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The posttranslational modification (P°TM) of innate immune sensor proteins by ubiq-
uitin or ubiquitin-like proteins is crucial for regulating antiviral host responses. The
cytoplasmic dsRNA receptor melanoma differentiation-associated protein 5 (MDAS5)
undergoes several PTMs including ISGylation within its first caspase activation and
recruitment domain (CARD), which promotes MDAS5 signaling. However, the relevance
of MDAS5 ISGylation for antiviral immunity in an infected organism has been elusive.
Here, we generated knock-in mice (MDAS5X* R/K43RY i which the two major ISGylation
sites, K23 and K43, in MDAS5, were mutated. Primary cells derived from MDAS5K23R/K43R
mice exhibited abrogated endogenous MDA5 ISGylation and an impaired ability of
MDAS5 to form oligomeric assemblies, leading to blunted cytokine responses to MDA5
RNA-agonist stimulation or infection with encephalomyocarditis virus (EMCV) or
West Nile virus. Phenocopying MDA5 ™/~ mice, the MDASX23R/K4R mjce infected with
EMCYV displayed increased myocardial injury and mortality, elevated viral titers, and
an ablated induction of cytokines and chemokines compared to WT mice. Molecular
studies identified human HERCS5 (and its functional murine homolog HERCG) as the
primary E3 ligases responsible for MDAS5 ISGylation and activation. Taken together,
these findings establish the importance of CARD ISGylation for MDA5-mediated RNA
virus restriction, promoting potential avenues for inmunomodulatory drug design for
antiviral or anti-inflammatory applications.

antiviral innate immunity | MDAS | interferon | ISGylation | virus infection

Innate immune surveillance serves as the body’s first line of defense mechanism against a
plethora of intruding pathogens whereby pathogen-associated molecular patterns (PAMPs)
such as viral RNA and DNA are recognized (1-3). Upon sensing pathogenic “nonself”
nucleic acids, germline-encoded pattern-recognition receptors (PRRs) expressed in innate
immune (e.g., macrophages) and nonimmune (e.g., epithelial or fibroblast) cells confer
an amplitude of host antiviral responses. These include 1) type I or III interferon
(IFN)-mediated immunity, 2) the induction of proinflammatory cytokines, and 3) upreg-
ulation of IFN-stimulated genes (ISGs) in response to type I or III IFN receptor activation
and JAK-STAT1/2 signaling. Ultimately, this complex innate immune program initiated
by PRRs leads to the activation of adaptive immunity (typically mediated by T and B
cells) (4).

Innate immunity in response to viral RNA sensing in the cytoplasm is orchestrated by
several receptor proteins, primarily the RIG-I-like receptors (RLRs) retinoic acid-inducible
gene-I (RIG-I) and MDAS5 (5). These RNA helicases detect specific RNA species, such
as 5’-triphosphate-containing RNA (RIG-I) or longer and more complex dsRNA struc-
tures (MDAS5), after RNA virus infections. Besides RNA viruses, herpesviruses and ade-
noviruses also activate RLRs where either viral RNAs or certain mislocalized or modified
host RNAs harboring signature immunostimulatory features (i.c., 5’-triphosphate moiety
and dsRNA portions) are recognized (6, 7). This RNA sensing event then triggers a sig-
naling cascade that is mediated by mitochondrial antiviral-signaling protein (MAVS) and
the TBK1-IRF3/7 axis, promoting a transcriptional program comprising IFNG, antiviral
effectors (typically the gene products of ISGs), and proinflammatory cytokine or chemok-
ine molecules (5, 8). The antiviral program induced by RLRs ultimately suppresses the
replication of diverse RNA viruses (such as flaviviruses, influenza viruses, and coronavi-
ruses) and can also prompt tissue inflammation (9).

Protein posttranslational modifications (PTMs) modulate the physiological functions
of cells by altering protein conformation, activity, stability, and/or localization (10). In
particular, innate immune sensors are intricately regulated by a “PTM-code” that deter-
mines the timing and/or magnitude of PRR activation (5, 11). On the other hand, PTMs

can also negatively regulate sensor activation, curbing excessive cytokine responses that
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can lead to deleterious outcomes such as autoimmune conditions.
Serine/threonine phosphorylation and lysine ubiquitination are
the most well-characterized PTMs regulating RLR activity (5). In
unstimulated or uninfected cells, MDA5 and RIG-I are phospho-
rylated in their N-terminal caspase activation and recruitment
domains (CARDs) and C-terminal domain (CTD) (12-15).
CARD dephosphorylation by a phosphatase complex composed
of protein phosphatase 1 alpha or gamma (PPla/y) and the
RIG-I/MDAS5-targeting subunit PPP1R12C, allows for RLR tran-
sition from their signaling-restrained states to signal-transducing
“active” forms (13, 16). Specifically, RNA virus infection releases
PPP1R12C tethered to actin filaments, allowing its recruitment
to RIG-T and MDAS5 as part of a catalytically active PP1 complex
to dephosphorylate the RLR CARDs. Similarly, the CTD of RLRs
isdephosphorylated after RNA virusinfection (12). Dephosphorylated
RIG-I then undergoes TRIM25- and Riplet-mediated K63-linked
polyubiquitination in its CARDs and CTD, respectively (17, 18).
These polyubiquitination modifications promote and stabilize
RIG-I oligomer formation and thereby induce its activation to
initiate signaling via MAVS (5). MDAS5 was shown to undergo
K63-linked ubiquitination in its helicase domain catalyzed by the
E3 ubiquitin ligase TRIM65, which facilitates MDA5 activation
and downstream signaling (19). Whether the MDAS CARDs
undergo K63-linked ubiquitination in cells (vs. cell-free systems)
has been controversial (5), prompting research investigations into
activating PTMs in the MDAS5 CARD:s triggered by MDA5S
dephosphorylation. Our recent study revealed that MDA5
dephosphorylation induces MDAS5 CARD ISGylation (i.e., con-
jugation with the ubiquitin-like protein ISG15) at two major sites,
K23 and K43 (20). MDA5 ISGylation drives antiviral IFN
responses restricting a range of RNA viruses including encepha-
lomyocarditis virus (EMCV), Zika virus, and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) in human cells (20).
Conversely, as a viral tactic evolved to escape ISGylation-dependent
MDAS signaling, the SARS-CoV-2 papain-like protease (PLpro)
actively removes ISG15 from the MDA5 CARD:s (20, 21). The
physiological function of MDAS5 ISGylation at the endogenous
protein level and its in vivo relevance for controlling virus infec-
tion, however, have not yet been elucidated.

In this study, we generated MDASK?RKER knock-in mice
and showed that the combined mutation of K23 and K43
ablated endogenous MDAS5 ISGylation and oligomerization and
thereby MDAS5-mediated antiviral cytokine responses, leading
to uncontrolled RNA virus-induced pathogenesis. Furthermore,
we identified human HERC5 (or HERCG, the functional
murine homolog) as the E3 ligase enzyme responsible for cata-
lyzing MDAS5 ISGylation, enabling MDAS3 activation and anti-
viral signaling.

Results

Ablated MDAS5 ISGylation and Oligomerization in Cells from
MDASKZR/K43R vice. Our previous work indicated that human
MDAS5 (hMDA5) undergoes ISGylation at K23 and K43 in the
first CARD and that ISGylation promotes MDAS3 signaling ability
(20). As K23 and K43 are highly conserved in MDAS5 across
mammalian species including mice (SI Appendix, Fig. S1A), we
sought to determine the physiological relevance of MDAS5 CARD
[SGylation at the endogenous protein level and for host antiviral
defense in vivo. To this end, we generated MDA5S knock-in mice
(termed MDASK2R/KER) 1y, introducing the K23R and K43R
mutations into the native Mda5/1fih1 locus using CRISPR-Cas9
technology and a targeting repair vector containing the double
mutant exon 1 to replace the WT exon 1 (Fig. 1 A and B, and
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SI Appendix, Fig. S1B and Materials and Methods). In parallel,
MDA5™~ mice in which the exon 1 genomic region was deleted
due to nonhomologous end joining (NHE]) were generated as
a matched control. All mouse lines were screened and validated
using a three-set PCR genotyping strategy and by genomic DNA
sequencing (Fig. 1B and SI Appendix, Fig. S1B and Materials and
Methods).

We next assessed the protein abundance of endogenous MDA5
in primary mouse dermal fibroblasts (MDFs) isolated from the
three mouse lines both in unstimulated (basal) conditions and
after exogenous IFN-a stimulation (Fig. 1C). This showed com-
parable endogenous MDAS5 protein expression in the cells from
WT and MDASK2REKER ice and further, confirmed the absence
of MDAS expression in the cells from MDAS5~~ mice. Notably,
equal RIG-I and downstream ISG (i.e., IFIT2 and ISG15) protein
expression was observed after IFN-a stimulation in the MDFs
from all three mouse lines (Fig. 1C), demonstrating intact IFN-o/f3
receptor (IFNAR) signaling. Next, we tested the ISGylation of
endogenous MDAS in MDFs isolated from MDASK?RKER
WT mice under basal (unstimulated) conditions or after stimu-
lation with EMCV RNA, a specific agonist of MDAS5 (5, 22)
(Fig. 1D). Of note, experimental conditions were chosen where
ISG15 protein expression was comparable in both WT and
knock-in mouse cells, allowing us to unambiguously compare the
ISGylation of WT and mutant MDAS5. Consistent with our pre-
vious study (20), we detected low-level basal ISGylation for endog-
enous MDAS5 in WT cells. However, this basal ISGylation was
absent in cells from MDAS53RKSR mjce. Furthermore, cells from
WT mice showed robust endogenous MDA5 ISGylation after
EMCYV RNA stimulation. In contrast, EMCV RNA-stimulated
cells from MDASKBRKBR mice exhibited a near-abolished
ISGylation of endogenous MDAS5 (Fig. 1D). Importantly, the
levels of K63-linked polyubiquitination and SUMOylation of
endogenous MDAS (19, 23) in cells from MDASKBRKER 554
WT mice were comparable (Fig. 1 £ and F), strengthening our
previous data (20) that showed that the mutation of K23 and K43
specifically abrogates ISG15 conjugation but does not affect —
directly or indirectly— MDA5 ubiquitination or SUMOylation.

Upon binding to dsRNA in the cytosol, h(MDAS5 is primed by
CARD ISGylation facilitating its multimerization (20). Consistent
with these previous findings on exogenous WT and K23R/K43R
hMDAS5, endogenous mMDAS5 exhibited efficient oligomeriza-
tion in EMCV RNA-stimulated MDFs from WT control mice;
however, endogenous mMDAS5 oligomerization was substantially
impaired in cells derived from MDASKZ3RKSR pjce (Fig. 1 Gand
H, and ST Appendix, Fig. S1 Cand D). Collectively, these findings
show that endogenous MDA5 undergoes ISGylation at K23 and
K43, which is important for its ability to oligomerize in response
to RNA agonist stimulation.

MDAS ISGylation Is Pivotal for Eliciting IFN and ISG Responses
Against Picornavirus Infection in Fibroblasts. To elucidate the
role of MDAS5S ISGylation in downstream signal transduction,
we assessed specific activating phosphorylation marks for IRF3
and TBK1 (both downstream of MDA5 and many other PRRs)
as well as STAT1 (downstream of IFNAR) in MDF cells derived
from WT and MDAS*?VE4SR mice upon infection with EMCV.
Cells from MDA5™"~ mice were included as a control. TBK1 and
IRF3 phosphorylation was effectively elicited in cells from WT
mice following EMCYV infection. In contrast, cells derived from
MDASKZBRKER 3nd MDAS5™/~ mice showed impaired activating
phosphorylations for TBK1 and IRF3 (Fig. 24 and SI Appendix,
Fig. S2A). In accord, EMCV-infected cells from WT mice, but
not MDA5KRKSR 4nd MDAS ™ mice, exhibited robust STAT1
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Fig. 1. Impaired MDAS ISGylation and oligomerization in MDASK23RK43R mouse cells. (A) Schematic of the CRISPR-Cas9 editing strategy for the generation of
MDASKZ3RK4R and control mice. See Materials and Methods and S/ Appendix, Fig. S1B for details. The two conserved lysine residues (K23 and K43; codons AAA
and AAA; black asterisks) were mutated to arginines (K23R/K43R; codons AGA and AGA,; red asterisks). HDR, homology-directed repair. NHEJ, nonhomologous
end-joining. sgRNA, single-guide RNA. (B) Schematic diagram of the validation strategy of the transgenic mouse lines by PCR genotyping. Genomic DNA isolated
from ear tissue was amplified to detect the presence of Mda5/Ifih1 mutant (K23R/K43R) exon1 locus using the indicated primers by agarose gel electrophoresis.
The primer pair (1) and (2) generates a 523 bp-fragment in WT mice; the primer pair (3) and (4) generates a 537 bp-fragment in MDASK23VK43R mice; and the
primer pair (5) and (6) generates a 1,046 bp-fragment in WT mice, a 1,062 bp-fragment in MDASK?3R43R mice, and a 565 bp-fragment in MDA5™~ mice. (C)
Analysis of the protein abundance of endogenous MDAS5, RIG-I, and downstream ISGs (IFIT2 and ISG15) in the whole cell lysates (WCLs) of primary mouse dermal
fibroblasts (MDFs) isolated from 6 to 8-wk-old WT, MDA5SK23RK43R and MDA5™~ mice that were stimulated ex vivo with IFN-a (500 U/mL) for 24 h or that remained
untreated (-), determined by immunoblot (IB) analysis. (D) Endogenous MDAS ISGylation in MDFs from WT or MDASK23//K43R myjce that were either mock-treated
or prestimulated for 8 h with IFN-« (1,000 U/mL) and then mock-stimulated or transfected with EMCV RNA (0.4 pg/mL) for 16 h to stimulate MDAS activation,
determined by IP with anti-MDAS (or an IgG isotype control) and IB with anti-ISG15. (£) Endogenous MDAS SUMOylation in WT or MDA5K?3//K43R mouse-derived
MDFs transfected with EMCV RNA (0.4 pg/mL) for 16 h, determined by IP with anti-SUMO1 (or an IgG isotype control) and IB with anti-MDAS. (F) K63-linked
ubiquitination of endogenous MDAS5 in MDFs from WT or MDASK23/K43R mice that were transfected with EMCV RNA (0.4 pg/mL) for 16 h, determined by IP with
anti-MDAS and IB with K63-polyubiquitin-linkage-specific antibody (K63-Ub). (G) Endogenous MDA5 oligomerization in WT and MDA5K23/K4R mouse-derived
MDFs that were either mock-treated or transfected with EMCV RNA (0.4 pg/mL) for 8 h, assessed by semidenaturing detergent agarose gel electrophoresis
(SDD-AGE) and 1B with anti-MDA5. The protein abundance of MDAS in WT and MDASK23/K43R MDFs was assessed by SDS-PAGE and IB with anti-MDAS (with Actin
as loading control). (H) Densitometric analysis of the MDAS oligomer signal, normalized to the respective MDAS protein abundance, for the experiment in (G).
Values represent relative signal intensity normalized to values for unstimulated WT control cells, set to 1. Data are representative of at least two independent
experiments [mean + SD of N = 3 biological replicates in (H)]. **P < 0.01 (two-tailed, unpaired Student's ¢ test).

phosphorylation (Fig. 2B and S/ Appendix, Fig. S2B). Importantly,
MDFs from WT, MDA5KBRVKER 3nd MDAS5™~ mice showed

time course of EMCV RNA stimulation. In comparison, antiviral
and proinflammatory gene induction was impaired in EMCV

comparable TBK1, IRF3, and STAT1 phosphorylations upon
infection with Sendai virus (SeV, an RNA virus that is sensed
by RIG-I), demonstrating the integrity of the RIG-I signaling
pathway in the cells derived from MDASY23RVKR 3nd MDAS/
mice. Consistent with these results, the transcript expression
of type I IEN (i.e., Ifnal), 1SGs (i.e., MxI and Oaslb), and
proinflammatory cytokines and chemokines (i.e., 77f, Ccl5, and
Cxcl10) was efficiently elicited in MDFs from WT mice over a
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RNA-transfected cells from MDAS53RKSR 35 MDAS5™~ mice.
Notably, MDA5”~ mouse cells consistently showed a stronger
diminishment of antiviral gene induction compared with the
cells from MDA5KZ3RKIBR mjce (Fig. 2 C-E and SI Appendix,
Fig. S2 C-E). MDFs derived from WT, MDAS5K2R/K SR, and
MDA5™~ mice, however, responded equally well to rabies virus
leader RNA [RABV|; an RNA agonist activating RIG-1 (24)]
(Fig. 2 C-E and SI Appendix, Fig. S2 C-E). In line with these
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Fig. 2. Ablated MDAS5 antiviral signaling in MDASK23RK43R mouse-derived dermal fibroblasts. (A) IRF3 and TBK1 phosphorylation in WT, MDASK2RK4R  and
MDA5”~ mouse-derived MDFs that were infected for 6 h with either EMCV (MOI 2) or SeV (250 hemagglutination units [HAU]/mL) or that remained uninfected
(), determined in the WCLs by IB with anti-pS396-IRF3, anti-IRF3, anti-pS172-TBK1, and anti-TBK1. (B) STAT1 phosphorylation in WT, MDASK23//K43R and MDAS5™~
mouse-derived MDFs that were infected for 12 h with either EMCV (MOI 2) or SeV (250 HAU/mL) or that remained uninfected (=), assessed in the WCLs by IB
with anti-pY701-STAT1 and anti-STAT1. (C-E) Ifna1, Cxcl10, and Oas1b transcript abundance in WT, MDASK23/K43R and MDA5™~ mouse-derived MDFs that were
transfected with EMCV RNA (0.4 pg/mL) or RABV| (1 pmol/mL) for the indicated times, determined by RT-qPCR. (Fand G) Secreted IFN-p protein in the supernatant
of WT, MDASK23R/K43R \and MDAS5 ™~ mouse-derived MDFs that were either mock-treated (=) (F and G), infected for 12 h with EMCV (MOI 1) or SeV (20 HAU/mL)
(F), or transfected for 12 h with EMCV RNA (0.4 pg/mL) or RABV . (1 pmol/mL) (G), determined by ELISA. Data are representative of at least two independent
experiments (mean + SD of N = 3 biological replicates in C-G). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (two-tailed, unpaired Student'’s t test). Red
and blue asterisks in (C-F) indicate the statistical significance (P-values) for WT vs. MDASK23¥/K43R and WT vs. MDA5™~ (EMCV RNA-transfected) samples, respectively.

h.p.t., hours posttransfection. ND, not detected. NS, statistically not significant.

data using RLR RNA ligands, authentic EMCV infection in
cells from WT mice, but not in cells from MDAS5KRKBR 514
MDAS5™" mice, effectively elicited antiviral gene responses, while
SeV infection robustly stimulated an antiviral response in the cells
from all three mouse lines (S Appendix, Fig. S2 F—J). Consistent
with our data on antiviral gene induction, we observed strongly
diminished and ablated IFN-f protein secretion in MDFs derived
from MDASKZRKER 55d MDAS5 ™ mice, respectively (compared
to cells from WT mice) after MDAS, but not RIG-I, stimulation
(Fig. 2 F and G). These results indicate that ISGylation of
endogenous MDAS3 is required for its functional ability to instigate
an antiviral cellular defense program.

ISG15 Conjugation of the MDA5 CARDs Is Required for Innate
Signaling in Immune Cells. We next sought to determine the role
of CARD ISGylation in MDAS5 signaling in immune cells, in
particular primary bone marrow—derived macrophages (BMDMs).
Similar to our results obtained from MDFs, EMCV-infected
BMDMs from MDASK?RESR and MDA5™ mice exhibited

40of 11 https://doi.org/10.1073/pnas.2420190122

strongly diminished phosphorylation of IRF3, TBK1, and STAT1
compared to BMDM:s from WT mice (Fig. 34 and SI Appendix,
Fig. S3 A and B). In accord, cytokine and chemokine gene
expression upon EMCYV infection or EMCV RNA transfection
was impaired in MDASK23RVKSR cells compared to WT control
cells (Fig. 3 B-D and SI Appendix, Fig. S3 C and D). In stark
contrast, the signaling molecule activation and antiviral gene
responses of SeV-infected or RABV] -transfected MDASK23R/K43R
mouse—derived BMDMs were comparable to those in cells from
WT mice (Fig. 3 B-D and SI Appendix, Fig. S3 Cand D). These
results show that immune cells derived from MDAS5K3RKSR mjce
exhibit abrogated MDA5 antiviral signaling.

MDAS5 ISGylation Is Important for Eliciting an Antiviral
Transcriptional Program Against Coronaviruses and Flaviviruses.
In addition to detecting picornavirus infections, MDAS5 is a
major receptor for sensing coronaviruses and flaviviruses (5). As
such, we investigated the requirement of MDAS ISGylation at
K23 and K43 for initiating an innate transcriptional program
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Fig. 3. Innate immune signaling to EMCV, but not SeV, infection is impaired in MDA5K23RK43R mouse-derived immune cells. (A) Phosphorylation of endogenous
IRF3 and TBK1 in WT, MDA5K23R/K43R and MDA5™~ mouse-derived BMDMs that were infected for 6 h with either EMCV (MOI 5) or SeV (200 HAU/mL), assessed in
the WCLs by IB with anti-pS396-IRF3 and anti-pS172-TBK1. WCLs were further immunoblotted with anti-IRF3, anti-TBK1, and anti-Actin (loading control). (B-D)
Ifnat, Ifnb1, and Ccl5 transcripts in WT, MDASK23R/K43R and MDAS5™~ mouse-derived BMDMs that were infected with either EMCV (MOI 1) or SeV (20 HAU/mL) for
the indicated times. Data are representative of at least two independent experiments (mean + SD of N = 3 biological replicates in B-D). *P < 0.05, **P < 0.01,
**%p <0.001, and ****P < 0.0001 (two-tailed, unpaired Student’s t test). Red and blue asterisks in (B-D) indicate the statistical significance (P-values) for WT vs.
MDASKZRKA3R and WT vs. MDAS™~ (EMCV infected) samples, respectively. h.p.i., hours postinfection.

to SARS-CoV-2 (coronavirus) and West Nile virus (WNV, a
flavivirus). Of note, we used SARS-CoV-2 RNA [which activates
primarily MDAS5 (20)], instead of authentic SARS-CoV-2 infection,
because 1) ancestral SARS-CoV-2 is unable to efficiently infect
primary mouse fibroblasts due to the absence of human ACE2
(the SARS-CoV-2 entry receptor) expression, and 2) the virus
has effective mechanisms to dampen MDAS5 signaling (20,
25). Transfection of SARS-CoV-2 RNA into MDFs derived
from MDAS5KBRKER o MDAS5~ mice induced little or no
antiviral and proinflammatory gene expression as compared to
that induced in WT cells (Fig. 44). Moreover, MDAS5K23R/KAR
or MDA5~ mouse—derived MDFs exhibited blunted antiviral
transcriptional responses following authentic WNV infection as
compared to control cells (Fig. 4B). Of note, in these experiments,
we measured antiviral gene induction specifically at a late time
(i.e., 60 h) in WNV infection where MDAS was shown to play
a major role in flaviviral RNA detection, whereas RIG-I senses
WNV early in infection (26). In contrast, IFN/ISG transcriptional
induction upon infection with influenza A virus (IAV), which is
sensed by RIG-I (27, 28), was comparable in MDFs from WT,
MDASKSRKER “and MDAS™~ mice (Fig. 4C). Together with
our data on EMCYV, these findings strengthen the importance of
CARD ISGylation for MDAS5’s ability to elicit an innate immune
program against RNA viruses from at least three different families
(i.e., Picornaviridae, Coronaviridae, and Flaviviridae).

HERC5/HERC6 Catalyzes MDAS5 ISGylation, Promoting MDAS5

Oligomerization and Immune Signal Transduction. To identify
the E3 ligase(s) responsible for MDA5 CARD ISGylation, we

PNAS 2025 Vol.122 No.14 2420190122

adopted a candidate approach in which we silenced specific
enzymes known to have E3 ligase activity for ISG15 [i.e., HERC5
(29), HHARI or ARIH1 (Ariadne RBR E3 ubiquitin protein ligase
1 (30)), and TRIM25 (also named estrogen finger protein (EFP)
(31)] and tested the effect of silencing on endogenous hMDA5
ISGylation. Knockdown of TRIM65, which mediates the K63-
linked ubiquitination of MDAS5’s helicase domain (19) and is
not known to confer ISG15 E3 ligase activity, served as a control
in this experiment. Depletion of endogenous HERCS ablated
MDAS5 ISGylation in primary normal human lung fibroblasts
(NHLF) as compared to transfection of nontargeting control
siRNA (si.C), whereas knockdown of the other E3 ligases had no
diminishing effect on MDAS ISGylation (Fig. 5A4). Depletion of
endogenous HERCG6 [the functional substitute of HERC5 in mice
(32, 33)] in primary MDFs near-abolished MDA5S ISGylation
induced by EMCV RNA stimulation, to a similar extent as did
El (UBEIL) or E2 (UBCHS) silencing (Fig. 5B). In contrast,
depletion of endogenous TRIM65 in MDFs did not affect MDA5S
ISGylation, ruling out that TRIM65—either directly or indirectly
(for example, via a possible crosstalk between MDA5 K63-linked
ubiquitination and ISGylation)—influences MDAS5 ISGylation
(Fig. 5B). In line with these findings, HERC6 knockdown in
EMCV RNA-stimulated WT MDFs noticeably diminished
MDAS5 oligomerization. By contrast, HERCG silencing in cells
from MDASK2RESR njce, which showed impaired MDA5
oligomerization (as compared to cells from WT mice), did not
further reduce MDAS5 oligomerization (Fig. 5 Cand D).
Knockdown of HERCS5, but not ARIH1, in primary NHLFs
markedly reduced the levels of ISG, cytokine, and chemokine

https://doi.org/10.1073/pnas.2420190122 5 of 11



Downloaded from https://www.pnas.org by CLEVELAND HEALTH SCIENCES LIBRARY CWRU on April 4, 2025 from |P address 129.22.226.126.

6 of 11

. WT . MDABK23RIK43R
A Ifnb1 Rsad2
20000 v
§ 15000 Ekkk ’E\
£ ke £
% 10000 <
£ 5000 x
0 Lo U
c‘}' X e?’
S D SO
= %Q-\&\' X
I v
PP
SAIREN
B Ifna2 kk
800_ * kK
600- d ok
5 o xan 5
= 503 P
S 404 2
X 30- x
E 20 E
10
0 -
N o
& N N
o
Y &
QFQ

N
o O Ne
<

mRNA (fold)

mRNA (fold)

Il MDA5~-

Cxcl10 Tnf
*hkk Skkkk
40000 A 15000 iy
30000 vy 5 10000
S 5000 doxkn
20000 < 3000 Kxkx
Z 2000
10000 € 000
0 LoooBE Ml o, 0 o M
F ¥ X X
O
NGNS NGO
(OO \Q %C) VQ %Q ,\\} %Q VQ
SRS SRS
Cxcl10
kxkx
300000 o
200000] d
100000 e
60000
40000
20000

Fig. 4. MDA5K?3/K43R mouse-derived cells are deficient in mounting an innate immune response to coronavirus or flavivirus challenge. (4) RT-qPCR analysis of
the indicated antiviral or proinflammatory gene transcripts in WT, MDASK23/K43R \and MDA5™~ mouse-derived MDFs at 16 h posttransfection with SARS-CoV-2
RNA (0.1 or 0.4 ug/mL). Mock-treated cells served as control. (B) RT-qPCR analysis of the indicated genes in WT, MDASK23/R/K43R and MDA5™~ mouse-derived MDFs
that were either mock-treated or infected for 60 h with WNV (MOI 1 or 3). (C) RT-qPCR analysis of the indicated antiviral gene transcripts in WT, MDASK23R/K43R,
and MDA5™~ mouse-derived MDFs that were either mock-treated or infected for 8 h with either EMCV or IAV (each MOI 1). Data are representative of at least
two independent experiments (mean + SD of N = 3 biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (two-tailed, unpaired Student's

t test). SCoV2, SARS-CoV-2. NS, statistically not significant.

transcripts upon EMCV RNA stimulation (Fig. 5£ and
SI Appendix, Fig. S4A). Similarly, the knockdown of endogenous
HERCG6 in WT MDFs abrogated EMCV RNA-induced antiviral
gene expression as compared to si.C transfection (S Appendix,
Fig. S4B). The diminishing effect of HERC5 or HERCG silencing
on MDAS signaling was observed with several different siRNAs
having unique targeting sequences, ruling out potential off-target
effects (SI Appendix, Fig. S4 C and D). Notably, HERC5 or
HERC6 knockdown did however not ablate antiviral gene expres-
sion induced by RABV| transfection (S/ Appendix, Fig. S5 A and
B). Collectively, these results establish that HERC5 (human) and
HERCG6 (mouse) are the major E3 ligases that mediate MDA5S
ISGylation, ultimately promoting MDA5 oligomerization and
antiviral signaling.

MDA5K23R/K43R \iice are Impaired in Eliciting Effective Innate
Immune Responses and in Restricting Virus Infection. To evaluate
the in vivo relevance of ISGylation-dependent MDAS activation
in antiviral immunity, we infected WT and MDASK?VK4R
mice intraperitoneally with EMCV and monitored morbidity

https://doi.org/10.1073/pnas.2420190122

and survival, innate immune responses, and viral titers
(Fig. 64). MDA5™~ mice were included in these experiments for
comparison. MDASX»V K4R and MDA5™~ mice infected with
EMCYV exhibited more severe clinical disease signs and accelerated
lethality compared to infected WT mice (Fig. 68 and SI Appendix,
Methods, and Fig. S6A). Analysis of EMCV replication revealed
that MDASK?RVESR and MDAS™~ mice had significantly higher
viral titers in cardiac and brain tissues as compared to WT mice
(Fig. 6 C and D), indicating enhanced viral replication due to
ablated MDAS activity in the MDASK?RKSR 3nd MDAS-
mice. Furthermore, effective IFN-B production was triggered
in the blood of infected WT mice. In contrast, IFN-f protein
was undetectable in the blood of infected MDA5K3RKSBR 55d
MDAS™ mice (Fig. 6E). In line with these results, RT-qPCR
analysis detected higher viral RNA amounts and strongly reduced
cytokine/chemokine transcript levels in the blood (Fig. 6F) and
heart (Fig. 6G) of infected MDASKZREKER mjce compared
with infected WT control mice. Of note, the impaired antiviral
transcriptional program observed for MDASK2VEBR mjce was
comparable to that of infected MDAS5 ™~ mice, which also showed
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Fig. 5. HERC5/HERCG6 catalyzes MDAS ISGylation promoting MDAS oligomerization and immune signaling. (A) ISGylation of endogenous MDAS in primary NHLF
cells that were transfected for 48 h with the indicated siRNAs and then transfected with EMCV RNA (0.4 pg/mL) for 16 h, determined by IP with anti-MDAS5 (or an
1gG isotype control) and IB with anti-ISG15. Knockdown of the individual genes was confirmed in the WCLs by IB with the indicated antibodies. (B) Endogenous
MDAS ISGylation in WT mouse-derived MDFs that were transfected for 48 h with the indicated siRNAs and then transfected with EMCV RNA (0.4 pg/mL) for 16 h,
determined as in (A). Knockdown of the individual genes was confirmed in the WCLs by IB with the indicated antibodies. (C) Endogenous MDAS oligomerization
in WT and MDASK23//K43R mouse-derived MDFs that were transfected for 48 h with the indicated siRNAs and then transfected with EMCV RNA (0.4 pg/mL) for 16 h,
assessed by SDD-AGE and IB with anti-MDAS. Input amounts for MDAS, as well as knockdown of endogenous HERC6, were confirmed by SDS-PAGE and 1B with
anti-MDAS or anti-HERC6. (D) Densitometric analysis of the MDAS oligomer signal, normalized to the respective MDAS protein abundance, from the experiment
in (0). Values represent relative signal intensity normalized to values for si.C-transfected WT cells, set to 1. () IFNB1, IFNA1, CXCL10, and MX1 gene transcripts
in primary NHLF cells that were transfected with the indicated siRNAs and then either Mock-treated or stimulated with EMCV RNA as in (A), determined by RT-
gPCR. Data are representative of at least two (A, B, and E) or three (C and D) independent experiments [mean + SD of N = 3 biological replicates in (D and E)].
*P <0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001 (two-tailed, unpaired Student's t test). si.C, nontargeting control siRNA. NS, statistically not significant.

blunted cytokine/chemokine induction as expected (Fig. 6 Fand  histological analysis of cardiac tissues from WT, MDASKZRKSR and
G). Cumulatively, these results indicate that CARD ISGylation ~ MDAS5”~ mice. This revealed that EMCV-infected MDA5K23R/K43R
is a key activation mechanism for MDAS5 to control RNA virus ~ and MDA5™~ mice exhibited markedly increased spacing between
infection and viral pathogenesis in vivo. cardiac myofibers, indicative of edema caused by EMCV-induced

cardiac damage (34), as compared to infected WT control mice
MDAS5 CARD ISGylation Is Cardioprotective During In Vivo (Fig. 7 A and B). In accord, the levels of cardiac troponin I (¢Tnl),
EMCV Infection. To elucidate the impact of impaired MDA5  a commonly used marker of myocardial injury, were significantly
CARD ISGylation on EMCV-induced pathology, we performed ~ elevated in the plasma of EMCV-infected MDASK23R/K4R
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using Biorender.com.

and MDA5~ mice compared to infected WT mice (Fig. 7C).
Collectively, these data indicate that ISGylation-dependent MDA5
activation is important for alleviating EMCV-induced cardiac

pathology.

Discussion

Fine-tuning the signaling activity of the innate RNA sensor
MDAS has been shown to require several PTMs including phos-
phorylation, ubiquitination, SUMOylation, and lately, ISGylation
(5). While the molecular discoveries on PTM-mediated MDA5
regulation have greatly advanced our understanding of MDA5S
activation, the physiological relevance of several of these PTM
marks, particularly in an organism, has been elusive. In the

80of 11  https://doi.org/10.1073/pnas.2420190122

present study, we generated MDASX3VESBR mijce with mutation

of the two key ISGylation sites in MDAS5 and investigated the
direct contribution of ISGylation for MDA5-dependent antiviral
innate immunity. We showed that, like human MDAS5, endoge-
nous mouse MDAS undergoes robust ISGylation, and further,
that this modification is crucial for MDA5’s ability to form
higher-order oligomeric assemblies and to induce antiviral IFN
responses. Notably, this important role of MDA5 CARD
ISGylation was observed for various MDA5 stimuli including
MDAS5-specific RNA ligands (i.e., EMCV RNA and SARS-
CoV-2 RNA) and viruses from different families (i.e.,
Picornaviridae (EMCV) and Flaviviridae (WNV), both known
to be detected by MDAS). Furthermore, similar to MDA5”~
mice, MDASKZVESR mice were highly susceptible to EMCV
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infection and displayed heightened pathology and lethality owing
to diminished antiviral IFN/cytokine and chemokine responses.
Our data thus establish ISGylation as a physiologically important
PTM governing MDAS5 activation and its downstream antiviral
signaling.

Our work also identified the E3 ligases catalyzing the CARD
ISGylation marks of MDA5. Through a targeted siRNA-based
miniscreen, we found that HERC5 and its functional murine
homolog, HERCG, represent the key E3 ligases responsible for
MDAS5 ISGylation, prompting MDA5 downstream antiviral sig-
naling. Interestingly, ISGylation has recently been shown to play
important roles in the activation of the cGAS-mediated innate
DNA sensing pathway (35-38). HERC5 and mouse HERC6 were
also identified to be the critical E3 enzymes involved in the
ISGylation of the DNA sensor cGAS and its signaling adaptor
STING, promoting HSV-1 restriction (37, 38). These findings
highlight HERC5/HERC6-mediated ISGylation as an essential
regulatory arm of PRR-induced antiviral innate immunity against
both RNA viruses and DNA viruses. While we have not tested
directly the in vivo role of HERCG in antiviral defense against
MDAS5-sensed viruses, a previous study showed that compared to
WT mice, HERC6'" mice, despite exhibiting ablated global
ISGylation, mounted comparable IFN and proinflammatory
cytokine responses to infections with SeV and vesicular stomatitis
virus, both known to be primarily sensed by RIG-I. This is con-
sistent with our and others” observation that ISGylation positively
regulates MDAS signaling but has minimal or even opposing
effects on RIG-I activation (20, 39, 40). Future studies are nec-
essary to comprehensively assess the antiviral responses to MDA5-
or RIG-I-sensed viruses in HERC6™~ mice.

PNAS 2025 Vol.122 No.14 2420190122

Our data strengthened the concept that HERC5/HERCG6-
mediated ISGylation of the N-terminal CARDs is important for
efficient  MDAS5  oligomerization. Our observation that
MDASKBREKER (o][s showed some residual MDAS oligomeriza-
tion and antiviral cytokine/ISG responses however indicates the
involvement of other mechanisms in regulating MDAS activation.
In particular, the K63-linked polyubiquitination of MDAS in the
helicase domain by TRIM65 has been shown to facilitate MDA5S
oligomerization and its downstream antiviral signaling (19).
Indeed, silencing of endogenous TRIM65 in WT cells led to a
reduction in MDAS5 oligomerization to the levels of oligomeriza-
tion observed for MDASK2RKIR ko ck-in cells, whereas TRIMG6S
depletion in the MDASKPRKSBR knock-in background near-
abolished MDAS5 oligomerization (SI Appendix, Fig. S6B). These
data suggest that MDA5 CARD ISGylation and helicase
K63-linked ubiquitination play synergistic roles in facilitating
MDAS5 oligomerization, leading to optimal MDA5S activation.
Given the role of the helicase domain in the initial binding to
dsRNA ligands, it is tempting to speculate that the
TRIMG65-mediated ubiquitination of MDAS5 occurs first and
primes oligomerization, while CARD ISGylation amplifies the
magnitude of MDAS5 oligomeric assembly and downstream signal
transduction. However, additional studies are needed to define
the temporal aspects and respective roles of the CARD and helicase
PTM-events in the MDA5S oligomerization process, and their
relationships to other cofactors needed for MDAS higher-order
assembly formation.

A previous study reported that MDAS5 undergoes SUMOylation
in the CARDs at K43 (23). However, we observed similar levels of
MDAS5 SUMOylation (and also K63-linked polyubiquitination) in
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MDASKBRESBR and WT cells. These results indicate that the two
lysine residues are specific for ISGylation, although it is possible that
a temporal switch of these two PTMs at K43 can occur for fine-tuning
the activation state of MDAS5. Future studies are warranted to illus-
trate the dynamics and relative contributions of MDA5 PTMs in
physiological (cell-based or invivo) conditions using similar
approaches as described herein for MDA5 CARD ISGylation.

Our identification of ISGylation as a physiologically important
PTM governing MDAS5-mediated immunity highlights its potential
for translational applications. Recent studies have demonstrated
that MDAS5 plays a determining role in the immunogenicity of
COVID-19 vaccines, particularly in stimulating humoral and
cell-mediated adaptive immune responses (41). Although the
involvement of specific PTMs in MDAS activation by COVID-19
vaccines remains unknown, we postulate that ISGylation plays a
role, and modulating MDA5 ISGylation may provide a strategy to
enhance vaccine efficacy. Given that ISG15 conjugation to viral
proteins typically inhibits their function, and further, since viruses
such as SARS-CoV-2 have evolved tactics to actively remove
ISGylation from both host and viral proteins (20, 25, 42), boosting
[SGylation could offer dual benefits via 1) fortifying MDAS5 (and
perhaps other sensor such as cGAS) signaling, and 2) counteracting
viral evasion through de-ISGylation. Along these lines, as sensing of
endogenous host RNA ligands by MDAS and Mda5/Ifih1
gain-of-function mutations underlie certain autoimmune conditions
(43-45), exploring the modulation of MDA5 ISGylation as an
immunomodulatory approach to mitigate autoinflammation repre-
sents an intriguing area for future research. Overall, our findings
unveiling a pivotal role of MDAS5 CARD ISGylation in promoting
innate immunity may hold promise for translational application in
antiviral drug design, vaccinology, and autoimmunity.

Materials and Methods

Generation of MDASKZ3R/K43R ag MDAS™/~ Mice. The Mda5/Ifih 1 transgenic
mice were generated by introducing the K23R and K43R mutations into the native
Mda5/Ifih7 genomic DNA locus by replacing the WT exon with a double mutant
exonT directly in mice using CRISPR-Cas9 and a targeting vector. The sgRNA
sequences that directed Cas9 nuclease cutting on either side of a Mda5/Ifih T exon1
genomic DNAtarget fragment were identified by the CRISPR algorithm (http://cris-
por.tefor.net/) and screened with a sgRNA in vitro screening system (Clontech). The
cutsites forthe 5 sgRNAMda5/Ifih 11162/rev (CATCGTGAGGTCTCAGGAAA) and the
3'sgRNAMda5/Ifih 11652/fw (CGGGTAGGTGTCAATGTAGT) were then used to design
a targeting vector containing a 1 kb 5’ arm of homology, a unique Ascl site at the
cut site of 1162/rev, a double mutant Mda5/Ifih 7 exon1 sequence, a unique Pmel
site at the cut site of 1652/fw, and a 1 kb 3" arm of homology. The insertion of the
unique sites prevents cutting the targeting vector by Cas9 nuclease. Mixtures of Cas9
nuclease, both sgRNAs, and the supercoiled targeting vector were microinjected into
the pronucleus of fertilized oocytes from C57BL/6J mice at the Case Transgenic and
Targeting Facility (Case Western Reserve University). Injected fertilized oocytes were
transferred to the oviducts of CD1 pseudopregnant recipients and the resulting
pups were transferred to the Gack laboratory. In genome editing, because of the
two sgRNAs in the mixtures, the DNA repair machinery can also resolve the cuts by
consecutive nonhomologous end joining, leading to the deletion of the intertwining
WTMdab/Ifih 7 exon sequence and resulting in a putative null allele. Animals were
therefore screened for both knock-in (K1) and knock-out (KO) genotypes, with the
latter serving as the matched control. MDA5*23¥43% and MDA5~ founder mice were
then backcrossed to C57BL/6J WT mice (Jackson Laboratory) to generate homozy-
gous MDASKZRKER and MDA5™- mice in the C57BL/6J background. Validation of
the transgenic mice as well as additional information about the mouse lines used
in this study are described in S/ Appendix, Methods.

Mouse Infection Studies. For EMCV infection, sex-matched 6 to 8-wk-old WT,
MDASK23RKER and MDAS”- C57BL/6J mice were infected with the indicated
plaque forming unit (PFU) of EMCV in 100 pL of sterile PBS via the intraperitoneal
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route following published protocols (34). Both female and male mice were used
in the experiments. Mice were monitored daily for disease progression, and
specific tissues were analyzed as described in detail in S/ Appendix, Methods.
All experiments were performed under protocols approved by the Institutional
Animal Care and Use Committee of the Cleveland Clinic Florida Research and
Innovation Center.

Cardiac Histology and Quantification of Myofiber-Free Space. Histological
staining of cardiac tissues from uninfected or EMCV-infected WT, MDA5K23R/K43R,
and MDA5~"~ mice was performed as previously described with minor modifi-
cations (34) (see also S/ Appendix, Methods).

The extracellular space between cardiac myofibers was quantified using
ImageJ similarly as described previously (34). In brief, H&E-stained images (10
fields per mouse genotype; N = 5 mice per genotype) at 20 x magnification were
first converted to 8-bit grayscale images. Binary images were generated, and 3
to 6 regions of interest (ROIs) per field were selected ensuring a wide represent-
ative tissue sampling. The percentage of extracellular space within each ROl was
quantified, and the average percentage of myofiber-free space was calculated
for each mouse group. The total number of ROIs per treatment group was 50.

Cell Culture. MDFs derived from ear/tail tissue of WT, MDASK23RK43R and MDAS
mice (C57BL/6J mice, 6 to 8-wk-old) were isolated after mincing and treatment
with digestion media containing collagenase D (20 mg/mL) and pronase (20 mg/
mL) (46). Cells were cultured in Roswell Park Memorial Institute (RPMI) media
supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 1 mM sodium pyruvate,
50 uM 2-mercaptoethanol, and 100 U/mL antibiotic-antimycotic (Gibco). Bone
marrow-derived macrophages (BMDMs) were generated from the femurand tibia
of WT, MDA5*23/&43R ‘and MDA5™- mice (C57BL/6J background, 6 to 8-wk old)
and maintained in RPMI media supplemented with 10% (v/v) FBS, 100 U/mL
antibiotic-antimycotic (Gibco), 1% (v/v) nonessential amino acids (NEAA), T mM
sodium pyruvate, and 25 pg/mL macrophage colony-stimulating factor (M-CSF;
Thermo Fisher Scientific) as previously described (16). The other cell lines used in
this study are described in S/ Appendix, Methods. All cell cultures were maintained
at37°Cinahumidified 5% CO, atmosphere. Primary cells from WT, MDA5¥23R/K43%
and MDA5™" mice were validated by genotyping. Additionally, the presence or
absence of MDAS5 protein expression was confirmed by immunoblot (IB) analysis.
All cell lines have been regularly tested for the absence of Mycoplasma contami-
nation by PCR assay and/or using the MycoAlert Kit (LT37-701; Lonza).

Viral RNA Isolation and Transfection. EMCV RNAwas produced as previously
described (20). Briefly, Vero cells were infected with EMCV (MOI 2) for 10 h,
and total RNA was isolated using TRIzol Reagent (15596018, Thermo Fisher
Scientific) per the manufacturer's instructions. Mock RNA and SARS-CoV-2
RNA were generated by isolating total RNA from Vero E6-TMPRSS2 cells that
either remained uninfected or that were infected for 24 h with recombinant
SARS-CoV-2 (strain K49; MOI 1) as detailed in previous publications (20, 47).
EMCV RNA and SARS-CoV-2 RNA transfections were performed at the indicated
concentrations using the Lipofectamine 2000 transfection reagent (11668019;
Thermo Fisher Scientific). RABV,, was generated by in vitro transcription using
the MEGAshortscript T7 Transcription Kit (Invitrogen) according to a previous pro-
tocol (24), and for its transfection into cells, Lipofectamine RNAIMAX Transfection
Reagent (13778150; Invitrogen) was used (see respective Figure legends for
details on RABV,, concentrations used).

Immunoprecipitation Assay and Immunoblot Analysis. Immunoprecipitation
of endogenous proteins (i.e., MDA5 and SUMO1) was performed using standard
protocols with minor modifications (13, 20). Briefly, for assaying endogenous MDAS
ISGylation and SUMOylation in MDF cells from WT and MDA5*23R 43R mice or in
primary NHLFs, cells were stimulated as indicated and then lysed using Nonidet
P-40 (NP-40) buffer [50 mM HEPES (pH 7.2 to 7.5), 200 mM NaCl, 1% (v/v) NP-
40,5 mM EDTA, and 1 x protease inhibitor (Sigma)], followed by centrifugation
at 16,000x g and 4 °C for 20 min. Centrifuged cell lysates were then precleared
at 4 °Cfor 1 to 2 h using Protein G Dynabeads preconjugated with rabbit IgG
(DATE; CST). Next, cell lysates were incubated for 16 h with Protein G Dynabeads
preconjugated with anti-MDA5 antibody (D74E4; CST) (in case of ISGylation) or
anti-SUMO1 antibody (C9H1; CST)(in case of SUMOQylation), or IgG isotype control
(DATE; CST), at 4 °C. The beads were extensively washed five times with NP-40
buffer. The proteins were eluted by heating in 1 x Laemmli SDS sample buffer at
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95 °Cfor 5 min. Protein samples were resolved on Bis-Tris SDS-polyacrylamide gel
electrophoresis (PAGE) gels and transferred onto polyvinylidene difluoride (PVDF)
membranes (1620177; Bio-Rad). Membranes were incubated with primary and
secondary antibodies (at dilutions described in S/ Appendix, Methods), and protein
signals were visualized using an ImageQuant LAS 4000 Chemiluminescent Image
Analyzer (General Electric) as previously described (20).

For determining the K63-linked ubiquitination of endogenous MDAS5, cell
lysates were prepared in a modified RIPA buffer [50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1% (v/v) NP-40, 2% (w/v) SDS, 0.25% sodium deoxycholate, and
1 mM EDTA] followed by boiling at 95 °C for 10 min, and sonication. The lysates
were then diluted 10-fold with a modified RIPA buffer containing no SDS (final
concentration of SDS at 0.2%) and then cleared by centrifugation at 20,000xg
for 20 min at 4 °C. The lysates were precleared as described above and then
subjected to IP with anti-MDA5 (D74E4; CST) or IgG (isotype control), following
published procedures (20).

Semidenaturing Detergent Agarose Gel Electrophoresis. Endogenous
MDAS5 oligomerization in EMCV RNA-stimulated MDFs isolated from WT and
MDASKZ3RK43R mice was determined by semidenaturing detergent agarose gel
electrophoresis (SDD-AGE) as previously described (20).

Sequence Alignments. Primary sequence alignment of the amino acid regions
containing K23 and K43 in orthologous MDA5 proteins was performed using
Clustal Omega (1.2.4).
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Quantification and Statistical Analysis. All data were analyzed using
GraphPad Prism software (version 10). A two-tailed, unpaired Student's t test
was used to compare differences between the two experimental groups in all
cases. For statistical evaluation of mice survival, the log-rank (Mantel-Cox)
test was performed. For the clinical score analysis, two-way ANOVA was used
followed by Bonferroni's posttest. Significant differences are denoted by
*P < 0.05,**P < 0.01, ***P < 0.001, and ****P <0.0001. Prespecified effect
sizes were not assumed, and the number of independent biological replicates
(N)is indicated for each dataset.

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