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CMPK2 promotes microglial
activation through the cGAS-STING
pathway in the neuroinflammatory
mechanism

Feng Gao'™, Zijian Zheng?*’, Xinjie Liu? & Jianwei Li?

The activation of microglia and the resulting neuroinflammation play crucial regulatory roles in the
pathogenesis and progression of neurological diseases, although the specific mechanisms remain
incompletely understood. Cytidine monophosphate kinase 2 (CMPK2) is a key mitochondrial nucleotide
kinase involved in cellular energy metabolism and nucleotide synthesis. Recent studies suggest

that CMPK2 plays a role in microglial-mediated neuroinflammation; however, its specificimpact on
microglial activation remains unclear. In this study, we hypothesize that CMPK2 promotes microglial-
mediated neuroinflammation by activating the cGAS-STING signaling pathway. To investigate this
mechanism, we employed lipopolysaccharide (LPS)-treated microglial cells to investigate the detailed
mechanisms by which CMPK2 regulates neuroinflammation. Our experimental results indicate that in
the BV2 and mouse primary microglial neuroinflammation model, both CMPK2 protein and transcript
levels were significantly elevated, accompanied by microglial activation phenotypes such as increased
cell size, shortened processes, transformation to round or rod-like shapes, and elevated CD40
expression. Concurrently, there was an increase in pro-inflammatory cytokine levels and a decrease in
anti-inflammatory cytokine levels. Further investigation revealed that in the microglial, the expression
of cGAS and STING was elevated, along with an increase in oxidative products and inflammatory
responses. CMA stimulation further intensified these changes, while cGAS knockdown mitigated
them. Finally, we demonstrated that cGAS knockdown inhibited the oxidative stress, cell activation-
related changes, and neuroinflammatory responses induced by CMPK2 overexpression in the BV2
neuroinflammation model. Molecular docking experiments showed that CMPK2 stably binds to cGAS
at the protein level. These findings suggest that the cGAS-STING pathway mediates CMPK2-induced
microglial activation. In summary, our study demonstrates that LPS-induced CMPK2 overactivity
promotes microglial activation and neuroinflammatory through the cGAS-STING pathway.
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Microglia are resident macrophage-like immune cells in the brain, often referred to as the “first line of defense”
of the central nervous system, playing a pivotal role in maintaining neural homeostasis and responding to
pathological stimuli'=. Under physiological conditions, microglia primarily exist in a resting state, secreting
anti-inflammatory cytokines and neurotrophic factors to promote neural repair, tissue regeneration, and the
maintenance of the central nervous systems homeostasis. However, under pathological conditions, microglia
are rapidly activated and undergo phenotypic transitions to distinct functional states, among which M1-
activated microglia exhibit neurotoxic effects?, whereas resting microglia are more involved in tissue repair. This
phenotypic transition mechanism makes microglia indispensable in regulating neuronal functions®.

In recent years, studies have shown that microglial activation is closely associated with the onset and
progression of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, as well as
stroke>®. In particular, during stroke, neuroinflammation has been widely recognized as a critical factor in its
initiation and progression. When brain tissue experiences ischemic or hemorrhagic injury, microglia are rapidly
activated, triggering neuroinflammatory responses that can persist for several days or even longer. Activated
microglia respond swiftly to ischemic or hemorrhagic damage by releasing pro-inflammatory cytokines such
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as tumor necrosis factor-a (TNF-a), interleukin-1B (IL-1f), and nitric oxide (NO), directly influencing the
pathological progression of stroke’'2. Furthermore, activated microglia exhibit macrophage-like functions,
including the phagocytosis of cellular debris and foreign microorganisms, as well as the secretion of cytokines
and matrix metalloproteinases (MMPs). These substances not only compromise the integrity of the blood-brain
barrier but also exacerbate inflammatory responses and tissue damage, thereby accelerating the progression
of stroke and other related diseases'*>~1>. Therefore, an in-depth investigation into the molecular mechanisms
underlying microglial-mediated neuroinflammation is essential for uncovering the fundamental pathological
processes of central nervous system diseases.

CMPK2 (cytidine monophosphatekinase 2) isakey mitochondrial nucleotide kinaseinvolved in cellular energy
metabolism and nucleotide synthesis!®-!8. The study of CMPK2 in inflammation-related diseases has garnered
increasing attention. Previous studies have demonstrated that CMPK2 plays a crucial role in inflammatory
activation, particularly in response to viral infections. Inhibiting CMPK2 has been shown to significantly reduce
synovial inflammation and cartilage damage, effectively slowing the progression of inflammation!'®-2!. During
stroke, ischemia and reperfusion injury lead to metabolic dysregulation and inflammatory responses in brain
tissue, with CMPK2 playing a critical role in this process. First, CMPK2 promotes mitochondrial DNA synthesis
and repair, maintaining mitochondrial function and cellular energy metabolism, which may be crucial for post-
ischemic brain tissue recovery. Additionally, upregulation of CMPK2 expression can initiate mtDNA synthesis
in LPS-induced immune cells, triggering inflammasome-mediated inflammatory responses®>. AAV-mediated
microglial/macrophage CMPK2 gene knockout or the use of dehydroabietic acid to inhibit CMPK2 reduces
neuroinflammation and improves ischemic injury, suggesting its potential as a therapeutic target for neurological
diseases”>. CMPK2 not only plays a role in neuroinflammation but also shows potential in neuroprotection.
Some studies suggest that regulating CMPK2 expression and activity can reduce neuronal damage. For example,
techniques based on gene silencing or pharmacological interventions to lower CMPK2 activity may improve
central neuron survival'®. Despite significant progress in the study of CMPK2 in neuroinflammation, the specific
mechanisms involved require further exploration.

The cGAS-STING signaling pathway, as a novel and crucial immune signaling mechanism, is closely linked
to neuroinflammatory responses?*?>. The mechanism of this pathway has been well characterized. Upon
binding to intracellular or extracellular DNA, cGAS catalyzes the synthesis of cGAMP from ATP and GTP.
Acting as a second messenger, cGAMP binds to STING, triggering a conformational change that activates
STING and promotes its translocation from the endoplasmic reticulum to the Golgi apparatus. This activation
subsequently induces the expression of interferons (IFNs) and pro-inflammatory cytokines such as TNF-a and
IL-6, thereby amplifying the host immune response against pathogens®®. Thus, the cGAS-STING pathway may
play a significant role in microglial-mediated neuroinflammation. Studies have shown that in herpes simplex
encephalitis (HSE), microglia can be activated through the cGAS-STING pathway, leading to IFN production
and initiating antiviral defense mechanisms. Mice lacking cGAS are more susceptible to HSV-1 infection?’.
In chronic neurodegenerative conditions, the activation of the cGAS-STING pathway and elevated cytokine
levels often coexist?®?. Therefore, the cGAS-STING pathway may play a crucial role in microglial-mediated
neuroinflammation, but its involvement in CMPK2-mediated neuroinflammation remains unclear. It is known
that cytosolic mtDNA is a classical activator of cGAS?**, and abnormal activation of CMPK2 is associated with
mtDNA release. However, whether it induces microglial-mediated neuroinflammation through the activation of
the cGAS-STING pathway has not been reported.

Therefore, This study aims to comprehensively investigate the specific molecular mechanisms by which
CMPK2 activates microglial-mediated neuroinflammation through the cGAS-STING pathway, thereby
elucidating its central role in microglial-mediated neuroinflammation within the central nervous system.
Specifically, by regulating CMPK2 and its downstream signaling pathways, it may be possible to mitigate
pathological inflammatory responses caused by aberrant microglial activation, thereby reducing neuronal
damage, promoting functional recovery, and providing foundational theoretical guidance for the treatment of
neurological diseases.

Methods

Cell culture and treatment

BV2 microglial cell were purchased from Fuheng Biotechnology Co., Ltd. (Shanghai, China) and utilized to
establish a neuroinflammation cell model. The cells were cultured in DMEM/DF12 medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin, maintained in a humidified incubator at 37 °C with 5%
CO2. microglial-mediated neuroinflammation was induced using 1 ug/ml LPS (Sigma-Aldrich, Cat. No. L5293).
Additionally, BV2 activation of the cGAS-STING signaling pathway was induced using 100 ug/ml CMA, A small
molecule drug capable of highly and specifically activating the cGAS-STING signaling pathway. (Sigma- Aldrich,
Cat. No. 17927)3",

Mouse primary microglial cultures

We extracted primary microglial cells from 1-3-day-old C57BL/6 mice. First, the whole brain tissue was isolated
and the meninges were carefully removed. The brain tissue was then minced and digested with trypsin at
37 °C in a 5% CO; incubator. The digested tissue was passed through a 70 pm nylon mesh to remove large
debris. Subsequently, a single-cell suspension was prepared by repeated pipetting, followed by density gradient
centrifugation to remove non-cellular components, resulting in a mixed glial cell suspension. The suspension was
plated into culture flasks containing DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. The cells were cultured at 37 °C in a 5% CO, incubator for 7-10 days, with regular
medium changes to maintain cell viability. Once the mixed glial cell culture reached confluence, microglial cells
were isolated using the shake-off method. Specifically, the flasks were shaken at 200 rpm at 37 °C for 2 h. The
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culture supernatant containing microglial cells was collected, centrifuged, and resuspended to obtain highly
purified microglial cells. These microglial cells were then used for subsequent analyses and experiments®>%.
This study was approved by the Ethical Committee for Animal Experiments at The First Affiliated Hospital
of Nanchang University and conducted in accordance with the “Guidelines for Ethical Review of Welfare of
Laboratory Animals in China” (2018/09) and the “Guide for the Care and Use of Laboratory Animals” All
procedures were performed in compliance with the ARRIVE guidelines.

Transfection

To overexpress/knockdown CMPK2 and knockdown cGAS in BV2 cells, we obtained the CMPK2 (NM_207315)
Human Tagged ORF clone (RC218794), CMPK2 Human siRNA Oligo Duplex (SR315070), and Human cGAS
shRNA Plasmid Kit (TL305813) from OriGene Technologies (Rockville). Concurrently, the pPCMV6-Entry
Mammalian Expression Vector (Rockville) was acquired from OriGene Technologies(Rockville) as a control
plasmid. One day before transfection, BV2 cells were seeded in 6-well plates at a density of 1x 10A5 cells per
well. The following day, cells were transfected. The old medium was replaced with medium containing the
overexpression plasmid, and transfection reagents were added according to the Lipofectamine 2000 kit protocol
(Invitrogen). After thorough mixing, the medium was incubated with the cells, and transfection efficiency was
assessed by Western blot>.

Western blotting

Protein expression in BV2 cells was detected by Western blot. First, total protein from cells and tissues was
extracted using RIPA lysis buffer (P0013B; Beyotime) and protease and phosphatase inhibitors (B14001 and
B15001; BioTools). Protein concentration was determined by the BCA protein assay (P0009; Beyotime).
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Boster) and
transferred onto PVDF membranes (Solarbio). Membranes were then blocked with blocking solution containing
5% milk and subsequently probed with the following antibodies: mouse anti-B-actin (8H10D10; Cell Signaling
Technology), rabbit anti-CMPK2 (ab139720; Abcam), mouse anti-cGAS (36468; Cell Signaling Technology),
and rabbit anti-STING (ab239074; Abcam). Detection was performed using horseradish peroxidase-conjugated
secondary antibodies (goat anti-mouse/rabbit IgG, 1:1000)*2.

Enzyme-linked immunosorbent assay (ELISA)

BV2 cells were seeded in a 24-well plate and incubated overnight. Cells were treated with LPS, CMA, CMPK2,
si-CMPK2 and si-cGAS for 24 h, and then, according to the manufacturer’s instructions, the concentrations of
pro-inflammatory cytokines 1L-6(P1326; Beyotime), TNF-a (PT512; Beyotime), IL-1 (P1301; Beyotime), and
TGF-B (PT878; Beyotime) in the culture supernatant were measured using ELISA assay kits'2.

RNA extraction and RT-qPCR analysis

Total RNA was extracted from samples using the EZ-press RNA Purification Kit (EZBioscience). RNA
concentration and purity were determined using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher
Scientific, Inc.). Complementary DNA (cDNA) was synthesized from 1 pg of total RNA using the PrimeScript™
RT reagent Kit with gDNA Eraser (Takara). The resulting cDNA product was diluted 1:10 in ddH2O. RT-
qPCR was performed using SYBR Premix Ex Taq™ II and the CFX96 Real-Time PCR System (Bio-Rad). The
expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a normalization control. Relative
gene expression levels were calculated and normalized using the AACt method!2.

Immunofluorescence staining

BV2 cells were cultured in 12-well plates and blocked with buffer containing 0.03% Triton X-100 and 5%
goat serum albumin (C0265; Beyotime). The cells were then incubated overnight at 4 °C with antibodies
against CMPK2 (1:100), cGAS (1:50), and STING (1:200). Subsequently, the cells were incubated for 2 h at
room temperature with Cy3-conjugated goat anti-rabbit IgG (GB21303; 1:200; Servicebio) or Alexa Fluor
488-conjugated goat anti-mouse IgG (GB25301; 1:200; Servicebio). Immunostained images were captured using
a confocal microscope (Leica)'>3.

Detection of cell surface CD40

CD40 is a marker of microglial activation and plays a crucial role in inflammatory responses®®. The surface
expression of CD40 on BV2 cells was detected using a fluorescein isothiocyanate (FITC)-conjugated CD40
antibody (BioLegend; 124607), Meanwhile, FITC Rat 1gG2a, Isotype Ctrl Antibody (BioLegend; 400505) were
used. BV2 cells were seeded at a density of 2x 1045 cells per well in 12-well plates and incubated overnight.
Cells were then treated with LPS, CMA. According to the manufacturer’s instructions, 1 uL of FITC-conjugated
CD40 antibody was added to each well and incubated with the BV2 cells for 15 min. The cells were then washed
twice with PBS containing fetal bovine serum and analyzed for fluorescence using an LSRII flow cytometer (BD
Biosciences). Data were processed using Flow]o software (version 10.8.1; https://www.flowjo.com)!7.

ROS detection

The levels of reactive oxygen species (ROS) in BV2 cells under various treatment conditions were detected using
DCFH-DA (Sigma-Aldrich). BV2 cells were seeded at a density of 2 x 1015 cells per well in 12-well plates and
incubated overnight, followed by treatment with LPS, CMA. DCFH-DA was diluted to a final concentration
of 10 uM according to the manufacturer’s instructions and incubated with the BV2 cells for 30 min. The cells
were then harvested, washed twice with PBS, and fluorescence was analyzed using an LSRII flow cytometer (BD
Biosciences). Data were analyzed using Flow]o software (version 10.8.1; https://www.flowjo.com)?®.
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Molecular docking

This study employed the HDOCK online platform (http://h-dockphys.hust.edu.cn/) for molecular docking
analysis. HDOCK was used to explore various conformations of protein docking, the binding activity under
these conformations, and interactions between amino acid residues within 5 A. The 3D structure of CMPK2
was sourced from the Alphafold protein database, with non-redundant protein structures being selected. The
structure of CMPK2 was also retrieved from the Protein Data Bank. PyMOL software (version 2.3.0; https://pym
ol.org) was used to isolate the original ligands and protein structures, perform dehydration, and remove organic
molecules. The “prepare” module in Discovery Studio software was utilized for protein preparation, including
hydrogenation and protonation. Ligplus software was used to analyze the 2D interactions between the proteins.
The “analysis interface” module in Discovery Studio was employed to investigate the protein-protein interaction
interface. PYMOL was used to visualize the amino acid residues involved in the interactions between the two

proteins!3.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 10.0; https://www.graphpad.com).
Data are presented as mean + SD. The statistical significance between two independent groups was determined
using Student’s t-test, while one-way ANOVA was used to assess differences among multiple groups, and the
Bonferroni post-test was used. A p-value of <0.05 was considered statistically significant, with differences
between groups indicated by asterisks (*)3°.

Results

CMPK2 upregulation in LPS-stimulated BV2 Cells

In this study, we investigated the expression of CMPK2 in BV2 cells using RT-qPCR and compared CMPK2 levels
between resting and activated microglia. For this purpose, BV2 cells were stimulated with different concentrations
of LPS (0, 0.1, 0.2, 0.5, and 1 pg/ml) for 24 h. We observed that CMPK2 expression was significantly induced
in a dose-dependent manner (Fig. 1A). Additionally, BV2 cells were stimulated with 1 pg/ml LPS for various
durations (0, 1, 6, 12, and 24 h), and CMPK?2 expression levels were found to be upregulated in a time-dependent
manner, with a more pronounced increase at 24 h (Fig. 1B). These results indicate that CMPK2 expression levels
are significantly higher in LPS-stimulated BV2 cells compared to the control group.

LPS Induces microglial-mediated neuroinflammation by activating CMPK2
Aberrant expression of CMPK2 is potentially associated with neurodegenerative diseases. Elevated intracellular
CMPK2 can induce mitochondrial dysfunction, leading to the leakage of mitochondrial DNA (mtDNA) into
the cytoplasm, which is linked to neuroinflammatory processes?’. To further elucidate the role of CMPK2 in the
microglial-mediated neuroinflammation, we observed that both the transcript and protein levels of CMPK2 were
upregulated upon LPS stimulation, and knockdown of CMPK2 (LPS +si-CMPK2 group) significantly reduced
this upregulation (Fig. 2A, B). To investigate the potential of CMPK2 knockdown in mitigating microglial.
activation and cytokine release, we utilized immunofluorescence staining, which revealed that CMPK2
knockdown significantly reduced CMPK2 expression in mouse primary microglial (Fig. 2C). Further analysis
of the impact of CMPK2 knockdown on LPS-stimulated BV2 cell activation and neuroinflammation showed
morphological changes and differences in surface marker expression. LPS stimulation increased cell activation,
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Fig. 1. CMPK2 Upregulation in LPS-Stimulated BV2 Cells. (A) Analysis of CMPK2 mRNA expression under
different concentrations of LPS treatment. (B) Analysis of CMPK2 mRNA expression at different time points
following LPS treatment. The presented data represent the mean + standard deviation (SD) derived from three
independent experiments. Statistical significance of the fold change was determined, with ***P <0.0001
denoting the significance levels.
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Fig. 2. LPS Induces microglial-mediated neuroinflammation by Activating CMPK2. (A) Western blot analysis
of CMPK?2 protein levels under different treatments. (B) Analysis of CMPK2 mRNA expression under different
treatments. (C) Immunofluorescence analysis of CMPK2 expression in mouse primary microglial under
different treatments. (D) Analysis of morphological differences between treated and control cells. (E) Analysis
of the microglial activation marker CD40 expression.F,G. Analysis of mRNA and protein expression levels
of IL-6, TNF-q, IL-1P, and TGF-f. The presented data represent the mean + standard deviation (SD) derived
from three independent experiments. Statistical significance of the fold change was determined, with *P<0.05,
**P<0.01, ***P<0.001 and ***P<0.0001 denoting the significance levels.
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characterized by enlarged cell bodies, shortened processes, and transformation to a round or rod-like shape.
CMPK?2 knockdown restored cells to a smaller, more ramified resting state (Fig. 2D). Additionally, LPS-induced
upregulation of the microglial activation marker CD40 was observed, which was downregulated following
CMPK2 knockdown (Fig. 2E). We also evaluated the expression levels of IL-6, TNF-a, IL-1p, and TGF-p
after LPS stimulation and CMPK?2 inhibition. RT-qPCR and ELISA analysis showed that CMPK2 knockdown
inhibited LPS-induced increases in IL-6, TNF-a, and IL-1{, while counteracting the downregulation of the anti-
inflammatory cytokine TGF-p (Fig. 2F-G). Overall, our findings suggest that CMPK2 knockdown effectively
inhibits LPS-induced microglial activation.

LPS Enhances microglial-mediated neuroinflammation via the cGAS/STING Pathway

The cGAS-STING pathway plays a crucial role in the activation and regulation of inflammation by recognizing
cytosolic DNA and activating associated signaling pathways to mediate anti-infection and anti-tumor immune
responses, as well as participating in the regulation of various physiological function®’. Understanding the
structure and molecular biology of the cGAS-STING pathway can aid in developing new therapeutic strategies
for inflammation-related diseases™. In our study, we first confirmed that the expression of key markers cGAS
and STING in the cGAS-STING signaling pathway was upregulated in BV2 cells stimulated with LPS. The
simultaneous use of the cGAS-STING pathway inducer CMA further enhanced this expression (Fig. 3A and
B), accompanied by an increase in cellular lipid oxidation products ROS (Fig. 3C). Lastly, RT-qPCR and ELISA
analysis indicated that induction of cGAS-STING significantly exacerbated the LPS-induced increase in IL-6,
TNF-a, and IL-1p, while counteracting the downregulation of the anti-inflammatory cytokine TGF- (Fig. 3D-
E).In summary, these results suggest that the cGAS-STING pathway is involved in regulating microglial-
mediated neuroinflammation.

Inhibition of the cGAS/STING pathway alleviates microglial-mediated neuroinflammation
Subsequently, to further elucidate the regulatory value of targeting the cGAS-STING pathway in
neuroinflammation, we constructed RNA interference plasmids to transfect BV2 microglial cells and interfere
with the expression of the cGAS protein. We first confirmed that si-cGAS effectively reduced the intracellular
expression levels of cGAS protein, along with a concomitant decrease in STING protein levels (Fig. 4A and C),
thereby effectively inhibiting the activity of the intracellular cGAS-STING pathway. Furthermore, we explored
the specific impact of cGAS-STING pathway inhibition on microglial-mediated neuroinflammation. Initially,
we found that silencing cGAS significantly reduced cellular oxidative stress levels (Fig. 4D). Finally, analysis of
inflammatory cytokines revealed that following cGAS knockdown, the expression levels of pro-inflammatory
cytokines IL-6, TNF-a, and IL-1pB decreased, whereas the expression level of the anti-inflammatory cytokine
TGF-B was restored (Fig. 4E, F). In summary, our findings indicate that the cGAS-STING pathway is involved
in the activation of microglial, and inhibiting the cGAS-STING pathway can effectively mitigate microglial-
mediated neuroinflammation.

CMPK2 induces microglial-mediated neuroinflammation via the cGAS/STING Pathway
Previous studies have demonstrated that both CMPK2 and the cGAS/STING pathway independently influence
microglial-mediated neuroinflammation. However, the mechanism by which CMPK2 exacerbates inflammation
and whether it interacts with the cGAS/STING pathway requires further investigation. To address this question,
we first demonstrated that transfection with CMPK2 overexpression plasmid could effectively increase CMPK2
protein expression in BV2 cells (Fig. 5A). Subsequently, we found that overexpression of CMPK2 induced cGAS-
STING pathway activation, while knockdown of cGAS inhibited the molecular expression of the cGAS-STING
pathway (Fig. 5B and C). Morphological observations indicated that cGAS knockdown inhibited CMPK2
overexpression-induced microglial activation, characterized by increased cell size, shortened processes, and
transformation into a round or rod-like shape (Fig. 5D). This was accompanied by a downregulation of the
microglial activation marker CD40 (Fig. 5E). These results suggest that the cGAS-STING pathway plays a crucial
role in CMPK2-mediated cell activation and neuroinflammation, implying potential interactions that regulate
cell function. Molecular docking visualization based on PYMOL further supports this interaction, showing 15
amino acid pairs forming hydrogen bonds, with the tightest bond between the N atom of lysine at position 368 of
the CMPK2 peptide and the O atom of aspartic acid at position 95 of the cGAS peptide. There were no disulfide
bonds but the presence of salt bridges and other connection structures (Fig. 5F). Finally, RT-qPCR and ELISA
results showed that cGAS knockdown significantly mitigated the CMPK2 overexpression-induced increases in
IL-6, TNF-q, and IL-1p, and significantly upregulated the anti-inflammatory cytokine TGF-f (Fig. 5G-H). In
summary, these findings indicate that CMPK2 can regulate microglial-mediated neuroinflammation through
the cGAS-STING pathway.

Discussion

microglial-mediated neuroinflammation is involved in the progression of many neurological disorders,
contributing to the exacerbation of diseases such as stroke through the release of a large amount of inflammatory
mediators*384041 Under physiological conditions, microglia exhibit a ramified morphology, performing critical
functions such as environmental monitoring, synaptic pruning, and clearance of apoptotic neurons to maintain
central nervous system (CNS) homeostasis*’ In the event of brain injury, microglia are the first responders,
transitioning into an activated state’>!. Microglial activation significantly increases the number of apoptotic
neurons. Compounds such as salvianolic acid B and borneol ester have been shown to reduce BV2 microglial
activation, inhibit NF-kB activity, and suppress the production of pro-inflammatory mediators, thereby reducing
infarct volume and improving sensory, motor, and cognitive functions*. However, the specific factors driving
microglial activation remain incompletely understood. In this study, we established a neuroinflammation cell
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Fig. 3. LPS Enhances microglial-mediated neuroinflammation via the cGAS/STING Pathway. (A) Western
blot analysis of cGAS and STING protein levels under different treatments. (B) Analysis of cGAS and STING
mRNA expression under different treatments. (C) Flow cytometry analysis of oxidative stress (ROS) levels
under different treatments.D,E. Analysis of mRNA and protein expression levels of IL-6, TNF-q, IL-1f, and
TGE-p. The presented data represent the mean + standard deviation (SD) derived from three independent
experiments. Statistical significance of the fold change was determined, with *P<0.05, **P<0.01, ***P <0.001
and ****P<0.0001 denoting the significance levels.

model by stimulating BV2 cells with LPS, and we found that CMPK2 expression was elevated in a time- and dose-
dependent manner. Elevated CMPK2 expression was associated with BV2 microglial activation, characterized
by increased cell size, shortened processes, and transformation into round or rod-like shapes, along with
upregulation of the microglial activation marker CD40. At the inflammatory level, we detected increases in pro-
inflammatory cytokines IL-6, TNF-a, and IL-1p, and a significant decrease in the anti-inflammatory cytokine
TGEF-B. This indicates that LPS can significantly activate microglia and induce neuroinflammation, with CMPK2
potentially playing a key role in this process.

CMPK2 primarily regulates mitochondrial function and energy metabolism, maintaining cell survival and
function, and plays a modulatory role in immune responses and inflammation processes’®¥. Studies have
shown that CMPK2 expression levels are positively correlated with infarct volume and NIHSS scores, indicating
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Fig. 4. Inhibition of the cGAS/STING Pathway Alleviates microglial-mediated neuroinflammation. (A)
Western blot analysis of cGAS and STING protein levels under different treatments. (B) Analysis of cGAS and
STING mRNA expression under different treatments. (C) Immunofluorescence analysis of cGAS and STING
expression in mouse primary microglial under different treatments. (D) Flow cytometry analysis of oxidative
stress (ROS) levels under different treatments. E, F. Analysis of mRNA and protein expression levels of IL-6,
TNEF-a, IL-1p, and TGF-f. The presented data represent the mean + standard deviation (SD) derived from three
independent experiments. Statistical significance of the fold change was determined, with *P<0.05, **P<0.01,
***P<0.001 and ***P<0.0001 denoting the significance levels.

the potential regulatory value of CMPK2 in neurological diseases*®*’. Downregulation of CMPK2 activity using
cannabidiol has been shown to inhibit inflammasome activation®. Additionally, knockdown of CMPK2 in a
mouse tMCAO model can inhibit inflammation associated with caspase-1 activation and IL-1f release, and
in vitro it suppresses LPS-induced microglial activation. Although these data suggest that the CMPK2 gene
may play an indirect and complex role in neuroinflammation, the regulatory value of CMPK2 in microglial-
mediated neuroinflammation remains to be elucidated. In our study, we first demonstrated that CMPK2 protein
levels were abnormally elevated in LPS-stimulated BV2 cells. This abnormal CMPK2 activity was potentially
associated with microglial activation and increased pro-inflammatory cytokines IL-6, TNF-a, and IL-1f,
along with decreased anti-inflammatory cytokine TGF-P. To clarify this regulatory effect, we utilized RNA
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Fig. 5. CMPK2 Induces microglial-mediated neuroinflammation via the cGAS/STING Pathway.A. Western
blot analysis of CMPK2 under control plasmid and CMPK2 overexpression plasmid groups.B.Western blot
analysis of CMPK2, cGAS, and STING protein levels under different treatments.C. Analysis of CMPK2, cGAS,
and STING mRNA expression under different treatments.D. Analysis of morphological differences between
treated and control cells.E. Analysis of microglial activation marker CD40 expression.F. Molecular docking
analysis of CMPK2 and cGAS interaction.G,H. Analysis of mRNA and protein expression levels of IL-6,
TNF-a, IL-1pB, and TGF-p. The presented data represent the mean * standard deviation (SD) derived from three
independent experiments. Statistical significance of the fold change was determined, with *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001 denoting the significance levels.

interference to disrupt CMPK2 gene translation. We further found that CMPK2 knockdown inhibited LPS-
induced microglial activation and subsequent neuroinflammatory responses. Thus, our findings preliminarily
demonstrate the important role of CMPK2 in microglial-mediated neuroinflammation during PD pathogenesis.

To further elucidate the specific molecular mechanisms by which CMPK2 regulates microglial-mediated
neuroinflammation, we conducted an in-depth investigation of the cGAS-STING pathway. The cGAS-STING
pathway is a critical and potent regulatory mechanism in autoimmune and neuroinflammatory responses and
serves as a key mechanism for the central nervous system to detect pathogenic DNA. In most neurodegenerative
diseases, elevated levels of neuroinflammation and pro-inflammatory cytokines are observed, and inhibiting
the cGAS-STING pathway offers a potential therapeutic intervention®~>3. During the progression of
neurodegenerative diseases, the cGAS-STING pathway appears to play a similarly important regulatory role.
For instance, in LRRK2 knockout cells, an increased mitochondrial fission caused by dynamin-related protein
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1 (Drpl) and heightened oxidative stress leads to the activation of the cGAS-STING pathway. Modulating
this pathway can alleviate the oxidative stress response induced by LRRK2 knockout®*.To determine the
involvement and potential regulatory value of the cGAS-STING pathway in LPS-stimulated BV2 microglial, we
first confirmed the elevated expression levels of key effector molecules within the cGAS-STING pathway in our
neuroinflammation cell model. These elevated effector molecules were potentially linked to microglial activation,
oxidative stress response, and neuroinflammation. This pro-microglial activation and neuroinflammatory effect
were further intensified when the cells were stimulated with the cGAS-STING pathway inducer CMA. To further
confirm that the cGAS-STING pathway is a crucial intermediary in LPS-induced neuroinflammatory responses,
we knocked down the cGAS gene. Successful inhibition of the cGAS-STING pathway resulted in a significant
reduction in LPS-induced microglial activation, oxidative stress response, and the release of inflammatory
cytokines. This evidence strongly supports the crucial role of the cGAS-STING pathway in microglial-mediated
neuroinflammation.

Abnormal expression of CMPK2 has been confirmed as a key trigger for microglial-mediated
neuroinflammation, with the cGAS-STING pathway serving as an indispensable intermediate mechanism in
this neuroinflammatory process. To investigate whether the cGAS-STING pathway functions as the molecular
mechanism through which CMPK2 mediates neuroinflammatory responses, we first conducted CMPK2
overexpression experiments. The results showed that overexpression of CMPK2 activated BV2 microglial
cells, leading to morphological changes characterized by enlarged cell bodies, shortened processes, and
transformation into round or rod-like shapes. Additionally, the expression of the activation marker CD40 was
significantly upregulated, accompanied by increases in pro-inflammatory cytokines IL-6, TNF-a, and IL-1,
as well as a decrease in the anti-inflammatory cytokine TGF-p.To further verify the role of the cGAS-STING
pathway in CMPK2-mediated neuroinflammatory responses, we knocked down cGAS to block the activation
of the cGAS-STING pathway while overexpressing CMPK2. The results indicated that microglial-mediated
neuroinflammation induced by CMPK2 overexpression were significantly alleviated. Finally, molecular docking
visualization based on PYMOL revealed a strong interaction between CMPK2 and c¢GAS, further confirming
that CMPK2 can activate microglia through the cGAS-STING pathway, thereby triggering microglial-mediated
neuroinflammation.

However, it is undeniable that this study has certain limitations. Firstly, during the LPS-induced abnormal
elevation of CMPK?2 protein levels, we did not conduct an in-depth investigation into the structural changes of
the CMPK2 gene caused by LPS. Consequently, we were unable to determine whether the abnormal elevation of
CMPK?2 protein was due to gene locus mutations or transcriptional modifications. Additionally, this study only
explored the regulation of the cGAS-STING pathway by CMPK2 in activating BV2 microglial cells and inducing
neuroinflammatory responses through in vitro cell experiments. We did not validate these findings in vivo using
animal models. Future research should address these issues through sequencing and animal experiments.

Conclusion

In summary, during the pathological process of microglial-mediated neuroinflammation, LPS induces an
abnormal elevation in CMPK2 activity, subsequently activating the cGAS-STING pathway. This activation leads
to the activation of microglia and the initiation of neuroinflammatory responses. These findings provide valuable
theoretical insights for understanding the mechanisms underlying neurological diseases and for developing
novel clinical therapeutic strategies.

Data availability
The data supporting the findings of this study are derived from the experiments conducted by our research team.
They can be provided by the corresponding authors upon reasonable request.
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