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The G4C2 repeat expansion in C9orf72 is the most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). While healthy individuals have fewer than 30 repeats, affected patients may carry hundreds to thousands. This expansion accounts for approximately 40% of familial ALS and 25% of familial FTD cases, and between 5 and 10% cases of sporadic ALS and FTD. Three overlapping pathological mechanisms have been proposed for the C9orf72 expansion: loss of function due to protein deficiency, gain of function through RNA foci, and the production of toxic dipeptide repeat proteins (DPRs) via repeat-associated non-ATG (RAN) translation. This systematic review investigates the role of DNA damage in C9orf72-related ALS-FTD. Analysis of twelve peer-reviewed studies showed that C9orf72 repeat expansions and DPRs compromise genome stability across four experimental models: human cell lines, induced pluripotent stem cell-derived neurons, rodent neurons, and postmortem tissue. We identified four mechanisms underlying DNA damage accumulation: disruption of the ATM pathway, impairment of DNA repair efficiency, formation of R-loops, and mitochondrial dysfunction with oxidative stress. In addition, several consequences of DNA damage were identified, including misrepair-mediated repeat expansion and activation of STING pathway. These findings highlight the key role of DNA damage in C9orf72-related pathology. Consistent with this, targeting DNA damage response factors extended lifespan and improved motor function in mouse models. This review highlights the contribution of DNA damage to C9orf72 pathology and suggest new therapeutic avenues, including personalized approaches based on genetic background.
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1 Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are neurodegenerative disorders that exhibit significant overlap, sharing genetic, molecular, and pathological characteristics. ALS primarily affects motor neurons, leading to progressive degeneration, whereas FTD is characterized by atrophy of the frontal and temporal lobes (Balendra and Isaacs, 2018; Tang et al., 2020). The most common cause of inherited forms of ALS and FTD is a G4C2 repeat expansion in the first intron of the C9orf72 gene (Balendra and Isaacs, 2018). Three overlapping mechanisms are proposed to contribute to C9orf72-related pathology: (Balendra and Isaacs, 2018) loss-of-function resulting from C9orf72 protein deficiency (Tang et al., 2020) RNA toxicity arising from bidirectionally transcribed repeat-containing RNA; and (Martin, 2008) production of dipeptide repeat proteins (DPRs), especially poly-GR and poly-PR via repeat-associated non-ATG (RAN) translation (Balendra and Isaacs, 2018; Tang et al., 2020).

Neurons are highly vulnerable to DNA damage and loss of genomic integrity due to several factors. These include their longevity, terminal differentiation status and their high metabolic activity. Various types of DNA damage occurs in neurons, driven primarily by reactive oxygen species and leading to oxidative lesions, single-strand breaks (SSB) (Martin, 2008) and the most harmful lesions – double-strand breaks (DSB) (Martin, 2008; Chatterjee and Walker, 2017). Increasing evidence shows that pathological samples from C9orf72-related ALS-FTD exhibit elevated levels of DNA damage markers, including γ-H2AX and phosphorylated ATM (pATM) (Walker et al., 2017; Farg et al., 2017). DNA damage repair mechanisms in post-mitotic neurons are limited. Two main mechanisms of repair are available: base excision repair (BER) for lesions that occur due to oxidative damage, and error prone non-homologous end-joining (NHEJ) for DSB lesions (Martin, 2008; Chatterjee and Walker, 2017). Growing evidence suggests that C9orf72 expansions impair NHEJ by both disrupting assembly of the DNA-dependent protein kinase (DNA-PK) complex that binds to the ends of DSB to initiate repair and by inducing aberrant activation of DNA damage response (DDR) components such as γH2AX, p-ATM, 53BP1, and PARP-1, ultimately contributing to neurodegeneration (Farg et al., 2017).

Currently, Riluzole, Edaravone and a combination of Sodium Phenylbutyrate/Taurursodiol are the only FDA-approved pharmaceutical treatments for ALS, offering only modest slowing of disease progression and limited extension of patient lifespan (Tzeplaeff et al., 2023); there are no approved treatments for FTD. Tofersen, an antisense oligonucleotide therapy which targets SOD1 mRNA (Tzeplaeff et al., 2023), is restricted to specific familial cases of ALS that make up only a very small proportion of ALS cases (Tzeplaeff et al., 2023), leaving the large majority of patients without effective therapies. This review aimed to systematically analyze available in vitro and in vivo studies to identify the molecular mechanisms underlying DNA damage accumulation and genomic instability in mammalian models of C9orf72 ALS-FTD and from patient-derived cells and postmortem tissue. A better understanding of these mechanisms may reveal novel molecular targets that would improve the DDR and repair capacity of neurons to reduce genomic instability in ALS-FTD and thus offer new therapeutic strategies to protect against neurodegeneration.



2 Methods


2.1 Search strategy

This systematic review was part of larger review encompassing three of the best studied genetic causes of ALS-FTD: C9orf72, TDP-43 and FUS. The results were grouped into subsets according to genetic causes and prepared as separate articles [this review, plus (Almalki et al., 2025b; Almalki et al., 2025c)]. This systematic review was conducted using three databases: PubMed, EMBASE, and Web of Science, following the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Page et al., 2021). Two authors (S. A. and Z. A.) conducted research in these databases using the same Boolean terms: ‘amyotrophic lateral sclerosis’ OR ‘ALS’ AND ‘DNA’ AND ‘double strand breaks.’ No date restrictions were applied, and the search extended to February 2025. The review focused on original research articles, excluding reviews, conference proceedings and included only publications in English. Studies of cell lines, mammalian models, patient-derived cell lines and studies using postmortem tissue were included. The full-text articles of all preliminarily selected studies were evaluated by S. A. to ensure they fit the criteria parameters and confirmed by Z. A.



2.2 Selection criteria

After removing duplicates, titles and abstracts were screened based on the following eligibility criteria: (1) the study used ALS or ALS-FTD associated genes; (2) the research focused, at least in part, on studying DNA damage, the DNA damage response (DDR), DNA repair pathway proteins, or manipulating genes or proteins associated with the DDR; and (3) studies were conducted in mammalian models or with patient-derived cells or tissue. Hence, studies using primarily non-mammalian models were excluded. Two studies on C9orf72-related ALS-FTD that used combinations of models: human induced pluripotent stem cell (iPSC) -derived neurons and Drosophila (Lopez-Gonzalez et al., 2019); and a mouse model, patient iPSC-derived neurons, and Drosophila (Maor-Nof et al., 2021), respectively. From these two studies, data related to the non-mammalian models, i.e., Drosophila, was excluded. Since inconsistencies in selection between the two authors (S. A. and ZA.) did not arise, resolution through discussion was not required. After the initial selection, we conducted a secondary screening of the bibliographies of included articles to identify additional relevant studies, which underwent the same selection process.



2.3 Data extraction

Data was extracted by S. A. from included studies using a pre-designed form. The following information was extracted from the selected studies: author, year, region, participants, methods, and whether the results pertained to DNA damage accumulation, changes in the efficiency of DDR or DNA repair pathways.



2.4 Risk of bias assessment

The selected articles were categorized into in vitro and in vivo studies, with in vitro studies encompassing research on cell lines, primary tissues, and iPSC cells derived from ALS or ALS-FTD patients. For these, we assessed the risk of bias using the Office of Health Assessment and Translation (OHAT) tool (Office of Health Assessment and Translation (OHAT) Division of the National Toxicology Program National Institute of Environmental Health Sciences, 2019), which consists of seven domains. The in vivo studies on live rodents were assessed using the SYRCLE risk of bias tool (Hooijmans et al., 2014), which comprises six domains, specifically tailored for animal-based studies. Two authors (S. A. and Z. A.) independently assessed all articles for risk of bias, and since there were no disagreements between the assessors, discussion to resolve any issues were not required.



2.5 Synthesis of results

Due to the high heterogeneity in the included studies and a paucity of numerical data, a meta-analysis of the pooled data was not possible. Hence, the synthesis of the data is presented in a narrative and tabular form.




3 Results


3.1 Study selection

After removing duplicates, the search across the three databases identified a total of 91 studies (Figure 1). Through the review of bibliographies, we found an additional seven studies that were strongly linked to the review question, leading to a total of 98 studies included in our review. Following screening of the titles and abstracts, 41 studies remained eligible for full-text reading, and all were included in the qualitative synthesis. It is worth noting that these 41 studies covered a range of genes associated with ALS-FTD. Due to the large number of studies and results within each, a decision was made to analyze the findings in three separate reviews (see Study characteristics below) of which the 12 studies focusing on the C9orf72 expansion are detailed in this review.
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FIGURE 1
 A PRISMA flow diagram illustrating the search and inclusion methods. 12 papers focusing on C9orf72-related ALS-FTD were met all inclusion criteria.




3.2 Study characteristics

The 41 peer-reviewed publications included were categorized into nine groups based on the ALS-FTD-associated genes they investigated: C9orf72 expansion [12 studies: (Walker et al., 2017; Farg et al., 2017; Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Nihei et al., 2020; Pal et al., 2021; He et al., 2023; Marques et al., 2024; Chang et al., 2024; Kojak et al., 2024)], TAR DNA-binding protein 43 [TDP-43; 12 studies: (Pal et al., 2021; Marques et al., 2024; Guerrero et al., 2019; Provasek et al., 2024; Tamaki et al., 2023; Gianini et al., 2020; Mitra et al., 2019; Nogami et al., 2022; Konopka et al., 2020; Mitra et al., 2025; Fang et al., 2023; Lee and Rio, 2024)] and Fused in Sarcoma (FUS) [12 studies: (Marques et al., 2024; Nogami et al., 2022; De Waard et al., 2010; Levone et al., 2021; Naumann et al., 2018; Jia et al., 2021; Kodavati et al., 2024; Niu et al., 2024; Deng et al., 2014; Gong et al., 2017; Wang et al., 2013; Wang et al., 2019)]. The C9orf72 expansion features in this review (Almalki et al., 2025a), TDP-43 in Almalki et al. (2025b) and FUS in Almalki et al. (2025c). Notably, two of the FUS studies (Jia et al., 2021; Deng et al., 2014) also investigated related proteins belonging to the FET protein family: TATA-binding protein-associated factor 2 N (TAF15) and Ewing’s sarcoma (EWS). Additionally, a subset of studies investigated other ALS-FTD-related genes, including superoxide dismutase 1 (SOD1) (Kim et al., 2020; Mithal et al., 1999; Martin et al., 2007; Penndorf et al., 2017; Karanjawala et al., 2003), Senataxin (SETX) (Richard et al., 2020; Cohen et al., 2018), Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) (Lee and Rio, 2024), and Vps54 (Junghans et al., 2022) although each in only a small number of studies. These are described in Supplementary file 1.



3.3 Risk of bias assessment results

Two tools were used to assess the risk of bias (RoB) in the 12 included studies focusing on C9orf72 (Walker et al., 2017; Farg et al., 2017; Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Nihei et al., 2020; Pal et al., 2021; He et al., 2023; Marques et al., 2024; Chang et al., 2024; Kojak et al., 2024). Since all 12 studies employed in vitro models, we evaluated them using the OHAT (Office of Health Assessment and Translation) tool (Office of Health Assessment and Translation (OHAT) Division of the National Toxicology Program National Institute of Environmental Health Sciences, 2019) (Figure 2). The assessment covered seven domains. Overall, 10 out of 12 studies (Farg et al., 2017; Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Nihei et al., 2020; He et al., 2023; Marques et al., 2024; Chang et al., 2024; Kojak et al., 2024) were classified as Tier 1, indicating a low risk of bias, while two studies (Walker et al., 2017; Pal et al., 2021) were rated as Tier 2, reflecting a moderate RoB. This suggests generally strong methodological rigour. Domains 2 (important confounding factors) and 5 (incomplete outcome data) consistently showed high confidence across all studies, with nearly all cases rated as “++.”
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FIGURE 2
 The OHAT tool for rating the risk of bias was used for the in vitro studies. (A) Risk of bias assessment across included studies. (B) Risk of bias domains and classification criteria.


The SYRCLE RoB tool (Hooijmans et al., 2014) was used to assess the three in vivo studies (Walker et al., 2017; Maor-Nof et al., 2021; He et al., 2023) (Figure 3). Overall, these studies demonstrated a high risk of bias. None reported on random housing or specified primary outcome domains. Additionally, two of the studies did not report allocation concealment, blinding of participants and personnel, random outcome assessment, or blinding of outcome assessment.
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FIGURE 3
 SYRCLE risk of bias (RoB) assessment for in vivo studies. (A) Percentage of the overall RoB for the three included in vivo studies. (B) The individual RoB summaries for the each study. Green (+): low risk; yellow (?): unclear risk; red (−): high risk.


However, some domains showed no apparent risk of bias: each study adequately described random sequence generation, reported baseline characteristics, addressed incomplete outcome data, and performed sample size calculations.

In summary, while the in vitro studies exhibited an overall low risk of bias, the in vivo studies showed a high risk of bias, particularly in domains critical to the validity of their conclusions.



3.4 Results of studies reviewed

Of the 41 peer-reviewed publications, the C9orf72 gene was investigated in 12 studies, encompassing both in vitro and in vivo methodologies (Table 1). The 12 studies investigated the link between DNA damage and C9orf72 expansion and pathology mechanisms. The studies were published between 2016 and 2024, covering four continents: Asia (He et al., 2023; Chang et al., 2024), Europe (Walker et al., 2017; Nihei et al., 2020; Pal et al., 2021), Australia (Farg et al., 2017), and North America. Most studies were conducted in the USA (Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Marques et al., 2024; Kojak et al., 2024).


TABLE 1 Characteristics of the included studies.


	Author/Year
	Country
	Model
	Intervention
	C9orf72 mutations
	Key mechanisms studied
	Main findings
	Method of detection

 

 	(A) Cell line-based studies


 	
Farg et al. (2017)
 	Australia 	SH-SY5Y (h)
 (non-neuronal)
 Primary mouse cortical neurons 	– 	GR/ PR 	DDR 	Activation of DDR factors (γ-H2AX foci or p-ATM) 	WB/IF/FISH


 	
Walker et al. (2017)
 	UK 	MRC5 (h) 	Synthetic oligonucleotides cloned into expression vectors.
 ATM inhibitor 	RRE
 GA 	R-loops/DSBs/ DDR/ATM-mediated DNA repair 	Elevated R-loops/DSBs/DDR reduction/Defective ATM-mediated DNA repair 	WB/FISH-IF/ICC/Comet assay


 	
Andrade et al. (2020)
 	USA 	U2OS (h)
 (non-neuronal) 	Poly-DPR DPR expression plasmids
 ETO 	GA/GR/PR 	DSB repair pathways/DPR interaction with NPM1 	DPRs inhibit DSB repair pathways (NHEJ, SSA, and MMEJ)/Increased γH2AX signal 	I-SceI based fluorescent reporter assays/IF/WB/ Repeat primed PCR


 	
Nihei et al. (2020)
 	Germany 	HeLa (h)
 (non-neuronal line) 	Plasmid constructs DPRs 	GR/ PR/GA 	Poly-GA interactions with pATM 	Unlike GR and PR, Poly-GA sequesters pATM in the cytoplasm, impairing DNA damage repair/Increased DNA damage 	Co-IP/IF/WB


 	
Maor-Nof et al. (2021)
 	USA 	Primary cortical neurons (m) 	p53 KO 	PR 	p53-mediated DNA damage response 	p53 activation mediates DNA damage and apoptosis 	WB/ICC/Live cell imaging


 	
He et al. (2023)
 	China 	U2OS (h)
 HEK293 (h)
 (non-neuronal lines)
 Primary cortical neurons (m) 	CRISPR-Cas9/ siRNA
 DDR inhibitors
 ETP/PARP inhibitor 	KO/KD
 KD/GR 	DNA damage/DDR/NHEJ repair
 NEHJ repair, poly-GR-induced DNA damage 	Colocalisation with γH2AX at DSB sites/ ETP significantly decreased γH2AX foci/Reduction in lig4/XRCC4 complex/Reduction in NHEJ efficiency
 KO and GR reduced NHEJ repair proteins (pDNA-PKcs, XRCC4, 53BP1) 	H2AX, comet, NHEJ assays/live imaging
 IF/IB/comet assay/LA-PCR


 	
Marques et al. (2024)
 	USA 	Primary cortical neurons (m) 	ETO/Glutamate 	G4C2 	Activation of STING pathway in response to DNA damage 	G4C2 expansion causes DNA damage, Activating the STING pathway in neurons 	IF


 	
Chang et al. (2024)
 	Taiwan 	Neuroblastoma N2a (m) 	– 	GR/PR 	DNA damage induction by poly-GR/PR 	GR and PR induce DNA damage (γH2AX) 	H2AX assay


 	
Kojak et al. (2024)
 	USA 	C9orf72hu96x/+ mESCs (m) 	H2O2/DSB/SSB introduction by CRISPR-Cas9 	G4C2 	G4C2 repeat instability mechanisms 	Two mechanisms of repeat instability: Msh2-dependent minor expansions and DNA break-triggered major expansions 	RP-PCR followed by capillary electrophoresis (CE)


 	(B) Patient iPSC derived neurons


 	
Lopez-Gonzalez et al. (2016)
 	USA 	1- C9ORF72 ALS iPSCs-derived spinal MNs 	– 	– 	Oxidative stress/ DNA damage 	Increased oxidative stress and DNA damage 	WB/IF/comet assay


 	 	 	2- Control iPSC-derived MNs 	Lentiviral vectors expressing poly-GA/GR 	GR/GA 	 	 	


 	
Lopez-Gonzalez et al. (2019)
 	USA 	C9ORF72 ALS/FTD patient and control iPSC-derived MNs 	– 	G4C2 	NHEJ repair pathway
 pATM 	Overactivation of Ku70, Ku80, DNA-PKcs, and pATM 	qPCR/WB/IF


 	
Andrade et al. (2020)
 	USA 	C9orf72 ALS-derived MNs 	– 	– 	DSB repair pathways 	Increased DNA damage markers: γH2AX, Ku-70 (NHEJ), and pRAD52 (SSA) 	WB


 	
Nihei et al. (2020)
 	Germany 	C9orf72 ALS-derived spinal MNs 	RNAi-hnRNPA3 	– 	DSB factors (γH2AX and pATM) 	Enhanced DSB factors in hnRNPA3 KD neurons 	IF


 	
Pal et al. (2021)
 	Germany 	C9ORF72 ALS-derived iPSCs spinal MNs 	– 	HREs 	DNA damage mechanisms 	C9orf72 mutations lead to DNA damage through both gain and loss of function mechanisms 	IF


 	 	 	healthy control iPSC-derived spinal MNs 	– 	– 	 	 	


 	 	 	CRISPR-edited isogenic spinal MN variants (C9-GC, C9-KO, WT-KO) 	CRISPR/Cas9 	Isogenic iPSC-derived spinal MNs (C9-GC, C9-KO, WT-KO) 	 	 	


 	
Maor-Nof et al. (2021)
 	USA 	C9ORF72 ALS patient iPSC-derived MNs and CRISPR-corrected isogenic controls 	CRISPR-Cas9
 p53 KD (shRNA) 	

	G4C2



 	p53-mediated DNA damage response 	p53 activation mediates DNA damage and apoptosis 	WB/ICC/Live cell imaging


 	
He et al. (2023)
 	China 	- NPC-derived neurons/C9orf72 ALS patient–derived NPCs 	CRISPR-Cas9
 H2O2/ETP
 ETP 	KO 	DNA damage/DDR/ NHEJ repair 	Increased DNA damage/Reduction in γH2AX /Reduction in Lig4 and pDNA-PKcs 	H2AX, comet, NHEJ assays


 	
Marques et al. (2024)
 	USA 	C9orf72 iPSC and controls differentiated into spinal MNs or cortical-like excitatory neurons 	– 	treatment with poly-(GR)20 	Activation of STING pathway in response to DNA damage 	Increased DNA damage (γH2AX)/activated STING pathway 	IF/TR-qPCR


 	(C) Mouse-based studies


 	
Walker et al. (2017)
 	UK 	Mouse brain sections 	AAV9 viral vectors 	GA/RRE 	R-loops, DSBs,
 ATM-mediated
 DNA repair/HDAC4 	Elevated R-loops, DSBs, and defective ATM-mediated DNA repair/ HDAC4 mislocalization 	WB/IHC


 	
Maor-Nof et al. (2021)
 	USA 	AAV-tg mice 	– 	PR 	p53-mediated DNA damage response 	p53 activation mediates DNA damage and apoptosis 	Lifespan assay/IF


 	
Marques et al. (2024)
 	USA 	Motor cortex (m) 	– 	G4C2 	Activation of STING pathway in response to DNA damage 	Increased DNA damage (γH2AX)/activated STING pathway 	Immunoperoxidase staining


 	
Kojak et al. (2024)
 	USA 	Mouse model 	– 	G4C2 	G4C2 repeat instability mechanisms 	Two mechanisms of repeat instability: Msh2-dependent minor expansions and DNA break-triggered major expansions 	Repeat-primed PCR/ capillary electrophoresis


 	(D) Human postmortem brain and SC tissues


 	
Farg et al. (2017)
 	Australia 	SC section 	– 	– 	Activation of DDR/DNA damage 	Activation of DDR and increase DNA damage factors 	IHC/WB/FISH/Co-IP


 	
Walker et al. (2017)
 	UK 	ALS patient SC sections 	– 	– 	R-loop/DSBs/HDAC4 	R-loop formation and defective ATM-mediated DNA repair/ increase nuclear HDAC4 	IHC


 	
Andrade et al. (2020)
 	USA 	Patient brain tissues 	– 	– 	DSB repair pathways 	Overexpression of total RAD52 	IF/WB


 	
Nihei et al. (2020)
 	Germany 	Patient brain tissues 	– 	– 	Poly-GA sequestration of pATM 	Poly-GA sequesters pATM 	IHC


 	
Marques et al. (2024)
 	USA 	Motor cortex and SC tissues 	– 	– 	Activation of STING pathway in response to DNA damage 	Increased DNA damage (γH2AX)/activated STING pathway 	IHC





Genes and proteins: C9orf72, chromosome 9 open reading frame 72; G4C2, hexanucleotide repeat expansion, RRE, repeat-associated non-AUG translation regulatory element, GA (glycine–alanine), GR (glycine-arginine), PR (proline-arginine), dipeptide repeat proteins (DPRs) generated from C9orf72 repeat expansions, Genetic tools and models: KD, knockdown; KO, knockout; AAV-tg, adeno-associated virus-transgenic mice. Experimental methods: CE, capillary electrophoresis; Co-IP, co-immunoprecipitation; IB, immunoblotting; ICC, immunocytochemistry; h, human; IF, immunofluorescence; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; LA-PCR, long-amplicon PCR; TR-qPCR, transcript-level quantitative PCR; RP-PCR, repeat-primed PCR; WB, western blot. DNA repair and damage assessment: Comet assay, single-cell DNA damage assay; γH2AX, phosphorylated histone H2AX (marker of DNA DSBs); 53BP1, p53-binding protein 1 (DDR marker); pDNA-PKcs, phosphorylated DNA-dependent protein kinase catalytic subunit; XRCC4, X-ray repair cross-complementing protein 4; NHEJ, non-homologous end joining; SSA, single-strand annealing; MMEJ, microhomology-mediated end joining; m, mouse; DSBs, double-strand breaks; SSBs, single-strand breaks; R-loops, RNA–DNA hybrids; DDR, DNA damage response. Chemical reagents: ETO, etoposide (topoisomerase II inhibitor); H₂O₂, hydrogen peroxide (oxidative stress inducer); CPT, camptothecin (topoisomerase I inhibitor); TBH, tert-butyl hydroperoxide (oxidative stress inducer); PARP inhibitor, poly(ADP-ribose) polymerase inhibitor; Glutamate, excitotoxic neurotransmitter; Antioxidant, compound reducing oxidative damage. Cell and tissue types: NPCs, neural progenitor cells; MNs, motor neurons; mESCs, mouse embryonic stem cells; SC, spinal cord.
 

Four distinct C9orf72 expansion models were identified. Cell line-based studies were the most commonly employed [9 of 12; (Walker et al., 2017; Farg et al., 2017; Maor-Nof et al., 2021; Andrade et al., 2020; Nihei et al., 2020; He et al., 2023; Marques et al., 2024; Chang et al., 2024; Kojak et al., 2024)]. Patient iPSC-derived neuronal models were used in 8 of 12 studies (Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Nihei et al., 2020; Pal et al., 2021; He et al., 2023; Chang et al., 2024), including neural progenitor cells (NPCs) (He et al., 2023), motor neurons (Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020), and spinal motor neurons were each used in 4 studies (Lopez-Gonzalez et al., 2016; Nihei et al., 2020; Pal et al., 2021; Marques et al., 2024). Mouse models were employed in 4 of 12 studies (Walker et al., 2017; Maor-Nof et al., 2021; Marques et al., 2024; Kojak et al., 2024), and human post-mortem cortical and spinal cord tissue in 5 studies (Walker et al., 2017; Farg et al., 2017; Andrade et al., 2020; Nihei et al., 2020; Marques et al., 2024).

A number of outcomes were identified. The primary outcome involved DNA damage accumulation, including mechanisms and downstream responses. The secondary outcomes related to the effects of C9orf72 pathology on DNA integrity, therapeutic modulation of mechanisms driving DNA damage accumulation, and behavioral studies.



3.5 Primary outcome: DNA damage accumulation: mechanisms and downstream responses

We identified four primary mechanisms contributing to the accumulation of DNA damage: (1) disruption of the ATM pathway; (2) disruption of DNA repair pathway efficiency; (3) formation of R-loops; and (4) mitochondrial dysfunction and oxidative stress. In addition, misrepair-mediated repeat expansion in C9orf72 and activation of the STING pathway, were observed as downstream responses to DNA damage and will be considered together in a fifth component. The following sections outline the key findings supporting each mechanism.


3.5.1 Disruption of the ATM pathway

Walker et al. (2017) demonstrated that both C9orf72 RNA repeat expansions (RRE; 10 or 102 G4C2 repeats) and poly-GA dipeptide repeats (DPR; 34 and 69 repeats) induced DNA damage, as shown by γH2AX immunostaining and comet assays. However, cells expressing either model exhibited an ATM signaling defect, evidenced by reduction in pATM and 53BP1 nuclear foci. The authors linked this defect to impaired RNF168-mediated ubiquitylation of histone H2A, a pathway normally required for 53BP1 recruitment and sustained ATM activity at DSBs. Importantly, overexpression of RNF168 or depletion of p62/SQSTM1 (a negative regulator of RNF168) restored 53BP1 and pATM foci in the C9orf72 DPR model.

Transfection of MRC-5, a human fetal lung fibroblast cell line with either 10 or 102 G4C2 repeats or V5-epitope-tagged poly-GA (0, 34, or 69 DPR repeats) revealed length-dependent effects on 53BP1 and pATM signaling. While the 10-repeat RRE showed no significant change, the 102 RRE model exhibited a significant reduction in average 53BP1 (p < 0.001) and pATM foci (p < 0.05) per cell, compared to mock-transfected controls. Similarly, expression of poly-GA DPRs caused significant reductions in 53BP1 foci (34 DPRs: p < 0.001; 69 DPRs: p < 0.01) and pATM foci (34 DPRs: p < 0.001; 69 DPRs: p < 0.05), compared to mock-transfected models. These defects persisted even after induction of DNA damage with camptothecin (CPT) or tert-butyl hydroperoxide (TBH), as both RRE and DPR models maintained significantly fewer 53BP1 and pATM foci when compared with DMSO-treated controls. In rat cortical neurons, transfection with 102 G4C2 repeats or V5-epitope-tagged poly GA (0, 34, or 69 DPRs) followed by CPT treatment similarly reduced 53BP1 foci, although no significant effect on pATM was reported in this neuronal model.

The level of NBS1, a core component of the MRN complex responsible for activating ATM in response to DNA damage, was significantly increased in MRC-5 fibroblasts transfected with V5-epitope tagged poly GA (69 DPRs), compared to 0-V5 control (p < 0.01). This increase, together with elevated DSBs detected by γH2AX staining and comet assays, indicates that DNA damage was properly sensed despite the downstream ATM signaling defect.

Although no data were reported for the RRE model, MRC-5 fibroblasts co-transfected with poly GA DPRs (0 or 96 repeats, V5-epitope-tagged) and either RNF168-GFP or GFP alone showed a rescue of ATM signaling when RNF168 was overexpressed, with significant restoration of both 53BP1 (p < 0.001) and pATM foci (p < 0.006) compared to GFP controls. Similarly, siRNA-mediated-depletion of p62/SQSTM1 restored 53BP1 (p < 0.047) and pATM foci (p < 0.003) compared to normal p62 expression. These interventions also reduced DSBs (p < 0.029) and lowered R-loop accumulation (p < 0.037). This indicates that impairment in RNF168 function underlies the ATM defect in the C9orf72 DPR model (Walker et al., 2017).

The defect in ATM signaling in C9orf72 models was also associated with altered HDAC4 localization. Under normal conditions, HDAC4 is primarily cytosolic, and its localization is regulated by its phosphorylation status. In the context of ATM deficiency, hyperphosphorylation of HDAC4 by PP2A (a phosphatase negatively regulated by ATM) drives HDAC4 mislocalization to the nucleus. In rat cortical neurons, HDAC4 remained cytoplasmic in mock and 0-V5/GFP controls, but there was an approximately 3-fold increase in nuclear HDAC4 in 69-V5-epitope-tagged poly-GA DPRs. A similar effect was seen after treatment with the ATM inhibitor KU55933, indicating that an ATM-defect-linked nuclear HDAC4 mislocation (Walker et al., 2017).

Consistent results were observed in vivo. In cerebellar sections from mice injected with G4C2 repeats (10 or 102 RREs), or V5-poly-GA DPRs (0, or 69 repeats), nuclear HDAC4 accumulation was detected in 50% of Purkinje cells expressing 102 RREs compared to < 20% in the 10 RRE model. Likewise, 80% of Purkinje cells expressing 69-V5-poly-GA DPR displayed nuclear HDAC4 compared with 50% in the 0-V5 control. In spinal cord sections from patients with C9orf72-associated ALS, there was a significant increase in nuclear HDAC4 within motor neurons compared to control subjects (p = 0.0463) (Walker et al., 2017).

Nihei et al. (2020) reported that hnRNPA3 normally binds to sense (G4C2) and antisense (C4G2) repeats to suppress their accumulation. Loss or mislocalization of hnRNPA3 increased antisense RNA foci and DPRs, amongst which poly-GA sequesters pATM and impairs DSB repair. In fibroblasts from three patients and iPSC-derived MNs from two C9orf72 patients, the authors demonstrated that knockdown of hnRNPA3 (siRNA) significantly increased the number of antisense RNA foci. Immunostaining confirmed elevated RNA foci in Nucleolin-positive fibroblast nuclei and in TuJ1-positive neurons (p < 0.05), compared to siRNA controls. Extending this, hnRNPA3 knockdown in HeLa cells transfected with sense or antisense repeats elevated levels of RNA foci and resulted in an increased production of antisense DPRs (poly-PA, PR, and GP). Together with their earlier findings that hnRNPA3 also regulates sense G4C2 repeat RNAs and DPRs, these results establish hnRNPA3 as a key suppressor of both sense and antisense C9orf72 repeat expression.

In HeLa cells, expression of GFP-tagged DPR (poly-GA, poly-GR, and poly-PR) differentially affected ATM signaling. Immunostaining for pATM revealed that poly-GR and poly-PR increased nuclear pATM foci (~1.5-2-fold compared to WT-GFP), whereas poly-GA significantly reduced nuclear pATM (<1-fold compared to WT-GFP). This reduction, observed both in WT and hnRNPA3 depletion cases, indicating that poly-GA sequesters pATM in the cytoplasm, which may impair pATM recruitment to DNA damage sites. Result from postmortem dentate gyrus granule cells aligned with the cell culture findings. In C9orf72 ALS-FTD patient tissue, poly-GA aggregates were frequently detected, and quantification showed that the percentage of granule cells with poly-GA inclusions was negatively correlated with the percentage of cells exhibiting nuclear pATM foci (r = −0.512, p < 0.05). Although, there was detectable nuclear pATM puncta in the immunostaining figure, their overall frequency was significantly decreased compared to controls.



3.5.2 Disruption of DNA repair pathway efficiency

Andrade et al. (2020) reported that C9orf72 DPR directly impair DNA repair pathways, providing a potential mechanism for DNA damage accumulation in C9orf72-linked ALS-FTD disorders. To investigate this, four U2OS human osteosarcoma cell reporter lines were generated, each carrying a stably integrated GFP-based cassette to assess the efficiency of four DNA repair pathways: homologous recombination (HR), non-homologous end joining (NHEJ), microhomology-mediated end joining (MMEJ), and single-strand annealing (SSA). DNA breaks were induced by co-transfecting each reporter line together with an I-SceI endonuclease-encoding plasmid and a second plasmid encoding one of the DPRs (GA, GR, or PR) or as a control, no DPR. Repair efficiency was measured by the percentage of GFP-positive cells detected by flow cytometry. While none of the DPRs significantly affected HR repair, all three significantly impaired the NHEJ pathway: GA (−5% p < 0.05); GR (−8% p < 0.0005); and PR (−28% p < 0.0001), when compared to the empty vector. In addition, PR alone significantly reduced MMEJ efficiency (−23% p < 0.05), whereas both GA (−9% p < 0.01) and PR (−22% p < 0.0001) reduced SSA efficiency compared to the control.

Importantly, follow-up experiments focused only on NHEJ and SSA, where siRNA-mediated knockdown of Nucleophosmin (NPM1), a key protein in various DNA damage repair processes, further exacerbated the inhibitory effects of DPRs on NHEJ (p < 0.0001) and SSA (p < 0.0001), when compared to NPM1 siRNA or DPR-expression alone. This impairment is mediated, at least in part, through direct binding of DPRs to NPM1, as shown by co-localization with NPM1. Western blot analysis showed a significant increase in γH2AX level in U2OS cells transfected with HA-tagged PR DPRs in combination with NPM1 siRNA (pt < 0.0005), relative to a vector control. Super resolution STORM microscopy further revealed co-localization of γH2AX and pRAD52 in the nucleus of etoposide-treated cells indicating the activation of the SSA repair pathway in response to DNA damage (Andrade et al., 2020). Andrade et al. (2020) further demonstrated in C9orf72 disease-relevant iPSC-derived MNs that an accumulation of the DNA damage marker γH2AX occurs together with elevated Ku70 and p-RAD52, suggesting dysregulation of the NHEJ and SSA pathways, respectively. These results are considered below under the secondary outcome: the effects of C9orf72 pathology on DNA integrity.

He et al. (2023) demonstrated that in non-neuronal HEK293T cells, knockout (KO) of the C9orf72 gene markedly reduced NHEJ efficiency, as shown by a significant decrease in GFP-positive cells following transfection with a cleaved NHEJ reporter construct compared to wild-type (WT) controls (p < 0.001). In contrast, alternative NHEJ (alt-NHEJ) and HR repair pathways remained comparable between KO and WT cells. He et al. (2023) further demonstrated that the C9orf72 protein associates with the DNA-PK complex following ETP treatment. In C9orf72 KO HEK293T cells, pDNA-PKcs was significantly reduced 15 min after ETP treatment compared to WT cells (p < 0.05), although levels gradually increased over time. In parallel, co-immunoprecipitation experiments in WT HEK293T cells transfected with a Flag-C9orf72 construct revealed that C9orf72 interacts with pDNA-PKcs, Ku70, and Ku80, and that this interaction is significantly enhanced following ETP treatment (p < 0.05). In contrast, after transfecting HEK293T cells with HA-Ku70, co-immunoprecipitation showed that Ku70/Ku80 interactions were significantly reduced in C9orf72 KO cells (p < 0.01) compared to WT cells. The association of DNA-PKcs with the Ku70/Ku80 dimer was also reduced in the KO cells (p < 0.05), indicating that C9orf72 is important for the stabilization of the DNA-PK complex. Another key factor in the classical NHEJ (c-NHEJ) pathway is DNA ligase 4 (Lig4), the enzyme that seals broken DNA ends during DSB repair. Consistent with the defect observed when Ku70, Ku80 and DNA-PKcs function is impaired, live-cell imaging revealed a significant reduction in the maximum accumulation of GFP-Lig4 at the sites of laser-induced DSB in C9orf72 KO cells (p < 0.001), similar to the effect of DNA-PKcs inhibition with NU7026 in WT HEK293T cells. Notably, recruitment kinetics were almost unchanged (WT τ1/2 = 1.18 ± 0.23 s versus KO τ1/ 2 = 1.22 ± 0.30 s). This could suggest that C9orf72 is required for efficient stabilization, but not the initial recruitment of Lig4 at DSB. Analysis of chromatin fractions showed that C9orf72 KO cells exhibited a significant reduction in the intensity of Lig4/XRCC4 protein complex immunostaining following ETP treatment compared to WT HEK293T cells (p < 0.05), suggesting that C9orf72 promotes recruitment of the Lig4/XRCC4 complex to DNA damage sites. XRCC4 is the binding partner of Lig4 and together they form a complex that ensures efficient ligation of DNA ends during c-NHEJ. Consistent with cellular data, He et al. (2023) reported that brain sections from C9orf72−/− mice injected with AAV9-GFP-poly-GR (50 DPRs) displayed a significant reduction in pDNA-PKcs and XRCC4 foci per nucleus (p < 0.001) plus decreased 53BP1foci (p < 0.05), compared to WT mice injected with the same construct. Comet assays also revealed a significant increase in DNA breaks in C9orf72−/− mice injected with AAV9-GFP-poly-GR (p < 0.001).



3.5.3 Formation of R-loops

Walker et al. (2017) reported increased R-loop accumulation in both RREs and poly-GA DPRs in two C9orf72 models: non-neuronal MRC-5 fibroblasts and rat cortical neurons, as well as a significant increase in R-loop in spinal cord tissue from C9orf72-associated ALS patients. In MRC-5 cells, transfection with 102 G4C2 repeats significantly increase R-loops compared to both mock and 10 RRE transfections (p < 0.01) and, importantly, RNA foci colocalized with R-loops in the 102 RRE model. Moreover, R-loop accumulation was DPR-length dependent: ~ 4 R-loops were detected per cell with transfected with 34 DPRs (p = 0.046) but ~ 8 foci with 69 DPRs (p = 0.003), compared to controls.

Co-expression of senataxin (SETX), an RNA/DNA helicase that resolves R-loops, significantly reduced R-loop formation, which in turn led to a reduction in DNA damage, as detected by γH2AX staining. In the 102 RRE model, <50% of cells with overexpressed SETX were γH2AX-positive compared to ~ 80% in controls cells with no SETX overexpression. In the DPR model, overexpression of SETX partially reduced DNA damage: in 69 DPR-expressing cells, γH2AX-positive nuclei decreased to ~ 60% (p < 0.05) when compared to cells with no overexpression of SETX, or to control cells expressing red fluorescent protein as a control. SETX overexpression also reduced cellular toxicity, as shown by decreased cleaved-PARP1 positivity (<5% vs. ~ 10% in 102 RREs) and (<5% vs. > 10% in 69 DPRs, p < 0.05) and reduced trypan blue-positive cells (<15% vs. > 30% in 69 DPRs). In rat cortical neurons, 102 RREs significantly increased formation of R-loops compared to mock and 10 RRE (p < 0.01). A similar effect was seen when longer DPRs were expressed in MRC5 fibroblasts (34 DPRs: p < 0.05; 69 DPRs: p < 0.01). Finally, in sections of spinal cord from ALS patients, motor neurons exhibited a significant increase in both R-loops (p < 0.0083) and DSBs (γH2AX, p < 0.0268) when compared to controls. In contrasting findings, Pal et al. (2021) reported no increase in R-loop formation across iPSC-derived spinal MNs carrying either C9orf72 knockout or a G4C2 repeat expansion, despite a clear increase in DSBs in these cells.



3.5.4 Mitochondrial dysfunction and oxidative stress

One study by Lopez-Gonzalez et al. (2016), reported an age-dependent increase in reactive oxygen species (ROS) levels in C9orf72 patient iPSC-derived motor neuron cultures, indicating increased oxidative stress on the cells. This was accompanied by increased DNA damage. The increase in ROS levels was significantly elevated in C9orf72 patient iPSC-derived motor neurons after 8 weeks in culture and continued to rise at 3–4 months (p < 0.01) compared with control iPSC-derived motor neurons. The rise in ROS levels in mitochondria was specific to poly-GR expression and was not observed with poly-GA. Using the MitoSOX assay, 2-week-old control iPSC-derived motor neurons transduced with poly-GR (80 repeats) showed an increase in ROS (p < 0.01) compared to motor neurons transduced with an empty vector, whereas poly-GA (80 repeats) had no effect on mitochondrial ROS levels.

Additionally, both 4 month-old C9orf72 patient or healthy control iPSC-derived MNs transduced with poly-GR (80 repeats) showed a significant increase in mitochondrial membrane potential (p < 0.001), as assessed by TMRM staining and flow cytometry, compared with their respective control transduction experiments with an empty vector. In parallel, interactome analysis in HEK293T cells expressing 80 repeats of poly-GR-GFP or GFP alone identified a strong enrichment of mitochondrial ribosomal proteins interacting with poly-GR: 47% of mitochondrial ribosomal protein interacted with the poly-GR vs. 20% of cytoplasmic ribosomal proteins. This preferential binding to mitochondrial ribosomal proteins provides one mechanistic explanation for the mitochondrial dysfunction observed in patient iPSC-derived MNs, which is likely to contribute to increased oxidative stress on cells and a consequent increase in DNA damage.



3.5.5 Downstream responses to DNA damage: mismatch repair expansion

Kojak et al. (2024) demonstrated that DNA damage including SSBs and DSBs directly triggers expansion of the C9orf72 G4C2 repeats. The study showed that these expansions are mediated by specific DNA repair pathways: the DNA mismatch repair (MMR) pathway, driven by Msh2, which promotes continuous small-scale expansions, and the homology-directed repair (HDR) pathway, driven by Rad51, which mediates large-scale expansions following DNA strand breaks. Kojak et al. (2024) generated humanized C9orf72 alleles and inserted them into mouse embryonic stem (mES) cells through homologous recombination, replacing the corresponding mouse genomic region with the human counterpart containing G4C2 repeats, yielding alleles with 3, 31, or 96 repeats. In cultured mES cells, exposure to the global DNA-damaging agent H2O2 resulted in an average increase of nine G4C2 repeat compared to seven repeats in vehicle-treated cells.

CRISPR/Cas9 was used to induce DSB near the C9orf72 expansion in the same mES cell model before the cells were subcloned. 18.5% of clones lacked PCR products when amplification was attempted with C9orf72 gene-specific primers, consistent with both deletions or alterations. However, among the 81.5% of clones that yielded PCR products, 18.3% displayed significant repeat expansions (>10 additional G4C2 repeats), 42.7% retained a repeat length similar to the parental 96x repeat allele, and 21.8% displayed contractions (<90 repeats). These results were confirmed using two-primer gene-specific PCR and three-primer repeat-primed PCR (RP-PCR) with capillary electrophoresis. Inducing breaks 5` or 3` of the repeat tract provide comparable frequencies of expansions and contractions.

When DSB were generated, expansions, contractions, and deletions resulted in both 96x and 31x repeat lines, with expansions more frequent in the 96x repeat line (3.4%) and absent in the 31x repeat line. In contrast, inducing SSB in the 96x line resulted in expansions without large deletions, with expansions 4.85x more frequent than contractions. However, large expansions (>10 additional G4C2 repeats) still occurred after a 5` DSB was generated even when Msh2 was knocked out. This indicates that MMR contributes to baseline instability but it is not required for break-induced expansions.



3.5.6 Consequences of DNA damage: activation of the STING pathway

In our systematic review, Marques et al. (2024) was the only study included that investigated activation of the STING pathway as a downstream response to DNA damage. Three C9orf72 models were studied: human postmortem tissue, a mouse model in which an AAV was used to express G4C2149 in the brain, and human iPSC-derived neurons. In addition, primary mouse cortical neurons from WT embryonic mice were used to ask whether neurons have functional STING pathway. The study investigated the activation of STING pathway via both canonical and non-canonical pathways. The canonical STING pathway is activated when the cytosolic DNA sensor, cGAS, detects DSBs, producing cGAMP that activates STING. Two main factors are recruited in this pathway which together drive the production of type 1 interferon: the kinase TBK1 and transcription factor IRF3. On the other hand, the non-canonical STING pathway functions independently of cGAS and can lead to different downstream effects, including the activation of the NF-κB pathway which can activate alternative gene programs and even inhibit the canonical response.

In primary mouse cortical neurons cultured at embryonic day 13–14, treatment with the DNA-damaging agent etoposide induced a significant increase in both nuclear γH2AX and cytoplasmic STING areas, compared to vehicle-treated neurons (p < 0.001). Treating the neurons with extracellular glutamate that induces excitotoxicity and results in mitochondrial dysfunction and increased ROS production and oxidative stress had a similar outcome. In parallel, both agents also increased the nuclear localization of p-IRF3 and p-NF-κB (p < 0.0001) compared to vehicle-treated neurons, indicating activation of both the canonical (IRF3) and non-canonical (NF-κB) STING pathways in response to DNA damage.

In human postmortem sections from eight C9orf72 cases (five ALS, and three ALS-FTD), immunohistochemistry revealed strong STING activation in layer V Betz cells, and ventral spinal cord SMNs, the most vulnerable neuronal populations. In contrast, no activation was observed in layer II/III neurons or the occipital cortex. Quantification showed a ~ 5-fold increase in STING-positive neurons compared to eight p-TDP-43-negative Alzheimer’s disease sections and six non-neurological disease controls (p < 0.001).

In one-year old C9orf72 AAV (G4C2)149 mice, co-immunostaining exhibited a significant accumulation of STING signal specifically in layer V CTIP2 + cortical motor neurons (18.9%), but not in layer II/III neurons when compared to the control C9orf72 AAV (G4C2)2 mice. Consistent with this, there was an increase in p-IRF3 and p-NF-κB staining in the C9orf72 AAV (G4C2)149 cortices but not in the (G4C2)2 cortices, indicating activation of both the canonical (IRF3) and noncanonical (NF-κB) STING pathways, although no statistical values were provided for these markers.

Finally, in iPSC-derived neurons, both 35-day spinal motor neurons (SMNs) and 10-day Neurogenin-2-induced cortical-like neurons from five C9orf72-related ALS patients exhibited a time-dependent increase in the intensity of canonical (IRF3) and noncanonical (NF-κB) STING pathway factors compared to their corresponding controls (p < 0.001 and p < 0.0001, respectively). At the transcript level, mRNA expression of canonical and noncanonical pathway genes was also significantly elevated (SMNs: p < 0.05 and NGN2 neurons: p < 0.001) compared to their controls. Treating the neurons derived from healthy control patients with extracellularly applied poly-GR 20xDPRs for 24 h resulted in a significant increase in both γH2Ax-positive neurons and STING signal (p < 0.0001) relative to neurons treated with either poly-GA 10xDPRs or with a vehicle control.




3.6 Secondary outcomes

We identified six secondary outcomes that will be discussed in turn: (1) effects of C9orf72 pathology on DNA integrity; (2) DNA-level effects of G4C2 repeats; (3) outcomes related to RNA repeat expansions; (4) outcomes related to DRPs; (5) therapeutic modulation of the mechanisms of DNA damage accumulation; and (6) findings of behavioral studies. However, even within the DNA-level effects, RNA- or DPR-mediated effects cannot be entirely ruled out and therefore, the distinction between these categories are not always clear cut.


3.6.1 Effects of C9orf72 loss of function on DNA integrity

He et al. (2023) demonstrated that C9orf72 is rapidly recruited to DSB sites. In U2OS cells transfected with GFP-C9orf72, laser micro-irradiation induced immediate accumulation of C9orf72 protein at DNA lesions (τ1/2 = 0.19 ± 0.06 s), co-localizing with the DSB marker, γH2AX. Upon treatment with the ETP, the level of C9orf72 in the chromatin fraction was increased in HEK293T cells and in mouse primary cortical neurons (p < 0.05), as shown by immunoblotting analysis. Two studies (Pal et al., 2021; He et al., 2023) investigated loss of function of C9orf72 and its link to DNA integrity. Pal et al. (2021) reported that knockout of C9orf72 in wild-type iPSC-derived spinal motor neurons led to a significant increase in γH2AX foci at day 80 when compared to WT control (p < 0.001), with DSBs accumulating in MAP2-positive neurons. In contrast, 53BP1 staining did not reveal significant differences between C9orf72 knockout and control motor neurons. He et al. (2023) demonstrated that knockout of C9orf72 impairs the DDR despite increased levels of DNA breaks. Using CRISPR to generate a C9orf72 KO in iPSC-derived neuronal progenitor cells (NPCs) and in mouse cortical neurons, C9orf72-deficient neurons exhibited significantly longer comet assay tails compared to controls, both at baseline and after treatment with H2O2, indicating an accumulation of DNA damage. However, immunostaining revealed a significant reduction in γH2AX intensity (p < 0.001) and DNA-PKcs phosphorylation (p < 0.001) in C9orf72-deficient cells following ETP treatment, when compared to controls, indicating defective DDR signaling and impaired NHEJ repair.



3.6.2 DNA-level effect of G4C2 repeats

Eight studies (Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021; Lopez-Gonzalez et al., 2016; Andrade et al., 2020; Nihei et al., 2020; Pal et al., 2021; He et al., 2023; Marques et al., 2024) used iPSC-derived neuronal systems to investigate the consequences of repetitive protein sequence expansion on C9orf72-mediated ALS-FTD. Among them, Maor-Nof et al. (2021) mainly focused on the neuroprotective effects of p53 knockdown, which will be discussed in detail below, while Marques et al. (2024) primarily addressed neuronal STING pathway activation, already covered above. The remaining six studies specifically examined the impact of the C9orf72 G4C2 repeat expansion in different iPSc-derived cell types, including neuronal progenitor cells (NPCs) (He et al., 2023), motor neurons (Lopez-Gonzalez et al., 2019; Andrade et al., 2020; Nihei et al., 2020), and spinal MNs (Lopez-Gonzalez et al., 2016; Nihei et al., 2020; Pal et al., 2021).

He et al. (2023) reported that C9orf72 ALS patient-derived NPCs exhibited a significant increase in DNA damage, as indicated by longer comet assay tails even after 24 h recovery period following treatment with ETP compared to healthy controls (p < 0.05). Despite this elevated levels of DNA damage, γH2AX was significantly reduced. Immunostaining after 30 min of ETP treatment showed significantly lower γH2AX intensity in C9orf72 ALS NPCs relative to controls (p < 0.01). A significant reduction was also observed in pDNA-PKcs and Lig4 factors (p < 0.01).

Three studies (Lopez-Gonzalez et al., 2019; Andrade et al., 2020; Nihei et al., 2020) provides evidence that levels of DNA repair factors increase with neuronal age in C9orf72-related iPSC-derived MNs, involving factors from both the NHEJ and SSA repair pathways. Lopez-Gonzalez et al. (2019) showed that three-month-old C9orf72 MNs from four patients had a significantly elevated levels of Ku80 mRNA (p < 0.0015) plus in both Ku70 (p < 0.0001) and Ku80 (p < 0.0002) protein levels, when compared to controls. In contrast, 2 week-old MNs showed no such increase in the protein levels. Immunostaining confirmed that Ku80 signal localized specifically to ChAT-positive neurons but not to GFAP-positive astrocytes. In parallel, protein lysates from three-month-old C9orf72 MNs also displayed increased PKcs and p-ATM compared to controls (p < 0.0002). Andrade et al. (2020) analyzed 60-day-old MNs derived from two C9orf72 ALS patients and reported significant increase in γH2AX protein in both lines (p < 0.0005 and p < 0.0005, respectively) compared to controls. However, only one patient line showed significant increase in Ku70 and pRAD52 levels (p < 0.0001), whereas MNs from patient line 2 did not differ from controls. This is attributed to differences in C9orf72 promotor methylation, which led to reduced expression of the repeat expansion and, in turn a reduced activation of DDR pathways. Nihei et al. (2020) reported that normally hnRNPA3 binds both sense and antisense RNA repeats and prevents dipeptide repeat formation. However, cytoplasmic mislocalization of hnRNPA3 resulting in nuclear depletion enhances the production of DPRs. Consistent with this, siRNA-mediated hnRNPA3 knockdown in C9orf72 patient-derived iPSC neurons significantly enhanced both γH2AX and p-ATM foci compared to controls (p < 0.01).

Two studies (Lopez-Gonzalez et al., 2016; Pal et al., 2021) investigated change in DNA damage and DDR signaling in C9orf72 patient iPSC-derived spinal MNs (SMNs). Lopez-Gonzalez et al. (2016) demonstrated a significant increase in DNA damage in four patient-derived SMN lines using comet assays at 4 months of culture. Western blotting revealed elevated γH2AX protein in patient SMNs, with one line showing a strong signal although no quantification data was provided. Immunostaining confirmed accumulation of γH2AX foci specifically in ChAT-positive SMNs but not in astrocytes. All three assays showed that DNA damage was first detectable at around 8 weeks of culture and increased at 3–4 months. In parallel, several DDR factors were elevated in C9orf72 SMNs, including p53, p-p53, ATM, and GADD45. Pal et al. (2021) examined iPSC-derived SMNs from five ALS patients. At day 21 of differentiation, there was no increase in γH2AX signal, however, patient SMNs at day 80 showed an elevation in γH2AX foci, but not in 53BP1 compared to controls. The γH2AX signal was present in MAP2-positive neurons but absent from glia. Importantly, longitudinal analysis identified that axonal trafficking defects appeared by day 40, however, DNA damage accumulated only after day 60, which suggests that DNA breaks may occur downstream of trafficking defects. Similarly, isogenic C9-KO SMNs in which the intronic G4C2 expansion is retained but the protein-coding exon 2 was deleted exhibited accumulation of both γH2AX and 53BP1 foci at day 80 (p < 0.001), when compared to control, while, C9 gene corrected (C9-GC) SMNs, in which the pathogenic intronic G4C2 expansion was excised by CRISPR/Cas9 and replaced with the WT repeat with 1–3 repeats, exhibited an increase in neither. In parallel, cleaved caspase-3, a marker of apoptosis, was significantly elevated in the C9-KO SMNs at day 80, but not in controls or in the corrected SMNs.

In the ventral horn region of lumbar spinal cord tissue from C9orf72-ALS Caucasian patients, Farg et al. (2017) reported that approximately 80% of vCHAT positive MNs from C9orf72 patients expressed p-ATM (Ser1981), compared to about 40% in controls (p < 0.05). Western blot analysis from the same tissue further revealed a significant increase in cleaved PARP-1 (84% increase; p < 0.0001) and 53BP1 (70% increase; p < 0.001) C9orf72-ALS patients compared to controls. Additionally, Andrade et al. (2020) demonstrated elevated level of RAD52 expression in human post-mortem brain tissue. The study measured DNA repair proteins across three regions: motor cortex, occipital cortex, and cerebellum. All three regions exhibited increased total RAD52 in C9orf72 ALS-FTD samples compared to sporadic ALS (sALS) and unaffected controls (p = 0.035, and p = 0.004), respectively. However, considerable variability was observed within groups: in the motor cortex, two of six C9orf72 samples exhibited RAD52 levels lower than in unaffected controls and in samples from sALS. In the cerebellum, one sample exhibited levels similar to unaffected or sALS cases. The occipital cortex provided the most consistent signal, with significantly elevated RAD52 level compared to both sALS (p = 0.0119) and unaffected controls (p = 0.0023). By contrast, pRAD52 and 53BP1 protein levels were highly variable across samples, and no significant differences were detected between diagnostic groups in any brain region, as confirmed by western blot analysis. Additionally, Nihei et al. (2020) reported a relationship between nuclear hnRNPA3 levels and DNA damage in postmortem frontal cortex from C9orf72 ALS-FTD cases. Immunostaining showed that patients with low nuclear hnRNPA3 exhibited minimal DNA damage. Quantification confirmed a significant negative correlation between nuclear hnPNP3 intensity and γH2AX positivity (r = −0.520, p < 0.05), which suggests a link between hnRNPA3 loss in patient neurons and accumulation of DSBs.



3.6.3 RNA repeat expansions (RREs)

One study investigated the impact of RNA repeat expansion (RREs) on DNA damage accumulation using two models: non-neuronal immortalized cell lines plus spinal cord tissues from C9orf72-ALS patients. Walker et al. (2017) reported a significant increase in γH2AX foci in MRC-5 fibroblasts expressing 102 RRE compared to 10 RRE and mock-transfected cells (p < 0.001). In addition, a neutral comet assay using DNA extracts from HEK293T cells transfected with 102 RREs showed a significant increase in comet tail length compared to 10 RRE and mock-transfected cells (p < 0.01). Consistent with this, in spinal cord tissue from ALS patients, motor neurons exhibited a significant increase in γH2AX compared to controls (p = 0.0268). Another study by Farg et al. (2017) examined lumbar spinal cord tissue from C9orf72-ALS Caucasian patients and found a significant increase in γH2AX foci within SM132-positive MNs. Quantification of γH2AX protein level showed a 30.6% increase in five patient samples (p < 0.001) compared to controls, although no increase was seen in another two patient samples. Consistent, γH2AX nuclear foci colocalized with C9orf72 RNA foci detected by FISH, supporting an association between repeat RNA and DNA damage.



3.6.4 C9orf72 dipeptide repeats

Walker et al. (2017) reported an increase in DNA damage in cultured cells expressing poly-GA DPRs. In MRC-5 fibroblasts expressing 34 or 69-V5-tagged poly-GA DPRs, elevated levels of γH2AX foci were observed compared with 0-V5 controls (p < 0.01 and p < 0.001, respectively). Similarly, a neutral comet assay in HEK293T cells transfected with poly-GA DPRs showed a significant increase in comet tail length in 34 and 69-V5-tagged poly-GA DPR-expressing cells compared to controls (p < 0.001). In addition, there were observed defects in ATM activation and 53BP1 recruitment, as described above. Using codon-altered FLAG-tagged constructs to express poly-GR or poly-PR (100 DPRs), Farg et al. (2017) reported a significant increase in γH2AX immunostaining in undifferentiated SH-SY5Y neuroblastoma cells (p < 0.001) and in primary mouse cortical neurons (GR: p < 0.01 and PR: p < 0.001), compared to empty vector. In the SH-SY5Y cells, there was also a significant increase in p-ATM foci (p < 0.05). Additionally, Nihei et al. (2020) reported that expression of GFP-tagged DPR (poly-GA, poly-GR, and poly-PR) in HeLa cells significantly increased DSB accumulation, as indicated by nuclear γH2AX foci. This effect was further exacerbated by hnRNPA3 depletion (A3KO). Quantification showed that the strongest increase for γH2AX was seen with expression of poly-GA (4-fold), followed by poly-PR (3.3-fold) and poly-GR (3-fold) when compared to controls. Subcellular distribution of the DPRs also differed: poly-GA and poly-GR GFP signal were mainly cytoplasmic, whereas poly-PR was present in both the nucleus and cytoplasm.

Pal et al. (2021) examined DNA damage in iPSC-derived SMNs from five ALS patients carrying C9orf72 HREs. After 21 days of differentiation, γH2AX and 53BP1 foci were comparable to controls but by day 80 the patient-derived neurons showed a significant elevation in γH2AX (p < 0.001) and 53BP1 (p < 0.001) foci, coinciding with poly-GP and poly-GA accumulation. γH2AX foci were quantified in MAP2-positive neurons, whereas 53BP1 foci were analyzed in Hoechst-positive nuclei. Neurons displaying poly-GP inclusions in neurites or poly-GA inclusions in a perinuclear location also frequently contained nuclear γH2AX or 53BP1 foci, respectively. This may indicate co-occurrence of DPR accumulation with DNA damage. Moreover, there was direct colocalization between γH2AX or 53BP1 themselves.

Chang et al. (2024) reported an increase in DNA damage as measured by γH2AX, in mouse neuroblastoma N2a cells treated with synthesized poly-GR DPRs (30 repeats) or poly-PR DPRs (30 repeats). Both DPRs elevated γH2AX foci counts in the nuclei of the cells, but the effect was stronger with poly-GR DPRs. Specifically, poly-GR DPRs significantly increased γH2AX foci number, area and intensity (p < 0.0001) compared to poly-GR DPRs (10 repeats) and BPS treatment. In contrast, poly-PR DPRs (30 repeats) increased γH2AX foci number but did not significantly alter foci area or intensity relative to PBS.



3.6.5 Therapeutic modulation of mechanisms driving DNA damage

One strategy aimed at reducing DNA damage by targeting oxidative stress was suggested by Lopez-Gonzalez et al. (2016). The study showed that the significant increase in DNA damage in iPSC motor neurons models was partially reversible by treating neurons with the antioxidant, Trolox. In three-month-old C9orf72 patient iPSC-derived motor neurons from three patients (G4C2 > 590 repeats), treated with Trolox showed a partial reduction in DNA damage by comet assay (p < 0.01), compared with untreated neurons. Similarly, a partial reduction in DNA damage was also observed in iPSC-derived motor neurons transduced with poly-GR (80 repeats) following Trolox treatment (p < 0.01), compared with untreated neurons. These results suggest that targeting oxidative stress may represent a potential therapeutic approach for mitigating genome instability in C9orf72 models for ALS-FTD.

Another strategy was suggested by Walker et al. (2017), who evaluated whether targeting p62/SQSTM1, which can regulate the DDR through multiple mechanisms, or SETX that is required for R-loop resolution could alleviate DNA damage in a C9orf72 DPR model. In MRC-5 fibroblasts expressing 69-V5-tagged poly-GA DPRs, depletion of p62/SQSTM1significantly reduced γH2AX foci (p = 0.0146). Similarly, SETX overexpression decreased γH2AX levels. Importantly, combing both approaches (p62 KD and SETX OE) further reduced DSB. These results suggest that modulating p62/SQSTM1 expression or enhancing R-loop resolution are potential therapeutic strategies to mitigate the effects of accumulating DNA damage.

As described above, Lopez-Gonzalez et al. (2019) reported overactivation of Ku80/Ku70 dimer and downstream DDR signaling in C9orf72 patient-derived neurons. Building on this, the authors demonstrated that a partial reduction in gene dosage of Ku80 in two independent clones of Ku80+/− iPSC-derived MNs was sufficient to suppress the apoptotic cascade. Deletion of a single Ku80 allele using CRISPR-Cas9 reduced Ku80 expression by 50%. Comet assays performed with 2-month-old MNs revealed no increase in DNA damage – indeed one of the Ku80+/− clones had DNA damage comparable to the parental Ku80+/+ line, whilst the second clone had a significant reduction in comet tail length (p < 0.01) and percentage of DNA in the tails (p < 0.05). This indicates that the residual Ku80/Ku70 complex in the clones was sufficient to repair DNA breaks but– importantly– the reduction in gene dosage significantly decreased activation of key DDR or apoptosis components, including pATM (p < 0.05), p-p53 (p < 0.05), PUMA (clone 1: p < 0.01, clone 2: p < 0.05), and cleaved caspase-3 (p < 0.05). Similarly, knockdown of Ku80 using either lentiviral shRNA (50% KD) or self-delivering small interfering RNA (sdRNA) with lipophilic conjugates in the same patient iPSC-derived MNs model also significantly suppressed pro-apoptotic protein expression, including pATM (shRNA: p < 0.01), PUMA (shRNA p < 0.0001, sdRNA: p < 0.001), and cleaved caspase-3 (sdRNA: p < 0.001).

Maor-Nof et al. (2021) used two C9orf72 models: mouse primary cortical neurons and C9orf72 patient iPSC-derived MNs to demonstrate that p53 depletion is neuroprotective and reduces DNA damage. In embryonic primary cortical neurons transduced with lentiviruses expressing poly-PR (50 DPRs), p53 KD markedly lower γH2AX levels compared to wildtype (p < 0.0001). Similarly, in C9orf72 patient iPSC-derived MNs cultured for 2.5 months and their isogenic controls, p53 KD via shRNA expression reduced DNA damage, as measured by comet assay with reduced comet tail length (p < 0.05) and percentage of DNA content in the tail (<40%, p < 0.05) relative to C9orf72-MNs expressing the control shRNA.



3.6.6 Behavioral studies

Behavioral studies were conducted in two C9orf72 mouse models to assess therapeutic efficacy (Maor-Nof et al., 2021; He et al., 2023) and in one study to examine neurodegeneration in mice injected with poly-GA (Walker et al., 2017). Targeting DDR and DNA repair factors was the most common approach, demonstrating positive effects on both lifespan and movement ability. Maor-Nof et al. (2021) injected p53+/− or p53−/− mouse intracerebroventricularly (ICV) with an AAV9 vector to express C9orf72 GFP-tagged-poly-PR (50 DPRs) or GFP only at post-natal day 0. The median lifespan for WT mice injected with AAV9-poly-PR was 39 days; heterozygosity for p53 reduction rescued lifespan to a small extent (median lifespan 54 days), but the effect was more dramatic in p53−/− mice with a 2.5x longer lifespan, with some mice living up to 300 days. He et al. (2023) showed that intracerebroventricularly injection of AAV9-GFP-poly-GR (50 DPRs) into neonatal day 0 wild-type and C9orf72−/− mice led to progressive neurodegenerative phenotypes. Six months after injection, C9orf72−/− AAV-GFP-GR mice showed a significant reduction in body weight compared to C9orf72+/+AAV-GFP control mice (p < 0.05), along with impaired motor function, including decreased four-limb grip strength (p < 0.05) and poor performance on the accelerating rotarod test (p < 0.01). Histological analysis revealed a marked loss of NeuN-positive cortical neuron number (p < 0.001), reduced numbers of ChAT-positive motor neurons in the lumbar spinal cord (p < 0.01), and increased neuromuscular junction denervation in C9orf72−/− AAV-GFP-GR mice compared to wildtype mice injected with AAV9-poly-GR.

Walker et al. (2017) documented a neurodegenerative phenotype in mice injected with poly-GA DPRs. Compared to 0x poly-GA DPR controls, mice injected with 69x poly-GA DPRs displayed significant impairment at 6 months on the Catwalk system (p < 0.01), followed by progressive behavioral deficits at 12 months in the hind limb splay test (p < 0.01).





4 Discussion

DNA damage and impaired DDR are two mechanisms that are increasingly recognized as a hallmark for ALS and ALS-FTD. This systematic review investigated evidence across various models including cellular, animal, and patient-derived models. The included studies showed that C9orf72 repeat expansions and DPRs impact genome integrity through multiple mechanisms, which in turn feed in disease progression.


4.1 Mechanisms of DNA damage accumulation

The systematic review found four major mechanisms that lead to increased DNA damage in C9orf72 models. First, defective ATM signaling which was observed across models, with G4C2 and poly-GA DPRs suppressing both ATM activation and 53BP1 recruitment (Walker et al., 2017; Nihei et al., 2020). Mechanistically, this was due to sequestration of ATM and impaired RNF168-dependent ubiquitylation, resulting in diminished DDR signaling and abnormal nuclear localization of HDAC4 (Walker et al., 2017). These defects in the ATM-RNF168-53BP1 axis uncover a new neurodegenerative mechanism that extends previous findings of how ATM deficiency contributes to neurodegeneration (Lee and Paull, 2021; Paull and Woolley, 2024). Second, there was compromised DNA repair efficiency, mainly in the NHEJ and SSA pathways. Andrade et al. (2020) demonstrated that DPRs bound Nucleophosmin (NPM1), disrupting repair kinetics and increasing γH2AX levels. Consistent with this, He et al. (2023) reported an important function of C9orf72 in stabilizing the DNA-PKcs-Ku70/Ku80 complex, supporting Lig4-XRCC4 assembly and loss of C9orf72 impairs this interaction, decreases Lig4 recruitment, and elevates DNA breaks, both in vitro and in vivo in C9orf72−/− mice. Together, these results highlight a dual mechanism including gain-of-function toxicity from DPRs as well as loss of function of C9orf72 in DNA repair. Third, accumulation of R-loops was documented in both C9orf72 repeat expansion models and DPR models, with SETX overexpression reducing DNA breaks and toxicity (Walker et al., 2017). Although Pal et al. (2021) found no increase in R-loops in C9orf72 patient iPSC-derived MNs despite the presence of DNA damage, this might be attributed to model-dependent variability and methods used to measure R-loop. Finally, mitochondrial dysfunction was reported as a driver of DNA damage. Lopez-Gonzalez et al. (2016) demonstrated that poly-GR, but not poly-GA expression, induced an increase in mitochondrial ROS and altered membrane potential, consistent with interactome data that showing preferential binding of GR to mitochondrial and ribosomal proteins. These DPR-specific effects help to unpick and understanding the role of oxidative stress in ALS models.



4.2 Downstream consequences: repeat expansion

Kojak et al. (2024) reported that DNA strand breaks themselves accelerated C9orf72 repeat expansion via Rad51-mediated homologous recombination and Msh2-driven mismatch repair. This suggests that DNA damage initiates a feed-forward loop that amplifies repeat instability. In parallel, activation of the STING pathway was detected in vulnerable neurons in both patient and mouse models (Marques et al., 2024). The activation of STING pathway was strongly detected in Betz cells and spinal MNs, with activation of both STING pathways; canonical (IRF3) and non-canonical (NF- κB). These findings may contribute to the existing body of evidence regarding the dysregulation of immunity in ALS disease, highlighting nuclear DNA damage as a key factor that trigger innate immune responses (Tan et al., 2022; Huang et al., 2023).

Our review contributes to the field in three ways. First, it shows DNA damage in ALS-FTD stems from a combination of ATM inhibition, NHEJ impairment, R-loop toxicity, and oxidative stress. Second, it helps to understand the C9orf72 dilemma by demonstrating that C9orf72 loss of function affects repair complexes, while the DPRs impact on key DDR factors. Third, it reveals that DNA damage is a primary driver of C9orf72 G4C2 repeat expansion as well as immune activation. On the other hand, the body of evidence remains heterogeneous many studies mainly used non-neuronal cell lines. While these models provide mechanistic insights, they still do not capture neuronal vulnerability, if neurons are especially vulnerable. iPSC-derived neurons exhibited differences in differentiation and maturity, which could lead to inconsistency in results. Finally, the sensitivity of methods used to detect DNA damage and R-loops varied.



4.3 C9orf72 loss of function, repeat expansions, and DPR-induced DNA damage

Two suggested mechanisms that link to C9orf72 pathology impact genome integrity: loss- and gain-of-function mechanisms. Loss-of-function of C9orf72 impacts on DSB repair by destabilizing DNA-PKcs-Ku70/Ku80 complexes, reducing levels of pDNA-PKcs and γH2AX despite the significant increase in DNA breaks. This places the C9orf72 protein as a direct scaffold in the DDR, in addition to its known functions in trafficking and autophagy (Pal et al., 2021; He et al., 2023). On the other hand, C9orf72 gain-of-function mechanisms, which includes both repeat expansions and DPRs further elevate genome instability in neurons. In iPSC-derived MNs from patients, the accumulation of DNA damage as measured by with γH2AX and DNA repair factors occurred with increasing neuronal age but axonal transport defects were apparent earlier, indicating that DNA damage may amplify rather than initiate neuronal dysfunction (Pal et al., 2021). RNA foci colocalize with γH2AX in patient neurons, and DPRs, including poly-GA, poly-GR, and poly-PR consistently elevated DNA DSBs while interfering with ATM activation and 53BP1 recruitment to damage sites (Walker et al., 2017; Farg et al., 2017; Nihei et al., 2020; Chang et al., 2024). Moreover, hnRNPA3 depletion further accelerate DPR toxicity, which may link RNA-binding protein dysfunction to impaired DNA repair (Nihei et al., 2020).



4.4 Therapeutic modulation of DNA damage

Therapeutic interventions support a causal role of DNA damage in C9orf72 pathology. Three suggested therapeutic mechanisms were found in the included studies: the antioxidant Trolox reduced DNA breaks (Lopez-Gonzalez et al., 2016); SETX overexpression reduced R-loop induced lesions (Walker et al., 2017); and depletion of either Ku80 or p53 suppressed pro-apoptotic pathways and improved neuronal survival (Lopez-Gonzalez et al., 2019; Maor-Nof et al., 2021). These findings indicated that targeting the DDR or DNA repair pathways may enhance lifespan and locomotion and this approach has potential as a therapeutic strategy.




5 Conclusion

This is the first systematic review to our knowledge that looked specifically at the contribution of DNA damage to C9orf72-based ALS-FTD pathology. This review provides a foundation for understanding disease progression, future clinical applications, and potential therapeutic strategies. A meta-analysis of included studies was prevented by considerable differences in study design and the way that outcomes were reported, most notably for experiments using in vivo animal models: there is a strong argument for standardizing methodology to allow comparisons. Several limitations must be considered when interpreting the results. Firstly, the predominant emphasis of studies was on C9orf72 DPRs and with only limited investigations of the alternative proposed mechanisms of C9orf72 related loss-of-function and RREs. Secondly, there were a limited number of studies available for certain DPRs with no study that investigated the role of poly-PA in DNA damage, which makes quantitative measurements of DNA damage challenging. Finally, as previously discussed in the accompanying systematic reviews of TDP43-related and FUS-related ALS-FTD (Almalki et al., 2025b; Almalki et al., 2025c), there is a need for the standardization of methods for assessing DNA damage.
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