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of the upstream kinase ASK1 in the p38 MAPK signaling pathway
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Abstract

Background Microglia, the main innate immune cells in the central nervous system, are key drivers of neuroinflammation,
which plays a crucial role in the pathogenesis of neurodegenerative diseases. The Sin3/histone deacetylase (HDAC) com-
plex, a highly conserved multiprotein co-repressor complex, primarily performs transcriptional repression via deacetylase
activity; however, the function of SDS3, which maintains the integrity of the complex, in microglia remains unclear.
Methods To uncover the regulatory role of the transcriptional co-repressor SDS3 in microglial inflammation, we used
chromatin immunoprecipitation to identify SDS3 target genes and combined with transcriptomics and proteomics analysis
to explore expression changes in cells following SDS3 knocking down. Subsequently, we validated our findings through
experimental assays.

Results Our analysis revealed that SDS3 modulates the expression of the upstream kinase ASK1 of the p38 MAPK pathway,
thus regulating the activation of signaling pathways and ultimately influencing inflammation.

Conclusions Our findings provide important evidence of the contributions of SDS3 toward microglial inflammation and
offer new insights into the regulatory mechanisms of microglial inflammatory responses.
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Introduction associated with advanced age [1]. The most common NDs

include Alzheimer’s disease (AD), Parkinson’s disease

Neurodegenerative diseases (NDs) are characterized by
progressive neuron loss, resulting in severe motor impair-
ments, cognitive decline, and dementia. The global inci-
dence of NDs exceeds 40 million individuals and is strongly
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(PD), Huntington’s disease, and amyotrophic lateral scle-
rosis. Shared pathological features include neuronal dys-
function, aberrant protein aggregation, oxidative stress,
programmed cell death, and neuroinflammation [2]. The
molecular mechanisms underlying ND pathogenesis remain
unclear, limiting therapeutic options for symptomatic relief.
Consequently, understanding these mechanisms is crucial
for the development of effective treatments.
Neuroinflammation is the central nervous system’s
response to homeostatic imbalance and involves numer-
ous cell types, such as microglia, astrocytes, and oligoden-
drocytes, the blood—brain barrier, cytokines, and cytokine
signaling pathways [3]. Depending on the specific con-
text triggering the inflammatory response, neuroinflam-
mation can have either beneficial or detrimental effects.
AD and PD are characterized by microglial and astrocytic
activation and elevated levels of inflammatory mediators
[4]. Genetic studies have also highlighted the association
between inflammation-regulating genes and NDs [5-10],
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emphasizing the important role of neuroinflammation in
disease pathogenesis.

Microglia, as the primary innate immune cells in the
central nervous system, are essential for brain develop-
ment, the maintenance of homeostasis, and response to
infections. Under pathological conditions associated with
aging and NDs, microglia undergo excessive activation
and functional dysregulation, resulting in impaired degra-
dation, heightened inflammatory responses, production of
proinflammatory cytokines [11, 12], generation of reactive
oxygen species [13, 14], and neurotoxicity, thereby exacer-
bating ND pathologies [15, 16]. Investigating the regulatory
mechanisms of microglial inflammatory responses is crucial
for a deeper understanding of ND pathogenesis.

Histone deacetylases (HDACs) are enzymes that cata-
lyze the removal of acetyl groups from acetylated lysine
residues on histone and nonhistone proteins. HDAC1/2
can form four classical transcriptional co-repressor com-
plexes, and the Sin3/HDAC complex is one of the classi-
cal multiprotein complexes formed by HDAC1/2 [17]. In
mammalian cells, the core components of the Sin3/HDAC
complex include paired amphipathic helix protein Sin3A/B
(Sin3A/B), HDACI1/2, the Sin3 histone deacetylase core-
pressor complex component SDS3 (SDS3), retinoblastoma-
binding protein 4/7 (RBBP4/7), 30-kDa Sin3-associated
polypeptide (SAP30), and 18-kDa Sin3-associated polypep-
tide (SAP18). The Sin3/HDAC complex plays a critical role
in processes such as the cell cycle, cell proliferation, and
cellular senescence [18, 19]. The classical view is that Sin3/
HDAC represses transcription through histone deacetylase
activity and is therefore referred to as a transcriptional co-
repressor complex [20, 21].

Some existing studies have revealed the regulatory role
of Sin3/HDAC in inflammatory responses. In ovarian clear
cell carcinoma cells with PIK3CA mutations, knockdown
of ARID 1A impedes recruitment of the Sin3A/HDAC com-
plex to the promoters of cytokines genes, such as /L6 and
ILS8, releasing transcriptional repression and promoting
cytokine production and cancer progression [22]. In mouse
macrophages, lipopolysaccharide (LPS) treatment induces
recruitment of the Sin3A/HDAC complex to the promoter
region of the gene encoding inducible nitric oxide synthase
(iNOS), thereby inhibiting iNOS expression [23]. In human
macrophages, the Sin3A/HDAC complex can bind to the
promoter regions of interferon (IFN) response genes, such
as IFNBI and IRF7, as well as proinflammatory genes,
such as TNF'S and CCL3. After LPS treatment, the binding
of Sin3A to these promoter regions is reduced, resulting in
upregulated gene expression [24]. Together, these studies
suggest that the Sin3/HDAC complex negatively regulates
inflammatory responses through transcriptional repression
in different contexts.
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SDS3 is one of the core components of the Sin3/HDAC
complex and plays a critical role in maintaining the integ-
rity and histone deacetylase activity of the complex [25, 26].
However, current research on the biological functions of
SDS3 in regulating the Sin3/HDAC complex is limited and
mainly focuses on cell growth and tissue development [27].
There are few reports on the function of SDS3 in regulating
inflammatory responses in microglia.

Here, we examine changes in the expression of SDS3
in LPS-stimulated microglia and investigate the impact of
SDS3 on microglial inflammatory responses. Using tandem
mass tags (TMT)-labeled quantitative proteomics and RNA-
sequencing (RNA-seq) transcriptomics techniques, we ana-
lyze the effects of SDS3 on gene and protein expression in
microglia and characterize its potential biological functions.
Furthermore, by using chromatin immunoprecipitation with
sequencing (ChIP-seq) technology and integrating pro-
teomics and transcriptomics data, we identify downstream
genes regulated by SDS3 in microglia. Together, we reveal
the molecular mechanisms through which SDS3 regulates
microglial inflammatory responses, thereby offering new
insights into the biological function of SDS3 and the regula-
tory mechanisms of microglial inflammation.

Materials and methods
Cells and plasmids

BV2 mouse microglial cells, primary mouse microglia, and
SV40T-transformed human embryonic kidney 293T (HEK
293T) cells were obtained from the Cell Resource Center,
iCell Bioscience, Inc. (MIC-iCell-n010), and Peking Union
Medical College. The lentiCRISPR v2 plasmid; pMDLg/
pPRRE, pRSV-Rev, and pMD2.G plasmids; and pBluescript
IT KS(-) plasmid were kindly provided by the laboratories
of Professor Yi Rao, Professor Chen Zhang, and Professor
Daochun Kong, respectively (all at Peking University).

The detailed procedures and parameters of the experi-
ments are described in the Supplementary information.

Cell culture

BV2 mouse microglial cells, primary mouse microglia,
and HEK 293T cells were cultured in high-glucose DMEM
(Hyclone, SH30022.01) supplemented with 10% fetal
bovine serum (Hyclone, SV30087.03) in a humidified incu-
bator at 37 °C with 5% CO,. When cells reached 80-100%
confluency, they were dissociated with 0.25% trypsin solu-
tion (Hyclone, SH30042.01) and passaged into new culture
dishes as needed.
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Small interfering RNA (siRNA) transfection

Control siRNA (sc-37,007), SDS3 siRNA (sc-153,291), and
HDACT1 siRNA (sc-29,344) were obtained from Santa Cruz
and were transfected into BV2 cells using Lipofectamine
RNAIMAX (Invitrogen, 13,778,030). Six to 8 h after trans-
fection, the culture medium was replaced, and subsequent
experiments were conducted 24 h later.

CRISPR-Cas9

Using the Optimized CRISPR Design tool, sgRNAs were
designed for ASKI-knockout and control cells. Oligonucle-
otides were ligated into the lentiCRISPR v2 plasmid, trans-
formed into TransStbl3 Escherichia coli cells, and cultured
on ampicillin LB agar. Plasmids were then extracted and
sequenced. The lentiCRISPR v2 plasmid containing sgRNA
and the pMDLg/pRRE, pRSV-Rev, and pMD2.G plasmids
were transfected into HEK 293T cells using polyethyl-
enimine to package the lentivirus. Viral suspensions were
added to BV2 cells, and puromycin selection was performed.
Genomic DNA from selected clonal cells was extracted,
and the ASK/ locus was amplified by PCR, ligated into
the pBluescript I KS(-) plasmid, transformed into Trans5a
Escherichia coli cells, and cultured on ampicillin LB agar.
Colonies were sequenced for locus verification.

LPS treatment

After transfection with SDS3 siRNA or Control siRNA,
BV2 cells were treated with 1 pg/mL LPS for 1 h. After
treatment, the cells were collected to assess the activation
of the p38 MAPK pathway. Additionally, the transfected
cells were treated with 1 pg/mL LPS for 6 h, and the protein
and mRNA expression levels of inflammatory factors were
measured. For the detection of nitric oxide, transfected cells
were treated with 1 pg/mL LPS for 24 h before collection.
As a comparison, BV2 cells were treated with 20 uM p38
MAPK inhibitor (SB203580) or DMSO for 1 h, followed by
treatment with 1 pg/mL LPS for 6 h and subsequent Western
blotting and real-time quantitative PCR (qPCR).

After treating ASKI-knockout BV2 cells and control
BV2 cells with 1 pg/mL LPS for 1 h, the cells were col-
lected to assess the activation state of the p38 MAPK path-
way. Transfected cells were treated with 1 pg/mL LPS for
6 h, and the protein levels of inflammatory factors were
measured. For the detection of nitric oxide, the transfected
cells were treated with 1 pg/mL LPS for 24 h before sample
collection.

After transfecting 4SK/-knockout BV2 cells and control
BV2 cells with SDS3 siRNA or Control siRNA, the cells
were treated with 1 ug/mL LPS for 6 h, followed by Western

blotting and qPCR to determine the expression of inflamma-
tory factors.

Real-time qPCR and Western blotting

After transfecting BV2 cells with siRNA and treating with
LPS, total RNA was extracted using an EasyPure RNA kit
(Transgenbiotech, ER101). ACTB was used as the reference
gene, and primer sequences are provided in Supplemental
Table S1.

To obtain protein used for Western blotting, after treat-
ment, BV2 cells and primary mouse microglia were lysed
using a 1% SDS lysis buffer and sonicated to disrupt nucleic
acids. Primary antibodies for Western blotting analysis are
provided in Supplemental Table S2. B-Actin served as the
loading control.

Nitric oxide measurement

Assessment of nitric oxide levels was performed using a
nitric oxide assay kit (Beyotime, S0021). The nitrite con-
centration in the cell culture supernatant was measured by
spectrophotometry to evaluate the nitric oxide levels.

Proteomic analysis

BV2 cells were transfected with Control siRNA and SDS3
siRNA in six-well plates. Cells were collected and lysed as
previously described [28], and peptides were labeled with
a TMT 6-plex Isobaric Label Reagent set (Thermo Scien-
tific, 90,064) according to the manufacturer’s instructions.
Labeled peptides were then purified using a C18 solid-phase
extraction column (Empore) for desalting and then freeze-
dried. Peptides were analyzed by Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Scientific).

RNA-seq

BV2 cells were transfected with Control siRNA and SDS3
siRNA in six-well plates. Following incubation, the cul-
ture medium was aspirated, and 1 mL of TRIzol Reagent
(Invitrogen, 15,596,026) was added to lyse the cells. Cell
lysates were transferred to 2-mL EP tubes and flash-frozen
in liquid nitrogen. Subsequent processing was performed by
Suzhou Geneweave Biotechnology Co., Ltd. Differential
gene expression analysis was performed using the DESeq2
package from Bioconductor in R [29].

Bioinformatics analysis and statistical methods

Gene Ontology (GO) enrichment analysis of differentially
expressed proteins and genes was performed using the
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ClueGO plugin in Cytoscape [30]. All experiments were
conducted with biological and technical replicates, as speci-
fied. Statistical significance was defined as indicated and
specified in the figure and table captions. If not otherwise
mentioned, statistical significance was evaluated using
GraphPad Prism 7 software (version 7.00) with a one-way
analysis of variance (ANOVA), and a p value of <0.05 was
considered statistically significant. Data are presented as
mean =+ standard error of the mean (SEM) from at least three
independent experiments.

ChIP-seq and ChiP-qPCR

BV2 cells were cultured in 15-cm dishes and cross-linked
with 1% formaldehyde. ChIP experiments were performed
using a SimpleChIP Enzymatic Chromatin IP kit (magnetic
beads; Cell Signaling Technology, 9003) according to the
manufacturer’s instructions. DNA that was enriched follow-
ing ChIP with anti-SDS3 (Supplemental Table S2) and input
DNA were sent to Suzhou Geneweave Biotechnology Co.,
Ltd., for further processing.

DNA enriched after ChIP with anti-SDS3, anti-HDACI,
and anti-control (Supplemental Table S2) was subjected to
fluorescence-based qPCR. Three primer sets targeting the
ASKI promoter region were designed (Supplemental Table
S1), and the relative amount of ASK/ promoter region DNA
in each sample compared with that in the input sample was
calculated using the AAC, method based on the C, values.
Results are presented as a percentage of input.

Results

LPS-stimulated microglia exhibit decreased SDS3
expression

To assess the relationship between microglial activation
and the functionality of the SDS3 and Sin3/HDAC com-
plex, we first analyzed the interaction between SDS3 and
Sin3A/HDACI in BV2 cells via immunoprecipitation and
Western blotting. We observed the protein bands of Sin3A
and HDACIT after pulldown with anti-SDS3, indicating an
interaction between SDS3 and Sin3A/HDACI in BV2 cells
(Fig. 1A).

LPS can induce downstream signaling and gene expres-
sion by binding Toll-like receptor 4 (TLR4) on the surface
of microglia and is widely used in the study of molecular
mechanisms underlying microglial activation and neuroin-
flammation. We therefore explored changes in the expres-
sion of SDS3, Sin3A, and HDACI in microglia after
treatment with LPS.

@ Springer

BV2 cells were treated with 1 pg/mL LPS for different
lengths of time, and changes in SDS3, Sin3A, and HDACI
expression were examined by Western blotting and qPCR.
As incubation times increased, the expression of SDS3
was significantly decreased, whereas the protein levels of
HDACT and Sin3 A did not change significantly (Fig. 1B and
Supplemental Fig. S1A). This result was further validated in
primary mouse microglia, where a significant downregula-
tion in SDS3 expression was observed as LPS incubation
time increased, and expression levels of Sin3A and HDAC1
did not exhibit significant changes (Supplemental Fig. S1B).
To determine if LPS concentration impacts the expression
of SDS3, Sin3A, and HDACI1, BV2 cells were treated with
different concentrations of LPS for 6 h. SDS3 exhibited a
clear decrease in expression after stimulation with 1 ug/mL
LPS, whereas the expression of HDACI1 and Sin3A did not
change (Fig. 1C and Supplemental Fig. S1C). Analysis of
SDS3 mRNA expression revealed similar results (Fig. 1D).
Inhibition of the proteasome by treatment with MG132 fol-
lowed by LPS treatment showed that inhibition of protea-
some function did not affect LPS-induced downregulation
of SDS3 expression (Fig. 1E), suggesting that decreased
SDS3 expression is independent of proteasome-mediated
protein degradation. Together, these data indicate that LPS
affects SDS3 expression in BV2 cells by downregulating
the expression of SDS3 mRNA in both a time- and concen-
tration-dependent manner, while the protein levels of Sin3A
and HDACI remain unaffected.

SDS3 regulates the expression of LPS-induced
inflammatory factors in microglia

LPS treatment can induce the expression of different inflam-
matory factors in microglia, including iNOS, cyclooxygen-
ase-2 (COX-2), and IL-1p [31]. Our experimental findings
indicate that after treatment with 1 pg/mL LPS, primary
mouse microglia exhibited a significant upregulation of
these inflammation-related factors (Supplemental Fig. S1B).
To investigate the role of SDS3 in regulating the expres-
sion of these inflammatory factors, SDS3 was targeted using
siRNA, and BV?2 cells were stimulated using LPS. Follow-
ing SDS3 knockdown, the expression of iNOS, COX-2, and
IL-1P was increased at both the mRNA and protein levels
(Fig. 1F and G and Supplemental Fig. S1D). Accordingly,
nitric oxide release, as indicated by nitrite concentration
in the culture medium [32], was significantly higher in
SDS3-knockdown cells (BV25P53 KDy than in control cells
(BV2°"™ after LPS treatment (Fig. 1H).
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Fig. 1 Knockdown of SDS3 enhances lipopolysaccharide (LPS)-
induced inflammatory responses in microglia. (A) Immunoprecipi-
tation (IP) followed by Western blotting confirmed the interaction
between SDS3, Sin3A, and HDACT in BV2 cells. (B) Protein levels
of SDS3, Sin3A, and HDACI in BV2 cells after treatment with 1 pg/
mL LPS for different lengths of time. B-Actin was used as the loading
control. (C) Protein levels of SDS3, Sin3A, and HDACI1 in BV2 cells
after treatment with different concentrations of LPS for 6 h. B-Actin
was used as the loading control. (D) Changes in SDS3 mRNA expres-
sion levels in BV2 cells after treatment with 1 png/mL LPS for different
lengths of time. ACTB was used as the reference gene. The control
group represents 0 h; n=3; error bars represent mean + standard error
of the mean (SEM). Data were analyzed by one-way analysis of vari-
ance; *p<0.05. (E) Protein levels of SDS3 in BV2 cells after treat-
ment with 4 pM MG132 or DMSO for 1 h, followed by treatment with
1 pg/mL LPS for 6 h. B-Actin was used as the loading control. (F)

Analysis of SDS3 binding sites on the genome

To further investigate the molecular mechanisms by which
SDS3 regulates inflammatory pathways in microglia, ChIP-
seq was performed to analyze SDS3 binding sites across
the genome. We generated a dataset of SDS3 binding sites

Protein levels of iNOS, COX-2, and IL-1B in BV2 cells transfected
with SDS3 or control siRNA, followed by treatment with 1 pg/mL LPS
for 6 h. B-Actin was used as the loading control. (G) mRNA levels of
SDS3, iNOS, COX-2, and IL-1f in BV2 cells transfected with SDS3
or Control siRNA, followed by treatment with 1 pg/mL LPS for 6 h.
ACTB was used as the reference gene. The Control siRNA group that
was not treated with LPS served as the control; n=3. Error bars rep-
resent mean + SEM. Data were analyzed by Student’s t-test; *p <0.01;
**p<0.01; **¥*p <0.001. (H) Concentrations of nitrite as a measure of
nitric oxide production in the culture medium of BV2 cells transfected
with SDS3 or Control siRNA, followed by treatment with 1 pg/mL
LPS for 24 h, were determined using the Griess Reagent method; n=3.
Error bars represent mean+ SEM. Statistical analysis was performed
using one-way analysis of variance followed by a Tukey’s multiple
comparisons test; *p <0.01. For protein band quantification informa-
tion, please refer to Supplemental Fig. S1

(represented by 13,042 peaks), and the distribution of these
peaks in relation to transcription start sites (TSSs) was
analyzed. SDS3 binding sites were enriched near TSSs,
with more than 80% of peaks located within 1 kb of a
TSS (Supplemental Fig. S2A). After functional annotation
of peaks using ChIPseek [33], the distribution of peaks
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across different gene functional elements was examined.
Most peaks (34.9%) were located in the promoter and TSS
regions, indicating the potential regulatory role of SDS3
(Fig. 2A). To identify SDS3 gene targets, a subset of peaks
located within 1 kb upstream and 0.5 kb downstream of
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TSSs was selected, and the protein-coding genes associated
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8,758 peaks corresponding to 7,624 genes met this criterion
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Fig. 2 Bioinformatic enrichment analyses of differentially expressed
proteins and genes in SDS3-knockdown BV2 cells. (A) Distribu-
tion of SDS3 binding sites in the genome across different gene func-
tional elements. Chromatin immunoprecipitation with sequencing
(ChIP-seq) analysis was performed to detect SDS3 binding sites in
the BV2 cell genome. The ChIPseek platform was used to annotate
the gene functional elements associated with these regions and calcu-
late the percentage of each category. (B) Scatter plot of differentially
expressed proteins in SDS3-knockdown cells. For proteins with >2
unique peptides, differentially expressed proteins were selected based
on a Q value of <0.05 and a fold change of >1.25 or <0.8. Red dots
represent upregulated proteins, blue dots represent downregulated pro-
teins, and gray dots represent unchanged proteins. (C) Gene Ontol-
ogy (GO) enrichment analysis of differentially expressed proteins in
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The term p value was corrected with a Benjamini—Hochberg multiple
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SDS3 is involved in regulating inflammation-related
pathways in microglia

Combined proteomic and transcriptomic analyses can be
used to explore the functional mechanisms of different genes
and reveal specific biological processes. To gain a more
comprehensive understanding of the function of SDS3 in
microglia, a quantitative proteomic analysis was performed
using TMT labeling to identify protein changes in BV2
cells transfected with SDS3 or Control siRNA. Addition-
ally, RNA-seq was used to analyze changes in transcription
between BV25PS3=KD and BV2°t cells.

A total of 8,029 proteins were identified through mass
spectrometry-based analysis, and 7,720 of these proteins
had at least two unique peptides (Supplemental Fig. S2B and
Table S4). Proteins that had at least two unique peptides, a
0 value of <0.05, and a fold change ratio of >1.25 or <0.8
were defined as differentially expressed (siSDS3 DEP). As
shown in Fig. 2B, there were 110 proteins that showed sig-
nificant changes in expression between BV25PS3=KD apd
BV2¢ cells, with 79 proteins upregulated and 31 proteins
downregulated in expression (Fig. 2B and Supplemental
Table S5). GO enrichment analysis was performed on the
differentially expressed proteins. Among the significantly
enriched GO terms related to inflammation was “positive
regulation of interleukin-10 production” (Fig. 2C).

Changes in RNA expression were assessed by RNA-seq,
and 23,997 genes were identified. After multiple testing cor-
rection, 13,195 genes remained for further analysis (Supple-
mental Fig. S2C and Table S6), and genes with an adjusted
pvalue of <0.05 and a fold change of > 1.5 or <0.667 were
defined as differentially expressed (siSDS3 DEG). In total,
331 genes were significantly changed in expression after
SDS3 knockdown, with 144 upregulated and 187 downreg-
ulated (Fig. 2D, Supplemental Table S7). Subsequent GO
enrichment analysis showed significantly enriched terms
related to inflammation, including “neuroinflammatory
response,” “macrophage activation,” and “negative regula-
tion of interleukin-1 beta production” (Fig. 2E).

Our proteomic and transcriptomic results were not com-
pletely consistent, suggesting that post-transcriptional mod-
ifications may occur. However, both sets of results indicate
the involvement of SDS3 in regulating inflammation-related
pathways in microglia.

Identification of downstream genes and regulatory
pathways regulated by SDS3 in microglia

To identify genes regulated by SDS3 in microglia, we com-
pared SDS3 target genes identified by ChIP-seq and dif-
ferentially expressed genes (siSDS3 DEG) and proteins
(siSDS3_DEP) following SDS3 knockdown. In total, 10

genes, including SDS3, were differentially expressed in
both the transcriptomic and proteomic analyses (Fig. 3A)
and were identified as potential SDS3 targets (Table I;
Fig. 3B). 95 genes overlapped between the upregulated
genes in mRNA expression and the SDS3 target genes,
suggesting that SDS3 may inhibit the expression of these
95 genes at the transcriptional level and defining them as
downstream genes regulated by SDS3 (Supplemental Table
S8). Additionally, 56 genes were found to be downregu-
lated in the transcriptomic analysis and overlapped with
the SDS3 target genes, indicating that SDS3 may have a
transcriptional activation role for these genes. Furthermore,
180 genes showed differential expression after SDS3 knock-
down but were not identified as SDS3 target genes, suggest-
ing that their expression may be indirectly influenced by
SDS3 (Supplemental Fig. S3).

ChIP-seq identified SDS3 target genes, and siSDS3
DEP were labeled on the GO enrichment analysis results
of siSDS3 DEG (Fig. 3C). Genes that were increased in
expression that were related to neuroinflammation, includ-
ing Ptgs2 (also known as COX-2, prostaglandin G/H
synthase 2) and 7/r6 (Toll-like receptor 6), as well as the
downregulated gene Ffar4 (free fatty acid receptor 4) are
all SDS3 target genes. Among them, COX-2 and T/r6 were
transcriptionally inhibited by SDS3. IL-1f and iNOS were
not identified as SDS3 target genes, suggesting that their
regulation by SDS3 may be indirect. Our proteomic results
showed that the change in COX-2 protein expression due to
SDS3 knockout (COX-2 ratio of 1.2) did not reach statistical
significance. Similarly, in untreated BV2 cells, due to the
low basal expression level of COX-2, no significant changes
in COX-2 expression were observed between BV2°™ and
BV2SPS3-KD cells (Fig. 1F and G). However, after LPS
induction, COX-2 expression changed significantly, sug-
gesting that the expression of COX-2 is regulated not only
by SDS3 through negative regulation but also by other regu-
latory mechanisms.

Further analysis of the data in Fig. 3C revealed that
SDS3 downstream genes, including Map3k5, Met, and Xdh,
are involved in the regulation of the p38 MAPK signaling
cascade. The corresponding protein levels of mitogen-acti-
vated protein kinase kinase kinase 5 (MAP3K5) and xan-
thine dehydrogenase/oxidase (XDH) were also significantly
upregulated (Table 1; Fig. 3B). The p38 MAPK signaling
pathway can be activated by various stimuli, both inside and
outside the cell, and it is a key signaling pathway involved
in the regulation of inflammatory responses [34, 35]. XDH
plays a critical role in purine degradation and can influ-
ence cell activity by regulating the production of reactive
oxygen species [36]. MAP3KS5, also known as apoptosis
signal-regulating kinase 1 (ASK1), is one of the upstream
kinases of p38 MAPK. ASK1 can be activated by a range
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Fig.3 Analysis of downstream pathways regulated by SDS3. (A) Venn
plot illustrating the overlap of genes identified by chromatin immuno-
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from RNA-sequencing analysis (siSDS3_DEG), and differentially
expressed proteins from proteomic analysis (siSDS3 DEP). (B) Heat
map presenting the relative ratios of the 10 overlapped genes (in terms
of protein names) from RNA-sequencing and proteomic data, along

of intracellular and extracellular stimuli and, through signal
transduction, activates the downstream p38 MAPK signal-
ing pathway. SDS3 may regulate the expression of genes
related to the p38 MAPK signaling pathway and thereby
modulate inflammatory responses.
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SDS3 regulates the activation of p38 MAPK

Activation of p38 MAPK can be assessed by the phos-
phorylation of Thr180 and Tyr182 (referred to as p-p38). In
BV2 cells, SDS3 knockdown was performed, and changes
in p-p38 before and after LPS treatment were examined. In
the absence of LPS treatment, SDS3 knockdown led to an
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Table 1 Ten overlapping genes identified from RNA-seq, proteomic, and ChIP-seq data

Gene Ensembl Gene Accession Description T™MT RNA-seq Distance Annotation
Name log2 ratio log2 fold toTSS
change (kb)
Galnt7 ENSMUSG00000031608 Q80VAO N-acetylgalactosaminyltransferase ~ 0.52 0.80 0.349 intron
7 (NR_040698,
intron 1 of 3)
Histlhlc ENSMUSG00000036181 P15864 Histone H1.2 -0.42 -1.22 0.170  exon
(NM_015786,
exon 1 of 1)
Suds3 ENSMUSG00000066900 Q8BR65 Sin3 histone deacetylase corepres- -0.59 -1.18 0.105 5’UTR
sor complex component SDS3 (NM_178622,
exon 1 of 12)
Map3k5 ENSMUSGO00000071369 035099 Mitogen-activated protein kinase 0.36 0.69 -0.116  promoter-TSS
kinase kinase 5 (NM_008580)
Xdh ENSMUSG00000024066 Q00519 Xanthine dehydrogenase/oxidase 0.36 0.62 -0.871 promoter-TSS
(NM_011723)
Gchl ENSMUSG00000037580 Q05915 GTP cyclohydrolase 1 0.53 0.68 0.364 exon
(NM_008102,
exon 1 of 6)
Taldol ENSMUSG00000025503 Q93092 Transaldolase 0.60 1.13 0.163 intron
(NM_011528,
intron 1 of 7)
Hmga2  ENSMUSG00000056758 P52927 High mobility group protein 0.35 0.68 0.320 5°’UTR
HMGI-C (NM_010441,
exon 1 of 5)
Trip10 ENSMUSG00000019487 Q8CJ53 Cdc42-interacting protein 4 0.34 0.82 0.114 exon
(NM_134125,
exon 1 of 14)
Relb ENSMUSG00000002983 Q04863 Transcription factor RelB 0.36 0.72 0.101 5’UTR
(NM_009046,

exon 1 of 11)

upregulation in p-p38 compared with that observed in the
control group (Control siRNA). After LPS treatment, there
was a significant increase in p-p38 in microglia, and SDS3
knockdown further enhanced this process, resulting in the
highest level of p-p38. This suggests that SDS3 knockdown
promotes activation of the p38 MAPK pathway in microglia.

SB203580 is an inhibitor of p38 MAPK kinase activ-
ity that negatively regulates the p38 MAPK signaling
pathway and its downstream effects. We treated BV2 cells
with SB203580 or DMSO followed by LPS and assessed
the expression of inflammatory factors by Western blot-
ting. Inhibiting p38 MAPK activity resulted in decreased
expression of LPS-induced inflammatory factors (Fig. 4B
and Supplemental Fig. S4A, quantitative bar graph), indi-
cating that the p38 MAPK signaling pathway can regulate
the LPS-induced inflammatory response in microglia.

SDS3 regulates the expression of ASK1

To validate the transcriptional regulation of ASK1 by SDS3,
three primer pairs were designed in the ASK/ promoter
approximately 0, 500, and 800 bp upstream of the first exon.
ChIP experiments were then conducted in BV2 cells using
anti-SDS3 or IgG control antibody to enrich DNA fragments

bound by SDS3 and assess the DNA content of the ASK/
promoter by qPCR, thereby determining the ability of SDS3
to bind the ASK promoter. Pulldown with anti-SDS3 dem-
onstrated enrichment of the ASK/ promoter region com-
pared with pulldown with IgG control (Fig. SA), indicating
that SDS3 can bind to the ASK/ promoter. SDS3 knock-
down was then performed in BV2 cells, and the expression
of ASK1 was examined. Consistent with the proteomic and
RNA-seq results, SDS3 knockdown resulted in a significant
upregulation in ASK1 expression (Fig. 5B), indicating that
SDS3 knockdown can enhance the expression of ASK1 in
microglia, thus confirming 4SK/ as a downstream gene that
is negatively regulated by SDS3.

In addition, SDS3 forms a complex with HDACI in
microglia (Fig. 1A), and ChIP-qPCR experiments showed
that the ASK7 promoter region is enriched following pull-
down with anti-HDACT1 (Fig. 5C). Similarly, knockdown
of HDACI in BV2 cells also increased ASK1 expression
(Fig. 5D). These results suggest that HDACI also binds to
the ASK promoter region, indicating that SDS3 may inhibit
the expression of ASK1 by forming the Sin3/HDAC tran-
scriptional co-repressor complex.
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Fig. 4 SDS3 knockdown enhances lipopolysaccharide (LPS)-induced
p38 MAPK activation. (A) BV2 cells transfected with SDS3 or Con-
trol siRNA were treated with 1 pg/mL LPS for 1 h to assess p38
phosphorylation. The Control siRNA group served as the control
group; n=3. Error bars represent mean+ SEM. Data were analyzed
by Student’s t-test; *p < 0.05. (B) BV2 cells were treated with 20 uM

ASK1 regulates microglial inflammatory processes
through the p38 MAPK signaling pathway

ASK1, as an upstream kinase of the p38 MAPK, plays a
crucial role in regulating the inflammatory response in
microglia. To investigate the role of ASK1 in inflamma-
tion, ASK! was knocked out using CRISPR-Cas9 technol-
ogy in BV2 cells (BV2ASKI=KO; Fig 6A). Compared with
normal cells (BV2WT), p-p38 was significantly decreased in
BV2ASKI=KO cells (Fig. 6B). After LPS stimulation, p-p38
levels were significantly increased in both cell groups; how-
ever, p-p38 was lower in BV248K1=KO cells than in BV2WT
cells (Fig. 6B). Following LPS stimulation, the expression
of iNOS, COX-2, and IL-1P was significantly upregulated
in both BV2WT and BV2ASKI-KO (ells compared with
untreated cells; however, expression in BV2ASKI=KO ¢ejjg
was lower than in BV2WT cells (Fig. 6C and D and Sup-
plemental Fig. S4B, quantitative bar graph). Accordingly,
BV2WT and BV2ASKI-KO ¢efls exhibited an increase in
nitric oxide production after LPS treatment; however, nitric
oxide production in BV2ASK1=KO ¢ells was lower than in
BV2WT cells (Fig. 6E). Together, these results suggest that
knocking out ASK! can partially inhibit activation of p38
MAPK induced by LPS, thereby reducing the expression
of the inflammatory factors iNOS, COX2, and IL-1p and
inhibiting nitric oxide production in microglia.

ASK1 knockout affects the regulation of SDS3 and
the inflammatory response

LPS stimulation downregulates SDS3 expression (Fig. 1),

and knockdown of SDS3 can upregulate the expres-
sion of LPS-induced inflammatory factors (Fig. 2). To
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SB203580 (p38 MAPK inhibitor) or DMSO for 1 h, followed by treat-
ment with 1 pg/mL LPS for 6 h, and protein levels of iNOS, COX-2,
and IL-1P were measured. B-Actin was used as the internal reference
protein. For protein band quantification information, refer to Supple-
mental Fig. S4A

investigate whether ASK/ knockout affects the regula-
tion of SDS3 and the expression of inflammatory fac-
tors, BV2ASKI=KO 514 BV2WT cells were transfected with
SDS3 siRNA (SDS3-KD) or Control siRNA (ctrl). After
6 h of LPS treatment, compared with the control group
(BV2WT+eth - the expression of SDS3 was significantly
downregulated in BV2WT+SDS3=KD ¢eflg  indicating suc-
cessful knockdown of SDS3 expression (Fig. 7A and B).
Moreover, the expression of COX-2 and IL-1p was signifi-
cantly upregulated in BV2WTTSPS3-KD celis compared to
in BV2WT+etl cells, indicating that knocking down SDS3
significantly increases the expression of COX-2 and IL-1B
in BV2WT+SDS3=KD ¢els (Fig. 7A and B). In BY2ASKI—KO
cells, after LPS treatment, SDS3 expression was similarly
decreased in BV2ASKI —KO + SDS3-KD . 4 py79ASKI —KO + ctrl
cells. However, because of a lack of ASK 1 in these cells, there
were no significant changes in the expression of COX-2 and
IL-1p between BV2ASK! ~KO+SDS3-KD 5§ gy ASKI KO+ cul
cells even after LPS stimulation (Fig. 7A and B and Supple-
mental Fig. S4C, quantitative bar graph). These results indi-
cate that knocking out ASK/ affects the regulation of SDS3
on the expression of inflammatory mediators. Additionally,
the regulation of microglial inflammation by SDS3, to some
extent, depends on its inhibition of the downstream gene
ASK1.

Discussion

LPS is a major component of the outer membrane of
Gram-negative bacteria and is one of the most extensively
studied ligands for TLR4, a typical pattern recognition
receptor involved in initiating infectious and noninfectious
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Fig. 5 Regulation of ASK1 expression by SDS3 and HDACI. (A)
Binding of SDS3 to the promoter region of 4SKI. ChIP experiments
were performed using anti-SDS3 or negative-control IgG on chroma-
tin fractions from formaldehyde cross-linked BV2 cells. Quantitative
PCR (qPCR) analysis was conducted to assess the binding of SDS3 to
the promoter region of 4SK /. Results are presented as a percentage of
input. IgG was used as the control group; n=3. Error bars represent
mean + SEM. Data were analyzed by Student’s t-test; **p <0.01. (B)
Upregulation of ASK1 expression after SDS3 knockdown. BV2 cells
were transfected with SDS3 or Control siRNA, and changes in SDS3
and ASK1 mRNA and protein expression were measured. 3-Actin
was used as the internal reference. The Control siRNA group served
as the control group; n=3. Error bars represent mean+ SEM. Data
were analyzed by Student’s t-test; *p <0.05; **p <0.01; ***p <0.001.

inflammatory responses [37, 38]. TLR4 is expressed in neu-
rons and glia in the central nervous system, with the high-
est expression levels observed in microglia [16, 39]. LPS
can activate microglia, leading to the production of proin-
flammatory cytokines and inflammatory mediators, such
as nitric oxide, which can cause neuronal dysfunction and
death [40, 41]. Therefore, LPS is widely used in molecular
studies investigating microglial activation and neuroinflam-
mation related to neurodegeneration [31, 42, 43].

In this study, we validated that SDS3 interacts with Sin3A
and HDACI1 proteins in microglia (Fig. 1A) and found that
the expression of SDS3 was decreased after LPS stimula-
tion, and this decrease was not the result of proteasomal
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(C) Binding of HDACI to the ASK! promoter. ChIP experiments were
performed using anti-HDACT1 or negative-control IgG on chromatin
fractions from formaldehyde cross-linked BV2 cells. qPCR analysis
was conducted to assess the binding of HDACI to the ASK/ promoter
region. Results are presented as a percentage of input. IgG was used
as the control group; n=3. Error bars represent mean+ SEM. Data
were analyzed by Student’s t-test; *p <0.05; **p <0.01. (D) Upregu-
lation of ASK1 expression after HDAC1 knockdown. BV2 cells were
transfected with HDAC1 or Control siRNA, and changes in HDAC1
and ASK1 mRNA and protein expression were measured. $-Actin was
used as the internal reference. The Control siRNA group served as the
control group; n=3. Error bars represent mean + SEM. Data were ana-
lyzed by Student’s t-test; *p <0.05; **p <0.01; ***p < 0.001

degradation (Fig. 1B-E). Other components of the Sin3/
HDAC complex did change in expression. Contradictory
data exist regarding the role of HDAC1/2 in inflammation
[44—47]. This may be due to the lack of specificity of the
HDAC inhibitors used, which cannot precisely regulate the
activity of HDAC1/2. Alternatively, HDAC1/2 can form
various complexes and exert complex regulatory functions.
Similarly, Sin3A, as a scaffold protein of the complex,
participates in the formation of the Sin3/HDAC complex
and also interacts with various components of histone
modification complexes and transcription factors, exhibit-
ing complex gene regulatory functions [48]. As SDS3 is
a regulatory subunit of the Sin3/HDAC complex, it can
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Fig. 6 ASK1 knockout inhibits LPS-induced p38 MAPK activation
and downregulates the expression of LPS-induced inflammatory fac-
tors. (A) Protein expression levels of ASK1 in ASK/-knockout mono-
clonal cells (4SK/-KO) and control cells (WT). (B) Inhibition of LPS-
induced p38 MAPK activation by 4SK! knockout. ASK7-KO and WT
BV2 cells were treated with 1 pg/mL LPS for 1 h, and p38 phosphory-
lation was detected. Statistical analysis was performed on the relative
levels of p38 phosphorylation, with the WT group (untreated with
LPS) as the reference group; n=3. Error bars represent mean+ SEM.
Data were analyzed by Student’s t-test; **p<0.01. (C) Downregu-
lation of inflammatory factor gene expression after ASK/ knockout.
ASK1-KO and WT BV2 cells were treated with 1 pg/mL LPS for 6 h,
and the mRNA levels of iNOS, COX-2, and IL-1B were measured.
ACTB was used as the reference gene, with the untreated WT BV2
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as the reference group; n=3. Error bars represent mean+ SEM. Data
were analyzed by Student’s t-test; *p <0.05; ***p <0.001. (D) Down-
regulation of inflammatory factor protein expression by 4SK/ knock-
out. ASK1-KO and WT BV2 cells were treated with 1 pg/mL LPS for
6 h, and the protein levels of iINOS, COX-2, and IL-1 were measured.
Protein band quantification information can be found in Supplemental
Fig. S4B. (E) Reduction of nitric oxide generation by ASK/ knockout.
ASKI-KO and WT BV2 cells were treated with 1 pg/mL LPS for 24 h,
and the concentration of nitrite in the culture medium was measured
using the Griess Reagent method to assess nitric oxide production;
n=3. Error bars represent mean+SEM. Data were analyzed by one-
way analysis of variance and a Tukey’s multiple comparisons post hoc
test; *p<0.05
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Fig.7 Analysis of SDS3 regulation of the inflammatory response after
ASK1 knockout. (A) In ASKI-KO cells, SDS3 no longer regulates the
transcription of inflammatory factors. ASK/ KO and WT BV2 cells
were transfected with SDS3 or Control siRNA, followed by treatment
with 1 pg/mL LPS for 6 h. The mRNA expression levels of SDS3,
COX-2, and IL-1p were measured, and ACTB was used as the internal
reference gene. WT BV2 cells transfected with Control siRNA repre-
sents the control group; n=3. Error bars represent mean+ SEM. Data
were analyzed by Student’s t-test; *p < 0.05; **p <0.01; ***p <0.001.

mediate the simultaneous deacetylation of distantly located
nucleosomes by forming dimers and increase the chroma-
tin anchoring ability of the complex by binding to DNA,
which is necessary for the integrity and catalytic activity of
the Sin3/HDAC complex [26]. SDS3 may act as a “switch”
molecule, mediating flexible regulation of the recruitment
sites and catalytic activity of the complex. Previous reports
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(B) After knocking out ASK/, SDS3 no longer regulates the protein
expression of inflammatory factors. 4SK/-KO and WT BV2 cells were
transfected with SDS3 or Control siRNA, followed by treatment with
1 pg/mL LPS for 6 h. The protein levels of SDS3, COX-2, and IL-1
were measured. “Long exp” indicates a long exposure of the same
band. Protein band quantification information can be found in Supple-
mental Fig. S4C. (C) Schematic of the molecular mechanism of SDS3
regulation in the microglial inflammatory response

have shown that the expression of regulatory subunits can
modulate the function of histone modification complexes
[49]. Compared with Sin3A and HDACI, SDS3 has a sim-
pler and more specific molecular interaction in the complex.
Therefore, interfering with SDS3 to explore the function of
the Sin3/HDAC complex in the inflammatory response is
more specific and straightforward.
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In macrophages, the Sin3A/HDAC complex can inhibit
the expression of proinflammatory genes by binding to
their promoter regions, thus suppressing the inflamma-
tory response [23, 24]. Here, we demonstrated that knock-
ing down SDS3 in BV2 cells can promote the expression
of LPS-induced inflammatory factors (iNOS, COX-2, and
IL-1pB) and the release of nitric oxide (Fig. 1F-H). By inte-
grating transcriptomic and proteomic data and conducting
bioinformatic analyses, we explored changes in mRNA and
protein profiles in SDS3-knockdown microglia. Based on
a clustering analysis of differentially expressed genes and
proteins, we hypothesized that SDS3 is involved in regu-
lating biological processes related to microglial inflamma-
tion (Fig. 2C and E), and our results support this hypothesis.
ChIP-seq analysis combined with transcriptomics identified
genes potentially regulated by SDS3 (Supplemental Table
S8). Analysis of the biological pathways in which these
downstream genes are involved revealed the participation of
SDS3-regulated genes in the p38 MAPK signaling pathway
(Fig. 3C). Subsequent experiments in BV2 cells showed
that knocking down SDS3 can upregulate p-p38, suggesting
activation of the p38 MAPK signaling pathway. LPS stim-
ulation increased p-p38 in BV2 cells, and knocking down
SDS3 further enhanced this phosphorylation (Fig. 4A), con-
firming the negative regulation of SDS3 on the p38 MAPK
signaling pathway. These findings indicate that SDS3 plays
an important role in regulating the inflammatory response
through modulation of the p38 MAPK signaling pathway.

MAPKSs are a group of serine and threonine kinases that
can translate extracellular stimuli into a series of intracellular
responses. Activated p38 MAPK can phosphorylate a range
of nuclear and cytoplasmic proteins primarily involved in
gene transcription regulation [50, 51]. The p38 MAPK sig-
naling pathway is rapidly activated in response to various
stress conditions, such as oxidative stress, osmotic stress,
endoplasmic reticulum stress, and inflammatory stimuli, and
it regulates cellular processes to adapt to these stimuli [52].
Inhibiting p38 activity reduces the production of IL-8 under
osmotic stress [53] and IL-6 under TNFa stimulation [54].
In addition, inhibiting p38 activity hinders the expression
of COX-2 in macrophages stimulated by LPS [55], and in
p38-deficient macrophages, the production of TNFa, IL-12,
and IL-18 induced by LPS is reduced [56], indicating that
inhibiting p38 MAPK activity can decrease the production
of inflammatory factors. In microglia, LPS can activate the
p38 MAPK signaling pathway and promote the production
of TNFa, IL-1B, and nitric oxide [57, 58]. Additionally, the
AB25-35 fragment activates the p38 MAPK signaling path-
way and induces the generation of IL-1f and nitric oxide
in microglia, whereas fibrillar AB1-42 induces the produc-
tion of TNFa and IL-1B through the p38 MAPK pathway
[59]. Following ischemic brain injury, disruption of the
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blood—brain barrier and neuronal cell death lead to the expo-
sure to substances in blood vessels and within brain cells,
which can activate microglia and trigger p38 MAPK path-
way activation, leading to the production of inflammatory
factors [60—62]. Therefore, under pathological conditions,
such as ND and brain injury, activation of the p38 MAPK
signaling pathway in microglia promotes neuroinflamma-
tion and exacerbates disease progression. Our experiments
also confirmed that inhibiting p38 MAPK activity in BV2
cells decreases the expression of LPS-induced inflammatory
factors (Fig. 4B), validating the regulatory role of the p38
MAPK pathway in the inflammatory response.

Our analysis revealed that ASK/ and XDH, the down-
stream genes of SDS3, are involved in regulating the p38
MAPK signaling pathway. We observed that the expression
of ASK1 and XDH was upregulated in BV25PS3 =KD cejls
(Fig. 3B; Table 1). ASK1 is a MAP3K protein that directly
phosphorylates MKK3/MKKG6, which are specific MAP2Ks
of the p38 MAPK family. MKK3/MKK®, in turn, directly
phosphorylate the threonine and tyrosine residues of the
Thr-Gly-Tyr motif, activating the downstream p38 signal-
ing pathway and participating in the regulation of inflam-
matory responses under various stimuli [63, 64]. The kinase
activity and abundance of ASK1 are regulated by multiple
mechanisms, with previous studies primarily focusing on
post-translational modifications and protein degradation
[65—69]. Less is known about the regulatory mechanisms
of ASK1 expression. Among the known proteins that regu-
late ASK1 expression, E2F1, KLF5, and HNF40 promote
expression, whereas BRG1 inhibits it [66, 67, 70, 71]. Our
ChIP-qPCR experiments demonstrated that both SDS3
and HDAC can bind to the ASK/ promoter, and knocking
down SDS3 or HDAC can promote the expression of ASK1
(Fig. 5). This suggests that SDS3 inhibits the expression of
ASKI1 through the formation of transcriptional complexes
in microglia. These findings reveal new proteins involved in
the regulation of ASK1 expression.

ASKI is involved in the activation of signaling path-
ways, including the NF-kB and MAPK signaling pathways,
which are mediated by TLRs, and plays a role in the natural
immune response, including inflammation. For example, in
splenocytes and dendritic cells from ASK/-knockout mice
stimulated with the TLR4 ligand LPS, the production of
proinflammatory cytokines, such as TNFa, IL-6, and IL-1p,
was reduced, and activation of the p38 MAPK pathway was
inhibited [72]. Similarly, in 293T cells overexpressing the
TLR2 receptor, activation of the p38 MAPK signaling path-
way was observed after ligand stimulation, whereas overex-
pression of a dominant-negative form of ASK1 significantly
inhibited activation of the p38 MAPK signaling pathway
[73]. Consistently, macrophages overexpressing the domi-
nant-negative form of ASK1 showed a significant reduction
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in TNFa and IL-6 production after TLR2 ligand stimula-
tion [74, 75]. These studies suggest that ASK1 mediates
inflammation through the p38 MAPK signaling pathway.
Additionally, experiments in 4SK/-knockout mice showed
that ASK1 promotes inflammatory responses in diseases
such as allergic asthma, rheumatoid arthritis, drug-induced
liver injury, and contact hypersensitivity [76]. In microglia,
ASKI1 is involved in regulating cellular responses to various
external stimuli. For example, microglia from ASK/-knock-
out mice showed reduced production of TNFa and iNOS
after LPS stimulation [77]. In the brains of ASK1-deficient
mice, decreased activation of microglia and reduced levels
of TNFa, IL-6, and IL-1p were observed following brain
ischemia. Similarly, knocking down ASK/ in BV2 cells
led to a decrease in proinflammatory cytokine production
induced by oxygen-glucose deprivation [78]. Stimulation
with high glucose induced upregulation of ASK1 expres-
sion in BV2 cells, and inhibition of ASK1 activity resulted
in decreased expression of TNFa and IL-6 induced by high
glucose [79]. Furthermore, ASK1 promotes cobalt proto-
porphyrin-induced COX-2 expression in BV2 cells [80].
These studies collectively indicate that ASK1 is involved in
promoting inflammatory responses in microglia after stimu-
lation by various factors.

Our experiments revealed that knocking out ASK/ in
BV2 cells leads to a decrease in p-p38 and inhibition of the
expression of LPS-induced inflammatory factors (Fig. 6),
indicating that ASK1 can mediate LPS-induced inflamma-
tory responses through the regulation of the p38 MAPK sig-
naling pathway, which is consistent with previous findings.
In BV2 ASK-knockout cells, knocking down SDS3 expres-
sion did not affect the expression of certain LPS-induced
inflammatory factors (Fig. 7), further suggesting that ASK 1
is a necessary downstream protein for the inflammatory
regulatory role of SDS3.

In summary, we discovered that LPS stimulation down-
regulates the expression of the transcriptional co-repressor
SDS3 in microglia, and SDS3 regulates the activation of
the p38 MAPK signaling pathway through the modulation
of the upstream kinase ASK1, thereby modulating LPS-
induced inflammatory responses in microglia (Fig. 7C). It
is worth noting that SDS3 does not possess specific DNA-
binding activity, and its recruitment to the genome depends
on sequence-specific transcription factors such as FOXK1
[81]. Further studies are needed to investigate the specific
transcription factors that can bind to the ASK/ promoter
region and the involvement of other coacting histone-modi-
fying enzymes in the regulation of ASK/ expression.

Conclusion

Neuroinflammation is a stress response in the central ner-
vous system that helps maintain homeostasis. Excessive
and persistent neuroinflammation leads to neuron death and
contributes to the pathogenesis of various NDs. Microglia
play a crucial role in maintaining central nervous system
homeostasis. Excessive and sustained neuroinflammation
mediated by microglia leads to neuron dysfunction and
death, which is closely associated with the pathogenesis of
various NDs. The Sin3/HDAC complex is a classic multi-
protein complex in mammals that is primarily involved in
transcriptional repression through its deacetylase activity.
SDS3 is a core component of the Sin3/HDAC complex and
is essential for maintaining complex integrity and deacety-
lase activity. Through a series of experiments and ‘omics
analyses, we validated that downregulation of SDS3 can
promote the expression of the upstream kinase ASK1, acti-
vate the p38 MAPK signaling pathway, and subsequently
enhance LPS-induced inflammatory responses in microg-
lia. We provide important evidence of the contributions of
SDS3 toward microglial inflammation, thereby extending
the inhibitory role of the Sin3/HDAC complex to inflam-
mation in microglia. Importantly, our findings highlight the
crucial role of SDS3 in this regulatory function and provide
new insights into the biological function of SDS3 and the
regulatory mechanisms of microglial inflammation.
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