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MAVI1, an endoplasmic reticulum–localized
microprotein, suppresses antiviral innate immune
response by targeting MAVS on mitochondrion
Tao-tao Shi1,2,3†, Ying Huang1,2,3†, Ying Li1,2,3, Xiang-long Dai1,2,3, Yao-hui He1,2,3,
Jian-cheng Ding1,2,3, Ting Ran4, Yang Shi5, Quan Yuan5, Wen-juan Li1,2,3*, Wen Liu1,2,3*

Pattern recognition receptor–mediated innate immunity is critical for host defense against viruses. A growing
number of coding and noncoding genes are found to encode microproteins. However, the landscape and func-
tions ofmicroproteins in responsive to virus infection remain uncharacterized. Here, we systematically identified
microproteins that are responsive to vesicular stomatitis virus infection. A conserved and endoplasmic reticu-
lum–localizedmembranemicroprotein, MAVI1 (microprotein in antiviral immunity 1), was found to interact with
mitochondrion-localized MAVS protein and inhibit MAVS aggregation and type I interferon signaling activation.
The importance of MAVI1 was highlighted that viral infection was attenuated and survival rate was increased in
Mavi1-knockoutmice. A peptide inhibitor targeting the interaction betweenMAVI1 andMAVS activated the type
I interferon signaling to defend viral infection. Our findings uncovered that microproteins play critical roles in
regulating antiviral innate immune responses, and targeting microproteins might represent a therapeutic
avenue for treating viral infection.
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INTRODUCTION
As the first line of defense against microbial pathogens, such as
RNA and DNA viruses, innate immunity can elicit robust antiviral
responses (1). Upon viral infection, viral-derived RNA/DNA is rec-
ognized by pattern recognition receptors, which include Toll-like
receptors (TLRs), retinoic acid–inducible gene I (RIG-I)–like recep-
tors (RLRs), NOD-like receptors, C-type lectin receptors, and
several other nucleic acid sensors (2, 3). TLR family protein of
RNA sensors includes TLR3, TLR7, and TLR8, which are localized
in the endosome (4), and RLRs family protein of RNA sensors in-
cludes RIG-I, Melanoma differentiation-associated protein 5
(MDA5) , and Laboratory of genetics and physiology 2 (LGP2),
which are mainly localized in the cytosol of cells (5). Among
them, TLR3 recognizes double-stranded RNA (dsRNA) in a se-
quentially independent manner (6), while TLR7 and TLR8 detect
single-stranded RNA (7, 8). As for the RLRs, all of them are char-
acterized by a C-terminal dsRNA-binding domain and a central As-
partic acid-Glutamic acid-Alanine-Aspartic acid (DEAD) box
helicase/adenosine triphosphate binding domain (9). RIG-I
prefers to recognizing short dsRNA (<300 bp) with 50 triphosphate
moiety as well as short fragments of Polyinosinic-polycytidylic acid

[poly (I:C)], 50 diphosphate, or circular RNA (10, 11), while MAD5
mainly binds lengthy and irregular dsRNA (>300 bp) (12). Upon
RNA viral infection, the conformation of both RNA sensors
changes and forms a tandem CARD (caspase activation and recruit-
ment domain) tetramer in synchrony with translocation to the mi-
tochondria (13). Subsequently, the CARDs of RIG-I and MDA5 are
equipped with the K63 multiubiquitin chain by E3 ubiquitin ligases
(14), which is required for exposing the CARD domains to bind to
the downstream key adaptor protein MAVS on the surface of mito-
chondria (also known as IPS1, VISA, or Cardif ) (15–19). MAVS
then forms a functional prion-like aggregates structure using the
mitochondrial outer membrane as scaffold (20), which further ac-
tivates cytosolic TANK-binding kinase 1 (TBK1) and Inhibitor of
nuclear factor kappa-B kinase (IKK) complex. Phosphorylation of
Interferon regulatory factor 3 (IRF3) and IRF7 by TBK1 and nuclear
factor κB (NF-κB) by IKK promotes the translocation of IRF3, IRF7,
and NF-κB into the nucleus, inducing type I interferons (IFNs) and
proinflammatory cytokines (21–23). The secreted proinflammatory
cytokines promote neutrophil recruitment and activate macrophag-
es to clear pathogens, while secreted interferons activate the Janus
kinase/signal transducers and activators of transcription signaling
to induce the expression of hundreds of interferon-stimulated
genes (ISGs) (24–26). The activation of RLRs signaling is critical
to limit the spread of widespread spectrum viral infections (27,
28). RLR-MAVS–mediated type I IFN and ISGs induction are or-
chestrated by a variety of different mechanisms (29–31).

With the completion of the first draft of the human genome in
2001, the number of annotated human genes increased markedly
over the next decade (32). It spurred an era of elucidating the func-
tion of the noncoding portion of the genome. The number of their
search for protein-coding genes at ~20,000 in the mid-2000s is far
underestimated (33, 34). With the development of ribosome profil-
ing (Ribo-seq) and mass spectrometry (MS) techniques, various
RNA transcripts including microRNA, circRNA, small nuclear
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RNA (snRNA), Piwi-interacting RNA, and long noncoding RNA
(lncRNA), previously considered to be noncoding, have been
shown to be capable of encoding short peptides or proteins (35,
36). Proteins encoded by lncRNA are involved in various biological
processes such as development (37), metabolism (38), calcium ho-
meostasis (39), RNA decapping (40), stress signaling (41), cell death
(42), and tumorigenesis (43), among others. Whether micropro-
teins, particularly for those are membrane localized, are involved
in RLR-MAVS–mediated antiviral immune responses remain
unexplored.

Here, we systematically identified microproteins that are respon-
sive to vesicular stomatitis virus (VSV) infection from both coding
and noncoding RNAs through transcriptomic profiling in combi-
nation with Ribo-seq. One of these microproteins, which we
named as MAVI1, contains a signal peptide (SP) and a transmem-
brane (TM) domain and is localized on ER membrane. MAVI1 at-
tenuates RLR-mediated type I IFN signaling and antiviral immune
responses by directly targeting MAVS protein on mitochondrion.
Concordantly, Mavi1 deficiency in mice notably enhances innate
immune responses against RNA viruses and improves mouse sur-
vival. Peptide inhibitor targeting MAVI1 and MAVS interaction is
potent in activating the type I IFN signaling and defending viral
infection.

RESULTS
A microprotein MAVI1 is down-regulated in response to
RNAvirus infection and suppresses the expression of IFNB1
To explore the landscape of microproteins in response to RNAviral
infection, we performed transcriptomic analysis in human embry-
onic kidney (HEK) 293 cells with or without VSV infection as well
as analyzed Ribo-seq in HEK293 cells reported previously (44).
Transcriptomic analysis results revealed that 1999 and 2318 genes
were induced and repressed upon VSV infection, respectively [Fold
change (FC) ≥ 1.5, q ≤ 0.05], and Ribo-seq analysis results revealed
that there were 14,809 ORFs (open reading frames) predicted, in-
cluding both known and de novo ORFs (fig. S1A and table S1).
Among all the predicted ORFs, the transcripts of 881 and 1800
ORFs were induced and repressed by VSV, respectively (fig. S1A
and table S1). In particular, 816 of these ORFs were predicted to
have less than 100 amino acids, which were defined as short
ORFs (sORFs) (fig. S1A and table S1). There were 77 sORFs from
known coding genes, while the rest were de novo ones (fig. S1A and
table S1). We noticed that a large number of protein products from
these known sORFs, namely, microproteins, were predicted to
contain TM domain (n = 13) (fig. S1A and table S1). We then per-
formed a small-scale small interfering RNA (siRNA) screening
against these 13 genes to examine their impact on VSV-induced
IFNB1 expression (Fig. 1A). Knockdown of microprotein
SMIM30 (45, 46), once considered as a noncoding RNA
(LINC00998) (47, 48), exhibited the most marked effects on
IFNB1 expression. We therefore focused on investigating whether
and how SMIM30 regulates antiviral immune responses in the
current study.

As described above, SMIM30 was found to be repressed by VSV
as seen fromRNA sequencing (RNA-seq) analysis (Fig. 1B). Repres-
sion of SMIM30 by VSV was confirmed in a time-dependent
manner by reverse transcription quantitative polymerase chain re-
action (RT-qPCR) analysis in both HEK293 (Fig. 1, C and D) and

HeLa (fig. S1, B and C) cells. Similarly, poly (I:C), a synthetic analog
of dsRNA used to mimic the replication intermediates presented in
cells when infected with RNA viruses, repressed the expression of
SMIM30 (Fig. 1, E and F). As SMIM30 was originally thought to
be a lncRNA (LINC00998), we next examined whether SMIM30
is truly encoding a microprotein, and if so, what the nature of this
microprotein. UCSC genome browser views from Ribo-seq analysis
showed that SMIM30 has coding potential, which was supported by
PhyloCSF prediction (Fig. 1B). The coding potential of SMIM30
was further demonstrated by polysome profiling assay in HEK293
cells, such that SMIM30 was largely associated with polysome frac-
tions (Fig. 1G). As expected, YY1 and 7 SK snRNAwere largely as-
sociated with polysome and ribosome-free fractions, respectively
(fig. S1, D and E). To validate the coding capacity of the predicted
ORF in SMIM30 and assess the impact of the corresponding 30 and
50 untranslated region (UTR) has on the translation efficiency of the
predicted ORF, a series of constructs in which the predicted ORF
was fused to a Flag-tag at its C-terminal end in the presence or
absence of the 30- or 50UTR (Fig. 1H). These constructs expressed
a microprotein at the predicted size (59 amino acids in length and
less than 10 kDa in size) (Fig. 1I). Deletion of the 50UTR markedly
inhibited the translation efficiency, while deletion of the 30UTR ex-
hibited the opposite effects (Fig. 1I). The predicted ORF has an al-
ternative translational start site 12 amino acids downstream of the
first one (Fig. 1J). Mutation analysis of each translational start site
(ATG to ACG) revealed that the first ATG is critical for translation
(Fig. 1K). To further determine whether the predicted ORF is en-
dogenously expressed in cells, we inserted a Flag tag right after the
predicted ORF in the genome in HEK293 cells using CRISPR-Cas9–
mediated homologous recombination (Fig. 1L). PCR-based geno-
typing (Fig. 1M) and Sanger sequencing (Fig. 1N) analyses verified
the successful insertion of the Flag tag, which was further validated
by immunoblotting analysis using anti-Flag antibody, yielding ami-
croprotein of ~10 kDa (Fig. 1O). The expression of the endogenous
Flag-tagged microprotein was attenuated when cells were transfect-
ed with siRNAs specifically targeting SMIM30 (Fig. 1P). To further
validate the existence of the predicted microprotein, we generated a
polyclonal antibody that specifically detects a microprotein, which
was reduced when cells were transected with siRNA targeting
SMIM30 (Fig. 1Q). Collectively, our data indicated that SMIM30,
used to be considered as a lncRNA (LINC00998), encodes a micro-
protein, which is down-regulated in response to VSV infection. As
we will demonstrate below that SIMIM30 plays a critical role in an-
tiviral immunity, we renamed this microprotein as microprotein in
antiviral immunity 1 (MAVI1).

MAVI1 negatively regulates antiviral immune responses
(RNA virus) in vitro
The repression of microprotein MAVI1 by RNA virus infection
prompts us to examine the functional role of MAVI1 in RLR-medi-
ated antiviral innate immune responses. HeLa cells were infected
with lentivirus expressing control short hairpin RNA (shRNA) or
two individual shRNAs targeting MAVI1 (shMAVI1 #1 and
shMAVI1 #2) and treated with or without poly (I:C). Poly (I:C)
treatment induced the phosphorylation of TBK1 and IRF3, which
was further enhanced when knocking down of MAVI1 (Fig. 2A).
Consequently, the expression of IFNB1 was markedly induced
upon MAVI1 knockdown (Fig. 2B). Similarly, knockdown of
MAVI1 by using siRNAs led to further induction of IFNB1
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Fig. 1. A microprotein MAVI1 is down-regulated in response to RNAvirus infection. (A) HEK293 cells transfected with control siRNA (siCTL) or siRNA targeting genes
as indicated were treated with or without VSV (2 × 106 p.f.u.) for 12 hours before examining IFNB1 expression. (B) Ribo-seq, RNA-seq, and PhyloCSF for SMIM30 are shown.
(C andD) The expression of IFNB1 (C) and SMIM30 (D) were examined in HEK293 cells infected with VSV (mean ± SEM, * P < 0.05, ***P < 0.001). (E and F) The expression of
IFNB1 (E) and SMIM30 (F) were examined in HEK293 cells transfected with Poly (I:C) (5 μg/ml) (mean ± SEM, ***P < 0.001). (G) HEK293 cells were subjected to polysome
profiling, and the expression of SMIM30was examined. (H) Schematic representation of Flag-tagged ORF with or without 50 or 30UTR. aa, amino acid. (I) HEK293 cells were
transfected with constructs as shown in (H), followed by immunoblotting (IB) analysis. (J) Schematic representation of Flag-tagged ORF and its mutants with the first (M1),
the second (M2), or both (M1 +M2) ATGmutated. (K) HEK293 cells were transfectedwith constructs as shown in (J), followed by IB analysis. (L) Schematic representation of
Flag tag insertion at the end of ORF {ORF-Flag [knock-in (KI)]} in HEK293 cells. (M) Genomic DNA was extracted from ORF-Flag (–KI) cells, followed by PCR analysis. The
expected size is 322 bp. (N) The PCR product was subjected to Sanger sequencing. The Flag tag inserted is highlighted in light blue. (O) HEK293 cells transfected with
empty vector (CTL) or ORF-FLAG, or ORF-Flag (KI) HEK293 cells were subjected to IB analysis. (P) HEK293 cells transfected with siCTL, siSMIM30#1, and siSMIM30#2 were
subjected to IB analysis. (Q) HEK293 cells transfected with siCTL, siSMIM30, or SMIM30-FLAG were subjected to IB analysis.
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expression (fig. S2A). Overexpression of MAVI1, attenuated poly
(I:C)–induced TBK1 and IRF3 phosphorylation (Fig. 2C) as well
as IFNB1 expression (Fig. 2D), whereas MAVI1 (M1) with the
start codon mutated failed to so, suggesting that the microprotein
itself, but not the RNA transcript, played a repressive role in type I
IFN signaling pathway. Furthermore, reintroduction of MAVI1
[wild type (WT)], but not MAVI1 (M1), abolished the effects of
MAVI1 knockdown on type I IFN signaling (fig. S2B). In line
with the above results, knockdown of MAVI1 further enhanced
VSV-induced IFNB1 expression, which was concomitant with de-
creased viral replication (Fig. 2, E to G, and fig. S2C).

MAVI1 negatively regulates antiviral immune responses
(RNA virus) in vivo
To further explore the role of MAVI1 in vivo, we generatedMavi1-
deficient (Mavi1−/−) mice by CRISPR-Cas9 engineering (fig. S3, A
and B). Mavi1−/− mice were born in accordance with Mendelian
inheritance and gender ratios (fig. S3, C and D). There was no sig-
nificant difference between WT (Mavi1+/+) and Mavi1−/− mice in
terms of the weight of body and various organs (fig. S3, E and F).
Mouse embryonic fibroblast (MEF) isolated from Mavi1−/− mice
exhibited much stronger induction of Ifnb1 expression compared
to those from Mavi1+/+ mice upon poly (I:C) transfection (Fig.
3A). Similarly, MEF from Mavi1−/− mice exhibited enhanced
Ifnb1 expression when infected with VSV, which was concomitant

with decreased viral replication (Fig. 3, B to D, and fig. S3G). Rein-
troduction of MAVI1 (WT), but not MAVI1 (M1), abolished the
effects ofMavi1 knockout on VSV-induced Ifnb1 and VSV expres-
sion (fig. S3H). Furthermore, whenmice were challenged with VSV,
Mavi1−/− mice produced notably more cytokines including Infβ
and Il6 in sera than those in Mavi1+/+ mice (Fig. 3E). The levels
of Ifnb1 in spleen, lung, and liver tissues were also much higher
in Mavi1−/− mice, which was concomitant with decreased viral
burden (Fig. 3, F to H). Hematoxylin and eosin staining results
showed that less infiltration of immune cells and less injury in the
lung ofMavi1−/− mice upon VSV infection (Fig. 3I). Consequently,
Mavi1−/− mice had higher survival rates compared to Mavi1+/+
mice when challenged with VSV infection VSV (Fig. 3J). Collective-
ly, our data demonstrated that MAVI1 negatively regulates antiviral
innate immune responses both in vitro and in vivo.

MAVI1 is an endoplasmic reticulum TM protein
We next sought to investigate the molecular mechanisms underly-
ing MAVI1 regulation of type I IFN signaling and antiviral immu-
nity. SignaIP-4.1 and TMHMM predicted the presence of an SP
(amino acids 1 to 24) and a TM domain (amino acids 30 to 52)
in MAVI1 (Fig. 4, A and B). Immunofluorescence staining analysis
results revealed that green fluorescent protein (GFP)–tagged
MAVI1 largely colocalized with calnexin, a marker for endoplasmic
reticulum (ER), and partly with COXIV and Golgin-97, which

Fig. 2. MAVI1 negatively regulates RLR-mediated antiviral immune responses in vitro. (A) Hela cells were infected with lentivirus expressing control shRNA (shCTL)
or two individual shRNAs specifically targeting MVAI1 (shMVAI1#1 and shMVAI1#2) and treated with or without poly (I:C) (5 μg/ml, 6 hours), followed by immunoblotting
(IB). (B) Hela cells were infected with lentivirus expressing shCTL, shMVAI1#1, or shMVAI1#2 and treated with or without poly (I:C) (5 μg/ml, 6 hours), followed by exam-
ination of IFNB1(left) andMAVI1 (right) expression (mean ± SEM, ***P < 0.001). (C) HeLa cells infected with lentivirus expressing empty vector, WT MAVI1 (Flag-MAVI1), or
mutant MAVI1 with the first ATG mutated [Flag-MAVI1 (M1)] were subjected to IB analysis. (D) Cells as described in (C) were subjected to examination of IFNB1 expression
(mean ± SEM, *P < 0.05, ***P < 0.001). (E) Hela cells were infected with lentivirus expressing shCTL, shMVAI1#1, shMVAI1#2 and treated with or without VSV (2 × 106 p.f.u.,
12 hours), followed by examination of IFNB1,MAVI1, and VSV expression (mean ± SEM, **P < 0.01, ***P < 0.001). (F) Hela cells transfectedwith siCTL or siMAVI1 were treated
with VSV-GFP for 12 hours, followed bymicroscopy imaging analysis. (G) The number of GFP-positive (GFP+) cells as shown in (F) were analyzed by ImageJ and normalized
to siCTL-transfected cells.
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represent mitochondria and Golgi apparatus, respectively, in
HEK293 cells (Fig. 4C). There was barely no colocalization with
EEA1, LAMP2, RPL4, or Vimentin, which represents early endo-
somes, lysosomes, ribosome, and cytoskeleton, respectively (Fig.
4C). Cellular fractionation results also showed that MAVI1 was
largely in the ER fraction, while a small portion was found in the
mitochondria and Golgi apparatus fractions (fig. S4A). The coloc-
alization of MAVI1 with ER was confirmed in several other cell
lines, such as Hela, MCF7, Hep G2, A-498, and U87 cells (fig.
S4B). To test whether the SP is required for MAVI1 targeting to
ER, GFP-tagged MAVI1 with the SP-deleted (ΔSP) was constructed
(fig. S4C). Immunofluorescence staining results showed that dele-
tion of SP significantly impaired MAVI1 targeting to ER compared
to WT MAVI1 (fig. S4D). Both WT and ΔSP expressed equally well
(fig. S4E). The protein products from MAVI1 (WT) and MAVI1
(ΔSP) constructs were the same, indicating that the SP was
removed after targeting (Fig. 4, D and E). To further support the
removal of SP, mutation of Ala to Trp (A to W), a critical residue
predicted to be essential for protease cleavage (49), caused a shift of

the protein product (Fig. 4, D and E). The predicted TM domain in
MAVI1 prompted us test whether MAVI1 is an ER membrane
protein. Cellular fractionation analysis results revealed that
MAVI1 was exclusively in the membrane fraction (Fig. 4F).
Similar as the TM protein COXIV, MAVI1 remained in the pellet
when the supernatant from homogenized cells were treated with
Na2CO3, NaOH, or NaCl followed by centrifugation, while the
outer membrane protein GM130 was released into the soluble frac-
tion with Na2CO3 or NaOH treatment (Fig. 4G). Serving as a
control, cytosolic protein HSP90 was detected in the soluble fraction
both before and after treatment (Fig. 4G). To illustrate how MAVI1
is integrated with ER membrane, we transfected HEK293 cells with
vector expressing MAVI1 with a Flag-tag at its C terminus. The
membrane fraction was isolated and treated with or without pro-
teinase K in the presence or absence of Triton X-100. MAVI1 was
undetectable when we used anti-Flag antibody for immunoblotting
after treated with proteinase K, indicating that the C terminus of
MAVI 1 was exposed to the cytosol (Fig. 4H). As expected, the
TM protein Calnexin was partially digested with proteinase K,

Fig. 3. MAVI1 negatively regulates RLR-mediated antiviral immune responses in vivo. (A) WT (Mavi1+/+) andMavi1 knockout (Mavi1−/−) MEFs treatedwith or without
poly (I:C) (5 μg/ml, 6 hours) were subjected to examination of Ifnb1 expression (mean ± SEM, ***P < 0.001). (B)Mavi1+/+ andMavi1−/−MEFs treated with or without VSV (2
× 106 p.f.u., 12 hours) were subjected to examination of the expression of genes as indicated (mean ± SEM, **P < 0.01, ***P < 0.001). (C)Mavi1+/+ andMavi1−/−MEFs were
treated with VSV-GFP for 12 hours, followed by microscopy imaging analysis. (D) The number of GFP+ cells as shown in (J) were analyzed by ImageJ and normalized to
Mavi1+/+ MEFs without VSV-GFP treatment. (E) The levels of Infβ and Il6 in serum from Mavi1 +/+ or Mavi1−/− mice (n = 5) treated with or without VSV (5 × 108 p.f.u. per
mouse) for 12 hours were examined by enzyme-linked immunosorbent assay (mean ± SEM, **P < 0.01, ***P < 0.001). (F to H) The levels of Infb and VSV from the lung (F),
spleen (G), and liver (H) of mice as described in (L) were examined (mean ± SEM, *P < 0.05, **P < 0.01). (I) Lung tissue sections frommice as described in (M) were subjected
to hematoxylin and eosin staining. (J) Survival curve of Mavi1 +/+ or Mavi1−/− mice (n = 7) treated with VSV (5 × 108 p.f.u. per mouse) is shown (mean ± SEM, *P < 0.05).
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Fig. 4. MAVI1 is an ER membrane protein. (A and B) The SP (1 to 24 amino acids) (A) and TM domain (30 to 52 aa) (B) in MAVI1 predicted by SignaIP-4.1and TMHMM
website, respectively, are shown. (C) HEK293 cells transfected with GFP-tagged MAVI1 were stained with Calnexin (ER maker), COXIV (mitochondria maker), EEA1 (en-
dosomemaker), LAMP2 (lysosome maker), RPL4 (ribosome maker), Vimentin (cytoskeleton maker), or Golgin-97 (Golgi apparatus marker) (Red). Nuclei were stained with
40 ,6-diamidino-2-phenylindole (DAPI) (blue). (D) Schematic representation of Flag-tagged, full length (FL) MAVI1, SP-deleted (△SP) MAVI1, andMAVI1mutant with the SP
cleavage site mutated (A > W) is shown. (E) HEK293 cells transfected with empty vector (CTL) or expression vectors as described in (D) were subjected to IB analysis. (F)
HEK293 cells stably expressing Flag-tagged MAVI1 were subjected to cellular fraction, followed by IB analysis. W.C.L., whole cell lysate; Cyto., cytoplasmic fraction; Mem.,
membrane fraction. (G) HEK293 cells stably expressing Flag-tagged MAVI1 were subjected to membrane interaction assay, and the supernatant was treated with or
without 0.1 M Na2CO3, 0.1 M NaOH, or 1 M NaCl. The resultant soluble solution and pellet were subjected to IB analysis. (H) HEK293 cells stably expressing Flag-
tagged MAVI1 were subjected to cellular fractionation, and membrane fractions were treated with or without proteinase K in the presence or absence of Triton X-
100, followed by IB analysis. (I) Membrane topology of calnexin, GM130, and MAVI1 proteins is shown.
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while it nearly undetectable when Triton X-100 was added (Fig.
4H). The outer membrane protein GM130 was completely digested
as long as proteinase K was added (Fig. 4H). Together, our results
suggested that MAVI1 is an ER TM protein with its C terminus
exposed to the cytosol of cells (Fig. 4I).

MAVI1 interacts with MAVS
Next, to clarify the molecular targets of MAVI1 that are responsible
for its role in antiviral immune responses, we analyzed MAVI1 in-
teractome in HEK293 cells stably expressing Flag-tagged MAVI1 by
immunoaffinity purification coupled with MS analysis. The false
positives and common contaminates were removed by REPRINT
(50), which led to the identification of five proteins, including
IGF2R (insulin like growth factor 2 receptor), SLC3A2 (solute
carrier family 3member 2), CPD (carboxypeptidase D), MAVS (mi-
tochondrial antiviral signaling protein, and M6PR (mannose-6-
phosphate receptor), that potentially interact with MAVI1 (Fig. 5,
A and B, and table S2). MAVS caught our attention due to the
fact that it plays a vital role in host innate immune defense
against RNA viruses by acting as the common adaptor of the RLR
protein family of RNA sensors to activate downstream IRF3 and
NF-κB and subsequently induce the expression of IFNs and ISGs
(51). We therefore tested whether MAVI1 interacts with MAVS. Im-
munoprecipitation analysis using lysates from HEK293 cells stably
expressing Flag-tagged MAVI1 confirmed that MAVI1 specifically
interacted with MAVS (fig. S5A). Furthermore, MAVI1 interaction
with MAVS was demonstrated by immunoprecipitation analysis in
HEK293 cells overexpressingMAVI1 andMAVS proteins (fig. S5B).
The interaction between MAVI1 and MAVS was also shown at

endogenous level (Fig. 5C and 5D). We then isolated the ER, mito-
chondria, and mitochondria-associated ER membrane (MAM)
fractions and found that MAVS and MAVI1 largely coexisted in
the MAM fraction (fig. S5C). Furthermore, immunoprecipitation
analysis using lysates from MAM fraction revealed that MAVI1 is
associated with MAVS in MAM (fig. S5D). To support the interac-
tion between MAVI1 and MAVS, overexpression MAVI1 sup-
pressed MAVS-induced IFNB1 expression as well as TBK1 and
IRF3 phosphorylation (Fig. 5, E and F). MAVI1 overexpression
did not affect the protein level and subcellular localization of
MAVS (fig. S5, E and F).

MAVI1 interacts with MAVS through the TM domain
To further understand the interaction domain between MAVI1 and
MAVS, a series of MAVI1 deletion constructs were transfected into
HEK293 cells, purified, and coincubated with purified, bacterially
expressed MAVS protein (Fig. 6A). Pull-down assay results revealed
that TM deletion in MAVI1 (△TM) abolished its interaction with
MAVS (Fig. 6B and fig. S6A). It should be noted that L2-deleted
MAVI1 (△L2) was nearly undetectable (Fig. 6B). The TM
domain of MAVI1 seemed to be able to be sufficient to interact
with MAVS, although the affinity was much weaker than full-
length MAVI1 (Fig. 6, C and D). Similarly, a series of MAVS dele-
tion constructs were transfected into HEK293 cells, purified, and
coincubated with purified, bacterially expressed MAVI1 (Fig. 6E).
Pull-down assay results revealed that TM deletion in MAVS
(△TM) abolished its interaction with MAVI1 (Fig. 6F and fig.
S6B). To test whether TM domain in MAVS is sufficient for
binding with MAVI1, different fragments containing the CARD

Fig. 5. MAVI1 interacts with MAVS. (A) HEK293 cells stably expressing Flag-tagged MAVI1 were subjected to immunoprecipitation and mass spectrometry (IP-MS)
analysis. (B) MAVI1-associated proteins identified were analyzed in REPRINT database to exclude common contaminants. Proteins with SAINT ≥ 0.95 and FC-B ≥ 4
were considered as specific binding. (C and D) HEK293 cells were subjected to IP analysis with anti-MAVI1 (C) or MAVS (D) antibody followed by IB analysis. (E)
HEK293 cells transfected with or without MAVS in the presence or absence of MAVI1 were subjected to examine the expression of IFNB1 (mean ± SEM, *P < 0.05,
***P < 0.001). (F) HEK293 cells transfected with or without Flag-tagged MAVS in the presence of GFP or GFP-tagged MAVI1 were subjected to IB analysis.
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Fig. 6. MAVI1 interacts with MAVS through the TM domain. (A) Schematic representation of GFP-tagged, full length (FL), SP-deleted (△SP), linker region 1–deleted
(△L1), TM domain–deleted (△L2), and linker region 2–deleted (△L2) MAVI1 is shown. (B) In vitro pull-down assay was performed by mixing GFP-tagged proteins
purified from HEK293 cells as shown in (A) and purified, bacterially expressed GST-tagged MAVS. (C) Schematic representation of GFP-tagged MAVI1 (FL) and the TM
domain only (TM) is shown. (D) In vitro pull-down assay was performed bymixing GFP-tagged proteins purified from HEK293 cells as shown in (C) and purified, bacterially
expressed GST-tagged MAVS. (E) Schematic representation of Flag-tagged, MAVS (FL), caspase recruitment domain-deleted (△CARD), proline rich domain-deleted
(△PRO), and TM domain–deleted (△TM) MAVS is shown. (F) In vitro pull-down assay was performed by mixing Flag-tagged proteins purified from HEK293 cells as
shown in (E) and purified, bacterially expressed GST-tagged MAVS (△SP). (G) Schematic representation of Flag-tagged, MAVS (FL), CARD only (CARD), PRO only
(PRO), unknown region only (unknown), and TM domain only (TM) is shown. (H) In vitro pull-down assay was performed by mixing Flag-tagged proteins purified
from HEK293 cells as shown in (G) and purified, bacterially expressed GST-tagged MAVS (△SP). (I) HEK293 cells transfected with vectors as indicated were subjected
to IP analysis. (J and L) Cell lysates fromHEK293 cells transfectedwith vectors as indicatedwere resolved by SDD-AGE (top) and SDS-PAGE (bottom three) gel. The intensity
of MAVS aggregates was quantified by ImageJ. (K) HEK293 cells transfected with vectors as indicated were subjected to IP analysis.
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domain, PRO domain, unknown region, and TM domain were
cloned, transfected into HEK293 cells, purified, and coincubated
with purified, bacterially expressed MAVI1. Pull-down assay
results indicated that the TM domain, but not other fragments, in-
teracted with MAVI1 (Fig. 6, G and H). The interaction with up-
stream sensor proteins such as RIG1 and subsequent aggregation
of MAVS are critical for VSV-induced type I IFN signaling
pathway. Immunoprecipitation analysis results indicated that the
interaction between RIG-I andMAVS as well as was the aggregation
of MAVS were largely interrupted in the presence of MAVI1, but
not MAVI1 (△TM) or MAVI1 (M1) (Fig. 6, I to L). Together,
our results indicated that MAVI1 directly interacts with MAVS to
interrupt its interaction with RIG-I and its aggregation, suppressing
antiviral innate immune responses.

MAVI1 interaction with MAVS is critical for MAVI1 function
in regulating antiviral innate immune responses
Contacts between the ERs and mitochondria are now recognized to
be essential for diverse biological processes, such as calcium homeo-
stasis (52, 53), cholesterol and ceramide biosynthesis (54), apoptosis
(55), autophagy (56), and innate immune response (57). We next
tested whether the interaction between ER-localized MAVI1 and
mitochondrion-localized MAVS is critical for MAVI1 function in

suppressing antiviral immune responses. First, MAVI1 fused to a
lysosome sorting signal (MAVI1-Lyso) changed the cellular locali-
zation of MAVI1 from ER to lysosome as MAVI1-Lyso perfectly co-
localized with LAMP1 as seen from immunofluorescence staining
analysis (Fig. 7, A and B). Furthermore, MAVS-induced TBK1 and
IRF3 phosphorylation as well as IFNB1, CCL5, and CXCL10 expres-
sion were attenuated in the presence of WT MAVI1, but not
MAVI1-Lyso, indicating that ER localization of MAVI 1 is critical
for its function in inhibiting type I IFN signaling (Fig. 7, C and
D). As described above, TM domain of MAVI 1 is required for its
interaction with MAVS. We then transfected HEK293 cells with
MAVS in the presence or absence of MAVI 1 (FL) and MAVI 1
(△TM). MAVI 1 (△TM) was not as efficient as MAVI 1 (FL) in
suppressing MAVS-induced TBK1 and IRF3 phosphorylation as
well as IFNB1, CCL5, and CXCL10 expression (Fig. 7, E and F).
In conclusion, our data demonstrated that the contact of ER-local-
ized MAVI1 and mitochondrion-localized MAVS is critical for in-
hibiting type I IFN signaling pathway and antiviral immune
responses.

Fig. 7. MAVI1 interaction with MAVS is critical for MAVI1 function in regulating antiviral innate immune responses. (A) Schematic representation of Flag-tagged
MAVI1 and Flag-tagged MAVI1 with the lysosome sorting signal from LAMP1 attached (MAVI1-Lyso) is shown. (B) HEK293 cells transfected with Flag-tagged MAVI1-lyso
were subjected to immunofluorescence analysis using anti-Flag (red) and anti-LAMP1 antibody (green). (C) HEK293 cells transfected with vectors as indicated were
subjected to IB analysis. (D) HEK293 cells as described in (C) were subjected to examination of IFNB1, CCL5, and CXCL10 expression (mean ± SEM, ***P < 0.001). (E)
HEK293 cells transfected with vectors as indicated were subjected to IB analysis. (F) HEK293 cells as described in (E) were subjected to examination of IFNB1, CCL5,
and CXCL10 expression (mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001).
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Peptide inhibitor targeting the interaction between MAVI 1
and MAVS (PiMAVI1) is potent in activating type I IFN
signaling and antiviral immune responses
MAVI1 interacts with MAVS to suppress the antiviral immune re-
sponses prompted us to test whether interrupting such interaction
will activate type I IFN signaling to defend against viral infection. As

MAVI1 uses its TM domain to specifically interact MAVS, we de-
signed and synthesized a short peptide with the membrane pene-
trating TAT sequence to mimic this region and tested its impact
on MAVI1 and MAVS interaction, type I IFN signaling, and RNA
viral replication. We first confirmed that such peptide conjugated
with fluorescein isothiocyanate could enter into cells (fig. S7A).

Fig. 8. Peptide inhibitor targeting the interaction between MAVI1 and MAVS (PiMAVI1) is potent in activating type I IFN signaling and antiviral immune re-
sponses. (A) HEK293 cells were pretreated with peptide inhibitor PiMAVI1 at concentrations as indicated for 8 hours and then infected with or without VSV treatment (2 ×
106 p.f.u., 12 hours) were subjected to examination of VSV replication (mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001). (B) HEK293 cells transfected with hemagglutinin
(HA)–tagged MAVS and Flag-tagged MAVI1 and treated with or without PiMAVI1 (10 μM, 8 hours) were subjected to immunoprecipitation (IP) with anti-Flag antibody
followed by immunoblotting (IB) analysis. (C andD) HEK293 cells pretreated with PiMAVI1 (10 μM, 8 hours) and then infected with VSV (12 hours) were subjected to IB (C)
or RT-qPCR analysis (D). (E) HEK293 cells were pretreated with or without PiMAVI1 (10 μM, 8 hours) and then infected with or without VSV-GFP (2 × 106 p.f.u., 12 hours),
followed by microscopy imaging analysis. (F) The number of GFP-positive (GFP+) cells as shown in (E) was analyzed by ImageJ and normalized to control cells. (G) The
proposed model of MAVI1 function in antiviral innate immune responses. ER-localized TM protein MAVI1 contacts with MAVS protein on mitochondria to compete with
RIG-I for binding toMAVS, resulting in the repression of type I IFN signaling and innate immune responses. Upon VSV infection, MAVI1 is down-regulated, and its inhibition
on the interaction between RIG-I and MAVS is released, leading to the activation of type I IFN signaling and innate immune responses. Peptide inhibitor targeting the
interaction between MAVI1 and MAVS is capable of disrupting MAVI1-MAVS interaction, activating type I IFN signaling, and enhancing host antiviral innate immunity.
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The cellular activity of this peptide in suppressing VSV viral repli-
cation as measured by VSV expression level was tested by treating
HEK293 cells with increasing concentrations of this peptide (Fig.
8A). The best working concentration seemed to be around 10 μM
without causing nonspecific cellular toxicity (Fig. 8A). We named
this peptide as peptide inhibitor targeting MAVI1 and MAVS inter-
action (PiMAVI1). PiMAVI1 treatment suppressed the interaction
between MAVI 1 and MAVS in HEK293 cells (Fig. 8B). According-
ly, PiMAVI1 treatment further enhanced VSV-induced phosphory-
lation of TBK1 and IRF3 as well as expression of IFNB1 and ISGs
(Fig. 8, C and D). As a result, VSV replication was significantly im-
paired with PiMAVI1 treatment (Fig. 8, E and F, and fig. S7B). To-
gether, our data demonstrated that targeting MAVI1 and MAVS
interaction using PiMAVI1 is an effective way to activate type I
IFN signaling pathway to defend against RNA viral infection.

DISCUSSION
Microproteins concealed within coding and noncoding genes
remain highly underrepresented in genome annotations, which is
due in large part to the difficulty in identifying functional sORFs
in RNA transcripts. Although a number of genes that code for func-
tional microproteins were identified and characterized with the
rapid development of ribosome profiling, mass spectrum, and bio-
informatics technology (58, 59), the physiological or pathological
roles of the putatively large number of microproteins remain under-
explored, in particular, those microproteins involved in antiviral
innate immune response in host cells are poorly understood. Anti-
viral innate immune response is the first line of defense against
viruses or microbial pathogens. Many diseases, such as severe
acute respiratory syndrome (60), Middle East respiratory syndrome
(61), severe fever with thrombocytopenia syndrome (62), and coro-
navirus disease 2019 (63), among others, are associated with infec-
tion with virus or microbial pathogens. Hence, it is meaningful to
identify and explore the mechanisms of microproteins in the host
defense against virus or microbial pathogens.

Transcriptomic combined with Ribo-seq analysis was performed
in HEK293 cells, which revealed that more than 800 microproteins,
both from coding and noncoding genes, are potentially responsive
to VSV viral infection. Among these microproteins, 739 micropro-
teins are de novo ones, which await future experimental validation.
For those 77 known microproteins, membrane microproteins were
highly enriched. It has been reported that about 30% of micropro-
teins, significantly higher than proteins in the proteome, contain
the alpha TM domain (64), suggesting that microproteins have a
tendency of biofilm enrichment. Membrane microproteins have
been reported to be involved in ER stress responses (41), muscle de-
velopment (65), and antiviral immune responses (66). One of these
microproteins, which we named as MAVI1, was found to be an ER
TM protein. MAVI1, used to be recognized as a lncRNA, has been
reported to function in its RNA form in cancer development (47,
48). However, its function in type I IFN signaling and antiviral
immune responses reported here is largely dependent on its
protein product. MAVI1 directly targets MAVS on mitochondria
to interfere its interaction with the RNA sensor protein RIG-I. It
has been reported that lactic acid inhibits the MAVS/RIG-1 interac-
tion andMAVS aggregation by binding to the TM domain inMAVS
(67). The mechanism of action is that lactic acid causes changes of
the localization of MAVS in mitochondria. However, our results

showed that MAVI1 has no obvious effects on the localization of
MAVS. The underlying molecular mechanism through which
MAVI1 inhibits the interaction between RIG-I and MAVS
remains unknown, which will be an interesting question to
pursue. The contact between different cellular organelles has been
shown to be functionally important in a variety of cellular processes,
such as the synthesis of the mitochondrial cytochrome c oxidase
(68), the transmission of Ca2+ signals (69), formation of Golgi
Ca2+ gradients (70), and the synthesis of phospho- and glycosphin-
golipids (71). Contact region between ER andmitochondria, known
as MAM, was separated and identified by Vance (72) a few decades
ago. Furthermore, MAM is involved in various biological functions
such as phospholipid synthesis (73), cellular organelle-mediated in-
flammation (57), calcium homeostasis (53), autophagy (56), and
mitochondrial fission (74). Except for MAVI1 in our screening,
the role of remaining membrane microproteins in antiviral immu-
nity is worthy of future investigation. For instance, CCDC167 was
reported to be a regulator of cell cycle and served as a potential ther-
apeutic target in breast cancer (75). Small Cell Adhesion Glycopro-
tein (SMAGP) was reported as a biomarker of cervical cancer
development and progression (76).

As mentioned above, ER localization of MAVI1 and its interac-
tion with MAVS are critical for inhibiting type I IFN signaling and
antiviral innate immune responses. We designed a peptide inhibitor
(Pi) that interferes with the interaction betweenMAVI1 andMAVS,
which was able to activate type I IFN and ISG expression and defend
viral infection. Further improvement of the specificity and efficacy
of PiMAVI1 is needed in future study, such as replacing the hydro-
phobic noncritical amino acid Leu with Ala to improve it solubility
and shortening from both ends to improve its stability.

In conclusion, an ER TM microprotein MAVI1 targets MAVS to
suppress the type I IFN signaling and antiviral immune responses in
host cells. Upon viral infection, MAVI 1 is down-regulated, leading
to the activation of MAVS-mediated antiviral immune responses.
Peptide inhibitor targeting MAVI1 and MAVS (PiMAVI1) interac-
tion is potent in activating host antiviral immunity and defending
viral infection. Our study uncovered that microproteins might rep-
resent a class of drug targets for antiviral innate immunity, and
PiMAVI1 might represent a potential therapeutic avenue for treat-
ing diseases related to the type I IFN signaling in the clinic.

MATERIALS AND METHODS
Cell culture
HEK293T, HEK293, Hela, and BHK21 cells were purchased from
the American Type Culture Collection. MEF cells were isolated
from WT (Mavi1+/+) and Mavi1-deficient (Mavi1−/−) embryos
(day 13.5). HEK293T, HEK293, Hela, BHK21, and MEF cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) Bioind
with 10% (v/v) fetal bovine serum (FBS; BI) and 1% penicillin/strep-
tomycin (Hyclone) at 37°C in 5% CO2.

Molecular cloning
Full-length human MAVI1 was amplified from cDNA of HEK293T
cells and cloned into pBoBi vector with a Flag or GFP tag at its C
terminus or pGEX6p1 vector with a GST tag at its N terminus.
MAVI1 (M1), MAVI1 (M2), MAVI1 (M1 + 2), and MAVI1 (A >
W) were generated by the overlap extension PCRmethod using Pri-
meSTAR HS DNA Polymerase from pBoBi-MAVI1 plasmid.
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MAVI1 truncations were cloned into pBoBi vector with a GFP tag at
C terminus. Full-length human MAVS were amplified from cDNA
of HEK293T cells and cloned into pBoBi vector with a Flag or hem-
agglutinin (HA) tag at its N terminus or pGEX6p1 vector with a
GST tag at its N terminus. shRNAs targeting MAV1 were cloned
into pLKO.1-TRC vector between Age I and Eco RI sites (targeting
sequence: 50-AAGAAGTAAGATGGCTGAAAT-30 (shMAVI1#1);
5’-AATCTTAGGAAATCACCACTG-30 (shMAVI1#2).

Peptide treatment, plasmid and siRNA transfection, and
lenti virus packaging and infection
PiMAVI1 (IALLLGVVLSITGICACLGVYA-YGRKKRRQRRR)
was synthesized by Genscript Inc. Plasmid and siRNA transfection
were performed using polyethyleneimine (PEI; Polysciences) and
Lipofectamine 2000 (Invitrogen), respectively, according to the
manufacturer’s protocol. Targeting sequence were as follows: 50-G
GTTCCAAGAATCAGTAAA-30 (siMAVI1#1); 50-GGAAGTTCTT
GCCCAGAAT-30 (siMAVI1#2); 50-TGCCTTGGTTCATCCCTAA-
30 (siATP6V0E1); 50-CCATGCTGGTTTCCATTGT-30 (siSPTSSA);
50-CCATGTTCATGGGCTTCTA-30 (siBLCAP); 50-GGAAGACAC
TATATCCTAT-30 (siSMIM10L1); 50-CCAAGCACATCCTGGATA
T-30 (siSMIM3); 50-TCAGCATCCTCTTCATACA-30
(siTMEM167A); 50-CCATGACTGGCTGCTGAAT-30
(siSMIM26); 50-TGCTGATGAAGGCCACAGA-30 (siSMIM13);
50-GTTGAACCTCTACCTGTTA-30 (siHILPDA); 50-AGACCTC
CAAGGACAAGAA-30 (siSMCO4); 50-GCAGCGAGAAAGAGG
AATA-30 (siSMAGP); 50-CTGTGGCCATCTTTATCCT-30
(siCCDC167).

For lenti virus packaging, HEK293T cells were seeded in culture
plates coated with poly-D-lysine [0.1% (w/v), Sigma-Aldrich,
P7280] and transfected with lentiviral vectors together with packag-
ing vectors, pMDL, VSVG, and REV, at a ratio of 10:5:3:2 using PEI
for 48 hours according to the manufacturer’s protocol. Viruses were
collected, filtered, and added in the presence of polybrene (10 μg/
ml; Sigma-Aldrich, H9268), followed by centrifugation for 30 min
at 1500g at 37°C. Medium was replaced 24 hours later.

RNA isolation and RT-qPCR
Total RNA was isolated using TRIzol (Invitrogen) following the
manufacturer’s protocol. First-strand cDNA synthesis from total
RNA was carried out using 5× HiScriptIIQ RT SuperMix
(Vazyme), followed by qPCR using an AriaMx Real-Time PCR
machine (Agilent Technologies). The sequence information for all
primers used for qPCR analysis can be found in table S3.

RNA sequencing
Total RNAwas isolated using the RNeasy Mini Kit (Qiagen) follow-
ing themanufacturer’s protocol. Deoxyribonuclease I in column di-
gestion was included to ensure the RNA quality. RNA library
preparation was performed by using the NEBNext Ultra Directional
RNA Library Prep Kit for Illumina (E7420L, Illumina). Paired-end
sequencing was performed at Amo-gene Biotech Co. Ltd. Sequenc-
ing reads were aligned to reference genome (hg38) by using STAR.
Cuff-diff was used to quantify the expression of GENCODE V36
annotated genes with the option -M (reads aligned to repetitive
regions were masked) and -u (multiple aligned reads were corrected
using the “rescue method”). Coding genes with FPKM (fragments
per kilobase per million mapped reads) larger than 0.5, either in
control or VSV-treated sample, were included in the analysis.

Immunoblotting analysis
Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.9), 150 mM
NaCl, 100 mM EDTA, 1% Triton X-100, and complete protease in-
hibitor cocktail (Roche)] on ice for 30 min. Sonication was per-
formed 10 times in 30% power (Sonics) on ice before
centrifugation at 12,000 rpm for 10 min at 4°C. The resultant super-
natant was subjected to SDS–polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting analysis following standard pro-
tocols. Antibodies used were listed as follows: anti-IRF3 (4302 S,
1:1000), anti-p-IRF3 (4947 S, 1:1000), anti-TBK1(3504 S, 1:1000),
and anti–p-TBK1 (5483 S, 1:1000) antibodies were purchased
from Cell Singling Technologies; anti-COXIV (11242-1-AP;
1:1000), anti-Calnexin (10427-2-AP; 1:1000), anti-MAVS (14341-
1-AP; 1:1000), anti-STING (19851-1-AP; 1:1000), anti-HA
(51064-2-AP; 1:1000), anti-GFP (50430-2-AP; 1:1000), anti-GST
(10000-O-AP; 1:1000), and anti-Actin (66009–1-IG, 1:1000) anti-
bodies were purchased from Proteintech; anti-Flag (ab1804;
1:1000) antibody was purchased from Abcam; anti-HSP90
(D120009-0010; 1:1000) antibody was purchased from Sangon
Biotech; anti-YY1 (SC-7341, 1:1000) antibody was purchased
from Santa Cruz Biotechnology. To detect MAVI1, Tricine–SDS-
PAGE was used, which is the preferred electrophoretic system for
the resolution of proteins smaller than 30 kDa (77). Tricine–SDS-
PAGE gel includes upper layer gel [(1 ml of AB-3 buffer: 48 g of
acrylamide, 1.5 g of bisacrylamide in 100 ml of H2O; 3 ml of gel
buffer: 3.0 M tris-HCL and 0.3% SDS (pH 8.45); 12 ml of H2O,
90 μl of 10% Ammonium persulphate (APS), and 9 μl Tetramethy-
lethylenediamine (TEMED), intermediate layer gel (6 ml of AB-3
buffer, 10 ml of gel buffer, 3 g of glycerol, 30 ml of H2O, 150 μl
of 10% APS, and 15 μl of TEMED), and under layer gel (10 ml of
AB-3 buffer, 10 ml of gel buffer, 10.8 g of urea, 30 ml of H2O, 100 μl
of 10% APS, and 10 μl of TEMED) was applied to cathode buffer [1
M tris-HCl (pH 8.9)] and anode buffer [1 M tris, 1 M tricine, and
1% SDS (pH 8.25)]. Electrophoresis was stopped when bromophe-
nol blue had passed 2/3 of the gel, and transfer with transfer buffer
(3.03 g of tris, 14.42 g of glycine, 1 liter of H2O, and 20% methanol)
was carried out at 100 V for 70 min.

Immunofluorescence analysis
Cells were washed with phosphate-buffered saline (PBS) buffer for
three times and then fixed with 4% paraformaldehyde in PBS buffer
for 15 min and then permeabilized with 0.1% Triton X-100 in PBS
buffer on ice for 10 min. After rinsing with PBS buffer for three
times, blocking solution (5% bovine serum albumin in PBS
buffer) was applied for 30 min and the corresponding primary an-
tibody (anti-Calnexin (Proteintech, 10427-2-AP; 1:200 dilution),
anti-COXIV (Proteintech, 11242-1-AP; 1:100), anti- EEA1
(home-made; 1:200 dilution), anti-LAMP2 (Santa Cruz Biotechnol-
ogy, sc-18822; 1:200 dilution), anti-RPL4 (Santa Cruz Biotechnol-
ogy, sc-100838; 1:200 dilution), anti-Vimentin (Santa Cruz
Biotechnology, sc-373717; 1:200 dilution), or anti-Golgi 97 (Santa
Cruz Biotechnology, sc-59820; 1:200 dilution) was added in block-
ing buffer at 4°C overnight. After washing with PBS buffer for five
times, cells were incubated with secondary antibodies conjugated
with Cy3 fluorescent dyes (Beyotime, a0521; 1:200) for 1 hour at
room temperature and washed with PBS buffer for three times.
40,6-Diamidino-2-phenylindole (1 mg/ml; Sigma-Aldrich) was
then added for 5 min. Cells were then washed with PBS buffer for
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three times and mounted in Fluoromount-G (Southern Biotech).
Images were recorded on a ZEISS Exciter 5 microscope (ZEISS).

Subcellular fractionation, membrane interaction assay, and
proteinase K digestion
Subcellular fractionation, membrane interaction assay, and protein-
ase K digestion were performed as previously described (78).
Briefly, cells were homogenized by passing through a 25G 5/8-
gauge syringe (BD PrecisionGlide) in hypotonic buffer [20 mM
Hepes (pH 7.9), 1.5 mM MgCl2, and 60 mM KCl] supplemented
with protease inhibitor cocktail (Roche). Samples were then subject-
ed to centrifugation at 1000g to remove nuclei and unbroken cells.
The supernatant was centrifuged at 10,000g for 15 min at 4°C, and
sediment fractions were collected as crude heavy membrane frac-
tion. Cytosolic fractions were collected after centrifuged at
25,000g for 1 hour at 4°C. Alternatively, the supernatant was
added with 0.1 M Na2CO3, 0.1 M NaOH, or 1 M NaCl. After incu-
bation for 30min on ice, the samples were centrifuged at 25,000g for
1 hour to separate the soluble and pellet fractions. Samples were an-
alyzed by SDS-PAGE followed by immunoblotting.

Proteinase K (0.5 mg/ml; Thermo Fisher Scientific) was added to
the freshly prepared membrane fraction in the absence or presence
of 1% Triton X-100 in Tris sodium chloride EDTA solution (TNES)
buffer [50 mM tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and
250 mM sucrose] without protease inhibitors. The mixtures were
incubated on ice for 1 hour before termination by the addition of
phenylmethylsulfonyl fluoride to a final concentration of 1 mM.

Immunoprecipitation analysis
Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.9), 150 mM
NaCl, 100 mM EDTA, 1% Triton X-100, and complete protease in-
hibitor cocktail (Roche)] on ice for 30 min and then centrifuged at
12,000 rpm for 10 min at 4°C. The resultant supernatant was incu-
bated with primary antibodies (anti-Flag M2 affinity gel, Sigma-
Aldrich, A2220; MAVS antibody, Santa Cruz Biotechnology, sc-
166583; MAVI1 antibody, homemade) in lysis buffer at 4°C over-
night. After washing five times with lysis buffer, resins were
boiled in SDS sample buffer [1% SDS, 5% glycerol, 50 mM dithio-
threitol (DTT), 30 mM tris-HCl (pH 6.8), and 0.25% bromophenol
blue] for 5 min, resolved by SDS-PAGE and analyzed by immuno-
blotting analysis.

Isolation of ER, mitochondria, golgi apparatus, and
mitochondria-associated membrane fractionation
The ER, mitochondria (Mito.), and Golgi apparatus were isolated
with an ER isolation kit (Solarbio, EX2690), mitochondria isolation
kit (Solarbio, SM0020), and Golgi apparatus isolation kit (Solarbio,
EX1360-100T) according to the manufacturer ’s protocol. Mito-
chondria-associated membrane was isolated following the protocol
as reported previously (79).

Enzyme-linked immunosorbent assay
IFN-β and interleukin-6 weremeasured with enzyme-linked immu-
nosorbent assay kits (Dakewe) according to the manufacturer ’s
protocol.

Purification of MAVI1-associated proteins
To purify proteins associated withMAVI1, the cytosolic and nuclear
fractions of HEK293 cells stably expressing pBobi-MAVI1-Flag

were first separated, and nuclear extracts were then prepared in a
buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1
mM EDTA, and 1% Triton X-100, followed by affinity purification
using anti-Flag M2 Affinity gel (Sigma-Aldrich, A2220). Immuno-
precipitates were then washed with low-salt buffer containing 50
mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1%
Triton X-100 for three times followed by high-salt buffer containing
50 mM tris-HCl (pH 7.4), 420 mM NaCl, 1 mM EDTA, and 1%
Triton X-100 for two times before elution with 3× Flag peptides
(Sigma-Aldrich, F4799). Eluates were then subjected to in-solution
digestion following the protocol as described previously (80). MS
experiments were performed on a nanoscale Ultra High Perfor-
mance Liquid Chromatography (UHPLC) system (Thermo Fisher
Scientific, EASY-nLC1200) connected to an Orbitrap Fusion
Lumos equipped with a nanoelectrospray source (Thermo Fisher
Scientific). The peptides were separated on a Reverse Phase High
Performance Liquid Chromatography (RP-HPLC) analytical
column (75 μm by 25 cm) packed with 2-μm C18 beads (Thermo
Fisher Scientific, 164941) using a linear gradient ranging from 9 to
28% Acetonitrile (ACN) in 90 min and followed by a linear increase
to 45% B in 20min at a flow rate of 300 nl/min. The Orbitrap Fusion
Lumos acquired data in a data-dependent manner alternating
between full-scan MS and MS2 scans. The MS spectra [350 to
1500 mass/charge ratio (m/z)] were collected with 120,000 resolu-
tion, Automatic Gain Control (AGC) of 4 × 105, and 50-ms
maximal injection time. Selected ions were sequentially fragmented
in a 3-s cycle by High Energy Collision Dissociation (HCD) with
30% normalized collision energy, specified isolated windows 1.6
m/z, and 15,000 resolution. AGC of 5 × 104 and 40-ms maximal in-
jection time were used. Dynamic exclusion was set to 30 s. Raw data
were processed using Proteome Discoverer (version 2.2), and
tandem mass spectrometry spectra were searched against the re-
viewed Swiss-Prot human proteome database.

Polysome profiling
Cells were incubated with cycloheximide (CHX) (Sigma-Aldrich)
for 15 min and washed with cold PBS buffer with cycloheximide
(PBS/CHX) once. Cells were then collected in cold PBS/CHX and
spun down before adding lysis buffer [20mM tris-HCl (pH 7.4), 150
mM NaCl, 5 mM MgCl2, 1% Triton X-100, 1% deoxycholate, 2.5
mM DTT, RNasin (200 U/ml), CHX (100 μg/ml), EDTA-free pro-
tease inhibitor (Roche), and α1-antitrypsin (EMD Biosciences)].
Cell lysates were spun down at 7500 rpm for 5 min at 4°C. The pre-
cipitates were added to 15 to 50% sucrose gradient medium [CHX
(100 μg/ml), heparin (0.2 mg/ml), and 1 mM DTT], followed by
centrifugation at 36,000 rpm for 3 hours at 4°C. The polyribosomal
fraction profile was analyzed by fractionation with a fractionated
collector. Absorbance was measured with an UA-6 absorbance de-
tector (254 nm). RNA was isolated from fractions and subjected to
RT-qPCR analysis as described above.

In vitro pull-down assay
HEK293T cells were transfected with Flag-tagged MAVS, GST-
tagged MAVI1, and GFP-tagged MAVI1 for 48 hours, and proteins
were purified by using anti–Flag-M2 affinity gel (Sigma-Aldrich,
A2220), glutathione agarose beads (Thermo Fisher Scientific,
16102BID), and GFP magnetic beads (ABclonal, AE079), respec-
tively, following the manufacturer’s protocols.
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Purified, GST- or GFP-MAVI1 proteins immobilized on gluta-
thione agarose beads or GFP magnetic beads were incubated with
Flag- or GST-tagged MAVS proteins eluted with 3× Flag peptide
(Sigma-Aldrich) or reduced glutathione at 4°C for overnight in re-
action buffer [40 mMHepes (pH 7.4), 2 mMEGTA, 2.5 mMMgCl2,
and 0.3% CHAPS] and then washed with the same buffer for five
times. Beads were boiled for 10 min in 1× SDS sample buffer and
resolved by SDS-PAGE gel before immunoblotting analysis.

Plaque assay
BHK21 cells were plated in six-well plates (2 to 4 × 105 per well). The
viruses were subjected to gradient dilution in DMEM culture
medium with 2% FBS gradient on ice. Agra (1.5%) was mixed
with DMEM with 2% FBS and kept at 42°C. Cells were washed
with DMEM with 2% FBS once. Diluted viruses (500 μl) were
then added and incubated at 37°C with 5% CO2 for 90 min.
Viruses were then removed, and agarose/DMEM solution (3 ml)
was added to each well and incubated at 37°C with 5% CO2 for
48 hours. Formaldehyde diluted with PBS (10%; 2 ml) was added
into each well and incubated at room temperature for 30 min. Fix-
ative was then removed, and the fixed cells were washed with PBS.
Crystal violet solution (0.1%; 2 ml) was added to each well and in-
cubated for 30 min. The staining solution was removed, and cells
were thoroughly washed with running water, dry completely
before counting the plaque, and determine the virus titer. Titer
(plaque-forming units/milliliter) = number of plaques × dilu-
tion ratio.

MAVI1-Flag knock-in cells
sgRNA (targeting sequence: 50-TGGACAGATGTGACTTTGAA-
30) targeting the MAVI1 genomic location was designed via http://
crispr.genome-engineering.org/ and then cloned into the pSpCas9
(BB)-2A-puro-PX459 V2.0 vector. Donor DNAwas amplified from
genomic DNA using primer set as follows: forward primer: 50-GC
TCTAGAATGACCTCAGTTTCAACACAGTTG-30; reverse
primer: 50-CGCGGATCCTTACTTATCGTCGTCATCCTTGTAA
TCCATCTGTCCATTTCTTTTTCGTGCA-30. HEK293T cells
were transfected with sgRNA expression vector together with the
donor DNA for 48 hours before puromycin (1 μg/ml) was added.
Single colonies were expanded for genomic DNA extraction and
PCR amplification (forward primer: 50-GGCTGGCCTGTTATTT
GTCA-30; reverse primer: 50-CGCAAAGGTTTTCAGGGTGA-30),
followed by Sanger sequencing. Immunoblotting analysis was used
to confirm the success knock-in of the Flag tag.

Mavi1-knockout (Mavi1−/−) mice
Mavi1-knockout mice (Mavi1−/−, C57BL/6) were generated by
CRISPR-Cas9 genome editing technology using sgRNA (target se-
quence: 50-GATCTTAGTCCTCGCTTCGCTGCTTTTGATCCT-
30) targeting mouse Mavi1. The deletion of Mavi1 was confirmed
by PCR (forward primer: 50-CTGGTCAGGGTGCAGTCTAA-30;
reverse primer: 50-AAGTTCAGCCCTCCAGATCC-30) and
Sanger sequencing.

Virus infection in mice
C57BL/6 mice (8-week-old female), both WT and Mavi1−/−, were
intraperitoneally injected with VSV [5 × 108 plaque forming unit
(p.f.u.) per mouse] for 12 hours before serum collection. Spleen,
liver, and lung tissues were collected for RT-qPCR analysis. Lung

tissues were fixed in 10% phosphate-buffered formalin, embedded
into paraffin, sectioned, stained with hematoxylin and eosin solu-
tion, and examined by light microscopy for histological changes.
All animal experiments were conducted in accordance with a pro-
tocol approved by the Animal Care and Use Committee of Xiamen
University. All animals weremaintained in an animal roomwith 12-
hour light/12-hour dark cycles and cared with free access to stan-
dard rodent chow and water in accordance with institutional
guidelines.
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This PDF file includes:
Figs. S1 to S7
Legends for tables S1 to S3

Other Supplementary Material for this
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