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The enzyme cyclic GMP-AMP synthase (cGAS) is a key sensor for detecting misplaced
double-stranded DNA (dsDNA) of genomic, mitochondrial, and microbial origin. It
synthesizes 2'3’-cGAMP, which in turn activates the stimulator of interferon genes
pathway, leading to the initiation of innate immune responses. Here, we identified
Listerin as a negative regulator of cGAS-mediated innate immune response. We found
that Listerin interacts with ¢cGAS on endosomes and promotes its K63-linked ubiquit-
ination through recruitment of the E3 ligase TRIM27. The polyubiquitinated cGAS is
then recognized by the endosomal sorting complexes required for transport machinery
and sorted into endosomes for degradation. Listerin deficiency enhances the innate
antiviral response to herpes simplex virus 1 infection. Genetic deletion of Listerin also
deteriorates the neuroinflammation and the ALS disease progress in an ALS mice model;
overexpression of Listerin can robustly ameliorate disease progression in ALS mice. Thus,
our work uncovers a mechanism for cGAS regulation and suggests that Listerin may be
a promising therapeutic target for ALS disease.
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The innate immune system detects danger signals, such as molecular patterns from path-
ogens or tissue damage, through various pattern-recognition receptors (PRRs) (1). The
presence of cytosolic DNA serves as the essential danger signal for pathogen infection and
initiates strong immune responses (2—4). cGAS (cyclic GMP-AMP synthase) is a pivotal
intracellular PRR that detects microbial DNA or self-DNA in the cytoplasm. Upon DNA
recognition, cGAS can rearrange its catalytic pocket structure and undergo oligomeriza-
tion, which effectively catalyzes ATP and GTP to synthesize the second messenger 2’
3’-cyclic GMP-AMP (cGAMP) (5, 6). The cGAMP binds to the stimulator of interferon
genes (STING), which translocates from the endoplasmic reticulum to the Golgi appa-
ratus, where it initiates downstream pathways through Tank-binding kinase 1 (TBK1)
and Interferon regulatory factor 3 (IRF3), resulting in the production of type I interferons
(IFNs) and other pro-inflammatory cytokines (7, 8).

Although this surveillance system serves as a widespread and effective defense mecha-
nism against tissue damage and invasion by pathogens, aberrant activation of cGAS by
self DNA significantly contributes to several severe neurodegenerative disorders. For exam-
ple, TDP-43 abnormalities may affect the stability and integrity of mtDNA, leading to
the release of mtDNA into the cytoplasm. These leaked mtDNA can activate cGAS and
induce the immune response and inflammation in ALS pathology (9). Several studies have
reported that abnormal DNA damage in mouse models of Alzheimer’s disease (AD) can
induce the activation of the cGAS-STING signaling, which subsequently exacerbates
neuroinflammation and worsens the progression of AD pathology and cognitive decline
(10-12). In Parkinson's disease (PD), nitrification stress caused by increased pathologic
a-syn aggregates leads to the activation of cGAS/STING from genomic DNA double-strand
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breaks, which exacerbates pathologic neuroinflammation in patients with PD (13). Thus,
inhibition of cGAS offers potential therapeutic benefits for these neurodegenerative
diseases.

Ubiquitination is the process in which a 76-amino acid protein called ubiquitin is
covalently attached to the target protein substrate. This process is mediated by E1, E2,
and E3 enzymes and serves as a signal for protein degradation (14, 15). The endosomal
sorting complexes required for transport (ESCRT) system can capture ubiquitinated pro-
teins and subsequently sequester them into intraluminal vesicles (ILVs) contained within
the late endosome, which ultimately fuse with lysosomes for protein degradation (16).

The ESCRT pathway consists of four complexes (ESCRT-0, ESCRT-I, ESCRT-II, and
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ESCRT-III) that function sequentially to sort ubiquitinated
proteins into ILVs within multivesicular bodies (MVBs). The
ESCRT-0 complex recognizes ubiquitinated proteins and recruits
the ESCRT-I and ESCRT-II complexes to the endosomal mem-
brane. The ESCRT-III complex also mediates the final step of
membrane fission, separating the ILVs from the MVB limiting
membrane and subsequently fusing with the lysosome, leading to
ubiquitination degradation (17, 18). Three recent studies almost
simultaneously reported that ubiquitinated STING protein could
lead to its degradation through ESCRT machinery, which results
in the cessation of STING-mediated signaling. They all empha-
sized that STING was modified by K63 ubiquitination as the
initiating factor of this process (19-21). These findings suggest
that the ESCRT complex may modulate innate antiviral signaling;
however, whether the ESCRT system regulates cGAS degradation
is currently unknown.

Our results demonstrate that the ESCRT pathway is involved
in the degradation of ¢GAS proteins. We found that the
Ribosome-associated protein quality control (RQC) component
Listerin is responsible for recruiting TRIM27 to initiate K63-linked
polyubiquitination of ¢cGAS, which subsequently facilitates the
sorting and degradation of cGAS proteins on the endosome via
an ESCRT-dependent pathway. Furthermore, Listerin deficiency
leads to an increased production of IFNs and promotes innate
antiviral response to DNA virus infection both in vitro and in vivo.
Furthermore, the overexpression of Listerin is found to mitigate
TDP-43-induced neuroinflammation and ameliorate neurobehav-
ioral symptoms in ALS mice. This study reveals Listerin as a poten-
tial therapeutic target for neurodegenerative diseases, offering
promising avenues for the development of new therapeutic
approaches in the future.

Results

Listerin Deficiency Promotes the cGAS-STING Activation. The
cGAS-STING pathway has emerged as a critical player in a
wide range of diseases and dysregulation or aberrant activation
of this pathway may trigger different conditions mainly through
regulating the production of IFN-f and a variety of inflammatory
factors (22). The process of Ribosome-associated protein RQC
serves as a mechanism for monitoring proteins and removing
faulty nascent polypeptides. Listerin, an E3 ubiquitin ligase,
plays a crucial role in regulating RQC by identifying and marking
substrates for ubiquitination. The involvement of Listerin in
immune responses has not yet been reported (23, 24).

To investigate the potential regulatory roles of Listerin in
c¢GAS-STING pathway, we designed specific siRNA targeting
Listerin to knock down the expression of endogenous Listerin in
mouse macrophages (S/ Appendix, Fig. S14). Small interfering
RNA (siRNA)-mediated silencing of Listerin in macrophages
caused an increase in HSV-1 (herpes simplex virus 1) virus infec-
tion- or interferon-stimulating DNA (ISD)-induced mRNA levels
of Ifnb1, as well as IFN-p protein secretion (SI Appendix, Fig. S1B).
However, stimulation with ¢cGAMD, the endogenous STING
ligand, did not increase the type I IFNs production. (S Appendix,
Fig. S1B). Knockdown of Listerin in human THP-1 cells also
promoted ISD-induced mRNA levels of /FNBI and IFNA4, but
not cGAMP (87 Appendix, Fig. S1 Cand D). These data indicated
that Listerin may regulate the cGAS-mediated type I IFNs
production.

To further investigate the roles of Listerin in the cGAS-STING
pathway, we generated Listerin knockout mice specifically in mye-
loid cells by crossing Listerin™ mice with Lyz2-Cre mice. Similar
to the siRNA knockdown results, we observed increased mRNA
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levels of Ifnb1 and Ifna4, as well as IFN-B protein level, in Listerin™™
Lyz2-Cre macrophages compared to Listerin™® macrophages upon
stimulation with HSV-1 virus or ISD (Fig. 1 A and B). Similarly,
our data showed that Listerin knockout had no regulatory effects
on the type I IFNs production by stimulation with cGAMP
(Fig. 1C). Moreover, we cultured bone marrow—derived mac-
rophages and observed higher mRNA levels of /fzb1 and 17ﬁ1a4 in
Listerin™® Lyz2-Cre macrophages compared to Listerin™ mac-
rophages after ISD stimulation, while there was no change in
c¢GAMP stimulation (S/ Appendix, Fig. S1E). Furthermore, we
generated the Listerin-knockout Hela cell line using CRISPR-
Cas9-mediated gene targeting and found that knockout of Listerin
in HeLa cells increased /FINBI mRINA levels after HSV-1 infection
(Fig. 1D). In contrast, we observed a decrease in the expression of
IFNB1 mRNA induced by HSV-1 infection or ISD stimulation
after overexpression of the Flag-Listerin plasmid in HeLa cells, as
compared to transfection with an empty vector (Fig. 1 £ and F).
We repeated the overexpression experiments in MEF cells and
obtained the similar results as seen in Hela cells (S7 Appendix,
Fig. S1F). Moreover, we cultured the human induced pluripotent
stem cells (iPSCs) and generated iPSC-derived microglia; following
adenovirus-mediated overexpression of Listerin, we observed that
HSV-1 infection or ISD stimulation induced decreased expression
of IFNBI mRNA in IPSC-derived microglia (S Appendix,
Fig. S1G). HSV-1 or ISD induced increased IFN- protein secre-
tion was higher after overexpression of Listerin in IPSC-derived
microglia (SI Appendix, Fig. S1H).

The cGAS-STING pathway operates primarily through the
activation of TBK1 and transcription factors of IRF3 and NF-«kB
to regulate the type I IFN production. Compared to Listerin™"
macrophages, we found increased phosphorylation of TBK1, IRF3,
and P65 in Listerin™® Lyz2-Cre macrophages following HSV-1
infection or ISD stimulation (Fig. 1 G—/). We detected that
c¢GAMP-induced phosphorylation of TBK1, IRF3, and P65 was
similar between Listerin™ Lyz2-Cre and Listerin™® macrophages
(Fig. 1 K and L). Moreover, the activation of TBK1, IRF3, and
P65 was attenuated by Listerin overexpression in MEF cells after
HSV-1 infection (Fig. 1 M and V). Together, these results suggest
that Listerin negatively regulates the cGAS-STING signaling.

Listerin Targets cGAS and Decreases Its Protein Level. Due to its
ability to inhibit type I IFNs expression induced by cytoplasmic
DNA but not cGAMP, we reasoned that Listerin functions at the
cGAS level, upstream of cGAMP release. To confirm that Listerin
targets cGAS, we conducted confocal microscopy experiments and
observed the colocalization of Listerin with ¢cGAS (Fig. 2 4 and
B). The in vitro pull-down assay utilizing recombinant proteins
has demonstrated a conclusive association between Listerin
and cGAS (Fig. 2C). Additionally, the endogenous interaction
between Listerin and cGAS was detected, and the interaction was
upregulated in macrophages with ISD stimulation (Fig. 2D).
Given the negative function of Listerin in the cGAS-STING
pathway and the interaction between Listerin and cGAS, we fur-
ther examined the effect of Listerin on the expression of cGAS
protein. Our results showed that the expression of cGAS protein
was elevated in Listerin-deficient macrophages after HSV-1 infec-
tion compared to wild-type macrophages, while, the protein levels
of STING, TBK1, and IRF3 remained unaffected (Fig. 2E). Next,
we found that the protein levels of ¢GAS were impaired in a
dose-dependent manner by Listerin overexpression, while STING,
TBK1, and IRF3 protein levels did not alter after Listerin over-
expression (Fig. 2F). Consistent with the data that Listerin nega-
tively regulates cGAS protein, we found that HSV-1 infection or
ISD stimulation induced cGAMP synthesis was higher in Listerin-
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deficient macrophages (Fig. 2G). Previous related studies have
demonstrated that ¢GAS undergoes oligomerization upon
recognition of cytoplasmic DNA, which is a key step in activating
cGAS and generating cGAMP (25, 26). We found that the
HSV-1-induced oligomerization of cGAS was substantially ele-
vated by knockout of Listerin in macrophages (Fig. 2H). Together,
these findings suggest that Listerin decreases cGAS protein expres-
sion to regulate cGAS-STING signaling.

Listerin Promotes the Degradation of cGAS through the ESCRT

Pathway. To explore the specific mechanism by which Listerin
reduces cGAS protein expression, we examined the rate of cGAS
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Listerin™ mice after stimulation by ISD. (C) gRT-
PCR assay of Ifnb1 and Ifna4 mRNA and ELISA of
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Lyz2-Cre and Listerin™" mice after stimulation by
cGAMP. (D) gRT-PCR assay of /FNBT mRNA in the
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protein degradation by determining half-lives of specific proteins.
Wild-type and Listerin knockout macrophages were first stimulated
with ISD for 4 h and then treated with cycloheximide (CHX) for
various times. Listerin deficiency significantly slowed down the
degradation of cGAS both at steady and active state, but not
STING, IRF3, and TBK1 (Fig. 3 A and Band SI Appendix, Fig. S2
A and B). These data suggest that Listerin decreases the protein
level of cGAS by promoting the degradation of cGAS protein. We
then investigated the degradation pathway of cGAS mediated by
Listerin and found that Listerin-induced cGAS degradation could
be reversed by late endosome/lysosome inhibitor bafilomycin A1,
but not by proteasome inhibitor MG132 (Fig. 3C), indicating
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Fig. 2.

Listerin targets cGAS and decreases its protein levels. (A and B) Immunostaining and fluorescence intensity analysis for Flag-Listerin and HA-cGAS in

HEK293T cells. Red, HA-cGAS; green, Flag-Listerin; blue, nuclei. (Scale bar, 20 uM.) (C) In vitro pull-down assay of cGAS with Listerin using purified recombinant
proteins. (D) Immunoprecipitation and immunoblot analysis of Listerin and cGAS stimulated with ISD in mouse peritoneal macrophages for 0, 3, and 6 h.
(E) Immunoblot analysis of innate signaling proteins in the macrophages from Listerin™" Lyz2-Cre and Listerin™" mice after infection by HSV-1. (F) HA-cGAS, Myc-STING,
Myc-TBK1, or Myc-IRF3 were transfected into HEK293T cells together with gradient amount of Flag-Listerin, the protein levels of cGAS, STING, TBK1, or IRF3 were
detected by immunoblot. (G) ELISA of the 2,3'-cGAMP level in the macrophages from Listerin™" Lyz2-Cre and Listerin™" mice after infection by HSV-1 or stimulation
with ISD. (H) SDD-AGE analysis of aggregation of exogenous cGAS in the macrophages from Listerin™" Lyz2-Cre and Listerin™" mice after stimulation by ISD. Data
are representative of at least three independent experiments. Two-tailed unpaired Student’s t test was performed with the data in G; the mean + SD; **P < 0.01.

that Listerin may promote the degradation of cGAS through the
autophagy/lysosome system. Some linker proteins are crucial in
regulating autophagy pathways, such as Beclinl, ATG5, ATG7,
and P62, which are essential for typical autophagy pathways
(27-29). Taking that into consideration, we used the CRISPR/
Cas9 system to generate A7G5- and ATG7-knockout HEK293T
cells. Our experimental results showed that the degradation of
cGAS proteins was not altered upon the knockout of A7G5 and
ATG7 (SI Appendix, Fig. S2 Cand D). We further examined the
involvement of selective and chaperone-mediated autophagy in
Listerin-mediated degradation by employing knockout cells for
P62 and NDP52 and found that Listerin could still promote the

40f 12 https://doi.org/10.1073/pnas.2308853120

cGAS degradation in P62- or NDP52-knockout cells (ST Appendix,
Fig. S2 E'and F). LAMP2 plays an essential role in the process of
autophagy by facilitating autophagosome formation, promoting
autophagosome/lysosome fusion, and maintaining lysosomal
membrane integrity (30, 31). Our results showed that Listerin was
still able to promote cGAS degradation in HEK293T cells after
LAMP?2 knockdown using small interfering RNA (87 Appendix,
Fig. S2G). These data suggest that Listerin promotes cGAS
degradation independent of the classical autophagy pathway.
The ESCRT system can capture ubiquitinated proteins and
subsequently sequester them into MVBs for protein degradation.
ESCRT-0 is composed of HRS and STAM, which are essential
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Fig.3. Listerin promotes degradation of cGAS through the ESCRT pathway. (4) Immunoblot analysis of innate signaling proteins in Listerin™™ and Listerin™" Lyz2-
Cre peritoneal macrophages transfected with ISD for 4 h, and then treated with the protein synthesis inhibitor CHX for the indicated times. (B) Quantification
analysis of protein degradation kinetics in A. (C) Immunoblot analysis of cGAS degradation in HEK293T cells together with Flag-Listerin followed by treated with
MG132 (10 mM) or Bafilomycin A1 (0.5 uM) for 10 h. (D) HEK293T cells were transfected with siRNA mixture against HRS, STAM1 and STAM2 or control siRNA for
24 h; then HA-cGAS and Flag-Listerin were transfected, and the levels of cGAS were detected by immunoblot analysis. (E) HEK293T cells were transfected with
siRNA mixture against VPS4A and VPS4B or control siRNA for 24 h; then, HA-cGAS and Flag-Listerin were transfected, and the levels of cGAS were detected by
immunoblot analysis. (F) HA-cGAS was transfected into wild-type (sgCtrl) and Hrs-knockout HEK293T cells (sgHrs) together with gradient amount of Flag-Listerin,
the protein level of cGAS was detected by immunoblot. (G and H) Immunofluorescence analysis of HEK293T cells transfected with Myc-cGAS and Flag-Listerin.
Myc-, Flag-specific immunostaining with anti-Rab7 antibody were determined by confocal microscopy analysis. (Scale bars, 20 um.) (/ and /) GFP-mCherry-cGAS
was transfected into HEK293T cells together with Listerin plasmid or control plasmid. Representative confocal time-lapse images every 6 min and quantitation
of green and red fluorescence for cGAS expression. Data are representative of at least three independent experiments. ANOVA was performed with the data
in B; the mean + SD; **P < 0.01.

for the sorting of ubiquitinated cargos into endosomes. Therefore, HEK293T cells. Our results showed that Listerin-mediated cGAS
we investigated whether the ESCRT system contributes to cGAS ~ degradation was blocked in HEK293T cells after siRNA knock-
degradation (32). We first used a siRNA mixture simultaneously down of the ESCRT-0 subunits (Fig. 3D). Subsequently, we
against HRS, STAM1, and STAM2 to disturb the ESCRT-0 in knocked down VPS4, which plays a crucial role in the disassembly
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and release of the ESCRT-III subunit back into the cytoplasm for
recycling and reuse, and found that the cGAS protein was no
longer degraded by Listerin (Fig. 3E). Then, we generated the
Hrs-knockout cell line and observed that the function of Listerin
in accelerating the degradation of cGAS was completely eliminated
in Hrs-deficient HEK293T cells (Fig. 3F). To investigate the role
of ESCRT in cGAS-STING signaling, we created the small inter-
fering RNA (siRNA) to silence for the mouse Hrs gene and per-
formed the knockdown assays in peritoneal macrophages. We
observed that /fn61 and Ifna4 mRNA expression was upregulated
in the HRS-knockdown group compared to the control siRNA
group upon HSV-1 infection or ISD transfection (SI Appendix,
Fig. S2 H and 1). The IFN-p secretion induced by infection with
HSV-1 or stimulation with ISD was also enhanced following
knockdown of HRS in macrophages (57 Appendix, Fig. S2 H and
I). Moreover, ISD-induced oligomerization of cGAS was elevated
by knockdown of HRS in macrophages (S Appendix, Fig. S2)).
Alrogether, these data suggested that knockdown of components
in ESCRT pathway enhanced c¢GAS activation, which further
demonstrates the importance of the ESCRT pathway to cGAS
regulation.

The ESCRT machinery acts at the endosome to facilitate the
sorting of ubiquitinated cargo proteins (33). We found that
Listerin was widely distributed on the endosomes by confocal
microscopy (Fig. 3 G and H). To obtain direct evidence for the
internalization of cGAS by Listerin into acidic MVB, we con-
structed an expression vector of GFP-mCherry-cGAS. GFP and
mCherry are both fluorescent in a neutral environment, whereas
the GFP signal is quenched in an acidic environment, and the
mCherry signal remains stable and detectable. By time-lapse con-
focal imaging, we observed decreased green fluorescence intensity
for cGAS in HEK293T cells transfected with Listerin with a little
decrease in red fluorescence, revealing that cGAS was trafficked
into acidic endosomes (Fig. 3 7and /). Taken together, these data
suggest that Listerin-mediated ¢cGAS degradation is dependent
on the ESCRT machinery in endosomes.

Listerin Enhances the K63-Polyubiquitination of cGAS by
Recruiting the E3 Ubiquitin Ligase TRIM27. Ubiquitination is
a key signal for sorting proteins into MVBs and Listerin is an
E3 ubiquitination ligase that mediates protein ubiquitination
(24, 34). Therefore, we investigated whether ubiquitination of cGAS
is related to the Listerin-mediated degradation. Our results showed
that the endogenous ubiquitination level of cGAS was substantially
reduced in Listerin™™ Lyz2- Cre macrophages compared to that in
Listerin™™ macrophages after HSV-1 infection (Fig. 44). Next, we
investigate the form of ¢cGAS linking polyubiquitin chains. WT
(wild-type) HA-Ubiquitin and its mutants K48- and K63-, which
have only one lysine residue at position 48 and 63 of ubiquitin,
were cotransfected into HEK293T cells respectively and we found
that Listerin significantly increased ¢GAS ubiquitination in the
presence of WT and K63-Ubiquitin (Fig. 4B). Unexpectedly, the
ubiquitination of cGAS induced by Listerin (AR), which was
deprived of the RING domain, remained unchanged, suggesting
that Listerin regulates the polyubiquitination of cGAS indepen-
dently of its E3 enzyme activity (Fig. 4C). Therefore, we concluded
that Listerin could recruit other E3 ligases to promote the poly-
ubiquitination of cGAS with K63 polyubiquitination. After per-
forming a mass spectrometry analysis of proteins that interact with
Listerin, we have identified TRIM27, an E3 ubiquitin ligase, as
a prospective binding protein of Listerin (S Appendix, Table S2).
A prior investigation has documented that TRIM27 is situated
on endosomes (35). We hypothesized that Listerin may recruit
TRIM27 to facilitate the degradation of ¢GAS. Our confocal
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microscopy analysis helped us identify a strong colocalization of
cGAS with both Listerin and TRIM27 (Fig. 4 D and E), as well as an
extensive colocalization of Listerin and TRIM27 on the endosomes
(Fig. 4 Fand G). In vitro protein interaction experiments showed
direct binding between cGAS and Listerin, while TRIM27 bound
to ¢cGAS only in the presence of Listerin (Fig. 4H). The in vitro
ubiquitination assay demonstrated that Listerin catalyzed the K63-
polyubiquitination of cGAS in the presence of TRIM27 (Fig. 41).
Finally, we verified the role of TRIM27 in the Listerin-mediated
ubiquitination and degradation of c¢GAS. The knockdown of
TRIM27 using interference RNA in HEK293T cells prevented
Listerin-mediated ¢cGAS ubiquitination and protein degradation
(Fig. 4 J and K). Additionally, the knockdown of TRIM27 in
Listerin-deficient peritoneal macrophages failed to increase the
level of HSV-1-induced Ifzb1 mRNA, not cGAMP (Fig. 4 L
and M). Together, our data suggest that Listerin recruits the E3
ubiquitin ligase TRIM27 to promote K63-polyubiquitination and
degradation of cGAS.

The HEAT Domain Is Essential for the Listerin-Mediated
Degradation of cGAS. Listerin is a protein ranging from
approximately 150 to 180 kilodaltons (kDa) in size and possesses
a C-terminal E3-catalytic RING domain and an N-terminal
domain (NTD) that are separated by a less conserved HEAT
repeat domain of around 85 kDa in size (36). To identify the
functional domain of Listerin that contributes to the degradation
of cGAS, we constructed plasmids encoding full-length or
truncated Listerin, as shown in (S Appendix, Fig. S3A4). We
transfected these truncations into Hela cells and found that
Listerin (C/A) and Listerin (AR), which lack the E3 ubiquitin
ligase function, still inhibited viral infection-induced /FNBI
transcription. In contrast, Listerin (AHEAT), a mutant lacking
the HEAT domain, lost its ability to inhibit /FVBI transcription
mediated by HSV-1 infection (SI Appendix, Fig. S3B). We also
noticed that Listerin mutants containing only the HEAT domain
could reduce virus-induced /FNBI transcription (SI Appendix,
Fig. S3B). In addition, we found that Listerin (AHEAT) was not
able to promote the polyubiquitylation of cGAS (S/ Appendix,
Fig. S3C). Our findings suggested that the HEAT domain played
an essential role in the Listerin-mediated degradation of cGAS.
Next, we assessed the subcellular location of full-length and
Listerin (AHEAT) and found that Listerin (AHEAT) no longer
localized with Rab7 in the endosomes compared to the full-length
Listerin (S Appendix, Fig. S3 D and E). In vitro pull-down assay
showed that Listerin lacking the HEAT domain attenuated the
binding of TRIM27 to ¢GAS (SI Appendix, Fig. S3F). The data
strongly indicate that the HEAT domain plays a crucial role in
both the subcellular localization of Listerin within endosomes
and the recruitment of TRIM27 for the ubiquitination of cGAS.
We further verified the importance of the HEAT domain by
transfecting Listerin (AHEAT) into Listerin-knockout Hela
cells followed by HSV-1 infection. Compared to full-length
Listerin, the deletion of the HEAT domain blocked the decrease
of IFNBI mRNA transcription induced by HSV-1 infection in
Listerin-knockout Hela cells (S Appendix, Fig. S3G). Listerin
(AHEAT) also failed to reduce the degradation of cGAS protein
(81 Appendix, Fig. S3H). Furthermore, the reintroduction of
full-length Listerin, but not Listerin (AHEAT), attenuated the
HSV-1-induced phosphorylation of IRF3 or TBK1 (87 Appendix,
Fig. S31). Complementarily, we observed that the protein level
of ¢GAS was also no longer regulated by Listerin (AHEAT)
(SI Appendix, Fig. S3)). Together, these results suggest that the
HEAT domain of Listerin plays a crucial role in regulating the
degradation of cGAS.
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Fig. 4. Listerin enhances the K63-polyubiquitination of cGAS by recruiting the E3 ubiquitin ligase TRIM27. (A) The immunoprecipitation analysis of the
ubiquitination of endogenous cGAS in macrophages from Listerin™ Lyz2-Cre and Listerin™™ mice after infection with HSV-1. (B) Coimmunoprecipitation analysis
of the ubiquitination of cGAS in HEK293T cells cotransfected with Myc-cGAS and HA-Ubiquitin (WT), HA-Ubiquitin-K48 or HA-Ubiquitin-K63 plasmids and Flag-
Listerin followed by treatment with Bafilomycin A1. (C) Coimmunoprecipitation analysis of the ubiquitination of cGAS in HEK293T cells transfected with plasmids
encoding Myc-cGAS and HA-Ubiquitin (WT), as well as a control vector or plasmids encoding Flag-Listerin, Flag-Listerin (AR). (D and E) Flag-, Myc-, and His-specific
immunostaining of HEK293T cells transfected with His-TRIM27, Flag-Listerin, and Myc-cGAS. (Scale bars, 20 pm.) (F and G) His-TRIM27 was transfected with
Flag-Listerin into HEK293T cells, His-, Flag-specific immunostaining with anti-Rab7 antibody of HEK293T cells were determined by confocal microscopy analysis.
(Scale bars, 20 ym.) (H) In vitro pull-down assay of cGAS with Listerin, TRIM27 using purified recombinant proteins. (/) In vitro ubiquitination assay of cGAS with
recombinant Listerin, TRIM27 proteins. (/) Coimmunoprecipitation analysis of the ubiquitination of cGAS in HEK293T cells transfected with siRNA-Control (siCtrl)
or specific-targeting siRNA (siTRIM27) for 24 h followed by transfection of the plasmids expressing Myc-cGAS, HA-Ubiquitin, and Flag-Listerin or Flag control
vector. (K) HEK293T cells were transfected with siRNA-Control (siCtrl) or specific-targeting siRNA (siTRIM27) for 24 h, then HA-cGAS and Flag-Listerin were
transfected, the levels of cGAS were detected by immunoblot analysis. (L and M) qRT-PCR assay of /fnb7 mRNA in Listerin™™ and Listerin™" Lyz2-Cre peritoneal
macrophages transfected with TRIM27 transfected with siRNA-Control (siCtrl) or specific-targeting siRNA (siTRIM27) for 48 h, followed infection with HSV-1 for
6 h or stimulation with cGAMP for 4 h. Data are representative of at least three independent experiments. Two-tailed unpaired Student’s t test was performed
with the data in L and M; the mean + SD; **P < 0.01.

Listerin Is Crucial for Anti-DNA Viral Innate Responses. The We investigated the antiviral function of Listerin during HSV-1

cGAS-STING pathway acts as a potent immune response against
DNA viruses, promoting the production of IFNs and other
inflammatory factors to limit viral replication and spread (37).

PNAS 2023 Vol.120 No.52 e2308853120

virus infection. The secretion of IFN-p was higher in Listerin™
Lyz2- Cre macrophages than in Listerin™® macrophages after the
HSV-1 infection. Moreover, HSV-1 gDNA expression and HSV-1
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titers were significantly attenuated in Listerin-deficient macrophages ~ reduced the HSV-1 virions in the brain compared to wild-type
(Fig. 5A4). We also conducted overexpression experiments to  mice (Fig. 5 G'and H). The plaque assay for HSV-1 titers showed
examine the role of Listerin in antiviral innate immunity. Notably, that the HSV-1 replication was strlklngly alleviated in the brain,
the overexpression of Listerin significantly decreased the secretion  spleen, and lung in the Listerin™® Lyz2-Cre mlce than that in
of IFN-B in MEFs following HSV-1 infection (Fig. 5B). The  Listerin® mice (Fig. 5/). In addition, Listerin™® Zyz2-Cre mice
c¢GAS-STING pathway is known to induce IFN-f productionasa ~ were observed to be more tolerant to HSV-1 infection than

defense against viral infection. In line with this, the overexpression Listerin™® mice (Fig. 5/). Overall, these data demonstrate that

of Listerin led to increased viral loads in MEFs (Fig. 5B).  Listerin deficiency enhances the anti-DNA viral innate responses.

Additionally, fluorescence microscopy and flow cytometry analysis

revealed higher fluorescence intensity and a greater rate of GFP-  Genetic Deletion of Listerin Deteriorates the Neuroinflammation

HSV-1 infected cells after overexpressing Listerin compared to  in an ALS Mice Model. In addition to DNA viruses, mtDNA

control vector in HeLa cells (Fig. 5 Cand D). entering cytoplasm in large quantities can also activate cGAS to
To investigate the role of Listerin in vivo, we challenged the  induce IFN-I production. TDP-43 protein accumulation has been

mice with HSV-1 virus. We observed that Listerin-deficient group ~ observed in neurons of nearly all patients with sporadic ALS (38).
mice exhibited elevated levels of IFN-B, TNF-a, and IL-6 in their It has been reported that the invasion of the TDP-43 protein leads

serum compared to the control group (Fig. 5E). Moreover, we to the release of mtDNA from mitochondria, activating cGAS and
detected reduced HSV-l DNA expression in the brain, spleen, initiating neuroinflammation to aggravate the progression of ALS
and lung of the Listerin Lyz2-Cre mice (Fig. 5F). Immuno- disease (9). We then evaluated whether the regulation of Listerin

histochemistry indicated that knockout of Listerin significantly ~ on cGAS affects the disease course of ALS.
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Fig.5. Listerinis crucial for anti-DNA viral innate responses. (A) Secretion of IFN-p measured by ELISA, HSV-1 gDNA measured by qPCR or HSV-1 titers measured
by the plaque assay in macrophages from Listerin™" and Listerin™" Lyz2-Cre mice infected with HSV-1 for 12 h. (B) Secretion of IFN-p measured by ELISA, HSV-1
gDNA measured by qPCR or HSV-1 titers measured by the plaque assay in MEFs transfected with Flag-Listerin and control plasmid (Ctrl Vector) followed by
infection with HSV-1 for 12 h. (C and D) HelLa cells were transfected with Flag-Listerin and control plasmid (Ctrl Vector) followed by infection with GFP-HSV-1 for
12 h; GFP-HSV-1 replication was determined by fluorescence microscopy (bright-field, upper; fluorescence, bottom. Scale bars, 100 pm) and quantification of
fluorescence intensity using flow cytometry. (£) IFN-g, TNF-a, and IL-6 secretion in sera from Listerin™™ and Listerin™" Lyz2-Cre mice after intraperitoneal injection
for 8 h with HSV-1 (5 x 107 PFU per mouse). (F) Expression of HSV-1 gDNA in the lung, brain, and spleen by qPCR analysis from Listerin™" and Listerin™" Lyz2-Cre
mice infected for 48 h by intraperitoneal injection of HSV-1 for 48 h (5 x 10 PFU per mouse). (G and H) HSV-1-specific immunohistochemistry analysis of brain
from Listerin™® and Listerin™" Lyz2-Cre mice infected for 48 h by intraperitoneal injection of HSV-1 for 48 h (5 x 10’ PFU per mouse), (Scale bars, 40 pm.) (/) HSV-1
titers analysis in the lung, brain, and spleen by qPCR analﬁysis from Listerin™" and Listerin™" Lyz2-Cre mice infected for 48 h by intraperitoneal injection of HSV-1
for 48 h (5 x 107 PFU per mouse). (/) Survival of Listerin™™ and Listerin™" Lyz2-Cre mice after intravenous injection of HSV-1 (1 x 10% PFU per mouse). Data are
representative of at least three independent experiments. Two-tailed unpaired Student’s t test was performed with the data in A, B, E, F, H, and /; the mean + SD;
the log-rank Mantel-Cox test was used in J. **P < 0.01.
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Accumulating studies have shown that microglia can release  transfection of TDP-43 Q331K in MEFs could induce more phos-
inflammatory cytokines, which can damage the structure and ~ phorylation of TBK1, IRF3, and P65 compared to that of WT
function of neurons and ultimately lead to neuronal degeneration ~ TDP-43. While, overexpression of Listerin inhibited the phospho-
and death (39, 40). We generated Listerin-conditional knockout  rylation of TBK1, IRF3, and P65 induced by both WT and mutant
mice specifically in microglia by crossing Listerin™™ with microglia- ~ TDP-43 transfection (SI Appendix, Fig. S5A). We also noticed
specific Cx3crl-cre mice (Listerin® Cx3cr1-Cre). Primary micro-  increased cGAS protein level in primary microglia from Listerin™"
glia from Listerin"™ Cx3cr1-Cre mice showed obvious upregulation  Cx3erI-Cre mice compared to that from Listerin™™ mice upon
of Ifubl, Tnfa, 1l6, and /126 mRNA upon stimulating with  TDP-43 stimulation (Fig. 6C). However, overexpression of Listerin
TDP-43 protein compared to microglia from Listerin™™ mice  in MEFs greatly reduced cGAS protein level induced by WT and
(SI Appendix, Fig. S4A4). ELISA also detected higher cytokine = mutant TDP-43 transfection (S/ Appendix, Fig. S5B). Therefore,
secretion of IFN-B, TNF-a, IL-6,and IL-12p40 in Listerin-deficient ~ we conclude that Listerin deletion promoted TDP-43-induced
primary microglia (Fig. 64). We also observed similar findingsin ~ neuroinflammation by regulating the cGAS-STING pathway.

mouse BV2 cells, in which small interfering RNA (siListerin) In order to assess the function of Listerin in microglia on the
mediated-knockdown of Listerin led to augmentation of cytokine ~ regulation of neuronal toxicity, we cocultured WT neurons with
gene expression (S Appendix, Fig. S4 B and C). Moreover, over- microglia in a non-contact transwell system that allowed for the

expression of Flag-Listerin in MEFs attenuated the Ifnb1, Tnfa, exchange of soluble cytokines (Fig. 6D). We found that microglia
1l6, and /126 mRNA induced with TDP-43 stimulation treated with TDP-43 protein triggered neuronal cell death, as
(SI Appendix, Fig. S4D). Consistently, deficiency of Listerin in ~ measured by Hoechst/PI (propidium iodide) staining. Intriguingly,
microglia exhibited increased phosphorylation of TBK1, IRF3, = microglia deficient of Listerin triggered a greater extent of neuronal
and P65 upon TDP-43 stimulation (Fig. 6B). TDP-43 protein-  cell death compared to WT microglia after stimulation with
triggered phosphorylation of TBK1, IRF3, and P65 was also TDP-43 protein (Fig. 6 E'and F). We further showed that micro-
enhanced in BV2 cells transfected with Listerin siRNA compared glia lacking Listerin caused more apoptosis of neuronal cells treated
with a control siRNA (87 Appendix, Fig. SAE). with TDP-43 protein, as determined by Annexin V-FITC/PI

The TDP-43 Q331K mutation is a genetic variant that promotes staining (87 Appendix, Fig. S5 Cand D). The LDH assay revealed
the aberrant aggregation of TDP-43 in ALS (41). Indeed, we found higher levels of LDH release from neuronal cells cocultured with
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Fig. 6. Genetic deletion of Listerin deteriorates the neuroinflammation in ALS. (A) ELISA of IFN-, TNF-q, IL-6, and IL-12p40 level in the microglial from Listerin™™
and Listerin™™ Cx3cr1-Cre mice after stimulation with TDP-43 protein. (B) Immunoblot analysis of inflammatory signaling pathways related to type | IFN and NF-
B in the microglial from Listerin™™ and Listerin™™ Cx3cr1-Cre mice after stimulation with TDP-43 protein. (C) Immunoblot analysis of innate signaling proteins in
the microglial from Listerin™® and Listerin™™ Cx3cr1-Cre mice after stimulation with TDP-43 protein. (D) Schematic representation of the coculture model: Primary
microglia prepared from Listerin™™ and Listerin™" Cx3cr1-Cre mice were plated on transwells. Primary hippocampal neurons from wild-type mice were plated in
12-well plates. (E and F) Representative images and the analysis of Hoechst and propidium iodide (PI) staining from primary hippocampal neurons coincubated
with primary microglia prepared from Listerin™™ and Listerin™" Cx3cri-Cre mice, and further incubated with TDP-43 protein for 3 d. (Scale bar, 20 pm.) (G-K)
Listerin™" and Listerin™" Cx3cr1-Cre mice were injected with mock or AAV-TDP-43 virus in brains, the rotarod test (G), the hanging wire test (H), the gait test (/), and
open field test (/ and K) were performed. Data are representative of at least three independent experiments. Two-tailed unpaired Student’s t test was performed
with the data in A and F-J; the mean + SD; *P < 0.05, **P < 0.01.
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Listerin-deficient microglia, indicating impaired neuronal func-
tion (81 Appendix, Fig. S5E). These findings suggest that Listerin
inhibits neuroinflammation associated with ALS, consequently
mitigating TDP-43-induced neurotoxicity.

W further investigated whether Listerin plays a role in the ALS
mice model through injection of abnormal TDP-43 in vivo. TDP-43
adeno-associated virus (AAV) 9 expression vector (AAV-TDP-43)
was constructed and 1n)ected into the striatum in the brain of
Listerin™ mice and Listerin™® Cx3cr1-Cre mlce by stereo localiza-
tion. Compared with wild-type mice, Listerin™ Cx3crl-Cre mice
injected with the AAV-TDP-43 virus maintained a shorter main-
tain latency in the accelerated rotarod test, which is considered
the gold standard to measure coordmated movement and balance
ability (Fig. 6G). The mice Listerin®® Cx3cr1-Cre mice exhibited
weaker grip function in the hanging wire test compared with
wild-type mice (Fig. 6H). Meanwhile, knockout Listerin in mice
aggravated the gait disorder, as showed by shorter swing time and
stride time, as well as longer stride length (Fig. 6J). In further tests,
Listerin deficient mice shortened the walking distance and
decreased the fraction of time they spent in the central area in the
open field test (Fig. 6 /and K). These data suggested that Listerin

deficiency exacerbates neurodegeneration in an ALS mouse model.

Listerin Alleviates Neurodegeneration in an ALS Mouse Model.
We next explored the potential therapeutic possibility of Listerin
to slow the ALS disease progression. We synthesized an adenovirus
vector overexpressmg Listerin (Adv-Listerin) and used it to treat
the Prp-TDP- 43" mice, which served as a classical ALS disease
model (Fig. 74). We found that stereotaxic i IJectlon of Adv-
Listerin alleviated motor deficits in Prp-TDP-43"¢" mice through
some behav10ral detections. Compared with wild-type mice,
Prp-TDP-43"¢* mice injected with Adv-Listerin were steadier
to maintain latency in the accelerated rotarod test (Fig. 7B). In
addition, the mice with adenovirus-mediated overexpression of
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/ )\
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Listerin showed stronger grip function in the hanging wire test
compared with wild-type mice (Fig. 7C). Meanwhile, Listerin-
overexpression mice performed better in gait detection than wild-
type mice, as showed by shorter swing time and stride time, as well
as longer stride length (Fig. 7D). Moreover, we also noticed that
Adv-Listerin injection extended the walking distance of ALS mice
and increased the fraction of time they spent in the central area in
the open field test (Fig. 7 £ and F). Con51stently, we proved that
the overexpression of Listerin in the Prp-TDP-43"¢" model leads
to decreased cGAS-mediated neuroinflammation. In particular,
we observed that overexpression of Listerin in mice resulted in less
expression of type I interferon and inflammatory factors in the
cortex, including IFN-B, TNF-a, IL-6, and 1L-12p40 (Fig. 7G).
We also examined the level of cGAMP in serum and cortex samples
and found that the expression of cCGAMP was significantly reduced
in Prp-TDP-43 Te"* mice after overexpression of Listerin (Fig. 7H).
Additionally, we assessed that Listerin-injected mice showed
slighter loss of neurons in the cortex compared to wild-type mice
using NisslBody staining (Fig. 7 7 and /). These results suggest
that Listerin plays a critical role in regulating neuroinflammation
and neuronal loss and could be a potential therapeutic target for
ALS-related neurodegenerative disorders.

Discussion

cGAS is a crucial cytoplasmic DNA sensor that plays a vital role
in the innate immune response (7, 42). However, its excessive
or dysregulated activation may lead to the infectious, autoim-
mune, neoplastic, and neurodegenerative disorders that can have
long term effects on human health. Thus, the timely degradation
of ¢GAS is essential to maintain cell homeostasis. Ubiquitination
plays a crucial role in the degradation of cGAS, which serves as
a negative regulatory mechanism for the cGAS signaling path-
way. For instance, HSP27 facilitates the ubiquitination of cGAS,
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Fig.7. Listerin alleviates neurodegenerationinan
ALS mouse model. (A) Schematic diagram of the
animal experimental design. (B-F) Prp-TDP-43'¢*
500 mice were injected with Adv-Vector or Adv-Listerin
virus in brains as in A, the rotarod test (B), the
hanging wire test (C), the gait test (D), and open
field test (E and F) were performed. (G) ELISA of
IFN-B, TNF-o, IL-6, and IL-12p40 levels in the brains
- of Prp-TDP-43"8"* mice treated as in A. (H) ELISA

W Adv-Vector of the 2/,3'-cGAMP level in the serum and brain

B Adv-Listerin cortex of Prp-TDP-43"¥" mice treated as in A. (/ and
J) Representative Nissl body staining and analysis
(cresyl violet) of a coronal section (scale bars, 100
um) in the brains of Prp-TDP-43"8" mice treated
as in A. Data are representative of at least three
independent experiments. Two-tailed unpaired
Student’s t test was performed with the data in B-E,
G, H, and J; the mean + SD; **P < 0.01.
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resulting in its proteasome-dependent degradation and subse-
quent suppression of the cGAS-mediated interferon signaling
(43). The K48-linked ubiquitination of cGAS mediates degra-
dation of cGAS via the P62-dependent selective autophagy path-
way (44). UL21 recruits the E3 ligase UBE3C to catalyze the
K27-linked ubiquitination of ¢cGAS, which is recognized by the
cargo receptor toll interaction protein and degraded in the lys-
osomes (45). Another important pathway for ubiquitination
protein degradation is the ESCRT pathway; however, there have
been no reports confirming the involvement of the ESCRT path-
way in the degradation of cGAS.

The E3 ubiquitin ligase Listerin (LTNT1 in yeast) eliminates
the aberrant nascent polypeptides through ubiquitination mod-
ification of the aberrant nascent polypeptides for the degradation
on stalled ribosomes (23, 46, 47). Most of the studies about
Listerin were performed in yeast and in vitro system, but there
was little research on its physiological function in eukaryotes.
Listerin has been linked to neurodegenerative diseases in a for-
ward genetic screen study in mice, which reported that Listerin
mutant mice are prone to develop severe motor deficits. Along
with an increase of larger diameter axons, Listerin mutant mice
exhibited a significant loss of large axonal fibers that are typical
of ALS (48). However, the exact mechanisms of how defects in
Listerin lead to specific neurodegenerative phenotypes are not
known. In order to resolve a few unanswered questions, we cre-
ated the Listerin-deficient mice to investigate its physiological
function. We found that Listerin-deficient mice showed more
severe ALS-related neurobehavioral symptoms and increased neu-
roinflammation, which can be alleviated by overexpression of
Listerin. Another related study has revealed that TDP-43 induced
the leakage of mtDNA into the cytoplasm by impairing mito-
chondria. cGAS detected these m¢DNA and initiated the activa-
tion of the IFN and NF-«B signaling pathways, ultimately
leading to neuroinflammation and exacerbating the progression
of ALS (9). In our study, we found that Listerin targets cGAS
and promotes its degradation via the ESCRT pathway. This
mechanism effectively alleviates the neuroinflammation triggered
by cGAS activation. These findings provide further evidence sup-
porting the therapeutic potential of targeting the cGAS-STING
signaling pathway in the management of ALS.

Our research confirmed that Listerin is a promising therapeutic
target for ALS. So we set up detailed experiments to further explore
the regulatory mechanisms of Listerin. Listerin comprises a con-
served NTD, ARM/HEAT repeats, and a RING domain in the
C-terminal. The NTD is required to interact with 60S subunits,
and the RING domain provides E3 ligase activity required for the
ubiquitination and degradation of nascent proteins (49). However,
the function of the ARM/HEAT repeats remains enigmatic,
although they are assumed to solely represent the link between
Listerin ends and distal sites on the ribosome (36, 50). Unexpectedly,
we found that the HEAT domain of Listerin plays a crucial role
in facilitating the activation of the cGAS-STING pathway. Listerin
loses its ability to regulate IFN production in the absence of the
HEAT domain. Moreover, our study provides evidence that the
HEAT domain is essential for the endosomal localization and the
recruitment of E3 ligase for Listerin, enabling the ubiquitination
of cGAS and subsequent endosomal degradation. These findings
underscore the importance of the HEAT domain in mediating the
regulation of the cGAS-STING pathway.

The results of our investigation also indicate that the Listerin—
TRIM27 axis can be employed to modulate the expression of
cGAS at its basal levels. Specifically, we observed that the absence
of Listerin led to an elevation in cGAS protein levels, both during

periods of stability and heightened activity. (Fig. 2E). Besides, we
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detected the cGAS protein half-life under steady state conditions
and found the cGAS protein half-life is also longer in Listerin
knockout macrophage (SI Appendix, Fig. S2A). Therefore, we
think the degradation of cGAS by the Listerin-TRIM27-ESCRT
pathway happens both at steady and active state. TRIM27 is an
E3 ubiquitin ligase involved in regulating immune responses. It
has been shown to negatively regulate the production of IFN-f
by regulating the degradation of IKK/TBK1 through its E3 ubiq-
uitin ligase activity (51, 52). We found that TRIM27 mediated
the K63-linked ubiquitin modification of cGAS for degradation
in an ESCRT-dependent mechanism. Our study identified a reg-
ulatory mechanism by which TRIM27 is involved in antiviral
immunity by regulating cGAS, which provides insights and a
broader perspective that further sheds light on TRIM27’s contri-
bution to the antiviral immune process.

Odur study reveals that Listerin promotes the K63 ubiquitina-
tion of cGAS by recruiting TRIM27, resulting in the degradation
of cGAS through the ESCRT pathway. Our research revealed a
new mechanism for regulating cGAS degradation through the
ESCRT pathway and identified that overexpression of Listerin
can relieve neurobehavioral symptoms and pathological damage
in ALS mice. Hence, targeting Listerin to alleviate inflammation
resulting from the overactivation of the cGAS-STING signaling
pathway represents a promising therapeutic strategy. Our study
explores the physiological function of Listerin, which can pro-
vide insights into the functional links between Listerin and
disease-related processes.

Materials and Methods

Animal studies were approved by the Scientific Investigation Board of the Medical
School of Shandong University. Detailed descriptions of Virus Strains, Cell Cultures,
RNA Extraction, RT-PCR, Western Blot, Confocal Microscopy, Virus Infection In Vivo,
Protein Purification, In Vitro Ubiquitination Assay, Mass Spectrometry Analysis,
Stereotactic Surgery and Injection, Behavioral Test, Mouse Brain Tissue Collection,
and Statistical Analysis are provided in S/ Appendix.

Data, Materials, and Software Availability. All study dataareincludedinthe
article and/or S Appendix.
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