#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Regulation of STING G-quadruplex for rescuing
cellular senescence and AP phagocytic capacity of
microgliaf

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 693

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Heying Yuan,® Jie Yang,1® Geng Qin,® Yue Sun,?® Chuangi Zhao, &2°

Chunyu Wang,© Jinsong Ren® 2" and Xiaogang Qu & *2°

Alzheimer's disease (AD), the most common form of dementia, affects millions of people worldwide and its
cause is very complicated. Besides the classical amyloid cascade hypothesis, oxidative stress, metal ion
imbalance, cellular senescence and neuroinflammation are also considered crucial triggers of AD.
Therefore, therapeutic strategies other than inhibiting AR deposition are very promising. As a crucial
innate immune pathway, the abnormal activation of the cGAS-STING pathway in AD has attracted much
attention and become a promising target for AD treatment. Here, we identify a highly conserved and
stable G-quadruplex (G4) in the STING promoter region, and further verify its function in transcriptional
inhibition of STING by using CRISPR technology to precisely target STING G4. Intriguingly, down-
regulation of STING expression can alleviate cellular senescence and restore the A phagocytic capacity
of microglia. Our results highlight the compelling therapeutic potential of STING promoter G4 for
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Accepted 22nd November 2024 regulation of the abnormal activation of the cGAS-STING pathway in AD. Different from the existing
therapeutic strategies for AD, this work provides an alternative way of targeting the functional gene
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Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder that
commonly occurs in the elderly population.® It is characterized
by the accumulation of amyloid-B (AB) in plaques, the aggre-
gation of hyperphosphorylated tau protein in neurofibrillary
tangles and neuroinflammation, which ultimately lead to neu-
rodegeneration and cognitive decline.»® Neuroinflammation,
mitochondrial dysfunction and aging are suggested as the main
risk factors of AD.*” Extensive efforts have been devoted to
slowing down disease progression.'®"' Nevertheless, clinical
drug treatments still suffer from unsatisfactory and limited
effects for AD patients and are even accompanied by severe side
effects.>'>™ Therefore, it is important and urgent to further
study the pathogenic mechanism of AD and explore new ther-
apeutic strategies for AD treatment.
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The cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) pathway, as the principal effector of cell's
response to abnormal cytoplasmic double-stranded DNA
(dsDNA), establishes an effective innate immune response by
activating the transcription of interferon-stimulated genes
(ISGs) and proinflammatory cytokines, which play a significant
role in the organism's response to tissue damage and pathogen
invasion.'”> Moreover, it is also involved in diverse cellular
processes, such as DNA damage repair, autophagy, protein
synthesis, cellular condensation, senescence and cell death.****
Many recent studies have demonstrated that inhibiting the
abnormal activation of the cGAS-STING pathway can prevent
the progression of AD and cellular senescence.”>'® However,
current regulation of the cGAS-STING pathway has mainly
focused on its activation for tumor immunotherapy.””* It is
imperative to explore new methods for suppressing the cGAS-
STING pathway for the treatment of AD.

G-quadruplexes (G4s) are nonclassical secondary structures
formed in the G-rich regions of DNA and RNA sequences and
are widely found at telomere ends, genomic promoter regions
and splice recombination sites.”® They have attracted extensive
attention due to their unique conformation and crucial cellular
functions. Among them, the regulation of G4s has been iden-
tified as a method of regulating numerous signal pathways and
plays a significant role in the treatment of diseases. For
example, naphthalenediimide derivatives restrained the RAS/
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MEK/ERK and PI3K/AKT pathways by inducing the conforma-
tional transition of the Epidermal Growth Factor Receptor
(EGFR) promoter towards a G4 structure, broadening the
treatment methods for metastatic castration-resistant prostate
cancer (mCRPC).”* The G4 structure stabilizer developed by
Jing-Jer Lin's group effectively repressed the migration and
invasion of tumor by suppressing the Wnt1 signal pathway.”* In
addition, the G4 ligand 20A balances apoptosis and senescence
in cancer cells through the modulation of the ATM/autophagy
pathway,” while the regulation of the G4 structure in the
Hypoxia Inducible Factor 1 Alpha (HIF1a) promoter region by
the benzo[c]phenanthridine derivative M3 can effectively reduce
the expression of VEGF and GluT1, which are downstream
genes of the HIF1a hypoxia signal pathway, shedding light on
the treatment of tumor.* Thus, targeting G4 is an attractive and
promising strategy for the regulation of cell signal pathways.
In this work, we found a highly conserved and stable G4 in
the STING promoter region, and identified its function in
transcriptional inhibition of STING by using Clustered Regu-
larly Interspersed Short Palindromic Repeats (CRISPR) tech-
nology to precisely target STING G4. The down-regulation of
STING expression rescued cellular senescence and restored the
APB phagocytic capacity of microglia. This work provides a new
approach for suppression of the abnormally activated cGAS-
STING pathway in AD by targeting STING G4 to rescue micro-
glia senescence and restore AP phagocytic capacity Scheme 1.

Results and discussion

Bioinformatics sequence analysis reveals that guanine (G)-rich
sequences capable of forming G-quadruplexes (G4s) are wide-
spread in the human genome, particularly within 1 kb upstream
of gene transcription start sites. These potential G4-forming
sequences (PQSs) within promoter regions directly participate
in regulating transcription levels.”® Considering the significant
role played by G4s in gene regulation within promoter regions,
we conducted an analysis of the PQSs within the promoter
region of the STING gene. First, we screened all G4s in the
STING promoter region using three independent G4s prediction
tools, QGRS?* and Pqsfinder,” and G4Hunter (G4H).?® As shown
in Fig. 14, fifteen PQSs were identified in the STING promoter
region. By comprehensively evaluating the parameters of G4
formation, including the QGRS, Pqsfinder and G4H scores, we
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Scheme 1 Precise regulation of the highly conserved G4 sequence in
the STING promoter through CRISPR technology for the treatment of
Alzheimer's disease.
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Fig. 1 Identification and annotation of G4s in the STING promoter. (A)
The scores of putative G4s in the STING promoter, which are calcu-
lated by using QGRS, Pgsfinder and G4H, respectively. (B and C) The
analysis of the conservation of the selected PQS across different
species.

selected one putative PQS (PQS-1735) in the STING promoter
region for further investigation. Given that cumulative muta-
tions of STING may confer resistance to various drugs, we
subsequently analyzed the conservation of PQS-1735 among
different species (Fig. 1B and C).* The conservation of
a particular nucleotide is reflected by the height of the letter,
which indicates the relative frequency that nucleotide at that
position. The result suggested that PQS-1735 is highly
conserved among different species, indicating its potential for
further study.

To prove the formation of G4, we first synthesized the wild-
type PQS-1735 (STING-WT) and its mutant (STING-Mut, with
G/A mutations) (Fig. 2A), and then adopted several methods to
verify whether STING-WT could form a G4 structure. First, by
conducting native polyacrylamide gel electrophoresis (PAGE)
experiments, we discovered that STING-WT displayed a faster
migrating band, indicating that STING-WT forms a compact
secondary structure (Fig. 2B). Meanwhile, the fluorescence
resonance energy transfer (FRET) assays further confirmed the
folding of STING-WT (Fig. 2C).*° Then, the capability of STING-
WT to fold into G4 was demonstrated by fluorescence turn-on
assays using the classical G4 fluorescent ligand, N-methyl
mesophorphyrin IX (NMM), as evidenced by the enhanced
fluorescence level of STING-WT, but not its mutant, in K* buffer
(Fig. 2D). Subsequently, we investigated the G4 formation of
STING-WT through circular dichroism (CD) spectroscopy. CD
spectra showed a negative peak at around 240 nm and positive
peaks at both 260 nm and 290 nm (Fig. 2E), which is charac-
teristic of the hybrid G4 structure, suggesting that STING-WT
folded into a hybrid G4 topology.**** Meanwhile, 'H nuclear
magnetic resonance (NMR) was performed to confirm STING-
WT G4 formation. Chemical shifts at 10.5-12.0 ppm are char-
acteristic of the Hoogsteen hydrogen interactions between the
guanines in G-tetrads and are considered indicative of the G4
structure.®® Obviously, the '"H- NMR spectroscopy of STING-WT
showed distinct imino proton peaks in the G4 characteristic
region, further confirming the formation of STING-WT G4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of STING G4 formation in vitro. (A) The loca-
tion of G4 in STING promoter regions. (B) Native polyacrylamide gel
electrophoresis analysis of STING-WT and its mutant. Lane 1, STING-
WT (2 uM); Lane 2, STING-Mut (2 uM). (C) FRET spectra of fluores-
cence-labeled STING-WT(FT-STING-WT) under different K* condi-
tions. (D) Fluorescence turn-on assays of STING-WT and its mutant.
DNA samples (1 pM) were mixed with NMM (2 uM) under 100 mM K*.
BCL-2 G4 was used as the positive control. (E) CD spectra of STING-
WT (15 uM) and STING-Mut (15 pM) under 100 mM K*. (F) *H-NMR
spectra of STING-WT (1 mM) and STING-Mut (1 mM) under 100 mM K*.
(G) Typical stopped-flow trace of the FT-STING-WT sample mixed
with 200 mM K* buffer. (H) G4 chromatin immunoprecipitation (G4-
ChlIP) for detecting the formation of the STING promoter in HMC3
cells. Error bars represent SEM, the standard error of the mean. ***pP <
0.001, ****P < 0.0001.

(Fig. 2F). According to the above results, we can conclude that
STING-WT forms the hybrid G4 structure with three G-tetrad
layers. In addition, we performed stopped-flow assays to
explore the kinetic folding process of STING-WT G4. It was
shown that STING-WT G4 formed within 25 seconds, indicating
moderate folding kinetics (Fig. 2G). Besides, we conducted G4
chromatin immunoprecipitation (G4-ChIP) with BG4 to detect
the formation of STING G4 in cells. We found that compared
with the negative control groups TMCC2 and NFASC, STING
promoter fragments with STING-WT sequences were signifi-
cantly pulled-down by BG4 (Fig. 2H), indicating that STING G4
can form in cells. In conclusion, the results confirmed that the
STING-WT sequence can fold into stable G4s both in vitro and in
cells.

Recently, we proposed to combine CRISPR technology with
G4 regulation strategies to target specific DNA G4, which only
requires changing the target sequence in the sgRNAs to recruit
G4-stabilizing ligands to selectively target the G4 of interest.*
Inspired by this, we designed a regulatory system capable of
specifically targeting STING G4 to investigate the effect of
STING G4 formation on gene expression. The CRISPR-dCas9
and biotin-labeled pyridodicarboxamide (Bio-PDC) system
(CRISPR-PDC system) is presented in Fig. 3A. The system
contains the following two parts: the identifier module to target
the sequence selectively using CRISPR-dCas9 and Bio-PDC as
the G4 regulator. The modification of biotin enabled a conve-
nient and accessible conjugation process with avidin-labeled
dCas9 protein. First, we evaluated the interaction of Bio-PDC
with STING G4. As shown in Fig. 3B, the thermal stability of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effects of the G4-specific ligand on the stabilization of STING-
WT G4 and gene expression. (A) Schematic diagram of the CRISPR—
PDC system. PDC accurately regulates STING G4 through biotin—
avidin interaction between PDC and dCas9 protein. (B) Normalized UV
melting curves of STING-WT (2 uM) and STING-Mut (2 pM) treated
with Bio-PDC (3 pM) under 100 mM K*. (C and D) The inhibition of
STING expression in HEK293T cells with CRISPR-PDC (1 uM) treat-
ment for 48 h, detected using RT-gqPCR assays (C) and western blot
assays (D). (E and F) CRISPR-PDC (1 uM) treatment inhibited TP53
mediated STING transcriptional activation after 48 h, as detected using
gRT-PCR assays (E) and western blot assays (F). (G and H) TP53 siRNA
reduced the transcription level of STING, as detected using gRT-PCR
assays (G) and western blot assays (H) after 48 h of transfection. (I)
Luciferase activity was reduced following treatment with the CRISPR-
PDC system for 48 h. Data are shown as mean + SEM of three inde-
pendent experiments, two-tailed Student's t-test. *P < 0.05, **P <
0.01,***P < 0.001, and ****P < 0.0001.

STING G4 was significantly enhanced by Bio-PDC, indicating its
strong interaction with G4. Then, we designed two guide RNAs
(sg1 and sg2, Fig. S1T) to examine the possible effect of G4
formation on STING expression with high selectivity. Before
performing cell experiments, we first evaluated the cytotoxicity
of Bio-PDC using CCK-8 assay. As shown in Fig. S2,T the cyto-
toxicity of Bio-PDC on HEK293T cells was negligible in the range
of 0.1-4.0 uM. Then, using RT-qPCR and western blot assays, we
found that both the mRNA and protein levels of STING
decreased, indicating the inhibition of STING expression by the
CRISPR-PDC system (Fig. 3C and D). In addition, to further
verify the suppressive effect of promoter G4 formation on gene
expression, we inserted the STING promoter in the 5'UTR of the
luciferase gene sequence to construct a luciferase reporter
system (pGL3-STI vector, Fig. S51). Using the luciferase reporter
system, our results suggested that the formation of STING G4
led to the downregulation of gene expression in cells and the
presence of the CRISPR-dCas9 system allowed PDC to specifi-
cally target STING G4 (Fig. S61), consistent with the above RT-
gPCR assays. All these results demonstrated that the CRISPR-
PDC system could effectively stabilize STING G4 and impede
STING expression in living cells.
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To provide more convincing evidence for the transcriptional
repression caused by STING G4 formation, we explored the
potential mechanism through which the formation of G4
reduces STING expression. After predicting the transcription
factors of STING through bioinformatics methods, we discov-
ered that there was a statistically positive correlation between
the expression of TP53 and STING in the brain (Fig. S7 and S87),
indicating that TP53 may bind to the STING promoter region to
activate STING transcription. To demonstrate the positive
relationship between TP53 and STING in HMC3 cells, RT-qPCR
assays and western blot assays were conducted. The results
indicated that the overexpression of TP53 activated STING
transcription (Fig. 3E and F) while the loss of TP53 inhibited
STING transcriptional activation (Fig. 3G and H). Furthermore,
treatment with CRISPR-PDC could significantly restrain the
transcription activation of STING mediated by TP53 (Fig. 3E and
F). Next, we used the constructed luciferase reporter system to
further confirm the transcriptional repression mediated by
STING G4 formation. As shown in Fig. 3I, CRISPR-PDC treat-
ment significantly reduced the up-regulation of luciferase
expression induced by TP53 overexpression. Collectively, our
results suggest that the STING G4 formation mediated by
CRISPR-PDC treatment repressed gene expression by inter-
fering with TP53 binding to the promoter region.

Given the sequence specificity, the CRISPR-PDC system
should suppress STING expression rather than other genes
containing G4s (Fig. 4A). To confirm this, we conducted RT-
gPCR assays to quantify the STING mRNA levels with or
without CRISPR-mediated specificity. HEK293T cells steadily
transfected with an empty plasmid served as the control. As
shown in Fig. 4B, CRISPR-PDC showed a stronger inhibitory
effect on STING expression, indicating the satisfactory sequence
specificity of the designed system. Since many G4s in the
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Fig. 4 Evaluation of the CRISPR-PDC system as a gene-specific G4-
targeting strategy in cells. (A) Schematic diagram of the specific
regulation by the CRISPR-PDC system. (B) Comparison of Bio-PDC
and CRISPR-PDC systems in inhibiting STING expression, as detected
using RT-gPCR assays. The cells were collected after 48 h of treat-
ment. (C—F) The expression levels of cKIT, HRAS, HIFla and KRAS
treated with or without the CRISPR-PDC system measured using RT-
gPCR assays, respectively. Data are shown as mean + SEM of three
independent experiments, two-tailed Student's t-test. n.s.: not signif-
icant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

696 | Chem. Sci, 2025, 16, 693-699

View Article Online

Edge Article

human genome have been reported, such as cKIT,*® HRAS,*
HIF1o*’and KRAS,*® we studied the mRNA levels of these typical
G4s treated with the designed CRISPR-PDC system using RT-
gqPCR assays (Fig. 4C-F and S10-S137). Obviously, the applica-
tion of sg2 had little effect on the suppression of gene expres-
sion for other genes. Collectively, compared with other genes,
the STING mRNA showed much more down-regulation due to
the sequence specificity of the CRISPR-PDC system. These
results indicate that the designed CRISPR-PDC system dis-
played the selective regulation of STING G4.

Aging, characterized by cellular senescence, is a primary risk
factor for multiple neurodegenerative disorders, such as AD.®
Increased senescent microglia, the senescence-associated
secretory phenotype (SASP) and senescence-associated B-galac-
tosidase activity (SA-B-gal) have been observed in the brain
tissue of AD patients.* Therefore, senolytic therapy based on
the removal of senescent cells is expected to show beneficial
effects in the treatment of AD. Zhang et al. reported that the
selective removal of senescent cells from AD mice helps reduce
neuroinflammation and AB accumulation and improves cogni-
tive deficits, confirming the efficacy of senolytic therapy in AD
treatment.”® Recent studies have reported that the cGAS-STING
pathway might be a potential target for the regulation of cellular
senescence in addition to a key innate immune pathway of
organisms.”* Thus, we speculate that the STING G4 formation
mediated by the CRISPR-PDC system may influence cellular
senescence in AD. Microglial cells were used for further studies
because of their function of maintaining central nervous system
homeostasis and their close relationship with neuro-
degeneration.*” Etoposide (Eto) has been often used to induce
DNA damage and cellular senescence, serving as a paradigm
model for studying age-related disease.** So, in our studies,
human microglial cells (HMC3) were treated with Eto (3 uM)
with or without the CRISPR-PDC system for 48 h. Obviously, up-
regulation of STING gene expression induced by Eto was
observed, which was effectively mitigated by CRISPR-PDC
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Fig. 5 STING G4 formation induced by the CRISPR-PDC system
attenuates cellular senescence in AD. Cells were treated with Vehicle,
Eto (3 uM for 48 h) or/and the CRISPR-PDC system (1 uM) for 48 h in
the following experiments. (A and B) The expression of STING under
different conditions in HMC3 cells, detected using RT-qPCR assays (A)
and western blot assays (B). (C—E) The mRNA levels of senescence
markers(C), SASP (D) and protective microglia markers (E) in HMC3
cells detected using RT-gPCR assays. Data are shown as mean + SEM
of three independent experiments, two-tailed Student's t-test. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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treatment at both mRNA and protein levels in senescent cells
(Fig. 5A and B).” Subsequently, to investigate whether CRISPR-
PDC treatment could alleviate cellular senescence, we con-
ducted RT-qPCR assays and found that the mRNA levels of
senescence markers, CDKN2B, p16™<** and p21, all decreased
compared to cells treated with Eto alone (Fig. 5C). Furthermore,
the SASP, including proinflammatory cytokines and chemo-
kines such as IL1f, IL6, TNF-o. and CXCL10, as one of the main
characteristics of senescence, was down-regulated obviously
after CRISPR-PDC treatment (Fig. 5D), further supporting that
CRISPR-PDC could reduce cellular senescence. The result of the
SA-B-gal staining assay further supported the above conclusion
(Fig. S147). To further confirm that CRISPR-PDC reduces
cellular senescence by decreasing STING levels, we used siRNA
to inhibit STING expression (Fig. S157) and the results displayed
that the mRNA levels of senescence markers and SASP could not
be further reduced by CRISPR-PDC in STING-deficient cells
(Fig. 5C and D), thus indicating that the suppression of cellular
senescence is achieved through STING inhibition mediated by
the CRISPR-PDC system.

As resident phagocytes in the central nervous system,
microglia cells can phagocytose cell debris and A aggregates to
improve neuronal activity and maintain cerebral homeostasis
under normal conditions.** However, recent studies have
demonstrated that the anti-inflammatory and phagocytic
functions of microglial cells are impaired in AD.*"* Thereby,
restoring anti-inflammatory and phagocytosis functions of
microglia cells is of great significance for delaying neurode-
generative progression. Microglia cells exhibit anti-
inflammatory activity by up-regulating the expression of
Found in inflammatory zone 1 (FIZZ1), which implies that
FIZZ1 can be used as a marker for the neuroprotective state of
microglia.*® Therefore, we assessed the expression level of FIZZ1
mRNA after CRISPR-PDC-treatment. As shown in Fig. 5E, the
CRISPR-PDC-treatment clearly enhanced the level of FIZZ1
mRNA in HMCS3 cells compared to the group where senescence
was induced by ETO, indicating the recovery of the anti-
inflammatory function of microglia cells. Lastly, we visualized
AP internalization in HMC3 cells using a confocal laser scan-
ning microscope (CLSM) (Fig. S16t1). As shown in Fig. S16,}
microglia basically lost the ability to phagocytose A after Eto
treatment, while CRISPR-PDC treatment restored the phago-
cytosis of AP in contrast to the ETO-only treatment group,
indicating that the proposed CRISPR-PDC strategy could rescue
the dysfunction of aging microglia.*’ Collectively, the results
suggested that the CRISPR-PDC system, with the ability to
down-regulate STING expression, can attenuate microglial
dysfunction by rescuing cellular senescence.

It is worth mentioning that a number of small-molecule
inhibitors or degraders targeting STING have gradually
emerged after continued efforts. Several of these molecules are
currently in different stages of preclinical development and
demonstrate varying efficacy against distinct STING mutants.
However, adaptive resistance and reactivation of STING
signaling after their treatment may occur as these molecules are
occupancy driven. We demonstrated that CRISPR-guided PDC
effectively stabilizes STING G4 to inhibit STING transcription,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggesting its promising potential for targeted regulation of
STING at transcriptional levels. Thus, targeting STING G4 is an
alternative strategy, which can not only complement existing
inhibitors but also facilitate the realization of the full potential
of modulating the STING pathway. Furthermore, in addition to
STING G4, G4s also exist in the promoter regions of other key
genes in the cGAS-STING pathway, such as TANK Binding
Kinase 1(TBK1) and Interferon Regulatory Factor 3 (IRF3)
(Fig. S171), which implies more possibilities for the regulation
of G4 and cGAS-STING pathways, providing a new insight for
the development of cGAS-STING pathway inhibitors.

Conclusion

In summary, we identified and characterized G4 formation in
the STING promoter region both in vitro and in living cells, and
comprehensively investigated the inhibition effects of STING
expression by using the precisely targeting CRISPR system.
More importantly, we found that the downregulation of STING
expression can alleviate cellular senescence and restore AP
phagocytic capacity of microglia, providing a new approach for
regulation of the abnormal activation of the cGAS-STING
pathway in AD. This is the first example of suppressing the
cGAS-STING pathway by targeting the STING G4 structure. Our
work may provide new insights into the design and synthesis of
drug candidates for AD by alternatively targeting the functional
gene secondary structure.
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