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Abstract: Retinoic acid-inducible gene I (RIG-I) serves as an essential viral RNA sensor for innate
immune. The activation of the RIG-I-like receptors (RLRs) pathway triggers many regulations for the
outcome of type I interferon, including ubiquitination, dephosphorylation, ISGylation, and autophagy.
However, the autophagy-related regulation of RIG-I is still not fully understood. To investigate the
potentially unknown genes related to autophagy-related regulation of RIG-I, we firstly confirm the
induction of autophagy derived by overexpression of RIG-I. Furthermore, the autophagy inducer
and inhibitor drugs were used in different assays. The results showed autophagy could control
the activation of RLRs pathway and expression of exogenous RIG-I. In addition, we carried out the
transcriptome analysis of overexpression of RIG-I in vitro. Differentially expressed genes (DEGs)
in GO and KEGG signaling pathways enrichment provided a newly complex network. Finally, the
validation of qPCR indicated that the DEGs PTPN22, PRKN, OTUD7B, and SIRT2 were correlated
to the negative regulation of excessive expression of RIG-I. Taken together, our study contributed
new insights into a more comprehensive understanding of the regulation of excessive expression
of RIG-I. It provided the potential candidate genes for autophagy-related negative regulation for
further investigation.

Keywords: RIG-I; overexpression; autophagy; negative regulation; transcriptome analysis

1. Introduction

Retinoic acid-inducible gene I (RIG-I) is a member of the RIG-I-like receptors (RLRs)
family. It consists of the N-terminal caspase activation and recrement domain (CARD),
DExD box domain, helicase domain, and the C-terminal regulatory domain [1–4]. RIG-I can
sense the non-self RNA in the cytoplasm, like viral RNA. When non-self RNA is detected,
RIG-I changes its original self-inhibitory conformation into activated conformation [5,6].
Mitochondrial antiviral signaling protein (MAVS) subsequently interacts with RIG-I and
transduces the signaling to IRF-3/IRF-7 and NF-κB. These transcriptional factors promote
the outcome of type I interferon (IFN) [7,8].
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An appropriate amount of IFN performs a strong antiviral effect on the different
viruses. However, overexpressed IFN is triggered by the auto-immune system or overacted
response to viral infection sometimes [9–11]. This overaction will be incredibly harmful
to host cells. To keep the cellular homeostasis, cells develop many precise regulation
systems for the RLRs pathway to control the innate immune response, including ubiquiti-
nation [12], dephosphorylation [13], and ISGylation [14,15]. Autophagy is a conservative
biological process that breaks down and recycles old, damaged, or abnormal proteins and
other substances in a lysosome-dependent manner [16]. Recently, several studies indicated
that autophagy plays an essential role in the negative regulation of innate immune re-
sponse. RLRs pathway is also regulated by the accurate autophagy process [17]. However,
many potential mechanisms are still not fully understood or discovered. These unknown
autophagy-related regulations may need further screening or multi-omics techniques to
unearth the potential genes.

This study aimed to confirm the ability of autophagy to negatively regulate RIG-I
protein and investigate the potential genes in negative regulation of RIG-I overexpression
by transcriptome analysis.

2. Materials and Methods
2.1. Cells, Virus, Plasmid, Reagents, and Antibodies

Madin–Darby canine kidney (MDCK) cells and human embryonic kidney (HEK) 293T
cells were cultured at 37 ◦C and 5% (v/v) CO2 in Dulbecco’s modified Eagle medium
(DMEM; Biological Industries, Kibbutz Beit-Haemek, Israel) with 10% fetal bovine serum
(Biological Industries). Canine influenza virus (A/canine/Guangdong/02/2011) was
propagated in specific pathogen-free chick embryos. Plasmids used in this research was
listed Supplementary Table S1. Specific RIG-I agonist, 5′ triphosphate hairpin RNA
(3p-hpRNA) (InvivoGen, San Diego, CA, USA), was used for RIG-I activation. Small
interfering RNA (siRNA) was synthesized (RiboBio, Guangzhou, China) and the se-
quence was listed in Supplementary Table S2. Antibodies used in this study were listed in
Supplementary Table S3.

2.2. Cell Seeding, Transfection, RNA Extraction, and cDNA Synthesis

Cells (1 × 105, 2 × 106 and 6 × 106) were seeded in 24-, 12-, and 6-well plates. Cells
were grown to 80% confluence and transfected with plasmids, empty vector, RIG-I agonist,
or siRNA. Total RNA was extracted from cells with Simply P Total RNA Extraction Kit
(Bioer Technology, Hangzhou, China) according to the manufacturer’s instructions. RNA
samples were stored at −80 ◦C. Then, 1000 ng cDNA was prepared from total RNA
using the HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China) and used
for qPCR.

2.3. RNA Sequencing and Data Analysis

RNA samples were isolated from HEK 293T cells transfected with 2500 ng Flag-RIG-I
or 2500 ng empty vectors. cDNA libraries were produced by the NEBNext Ultra Direc-
tional RNA Library Prep Kit (New England Biolabs, NEB, Ipswich, MA, USA), NEBNext
Poly(A)mRNA Magnetic Isolation Module (NEB), NEBNext Multiplex Oligos (NEB) ac-
cording to the manufacturer’s instructions. The purified and enriched cDNA libraries were
quantified by Agilent2200 (Agilent Technologies, Santa Clara, CA, USA), and the tagged
cDNA libraries were pooled in equal ratio and used for 150 bp paired-end sequencing in a
single lane of the Illumina HiSeq X Ten (Illumina, San Diego, CA, USA). After removing
the adaptor sequences and low-quality reads, the clean reads were used for subsequent
analysis, and the unique reads were used to identify differentially expressed genes (DEGs)
by EdgeR (standard, log2(FC) > 1 or <−1 and FDR < 0.05).
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2.4. Functional Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Signaling
Pathways Analysis

To analyze the DEGs, we used Fisher’s exact test for the Gene Ontology (GO) analysis
in three parts, including molecular function, cellular component, and biological process.
Additionally, the significantly differential GO terms (p < 0.01) were performed as GO trees.
In addition, we also used Fisher’s exact test for the Kyoto Encyclopedia of Genes and
Genomes (KEGG) signaling pathways analysis, and the significantly differential pathway
terms (p < 0.05) were performed as path-act-network.

2.5. Fluorescence Analysis

To determine the subcellular localization of LC3 or P62 proteins, HEK 293T cells were
transfected with Flag-RIG-I plasmid or empty vector along with LC3-GFP-mCherry or
P62-mCherry plasmid, respectively, when cells reached 60% confluence. Cells were washed
three times with PBS and then fixed in cold 4% paraformaldehyde at room temperature
for 10 min. Nuclei were stained with 4′,6-diamidino-2-phenylindole (Beyotime, Shanghai,
China) for 5 min. The fluorescence signal was observed with the confocal laser scanning
microscope, Leica SP8 TCS (Leica, Wetzlar, Germany).

2.6. Dual-Luciferase Assay

HEK 293T cells (1 × 105) were seeded in a 24-well plate. Cells were grown to
80% confluence and co-transfected with 250 ng/well of reporter plasmid and 20 ng/well
of pRL-TK plasmid along with 500 ng of 3p-hpRNA, or empty vector (as control). After
24 h, the cells were lysed, and the luciferase activity in lysates was measured with the
Dual-Luciferase Reporter Assay Kit (Vazyme) according to the manufacturer’s instructions.
The internal Renilla luciferase control normalized the luciferase activity.

2.7. Real-Time qPCR (qPCR)

qPCR was carried out on a LightCycler 480 (Roche, Basel, Switzerland) with ChamQ
SYBR qPCR Master Mix (Vazyme), and the qPCR program followed the manufacturer’s
protocol. The relative mRNA expression level was calculated with the 2−∆∆Ct method and
indicated a fold change compared to the control group. Primer sets used for qPCR were
designed based on published sequences and are listed in Supplementary Table S4.

2.8. Western Blotting

The cells were lysed using Cell lysis buffer for Western and IP (Beyotime). Lysates
were collected and centrifuged at 15,000 rpm for 15 min. A total of 30–50 µg of each sample
was separated by SDS-PAGE and transferred to a PVDF membrane blocked for at least
10 min with QuickBlock Blocking Buffer for Western Blot (Beyotime) at room temperature
and then incubated overnight at 4 ◦C with primary antibodies. After washing with PBST,
secondary antibodies were incubated for 1 h at room temperature. Protein bands were
visualized by Odyssey Sa (Li-cor, Lincoln, NE, USA).

2.9. Autophagy-Related Treatment

HEK 293T cells (1 × 105 and 6 × 106) were seeded in 24- and 6-well plates for fluores-
cence analysis, dual-luciferase assay and Western blotting, respectively. Cells were grown
to 80% confluence and transfected with plasmids or 3p-hpRNA. After transfection for 12
or 24 h, cells were subsequently treated with rapamycin (1 µM, acting as an autophagy
inducer), MG132 (20 µM, high concentration, acting as an autophagy inducer), Ly294002
(20 µM, acting as an autophagy inhibitor), and Chloroquine (50 µM, acting as an autophagy
inhibitor) for 12 h.

2.10. Statistical Analysis

All data were analyzed by the unpaired Student’s t-test using Prism v9.3 (GraphPad
Software, San Diego, CA, USA). (mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001).
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3. Results
3.1. Excessive Expression of Canine RIG-I Triggered Unknown Negative Regulations

Our previous study identified the antiviral effect of canine RIG-I against canine in-
fluenza virus (CIV), whereby overexpression of canine RIG-I could strongly suppress the
CIV replication in MDCK and HEK 293T cells [18]. However, we found that more than
2500 ng canine RIG-I overexpression reduced the antiviral effect against CIV. To determine
the authentication of the results of our previous study, we carried out the experiments
in the same condition again, such that MDCK cells were transfected with canine RIG-I
from 0 ng to 5000 ng, and cells were infected with CIV after 24 h. The whole protein of
these cells was collected and isolated by Western blotting. The results showed that CIV NP
protein significantly increased in the 2500 ng and 5000 ng canine RIG-I group (Figure 1A,B),
similarly to the previous study. This suggested that the results of our experiments were
reliable, and there were some unknown negative regulations to the excessive expression of
RIG-I in cells.
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Figure 1. Excessive expression of canine RIG-I (transfection dose more than 2500 ng) weakened the
antiviral effect against H3N2 CIV. (A) Flag-tagged RIG-I and viral NP was determined by Western
blotting, and GAPDH was used as a loading control. (B) Protein band intensity of viral NP and
GAPDH were used for Western blotting quantification analysis. Samples were analyzed in three
independent experiments (** p < 0.01, *** p < 0.001).
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3.2. Cellular Autophagy Is Essential to the Regulation of Excessive RIG-I

Many studies about the negative regulation of RIG-I have indicated the relationship
of the negative regulation for RIG-I, including ubiquitination, phosphorylation, ISGyla-
tion, and more post-translational modification. However, we still know relatively little
about cellular autophagy serving for RIG-I regulation. To investigate whether cellular
autophagy was involved in the phenomenon in Figure 1, we detected the expression level
of LC3B protein in MDCK cells protein samples with the same treatments as our previous
study [18]. The overexpression of RIG-I against H3N2 CIV experiments showed that the
ratio of LC3B-II/GAPDH was relatively higher when the Flag-RIG-I plasmid dose for
transfection was more than 2500 ng (Figure 2A,B). Interestingly, it showed the same trend
in samples of MDCK cells transfected with a higher amount of 3p-hpRNA against H3N2
CIV (Figure 2C,D) and no siRNA of RIG-I against H3N2 CIV (Figure 2E,F). These results
suggested that dose-dependent autophagy was involved in expressing canine RIG-I against
the H3N2 CIV infection.

Nevertheless, whether CIV infection influenced this autophagy process remained
unclear. To exclude this factor, we carried out an experiment without CIV infection. HEK
293T cells were co-transfected with 2500 ng of Flag-RIG-I and LC3-GFP-mCherry plasmids,
or Flag-RIG-I and pCMV-mCherry-p62 plasmids, respectively. After 24 h transfection,
cells were treated with and without chloroquine treatment. These cells were fixed and
observed under a confocal microscope. The sample transfected with Flag-RIG-I showed a
large number of representative autophagy-related LC3 puncta and chloroquine treatment
significantly increased the LC3 puncta (Figure 3). In the observation of P62 protein, overex-
pression of Flag-RIG-I showed less P62 spots than mock group and chloroquine treatment
group (Figure 4). This result suggested that excessive expression of RIG-I could induce
autophagy without virus infection.

The dual-luciferase and Western blotting assays were carried out to investigate
whether autophagy acts as the negative regulation for excessive expression of RIG-I. In
the dual-luciferase assays, HEK 293T cells were transfected with 3p-hpRNA. After 12 h
transfection, cells were treated with rapamycin and ly294002 for 12 h, respectively. The ago-
nist 3p-hpRNA was used for activation of RIG-I and its signaling. The results showed that
rapamycin inhibited the activation of IRF-3, NF-κB, and IFN-β, while ly294002 enhanced
the activation (Figure 5). In the Western blotting assays, 2500 ng of Flag-RIG-I plasmid was
transfected into HEK 293T cells for 24 h, then cells were treated with rapamycin, ly294002,
chloroquine, and MG132, respectively. The different treatments showed that rapamycin
and high concentrations of MG132 decreased the expression of Flag-RIG-I while increasing
the expression of Flag-RIG-I in ly294002 and chloroquine treatments (Figure 6A–C). In
addition, 3p-hpRNA stimulation with autophagy-related treatment was also performed.
The Western blotting results of endogenous RIG-I showed the same trend as the transfection
of Flag-RIG-I with autophagy-related treatment (Figure 6D–F). Collectively, these results
indicated that cellular autophagy played an essential role in the negative regulation of
excessive expression of RIG-I.

3.3. Transcriptome Libraries Construction and Differentially Expressed Genes Analysis

To more comprehensively understand the inner cellular regulations triggered by the
excessive expression of RIG-I, not only the negative regulation, six transcriptome libraries
were prepared from HEK 293T cells transfected with Flag-RIG-I plasmid or empty vectors.
Total RNA isolated from cells was used to establish the cDNA libraries. After filtering
the adaptor sequences and low-quality reads, the whole clean reads were collected for
subsequent analysis. Through comparative analysis according to the standard of logFC > 1
or <−1 and FDR < 0.05, 1666 differentially expressed genes (DEGs) were found in HEK 293T
cells transfected with Flag-RIG-I, including 1384 up-regulated and 282 down-regulated
mRNAs (Figure 7). All detailed DEGs were listed in Supplementary file 1.
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Figure 2. Excessive expression of RIG-I induced autophagy in CIV infection. (A) MDCK cells were
transfected with indicated concentrations of Flag-RIG-I plasmid; after 24 h, cells were inoculated with
H3N2 CIV at 0.1 multiplicity of infection (MOI), and the expression level of the endogenous LC3B was
determined by Western blotting. (C,E) MDCK cells were transfected with indicated concentrations
of RIG-I agonist (C) or psiRIG-I−2 (E); after 24 h, cells were inoculated with H3N2 CIV at 0.1 MOI,
and the expression level of the endogenous LC3B was determined by Western blotting. GAPDH
served as a protein sample loading control. (B,D,F) Protein band intensity of LC3B-II and GAPDH
were used for Western blotting quantification analysis. Samples were analyzed in three independent
experiments (ns indicated no significance, * p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 3. Observation of LC3 with overexpression of RIG-I in HEK 293T cells. (A) Fluorescence
analysis for confocal observation of HEK293T cells transfected with Flag-RIG-I plasmid. Scale
bar, 3 µm. (B) Numbers were counting of LC3-GFP-mCherry puncta formation in HEK 293T cells
transfected with or without the Flag-RIG-I plasmid. (Data from 10 cells were shown, and bars
represent the mean ± standard deviation, *** p < 0.001.)
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3.4. Functional Enrichment of the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
Signaling Pathways

To further analyze the DEGs, they were enriched according to the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways, respectively.

As the results of the GO analysis involving biological processes, molecular functions,
and cellular components, they showed that the DEGs were enriched in the inflammatory
response, transmembrane transport, transforming growth factor-beta receptor signaling
pathway, neurotransmitter transport, response to cAMP, response to oxidative stress and
positive regulation of activation of JAK2 kinase activity in up-regulation (Figure 8A); the
DEGs were enriched in right reflex, response to progesterone, tyrosine kinase activity,
negative regulation of catalytic activity, nervous system development, and negative regula-
tion of JAK-STAT cascade in down-regulation (Figure 8B). At the same time, the GO trees
analysis of GO terms for the relationship between upstream and downstream regulation
mainly indicated the positive regulation of inflammatory response, positive regulation of
the lipoprotein-related metabolic process, positive regulation of response to cAMP and
organic substance, positive regulation of transcription, and regulation of neurotransmitter
(Figure 9).
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Figure 5. Dual-luciferase assay of 3p-hpRNA stimulation with autophagy-related treatment. HEK
293T cells were transfected with the reporter plasmids and 3p-hpRNA. After 12 h transfection, cells
were treated with rapamycin (1 µM) and ly294002 (20 µM) for 12 h, respectively. (A) IRF-3 (B) NF-
κB, and (C) IFN-β, promoter activity in the cells was evaluated for quantification analysis after
24 h transfection. Samples were analyzed in three independent experiments (* p < 0.05, ** p < 0.01,
*** p < 0.001).



Cells 2022, 11, 2009 10 of 19Cells 2022, 11, 2009 11 of 21 
 

 

 

Figure 6. Autophagy regulates the signaling and expression of RIG-I. (A) HEK 293T cells were
transfected with 2500 ng Flag-RIG-I. After 24 h transfection, cells were treated with rapamycin (1 µM),
ly294002 (20 µM), chloroquine (50 µM), and MG132 (20 µM) for 12 h. (D) HEK 293T cells were
stimulated with the 500 ng of 3p-hpRNA. After 24 h transfection, cells were treated with rapamycin
(1 µM) and ly294002 (20 µM) for 12 h, respectively. (B,E) Protein band intensity of RIG-I and GAPDH
were used for Western blotting quantification analysis. (C,F) Protein band intensity of LC3B-II and
GAPDH were used for Western blotting quantification analysis. Samples were analyzed in three
independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 7. Differentially expressed genes (DEGs) analysis between Flag-RIG-I transfection group and mock
transfection group. (A) Clustering analysis heatmap of DEGs. (B) Volcano plot visualization of DEGs.

1 

 

 

 Figure 8. Analysis of GO enrichment in molecular function, cellular component, and biological
process. (A) Analysis of up-regulated GO enrichment in three ontologies. (B) Analysis of down-
regulated GO enrichment in three ontologies.
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Figure 9. GO trees analysis of enrichment of GO terms.

In addition, the analysis of KEGG signaling pathways enrichment for excessive ex-
pression of RIG-I indicated several positive regulations of the pertussis pathway, calcium
signaling pathway, leishmaniasis pathway, and arachidonic acid metabolism pathway
(Figure 10A); it also indicated several negative regulations of the Jak-STAT signaling path-
way, protein digestion and absorption pathway, cGMP-PKG signaling pathway, allograft
rejection pathway, PI3K-AKT signaling pathway and neuroactive ligand-receptor interac-
tion pathway (Figure 10B). There were many pathways influenced in cells transfected with
RIG-I. To further clear up the relationship among these pathways, the path-act-network
analysis of KEGG signaling pathway enrichment was performed. The results indicated
complex crosstalk and several pathway centers, such as the Jak-STAT signaling pathway,
arachidonic acid metabolism pathway, Toll-like receptor signaling pathway, and comple-
ment and coagulation cascades pathway (Figure 11). Taken together, these enrichments
of GO and KEGG signaling pathways for transcriptional analyses greatly enriched our
knowledge of regulation in HEK 293T cells with overexpression of RIG-I.

3.5. qPCR Validation of DEGs Related to Ubiquitination and Autophagy

After the enrichment analysis of DEGs, we found that some genes about biological
process ubiquitination and autophagy were also involved in regulation in cells with exces-
sive expression of RIG-I. Here, we listed the related genes by volcano plot visualization
(Figure 12). To unearth the potential genes for unknown negative regulation, qPCR was
used to detect the mRNA level to confirm the differential fold change in the transcriptome
of the original samples. The qPCR results suggested the PTPN22, UBA7, PRKN, SMAD7,
TRIM72, OTUD7B, SIRT2, and BFAR genes related to ubiquitination or autophagy, were
indeed regulated and consistent with the same trends in transcriptome when cells were
overexpressed with RIG-I (Table 1). These genes may serve as the keys to previously
mentioned autophagy-related negative regulation for excessive expression of RIG-I, and
they need more validation and investigation in further related studies.
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Figure 10. Top20 of KEGG signaling pathway enrichment of DEGs triggered by excessive RIG-I.
(A) Up-regulated KEGG signaling pathway enrichment. (B) Down-regulated KEGG signaling
pathway enrichment.
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Figure 11. Path-act-network analysis of KEGG signaling pathway enrichment of DEGs.

 

5 

 Figure 12. Volcano plot visualization of DEGs related to ubiquitination and autophagy. (A) DEGs
related to ubiquitination. (B) DEGs related to autophagy. Red dotted line indicated the log2(FC) > 1
or <−1. Blue dotted line indicated the −log2(p-value) > −log10(0.05).
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Table 1. qPCR was used to verify the ubiquitination and autophagy-related DEGs.

Protein-Coding
Gene Name

NGS
(log2 Fold Change)

Regulation
Style

qRT-PCR
(2−∆∆Ct Fold Change)

PTPN22 4.97 Up 2.31 *
UBA7 2.48 Up 2.97 *

RASD2 2.46 Up 1.26
PRKN 1.47 Up 2.32 *

SMAD7 1.31 Up 1.41 *
TRIM72 1.18 Up 1.67 *
OTUD7B 1.11 Up 2.01 *

SIRT2 −2.83 Down −2.56 *
BFAR −3.75 Down −2.75 *

* Asterisk indicates the statistical significance of DEGs with p < 0.05.

4. Discussion

Pathogen-associated molecular patterns (PAMPs) play an essential role in the innate
immune system. RIG-I, which belongs to the RIG-I-like receptors (RLRs) family, acts as
a mainly cytosolic viral RNA detector in eukaryotes [19–21]. After the recognition, RIG-I
activates the RIG-I-like signaling pathway, which makes signaling transduction to promote
the production of type I interferon (IFN) through IRF-3 and NF-κB [22–24]. The output of
IFN activates the downstream interferon-stimulated genes (ISG) to enhance the antiviral
effect, such as OAS, Mx1, and STAT-1 [25–28].

In our previous study, canine RIG-I in MDCK cells played an essential role against
canine influenza virus (CIV) infection [18]. Interestingly, an outcome of more than 2500 ng
canine RIG-I overexpression showed a gradually decreasing antiviral effect against CIV,
even though overexpressed canine RIG-I indeed suppressed the CIV replication in MDCK
cells and HEK 293T cells [18]. Here, we performed the same experiments again, and the
results indicated a similar trend to our previous study. This suggested the authenticity of
the unknown negative regulations triggered by the increasing dose of RIG-I overexpression.

When the exogenous pathogens were exposed in intracellular detection of the innate
immune system, cells were triggered to produce the antiviral response, even the harmful
overreacted effects. For cellular homeostasis, cells would balance themselves and negatively
regulate these excessive reactions by several biological systems. To date, many studies
have indicated some negative regulations for RLRs signaling pathway, including regulation
by ubiquitin ligases and deubiquitinases [29–32], kinases and phosphatases, host protein
modifications [33], RNA-binding proteins, and viral proteins [34]. Recently, autophagy
has been pointed out as new negative regulation of the RLRs signaling pathway [35–39].
These studies present a complex cross-reaction between the RLRs signaling pathway and
the cellular autophagy.

To investigate whether autophagy was involved in our findings, we detected the level
of LC3B protein [40,41] derived from samples with the same treatments as our previous
study. The results showed that the ratio of LC3B-II/GAPDH was increased in higher
expression of canine RIG-I against CIV. It suggested the probability of autophagy-related
regulation to RIG-I in CIV infection.

However, the proteins derived from the influenza A virus have been reported as the
regulator of RIG-I by different mechanisms, including ubiquitination and the autophagy
process. To exclude the influence of CIV proteins, we carried out further experiments to
explore the factors related to autophagy without CIV infection. First, the autophagy flux
was determined by fluorescence analysis in RIG-I overexpressing cells. We found that LC3
puncta were significantly raised, and P62 spots were significantly diminished, compared to
the mock group. In addition, here, MG132 (which could promote the autophagy process
in high concentration [42–45]) and rapamycin were used to induce autophagy; ly294002
and chloroquine were used to inhibit the different stages of autophagy. Results of the
dual-luciferase assay and Western blotting showed the autophagy inducer and inhibitor
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could decrease and increase the expression of RIG-I, respectively. Taken together, these
findings provided robust evidence of autophagy-related negative regulation.

Our previous study indicated that canine RIG-I shares similar function domains with
human RIG-I as a homologous gene. Canine RIG-I could trigger the antiviral effect in the hu-
man cell line [18]. Therefore, we chose the HEK 293T cells with high transfection efficiency
for understanding the comprehensive regulations in cells transfected with exogenous RIG-I
and revealing the potential genes for autophagy-related negative regulation by transcrip-
tome analysis. The transcriptional screening indicated 1666 differentially expressed genes
(DEGs), including 1384 up-regulated and 282 down-regulated DEGs, respectively. The GO
and KEGG signaling pathway enrichment analysis of DEGs provided a complex regulation
network of exaggerated expression of RIG-I, including inflammation, catalytic activity
regulation, the nervous system regulation, and the JAK-STAT signaling pathway. It would
lead to a more comprehensive understanding of the regulation of excessive expression of
RIG-I. After the enrichment analysis of DEGs, we focused on the ubiquitination-related and
autophagy-related DEGs, which may serve as a complex regulation for the negative regula-
tion of RIG-I. These DEGs in volcano plot visualization were validated by qPCR. PTPN22,
UBA7, PRKN, SMAD7, TRIM72, and OTUD7B genes were significantly up-regulated.
SIRT2 and BFAR genes were in significant down-regulation. Recent studies indicate the
autophagy-related function of these genes. PTPN22 regulates NLRP3-mediated IL-1B by
autophagy [46–48]. PRKN (Parkin) could negatively regulate the antiviral response by
degradation of TRAF3 [29,49,50]. OTUD7B serves as a deubiquitinase of P62/SQSTM1
and enhances the degradation of IRF-3 [51,52]. SIRT2 dysregulates autophagy in high-
fat-exposed immune-tolerant macrophages, and the knockdown of SIRT2 increases basal
autophagy [53–55]. With the combined analysis of DEGs and reports mentioned above, our
study indicated that PTPN22, PRKN, OTUD7B, and SIRT2 genes were strongly correlated
to the negative regulation of excessive expression of RIG-I.

In conclusion, canine RIG-I was confirmed to trigger autophagy when activating
RLRs signaling pathway. This present transcriptome analysis provided a more compre-
hensive network to understand the regulation of excessive expression of RIG-I; it also
revealed the potential genes involved in the negative autophagy-related regulation for
more future studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11132009/s1. Supplementary Table S1: plasmids used in this study. Supplementary
Table S2: sequence of siRNA for canine RIG-I. Supplementary Table S3: antibodies used in this study.
Supplementary Table S4: Primer pairs used for quantitative RT-PCR analysis. Supplementary excel
file 1: All DEGs are listed in the excel file.

Author Contributions: S.Y. and C.T. performed the experiments and analyzed the data. S.L. par-
ticipated in the whole study design, coordinated the study, and prepared the manuscript. X.Y.
assisted with conducting the experiments and provided the plasmid (pCMV-mCherry-p62) and part
of reagents in this study. J.W. (Ji Wang), Q.L., L.X. and Z.W. assisted with conducting the experiments.
J.M., J.W. (Jingyu Wang), K.C., A.C. and P.Z. assisted with analyzing the data. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the grants from Natural Sciences Science Foundation of
Guangdong Province (no. 2018B030311037), the National Natural Science Foundation of China
(no. 31872454 and 31672563), the National Key Research and Development Program of China
(no. 2016YFD0501004), and Guangdong Provincial Key Laboratory of Prevention and Control for
Severe Clinical Animal Diseases (no. 2017B030314142).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

https://www.mdpi.com/article/10.3390/cells11132009/s1
https://www.mdpi.com/article/10.3390/cells11132009/s1


Cells 2022, 11, 2009 17 of 19

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Fan, X.; Jin, T. Structures of RIG-I-Like receptors and insights into viral RNA sensing. Adv. Exp. Med. Biol. 2019, 1172, 157–188.

[PubMed]
2. Brisse, M.; Ly, H. Comparative structure and function analysis of the RIG-I-Like receptors: RIG-I and MDA5. Front. Immunol.

2019, 10, 1586. [CrossRef] [PubMed]
3. Ferrage, F.; Dutta, K.; Nistal-Villán, E.; Patel, J.R.; Sánchez-Aparicio, M.T.; De Ioannes, P.; Buku, A.; Aseguinolaza, G.G.; García-

Sastre, A.; Aggarwal, A.K. Structure and dynamics of the second CARD of human RIG-I provide mechanistic insights into
regulation of RIG-I activation. Structure 2012, 20, 2048–2061. [CrossRef] [PubMed]

4. Yong, H.Y.; Zheng, J.; Ho, V.C.Y.; Nguyen, M.T.; Fink, K.; Griffin, P.R.; Luo, D. Structure-Guided design of immunomodulatory
RNAs specifically targeting the cytoplasmic viral RNA sensor RIG-I. Febs. Lett. 2019, 593, 3003–3014. [CrossRef]

5. Lin, H.; Cao, X. Nuclear innate sensors for nucleic acids in immunity and inflammation. Immunol. Rev. 2020, 297, 162–173.
[CrossRef]

6. Chan, C.P.; Jin, D.Y. Cytoplasmic RNA sensors and their interplay with RNA-binding partners in innate antiviral response:
Theme and variations. RNA 2022, 28, 449–477. [CrossRef]

7. Feng, H.; Liu, H.; Kong, R.; Wang, L.; Wang, Y.; Hu, W.; Guo, Q. Expression profiles of carp IRF-3/-7 correlate with the up-
regulation of RIG-I/MAVS/TRAF3/TBK1, four pivotal molecules in RIG-I signaling pathway. Fish Shellfish Immun. 2011, 30,
1159–1169. [CrossRef]

8. Lazear, H.M.; Lancaster, A.; Wilkins, C.; Suthar, M.S.; Huang, A.; Vick, S.C.; Clepper, L.; Thackray, L.; Brassil, M.M.; Virgin, H.W.;
et al. IRF-3, IRF-5, and IRF-7 coordinately regulate the type I IFN response in myeloid dendritic cells downstream of MAVS
signaling. PLoS Pathog. 2013, 9, e1003118. [CrossRef]

9. Zhao, K.; Du, J.; Peng, Y.; Li, P.; Wang, S.; Wang, Y.; Hou, J.; Kang, J.; Zheng, W.; Hua, S.; et al. LINE1 contributes to autoimmunity
through both RIG-I- and MDA5-mediated RNA sensing pathways. J. Autoimmun. 2018, 90, 105–115. [CrossRef]

10. Jena, K.K.; Mehto, S.; Nath, P.; Chauhan, N.R.; Sahu, R.; Dhar, K.; Das, S.K.; Kolapalli, S.P.; Murmu, K.C.; Jain, A.; et al.
Autoimmunity gene IRGM suppresses cGAS-STING and RIG-I-MAVS signaling to control interferon response. Embo. Rep. 2020,
21, e50051. [CrossRef]

11. Turianova, L.; Lachova, V.; Svetlikova, D.; Kostrabova, A.; Betakova, T. Comparison of cytokine profiles induced by nonlethal and
lethal doses of influenza A virus in mice. Exp. Ther. Med. 2019, 18, 4397–4405. [CrossRef] [PubMed]

12. Rudnicka, A.; Yamauchi, Y. Ubiquitin in influenza virus entry and innate immunity. Viruses 2016, 8, 293. [CrossRef]
13. Wies, E.; Wang, M.K.; Maharaj, N.P.; Chen, K.; Zhou, S.; Finberg, R.W.; Gack, M.U. Dephosphorylation of the RNA sensors RIG-I

and MDA5 by the phosphatase PP1 is essential for innate immune signaling. Immunity 2013, 38, 437–449. [CrossRef]
14. Wu, N.; Nguyen, X.; Wang, L.; Appourchaux, R.; Zhang, C.; Panthu, B.; Gruffat, H.; Journo, C.; Alais, S.; Qin, J.; et al. The

interferon stimulated gene 20 protein (ISG20) is an innate defense antiviral factor that discriminates self versus non-self translation.
PLoS Pathog. 2019, 15, e1008093. [CrossRef] [PubMed]

15. Du, Y.; Duan, T.; Feng, Y.; Liu, Q.; Lin, M.; Cui, J.; Wang, R.F. LRRC25 inhibits type I IFN signaling by targeting ISG15-associated
RIG-I for autophagic degradation. EMBO J. 2018, 37, 351–366. [CrossRef] [PubMed]

16. Yu, L.; Chen, Y.; Tooze, S.A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 2018, 14, 207–215. [CrossRef]
17. Tal, M.C.; Iwasaki, A. Autophagic control of RLR signaling. Autophagy 2009, 5, 749–750. [CrossRef]
18. Wang, Z.; Ye, S.; Yao, C.; Wang, J.; Mao, J.; Xu, L.; Liu, Y.; Fu, C.; Lu, G.; Li, S. Antiviral activity of canine RIG-I against canine

influenza virus and interactions between canine RIG-I and CIV. Viruses 2021, 13, 2048. [CrossRef]
19. Lin, L.; Liu, Q.; Berube, N.; Detmer, S.; Zhou, Y. 5'-Triphosphate-short interfering RNA: Potent inhibition of influenza a virus

infection by gene silencing and RIG-I activation. J. Virol. 2012, 86, 10359–10369. [CrossRef]
20. Liu, G.; Park, H.S.; Pyo, H.M.; Liu, Q.; Zhou, Y. Influenza a virus panhandle structure is directly involved in RIG-I activation and

interferon induction. J. Virol. 2015, 89, 6067–6079. [CrossRef]
21. Biondo, C.; Lentini, G.; Beninati, C.; Teti, G. The dual role of innate immunity during influenza. Biomed. J. 2019, 42, 8–18.

[CrossRef] [PubMed]
22. Urban, C.; Welsch, H.; Heine, K.; Wüst, S.; Haas, D.A.; Dächert, C.; Pandey, A.; Pichlmair, A.; Binder, M. Persistent innate immune

stimulation results in IRF3-Mediated but caspase-independent cytostasis. Viruses 2020, 12, 635. [CrossRef] [PubMed]
23. Seth, R.B.; Sun, L.; Ea, C.; Chen, Z.J. Identification and characterization of MAVS, a mitochondrial antiviral signaling protein that

activates NF-κB and IRF3. Cell 2005, 122, 669–682. [CrossRef] [PubMed]
24. Ding, Z.; Fang, L.; Jing, H.; Zeng, S.; Wang, D.; Liu, L.; Zhang, H.; Luo, R.; Chen, H.; Xiao, S. Porcine epidemic diarrhea virus

nucleocapsid protein antagonizes beta interferon production by sequestering the interaction between IRF3 and TBK1. J. Virol.
2014, 88, 8936–8945. [CrossRef]

25. Rong, E.; Wang, X.; Chen, H.; Yang, C.; Hu, J.; Liu, W.; Wang, Z.; Chen, X.; Zheng, H.; Pu, J.; et al. Molecular mechanisms for the
adaptive switching between the OAS/RNase L and OASL/RIG-I pathways in birds and mammals. Front. Immunol. 2018, 9, 1398.
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/31628656
http://doi.org/10.3389/fimmu.2019.01586
http://www.ncbi.nlm.nih.gov/pubmed/31379819
http://doi.org/10.1016/j.str.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23063562
http://doi.org/10.1002/1873-3468.13564
http://doi.org/10.1111/imr.12893
http://doi.org/10.1261/rna.079016.121
http://doi.org/10.1016/j.fsi.2011.03.002
http://doi.org/10.1371/annotation/4de7ddfd-52df-4f87-8ca4-d48afe646ca8
http://doi.org/10.1016/j.jaut.2018.02.007
http://doi.org/10.15252/embr.202050051
http://doi.org/10.3892/etm.2019.8096
http://www.ncbi.nlm.nih.gov/pubmed/31777543
http://doi.org/10.3390/v8100293
http://doi.org/10.1016/j.immuni.2012.11.018
http://doi.org/10.1371/journal.ppat.1008093
http://www.ncbi.nlm.nih.gov/pubmed/31600344
http://doi.org/10.15252/embj.201796781
http://www.ncbi.nlm.nih.gov/pubmed/29288164
http://doi.org/10.1080/15548627.2017.1378838
http://doi.org/10.4161/auto.5.5.8789
http://doi.org/10.3390/v13102048
http://doi.org/10.1128/JVI.00665-12
http://doi.org/10.1128/JVI.00232-15
http://doi.org/10.1016/j.bj.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30987709
http://doi.org/10.3390/v12060635
http://www.ncbi.nlm.nih.gov/pubmed/32545331
http://doi.org/10.1016/j.cell.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16125763
http://doi.org/10.1128/JVI.00700-14
http://doi.org/10.3389/fimmu.2018.01398


Cells 2022, 11, 2009 18 of 19

26. Yap, G.L.R.; Sachaphibulkij, K.; Foo, S.L.; Cui, J.; Fairhurst, A.; Lim, L.H.K. Annexin-A1 promotes RIG-I-dependent signaling and
apoptosis via regulation of the IRF3–IFNAR–STAT1–IFIT1 pathway in A549 lung epithelial cells. Cell Death Dis. 2020, 11, 463.
[CrossRef]

27. Seitz, C.; Frensing, T.; Hoper, D.; Kochs, G.; Reichl, U. High yields of influenza A virus in Madin-Darby canine kidney cells are
promoted by an insufficient interferon-induced antiviral state. J. Gen. Virol. 2010, 91, 1754–1763. [CrossRef]

28. Nakamura, T.; Asano, A.; Okano, S.; Ko, J.H.; Kon, Y.; Watanabe, T.; Agui, T. Intracellular localization and antiviral property of
canine Mx proteins. J. Interferon Cytokine Res. 2005, 25, 169–173. [CrossRef]

29. Bu, L.; Wang, H.; Hou, P.; Guo, S.; He, M.; Xiao, J.; Li, P.; Zhong, Y.; Jia, P.; Cao, Y.; et al. The Ubiquitin E3 Ligase Parkin
Inhibits Innate Antiviral Immunity Through K48-Linked Polyubiquitination of RIG-I and MDA5. Front. Immunol. 2020, 11, 1926.
[CrossRef]

30. Davis, M.E.; Gack, M.U. Ubiquitination in the antiviral immune response. Virology 2015, 479–480, 52–65. [CrossRef]
31. Lee, N.; Choi, J.; Yoon, I.; Lee, J.K.; Inn, K. Positive regulatory role of c-Src-mediated TRIM25 tyrosine phosphorylation on RIG-I

ubiquitination and RIG-I-mediated antiviral signaling pathway. Cell. Immunol. 2018, 332, 94–100. [CrossRef] [PubMed]
32. Peisley, A.; Wu, B.; Yao, H.; Walz, T.; Hur, S. RIG-I forms Signaling-Competent filaments in an ATP-Dependent, Ubiquitin-

Independent manner. Mol. Cell 2013, 51, 573–583. [CrossRef] [PubMed]
33. Chiang, C.; Liu, G.; Gack, M.U. Viral evasion of RIG-I-Like receptor-mediated immunity through dysregulation of ubiquitination

and ISGylation. Viruses 2021, 13, 182. [CrossRef] [PubMed]
34. Onomoto, K.; Onoguchi, K.; Yoneyama, M. Regulation of RIG-I-like receptor-mediated signaling: Interaction between host and

viral factors. Cell. Mol. Immunol. 2021, 18, 539–555. [CrossRef]
35. Jounai, N.; Takeshita, F.; Kobiyama, K.; Sawano, A.; Miyawaki, A.; Xin, K.Q.; Ishii, K.J.; Kawai, T.; Akira, S.; Suzuki, K.; et al.

The Atg5 Atg12 conjugate associates with innate antiviral immune responses. Proc. Natl. Acad. Sci. USA 2007, 104, 14050–14055.
[CrossRef]

36. Lee, N.; Ban, J.; Lee, N.; Yi, C.; Choi, J.; Kim, H.; Lee, J.K.; Seong, J.; Cho, N.; Jung, J.U.; et al. Activation of RIG-I-Mediated
antiviral signaling triggers autophagy through the MAVS-TRAF6-Beclin-1 signaling axis. Front. Immunol. 2018, 9, 2096. [CrossRef]

37. Tal, M.C.; Sasai, M.; Lee, H.K.; Yordy, B.; Shadel, G.S.; Iwasaki, A. Absence of autophagy results in reactive oxygen species-
dependent amplification of RLR signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 2770–2775. [CrossRef]

38. Wu, Y.; Jin, S.; Liu, Q.; Zhang, Y.; Ma, L.; Zhao, Z.; Yang, S.; Li, Y.P.; Cui, J. Selective autophagy controls the stability of transcription
factor IRF3 to balance type I interferon production and immune suppression. Autophagy 2021, 17, 1379–1392. [CrossRef]

39. Jin, S.; Tian, S.; Chen, Y.; Zhang, C.; Xie, W.; Xia, X.; Cui, J.; Wang, R.F. USP19 modulates autophagy and antiviral immune
responses by deubiquitinating Beclin-1. EMBO J. 2016, 35, 866–880. [CrossRef]

40. Kuma, A.; Matsui, M.; Mizushima, N. LC3, an autophagosome marker, can be incorporated into protein aggregates independent
of autophagy: Caution in the interpretation of LC3 localization. Autophagy 2007, 3, 323–328. [CrossRef]

41. Yoshii, S.R.; Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef] [PubMed]
42. Bao, W.; Gu, Y.; Ta, L.; Wang, K.; Xu, Z. Induction of autophagy by the MG132 proteasome inhibitor is associated with endoplasmic

reticulum stress in MCF7 cells. Mol. Med. Rep. 2016, 13, 796–804. [CrossRef] [PubMed]
43. Zhang, W.; Xu, W.; Chen, W.; Zhou, Q. Interplay of autophagy inducer rapamycin and proteasome inhibitor MG132 in reduction

of foam cell formation and inflammatory cytokine expression. Cell Transpl. 2018, 27, 1235–1248. [CrossRef] [PubMed]
44. Harhouri, K.; Navarro, C.; Depetris, D.; Mattei, M.G.; Nissan, X.; Cau, P.; De Sandre-Giovannoli, A.; Levy, N. MG132-induced

progerin clearance is mediated by autophagy activation and splicing regulation. EMBO Mol. Med. 2017, 9, 1294–1313. [CrossRef]
[PubMed]

45. Fan, W.H.; Hou, Y.; Meng, F.K.; Wang, X.F.; Luo, Y.N.; Ge, P.F. Proteasome inhibitor MG-132 induces C6 glioma cell apoptosis via
oxidative stress. Acta Pharmacol. Sin. 2011, 32, 619–625. [CrossRef]

46. Spalinger, M.R.; Kasper, S.; Gottier, C.; Lang, S.; Atrott, K.; Vavricka, S.R.; Scharl, S.; Gutte, P.M.; Grütter, M.G.; Beer, H.; et al.
NLRP3 tyrosine phosphorylation is controlled by protein tyrosine phosphatase PTPN22. J. Clin. Investig. 2016, 126, 1783–1800.
[CrossRef]

47. Cubas, R.; Khan, Z.; Gong, Q.; Moskalenko, M.; Xiong, H.; Ou, Q.; Pai, C.; Rodriguez, R.; Cheung, J.; Chan, A.C. Autoimmunity
linked protein phosphatase PTPN22 as a target for cancer immunotherapy. J. Immunother. Cancer 2020, 8, e1439. [CrossRef]

48. Spalinger, M.R.; Lang, S.; Gottier, C.; Dai, X.; Rawlings, D.J.; Chan, A.C.; Rogler, G.; Scharl, M. PTPN22 regulates NLRP3-mediated
IL1B secretion in an autophagy-dependent manner. Autophagy 2017, 13, 1590–1601. [CrossRef]

49. Li, J.; Ma, C.; Long, F.; Yang, D.; Liu, X.; Hu, Y.; Wu, C.; Wang, B.; Wang, M.; Chen, Y.; et al. Parkin impairs antiviral immunity
by suppressing the mitochondrial reactive oxygen Species-Nlrp3 axis and antiviral inflammation. iScience 2019, 16, 468–484.
[CrossRef]

50. Xin, D.; Gu, H.; Liu, E.; Sun, Q. Parkin negatively regulates the antiviral signaling pathway by targeting TRAF3 for degradation. J.
Biol. Chem. 2018, 293, 11996–12010. [CrossRef]

51. Hu, H.; Brittain, G.C.; Chang, J.; Puebla-Osorio, N.; Jin, J.; Zal, A.; Xiao, Y.; Cheng, X.; Chang, M.; Fu, Y.; et al. OTUD7B controls
non-canonical NF-κB activation through deubiquitination of TRAF3. Nature 2013, 494, 371–374. [CrossRef] [PubMed]

52. Xie, W.; Tian, S.; Yang, J.; Cai, S.; Jin, S.; Zhou, T.; Wu, Y.; Chen, Z.; Ji, Y.; Cui, J. OTUD7B deubiquitinates SQSTM1/p62 and
promotes IRF3 degradation to regulate antiviral immunity. Autophagy 2022, 1–15. [CrossRef] [PubMed]

http://doi.org/10.1038/s41419-020-2625-7
http://doi.org/10.1099/vir.0.020370-0
http://doi.org/10.1089/jir.2005.25.169
http://doi.org/10.3389/fimmu.2020.01926
http://doi.org/10.1016/j.virol.2015.02.033
http://doi.org/10.1016/j.cellimm.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30100205
http://doi.org/10.1016/j.molcel.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23993742
http://doi.org/10.3390/v13020182
http://www.ncbi.nlm.nih.gov/pubmed/33530371
http://doi.org/10.1038/s41423-020-00602-7
http://doi.org/10.1073/pnas.0704014104
http://doi.org/10.3389/fimmu.2018.02096
http://doi.org/10.1073/pnas.0807694106
http://doi.org/10.1080/15548627.2020.1761653
http://doi.org/10.15252/embj.201593596
http://doi.org/10.4161/auto.4012
http://doi.org/10.3390/ijms18091865
http://www.ncbi.nlm.nih.gov/pubmed/28846632
http://doi.org/10.3892/mmr.2015.4599
http://www.ncbi.nlm.nih.gov/pubmed/26648402
http://doi.org/10.1177/0963689718786229
http://www.ncbi.nlm.nih.gov/pubmed/30001636
http://doi.org/10.15252/emmm.201607315
http://www.ncbi.nlm.nih.gov/pubmed/28674081
http://doi.org/10.1038/aps.2011.16
http://doi.org/10.1172/JCI83669
http://doi.org/10.1136/jitc-2020-001439
http://doi.org/10.1080/15548627.2017.1341453
http://doi.org/10.1016/j.isci.2019.06.008
http://doi.org/10.1074/jbc.RA117.001201
http://doi.org/10.1038/nature11831
http://www.ncbi.nlm.nih.gov/pubmed/23334419
http://doi.org/10.1080/15548627.2022.2026098
http://www.ncbi.nlm.nih.gov/pubmed/35100065


Cells 2022, 11, 2009 19 of 19

53. Gal, J.; Bang, Y.; Choi, H.J. SIRT2 interferes with autophagy-mediated degradation of protein aggregates in neuronal cells under
proteasome inhibition. Neurochem. Int. 2012, 61, 992–1000. [CrossRef] [PubMed]

54. Roychowdhury, S.; Gandhirajan, A.; Kibler, C.; Wang, X.; Vachharajani, V. Sirtuin 2 Dysregulates Autophagy in High-Fat-Exposed
Immune-Tolerant Macrophages. Cells 2021, 10, 731. [CrossRef]

55. Inoue, T.; Nakayama, Y.; Li, Y.; Matsumori, H.; Takahashi, H.; Kojima, H.; Wanibuchi, H.; Katoh, M.; Oshimura, M. SIRT2
knockdown increases basal autophagy and prevents postslippage death by abnormally prolonging the mitotic arrest that is
induced by microtubule inhibitors. FEBS J. 2014, 281, 2623–2637. [CrossRef]

http://doi.org/10.1016/j.neuint.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22819792
http://doi.org/10.3390/cells10040731
http://doi.org/10.1111/febs.12810

	Introduction 
	Materials and Methods 
	Cells, Virus, Plasmid, Reagents, and Antibodies 
	Cell Seeding, Transfection, RNA Extraction, and cDNA Synthesis 
	RNA Sequencing and Data Analysis 
	Functional Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Signaling Pathways Analysis 
	Fluorescence Analysis 
	Dual-Luciferase Assay 
	Real-Time qPCR (qPCR) 
	Western Blotting 
	Autophagy-Related Treatment 
	Statistical Analysis 

	Results 
	Excessive Expression of Canine RIG-I Triggered Unknown Negative Regulations 
	Cellular Autophagy Is Essential to the Regulation of Excessive RIG-I 
	Transcriptome Libraries Construction and Differentially Expressed Genes Analysis 
	Functional Enrichment of the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Signaling Pathways 
	qPCR Validation of DEGs Related to Ubiquitination and Autophagy 

	Discussion 
	References

