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Abstract

Defective DNA damage signalling and repair is a hallmark of age-related and genetic neurodegenerative disease. One mechanism implicated in
disease progression is DNA damage-driven neuroinflammation, which is largely mediated by tissue-resident immune cells, microglia. Here, we
utilise human microglia-like cell models of persistent DNA damage and ATM kinase deficiency to investigate how genome instability shapes
microglial function. WWe demonstrate that upon DNA damage the cytosolic DNA sensing cGAS-STING axis drives chronic inflammation and a
robust chemokine response, exemplified by production of CCL5 and CXCL10. Transcriptomic analyses revealed that cell migratory pathways were
highly enriched upon IFN- treatment of human iPSC-derived microglia, indicating that the chemokine response to DNA damage mirrors type |
interferon signalling. Furthermore, we find that STING deletion leads to a defect in microglial chemotaxis under basal conditions and upon ATM
kinase loss. Overall, this work provides mechanistic insights into cGAS-STING-dependent neuroinflammatory mechanisms and consequences

of genome instability in the central nervous system.
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Introduction

Accumulation of DNA damage in the central nervous system
(CNS) is commonly observed in ageing and neurodegenerative
diseases, including Alzheimer’s and amyotrophic lateral scle-
rosis (1-3). Additionally, loss-of-function mutations in DNA
damage response (DDR) genes underpin neurodegeneration in
monogenic disorders, such as ataxia with oculomotor apraxia
types 1-5 and ataxia-telangiectasia. Such vulnerability of the

CNS to DDR defects is thought to stem from the interplay
between cell intrinsic effects of DNA damage on post-mitotic
neurons and glia, as well as extrinsic signals resulting from
glia-driven neuroinflammation (4,5).

One mechanism linking genome instability and neuroin-
flammation is the cytosolic DNA sensing cGAS-STING path-
way. Although responsible for mobilising antimicrobial re-
sponses to cytosolic pathogenic DNA during infection, the
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c¢GAS-STING pathway can mount innate immune responses
to host DNA aberrantly localised in the cytosol following
DNA damage (6). To initiate the response, the nucleotidyl
transferase cGAS binds pathogenic double-stranded DNA (ds-
DNA) in the cytosol, catalysing synthesis of 2/,3'-cyclic GMP-
AMP (cGAMP). cGAMP activates the immune adaptor stim-
ulator of interferon genes (STING) at the endoplasmic reticu-
lum (ER), inducing STING oligomerisation and translocation
to the Golgi, where it recruits the TBK1 kinase and the inter-
feron regulatory transcription factor IRF3. STING then acts
as a platform for TBK1 autophosphorylation at $172, as well
as phosphorylation of STING at S366 and IRF3 at S396, cul-
minating in nuclear translocation of IRF3. STING signalling
also activates NF-kB, leading to IRF3- and NF-«kB-dependent
transcription of type I interferons, interferon-stimulated genes
(ISGs), and pro-inflammatory cytokines which mount the an-
timicrobial response (7,8).

In the absence of infection, cytosolic accumulation of
host DNA arising from genome instability can also activate
STING-dependent autoimmunity. One such example is cGAS
activation by nucleosome tethering at ruptured micronuclei,
which can form during mitosis in cells harbouring unresolved
DNA damage (9-11). Moreover, cGAS is activated by nu-
clear dsDNA, RNA:DNA hybrids, telomeric DNA and mito-
chondrial DNA which can accumulate in the cytosol follow-
ing genotoxic or mitochondrial stress (12-15). Thus, cGAS-
STING promotes inflammation in response to diverse self-
DNA species.

In the brain, the strongest response to cGAS-STING activa-
tion occurs in microglia, the resident macrophages of the CNS
(16). Microglia maintain CNS homeostasis via surveillance of
the microenvironment, phagocytosis of apoptotic cells and/or
debris, synaptic pruning, and production of neurotrophic fac-
tors (17-20). During infection or injury, microglia can tran-
sition towards a heterogenous ‘reactive’ state typified by
enhanced phagocytosis, motility, proliferation, and produc-
tion of inflammatory mediators and reactive oxygen/nitrogen
species (21). However, chronic microglial reactivity is impli-
cated in neurodegenerative disease, including those driven by
genome instability, such as ataxia-telangiectasia (A-T) (5,22).

A-T is caused by loss-of-function mutations in ATM, a
protein kinase which coordinates cellular responses to cyto-
toxic DNA double strand breaks (DSBs) and oxidative stress.
More broadly, ATM preserves homeostasis by regulating re-
dox balance, glucose metabolism and immunity (23). In hu-
mans, A-T manifests as cerebellar degeneration and ataxia,
and microglia-driven neuroinflammation is increasingly impli-
cated in disease phenotypes. Microglial activation is observed
in Atm-deficient murine microglia and correlates with motor
neuron loss in the spinal cord of Atm-deficient rats (24-27).
Furthermore, we previously demonstrated that ATM loss in
human microglia-like cells activates RELB/p52 NF-«B sig-
nalling and drives aberrant phagocytic activity, resulting in
damage to the neuronal network in vitro (28). Interestingly,
cerebellar microglia exhibit characteristics which may predis-
pose them to exacerbated immune responses to genome insta-
bility, including heightened immune vigilance and enhanced
proliferation (29,30). Indeed, gene signatures enriched in cy-
tosolic DNA sensing, antiviral immunity, and proliferation are
upregulated specifically in cerebellar microglia in A-T (31). In
addition, ATM deficiency activates cytosolic DNA sensing in
diverse cell models, including primary murine microglia and

A-T patient-derived brain organoids (6,25,32-35). STING ac-
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tivation in ATM deficiency is also linked with neuronal dam-
age via microglial secretion of IL-1B and inflammatory re-
sponses mediated by senescent astrocytes (25,32). However,
the molecular mechanisms of how STING signalling and type
I interferon production shapes microglial function in genome
instability remain unclear.

Here, we investigate how loss of ATM kinase and per-
sistent DNA damage regulate microglial function. We find
that genome instability drives chronic chemokine production
in human microglia-like cells and the chemokine response is
regulated by the cGAS-STING pathway. In agreement with
this, bulk RNA-sequencing (RNA-seq) of iPSC-derived mi-
croglia treated with IFN-3 implicated type I interferon sig-
nalling in the governance of microglial migration. Indeed, we
find that STING deletion leads to defective microglial migra-
tion in basal conditions and upon loss of ATM function. We
propose that STING-mediated chronic chemokine production
may amplify neuroinflammation in genome instability via sev-
eral different mechanisms, including the recruitment of pe-
ripheral immune cells to the CNS and excessive energy ex-
penditure. Overall, this work provides mechanistic insight into
STING-dependent regulation of microglial function upon per-
sistent DNA damage.

Materials and methods

Cell culture

Immortalised foetal human microglial HMC3 cells were
kindly gifted by Dr Brian Bigger, University of Manchester
(36). HMC3 cells were maintained in DMEM (4.5 g/1 glu-
cose, GlutaMAX™ supplement, no pyruvate; Gibco™) sup-
plemented with 10% (v/v) heat-inactivated FBS (HI-FBS;
Gibco). Immortalised adult human C20 microglial cells were
kindly provided by Dr David Alvarez Carbonell, Case West-
ern Reserve University (37). C20 cells were cultured in
DMEM:F-12 with 3.151 g/1 glucose, L-glutamine and 15 mM
HEPES (Merck) supplemented with 1% (v/v) HI-FBS and N-
2 (Gibco™). ATM knockout (KO) C20 cells generated using
CRISPR-Cas9 were described previously (28).

All cell lines were cultured at 37°C in 5% CO, and 95%
humidity. Cells were routinely tested for mycoplasma and ex-
periments were performed below passage 35.

Generation of STING17 KO HMC3 cells

STING1 KO HMC3 cells were generated using the
pSpCas9(BB)-2A-Puro (PX459) V2.0 vector kindly gifted
by Feng Zhang (Addgene plasmid #62988) (38) containing
the following single guide RNA (sgRNA) sequence targeting
STING1: 5'-GCTGGGACTGCTGTTAAACG-3'. The vector
was delivered into HMC3 cells by Magnetofection™ using
Glial-Mag (Oz Biosciences) according to manufacturer’s in-
structions. Cells were then selected with 1.2 pg/ml puromycin
for 3 days before single cell cloning.

Clones were screened by fluorescent PCR-capillary elec-
trophoresis. DNA was extracted from clones using QuickEx-
tract™ DNA Extraction Solution (Lucigen) according to the
manufacturer’s protocol. A region flanking the sgRNA target
site was amplified using a 5'-FAM labelled forward primer (5'-
FAM-GCTAGGCATCAAGGGAGTGA-3’) and unlabelled re-
verse primer (5-TGGATTTCTTGGTGCCCACA-3’). PCR
was performed using Phusion polymerase (Invitrogen) with
the following cycling parameters: denaturation (98°C, 30 s);



1190

35 cycles of denaturation (98°C, 10 s), annealing (62°C, 30 s)
and extension (72°C, 15 s); final extension (72°C, 5 min).
Fragment analysis was performed by capillary electrophore-
sis on a 3100 XL Genetic Analyser (Life Technologies) by the
Department of Biochemistry sequencing facility (University of
Cambridge, UK). Successful KO of STING1 was confirmed by
Sanger sequencing and western blotting.

RNA interference

siRNA duplexes were synthesised by Merck and used at
a final concentration of 25 nM unless stated otherwise
(sequences are listed in Supplementary Table S1). siRNA
was delivered by forward transfection using Lipofectamine®
RNAIMAX™ Transfection Reagent (Invitrogen™) according
to manufacturer’s instructions. Media was changed 8 h post-
transfection to limit toxicity and cells were harvested 72 h
post-transfection.

Chemical treatments

The ATM inhibitor AZD1390 (ATMij; Selleck Chemicals) was
used at 10 nM for 1-9 days with replenishment of the in-
hibitor every 2 days. To induce ATM activation, cells were
treated with 1 uM camptothecin (CPT; Cayman Chemical
Company) for 1 h. The STING agonist diABZi (Selleck Chem-
icals) was used at 1 uM. To induce DNA damage, cells
were treated with 250 nM etoposide (ETO; Cayman Chem-
ical Company), 30 nM mitomycin C (MMC; Santa Cruz),
or 150 nM aphidicolin (APH; Merck) for 6 days. To induce
apoptosis, cells were treated with 1 M staurosporine for 6 h.
Treatment times are indicated in figure captions. For com-
pounds dissolved in DMSO, DMSO concentration was equiv-
alent between conditions and <0.1% (v/v).

For 2/,3’-cGAMP stimulation, cells were washed in PBS
then incubated for 3 min at 37°C in digitonin permeabilization
buffer (50 mM HEPES pH 7.0, 100 mM KCI, 3 mM MgCl,,
0.1 mM DTT, 85 mM sucrose, 0.2% (w/v) BSA, 1 mM ATP,
0.1 mM GTP, 4 uM digitonin) with or without 7 uM 2/,3'-
c¢cGAMP (Invivogen). Cells were further washed in PBS and
incubated in culture medium until collection. Incubation times
post-treatment are indicated in figure legends.

Cell synchronisation in G2 cell cycle phase,
inhibition of transcription and antioxidant
treatments

Exponentially growing cells were pre-treated with 10 nM
ATMi or DMSO as a control for 5 days, then treated for an
additional 24 h in the presence (synchronised in G2 cell cycle
phase) or absence (asynchronised) of 9 uM CDK1 inhibitor
RO-3306 (CDK1i; Tocris Bioscience) prior to collection.

To inhibit transcription, 100 puM §,6-dichloro-1-p-p-
ribofuranosylbenzimidazole (DRB), 1 uM triptolide or
2 ug/ml a-amanitin were employed instead of CDK1i (all
Cayman Chemical Company).

For antioxidant treatments, cells were treated for 72 h with
ATMi, or DMSO as a control, and for an additional 72 h in
the presence of 10 uM 4,5-dihydroxy-1,3-benzenedisulfonic
acid (tiron) or § uM N-acetyl-L-cysteine (NAC) to scavenge
intracellular reactive oxygen species (ROS), or with 100 U/ml
catalase to scavenge extracellular ROS (all Merck). Culture
medium containing ROS scavengers and ATMi, or DMSO,
was replenished daily.
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Cell cycle analysis

Cells were pulsed with 10 uM BrdU for 30 min, then collected
by trypsinisation and fixed in ice-cold 70% ethanol for at least
30 min. After removal of ethanol by centrifugation, cells were
incubated in 2 M HCl containing 0.1 mg/ml pepsin for 20 min
at 37°C. Cells were washed several times in PBS and 1% (v/v)
HI-FBS in PBS, collected by centrifugation at 350 g for 5 min
and incubated with anti-BrdU antibody at 1:100 dilution in
1% (v/v) HI-FBS-PBS for 1 h at 22°C. Cells were washed in
PBS and incubated with AlexaFluor 488 goat anti-mouse sec-
ondary antibody diluted 1:200 in 1% (v/v) HI-FBS-PBS for
45 min at 22°C. Samples were further treated with 100 pug/ml
RNase A (QIAGEN) for 30 min at 37°C, supplemented with
100 ng/ml propidium iodide (PI) and analysed on the green
FL1-A and red FL2-A channels using an Accuri™ C6 Plus flow
cytometer (BD Biosciences).

Preparation of whole cell lysates

Cells were lysed in ice-cold RIPA buffer (25 mM Tris—-HCI, pH
8.0,150 mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS),
5 mM EDTA) supplemented with 1 mM phenylmethylsul-
fonyl fluoride, 1 M staurosporine, 1 ug/ml each of aprotinin,
chymostatin, leupeptin, pepstatin, N-ethylmaleimide and 1x
phosphatase inhibitor cocktail (Calbiochem). Lysates were in-
cubated with rotation for 30 min at 4°C and centrifuged
at 20 000 g for 20 min at 4°C. The protein concentration
of supernatants was measured using Bradford assay reagent
(Bio-Rad). Lysates were prepared at equal concentrations
and boiled at 95°C for 10 min in denaturing loading buffer
(25 mM Tris—HCI, pH 6.8, 2.5% v/v -mercaptoethanol, 1%
(w/v) SDS, 5% (v/v) glycerol, 0.05 mg/ml bromophenol blue,
1 mM EDTA) before SDS-PAGE.

Biochemical fractionation

Cell pellets were harvested by trypsinisation and resuspended
in plasma membrane lysis buffer (20 mM Tris-HCI, pH
7.4, 2.5 mM MgCl,, 0.3% (v/v) NP-40) supplemented with
protease/phosphatase inhibitors as above. After incubation
on ice for 15 min, lysates were centrifuged for 10 min at
1 500 g, 4°C. The supernatant served as the cytoplasmic
fraction and the pellet containing nuclei was resuspended in
20 mM phosphate buffer, 0.5 M NaCl, 1 mM EDTA, 0.75%
(v/v) Triton X-100, glycerol 10% (v/v) and 5§ mM MgCl,.
After incubation on ice for 15 min, nuclear lysates were cen-
trifuged for 10 min at 20 000 g to obtain the nuclear fraction.
The protein content of cytosolic fractions was determined by
Bradford and equal volumes of cytoplasmic and nuclear frac-
tions were analysed by SDS-PAGE.

Immunoblotting

Proteins were separated using 10 or 4-16 % Tris—glycine SDS-
PAGE and transferred onto Immobilon®-FL PVDF mem-
branes, which were blocked using Intercept®-TBS blocking
buffer (LI-COR Biosciences). Primary antibodies were di-
luted in Intercept®-TBS, 0.1% (v/v) Tween®20 and sec-
ondary antibodies were diluted in Intercept®-TBS, 0.1% (v/v)
Tween®20, 0.01% (w/v) SDS. Antibodies are detailed in
Supplementary Table S1. Membranes were visualized using
an Odyssey® CLx Imaging System and quantification was
performed using Image Studio™ Lite Software (both LI-COR


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 3

Biosciences). Band intensities were normalised to loading con-
trols, or to the corresponding total protein for phosphorylated
proteins, and presented as fold-change relative to the exper-
imental control. Immunoblots are representative of at least
three independent experiments.

Brain tissue homogenisation and processing

Blocks of fresh frozen cerebellar tissues from individuals with
A-T and that of individuals with no known diseases of the
CNS (controls) were obtained from the NIH Neurobiobank
at the University of Maryland, Baltimore, MD (United States).
The use of samples was covered by the University of Mary-
land’s IRB approval no. HP-00042077 and the HTA site li-
cense no. 12196 that permits work with human tissue at the
Department of Biochemistry (University of Cambridge, UK).
The A-T and control tissue pairs were matched by age and
gender (Supplementary Table S2). The tissues were cut into
20-um thick sections with a cryostat (Leica CM 1950) main-
tained at —20°C. To extract the RNA, 5-6 sections were col-
lected into a tube containing lysing matrix beads (1.4 mm ce-
ramic spheres, MP Biologicals), supplemented with 1 ml of
the TRI Reagent® (Merck), and snap frozen on dry ice. Af-
ter thawing, samples were homogenized by vortexing and the
RNA was extracted as previously described (39).

To extract proteins, tissue sections were collected into tubes
with lysing matrix beads (as above) containing RIPA buffer
supplemented with protease/phosphatase inhibitors as above
and snap frozen in liquid nitrogen. After thawing on ice, tis-
sues were homogenized by intermittent vortexing at 4°C, then
centrifuged at 20 000 g for 20 min at 4°C. Protein lysate con-
centrations were measured and prepared for SDS-PAGE anal-
yses as above.

RT-gPCR

Total RNA from adherent cells was extracted using the
RNeasy Mini Kit (QIAGEN) and treated with DNase 1
(Thermo Fisher Scientific) according to manufacturer’s in-
structions. RNA integrity was assessed by agarose gel elec-
trophoresis and purity was determined by measuring the ratio
of absorbance at 260/280 (A260/280) and 260/230 (A260/230)
using a NanoDrop™ ND-1000 Spectrophotometer (Thermo
Fisher Scientific). RNA with intact 28S and 18S ribosomal
RNA bands at a ratio of approximately 2:1 with Aj4,280 of
~2 and Ajg0,230 of 1.8 — 2.2 was used for reverse transcrip-
tion (RT). When tissues were used as a source, the integrity of
DNase I-treated RNA was determined using the Agilent RNA
6000 Pico Kit and an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies). RNA with RIN values >4 was used for RT.

RT was performed with 400 ng RNA per 20 ul reaction
using the qPCR ¢cDNA Synthesis Kit (PCR Biosystems). cDNA
was treated with RNase H (New England Biolabs) for 20 min
at 37°C and diluted 1:5 prior to qPCR.

Primers for qPCR were synthesised by Merck and used
at 200 nM final (sequences in Supplementary Table S1).
Primer efficiencies were assessed by standard curve and speci-
ficity was confirmed by melt curve analysis and agarose gel
electrophoresis. gPCR was performed using 2x qPCR BIO
SyGreen Blue Mix Lo-ROX (PCR Biosystems) in triplicate 10-
ul reactions in 384-well plates (Applied Biosystems). Amplifi-
cation was performed on a QuantStudio™S5 Real-Time PCR
System (Thermo Fisher Scientific) using the following cycling
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parameters: initial denaturation and polymerase activation at
95°C for 2 min; 40 cycles of 95°C for 5 s and 60°C for 30 s,
and a subsequent melt step: 95°C for 15 s, 60°C for 60 s, 95°C
for 15 s.

Data was analysed using the QuantStudio™ Design &
Analysis Software (Thermo Fisher Scientific). Mean Cq val-
ues of technical triplicates were normalised to the reference
genes RPS13 or IPOS8 and experimental controls using the
58Cq method (40). Data is presented as average log, fold-
change + SD except for TFAM mRNA, which is presented

as fold change, and human tissue data, which is presented as
2—5Cq.

RNAseq of IFN-3-treated human iCell microglia

iCell human microglia (FUJIFILM Cellular Dynamics, Inc.)
were derived from peripheral blood mononuclear cells from a
donor with no known disease phenotypes. The iCell microglia
cells were acquired by AstraZeneca in compliance with the
FUJIFILM Cellular Dynamics, Inc. materials transfer agree-
ment. The use of iCell microglia was reviewed and supported
by the AstraZeneca Human Biological Sample Governance
Team.

Three independent vials of iCell microglia were seeded at
5 x 10* cells per well across three independent 96-well plates
and treated the following day with vehicle or 5 ng/ml human
IFN-B (R&D Systems). Cells were treated for 6 or 24 h prior
to collection and stored at —=80°C prior to RNA extraction.

For cell lysis, RNAdvance Cell v2 (Beckman Coulter) was
added to iCell Microglia in 96-well plates on dry ice. Plates
were warmed to room temperature, treated with Proteinase
K and cells were lysed by gentle pipetting followed by incu-
bation at room temperature for 30 min. RNA extraction was
performed according to manufacturer’s protocol on a Biomek
i7 Hybrid robotic workstation (Beckman Coulter). mRNA en-
richment and sequencing library preparation was performed
using KAPA mRNA HyperPrep Kit (Roche) according to the
manufacturer’s protocol on a Tecan Fluent® liquid handler.
Library quality was assessed on a fragment analyser instru-
ment using SS NGS fragment kit (1-6000 bp; Agilent). Se-
quencing was performed on a NovaSeq 6000 using a 200 cy-
cles SP Reagent Kit v1.5 (both Illumina) at a loading concen-
tration of 1.85 nM. Sequencing generated 194.6 Gb of data
with Q30 of over 91.6%.

Transcriptomics data analysis

FastQC files were generated and trimmed with TrimGalore
(41) and quality review was performed by FastQC (42) be-
fore and after quality trim. Reads were aligned with STAR
aligner (version 2.6.1d, using the default settings) to the HG38
human genome and ENSEMBL94 annotation GTF file. After
alignment and summarization with featureCounts of the Sub-
read package (feature Counts release 1.6.3 and picard version
2.18.21), samples were normalized using voom (limma pack-
age) and differential gene expression analysis was carried out
with limma implemented in R. FDR adjusted P-value <0.05
was used as the cut-off (Benjamini-Hochberg method). Gene
annotations were obtained by biomaRt.

The sample preparation, RNAseq and transcriptomics data
analysis were performed by AstraZeneca. The raw FASTQ
data files cannot be made publicly available in accordance
with the UK General Data Protection Regulation and the Data
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Protection Act 2018. The normalized read count matrices are
deposited in the ArrayExpress database (accession E-MTAB-
13404).

Pathway and network analyses

For protein interaction network analysis and visualization Cy-
toscape was used (version 3.8.0) and the StringApp plugin us-
ing a confidence score cutoff of 0.7 (high confidence) (43,44).
Gene Ontology (GO) and KEGG database enrichment was
performed using R and the clusterProfiler package with an ad-
justed P-value cutoff of 0.05 (45).

Measurements of cytokine/chemokine secretion

Following 72 h pre-treatment with 10 nM AZD1390 or
DMSO as a control, wild-type (WT) and STING1 KO HMC3
cells were seeded at a density of 21 000 cells/cm? in 6-well
plates. After 48 h, cells were washed in PBS and placed in
DMEM supplemented with 0.5% (v/v) HI-FBS. Cells were
stimulated with 1 uM diABZi for 24 h prior to collection.
Conditioned medium was centrifuged at 400 g for 10 min at
4°C to pellet cells and debris, then snap frozen on dry ice and
stored at -80°C until use. After collection of medium, remain-
ing cells were lysed in RIPA buffer and total protein content
was measured by Bradford assay. The overall protein content
was comparable between treatments.

Secretion of IFN-«2a, IFN-3 and CXCL10 was measured
using a Mesoscale Discovery (MSD) U-PLEX assay follow-
ing the manufacturer’s protocol. Plates were read on a MESO
SECTOR S 600 (MSD), and data was analysed using MSD
Discovery Workbench (version 4).

Immunofluorescence

Cells were seeded on glass coverslips and fixed in 4% (w/v)
paraformaldehyde for 15 min at room temperature. Cov-
erslips were then permeabilised with 0.2% (v/v) Triton X-
100 for 10 min and blocked in 3% (w/v) BSA, 0.05% (v/v)
Tween®20, 0.3 M glycine in PBS for 1 h. For detection
of IRF3, coverslips were fixed and permeabilised in ice-cold
methanol for 5 min before blocking. Antibodies were diluted
in blocking buffer (Supplementary Table S1) and cells were
incubated with primary antibodies at 4°C overnight in a hu-
midified environment. Coverslips were then washed in PBS
with 0.1% (v/v) Tween®20 (PBST) and incubated with sec-
ondary antibodies for 45 min at room temperature. Coverslips
were washed in PBST before mounting onto glass slides us-
ing Fluoroshield™ mounting medium (Merck) supplemented
with 1.5 pg/ml DAPIL.

Detection of cytosolic dsDNA was performed as previ-
ously described with amendments(46). Coverslips were fixed
as above and permeabilised with 0.2% (v/v) Triton X-100
for 5 min at 4°C. To remove cytosolic RNA, coverslips were
treated with 2 mg/ml RNase A (QIAGEN) for 30 min at 37°C,
then washed in PBS. Antibody specificity was validated by
treating with 200 U/ml DNase I (Thermo Fisher Scientific) for
30 min at 37°C. Coverslips were blocked in 3% (w/v) BSA,
0.3 M glycine in PBS. Coverslips were then processed as de-
scribed above, however Tween®20 was omitted from subse-
quent buffers to limit permeabilization of the nuclear mem-
brane.
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Microscopy and image analysis

Fluorescence microscopy was performed using a Zeiss Axio
Imager M2 or Zeiss Axio Imager Z2 epifluorescent micro-
scope using a 20x objective. Laser scanning confocal mi-
croscopy was performed using a Nikon Eclipse Ti microscope
with 40x or 60x oil-immersion objectives.

Images were processed and analysed using FIJI (Image]; Na-
tional Institutes of Health) or CellProfiler (Broad Institute).
To analyse nuclear translocation of IRF3, the nuclei and cyto-
plasm were segmented in CellProfiler using DAPI and vinculin
staining, respectively. Mean fluorescence intensity was deter-
mined in each compartment and expressed as a ratio of nu-
clear:cytoplasmic (N:C) intensity. Cells with nuclear translo-
cation were determined as the percentage of cells with an N:C
ratio >1.5.

Quantification of micronuclei (MN)

Cells were grown on glass coverslips, fixed and DAPI-stained
as above. Blinded MN scoring was performed using the Im-
age] Cell Counter plugin in accordance with published crite-
ria (47). Mitotic and apoptotic cells were manually excluded
from analysis. For detection of cGAS-positive MN, an inten-
sity threshold was set, and cGAS-positive MN were identified
by particle analysis in Image]. The number of cGAS-positive
MN was normalised to the number of cells scored (>100 cells
per independent experiment).

Quantification of cytoplasmic dsDNA

Cytoplasmic dsDNA intensity was analysed on maximum in-
tensity projections of confocal Z-stacks using CellProfiler. Nu-
clei were segmented based on DAPI staining. The resulting
nuclei and TOM20 staining were then used to define the
whole-cell boundary and the nuclear region was subtracted
from the whole-cell region to define the cytoplasm. Mean
fluorescence intensity of the dsDNA signal was then mea-
sured in the cytoplasmic compartment. To determine the per-
centage of cytoplasmic dsDNA-positive cells, dSsSDNA speck-
les were enhanced to enable identification as primary ob-
jects. The resulting objects were filtered based on mean flu-
orescence intensity and to improve specificity, cells with at
least 10 dsDNA foci were classified as positive for cytoplas-
mic dsDNA. Identification of the nucleus and consequently
the whole cell boundary was reliant on DAPI intensity. As
DNase I treatment abolished the DAPI signal, quantification
of cytoplasmic intensity could not be performed for DNase
I-treated conditions. Five fields of view were analysed per
condition.

Wound healing assay

WT and STING1 KO HMC3 cells were pre-treated with
10 nM AZD1390 or DMSO as a control for 72 h, then
seeded at a density of 79 000 cells/cm? into 2-well culture
inserts (Ibidi). After 24 h, inserts were removed leaving a
500 uM gap, cells were washed twice in PBS then placed in
DMEM supplemented with 0.5% HI-FBS to limit prolifera-
tion. Wounds were imaged every 4 h over a period of 24 h
on a Lumascope LS720 (Etaluma Inc) using a 4x phase-
contrast objective. Wound closure was analysed in Image]
and wound area is presented as a percentage of the 0-h time
point.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
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xCELLigence chemotaxis assay

For preparation of conditioned medium, WT and STING1
KO HMCS3 cells were pre-treated with 10 nM AZD1390 or
DMSO as a control for 72 h, then seeded at a density of 21 000
cells/cm? in 6-well plates. After 48 h, cells were washed in PBS
and placed in DMEM supplemented with 0.5% (v/v) HI-FBS.
Conditioned medium on day 5 was centrifuged at 400 g for
10 min to remove whole cells and debris.

Chemotaxis assays were performed using Real-Time Cell
Analysis (RTCA) CIM-16 plates (Agilent). The lower cham-
ber contained conditioned medium as the chemoattractant or
DMEM supplemented with 0.5% (v/v) HI-FBS as a negative
control. The upper chamber was filled with 0.5% (v/v) HI-
FBS and plates were left to equilibrate at 37°C for 1 h. Back-
ground impedance (Cell Index) was measured followed by
seeding 25 000 cells per well in the upper chamber in tech-
nical triplicates. Cells were left to settle at RT for 30 min,
then impedance was measured every 15 min for 6 h using an
xCELLigence RTCA DP instrument (Agilent). Due to the na-
ture of the assay, absolute Cell Index values differed between
independent experiments precluding presentation of the sum-
marised data.

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 9.4.1. Quantitative data is presented as mean =+ stan-
dard deviation (SD) from at least three independent experi-
ments unless stated otherwise. Normality was assessed using
Q-Q plots and the Shapiro-Wilk normality test. Student’s or
Welch’s t-tests were used to compare means of two groups
with equal or unequal variance, respectively. For comparison
of three or more groups, one- or two-way ANOVAs were used.
P-values <0.05 were deemed to be statistically significant.

Results

Loss of ATM function in human microglia-derived
cells drives STING pathway activation and a type |
interferon response

Individuals with classical A-T phenotypes typically possess
nonsense mutations leading to complete loss of functional
protein, STING signalling was therefore investigated in two
monoclonal lines of ATM KO human C20 microglia-like cells
(28,48). Loss of ATM function was confirmed by the lack of
phosphorylation of the ATM substrate CHK2 T68 in response
to camptothecin (CPT), a topoisomerase I inhibitor known
to induce ATM activation (Supplementary Figure S1A, B)
(49). Increased phosphorylation of STING S366, TBK1 S172
and IRF3 S396, and upregulation of the interferon-responsive
transcription factor STAT1, indicated that the STING path-
way is activated in both ATM KO C20 lines (Figure 1A). Im-
portantly, basal expression of IFNB1 and the ISG IFIT2 was
induced in ATM KO cells, however, the induction in response
to stimulation with the non-cyclic dinucleotide STING ago-
nist, diABZI (50), was comparable to WT cells (Figure 1B).
To confirm whether loss of kinase activity induces phe-
notypes similar to loss of ATM protein, human microglia-
derived HMC3 cells were treated with a selective ATM kinase
inhibitor AZD1390 (ATMi) (51). ATMi treatment blocked
ATM auto-phosphorylation at S1981 and phosphorylation of
CHK2 T68 in response to CPT, confirming successful kinase
inhibition (Supplementary Figure S1C, D). ATMi also progres-
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sively increased levels of the DSB marker YH2AX, indicating
accumulation of DNA damage (Supplementary Figure STE, F).
ATMi treatment led to a gradual increase in phosphorylation
of STING, TBK1 and IRF3 between 3 and 9 days of treatment,
and a concomitant upregulation of STING protein which at
day 6, could be attributed to increased STING1 transcrip-
tion (Figure 1C and Supplementary Figure S1G). ATMi also
induced nuclear translocation of IRF3 in a fraction of cells
similar to that seen in diABZI-treated cells (Figure 1D, E). A
low percentage of cells with nuclear IRF3 likely reflects that
it can be difficult to detect owing to transient relocalisation
(52). Furthermore, ATM inhibition resulted in increased ex-
pression of the type I interferon, IENB1, which was exacer-
bated upon stimulation with diABZI in ATMi-treated com-
pared to control-treated HMC3 cells (Figure 1F). Different
responses of ATMi-treated and ATM KO cells to additional
stimulation with diABZI may reflect adaptation mechanisms
following constitutive loss of ATM, compared to the short-
term loss of function upon kinase inhibition. Taken together,
these data confirm that loss of ATM function leads to acti-
vation of STING and a type I interferon response in human
microglia-like cells.

Loss of ATM function leads to cGAS accumulation
at micronuclei

Micronuclei are a hallmark of genome instability known to
induce ¢GAS-STING activation in proliferating cells (9,10).
Although microglial turnover is low in the healthy CNS, mi-
croglial proliferation can be stimulated in response to pertur-
bations in their microenvironment. For example, rapid expan-
sion of the population of microglia is observed following their
depletion with CSF1R inhibitors in mice and in mouse mod-
els of neurodegenerative prion disease (53,54). Moreover, cell
cycle genes are upregulated in cerebellar microglia in A-T, sug-
gesting an increase in proliferative capacity (31).

To confirm that loss of ATM function induces the forma-
tion of micronuclei, human microglia-like HMC3 cells were
treated with ATMi for 6 days followed by drug washout for
4 days (Figure 2A). As expected, loss of ATM activity led to a
significant increase in micronucleated cells, which was rescued
by inhibitor washout (Figure 2B, C). Similarly, ATM KO C20
lines displayed an increased micronuclei frequency compared
to WT cells (Figure 2D, E). This increase was less marked than
that seen with kinase inhibition, likely due to the exacerbated
genome instability caused by loss of kinase activity relative to
loss of ATM protein (55,56).

Since ¢GAS can accumulate at micronuclei following mi-
cronuclear envelope collapse (9,10), its localisation was deter-
mined in ATMi-treated HMC3 cells by immunofluorescence
using a cGAS-specific antibody (Figure 2F and Supplementary
Figure S2A). The total number of micronuclei, and within
that ¢cGAS-positive micronuclei, significantly increased upon
ATMi treatment as compared to control (Figure 2G). Simi-
lar results were seen in ATM KO C20 lines, confirming that
c¢GAS accumulates at micronuclei in ATM-deficient human
microglia-like cells (Figure 2H). However, the proportion of
cGAS-positive versus cGAS-negative micronuclei remained
unchanged, indicating that loss of ATM function does not al-
ter the propensity for micronuclear envelope collapse or cGAS
recruitment (Supplementary Figure S2B, C). Collectively, these
data confirm that micronuclei are a source of cytosolic DNA
in ATM-deficient microglia-like cells.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1184#supplementary-data
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Figure 1. Loss of ATM function in human microglia-derived cells drives STING pathway activation and a type | interferon response. (A) Representative
immunoblot of STING pathway activation in ATM KO C20 cells (clones #1 and #2). Loading control: Vinculin. Quantification of phosphorylated proteins
and STAT1 is relative to respective total proteins and vinculin, respectively, and normalised to WT. (B) Relative mRNA levels of IFNB1 and IFIT2 in WT
and ATM KO C20 cells treated with 1 uM STING agonist diABZI, or DMSO as control, for 5 h. C, values normalised to /PO8 and DMSO-treated WT
cells. Mean log, fold change + SD (n = 3). Two-way ANOVA with Tukey's post-hoc comparison test. (C) Representative immunoblot of HMC3 cells
treated with 10 nM ATM inhibitor AZD1390 (ATMi), or DMSO as control, for 1, 3, 6 or 9 days. Loading control: Vinculin. NS: nonspecific. Quantification of
phosphorylated proteins is relative to respective total proteins and normalised to Day 1 DMSO control. (D) Representative images of IRF3 localisation in
HMC3 cells stimulated for 2 h with 1 uM diABZI, or DMSO as control, or with 10 nM ATMi or DMSO for 6 days (diABZl and ATMi stimulation are part of
separate experiments). Red: IRF3, cyan: DNA (DAPI). 20x magnification, scale bar = 25 um. Yellow arrows indicate cells with nuclear IRF3. (E)
Percentage of cells with nuclear translocation of IRF3 treated as in (D). Mean =+ SD (n = 3). Unpaired, two-tailed Student's t-tests. Dashed line indicates
two separate experiments. (F) Relative /IFNBT mRNA levels in HMCS3 cells treated with ATMi or DMSO for 6 days followed by 1 uM diABZI, or DMSO as
a control, for 5 h. Cq values normalised to RPS73 and DMSO-treated cells. Mean log, fold change + SD (n = 3). Two-way ANOVA with Tukey’s post-hoc
comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant.

ATM loss reportedly induces accumulation of cytosolic
DNA fragments, excessive formation of R-loops, and leak-
age of mtDNA in some cell types (6,25,33,35,57,58). cGAS
activity is most potently stimulated by dsDNA in compari-
son with single-stranded DNA and RNA:DNA hybrids (59—
62), therefore dsDNA localisation was visualised in ATMi-
treated HMC3 cells by immunofluorescence confocal mi-
croscopy. Co-staining for the mitochondrial marker TOM20

confirmed that cytosolic dsDNA did not localise to the mi-
tochondria, and loss of dsDNA signal following DNase 1
treatment confirmed antibody specificity. However, no in-
crease in cytosolic dsSDNA was observed upon ATM inhibition
(Supplementary Figure S2D and E). One reported mechanism
of mtDNA leakage in ATM-deficient murine cancer cells is via
downregulation of the mitochondrial transcription factor A
(TFAM) (33). However, TFAM mRNA levels were unchanged
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in ATMi-treated HMC3 cells, consistent with reports in Atm-
deficient mouse thymocytes (Supplementary Figure S2F) (63).
These results indicate that cGAS-STING activation likely orig-
inates primarily from micronuclei formation.

To address the requirement for cell cycle progression in ac-
tivating STING, mitotic entry was blocked using the CDK1
inhibitor (CDK1i) RO-3306 in the absence or presence of
ATM.i. Cells were treated with ATMi for 6 days, with addi-
tion of CDK1i for the final 24 h (Supplementary Figure S3A).
Immunoblotting and cell cycle analysis confirmed effective
ATM inhibition and synchronisation of HMC3 cells in G2
phase upon CDKI1i treatment (Supplementary Figure S3B,
C). ATMi-induced phosphorylation of STING and IRF3 and
increased expression of STAT1 were alleviated by CDK1i
treatment, confirming a requirement for mitotic progression
(Supplementary Figure S3D).

A similar experimental approach was utilised to assess
whether transcription-associated DNA damage, such as that
arising from R-loops (64), contributes to STING pathway ac-
tivation. ATMi-treated HMCS3 cells were cultured in the pres-
ence of DRB, triptolide or c-amanitin, which inhibit transcrip-
tion elongation or initiation (65), for 24 h (Supplementary
Figure S3E). Loss of RNA polymerase II (POLR2A) expres-
sion confirmed successful inhibition of transcription. We did
not observe a substantial increase in apoptosis as indicated
by the levels of cleaved caspase-3 following ATMi and tran-
scription inhibition. Although phosphorylation of STING,
TBK1, and IRF3 were alleviated upon transcription inhibi-
tion in ATMi-treated cells, this could, at least in part, be
a consequence of TBK1 downregulation (Supplementary
Figure S3F, G). Due to these confounding effects, the role of
transcription-mediated DNA damage in STING pathway acti-
vation is presently unclear and warrants further investigation.

Additionally, the contribution of oxidative stress was as-
sessed by culturing ATMi-treated microglia-like cells in the
presence of scavengers of reactive oxygen species, including
tiron, N-acetyl-L-cysteine (NAC; also enhances cellular cys-
teine pool), or extracellular catalase (66—68) (Supplementary
Figure S3E, F). These treatments did not prevent STING path-
way activation in ATMi-treated cells, indicating that cytosolic
DNA in this experimental system is unlikely to arise from ox-
idative stress. These results are consistent with our previous
observations that ROS scavengers failed to rescue increased
phagocytosis of ATM KO microglia-like cells (28).

Taken together, these data indicate that loss of ATM func-
tion in proliferating microglia leads to recognition of micronu-
clei by cGAS, providing a source of sterile STING-dependent
inflammation.

cGAS dependency of STING activation

STING activation can occur through mechanisms indepen-
dent of cGAS and cytosolic DNA, such as inappropriate traf-
ficking to the Golgi or via nuclear signalling upon sensing
of DNA damage by PARP1 (69,70). Furthermore, ATM in-
hibition was reported to activate TBK1 in a ¢cGAS-STING-
independent manner via SRC kinase in pancreatic cancer cells
(34).

To confirm whether interferon signalling is activated via
canonical cytosolic DNA sensing, ¢cGAS and STING were
depleted using siRNA in ATMi-treated HMC3 microglia.
Knockdown (KD) of ¢GAS abolished phosphorylation of
STING following ATMi treatment, while KD of c¢GAS or
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STING abolished TBK1 phosphorylation (Figure 3A-B). Bio-
chemical fractionation revealed that nuclear translocation of
phosphorylated IRF3 and STAT1 in ATMi-treated cells was
attenuated upon cGAS or STING KD (Figure 3C, D). Impor-
tantly, an increase in expression of [FNB1 and IFIT2 in ATMi-
treated cells is prevented upon cGAS or STING KD, while
induction of IL6 is only partially dependent on ¢GAS and
STING (Figure 3E). As IL6 is a target of NF-kB transcrip-
tion factors, and we previously reported activation of non-
canonical NF-«B upon loss of ATM function, residual inflam-
matory signalling upon cGAS-STING deletion may be driven
by this pathway (28).

Taken together, these data demonstrate that canonical
cGAS-STING signalling drives the type I interferon response
in ATM-deficient microglia-derived cells.

Type | interferon signalling elicits chemokine and
motility transcriptional programmes in human
iPSC-derived microglia

STING signalling has been linked with activation of NF-kB
signalling and induction of senescence programmes in Atm-
deficient murine microglia and A-T brain organoids (25,32).
However, type I interferon is a major arm of transcriptional
responses downstream of mammalian STING (71). To deter-
mine how type I interferon shapes microglial function, bulk
RNAseq was performed in human iPSC-derived iCell mi-
croglia treated with human IFN-B for 6 or 24 h (Figure 4A).
As expected, differentially expressed genes (DEGs) in I[FN-3-
treated iPSC-derived microglia are enriched in gene ontology
(GO) biological processes associated with antiviral immunity,
including positive regulation of immune response, response to
virus and positive regulation of inflammatory response (Figure
4B). Importantly, GO terms associated with cell locomotion,
motility and migration were among the top 5 enriched pro-
cesses. Processes linked with actin filament organisation, cell
polarity and cell shape also featured in the top 20 enriched
GO processes.

The chemokine superfamily is divided into C, CC,
CXC and CX3C subtypes based on the amino acid ar-
rangement between conserved N-terminal cysteine residues.
Chemokines signal via transmembrane G-protein coupled re-
ceptors (GPCRs) to regulate cell polarity, cytoskeletal organi-
sation and adhesion, driving cell recruitment along a chemo-
tactic gradient (72). Protein interaction network analysis at
6 and 24 h identified a significant cluster of chemokines and
their receptors, indicating enrichment of microglial chemokine
signalling following IFN-f treatment (Figure 4C). Specifically,
CXCL9, CXCL10 and CXCL11, ligands of the CXCR3 re-
ceptor, and CCLS, a ligand of CCR2, are among the top up-
regulated chemokines upon IFN-B treatment at both 6 and
24 h (Figure 4D and Supplementary Table S3). In addition,
CCLS among other chemokines of the CC family, is highly
upregulated (Figure 4C, D). Therefore, chemokine signalling
is a critical outcome of type I interferon responses in human
microglial cells.

ATM loss drives STING-dependent chemokine
production in microglia-derived cells

Given the induction of chemokine and cell motility pro-
grammes in response to [IFN-f treatment in iPSC-derived mi-
croglia, we sought to investigate whether ATM loss induces
microglial chemokine production and whether this could be
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Figure 4. Migration-related pathways and chemotaxis genes are enriched in iPSC-derived microglia stimulated with IFN-3. (A) Schematic of
experimental workflow. iCell microglia were treated with vehicle or 5 ng/ml human IFN-B (hIFN-[3) for 6 or 24 h (n = 3), followed by bulk RNAseq. (B)
Dotplot of top 20 GO biological processes enriched among differentially expressed genes (DEGs) in IFN-[3-treated iCell microglia. Migration-related
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that are not significantly differentially expressed (adjusted P-value > 0.05).
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STING-dependent. Single-cell RNAseq previously identified
Cxcl10 and CclS as signature ISGs induced specifically in
micronucleated cells (10), therefore mRNA levels of these
chemokines were assessed in ATM-deficient microglia-like
cells. CCLS and CXCL10 were found to be significantly up-
regulated in ATM KO C20 cells and induced by STING ac-
tivation with diABZI (Figure 5A). As siRNA delivery and
lipofection can activate the innate immune system (73,74),
STING1 KO HMC3 cells were established to further in-
vestigate the consequences of chronic STING activation on
microglial function. In two monoclonal STING1 KO lines,
TBK1 S172 and IRF3 S396 phosphorylation was abolished
(Supplementary Figure S4A-B) and perinuclear STING clus-
ters were no longer detectable in response to diABZI, confirm-
ing the lack of functional STING (Supplementary Figure S4C).

We therefore focused on the role of STING in chemokine
production in basal conditions and upon treatment of WT
and STING1 KO HMC3 cells with ATMi (Figure 5B).
As expected, the induction of IFNBI in cells treated with
ATMi or diABZI was completely abolished in STINGI
KO lines (Supplementary Figure S4D). Although IFNBI1
mRNA was induced, ATM inhibition increased secretion of
IFN-«2a rather than IFN-B, and this was dependent on
STING (Supplementary Figure S4E). This discordance be-
tween mRNA levels is likely to be attributed to the kinetics
of the secretory response. Importantly, ATM inhibition also
induced a robust chemokine response, evidenced by increased
mRNA levels of CCLS and CXCL10, which were fully de-
pendent on STING. Stimulation with diABZI similarly in-
duced CCLS and CXCL10 expression (Figure 5C). Moreover,
STING deletion markedly reduced CCL5S mRNA in basal
conditions, and a similar tendency was observed in the case
of CXCL10, suggesting tonic, i.e. basal, STING-dependent
chemokine signalling. As CXCL10 was the most strongly up-
regulated gene following IFN-p treatment in iPSC-derived mi-
croglia, its concentrations were measured in cell culture su-
pernatants. ATM inhibition promoted CXCL10 secretion in
a STING-dependent manner, whereas CXCL10 was not de-
tected in supernatants from STING1 KO cells (Figure 5D).

Given the robust chemokine response in vitro, mRNA lev-
els of CGAS, STING1, CCLS and CXCL10 were determined
by RT-qPCR in cerebellar homogenates from individuals with
A-T and from age- and gender-matched individuals with no
known diseases of the CNS (Figure SE-F). Confirming pre-
vious single-nucleus RNAseq data, expression of CGAS and
STING1 was significantly upregulated in A-T cerebella com-
pared to matched controls (31). Importantly, levels of CCLS
and CXCL10 were also increased in A-T brains, albeit not
significantly, likely owing to genetic variability between indi-
viduals and a small sample size limited by tissue availability
(Figure 5F). Whole cerebellum gene expression changes there-
fore indicate upregulation of CGAS, STING1, and possibly
chemokines in A-T. Taken together, these data demonstrate
that STING drives production of chemokines upon loss of
ATM function in human microglia-like cells with potential rel-
evance in human disease.

Persistent DNA damage promotes a
STING-dependent chemokine response

To investigate the role of DNA damage in STING-dependent
chemokine responses, WT and STING1 KO HMC3 cells were
treated with the topoisomerase II poison etoposide, the DNA
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synthesis inhibitor aphidicolin, and the DNA crosslinking
agent mitomycin C. To model persistent low-level DNA dam-
age, cells were treated for 6 days using low doses of drugs
that did not induce cell death (Supplementary Figure S5A). All
DNA damaging agents induced the formation of micronuclei
and consequent STING activation, as evidenced by increased
STING S366 and TBK1 S172 phosphorylation, which was
absent in STING1 KO cells (Supplementary Figure S5B, C).
Moreover, all three agents induced CCLS expression, which
was dependent on STING (Supplementary Figure S5D). These
data indicate that DNA damage, rather than ATM loss per
se, drives STING-dependent chemokine induction in human
microglia-derived cells.

ATM inhibition drives microglial chemotaxis in a
STING-dependent manner

Microglia are highly motile cells, as their processes dynami-
cally survey their microenvironment in the absence of a stim-
ulus, and are rapidly directed towards sites of infection or in-
jury (75). Given that STING regulates tonic chemokine pro-
duction in microglia-like cells, the role of STING in regulating
basal microglial migration was investigated. To address this, a
variant of the scratch-wound assay was utilised, in which cells
are seeded in a well containing silicone inserts which are sub-
sequently removed to produce a uniform cell-free gap (Figure
6A). Live cell imaging showed that deletion of STING1 leads
to delayed gap closure, indicating that STING regulates basal
microglial migration (Figure 6B, C). Furthermore, chemotactic
migration of WT and STING1 KO HMCS3 cells, which were
grown in the presence or absence of ATM inhibitor for 6 days,
was investigated using xCELLigence label-free real-time cell
analysis based on measuring cellular impedance (Figure 6D)
(76). Loss of ATM activity enhanced chemotactic migration
of cells towards their respective conditioned medium, and this
effect was reduced in the absence of STING (Figure 6E).

Overall, these data demonstrate that STING regulates
chemotaxis of microglia-derived cells in basal conditions and
following loss of ATM function.

Discussion

In this study, we utilised A-T as a model genome instabil-
ity disorder to explore how cGAS-STING signalling regulates
microglial function upon persistent DNA damage. Consistent
with previous observations upon ATM deletion or pharma-
cological inhibition, we find that the cGAS-STING pathway
induces chronic inflammation following ATM loss in mod-
els of human microglia-derived cells (6,25,32,35). Both ge-
nomic and mitochondrial origins of cytosolic DNA in ATM
deficiency have previously been proposed (12,33,35). Whilst a
mitochondrial origin cannot be ruled out in the present work,
we find that STING signalling in the absence of ATM is as-
sociated with ¢GAS activation by micronuclei in proliferat-
ing microglia (Figure 7). Indeed, ATM-deficient cells present
with chromosomal rearrangements that form upon non-
homologous end joining of single-ended DSBs and could drive
micronucleus formation (77). Evidently, STING-dependent
inflammation is phenocopied upon prolonged treatment of
ATM-proficient microglia-derived cells with a range of DNA
damaging agents, all of which could potentiate the formation
of DSBs and consequently micronuclei. These observations ar-
gue against a specific effect of ATM loss as a driver of STING
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Figure 5. Loss of ATM function leads to STING-dependent chemokine secretion. (A) Relative mRNA levels of CCL5 and CXCL 10 in WT and ATM KO C20
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activation in microglia. We therefore propose that chronic in-
flammation in ATM deficiency is driven by genome instability,
consistent with the nuclear origin of cytosolic DNA upon Atm
inhibition in murine microglia (12). Whilst the possibility that
transcription-mediated DNA damage contributes to cGAS ac-
tivation cannot be excluded, we find that oxidative DNA dam-
age does not appear to drive STING pathway activation upon
ATM loss.

Micronuclei are a hallmark of genome instability, raising
the question of whether STING-dependent neuroinflamma-
tion is common among inherited disorders associated with a
defective DNA damage response. Not all genome instability
disorders present with neuropathology, indicating that proin-
flammatory signalling may depend on the initiating DNA le-
sion. Nuclear chromatin architecture and its inheritance by
micronuclei can influence ¢cGAS recruitment to micronuclei
following genotoxic stress (11). Differential effects on chro-
matin organisation and the consequences for cytosolic DNA
species may therefore regulate the extent of proinflammatory
signalling and neuropathology in DNA repair deficits.

As micronuclei form during mitosis, the cellular prolifer-
ative capacity will also dictate the rate of micronuclei for-
mation. Importantly, microglial proliferation is highly respon-
sive to external cues, including inflammation, and expansion
of the microglial compartment is frequently observed in neu-
rodegenerative disease (53,78). It is therefore possible that
microglial proliferation is stimulated by perturbations in the
CNS microenvironment during genome instability, perpetu-
ating neuroinflammatory processes. Consistent with this, mi-

crogliosis is observed in the spinal cord of Atm-deficient rats
and several studies have highlighted increased turnover of
cerebellar microglia relative to cortical microglia, suggesting
a region-specific increase in microglial proliferative capacity
(24,30,31).

Previous studies established a connection between genome
instability, activation of STING, and inflammation in ATM
deficiency (12,25,32,35). We extend these findings by demon-
strating that interferon responses to ATM inhibition are abol-
ished in STING-deficient cells, however, the consequences
of type I interferon production on microglial homeostasis
are unclear. We therefore focus on investigating interferon-
dependent regulation of microglial function. Consistent with
IFN-« administration in murine microglia, we discover that
IFN-B potently upregulates signalling networks associated
with chemotaxis and migration in human iPSC-derived mi-
croglia (79,80). These data identify chemotactic responses as
a key outcome of type I interferon signalling. Indeed, STING
signalling induces production of chemokines, such as CCLS
and CXCL10, in human microglia-like cells upon ATM loss
or persistent DNA damage (Figure 7). Whilst acute chemo-
tactic responses are critical for antimicrobial immunity, ex-
cessive and/or chronic production of chemokines is impli-
cated in detrimental microglial functions iz vivo. For exam-
ple, CXCL10-CXCR3 signalling regulates microglial recruit-
ment and dendritic loss following axonal injury (81). More-
over, microglia-derived CCL3/4/5 activates neuronal CCRS,
leading to autophagy inhibition and accumulation of pro-
tein aggregates in mouse models of Huntington’s disease and
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tauopathy (82). Interestingly, CCRS5 also promotes microglial
recruitment to cerebral vasculature to support the blood brain
barrier (BBB) during acute inflammation, however, chronic in-
flammation drives BBB dysfunction via microglial phagocyto-
sis of astrocytic end feet (83). Sustained, excessive chemokine
production may therefore shift the balance towards eliciting
deleterious effects on neuronal function and the CNS microen-
vironment. As chemokines are implicated in recruitment of pe-
ripheral immune cells, the question of whether cGAS-STING
signalling drives immune infiltration during chronic CNS in-
flammation in A-T warrants further investigation (84).

Importantly, this study identifies STING as a regulator of
microglial chemotaxis, both in basal conditions and during
ATM deficiency (Figure 7). In mice, STING activation me-
diates chemotactic recruitment of T-cells into the inflamed
peritoneum and tumour-infiltrating neutrophils (85,86). Con-
versely, STING activation supresses migration of cancer cells
and tumour-infiltrating neutrophils by reducing translation of
the matrix-remodelling serine peptidase PLAU (87). However,
knowledge of whether STING regulates microglial migration
is lacking. We find that STING-deficient microglia-like cells
display a marked defect in migration in the absence of stim-
ulation. Whilst STING may act intrinsically to regulate cy-
toskeletal dynamics, it is possible that tonic chemokine sig-
nalling underlies this phenotype, as STING loss reduced basal
chemokine expression. Previous work identified enhanced mi-
gration in Atm-deficient primary murine microglia and astro-
cytes isolated from the cerebellum, but not the cerebral cortex
(26). This indicates cerebellum-specific effects of ATM loss on
microglial migration may exist, and we propose that STING
signalling may underlie this process. In addition, the Rho fam-
ily of small GTPases coordinate actin cytoskeleton dynamics
during cell migration. In ATM-deficient human fibroblasts,
oxidative stress reportedly promotes increased migration by
activating the Rho GTPase Racl, suggesting that oxidative
stress may also factor into regulation of cell migration upon
ATM loss (88).

Microglial soma are largely immobilised during baseline
microglial motility i vivo, however, their processes are highly
motile enabling constant surveillance of the local parenchyma.
In response to focal brain injury, microglial processes are
rapidly directed towards the injured site along an ATP gra-
dient (75,89). Uniquely, cerebellar microglia exhibit baseline
soma motility and frequently interact with Purkinje cell soma
and dendrites; cerebellar microglia may therefore respond dif-
ferently to chemokines (90). Enhanced sampling of the sur-
rounding parenchyma may also improve scavenging of apop-
totic cells or debris and detection of pathogenic stimuli, pro-
moting beneficial outcomes in an acute setting. Conversely,
increased surveillance in the degenerating brain could am-
plify recognition of neuronal stress, including via chemotaxis-
driven clustering of activated microglia, which might poten-
tiate detrimental functions of microglia. For example, we
previously showed that ATM-deficient microglia form clus-
ters which damage neurons iz vitro through aberrant engulf-
ment (28). Finally, cytoskeletal reorganisation required for
sustained chemotaxis is energetically expensive and may drive
metabolic reprogramming and microglial dysfunction.

In conclusion, this study identifies cytosolic DNA sensing
as a critical mechanism regulating microglial motility and
chemotaxis in health and disease. Given the expanding roles of
c¢GAS-STING signalling in neurodegeneration (91), our study
uncovers mechanistic insights into inflammatory mechanisms
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not just in A-T, but more broadly in neurological diseases
associated with genome instability and excessive interferon
production in the CNS. Given the co-occurring immunod-
eficiency, blockade of STING signalling may be contraindi-
cated in A-T. However, targeting the accumulation of cytoso-
lic DNA species or identifying specific downstream regulators
of neurological phenotypes may provide therapeutic benefit.
This work provides a rationale for exploring modulators of
cytosolic DNA sensing as a potential therapeutic strategy to
alleviate neurological decline in A-T and similar genome in-
stability disorders.
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