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ABSTRACT: Manganese (Mn) exposure leads to pathological accumulation of Tau-
associated neurodegenerative disease and has become a major public health concern.
However, the precise mechanism underlying this effect remains unclear. Here, the
mechanism by which Mn induces dysfunction of autophagy—lysosomal pathway-
mediated tauopathy by activating the cGAS—STING pathway was explored both in
vitro and in vivo. Mn exposure induced tauopathy in microglia and in mice while
activating the cGAS—STING pathway, inducing type I interferon production, and
impairing the degradation function of the autophagy—lysosomal pathway.
Importantly, inactivation of the cGAS—STING pathway rescued the degradation
activity of the autophagy—lysosomal pathway, while tauopathy was markedly
attenuated, as shown in both cGAS-knockout and STING-knockout BV2 microglia
and in mice. Moreover, the autophagy inhibitor 3-methyladenine (3-MA) restored %@ . ﬁi Neurotoxicity
the impaired degradation activity of the autophagy—lysosomal pathway by

inactivating the cGAS—STING pathway, thereby clearing Tau aggregation. Taken together, these results indicate that Mn exposure
induces tauopathy by impairing the function of the autophagy—lysosomal pathway through the activation of the cGAS—STING
pathway. Thus, this study identifies a novel mechanism by which Mn exposure induces Tau aggregation, which in turn triggers
potential neurotoxicity, providing a foundation for future drug target research.

KEYWORDS: manganese, Tau, autophagy, cGAS—STING pathway

1. INTRODUCTION its wide application in industry and agriculture.® Mn is a major

Neurodegenerative diseases (NDDs), such as Alzheimer’s pollutant in mine wastewater and an important environmental
’ 7 . . .

disease (AD) and Parkinson’s disease (PD), are caused by challenge globally.” The main removal mechanism of Mn in

mine wastewater is adsorption and redox precipitation.
However, Mn removal is generally more challenging due to
its complex chemistry.” Mn overload in the environment poses
a major threat to human health.*” For decades, environmental

amyloid-8 (Ap) plaques, a-synuclein and other characteristic and occgpational exl%osure to Mn has bgen asso'ciateﬁi with
proteins is the key pathological hallmark of a variety of neurological effects.” Excess Mn deposited mainly in the

NDDs."?* The risk for NDDs is attributable to genetic and b%‘am, causing poter%t%ally neuxjotoxlc symptoms of moveﬂi?g
disorders and cognitive deficits, known as manganism.

Epidemiological data have shown that long-term excessive
exposure to Mn can significantly reduce the learning ability and
intelligence level of children,'* and environmental air Mn

structural and functional changes in neural networks and the
loss of neurons in the central nervous system (CNS) or
peripheral nervous system (PNS) and affect the lives of
millions of people worldwide." Increased deposition of Tau,

environmental factors.” Various environmental factors play
crucial roles in the etiology of NDDs. Metallic elements are
widespread and persistent in the environment. Metallic
elements such as manganese (Mn), cadmium (Cd), and lead
(Pb) are well documented potentially neurotoxicants that are

associated with impaired cognitive function and cognitive Received: September S, 2024 R
decline, and are potential factors in the development of Revised: ~ November 5, 2024
canonical AD and PD pathologiesf"5 Accepted: November 7, 2024

Mn is an essential trace element for humans and plays a Published: November 12, 2024

crucial role in regulating a variety of biological processes at
normal concentrations. It is also an emerging pollutant due to
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exposures of >203 ng/m’ are associated with cognitive
dysfunction, depression and anxiety.'”'® There have been
recurring reports of Mn contamination in groundwater, and
there is growing evidence that oral Mn intake is associated with
neurotoxicity.'”'® Neurotoxicity caused by excessive Mn
exposure is associated with the risk of neurodevelopmental
impairment and the development of NDDs, such as AD, PD,
and attention-deficit hyperactivity disorder (ADHD),"*'?~*!
which is a global public health issue that has gained increasing
public concern.”” Recent findings suggest that excessive Mn
exposure is a contributing factor for sarcopenia and that
inflammation mediates this relationship.”®> In view of the
hazards of Mn, the World Health Organization (WHO)
estimates that the systemic Mn absorption rate of healthy
Western adults is 180 pg/ d.** A Mn content greater than 40
ug/L is considered a medium—high exposure concentration
that can lead to chronic manganism.”* A biological reference
value of 15 ug/L Mn in blood has been established in
Germany.”* The mechanisms of Mn-induced potentially
neurotoxicity, including oxidative stress, reactive oxygen
species (ROS) formation, mitochondrial dysfunction, protein
aggregation, neuroinflammation, and ferroptosis, have been
extensively investigated in recent decades.”””>” However, the
exact pathogenic mechanism(s) of Mn are still poorly
understood.

The cyclic GMP—AMP synthase (cGAS)—stimulator of
interferon gene (STING) pathway has been identified as the
major DNA receptor pathway, which activates the innate
immune response by recognizing heterologous DNA and
inducing type I interferon (IFN-I) expression in mammalian
cells.”®” The ¢GAS—STING pathway not only mediates
protective immune defense against cellular damage and DNA-
containing pathogens,”® but also drives deleterious IFN-I
activation in NDDs,*** and exacerbates Af pathology.”
Emerging evidence has shown that Mn?* is the second most
efficient activator of the cGAS—STING pathway and is
completelz independent of double-stranded DNA
(dsDNA).>*™¢ However, the role of the cGAS—STING
pathway in the neurotoxicity induced by Mn exposure remains
unclear.

Tau pathology is closely related to synaptic loss, neuro-
degeneration and cognitive decline. The pathological accumu-
lation and spread of the Tau protein are key features of the
NDDs known as tauopathies.’”*® Oligomers, misfolded Tau,
and phosphorylated Tau species have been found at synaptic
terminals in AD brains, and Tau pathology may progress via
transsynaptic spread.”” The activation of microglia is involved
in Tau-mediated pathobiology, which is a prominent
pathological feature in tauopathies.”*' Tau is a major
therapeutic target for NDDs, and currently, eliminating or
inhibiting Tau aggregates in the brain is a strategy to prevent
and treat NDDs.””~* Thus, pharmacological approaches
aimed at reducing Mn-induced Tau expression may provide
neuroprotection.

Autophagy is a process by which cells use lysosomes to
selectively remove damaged and senescent organelles or
degrade excess biological macromolecules. The ubiquitin—
proteasome and autc?)hagy—lysosomal pathways are associated
with Tau clearance.*® However, in Tau pathology, proteasomal
dysfunction occurs so that it cannot be effectively degraded by
the ubiquitin—proteasome system.”” Therefore, it is necessary
to activate the autophagy—lysosomal pathway to complete the
degradation and clearance of abnormally aggregated Tau.
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In the present study, we hypothesized that Mn exposure
impaired Tau degradation via the autophagy—lysosomal
pathway by activating the cGAS—STING pathway. This
process ultimately leads to Tau accumulation in the brain,
which in turn triggers potential neurotoxicity. We first
observed that Mn exposure activated the cGAS—STING
pathway, which induced Tau aggregation. Next, we evaluated
the effects of Mn exposure that led to dysfunction of the
autophagy—lysosomal pathway. And we explored the cGAS—
STING pathway-mediated dysfunction of the autophagy—
lysosome pathway and Tau expression. In addition, inhibition
of the c¢cGAS—STING pathway by autophagy inhibitors
alleviated Mn-induced Tau aggregation. Therefore, this study
not only reveals a new biological mechanism of Mn
neurotoxicity but also provides novel potential targets for the
treatment of NDDs caused by Mn exposure.

2. METHODS

2.1. Cell Lines and Cell Culture

BV2 microglia were purchased from Cyagen Bioscience, Inc.
(Guangzhou, China). The cells were cultured at 37 °C with 5%
CO, in RPMI 1640 (VivaCell, Shanghai, China) supplemented with
1% penicillin—streptomycin solution (Biological Industries, Israel)
and 10% fetal bovine serum (FBS, Biological Industries, Israel). BV2
microglia were serially passaged once the plates reached 80—90%
confluency.

Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9-mediated genome engineering was used to create
¢GAS (Mb21d1) and STING (Tmem173) gene knockout cell models.
The sgRNA plasmids specifically targeting mouse ¢cGAS and STING
were purchased from Cyagen Biosciences, Inc. Plasmids containing
each target sgRNA sequence were transfected into BV2 cells.
Puromycin was added to screen the cells after transfection for 24—
48 h. After 2—4 weeks, single clones were screened, and selected
c¢GAS- and STING-knockout clones were validated by PCR
(polymerase chain reaction) and sequencing to obtain the BV2°9AS~/~
and BV2S"™N6~/~ cell lines. The sgRNA sequence for cGAS is S’
CGGGCCGCAGCTTTCCGCGT GGG-3', and the sgRNA se-
quence for STING is S'-GTGGATCCTTTGCCACCCAAAGG-3'.

The BV2, BV2¢45~/~ and BV25T™NG~/~ cell lines were cultured and
expanded in serum-containing medium to ensure stable growth. The
viability of these cell lines exposed to different concentrations of Mn**
(0—400 umol/L) under serum-free conditions for different durations
(6, 12, and 24 h) was assessed using the cell counting kit-8 (CCK-8)
(Apexbio, USA). In short, 96-well plates were used to seed the cells at
a density of 1 X 10* cells/well. The cells were treated with the
indicated concentrations of manganese chloride (MnCl,-4H,0,
Sigma, USA) for 24 h and then incubated with CCK-8 reagent for
3 h at 37 °C. The absorbance was determined using a microplate
reader (Bio-Rad, USA) at 450 nm. The percentage of viable cells is
equal to the ratio of the optical density (OD) between the treated
group and the control group. 3-Methyladenine (3-MA) (Selleck,
USA) at 10 gmol/L for 12 h was used to block autophagy in BV2 cells
and assessed by CCK-8 assay.

2.2. Animal Studies

A total of 20 wild-type (WT) CS7BL/6] mice were purchased from
Lanzhou Veterinary Research Institute, Chinese Academy of
Agricultural Sciences. The mice were housed under specific pathogen
free (SPF) conditions in the Laboratory Animal Center of Lanzhou
University under standard conditions of temperature (20 = 3 °C),
relative humidity (40—60%) and a 12 h light-dark cycle, and pelleted
rodent food and filtered water were provided ad libitum. After 7 days
of adaptive feeding, the mice were randomly divided into two groups:
WT and WT+Mn, with 10 mice per group. The establishment of the
Mn exposure mouse model and the collection of biological samples
were performed as described in our previous publication.** In brief,

https://doi.org/10.1021/envhealth.4c00176
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MnCl,-4H,0 was added to drinking water at a Mn content of 200
mg/L for 5 weeks.

The ¢GAS™~ and STING™~ mice (C57BL/6]J) were obtained
from Dr. Zhengfan Jiang (Peking University). A sufficient number of
offspring were obtained for subsequent experiments. The mice were
randomly divided into cGAS™~ and ¢GAS™~+Mn, STING™/~ and
STING™~+Mn groups (10 mice per group). The feeding method,
conditions, and dose and duration of Mn exposure were the same as
those used for the WT mice. All the breeding and operation
procedures for the mice were approved by the Institutional Review
Committee of the School of Public Health, Lanzhou University
(IRB23030501), and complied with the guidelines and regulations for
the care and use of laboratory animals.

2.3. Collection of Animal Tissue Samples

At the end of the experiment, all the mice were anesthetized and
sacrificed, and brain tissue was collected. Three brain tissues from
each group of mice were fixed with 4% neutral paraformaldehyde. The
remaining seven brain tissue samples were placed in cryopreservation
tubes and stored at —80 °C.

2.4. RNA Sequencing (RNA-seq) Analysis

Total RNA was extracted with TRlzol Reagent (Life Technologies,
California, USA). After measuring and assessing the concentration,
purity and integrity of RNA, the qualified RNA was processed for
library construction. Libraries with concentrations greater than 2
nmol/L determined by quantitative PCR (Q—PCR) were considered
acceptable. The Illumina NovaSeq 6000 platform was used to
sequence the libraries. DESeq2 was used for differential expression
analysis. Genes with fold change (FC) > 2 and adjusted false
discovery rate (FDR) < 0.01 according to DESeq2 were considered
differentially expressed. The clusterProfiler package was used for Gene
Ontology (GO) enrichment analysis of the differentially expressed
genes (DEGs). The statistical enrichment of DEGs in KEGG
pathways were tested using the clusterProfiler software and KOBAS
database. Biomarker Technologies performed the RNA-seq analysis.
Real-time PCR (RT—PCR) Master Mix (Sangon, Shanghai, China)
was used to detect and quantify the expression of the target gene via
the Biosystems StepTwo RT—PCR System (Applied Biosystems,
USA). The following primer sequences were used for quantitative
real-time PCR (qRT—PCR) to verify the RNA-seq results. Apol9a:
Forward primer (10 pmol/L) S$-AGGTCGGTGTGAACG-
GATTTG-3’, Reverse primer (10 pmol/L) S’-GAAGTCT-
GCCTCTGTCTGCTATGG-3'; Apol9b: Forward primer (10
umol/L) 5'-CCATAGCAGACAGAGGCAGACTTC-3', Reverse pri-
mer (10 pmol/L) §-TGTGTAGTTTCTCAGCGTGGTCAG-3';
CMPK2: Forward primer (10 pmol/L) $'-ACAGCCACCTAC-
GCCATAGC-3, Reverse primer (10 umol/L) 5-ACAGTCAGC-
AGCAGGACCAAG-3'; IrfS: Forward primer (10 umol/L) 5'-
GACCACGCTGAGAAACTAC-3/, Reverse primer (10 pmol/L)
S’-GCTTCAACTTCATCCAAAACC-3'; IsglS: Forward primer (10
umol/L) S'-GAAGCAGATTGCCCAGAAG-3’, Reverse primer (10
pumol/L) §'-GCGTCAGAAAGACCTCATAG-3'; Ifi206: Forward
primer (10 pymol/L) 5'-GCAGTTACCAAAATTCCCCTC-3’, Re-
verse primer (10 pmol/L) $'-GCTATGTCAAACACCTTCACTC-
3'; Ifitl: Forward primer (10 umol/L) §'-GCACTGAACAACAAG-
ACCC-3/, Reverse primer (10 pmol/L) 5'-GTCTTTCAGCCA-
CTTTCTCC-3'; B-actin: Forward primer (10 umol/L) S'-GAT-
GGTGGGAATGGGTCAGAAGG-3, Reverse primer (10 pmol/L)
S'-TTGTAGAAGGTGTGGTGCCAGATC-3".

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The production of IFN-# in the culture supernatants of BV2 cells
cultured with Mn** (100 pumol/L) for 6 h, was measured by ELISA
according to the manufacturer’s instructions (Elabscience, Wuhan,
China). In brief, biotin, avidin, and other related reagents were added
successively to form the immune complex. Finally, the color-
developing substrate TMB (3,3,5,5-tetramethylbenzidine) was
added, which appears blue under the catalysis of HRP and becomes
yellow after the addition of the termination solution. The optical
density (OD) was finally read at 450 nm with a microplate reader
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(Bio-Rad, USA), and the relative concentrations were calculated using
standard curves.

2.6. Western Blot Analysis

The cells were lysed in RIPA buffer (AR0102, BOSTER, Wuhan,
China) containing protease inhibitors (AR1178, BOSTER, Wuhan,
China) and phosphatase inhibitors (K101S, Apexbio, USA). The
protein content was determined, and the proteins were loaded onto
10% SDS—PAGE gels and transferred onto 0.45 um polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, USA). After the
membranes were blocked with 5% bovine serum albumin (BSA,
A8020, Solarbio, Beijing, China), the membranes were probed with
the following primary antibodies at 4 °C overnight: anti-LC3B
(1:1,000; ab51520, Abcam, Cambridge, USA), anti-Beclin-1 (1:500;
CQA1851, Cohesion Biosciences, Shanghai, China), anti-p62/
SQSTMI (1:1,000; ab155686, Abcam, Cambridge, USA), anticathep-
sin B (CTSB) (1:1,000; 12216—1-AP, Proteintech, USA), anti-cGAS
(1:1,000; D308O, Cell Signaling Technology, USA), anti-ATGS
(1:1,000; ab108327, Abcam, USA), anti-Tau (1:1,000; ab32057,
Abcam, Cambridge, USA), anti-STING (1:1,000; D2P2F, Cell
Signaling Technology, USA), anti-f-actin (1:1,000; 13ES, Cell
Signaling Technology, USA), anti-IRF3 (Interferon regulatory factor
3) (1:1,000; ab68481, Abcam, Cambridge, USA), anti-WIPI2
(1:1,000; bs-8767R, Bioss, Beijing, China) and anti-GAPDH
(1:1,000; 52902, Signalway Antibody, USA), followed by incubation
with a HRP-labeled secondary antibody (48139, Signalway Antibody,
USA). The signals were visualized using a Western Bright ECL kit
(S6009M, US EVERBRIGHT, Suzhou, China) and enhanced
chemiluminescence (Bio-Rad, USA).

2.7. Immunofluorescence Assay

After fixation with 4% paraformaldehyde for 24 h, the brain tissue was
cut into 4 pm thick sections using a microtome (RM2016, Leica,
Germany). Then, deparaffinized, antigen retrieval and incubated with
primary antibody (anti-p-Tau, Abcam, Cambridge, USA, phospho
S404, ab92676, 1:300) at 4 °C overnight followed by blocking with
5% normal goat serum for 1 h. Afterward, the sections were washed
three times with phosphate-buffered saline (PBS) and incubated with
fluorescent secondary antibodies (1:200 dilution) at room temper-
ature for 2 h. Fluorescence scanning microscope (P250 FLASH,
Danjier Company, China) was used to observe the immunofluor-
escence (IF).

2.8. Statistical Analysis

Statistical analyses were performed with Prism 9 software (GraphPad
Software, San Diego, CA, USA). All statistical analyses for data
comparing two groups were performed with an unpaired Student’s ¢
test. One-way analysis of variance (ANOVA) with the Tukey—Kramer
post hoc test for multiple comparisons was used for comparisons of
more than two groups. The quantitative data are presented as the
means =+ standard deviations (SDs). P < 0.05 was considered
statistically significant. All immunoblots are representative of results
from at least three independent experiments.

3. RESULTS AND DISCUSSION

3.1. Mn Exposure Activates the cGAS—STING Pathway and
Induces Type | IFN Production in Microglia

Innate immune responses is a common pathway for the
initiation and progression of some NDDs,* and dysregulated
innate and adaptive immune responses contribute to some
NDDs.”” The cGAS—STING pathway has been implicated in a
number of NDDs.>' Mn?* has been found to be the second
activator of the cGAS—STING pathway.*>*® Therefore, we
hypothesized that the potential neurotoxicity of Mn is related
to abnormal activation of the cGAS—STING pathway. Autopsy
reports from Mn-exposed gpatients show abnormal activation of
astrocytes and microglia.”> Microglia are brain-resident cells
and are key components of the brain’s innate immune

https://doi.org/10.1021/envhealth.4c00176
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Figure 1. Mn exposure activates the cGAS—STING—IFN-I pathway in microglia. (A-C), Activity of BV2 cells treated with different doses of Mn
for 6, 12, and 24 h. (D), Volcano plot of RNA-seq data from BV2 cells untreated or treated with MnCl, (100 ymol/L) for 6 h. Red and blue dots
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Figure 1. continued

represent genes with a log2 FC > 2 and < — 2, respectively. (E), Heatmap of the RNA-seq date. BV2 cells were untreated or treated with MnCl,
(100 pmol/L) for 6 h. (F), Gene set enrichment analysis showing hallmark pathways associated with the differentially expressed genes upregulated
in the BV2 cell samples treated with MnCl, for 6 h compared with the control samples. (G-M), RT—qPCR analysis of the expression of the Apol9a,
Apol9b, CMPK?2, Ifitl, Ifi206, Isg1S and IrfS genes in BV2 cells untreated or treated with MnCl, (100 ymol/L) for 6 h. (N), IFN-f changes in BV2
cell (10°/mL) culture supernatants were detected by ELISA. (O-Q), BV2 cells were treated with MnCl, for 6 h. Western blot analysis was used to
analyze cGAS and STING. Three independent experiments were performed three times. The error bars represent the SDs; the CCK-8 data were
analyzed by one-way ANOVA with the Tukey—Kramer post hoc test for multiple comparisons, and the other data were analyzed by an unpaired ¢

test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. Mn exposure activates the cGAS—STING pathway while inducing Tau aggregation. (A, B), BV2 cells were treated with MnCl, for 6 h.
Tau expression was analyzed by Western blotting. (C-F), Western blot analysis of cGAS, STING and Tau expression in the brains of Mn-exposed
mice. (G), p-Tau expression in the brain was detected by immunofluorescence. Three independent experiments were performed three times. The
error bars represent the SDs; the data were analyzed by an unpaired ¢t test. *P < 0.05; **P < 0.01; ***P < 0.001.

response.”” Microglia are involved in Tau-mediated pathobi-
ology, and microglial activation is a prominent pathological
feature of tauopathies.*’ Microglia serve as the leading driving
force of neurodegeneration and Tau pathogenesis in tauopathy
mouse models.”* The cGAS—STING—IFN response occurs
mainly in the microglia of the brain during AD and aging.™ It
has been reported that aberrant microglial cGAS—STING—
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IEN activation may drive neuronal MEF2C deficiency and that
MEF2C is an AD risk gene that compromises cognitive
resilience.”® Thus, BV2 microglia were selected for in vitro
experiments in this study.

First, the CCK-8 method was used to measure the effects of
Mn exposure at different times and concentrations on the
proliferative activity of BV2 cells. According to the results of
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Figure 3. Mn exposure causes autophagy—lysosomal pathway dysfunction. (A), Heatmap summary of autophagy-related genes that are most highly
expressed in BV2 cells stimulated with Mn. (B-H), BV2 cells were treated with MnCl, for 6 h. The protein levels of WIPI2, p62, ATGS, Beclin-1,
LC3-II and CTSB were analyzed by Western blotting and statistically analyzed. Three independent experiments were performed three times. The
error bars represent the SDs; the data were analyzed by an unpaired ¢ test. *P < 0.05; **P < 0.01; ***P < 0.001.

the CCK-8 assay, 100 ymol/L MnCl, for 6 h was selected for
subsequent experiments (Figure 1A-C). The volcano plot and
heatmap of the DEGs identified via RNA-seq analysis of Mn-
treated BV2 microglia revealed that Mn exposure induced
robust production of both IFNs and IFN-stimulated genes
(ISGs), including Ifit2, Ifi27, IsglS, Oasla, Duspl, and Irf7,
among others (Figure 1D,E). KEGG analysis showed that the
DEGs were related mainly to IFN pathways (Figure 1F). In
mammals, the most prominent function of the cGAS—STING
pathway is the production of IFN-L.°° We confirmed the results
of the DEGs (Apol9a, Apol9b, CMPK2, Ifitl, Ifi206, IsglS$, and
IrfS) by qRT—PCR (Figure 1G-M), and the production of
IFN-f was also verified by ELISA (Figure 1N). Compared with
the control, Mn exposure significantly increased the protein
levels of ¢cGAS and STING in BV2 microglia, as shown by
immunoblotting (Figure 10-Q). Our results demonstrate that
Mn exposure activates the cGAS—STING pathway and
induces type IFN-I production in microglia.
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3.2. The cGAS—STING Pathway Activated by Mn Exposure
Induces Tauopathy in Microglia and in Mice

Activated ISGs and IFN-I-expressing microglia are significantly
correlated with AD severity.”” The potential neurotoxicity of
Mn is related to the neurodevelopment and developmental risk
of AD and PD." Tau pathology accumulation is more closely
associated with synaptic loss, neuronal apoptosis, neuro-
degeneration, and cognitive decline than amyloid deposi-
tion.’®” Tau oligomers with seed toxicity and altered
dissolution properties are considered to be the main toxic
form of NDDs.”” To test the hypothesis that cGAS—STING
pathway activation drives tauopathy, Tau expression was
assessed. Compared with the control, Mn exposure signifi-
cantly increased the level of Tau expression in BV2 cells, as
shown by immunoblotting (Figure 2A,B). We then con-
structed a mouse model to explore the effect of Mn exposure
on Tau aggregation in vivo. Mn exposure increased the levels of
Tau (p-Tau) in the whole brains of the mice while activating
the cGAS—STING pathway, as shown by immunoblotting
(Figure 2C—F) and immunofluorescence (Figure 2G). In vitro
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Figure 4. Inhibition of the cGAS—STING pathway restores the function of the autophagy—lysosomal pathway and promotes Tau degradation. (A),
Schematic strategy for the generation of cGAS knockout BV2 cells and representative agarose gel electrophoresis images for the genotyping of
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Figure 4. continued

cGAS™'~ cells. (B), Schematic strategy for the generation of STING knockout BV?2 cells and representative images of agarose gel electrophoresis
results for the genotyping of STING ™/~ cells. (C), Activity of BV2°945~~ cells treated with different doses of MnCl, for 6, 12, and 24 h. (D),
Activity of BV2STING~/= cells treated with different doses of MnCl, for 6, 12, and 24 h. (E), Heatmap of the RNA-seq date. (F), IFN-f changes in
BV2 cell (10°/mL) culture supernatants were detected by ELISA. (G-H), GO analysis showing the downregulated biological processes in
BV2STING=/= and BV2CAS~~ cells compared with those in WT cells after MnCl, treatment. (I-R), The protein levels of cGAS, STING, IRF3,
CTSB, p62, WIPI2, ATGS, LC3B and Tau were analyzed by Western blotting and statistically analyzed in BV2, BV2°4~/~ and BV25T™N6~/~ cells
after Mn stimulation. Three independent experiments were performed three times. The error bars represent the SDs; the data were analyzed by
one-way ANOVA with the Tukey—Kramer post hoc test for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

and in vivo experiments demonstrated that Mn exposure
induced tauopathy while activating the cGAS—STING path-
way. The inhibition of Tau aggregation may be a strategy for
the treatment of NDDs induced by Mn exposure.

3.3. Mn Exposure Impairs the Dysfunction of the
Autophagy—Lysosomal Pathway

Recently, the induction of autophagy has been shown to be is a
primordial function of the cGAS—STING pathway.’" Autoph-
agy dysfunction is involved in the pathology of NDDs.*"*> The
autophagy—lysosomal pathway plays a critical role in the
maintenance of cellular homeostasis by removing misfolded
proteins and damaged organelles.”’ Impairment of the function
of the autophagy—lysosomal pathway is associated with
neuronal cell death®® and major NDDs.”~®" Disruption of
multiple steps of autophagy and dysfunctional autophagosome
learance m r in neurons during AD pathogenesis.”>*®
clearance may occu eurons g pathog

Microglial autophagy plays a protective role in regulating
amyloid plaque homeostasis and restricting senescence, and
autoéphagy deficiency promotes senescence-associated micro-
glia.” Loss of microglial autophagy exacerbates Tau spread
and pathology in a tauopathy model.”” Thus, we explored the
effect of Mn exposure on the autophagy—lysosomal pathway.
Our RNA-seq results revealed that Mn exposure increased the
expression of autophagy-related genes (Wipil, Wipi2, Atgl3,
Atg4d, and Tnf, among others; Figure 3A). To study Mn
exposure induced dysfunction of the autophagy—Ilysosomal
pathway, the key proteins WIPI2, p62/SQSTMI1, ATGS,
Beclin-1, CTSB and LC3B were detected in BV2 cells. Mn
exposure stimulated the conversion of LC3 into a lipidated
form (LC3-II) (Figure 3B,G) and promoted WIPI2 expression
(Figure 3B,C). LC3 lipid is an autophagosomal surface protein
marker and is a key step in autophagosome biogenesis.”"”!
Our results were consistent with the finding that the cGAS—
STING pathway induces LC3 lipidation.”" However, at the
same time, we also observed the accumulation of p62 (Figure
3B,D) and CTSB (Figure 3B,H) in Mn-exposed BV2 cells. The
p62 protein is a chaperone protein involved in autophagy
degradation.”” It is also a significant component in the
autophagy—lysosomal pathway, which has also been shown
to deliver ubiquitinated proteins (such as Tau) to the
proteasome for degradation.”” Recent evidence has shown
that p62 is highly associated with the protein—degradin§ system
and the progression of vulnerability in Alzheimer’s.”" In this
study, the increased accumulation of p62 in cells reflects that
autophagosomes cannot be degraded by lysosomes after Mn
exposure. CTSB is an indicator of lysosomal function, and
lysosomal dysfunction leads to CTSB accumulation in the
cell.”> Lysosomal function can be assessed by CTSB
expression.76 Increased CTSB expression and activity are
important triggers for the pathological development of
numerous diseases.”” In the present study, increased CTSB
expression suggested that Mn exposure causes abnormal
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lysosomal function in BV2 microglia. Taken together, the
significantly elevated LC3-II, p62, WIPI2, ATGS and CTSB
levels indicate impaired function of the autophagy—lysosomal
pathway induced by Mn exposure. These results are similar to
reports that Mn exposure induces autophagy—lysosomal
pathway dysfunction by inducing a decrease in the nuclear
localization of transcription factor EB (TFEB) and by
increasing CTSB levels.”””” These findings suggest that
impairs the autophagy—lysosomal pathway function might be
responsible for the accumulation of Tau (p-Tau) in Mn
exposure.

3.4. Inhibiting the cGAS—STING Pathway Rescues the
Autophagy—Lysosomal Pathway Dysfunction and
Tauopathy in Microglia Induced by Mn Exposure

Given the key role of the cGAS—STING pathway in autophagy
and NDDs, we hypothesized that the cGAS—STING pathway
might mediate the function of the autophagy—lysosomal
pathway and thereby regulate tauopathy induced by Mn
exposure. Therefore, global ¢GAS- and STING-knockout
(cGAS™~ and STING™~) BV2 microglia were generated via
CRISPR/Cas9. The c¢GAS gene is located on mouse
chromosome 9, and a total of 5 exons have been identified,
with the ATG start codon in exon 1 and the TGA stop codon
in exon S. Exon 1 was selected as the target site (Figure 4A).
The STING gene is located on mouse chromosome 18, and a
total of 8 exons have been identified, with the ATG start codon
in exon 3 and the TGA stop codon in exon 8. Exon 3 was
selected as the target site (Figure 4B). cGAS™™ and STING ™~
microglia were further confirmed by PCR (Figure 4A,B) and
Western blot analysis (Figure 41), and the results showed that
the cGAS and STING proteins were completely abolished in
the homozygous targeted allele. In accordance with the results
of CCK-8 assay, 3.125 pmol/L and 100 gmol/L MnCl, were
added to BV2°945~/~ and BV2STING~/~ cells, respectively, for 6
h for subsequent experiments (Figure 4C,D). Inhibition of
STING activation has been reported to prevent the deleterious
effects of IFN responses in PD and amyotrophic lateral
sclerosis (ALS).>”’® RNA-seq and ELISA analyses of
BV2STING~/= and BV2°C45~~ cells revealed that blocking the
cGAS—STING pathway completely inhibited the production
of both IFNs and ISGs induced by Mn exposure (Figure 4E,F),
suggesting that the induction of IFN-I production by MnCl,
depends on the cGAS—STING pathway. GO analysis revealed
that the downregulated biological processes in BV25TNC~/~
and BV2°“45~/~ cells were related mainly to the IFN pathway
compared with those in WT cells after MnCl, treatment
(Figure 4G,H).

To determine whether blocking the cGAS—STING pathway
can rescue impaired autophagy—lysosomal pathway function,
the expression of the autophagy—lysosomal pathway-related
proteins CTSB, p62, LC3-II, ATGS and WIPI2 in BV25TN¢~/~
and BV24S~/~ cells was detected after Mn exposure. The
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Figure 5. Mn exposure activates the cGAS—STING pathway to mediate Tau aggregation and autophagy—lysosomal pathway dysfunction. (A-F),
The protein levels of cGAS, STING, LC3B, p62 and Tau in the brains of WT, cGAS™~ and STING ™/~ mice were analyzed by Western blotting and
statistically analyzed after Mn exposure. Three independent experiments were performed three times. The error bars represent the SDs; the data
were analyzed by one-way ANOVA with the Tukey—Kramer post hoc test for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001.

results showed that blocking the cGAS—STING pathway
rescued the dysfunction of the autophagy—lysosomal pathway
(Figure 41-Q), as indicated by decreased expression of WIPI2,
LC3B, CTSB and p62. Moreover, when the cGAS—STING
pathway was inhibited, the increased expression of Tau
induced by Mn exposure was significantly decreased (Figure
4LR). Impaired autophagy—lysosomal pathway function leads
to a decreased clearance of Tau.””®" As expected, the
autophagy—lysosomal pathway function was enhanced after
cGAS and STING knockout. These results demonstrated that
inhibition of the cGAS—STING pathway protects against
microglial autophagy—lysosomal pathway dysfunction and
tauopathy induced by Mn exposure.

3.5. Inactivation of the cGAS—STING Pathway Restores the
Function of the Autophagy—Lysosomal Pathway and
Protects Against Tauopathy Induced by Mn Exposure in
Mice

We further determined the effects of cGAS—STING pathway
inactivation on the function of the autophagy—lysosomal
pathway and tauopathy in vivo using cGAS- and STING-
knockout (¢GAS™~ and STING™/~) mice. In Mn-treated mice,
cGAS, STING and Tau expression was significantly greater
than that in control mice (Figure SA-C,F). The results showed

that Mn induced tauopathy while activating the cGAS—STING
pathway, which is in agreement with the in vitro results.
Surprisingly, the increases in the expression of LC3B, p62 and
Tau induced by Mn exposure were significantly decreased after
cGAS—STING pathway inhibition (Figure SA,D-F). The
results indicate that inactivation of the cGAS—STING pathway
not only alleviated Mn-induced the autophagy—lysosomal
pathway dysfunction but also markedly decreased Tau
expression in brains of the mice. Several studies have
demonstrated that STING activation is indispensable for
autophagy induction®’ and that STING de§radation occurs
through the autophagy—lysosomal pathway.®” These findings
indicate that the neurotoxicity of tauopathy and autophagy—
lysosomal pathway dysfunction induced by Mn exposure are
regulated through the cGAS—STING pathway-dependent
responses, which are reduced by cGAS—STING pathway
inhibition. In summary, we found that ¢GAS and STING
deficiency markedly attenuated tauopathy induced by Mn
exposure in vitro and in vivo, likely by ameliorating the function
of the autophagy—lysosomal pathway, which is an exciting new
finding. Therefore, the cGAS—STING pathway inhibition
could be a promising strategy for activating the autophagy—
lysosomal pathway and potentially alleviating tauopathy.
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Figure 6. 3-MA ameliorates tauopathy induced by Mn exposure by inactivating the cGAS—STING pathway through the autophagy—lysosomal
pathway. (A), Activity of BV2 cells treated with different doses of 3-MA for 12 h, as detected by the CCK-8 method. (B-D), Western blot analysis
of autophagy blockade. (E-K), The protein levels of cGAS, STING, p62, LC3-II, CTSB and Tau in BV2 microglia were analyzed by Western
blotting and statistically analyzed after Mn exposure. Three independent experiments were performed three times. The error bars represent the
SDs; the CCK-8 data were analyzed by one-way ANOVA with the Tukey—Kramer post hoc test for multiple comparisons, and the other data were
analyzed by an unpaired ¢ test. ¥*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

3.6. 3-MA Ameliorates Tauopathy by Inactivating the
cGAS—STING Pathway through the
Autophagy—Lysosomal Pathway

To further validate the important role of autophagy—lysosomal
function in Mn exposure, we selectively inactivated autophagy
in microglia with 3-MA. As previously described, SH-SYSY
cells were treated with 10 ymol/L 3-MA for 12 h before Mn
exposure.”> CCK-8 experiments revealed that treatment of
BV2 cells with 2.5, 5, or 10 umol/L 3-MA for 12 h did not
affect cell proliferation activity (Figure 6A); therefore, we
selected 10 umol/L 3-MA for 12 h to inactivate autophagy
before Mn exposure. Blocking of autophagy in BV2 cells was
confirmed by Western blotting (Figure 6B-D). The expression
of ¢cGAS and STING in BV2 cells increased after Mn
treatment, as shown in Figure 1, while Western blot analysis
revealed that autophagy blocked by 3-MA inhibited this effect
(Figure 6E-G). Mn exposure impaired the function of the
autophagy—lysosomal pathway, but the effect was reversed by
the addition of 3-MA to BV2 cells, as indicated by the reduced
expression of LC3-II/LC3-I, CTSB and p62 (Figure 6E,H-]).
In addition, the tauopathy induced by Mn exposure was
reversed by treatment with 3-MA (Figure 6E,K). We further
demonstrated that pretreatment with autophagy inhibitor (3-
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MA) partially prevented the accumulation of the lysosomal
marker CTSB by inhibiting the cGAS—STING pathway
activated by Mn exposure, which in turn restored the impaired
autophagy—lysosomal pathway function to clear Tau accumu-
lation. Dysfunctional lysosomal storage may occur after
upregulation of neuronal autophagy. Our findings are similar
to the report that an initial upregulation of autophagy and
dysfunctional lysosomal storage occur during acute ischemia,
which can be prevented by inhibiting autophagy with 3-MA.**
Therefore, pharmacological approaches aimed at inhibiting the
c¢GAS—STING—autophagy—lysosomal axis to attenuate Mn-
induced tauopathy may confer neuroprotection. In addition,
whether typical AD and PD also have similar pathogeneses
should be investigated in the future.

4. CONCLUSIONS

Mn exposure induces tauopathy by activating the cGAS—
STING pathway. Mn exposure also impairs the function of the
autophagy—lysosomal pathway and blocks the degradation of
Tau through this pathway. Ultimately, Mn exposure induces
autophagy—lysosomal pathway dysfunction by activating the
c¢GAS—STING pathway, leading to Tau accumulation in the
brain and triggering potential neurotoxicity (Figure 7).
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Figure 7. Mn exposure induces tauopathy by impairing the function of the autophagy—lysosomal pathway through activation of the cGAS—STING

pathway.

Therefore, the c¢GAS—STING—autophagy—lysosomal axis
plays a crucial role in Mn exposure-induced tauopathy,
which highlight the underlying mechanism of Mn neuro-
toxicity. These findings provide drug targets for future research
on the prevention and control of the neurotoxicity of Mn, an
environmental pollutant, and provide scientific insights into
the mechanism of environmental toxicants from the
perspective of innate immune system disorders.
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