported several proteins that regulate TRIM25-mediated
RIG-I activation® ! ! we hypothesized that the expression of these factors might be
required for TRIM25 to activate RIG-I. It has been shown that ZCCHC3 promotes
TRIM25-mediated RIG-I activation!®. ZCCHC3 KO moderately reduced RIG-I-mediated
IFN-B and Ccl5 mRNA expression (Supplementary Figs. S2g—i). Although TRIM25 KO
did not show any defect in RIG-I signaling in HEK293 cells as described above, TRIM25
KO reduced RIG-I-induced IFN-B promoter activities in ZCCHC3-overexpressing cells
(Fig. 2m). We confirmed that RIPLET over-expression enhanced ZCCHC3-mediated
RIG-I activation (Supplementary Fig. S2j) and that RIPLET KO abolished RIG-I-

mediated type I IFN promoter activation, even in ZCCHC3-overexpressing cells (Fig. 2n).
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These observations are consistent with the notion that ZCCHC3 promotes TRIM25-
mediated RIG-I activation.
NDR2 and NLRP12 have been reported to modulate TRIM25-mediated RIG-I

activation® !

. However, NDR2 over-expression augmented RIG-I-mediated IFN-§
promoter activation not only in wild-type cells but also in TRIM25 KO cells (Fig. 3a).
Also, NLRP12 over-expression reduced RIG-I-mediated signaling in WT and TRIM25
KO cells (Fig. 3b and 3c). These data suggest that NDR2 and NLRP12 regulate RIG-I
activities in TRIM25-dependent and -independent manners. Thus, we next investigated
the physical interactions between these factors and RIPLET.

Our immunoprecipitation assay showed that RIPLET was co-immunoprecipitated with
NLRP12 (Fig. 3d), and NLRP12 expression reduced the physical interaction between
RIG-I and RIPLET (Fig. 3e). TRIM2S5 binds to the nucleotide-binding domain (NBD) of
NLRPI12!!. Our immunoprecipitation assay with truncated forms of NLRP12 showed that
RIPLET bound to the pyrin domain of NLRP12, and the NBD inhibited the interaction
(Fig. 3f). Moreover, NLRP12 expression inhibited RIPLET-mediated RIG-I

polyubiquitination of RIG-I (Fig. 3g). These data suggest that the accessory factors are

involved in both RIPLET- and TRIM25-mediated RIG-I activations.

RIPLET mediates K63-linked polyubiquitination of LGP2 C-terminal region
Next, we focused on the role of LGP2, because unknown function of LGP2 may underlie
the controversy. LGP2 is a member of the RLRs. Its over-expression reduced RIG-I-

mediated IFN-B promoter activation but enhanced MDAS5-mediated IFN-f3 promoter

10
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activation (Supplementary Figs. S3a and b). However, LGP2 KO significantly reduced
mRNA expression of IFN-f and IP-10 in response to short poly I:C and SeV infection
(Figs. 4a—d). Since there are similarities between the CTDs of RIG-I and LGP2%8, we
investigated the physical interaction between RIPLET and LGP2 and found that the
RIPLET protein was co-immunoprecipitated with LGP2 (Figs 4e and f). Additionally,
PLA signals of RIPLET-HA and FLAG-LGP2 were detected (Fig. 4g). Interestingly,
LGP2 harbored polyubiquitin modifications, and RIPLET enhanced LGP2
polyubiquitination (Fig. 4h). To investigate whether the modification was K63-linked
polyubiquitination, K63-only ubiquitin, in which all K residues of ubiquitin except K at
63 were replaced with R, was utilized to detect LGP2 ubiquitination. K63-only ubiquitin
was efficiently incorporated into LGP2, and that the polyubiquitin bands were increased
by RIPLET expression (Fig. 41). Conversely, RIPLET KO reduced the polyubiquitination
of LGP2 (Fig. 4j). The PLA signals of endogenous LGP2 and K63-polyubiquitin were
observed. The number of signals was increased by stimulation with short poly I:C, and
RIPLET KO abolished the PLA signals (Fig. 4k). Additionally, the signals were detected
on transfected rhodamine-short poly I:C (Fig. 41). These data suggested that RIPLET
mediated K63-linked polyubiquitination of LGP2.

Since the immunoprecipitation assay and PLA suggested that RIPLET ubiquitinated
LGP2, we performed a mass spectrometry analysis to determine the ubiquitination sites
of LGP2. We found that K39, K532, K599, and K629 of LGP2 were ubiquitinated in
RIPLET-expressing cells (Fig. 5a and Supplementary Fig. S3c¢). The alignment of LGP2

and RIG-I showed that K532 and K599 of LGP2 were comparable with K788 and K851

11
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of RIG-I, which are ubiquitinated by RIPLET (Supplementary Fig. S3d).
Immunoprecipitation assay showed that RIPLET preferentially bound to the helicase
domain of LGP2, although the CTD is also associated with RIPLET (Fig. 5b), which is
consistent with a recent study showing that ubiquitin ligases bind to the helicase domain
of RLRs?*. The 3KR amino acid substitutions within the CTD reduced the
polyubiquitination of LGP2 CTD (Fig. 5c), but residual polyubiquitination was still
detected.

To investigate the physiological significance of LGP2 polyubiquitination, we
constructed a LGP2-4KR mutant in which K39, K532, K599, and K629 of LGP2 were
replaced with the R residue. Both non-ubiquitinated and polyubiquitinated wild-type and
LGP2-4KR mutant proteins were recovered by pull-down assay with poly I:C-conjugated
streptavidin beads (Fig. 5d), suggesting that polyubiquitination did not affect the RNA-
binding activity of LGP2. To investigate the effect of LGP2 ubiquitination on cytokine
expression, we constructed LGP2 KR mutants. We observed a moderate increase in RIG-
I-mediated IFN-f3 promoter activation with the K39R or K532R substitution, and the
K629R mutation significantly increased the promoter activities (Fig. 5e). We generated
cells that stably expressed wild-type LGP2 or LGP2-4KR using a lentivirus vector®.
Stable expression of wild-type or mutant LGP2 unaffected the IFN- promoter activities
in non-stimulated cells (Fig. 5f). Interestingly, the LGP2-4KR mutant protein induced the
promoter activity more than the wild-type protein in response to a RIG-I ligand (Fig. 51).
These data suggested that LGP2 ubiquitination negatively affects type I IFN expression.

Next, we determined the mRNA expression of cytokines in response to stimulation

12
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with a RIG-I ligand and SeV infection. The 4KR mutation augmented the cytokine
expression at late time points but not at the early time points (Figs. 6a—f). Time course
analyses showed that the PLA signals of LGP2 and K63-polyubiquitin increased more
slowly than RIG-I and K63-polyubiquitin (Figs. 6g—1). Influenza A virus and SARS-CoV-
2 are suspected of inducing cytokine storm, in which excessive cytokine production is
harmful to the host*® 3!, RIPLET-mediated K63-linked polyubiquitination of LGP2 is

expected to attenuate excessive cytokine expression at the late phase.

RIPLET plays a crucial role in innate immune responses against SARS-CoV-2

Studies have shown that RIPLET plays a crucial role in the innate immune response to
viral infection, such as influenza A, vesicular stomatitis virus, Sendai, and hepatitis C
virus!> 32, Since SARS-CoV-2 is a virus causing the COVID-19 pandemic, we
investigated whether RIPLET is involved in the innate immune response to SARS-CoV-
2. First, we investigated whether RIG-I recognizes SARS-CoV-2 RNA.
VeroE6/TMPRSS?2 cells were infected with SARS-CoV-2, and the total RNA of infected
cells was extracted. Extracted RNAs from infected and non-infected cells were
transfected into HEK293 cells, and cytokine expression was measured. Total RNAs from
virus-infected cells but not those from uninfected cells induced cytokine expression (Fig.
7a and Supplementary Figs. S4a and b), suggesting that RNAs of SARS-CoV-2-infected
cells can induce the innate immune response. Interestingly, either RIG-I KO or MDAS
KO markedly reduced cytokine expression in response to viral infected cell RNAs (Fig.

7b). The dependency on both RIG-I and MDAS has been reported in the response to
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Japanese encephalomyelitis virus infection®3. Our data are consistent with a recent report
showing that MDAS plays a crucial role in the innate immune response to SARS-CoV-
234,

Second, we investigated which viral RNA genome segments are recognized by the
cytoplasmic innate immune system. Contiguous genomic viral RNA segments of SARS-
CoV-2 were prepared using T7 RNA polymerase shown in Supplemental Fig. S4c. Each
viral RNA segment was transfected into HEK293 cells, and [IFN-§ mRNA expression was
measured. Interestingly, two viral RNA segments, 24001-2500 and 27001-28000,
significantly induced the type I IFN expression. We found that either RIG-I KO or MDAS
KO was enough to reduce the cytokine expression to the viral RNA segment of SARS-
CoV-2 (Fig. 7c and Supplementary Figd S4d). Interestingly, RIPLET KO abolished the
cytokine expression in response to the SARS-CoV-2 RNA segment (Figs. 7d-f),
suggesting the crucial role of RIPLET in the innate immune response during SARS-CoV-
2 infection.

Third, we investigated the cytokine expression after viral infection. Although influenza
A virus or SeV infection at MOI = 1 induced IFN-B mRNA expression, SARS-CoV-2
infection failed to induce the cytokine expression (Fig. 7g—i and Supplementary Fig. S4e).
We confirmed that SARS-CoV-2 replicated in HEK293 cells (Fig. 7j). Recent studies
have shown that viral proteins of SARS-CoV-2 can suppress the innate immune responses,
and we also found that several viral proteins suppressed the RIG-I-mediated IFN-§3
promoter activation (Supplementary Fig. S4f). To further address the role of RIPLET in

the innate immune response, we generated human ACE2 overexpressing HEK293 cells
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(HEK293-ACE2) to increase the infectivity of SARS-CoV-2 to HEK293 cells as
previously reported?” 3°. In HEK293-ACE2 cells, SARS-CoV-2 infection induced
moderate expression of type I IFN expression, and RIPLET KO reduced the cytokine
expression (Supplementary Fig. S4g). Interestingly, RIPLET KO significantly increased
the cytoplasmic viral levels after SARS-CoV-2 infection (Fig. 7k). Our data collectively
indicate that RIPLET is required for the antiviral innate immune response against SARS-

CoV-2.

Discussion
RIG-I is a cytoplasmic viral RNA sensor that is essential for innate antiviral immune
responses. Although there is controversy about RIG-I regulators, our data revealed that
RIPLET ubiquitin ligase is a general factor for RIG-I activation, and TRIM25 KO
exhibited a defect in RIG-I activation in a cell-type-specific manner. Moreover, several
accessory factors affected not only TRIM25- but also RIPLET-mediated RIG-I activation.
We also found that RIPLET induced delayed polyubiquitination of LGP2, which
attenuates the excessive cytokine expression. Furthermore, RIPLET was essential for the
antiviral innate immune response against SARS-CoV-2, which is a cause of the recent
COVID-19 pandemic. These data elucidated a crucial role of the RIPLET ubiquitin ligase
in regulating antiviral innate immune responses.

K63-linked polyubiquitination of RIG-I is an essential step to trigger the expression of

type I IFN and other pro-inflammatory cytokines. Many studies have reported that
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TRIM2S5 delivers the K63-linked polyubiquitin moiety to RIG-I, thereby inducing type |
IFN expression in vitro and in vivo'. However, recent studies have challenged this
model'* 1617 Here, we carefully assessed the ubiquitin ligases’ role using single-, double-,
and triple-KO cells and the obtained data that reconciled the apparent discrepancy. As
reported by Cadena et al., we found that RIPLET KO severely reduced RIG-I-dependent
cytokine expression in any cell type as far as we tested. In contrast, TRIM25 KO
attenuated the RIG-I-dependent cytokine expression only in a cell-type-specific manner.
Considering that TRIM25 has been considered essential for RIG-I activation in any cell
types’, our finding would reconcile previous apparent discrepancy of why TRIM25 KO
exhibited a defect in RIG-I activation in some studies but did not in other studies'-2!.

In addition to RIPLET and TRIM25, MEX3C and TRIM4 were reported to be involved
in RIG-I ubiquitination. Unlike TRIM25 and RIPLET, we could not see any effect of
MEX3C KO or TRIM4 KO on RIG-I activation at least in our experimental conditions.
We do not exclude the possibility that MEX3C and TRIM4 might be required for RIG-I
activation in a cell-type-specific manner, as seen with TRIM25. Recent studies have
reported several factors that regulate TRIM2S5 functions. Since TRIM25 decreased RIG-
I-mediated type I IFN expression in HEK293 cells expressing ZCCHC3; it is expected
that some types of immortalized cells lack the factors’ expression required for TRIM25-
mediated RIG-I activation.

Some of TRIM25 KO, MEX3C KO, and/or TRIM4 KO exhibited enhanced cytokine
expression in response to RIG-I stimulation in our experimental conditions. These

observations were also observed in a previous study by Cadena et al'®. Thus, it is
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suspected that some suppressor mutations occurred on other unknown genes during the
isolation of those KO cells. Considering that ubiquitin ligases target several proteins, it is
not surprising that suppressor mutations occur in ubiquitin ligase KO cells*® 37, Those
spontaneous suppressor mutations might affect the phenotypes of TRIM25 KO cells.
Thus, we prefer the interpretation that TRIM25 activates RIG-I in a cell-type-specific
manner rather than the model that TRIM2S5 is not involved in RIG-I activation. Further
studies using TRIM25 KO mice and TRIM25 KO primary cells are required to settle the
dispute.

The decrease in of IP-10 and Ccl5 expression was more significant than that of IFN-3
in TRIM25 KO cells. The MAVS adaptor induces cytokine expression via mitochondria
or peroxisome®. Peroxisomal MAVS preferentially activates the transcription of
interferon-stimulated genes including IP-10, using IRF1 and IRF3, whereas
mitochondrial MAVS activates only IRF3, thereby inducing type I IFN expression?®.
Considering that TRIM25 KO exhibited more severe defects in IP-10 and Ccl5 expression
than that of type I IFN, it is possible that TRIM25-mediated polyubiquitin chain
preferentially activates peroxisomal MAVS. Since RIPLET functions as a co-receptor for
RIG-I and an E3 ubiquitin ligase for RIG-I, it is still possible that K63-linked
polyubiquitin chains are important for RIG-I-induced IP-10 and Ccl5 expression, and the
co-receptor function of RIPLET is required for the type I IFN expression. This is also
supported by the notion that the mutations on the ubiquitinated RIG-I residues exhibited
a relatively moderate phenotype compared with RIPLET KO. Further studies are required

to address this issue.
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Abnormal activation of RIG-I causes Singleton-Merten syndrome, which is a
multisystem autoimmune disorder, and an excessive innate immune response is harmful
to the host®. We identified an additional role of RIPLET: it mediated K63-linked
polyubiquitination of LGP2, leading to the attenuation of excessive type I IFN expression
at the late phase. LGP2 was once reported as a negative regulator’® 23, but later studies
have shown that LGP2 plays a positive role in RIG-I-mediated cytokine expression.
This study showed that LGP2 KO reduced RIG-I-mediated cytokine expression, but
inhibition of LGP2 ubiquitination enhanced cytokine expression. These observations
indicate that LGP2 has a dual role in the regulation of RIG-I signaling. This model can
explain why ectopically expressed LGP2 exhibits a negative effect because LGP2 over-
expression led to LGP2 polyubiquitination that attenuated RIG-I signaling. K63-linked
polyubiquitination of LGP2 was detected only at the late phase after stimulation of RIG-
I. Thus, delayed polyubiquitination of LGP2 is expected to be a negative feedback
mechanism to suppress excessive cytokine expression harmful to the host.

Cytokine storm is suspected to be a cause of mortality in patients with COVID-19%.
Indeed, treatment with tocilizumab, a monoclonal antibody against IL-6, reduces the
mortality of patients with COVID-19%. Therefore, we prefer the interpretation that both
RIPLET-dependent RIG-I and LGP2 ubiquitination would be essential to protect the host
from viral infection. Since SARS-CoV-2 infection hardly induced type I IFN and pro-
inflammatory cytokine expression in HEK293 and HEK293-ACE2 cells, RIPLET-
dependent cytoplasmic innate immune system seems to be uninvolved in harmful

excessive pro-inflammatory cytokine production in patients with COVID-19. Toll-like
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receptors, such as TLR3, TLR7, and TLR8, might be involved in excessive pro-
inflammatory cytokine production. We do not exclude the possibility that some kinds of
cells produce pro-inflammatory cytokine via RIPLET-dependent cytoplasmic innate
immune response during SARS-CoV-2 infection. However, our observation that several
viral proteins can suppress the cytoplasmic innate immune response weakens this
possibility.

Although there are several contradictory reports related to RIG-I ubiquitination and the
role of LGP2 in innate immune response, our data could reconcile those apparent
discrepancies as discussed above. The molecular mechanism of RIPLET-dependent
regulation of RIG-I and LGP2 would be required to fully understand the intracellular

innate immune responses against viral infections including SARS-CoV-2.

Acknowledgments

We thank our laboratory members for helpful discussion. This work was supported in part
by Grants-in-Aid from the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) and Japan Agency for Medical Research and Development

(AMED).

Data availability
Our original data have been deposited to Mendeley Data
(https://data.mendeley.com/datasets/nhbj996m4h/draft). ~ Further information and

requests for resources, data, and reagents should be directed to lead contact Hiroyuki

19


https://doi.org/10.1101/2021.01.25.428042
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.25.428042; this version posted January 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Oshiumi (oshiumi@kumamoto-u.ac.jp).

Author contributions
HO and TK designed the experiments. RN performed mass spectrometry analysis. TK,

TN, and GW performed other experiments. HO and TK wrote the manuscript.

Declaration of interests

The authors declare no competing interests.

References

1. Rehwinkel, J. & Gack, M.U. RIG-I-like receptors: their regulation and roles in

RNA sensing. Nat Rev Immunol (2020).

2. Cadena, C. & Hur, S. Filament-like Assemblies of Intracellular Nucleic Acid

Sensors: Commonalities and Differences. Mol Cell 76, 243-254 (2019).

3. Hur, S. Double-Stranded RNA Sensors and Modulators in Innate Immunity. Annu

Rev Immunol 37, 349-375 (2019).

4. Loo, Y.M. & Gale, M., Jr. Immune signaling by RIG-I-like receptors. Immunity

34, 680-692 (2011).

20


https://doi.org/10.1101/2021.01.25.428042
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.25.428042; this version posted January 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

5. Yoneyama, M. et al. The RNA helicase RIG-I has an essential function in double-

stranded RNA-induced innate antiviral responses. Nat Immunol 5, 730-737 (2004).

6. Kato, H. & Fujita, T. RIG-I-like receptors and autoimmune diseases. Curr Opin

Immunol 37, 40-45 (2015).

7. Gack, M.U. et al. TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-

I-mediated antiviral activity. Nature 446, 916-920 (2007).

8. Peisley, A., Wu, B., Xu, H., Chen, Z.J. & Hur, S. Structural basis for ubiquitin-

mediated antiviral signal activation by RIG-1. Nature 509, 110-114 (2014).

9. Liu, Z. et al. NDR2 promotes the antiviral immune response via facilitating

TRIM25-mediated RIG-I activation in macrophages. Sci Adv 5, eaav0163 (2019).

10. Lian, H. et al. The Zinc-Finger Protein ZCCHC3 Binds RNA and Facilitates Viral
RNA Sensing and Activation of the RIG-I-like Receptors. Immunity 49, 438-448

€435 (2018).

11. Chen, S.T. et al. NLRP12 Regulates Anti-viral RIG-I Activation via Interaction

with TRIM25. Cell Host Microbe 25, 602-616 ¢607 (2019).

21


https://doi.org/10.1101/2021.01.25.428042
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.25.428042; this version posted January 25, 2021. The copyright holder for this
preprint (w