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The DNA repair enzyme, aprataxin,
plays a role in innate immune
signaling

Helena B. Madsen®, Louise |. Pease®, Rebekah-Louise Scanlan?,
Mansour Akbari', Lene J. Rasmussen?, Daryl P. Shanley?* and
Vilhelm A. Bohr*

!Center for Healthy Aging, Institute of Cellular and Molecular Medicine, University of Copenhagen,
Copenhagen, Denmark, 2CAMPUS for Ageing and Vitality, Newcastle University, Newcastle, United
Kingdom

Ataxia with oculomotor apraxia type 1 (AOA1) is a progressive neurodegenerative
disorder characterized by a gradual loss of coordination of hand movements,
speech, and eye movements. AOAL is caused by an inactivation mutation in the
APTX gene. APTX resolves abortive DNA ligation intermediates. APTX deficiency
may lead to the accumulation of 5'-AMP termini, especially in the mitochondrial
genome. The consequences of APTX deficiency includes impaired mitochondrial
function, increased DNA single-strand breaks, elevated reactive oxygen species
production, and altered mitochondrial morphology. All of these processes can
cause misplacement of nuclear and mitochondrial DNA, which can activate
innate immune sensors to elicit an inflammatory response. This study explores the
impact of APTX knockout in microglial cells, the immune cells of the brain. RNA-
seq analysis revealed significant differences in the transcriptomes of wild-type and
APTX knockout cells, especially in response to viral infections and innate immune
pathways. Specifically, genes and proteins involved in the cGAS-STING and RIG-1/
MAVS pathways were downregulated in APTX knockout cells, which suggests an
impaired immune response to cytosolic DNA and RNA. The clinical relevance of
these findings was supported by analyzing publicly available RNA-seq data from
AOAL patient cell lines. Comparisons between APTX-deficient patient cells and
healthy control cells also revealed altered immune responses and dysregulated
DNA- and RNA-sensing pathways in the patient cells. Overall, this study highlights
the critical role of APTX in regulating innate immunity, particularly in DNA- and
RNA-sensing pathways. Our findings contribute to a better understanding of the
underlying molecular mechanisms of AOA1 pathology and highlights potential
therapeutic targets for this disease.

KEYWORDS

APTX, innate immunity, DNA repair, ataxia, microglia, DNA- and RNA-sensing pathways,
neurodegenerative diseases

1 Introduction

Ataxias are a spectrum of heterogenous progressive diseases where neurodegeneration
is a common feature. Ataxias are characterized by slow progressive loss of coordination of
hands, speech and eye movements, atrophy of the cerebellum (Moreira et al., 2001; Coutinho
et al., 2023), and are associated with a range of phenotypes and mutations (Table 1).
Biochemical and genetic tests, as well as family history are used for diagnosis (Klockgether,
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TABLE 1 Overview of some ataxias, genetic causes, clinical, and molecular association.

10.3389/fnagi.2023.1290681

Ataxia Abbreviations Age of onset = Phenotype Mutated genes
Ataxia with oculomotor AOA1 4 Elevated alpha-fetoprotein, APTX, PNKP (Bras et al,, 2015;
apraxia Type I hypoalbuminemia, decreased Moreira et al., 2001)

muscle Co-enzyme QI10,

hypocalcemia, elevated total

cholesterol, immunodeficiencies,

sensitivity to single strand DNA

breaks
Ataxia with oculomotor AOA2, SCAR1 4.3 Elevated alpha-fetoprotein, SETX (Airoldi et al., 2010)
apraxia Type II hypoalbuminemia, decreased

muscle Co-enzyme Q10,

hypocalcemia, sensitivity to

single-strand DNA breaks,

immunodeficiencies
Ataxia with oculomotor AOA3 <10 Elevated alpha-fetoprotein PIK3R5 (Tassan et al., 2012)
apraxia Type III
Ataxia with oculomotor AOA4 4.3 Elevated alpha-fetoprotein, PNKP (Paucar et al., 2016;
apraxia Type IV elevated cholesterol, Rudenskaya et al., 2019)

hypoalbuminemia
Early onset ataxia with EAOH 4 Hypoalbuminemia, elevated total APTX (Kato et al., 2021)
oculomotor apraxia cholesterol, elevated alpha-

fetoprotein
Ataxia-telangiectasia AT 3 Radiosensitivity, ATM (van Os et al., 2017)

immunodeficiencies, elevated

alpha-fetoprotein
Spinocerebellar ataxia OPCA1, OPCA4, CPD1, OPCA 35 Elongated polyglutamine, coeliac ATXN1,SCA1,SCA2,SCA3,SCA6,SCA

616795 disease 7,SCA17 (Jacobi et al,, 2013)

Friedereichs ataxia FRDA, FRDAL, FA, FARR 229300 10 Abnormal lipid metabolism, FXN (Walker et al., 1980)

diabetes, reduced mitochondrial

respiration, free radical

production

2007). There are four subtypes of ataxia with oculomotor apraxia
(AOA): AOA1 [mutations in APTX (Moreira et al., 2001) and/or
PNKP (Bras et al., 2015)]; AOA2 [mutations in SETX (Airoldi et al.,
2010)]; AOA3 [mutations in PIK3R5 (Tassan et al., 2012)]; AOA4
[mutations in PNKP (Paucar et al., 2016; Rudenskaya et al., 2019)].
All are associated with early disease onset and elevated alpha-
fetoprotein, while AOA1, AOA2, and AOA4 are further associated
with elevated cholesterol and hypoalbuminemia (Papadimitriou
et al., 1996; Moreira et al., 2001; Sano et al., 2004; Quinzii et al.,
2005; Kijas et al., 2006; Tada et al., 2010; Bogeski et al., 2011; Bras
et al., 2015; Paucar et al., 2019; Kato et al., 2021; Coutinho et al.,
2023). Conditions sharing phenotypic similarities could have
related molecular causes and relationships between mutated genes.
The STRING protein database (Szklarczyk et al., 2021) confirms this
relationship for genes mutated in AOAs, ataxia telangiectasia (AT),
and Friedereichs ataxia (Figure 1A). Many of the identified disease-
causing genes (FXN, SETX, APTX, ATM and PNKP) are
co-expressed (black lines), and experimentally determined
relationships (pink lines) exist between APTX and PNKP, whose
proteins are homologous (purple lines) as are SETX and ATM,
SETX and FXN.
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APTX resolves abortive DNA ligation intermediates by catalyzing
the release of adenylate groups covalently linked to 5" phosphate
termini at single-strand nicks and gaps to produce 5’-phosphate
termini that can be efficiently rejoined. It is estimated that in mice
1,000,000 nicks are produced per cell cycle (Ahel et al., 2006; Rass
et al.,, 2007; Tumbale et al., 2014; Fusco et al., 2017). It has been
suggested that one cause of AOA1 is the accumulation of unrepaired
DNA-adenylates due to loss of APTX activity (Ahel et al., 2006;
Tumbale et al., 2014). Interestingly, depletion of APTX renders the
mitochondrial genome, but not the nuclear genome, susceptible to
damage, although the mechanisms are not clear (Akbari et al., 2015).
Biochemical experiments demonstrated that APTX deficient cells had
more 5-AMP-DNA in mitochondrial DNA than in nuclear extracts
(Akbari et al., 2015). CRISPR-Cas9-mediated knockout (KO) of APTX
in human osteosarcoma cell line U20S disrupted mitochondrial
morphology, mitochondrial networks, decreased mitochondrial
membrane potential (MMP) and increased reactive oxygen species
(ROS) production, leading to impaired mitophagy (Akbari et al.,
2015), also seen in AOA1 patient cell lines (Zheng et al., 2019).
Persistent nuclear DNA damage has been linked to activation of poly
ADP-ribose polymerase (PARPs), nicotinamide adenine dinucleotide
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FIGURE 1

Connectivity between ataxia-associated genes and overview of the innate immune signalling pathways. (A) STRING network of proteins mutated in
ataxias connected by edges colored by known associations (black = coexpression, pink = experimentally determined, purple = homologous proteins,
light green = text mining, light blue = curated databases). (B) Graphical overview of the cGAS and RIG-I-MAVS signaling pathways elicited in response to
cytosolic DNA and RNA that are known to trigger the phosphorylation and nuclear localization of IRF3 which subsequently transcribes interferon genes

such as IFN1.

(NAD+) depletion and mitochondrial dysfunction, processes that are
thought to be causative in neurodegenerative disorders (Fang et al.,
2014; Hou et al,, 2021). The order of events leading to mitochondrial
dysfunction in APTX deficient cells are currently unclear. However, it
is known that loss of function of APTX leads to decreased ATP
synthesis, increased DNA damage (particularly in mitochondria),
increased ROS production and alterations in mitochondrial
morphology, all are functions which have profound effect on normal
cell function, including the release of self-DNA into the cytosol
(Akbari et al., 2021). The presence of self- and foreign DNA in the
cytosol can lead to immune responses and inflammation, which are
activated by DNA sensing pathways including cGAS-STING signaling
(Gregg et al., 2019; Akbari et al., 2021).
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Cyclic GMP-AMP synthase (cGAS) is the primary protein that
detects cytosolic double-stranded DNA (dsDNA) to invoke Type
I interferon response (Gregg et al., 2019; Pasmanter et al., 2023).
At the core of the cGAS-STING pathway, cGAS senses dsDNA
leading to synthesis of cycling GMP-AMP (cGAMP), which serves
as a secondary messenger. cGAMP interacts with STING,
ultimately resulting in innate immune activation (Cai et al., 2014;
Sun and Hornung, 2022). Further to this, cGAMP can travel
between adjacent cells via gap junctions to activate the innate
immune response in neighboring cells in a STING-dependent
manner, allowing cells to confer protection to infection even when
the interferon production in the infected cells is blocked by viral
antagonists (Cai et al, 2014). Endosomal nucleic acids are

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1290681
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Madsen et al.

detected by a subset of Toll-like receptors (TLR3, TLR7, TLR8 and
TLRY), whereas cytosolic RNA activates the family of RIG-I like
receptors to produce type I interferons and cytokines (Cai et al.,
2014). The immune responses elicited by cells are thus tailored to
the type of nucleic acid and its specific location within the cell
(Figure 1B).

APTX impairment has been linked to immunodeficiency and
mitochondrial dysfunction. We have previously shown that
especially mitochondrial DNA is rendered susceptible to damage
upon APTX depletion (Akbari et al, 2015) resulting in
mitochondrial stress, impaired mitophagy and altered mitochondrial
morphology (Zheng et al., 2019). In recent years, the immune system
is becoming increasingly recognized as a contributor to several
neurological and neurodegenerative disorders (Zang et al., 2022).
Meanwhile, mitochondria have emerged as central organelles in
innate immune signaling (Bahat et al., 2021), leading us to explore
this link further in APTX deficiency. Thus, we knocked out the
APTX gene in microglial cells, the immune cells of the brain, and
stimulated the immune responses in WT and KO cell lines with
dsDNA and Poly(I:C), an RNA mimic. RNA was harvested and
sequenced after dsDNA stimulation, and key proteins were selected
for further analysis at different stimulation timepoints, based on
significant changes identified in the transcript analysis. Results were
considered in conjunction with existing publicly available RNA-seq
data for APTX loss of function (LOF) and healthy patient cell lines
(E-GEOD-124412).

We first analyzed RNA-seq data to determine the effect of APTX
KO in microglial cells, and whether these transcriptomic changes are
reflective of the phenotypes seen in AOA. We found that APTX KO
gives rise to altered viral responses, including DNA- and
RNA-sensing innate immune pathways. Defective DNA- and
RNA-sensing pathways were verified at the protein level by
immunoblotting and fluorescence microscopy. Datasets from APTX
LOF patient-derived cells also indicate similar dysregulation of viral
responses, DNA- and RNA-sensing and the overall innate
immune response.

These findings contribute to our understanding of APTX function
beyond its direct role in DNA repair, and aids in the development of
potential new targets to benefit AOA1 patients.

2 Results

2.1 APTX knockout results in altered innate
immune responses and cell survival

An APTX KO microglial cell line was generated using CRISP-Cas9
technique (Figure 2A). RNA-seq data was collected in triplicate from
WT and APTX KO microglial cells and analyzed. Significantly
(g< 0.05) differentially expressed (DE) genes were identified in WT
and KO cells with (immune stimulated, IS) or without (not stimulated,
NS) dsDNA exposure (Table 2). When WT cell lines are compared to
KO mutants with and without IS, over 6,000 genes are DE (Table 2),
highlighting that the transcriptomes of WT and APTX KO cell lines
are fundamentally different. Further analysis was performed to
investigate differences between transcripts, and it was found that more
genes and transcripts were DE in KO cells than WT cells in
immune-stimulated

non-stimulated and samples
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(Supplementary Table S1). This could be due to the increased presence
of nicked DNA in APTX KO cells, leading to decreased access to DNA
and thus compromised accuracy of transcription.

To explore the impact of APTX KO on the transcriptome,
enrichment analysis was performed on DE genes. In NS cells,
analysis found that many pathways enriched in WT compared to
APTX KO were related to viral infections (such as measles,
Epstein-Barr virus infection, and influenza A), but also to
immune related pathways (NOD-like receptor signaling) and
inflammatory pathways (NF-kB signaling pathway) (Figure 2B).
Along with differences in response to viral infection, this analysis
provides evidence that KO of APTX results in altered innate
immunity as NOD-like receptor signaling has been described as a
master regulator of innate immunity (Zhong et al, 2013).
Differences in conserved non-coding elements (CNE) were also
analyzed and it was found that the most enriched processes
affected by an APTX KO is RNA splicing via transesterification
and mRNA splicing via spliceosome (Figure 2C), suggesting that
APTX KO results in altered splicing dynamics, which is supported
by the high number of transcripts found (Supplementary Table S1).
In addition to these enriched processes, nine transcripts were
identified by CNE analysis, with HNRNPH1 and RBM3 identified
as highly expressed in APTX KO cells compared to WT cells
(Figure 2C). HNRNPHI1 is an RNA binding protein which
assembles on mRNA to regulate gene expression (Neckles et al.,
2019), and RBM3 is a cold- and hypoxia-inducible protein (Danno
etal., 1997), and expression is regarded as a potential cell survival
mechanism (Zhou et al., 2017). RBM3 functions in cell cycle
progression (Ehlén et al., 2010; Matsuda et al., 2011), and
regulating protein synthesis through microRNA levels (Dresios
et al., 2005). As RBM3 is more active in APTX KO cells, this
suggests that APTX KO cells are in a stressed state with an altered
cellular makeup, which can lead to immune defects. As both have
functions relating to the regulation of gene expression, this further
supports the altered splicing dynamics identified when APTX is
knocked out (Figure 2C; Supplementary Table S1).

Expression levels of genes, which were significantly (4<0.05) DE
across all conditions, were visualized using hierarchically clustered
heatmapping (Figure 2D), illustrating that although there are clear
differences between WT and APTX KO cells, conditions cluster
together based on stimulation status. Upon IS, both WT and APTX
KO cell lines show increased expression of a cluster of co-expressed
transcripts (SP1100, IF144, OAS2, PARP14, SAMD9, IFIT1, DDX58,
BST2, OASI1, IFITMI1, STATI1, IFIT3, and WARSI). Of these
transcripts IFITM1, IFIT3 and WARSI have lower expression levels
in APTX KO cell lines, all genes which are regulated by
interferon activity.

TABLE 2 Summary of the number of significantly (q < 0.05) DE genes for
each of the comparisons identified by RNA sequencing analysis.

Comparisons ‘ Genes
WT_NS vs. WT_IS 6,837
WT_NS vs. APTX_KO_NS 6,748
WT_NS vs. APTX_KO_IS 6,837
WT_IS vs. APTX_KO_IS 6,787
APTX_KO_NS vs. APTX_KO_IS 4,641
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FIGURE 2 (Continued)

belonging to network modules in WT vs. APTX KO microglial cell comparisons where (B) shows a dot-plot of enriched pathways and (C) shows
conserved non-coding elements. (D) Hierarchically clustered heatmap of significantly (q < 0.05) differentially expressed genes with the high fold
changes in expression in WT and KO cell lines with immune stimulation (IS) and without (NS) immune stimulation.

TABLE 3 Summary of genes significantly (g < 0.05) increased in response to immune stimulation in both WT and APTX KO mutant.

Transcript name Gene name KEGG Term Comparison Fold Change qVal

ENST00000649979 IFIH1 RIG-I-like receptor APTX_KO_NS vs. APTX_ 0.09108 0.00531
signaling pathway KO_IS

ENST00000649426 IFTH1 RIG-I-like receptor APTX_KO_NS vs. APTX_ 0.48754 0.00474
signaling pathway KO_IS

ENST00000366930 TGFB2 Malaria APTX_KO_NS vs. APTX_ 1.79600 0.04724
KO_IS

ENST00000413366 PRKCA African trypanosomiasis APTX_KO_NS vs. APTX_ 1.40287 0.03644
KO_IS

Only four transcripts are significantly DE (g < 0.05) in response
to IS in both cell lines (Table 3). These transcripts belong to three
genes: IFIH1, TGFB2 and PRKCA, and are associated with three
KEGG pathways all related to infection and infection detection
(RIG-I-like receptor signaling pathway, Malaria, and African
trypanosomiasis). Two transcripts for the IFIH1 gene were identified,
showing that two isoforms of the gene were present in both WT and
KO mutant cell lines. In some cases, different transcripts were present
in the WT and KO cell lines after IS but were present in common
KEGG pathways, with the majority of these related to viruses and
infection (Supplementary Table S2).

2.2 Cytosolic DNA-sensing is dysregulated
in APTX KO cells

Enrichment analysis identified a dysregulated response to viral
infections and a dysregulated innate immune response in APTX
deficient cells (Figures 2B,C). This suggests altered cytosolic
DNA-sensing dynamics in the absence of functional APTX. Therefore,
genes present in DNA-sensing pathways such as ¢cGAS-STING
signaling were further investigated. Genes, which were significantly
(g< 0.05) DE under different APTX and IS statuses were overlaid with
the KEGG
Supplementary Figure S1). The KEGG pathway plot for DE genes with

cytosolic DNA-sensing pathway (Figure 3A;
NS in WT vs. KO identified a significant decrease in the expression of
TREX1, CASP1, IL-18 and RIG-I when APTX was knocked out
(Supplementary Figure S1A). Both TREX1 and RIG-I directly
recognize cytosolic DNA and RNA, respectively, therefore lower
expression of these genes suggests that DNA- and RNA-sensing is
downregulated and dysregulated upon APTX KO. In WT cells the
KEGG pathway plot identified lower expression of many cytosolic
DNA-sensing genes when there was no stimulation compared to
immune stimulated WT cells (Supplementary Figure S1B), which is
expected as stimulation with DNA should trigger DNA-sensing
pathways and result in higher expression of these genes. Interestingly,
when stimulated with dsDNA, RIG-I expression was significantly
increased in WT cells despite RNA being the specific substrate for
RIG-I. The results were similar in KO cell lines, however, there are a
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few notable differences. Expression of IL-1B and STING are not
significantly affected by IS in APTX KO cells, but ADAR1 and IkB are
increased (Supplementary Figure S1). This data demonstrates that
when APTX is knocked out, STING is not significantly activated in
the presence of cytosolic DNA, illustrating a dysregulation of DNA-
and RNA-sensing pathways in APTX KO cells at the transcript level.

2.3 In vitro analysis of innate immune
defects in APTX KO cells

To complement the RNA-seq analysis and confirm phenotypes
observed at the transcript level, immune response genes (IFN-f,
CXCL10 and IL-8) transcribed downstream of IRF3, following STING
activation, were analyzed by qPCR in WT and APTX KO cells after
DNA stimulation (Figures 3B-D).

After 12h of consecutive IS, the transcription of immune response
genes was significantly higher in WT cells and continued to
be significantly higher 24 h after stimulation compared to the APTX
KO cells (Figures 3B-D), showing a clear defect in the DNA-sensing
pathway in the APTX KO cells. This supports our RNA-seq analysis
as both CXCL10 and IFN-f transcription are significantly elevated
after IS in both WT and KO cells compared to NS WT and KO cells
(Supplementary Figures S1B,C). IL-8 is not part of the KEGG cytosolic
DNA-sensing pathway and is not significantly up- or downregulated
following IS in WT or KO cells (data not shown).

To expand the investigation into possible defective activation of
the cGAS-STING pathway, microglia cells were transfected with
dsDNA (Figure 3E) before they were fixed and stained for IRF3 and
scored for IRF3 translocation using macro-enabled image analysis
(Figure 3G). DNA stimulation resulted in significantly more IRF3-
positive nuclei in WT compared to APTX KO cells at the 12h time
point. DNA treatment for 12h resulted in phosphorylated of NF-xB
which did not differ significantly between WT and APTX-KO cells
(Supplementary Figure S2). To avoid this effect being a result of
compromised transfection efficiency rather than cGAS activation by
dsDNA, the STING agonist cGAMP, which can be taken up from the
microenvironment (Su et al., 2022), was added to the cells (Figure 3F).
cGAMP treatment, as expected, resulted in a quicker activation of the
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FIGURE 3 (Continued)

immune stimulation many similar genes are upregulated in both cell lines, but those that were uniquely upregulated in WT but not in APTX KO cells are
marked blue (g < 0.05). Post DNA stimulation, RNA was harvested from cells and the levels of IFNp (B), CXCL10 (C) and IL-8 (D) were quantified. Cells
were also stained for IRF (green) post cytosolic DNA stimulation, and microscope images (E) quantified for nuclear IRF translocation (G). Similarly, cells
were stimulated with cGAMP, and microscope images (F) were quantified for nuclear IRF translocation (H). Scalebar = 50 pm. Graphs show

mean + SEM, analyzed by two-way ANOVA, where significance is scored as ns p>0.05, *p <0.05, **p <0.01, ***p <0.001.

cGAS-STING pathway as measured by IRF3 translocation into the
nucleus, with a significantly higher amount of IRF3 translocation at
the 3h and 6h time points in WT cells compared to APTX KO cells
(Figure 3H). This demonstrates that APTX KO cells have a reduced
ability to activate cGAS-STING signaling, which likely leads to a
compromised innate immune response.

Cell lysates were also harvested after DNA stimulation to
investigate levels before and after activation of key cGAS-STING
proteins STING, TBK1 and IRF3 (Figure 4). Immunoblots show lower
basal and phosphorylated STING (pSTING) in KO cells
(Figures 4A,C), with pSTING peaking at 12 h post dsDNA transfection
in both WT and KO cells. Although there were lower STING
(Figure 4C) and pSTING (Figure 4A) levels in KO cells, the pSTING/
STING ratio is similar between APTX and WT cells (Figure 4B). In
contrast, although basal levels of TBK1 and IRF3 are similar in WT
and KO cells (Figures 4D,F-H), there were significantly higher
activation of TBK1 and IRF3 by phosphorylation in WT compared to
KO cells at 6h and 12h after stimulation, and significantly higher
pTBK1 level 24h after stimulation (Figures 4D,E,G,H). This
biochemical data supports the RNA-seq data, showing that APTX KO
cells are defective in cGAS-STING signalling across multiple
macromolecules, and points to the dysregulation of DNA-sensing
potentially stemming from expression of STING.

Since several genes related to the RNA-sensing pathway RIG-1/
MAVS showed downregulation in APTX KO cells, including DDX58
(RIG-I) (Figures 2D, 3A), microglia cells were treated with the
dsRNA-mimic Polyinosinic-polycytidylic acid [poly(I:C)] (Figure 5),
which activates RIG-I (Dauletbaev et al., 2015). Similar to dsDNA-
stimulation, IRF3 activation was significantly lower in APTX KO cells
compared to WT at both 8- and 24h post poly(l:C) treatment
(Figures 5A,B), suggesting defective RNA-sensing when APTX is
knocked out. STING was not significantly phosphorylated upon
poly(I:C) treatment as expected (Figures 5A,C), as STING is not
generally activated downstream of RIG-I (Figure 1B; Yamashiro et al.,
2020), even though crosstalk between these pathways is recognized in
certain cases (Zevini et al., 2017).

Proteins activated in the RIG-I/MAVS pathway were investigated
to further understand the dysregulation of RNA-sensing in APTX
KO conditions. Basal TBK1 and IRF3 expression were similar
between WT and KO cell lines, however there was significantly
higher
(Figures 5D-F), the same as observed in response to dsDNA

activation by phosphorylation in WT microglia
stimulation (Figure 4). Furthermore, the basal level of RIG-I was
significantly higher in WT cells compared to APTX KO cells
(Figures 5D,G), which is in line with the RNA-seq data showing a
downregulation of RIG-I transcript in APTX KO cells compared to
WT (Figure 3A; Supplementary Figure S1A). As a control, the
phosphorylation of STING was not changed between poly(I:C)
treated and control cells, as STING activation is specific for DNA
stimulation (Figures 5D,H).
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These results support a general innate immune deficiency in the
APTX KO microglia cells as expression of critical effectors (STING
and RIG-I) are significantly downregulated both before and
after stimulation.

2.4 AOA patient transcriptomes have
altered viral and immune responses

To provide support that the results we present here are clinically
relevant, public databases were searched for related publicly available
RNA-seq data. This search identified study E-GEOD-124412 (Zheng
etal, 2019), which we analyzed below.

E-GEOD-124412 looked at the impact of APTX on the
transcriptome using various conditions and cell lines: U20S APTX
KO; APTX overexpressing U20S; APTX LOF patient derived
lymphoblast cell lines (L938, L939); APTX proficient cell lines
(C2ABR and C3ABR). We first observed that samples clustered
according to cell line, and patient APTX LOF and U20S APTX KO
cells did not cluster together (Figure 6A).

DE genes were filtered by significance (g <0.0005) and Log2FC (>
4) before further analysis was performed. Comparisons of the APTX
proficient healthy cell lines and LOF cell lines identified that enriched
pathways in the CNEs affected by APTX LOF are axon guidance, cell
morphology, regulation of postsynaptic membrane potential, cell
migration, and altered cell adhesion (Figure 6B), with many DE genes
upregulated and downregulated in patient cells. Some DE genes are
involved in immune signaling processes (HLAs), whilst others are
involved in extracellular matrix formation and maintenance (COLs,
ADAMs, DSCs). Those involved in synaptic membrane potential are
generally involved in ion homeostasis, and those involved in cell
migration are associated with cytoskeletal proteins and processes.
These changes are also reflected in the enriched KEGG pathways,
many enriched in proficient cells relating to the immune system
[immune network, lupus, autoimmune thyroid disease, allograft
rejection (Figure 6C)], demonstrating an altered immune environment
in APTX LOF cells. Enriched gene sets identify a range of what could
be classified as neurological disorders [convulsions, vital capacity,
cortical development, craniosynostosis (Figure 6D)]. Although there
are some clear differences identified in transcriptome changes in LOF
patient cells when comparing them to our KO transcriptomes, there
are also similarities as pathways relating to the immune system are
enriched in WT control cells when APTX is knocked out (Figure 2B)
or APTX function is lost (Figure 6C).

Plotting of significantly DE genes (¢q<0.0005, Log2FC>4)
involved in the KEGG cytosolic DNA-sensing pathway identified that
most significantly changed genes involved in DNA-sensing pathways
are upregulated in APTX LOF cells compared to healthy cells,
including STING and TREX1 (Figure 6F). Interestingly, cGAS
expression is downregulated in LOF cells compared to healthy control
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cells. Furthermore, RIG-I is not significantly impacted by APTX status
(Figure 6E) like we see in our KO transcriptome (Figure 3A) or
protein data (Figure 5D), but IPS-1 (MAVS) and NF-kB are
downregulated in LOF cells. Downregulation of NF-kB in LOF cells
could be due to other factors unrelated to RIG-I as NF-kB is involved
in many cellular processes (Liu et al., 2017). While these results do not
recapitulate exactly what we see in our APTX KO KEGG pathway
analysis (Figure 3A; Supplementary Figure S1), it does demonstrate
dysregulated cytosolic DNA-sensing when APTX function is lost.
Additionally, altered immune responses are observed in the LOF cells
(Figures 6B-D) similar to that seen in the KO cells (Figures 2B,C).
Together this data presents the multifaceted roles of APTX and
highlights its involvement in cytosolic DNA- and RNA-sensing and
innate immunity at both the transcriptional and translational levels.

3 Discussion

Dysregulation of the cGAS-STING pathway can lead to
autoimmune and inflammatory diseases (Cai et al., 2014; Sun and
Hornung, 2022), a process, which can be mediated by the presence of
self- and foreign DNA in the cytosol (Gregg et al., 2019; Akbari et al.,
2021). Activation of the cGAS-STING pathway plays a central role in
immune response pathways, regulating autophagy, and promoting
senescence in damaged cells, all of which are important mechanisms
for dealing with damaged cells and cancers (Akbari et al., 2021). This
study aimed to investigate the innate immune response in AOA1
patients. AOA1 and AT are the most similar ataxias in terms of
molecular features and symptoms including association with
immunodeficiency (Bras et al., 2015; Paucar et al., 2019; Kato et al,,
2021). It is therefore likely that APTX activity influences innate
immune response, for instance, following the presence of cytosolic
DNA and viral RNA.

RNA and mRNA splicing are affected by APTX KO, with the most
enriched process being RNA splicing via transesterification, using
bulged adenosine as a nucleophile (Figure 2C). Bulged adenosine in
an intron acts as the nucleophile during the first step of splicing (CHU
etal., 1998) leading to a global increase in splicing events, which could
explain the large number of transcripts DE in APTX KO cell lines
compared to WT observed in Supplementary Table S1. Of the DE
enriched genes, RBM3 and HNRNPH1 were the only two with lower
expression in WT compared to APTX KO microglia (Figure 2C).
Expression of RBM3 occurs in response to cold shock and low oxygen
tension and is known to reduce the abundance of microRNAs and
enhance the phosphorylation of translation initiation factors (Smart
et al., 2007). Similarly, HNRNPHI1 participates in RNA editing,
modification and stability, is a regulator of cellular proliferation, and
is frequently upregulated in cancers (Liu et al, 2021). Thus,
upregulation of these two genes in APTX KO cells is suggestive of
cellular stress and altered gene regulation at the RNA level, providing
further evidence of potential genome-wide transcriptome changes.
Given the clinical consequences of LOF mutations in APTX, it is
noteworthy that genetic variants in the HNRNP family of genes have
been linked to neurodegenerative diseases (Gillentine et al., 2021).

A large number of pathways relating to viral infection, as well as
inflammatory and immune pathways, were enriched in WT cells but
not in APTX KO cells (Figure 2B). This suggests that APTX functions
within the immune response and that loss of APTX leads to a reduced
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ability to respond to infections, ultimately leading to a less effective
immune response. Immune responses to viral infection are mediated
by various cytosolic DNA- and RNA-sensing pathways, including
cGAS-STING and RIG-I/MAVS. Therefore, we investigated the
direction of change in expression of significantly (g < 0.05) DE genes
in the KEGG cytosolic DNA sensing pathway (Figure 3A). This also
contains RIG-I/MAVS as dsDNA can be reverse transcribed to RNA
to stimulate this pathway in certain cases (Zevini et al, 2017).
Interestingly, STING, one of the key signaling proteins in the cGAS-
STING pathway, failed to become upregulated in APTX-KO cells
upon stimulation, and the RIGI baseline level was significantly
downregulated in APTX deficient cells (Figure 3A).

To confirm the dysregulation of cGAS-STING and RIG-I/MAVS
signaling identified at the transcript level, immunoblotting and
immunofluorescence microscopy was performed on microglial cells
following IS with various compounds. As IRF3 is downstream of both
signaling pathways, we scored its activation by translocation after
stimulation with dsDNA, a STING agonist and an RNA mimic.
Stimulation of WT and KO cells with dsDNA demonstrated a reduced
c¢GAS-STING response in APTX KO cells, measured by activation of
IRF3 (Figures 3E,G). The innate immune system is activated via
several pathways to orchestrate a proper response to various stimuli
(Figure 1B). As there are several cytosolic receptors, (e.g., TLRs, cGAS,
AIM2 Figure 1B), dsDNA may stimulate many of these, including the
cGAS-STING pathways. Therefore, we assessed the impact of cGAS-
STING activation following stimulation with cGAMP, which is a
specific, small molecule STING agonist. In correlation, IFR3 activation
is around 10-fold stronger in response to cGAMP compared to DNA,
and the stimulation leads to a faster response within 3h for cGAMP,
compared to 12h for dsDNA (Figures 3E-H). This could be due to
dsDNA transfection efficiency or the specificity of cGAMP as some
dsDNA is likely to have been detected by other pathways and
molecules such as TREX1. These results, coupled with the RNA-seq
data, clearly demonstrate a dysregulated and ineffective activation of
the cGAS-STING pathway in APTX deficient cells.

To elucidate the cause of reduced cGAS-STING signaling when
APTX was knocked out, we performed immunoblotting on STING,
TBK1 and IRF3, all of which are integral to successful cGAS-STING
signaling. Despite no significant change observed in these three
proteins at the transcript level (Figure 3A), we found that the basal
level of STING was significantly lower in APTX-KO cells at all
timepoints (Figure 4C). This led to significantly lower phosphorylation
of proteins downstream of STING at one or more timepoints post
dsDNA stimulation (Figures 4E,H). It is clear that the ineffective
activation of cGAS-STING signaling is due to aberrations in the early
stages of signaling.

Differences in cytosolic RNA-sensing was also observed at the
transcript level, specifically RIG-I was downregulated in KO cells
(Figure 3A). To investigate if this translated to the protein level,
we used the dsRNA analog, poly(I:C), which is often used to model
viral infections (Dauletbaev et al., 2015, McGarry et al, 2021).
Poly(1:C) can signal via TLRs in the endosome upon uptake, or via
cytosolic RNA receptors, such as RIG-I or MDAS5 (Dauletbaev et al.,
2015). Via transfection we ensured cytoplasmic cell entry in order to
study signaling via RIG-I. Significant downregulation of RIG-I
expression was confirmed by immunoblotting (Figures 5D,G), which
explains the lower activation of the RIG-I/MAVS pathway upon
Poly(I:C) stimulation (Figure 5).
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APTX LOF in patients affects immune response and cytosolic DNA- and RNA-sensing. (A) PCA plot of sample clustering in study E-GEOD-124412.
Functional enrichment plots for networks enrichment genes identified as significantly (g <0.05) differentially expressed genes belonging to network
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FIGURE 6 (Continued)

modules in APTX proficient vs. APTX patient LOF cells comparisons where (B) shows conserved non-coding elements, (C) shows a dot-plot of
enriched pathways, and (D) shows a barplot of gene sets enriched pathways. (E) KEGG plot of genes which were Log2FC >4 and significantly
(g <0.0005) differentially expressed in APTX proficient cells vs. APTX patient LOF cells.

Related to the reported mitochondrial defects in APTX deficient
cells (Akbari et al,, 2015; Zheng et al., 2019), it is interesting to note
that RIG-I signaling goes through the mitochondrial antiviral-
signaling protein (MAVS), which is anchored into mitochondria and
peroxisomes (Castanier et al., 2010; Dixit et al., 2010). Fragmentation
of the mitochondrial membrane has been shown to inhibit RIG-1/
MAVS signaling, and could, in part, explain the decreased signaling
observed in the APTX KO cell line (Castanier et al., 2010). It has also
been shown that signaling via RIG-I/MAVS promotes mitochondrial
network elongation (Castanier et al, 2010), suggesting that
mitochondrial dynamics and immune signaling regulate each other.
Thus, decreased RIG-I expression, leading to decreased RIG-I/MAVS
signaling, could play a part in the observed mitochondrial defects in
APTX-deficient cells. This supports a role for APTX in correct
mitochondrial and immune function.

Although the relationship between mitochondrial and immune
signaling is well established, it is complicated by multiple signaling
pathways. It has been shown that moderate stress to mitochondrial
DNA elicited via deficiency of transcription factor A mitochondrial
(TFAM) or BAX results in the release of mitochondrial DNA into
the cytosol, which engages cGAS and promotes STING-IRF3
interferon signaling (West et al., 2015; Victorelli et al., 2023).
Deficiency related to the inner mitochondrial membrane protein
optic atrophy type 1 (OPA1) has been shown to trigger an NF-kB-
related immune response via TLRY, independently of cGAS
(Rodriguez-Nuevo et al., 2018). Even though APTX deficiency
does impair OPA1 expression (Zheng et al., 2019), we did not find
any significantly different activation of NF-kB between WT and
APTX-KO cells in our system (Supplementary Figure S2). It has
previously been suggested that mitochondrial fragmentation
determines whether defective mitochondria are guided into
autophagosomes, to potentially trigger TLR after fusion with late
endosomes, or that mitochondrial DNA instead leaks into the
cytoplasm because these are not cleared by the autophagolysosomal
system (Rodriguez-Nuevo et al, 2018). In our previous study
we showed that APTX-KO leads to mitochondrial fragmentation,
without induction of mitophagy, and that APTX deficiency further
hampers mitophagy stimulation via the natural mitophagy inducer
Urolithin A (Zheng et al., 2019). However, instead of an induction
of cGAS, we find that the cGAS-STING pathway is compromised
in APTX-KO cells. Whether or not mitochondria play a direct role
in the overall inhibition of the DNA- and RNA-sensing pathways
in APTX-compromised cells is interesting and warrants
future investigation.

It is important to determine if APTX KO cells behave in the same
way as patient LOF cells in order to understand the clinical relevance
of our data. Publicly available data was identified for a previous
RNA-seq study E-GEOD-124412 (Zheng et al., 2019) which contained
a healthy APTX WT cell line and an APTX LOF AOA1 patient cell
line. In this study, samples cluster according to cell line (Figure 6A)
and not APTX status. This could be due to the differences between cell
lines, or the difference of a total KO compared to a LOFE.
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Similar to our APTX KO analysis, many immune related pathways
were identified as enriched in WT APTX proficient cells compared to
APTX LOF patient cells (Figure 6C). Although the pathways identified
are different between the KO and LOF cells, they commonly show
enrichment of immune related pathways in control cells. Furthermore,
comparison of the WT APTX proficient cell line and the APTX LOF
cell line identify that LOF results in significant change in expression
of genes involved in altered axon guidance, cell morphology,
postsynaptic membrane potential, cell migration, and cell adhesion
(Figure 6B). Despite that no immune system specific processes were
identified as an enriched biological process, many genes involved in
the immune system are identified. For example, HLAs (HLA-DQA1,
HLA-DRBI1, HLA-DMA) and cluster of differentiations [CDs - CD28,
ICOS (CD278)]. HLA-DQA1 and HLA-DRBI are significantly DE
upregulated in WT healthy cells compared to APTX LOF cells. These
two genes code for major histocompatibility complexes (MHC) class
Iand II proteins involved in antigen presentation in adaptive immune
response (Crux and Elahi, 2017). As these genes are downregulated in
the APTX LOF cells, this suggests that the immune system of AOA1
patients may not be able to identify infections as well as APTX normal
individuals, providing evidence that the immune system of AOA1
patients is likely compromised. Changes in the immune system were
further reflected in the enriched pathways analysis (Figures 6C,D).
While these are not the same enriched pathways as in the WT versus
KO data (Figure 2B), it is clear that the immune system response
becomes compromised when APTX function is compromised. In
correlation, patients with APTX mutations have reported
immunological abnormalities (Kato et al., 2021).

Clinically, patients with APTX deficiency suffer from ataxia with
childhood-onset and will usually need a wheelchair by their twenties
(Kato et al.,, 2021). Abnormalities vary among patients, but include
disorders  characterized by low immunoglobulin levels
(hypogammaglobulinemia) and low lymphocytes in the blood
(lymphopenia), decreased levels of immune cells such as CD8+ T cells
and B cells, together with decreased T cell receptor maturation. Even
though these are immune system abnormalities, patients are not
characterized as having immunodeficiency, which is a clear phenotype
of another DNA repair disease, ataxia telangiectasia (van Os et al,
2017). Interestingly, APTX mutations also lead to mild radiosensitivity,
a phenotype likewise shared by ataxia telangiectasia patients (Kato et al.,
2021), which could be directly correlated with DNA repair defects.

Even though there is not yet any direct patient-derived evidence
of defective DNA- or RNA-sensing related to APTX defects, the
decrease in immune cells and immunoglobulins levels could reflect a
generally compromised immune system, which correlates with our
cellular findings reported here.

In conclusion, analysis of both APTX KO and LOF datasets support
defective innate immune responses linked to APTX deficiency, possibly
due to dysregulated cytosolic DNA- and RNA- sensing. On top of this,
there are more significantly DE genes in the healthy versus LOF data
compared to the WT versus KO data despite a more stringent significance
cut off (¢<0.0005 in LOF analysis and g <0.05 in KO analysis), suggesting
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that the complexity of APTX function is better suited to LOF or
knockdown analysis than KO analysis. Future studies on regulatory
pathways upstream the DNA- and RNA- sensing pathways described here
would provide valuable insights to further our understanding of the
relation between APTX and innate immune sensing.

4 Materials and methods
4.1 Sample attributes and comparisons

The experimental setup and design are outlined in Table 4.

4.2 Generating APTX KO microglial cell
lines

HMCS3 cells (ATCC CRL-3304) were seeded on 6-well dish in
EMEM medium. Next day they were transfected with aprataxin
double-nickase plasmid (sc-417083-NIC, Santa Cruz Biotechnology)
using Lipofectamine LTX (Invitrogen). 24h later the cells were
cultured in 2pg/mL puromycin for five days and then in 4p/mL
puromycin for two days to select for GFP-Cas9 expressing cells. Cells
were harvested and reseeded on 150 mm dishes at 20 cells per dish.
Single cell colonies were propagated in EMEM without puromycin,
followed by WB analysis for APTX expression (Figure 2A).

4.3 Cell treatments

PAcGFP1-Hyg-N1 vector (Clontech) was digested using EcoRI
and Asel. The digested plasmids were mixed and purified using
NucleoSpin Plasmid Mini Kit (Macherey Nagel), resulting in a mixture
of DNA fragments of 236, 1,143, 1,604, 2,209, 2,811, and 3,639 bp that
were used to stimulate cGAS-STING by transfection, “DNA?”

Cells (1.5 x 10°) were seeded on 10-cm dishes. Next day, the cells
were transfected with 500 ng digested DNA using Lipofectamine 3,000
(Thermo Fisher Scientific).

For cGAMP-mediated STING stimulation, 30 pM 2'3’-cGAMP
(InvivoGen) was added to full medium for the indicated time points.
For poly(I:C)-mediated RIG-I stimulation, 0.1 pg/mL (InvivoGen, tlr]-
picw) was added to cells using lipofectamine 3,000 (Thermo
Fisher Scientific).

4.4 RNA isolation and quantitative PCR
(gPCR) analysis of gene expression

Total RNA was purified using RNeasy Mini Kit (Qiagen).
Complementary DNA was prepared using Maxima Reverse
Transcriptase and Oligo dT (12-18) (Thermo Fisher Scientific- Life
tech). qPCR was performed using a real-time PCR kit (Bio-
Rad1725271) following the manufacturer’s protocol. GraphPad Prism
V9.2 was used for plotting and performing two-way ANOVA analysis.
Significance is scored as ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
The number of biological replicates, n, corresponds to the number of
datapoints in each figure. The nucleotide sequence of the primers is
indicated Table 5.
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TABLE 4 Summary information for the samples available, treatments and
number of replicates.

Sample Sequencing Treatment @ Label Label
ID run in text
1-1 1 Control APTX1_NS = WT_NS
1-2 2 Control APTX1_NS | WT_NS
1-3 3 Control APTX1_NS | WT_NS
Immune
2-1 1 APTX1_IS WT_IS
stimulated
Immune
2-2 2 APTX1_IS WT_IS
stimulated
Immune
2-3 3 APTX1_IS | WT_IS
stimulated
APTX
3-1 1 APTX deletion APTXO0_NS
KO_NS
APTX_
3-2 2 APTX deletion APTXO0_NS
KO_NS
APTX
3-3 3 APTX deletion APTX0_NS
KO_NS
APTX deletion
APTX
4-1 1 immune APTXO0_IS
KO_IS
stimulated
APTX deletion
APTX_
4-2 2 immune APTX0_IS
KO_IS
stimulated
APTX deletion
APTX
4-3 3 immune APTXO0_IS
KO_IS
stimulated

TABLE 5 Nucleotide sequence of primers.

Primer name Primer nucleotide sequence

IEN-p-F AAGCAGCAATTTTCAGTGTCAGA
IFN-f-R CCTCAGGGATGTCAAAGTTCA
CXCL10-F TGGCATTCAAGGAGTACCTC
CXCL10-R TTGTAGCAATGATCTCAACACG
IL-8-F TGCCAAGGAGTGCTAAAG

IL-8-R CTCCACAACCCTCTGCAC
p-actin-F GGATGACAGAAGGAGATCACTG
p-actin-R CGATCCACACGGAGTACTTG

4.5 Immunofluorescence

HMCS3 cells were grown on Poly-L-lysine (P1399, Merck) coated
eight-chambered object glass (177,402, Thermo Scientific). The following
day cells were treated [DNA/cGAMP/Poly(I:C)] as described above,
washed in PBS and fixed for 10min in 4% paraformaldehyde (sc-281692,
Santa Cruz) at room temperature. Cells were blocked in 2% BSA (0332,
VWR) dissolved in PBS then permeabilized using 0.1% Triton X-100
(T8787, sigma) in PBS. Primary antibodies: IRF3 (sc-33641, Santa Cruz)
and pSTING (509078, Cell Signaling) were diluted in PBS containing 1%
BSA and incubated with cells over night at 4°C followed by washing with
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PBS. Secondary Alexa488- and Alexa568-conjugated goat-anti-mouse
(A11029, Invitrogen) and goat-anti-rabbit (A11011, Invitrogen)
antibodies and DAPI (D9542, Merck) were incubated with cells for 1%5 h
at room temperature. The chamber was removed, and cells were
mounted (53023, Dako). Slides were imaged with an upright Leica
DM4B microscope with a Leica EL6000 external light source and a Leica
DFC365 camera. Images were analyzed using an Image] (Version
v1.53m) macro. Briefly, the macro uses the DAPI channel to select the
nuclear regions and measures the intensity of the IRF3 signals. The
percentage of nuclei positive for IRF3 staining above a certain threshold
was calculated using Microsoft Excel software. The pSTING, signal was
measured and normalized to the number of cells. GraphPad Prism V9.2
was used for plotting and performing two-way ANOVA analysis.
Significance is scored as ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
The number of biological replicates, n, corresponds to the number of
datapoints in each figure.

4.6 Western blot

Whole cell extracts were prepared by suspending cell pellets in
20mM HEPES-KOH, pH 7.5, 150mM KCl, 10% glycerol, 1% Triton
X-100, 1% IGEPAL, 1 mM EDTA, 1 mM DTT, EDTA-free Complete
protease inhibitor cocktail (Merck), and PhosSTOP (Merck) and left
on ice for 60min. Cell debris was pelleted at 15,000¢g for 15min,
before supernatants were collected.

The extracts were separated in Tris-glycine SDS gels and
transferred onto PVDF membrane. Primary antibodies used were
STING (13647S), phospho-STING (Ser366, 19781S), TBK1 (3504S),
phospho-TBK1 (Ser172, 5483S), and phospho-IRF-3 (Ser386,
37829S) all from Cell Signaling. APTX (sc-374108), IRF3 (SL-12,
sc-33641) and Rigl (D12, sc-376845) antibodies were from Santa
Cruz and Actin (A5441) was from Merck. GraphPad Prism V9.2 was
used for plotting and performing two-way ANOVA analysis.
Significance is scored as ns p>0.05, *p <0.05, **p <0.01, **p <0.001.
The number of biological replicates, 1, corresponds to the number of
datapoints in each figure.

4.7 RNA-seq data processing

Available samples, their attributes and an overview of the
experimental design are shown in Table 4. Paired end sequencing files
for each sample and sequencing run were aligned to the HG38
genome using HISAT2. Salmon (Patro et al., 2017) and DESeq2 (Love
etal,, 2014) were used to identify DE genes. Ballgown (Fu et al., 2023)
was further used to identify DE transcripts and genes. Condition
comparisons were made as follows using both the Salmon and the
Ballgown workflows: APTX1_NS versus APTX1_IS; APTX1_NS
versus APTX0_NS; APTX1_ NS versus APTX0 _IS; APTX1_IS versus
APTZXO0_IS. Significantly (9 <0.05) DE genes and transcripts for each
of the comparisons were then identified (Table 2).

4.8 RNA-seq data analysis

Significantly (q<0.05) DE genes and transcripts were converted
to stable Entrez IDs. Functional enrichment analysis of pathways and
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conserved non-coding elements was performed on APTX WT and
APTX KO microglial cells with NS using R package clusterProfiler
(Wuetal., 2021). Hierarchically clustered heatmapping was performed
on the expression values of significantly (q<0.05) DE genes and
transcripts across all four microglial sample conditions (APTX1_NS,
APTXI1_IS, APTX0_NS, and APTX0_IS). KEGG pathway analysis
was performed on significantly (q<0.05) DE genes within KEGG
pathway hsa04623 [cytosolic DNA-sensing pathway — Homo sapiens
(human)] using R packages KEGGrest (Tenenbaum and Maintainer,
2022) and pathview (Luo and Brouwer, 2013). Data has been
submitted to GEO with the accession number (GSE245766).

4.9 APTX LOF data identification, RNA-seq
processing, and analysis

In Array Express, an additional study was identified with data
complementary to this study using key search terms ‘APTX;, ‘Ataxia’
and ‘¢GAS-STING. Study E-GEOD-124412 was identified which
investigated APTX loss of function (LOF). Raw paired end fastq
files were downloaded and alignment free quantification was
achieved using Salmon. DE expressed genes and transcripts were
identified in AOA1 patient cell lines (L938 and L939), healthy cell
lines (C3ABR and C2ABR) and cancer cell lines (U20S) using
R-package DESeq2.

Factors affecting the expression of genes were assessed using PCA
plots which considered the cell line and APTX status. DE expressed
genes were filtered for significance (q <0.0005) and Log2FoldChange
(> 4) before functional enrichment analysis and KEGG pathway
analysis was performed as described above.

4.10 Statistical analysis

Error bars represent standard error (SE) as indicated in the figure
legends. Data were processed and statistical analyses were performed
in GraphPad Prism. Two-way ANOVA analysis were applied.
Significance is scored as ns p>0.05, *p <0.05, *p <0.01, **p <0.001.
The number of biological replicates, n, is indicated in each
figure legend.
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