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Abstract
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are 
neurodegenerative disorders that share clinical, pathological, and genetic overlap, 
most notably through mutations in the C9orf72  gene. Since its discovery in 2011, 
this mutation has emerged as a key driver of neurodegeneration through a complex 
interplay of toxic gain-of-function and loss-of-function mechanisms. The repeat 
expansion disrupts RNA metabolism, proteostasis, and nucleocytoplasmic transport, 
while impairing autophagy and endolysosomal trafficking due to reduced C9orf72 
protein expression. Concurrently, bidirectional transcription of repeat-containing 
RNA generates RNA foci and dipeptide repeat proteins via repeat-associated non-
AUG translation, sequestering RNA-binding proteins and inducing cellular stress. 
These processes converge on neuroinflammation, mitochondrial dysfunction, and 
TDP-43 proteinopathy—culminating in a rapidly progressive clinical phenotype with 
frequent cognitive involvement. This review synthesizes recent mechanistic, clinical, 
and therapeutic advances in C9orf72-associated ALS/FTD. It highlights the growing 
relevance of biomarkers such as neurofilament light chain and poly-GP, the failure 
of antisense oligonucleotide therapy (BIIB078) to modify TDP-43 pathology despite 
adequate CNS penetration, and the promise of emerging approaches, including allele-
specific CRISPR-Cas9 editing, autophagy modulation, and inflammasome inhibition. 
Future research must integrate multi-omics datasets, patient-derived organoids, and 
advanced preclinical models to clarify the relative contributions of gain- and loss-of-
function mechanisms. Bridging these insights with precision medicine frameworks 
offers the most compelling path toward mechanism-driven interventions capable of 
altering the natural course of C9orf72-related neurodegeneration.
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1. Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder 
characterized by degeneration of upper and lower motor neurons, leading to muscle 
weakness, paralysis, and ultimately respiratory failure.1 The global incidence of ALS is 
approximately 1–2 cases per 100,000 person-years, with a median survival of 3–5 years 
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from symptom onset.1,2 Although most cases are sporadic, 
approximately 5–10% are familial and linked to defined 
genetic mutations.3

Frontotemporal dementia (FTD) is a clinically and 
pathologically heterogeneous neurodegenerative disorder 
marked by progressive deterioration in behaviour, executive 
function, and language. FTD represents one of the most 
common causes of early-onset dementia, with symptom 
onset typically before the age of 65.4 Neuropathologically, 
ALS and FTD converge through shared mechanisms, 
most notably TDP-43 proteinopathy, supporting their 
classification as a disease continuum rather than distinct 
entities.5

A major breakthrough in understanding this continuum 
was the discovery of the GGGGCC hexanucleotide repeat 
expansion in the C9orf72 gene, which represents the 
most frequent genetic cause of both ALS and FTD.6 This 

expansion occurs in the first intron of the gene and gives 
rise to a complex pathogenic cascade involving both toxic 
gain-of-function mechanisms—mediated by repeat RNA 
and dipeptide repeat (DPR) proteins—and loss-of-function 
effects resulting from reduced C9orf72 expression.7,8

Clinically, C9orf72-associated disease is characterized 
by earlier onset, rapid progression, and a high prevalence of 
cognitive and behavioral impairment compared with non-
C9orf72 ALS.9 These features underscore the importance 
of understanding the molecular and cellular consequences 
of the repeat expansion to enable rational therapeutic 
development.

This review synthesizes current knowledge on the 
molecular pathogenesis, clinical phenotype, disease 
models, and therapeutic strategies targeting C9orf72-
associated ALS and FTD, with emphasis on translational 
relevance and emerging precision-medicine approaches 
(Table 1).

Table 1. Global and regional incidence and prevalence of amyotrophic lateral sclerosis

Region/Country Incidence (per 100,000 person-years) Prevalence (per 100,000) Notes/Source

Global (meta-analysis) 0.8–2.5 4.5–8.0 Higher in Europe10–13

Europe (e.g., Italy) 3.0–3.8 10–16 (projected 2040) Increasing due to aging13

United States ~1.5–2.0 9.7–11.2 (2024–2040) ~30,000 cases projected by 204013,14

China Rising Significant increase expected 42.7% rise in cases by 204013

Note: Data synthesized from Refs.10–14

2. Epidemiology and disease burden
The C9orf72 hexanucleotide repeat expansion constitutes a 
major global health burden, representing the most prevalent 
genetic mutation in both ALS and FTD worldwide.6,15–17 
Large-scale epidemiological studies have established that 
expansion accounts for approximately 20–67% of familial 
ALS cases, depending on the population studied, with 
more consistent estimates of 39–40% in European and 
North American cohorts.6,18–21

In familial FTD, the mutation has a similarly high 
prevalence rate, contributing to 12–50% of cases 
worldwide, with consistent reports of approximately 25% 
across multiple populations.6,18,20–22 Finland represents a 
notable outlier with exceptionally high rates, where the 
expansion explains nearly 50% of familial frontotemporal 
lobar degeneration (FTLD) cases.22

The expansion also contributes significantly to 
sporadic forms of both diseases, accounting for 5–15% of 
sporadic ALS cases and 2–16% FTD cases across different 
populations.6,17,18,20,23 In the United States specifically, 
the mutation accounts for approximately 10% of all ALS 

diagnoses and 10–15% of all FTD diagnoses.21

Population-level studies indicate that C9orf72 
expansions occur in approximately 0.14% (1 in 700) of the 
general population, with expanded alleles found in 0.2–0.3% 
of unaffected individuals in large cohort studies.17,19 The 
mutation demonstrates high but incomplete penetrance, 
being non-penetrant in individuals younger than 35 years, 
50% penetrant by age 58, and almost completely penetrant 
by age 80.6,24

2.1. Ethnic and geographic variability

The C9orf72 expansion shows dramatic ethnic and 
geographic variation in prevalence, with the most 
pronounced differences observed between Asian and 
European populations. In Caucasian populations, the 
expansion serves as the leading genetic cause of both 
ALS and FTD, accounting for 21.7–47.0% of familial ALS 
cases and 13.8–48.1% of familial FTD cases.6,25 In contrast, 
the mutation is extremely rare in Asian populations, 
explaining only around 0.4% of ALS cases in Japan and 
3.5% of familial ALS cases in Chinese populations.26,27 The 
rarity in Asian populations is further emphasized by the 
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identification of only two Chinese cases of C9orf72-related 
FTD reported to date.28,29

Within European populations, notable geographic 
clustering occurs, with higher prevalence rates observed in 
northern European and genetically isolated populations.30 
Finland represents the most extreme example, where the 
C9orf72 mutation reaches an exceptional prevalence rate of 
46% of all familial ALS cases, 21.1% of sporadic ALS cases, 
and 29.3% of familial FTLD cases.30 Similarly elevated rates 
are found in other isolated populations such as Sardinia.30

The ethnic variability extends beyond the simple 
presence or absence of the mutation to influence the 
characteristics of normal repeat lengths. Asian populations 
display shorter normal repeat lengths compared to 
Caucasians, and the length of hexanucleotide repeats 
appears to be influenced by both ethnicity and underlying 
haplotype.31 Despite this ethnic variation, meta-analyses 
demonstrate that C9orf72 repeat expansions are positively 
associated with ALS risk in both Caucasian and Asian 
populations, though with markedly different effect sizes 
(odds ratio: 57.56 vs. 6.35).32

While the mutation is predominantly found in 
European populations, C9orf72 expansions have been 
identified across diverse ethnic groups, including Middle 
Eastern, African American, and Asian patients.30,33 In Latin 
American populations, such as Argentina, the expansion 
accounts for 18.2% of FTD cases and shows familial 
clustering like European populations.6,34

3. Background
3.1. The C9orf72 gene and its normal function

The C9orf72 gene, located on chromosome 9p21.2, codes 
for a protein that plays an important role in maintaining 
cellular homeostasis through several mechanisms.35 
In healthy neurons and glial cells, C9orf72 regulates 
the degradation and recycling of cellular components, 
contributing to the removal of misfolded proteins and 
damaged organelles.35 

Firstly, it is essential for autophagy, as it activates small 
GTPases and enables the formation of the homotypic fusion 
and protein sorting complex to promote autophagosome–
lysosome fusion, subsequently generating the autolysosome 
necessary for autophagic flux.36 In addition, C9orf72 is 
involved in endolysosomal trafficking by modulating Rab 
family GTPases; loss-of-function or toxic gain-of-function 
results in defects in endosome–lysosome transport.37 
Moreover, C9orf72 participates in immune regulation 
within microglia by modulating synaptic pruning and 
pro-inflammatory signalling.38 C9orf72 encodes two 
isoforms, with the long neuronal isoform being critical 

for endolysosomal trafficking; its loss amplifies repeat-
induced toxicity.39 The high evolutionary conservation of 
C9orf72 underscores its essential role, while pathogenic 
repeat expansions show variable penetrance, and the 
frequency of the expansion is particularly high in European 
populations.40

It is important to clarify the reported variability in repeat 
length thresholds across studies. In healthy individuals, the 
GGGGCC repeat typically ranges from 2 to fewer than 30 
units4,31,41,42, with the majority of alleles containing ≤11 
repeats. Some population-based studies report rare non-
pathogenic alleles extending up to 45 repeats.43

This variability reflects differences in repeat-sizing 
methodologies, assay resolution, and population-specific 
genetic background. These intermediate repeat lengths 
are considered non-pathogenic and do not result in 
clinical disease.33 In contrast, pathogenic expansions 
in ALS and FTD consist of hundreds to thousands of 
repeats, clearly distinguishing physiological variation from 
disease-causing expansions.44 This hexanucleotide repeat 
expansion—the most common genetic cause of ALS—is 
detected in approximately 25–40% of familial ALS cases 
and 5–10% of sporadic ALS cases.45

3.1.1. Genetic and transcriptional mechanisms

C9orf72 repeat expansions exert dual pathogenic 
effects through gain-of-function and loss-of-function 
mechanisms.46 Expanded repeats reduce C9orf72 
expression through epigenetic silencing, including 
CpG island hypermethylation and histone H3K9 
trimethylation.47 This loss-of-function disrupts vesicular 
trafficking and autophagy, processes in which C9orf72 
acts as a Rab1a effector recruiting the ULK1 complex 
to initiate autophagosome formation.48 Deficiency 
leads to autophagic blockade, accumulation of p62 and 
ubiquitinated inclusions, and impaired proteostasis.48

Conversely, toxic gain-of-function arises from 
bidirectional transcription of expanded repeats, generating 
sense and antisense RNAs that form nuclear RNA foci.49 
These foci sequester RNA-binding proteins such as 
matrin-3, with colocalization observed in a majority 
of affected neurons.49 This sequestration disrupts RNA 
splicing, nucleocytoplasmic transport, and stress granule 
dynamics.49

Emerging evidence suggests RNA-editing mechanisms 
may modulate toxicity.49 ADAR-mediated A-to-I editing of 
G4C2 repeats reduces RNA toxicity in preclinical models, 
although validation in human systems remains limited.50 
Collectively, epigenetic silencing and RNA-mediated 
toxicity converge to disrupt transcriptional homeostasis at 
the C9orf72 locus. 
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3.1.2. Dipeptide repeat proteins and cellular toxicity

Repeat-associated non-AUG (RAN) translation of 
expanded sense and antisense transcripts generates five 
DPR proteins: poly-GA, poly-GP, poly-GR, poly-PA, and 
poly-PR.51 These DPRs accumulate in neuronal and glial 
cytoplasm and nuclei, exerting widespread cytotoxic 
effects.52 Arginine-rich DPRs (poly-GR and poly-PR) 
are particularly neurotoxic, disrupting mitochondrial 
oxidative phosphorylation, inhibiting ribosomal 
translation, impairing proteasomal and autophagic flux, 
and altering nucleocytoplasmic transport.51,52

The accumulation of DPR further promotes 
cytoplasmic mislocalization of TDP-43, linking C9orf72-
mediated toxicity to canonical ALS proteinopathy.48,53 The 
convergence of DPR toxicity, impaired proteostasis, and 
TDP-43 dysfunction drives cellular collapse and neuronal 
death.48,53

3.1.3. Cellular homeostasis and immune 
dysregulation

Loss of C9orf72 function extends beyond neurons to 
immune regulation within the central nervous system. 
Under physiological conditions, C9orf72 forms a complex 
with SMCR8 and WDR41 that regulates Rab GTPases 
involved in endolysosomal trafficking. Deficiency in this 
pathway leads to lysosomal dysfunction and accumulation 
of undegraded substrates, including toxic DPR aggregates.54

In microglia, C9orf72 haploinsufficiency results in 
aberrant activation, excessive synaptic pruning, and 
increased release of pro-inflammatory cytokines such as 
tumor necrosis factor-α and interleukin-1β.55 Activation 
of NF-κB signaling and the NLRP3 inflammasome 
establishes a chronic neuroinflammatory state, creating a 
non–cell-autonomous mechanism that accelerates motor 
neuron degeneration.55

3.2. Clinical and pathological features of C9orf72-
associated amyotrophic lateral sclerosis

Longitudinal studies demonstrate that neurofilament 
light chain (NfL) levels correlate with disease stage and 
prognosis, with thresholds above 100 pg/mL predicting 
rapid progression and reduced survival.9 Clinically, 
C9orf72-associated ALS is more aggressive, with shorter 
survival (mean ~2.8 years) and higher prevalence 
of cognitive impairment than non-C9orf72 ALS.9 
Approximately 50% of patients show cognitive deficits, and 
10–15% meet diagnostic criteria for FTD.46

Neuropathologically, C9orf72-ALS is characterized by 
TDP-43 proteinopathy and p62-positive, TDP-43–negative 
DPR inclusions distributed across cortical, brainstem, and 

spinal regions.56 Positron emission tomography (PET) 
imaging using [¹¹C]PK11195 demonstrates microglial 
activation, while diffusion tensor imaging reveals 
corticospinal tract degeneration.57

Biomarker studies identify elevated NfL and 
phosphorylated neurofilament heavy chain (pNfH) levels 
in cerebrospinal fluid (CSF) and blood as indicators of 
disease severity and prognosis.58–60 While DPR species such 
as poly-GR and poly-GA show limited diagnostic utility, 
CSF poly-GP has emerged as a reliable pharmacodynamic 
biomarker for presymptomatic carriers and therapeutic 
monitoring.58,61

The failure of the BIIB078 antisense oligonucleotide 
(ASO) trial highlights challenges in clinical translation, 
despite effective CNS target engagement.61,62 These findings 
underscore the need for multi-targeted therapeutic 
strategies addressing both gain- and loss-of-function 
mechanisms.

4. Disease models and preclinical studies
A variety of preclinical frameworks have been established 
to explore the molecular and cellular processes driving 
C9orf72-linked ALS and FTD. Human induced 
pluripotent stem cell (iPSC)-derived motor neurons 
and three-dimensional brain organoids sourced from 
patients replicate critical pathological signatures, such 
as the development of RNA foci, the buildup of DPR 
proteins, failures in nucleocytoplasmic transport, and early 
neurodegenerative traits.

These models offer direct insights into human-specific 
disease pathways and allow for the assessment of potential 
treatments.4,37,61 In vivo systems, notably transgenic 
mice expressing expanded GGGGCC repeats alongside 
C9orf72-knockdown models, have been pivotal in 
confirming that both toxic gain-of-function mechanisms 
and loss of normal protein function contribute to disease 
pathogenesis. Specifically, they have elucidated the roles 
of DPR toxicity, microglial triggers, immune system 
imbalances, and defects in the autophagy pathway.13,37,38

Furthermore, viral vector–based techniques permit the 
accelerated control of repeat expression and support the 
development of gene-editing strategies, though they might 
not entirely mirror the natural timeline of the disease.63 
Together, these synergistic platforms establish the basis 
for uncovering biological mechanisms and conducting the 
initial evaluation of precision medicines (Table 2).

5. Biomarkers
5.1. Dipeptide repeat proteins as biomarkers

Dipeptide repeat proteins, particularly poly-GP, poly-GA, 
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and poly-GR, serve as highly specific diagnostic biomarkers 
for C9orf72-related ALS and FTD that can be detected in 
CSF even before symptom onset. These proteins show 
exceptional promise as target engagement biomarkers for 
clinical trials, as their levels decrease rapidly in response to 
ASO treatments.

The five DPR proteins generated by RAN translation 
of the C9orf72 expansion—poly-GP, poly-GA, poly-GR, 
poly-PR, and poly-PA—represent uniquely specific 
biomarkers for C9orf72-related diseases.64 Among these, 
poly-GP has emerged as the most extensively validated 
biomarker due to its relative abundance and reduced 
aggregation tendency compared to other DPRs.65 Highly 
sensitive immunoassays using platforms such as Meso 
Scale Discovery ELISA and single-molecule array 
(Simoa) technology can detect these proteins in CSF with 
remarkable specificity.65,66

The diagnostic utility of DPRs is exceptional, with 
poly-GP showing 100% specificity and 100% sensitivity 
for detecting C9orf72 expansion carriers.58,66 Importantly, 
significant poly-GP levels are detectable in asymptomatic 
C9orf72 mutation carriers compared to healthy controls 
and patients with other neurodegenerative diseases, 
with levels in presymptomatic carriers being similar to 
symptomatic cases.66–68 This finding suggests that DPR 
production occurs early in the disease process and may 
contribute to disease pathogenesis.69

Recent advances have enabled the detection of 
additional DPRs beyond poly-GP. Sensitive assays can now 
measure poly-GA and poly-GR in CSF of C9orf72 patients, 
with average levels of these proteins being similar between 
symptomatic and presymptomatic carriers.65,66,69,70 Novel 
antibody combinations have also been developed that can 
detect DPRs in iPSC-derived motor neurons, expanding 
the potential applications of these biomarkers.71

While DPR levels do not correlate with traditional 
clinical measures such as age at disease onset, disease 
duration, or rate of functional decline, they serve as 
excellent target engagement biomarkers for therapeutic 
trials.66,67,70 In a patient with C9orf72-ALS treated with 
ASO targeting the aberrant C9orf72 transcript, CSF 
levels of poly-GA and poly-GR decreased approximately 
50% within six weeks, demonstrating their utility as 
pharmacodynamic biomarkers.66,70 The stability of DPR 
levels over time in individual patients further supports 
their use as reliable biomarkers for monitoring therapeutic 
response.68

Blood-based approaches have also shown promise, with 
studies identifying antibodies against poly-GP/poly-GR 
DPRs that can distinguish C9orf72-positive from C9orf72-
negative patients, achieving an area under the curve of 
0.71.72 Additionally, poly- GP proteins have been detected 
in peripheral mononuclear cells of presymptomatic 
C9orf72 mutation carriers, potentially offering a less 

Table 2. Preclinical models used to study C9orf72-associated ALS and FTD

Model type System Pathological features 
recapitulated Key insights gained Limitations References

iPSC-derived 
motor neurons

Human iPSCs 
from C9orf72-

ALS/FTD patients

RNA foci, DPR accumulation, 
nucleocytoplasmic transport 
defects, neuronal vulnerability

Demonstrated bidirectional 
transcription, DPR toxicity, and 
rescue via ASOs and CRISPR-
mediated repeat excision

Limited maturation; 
lack of immune 
components

4,37,61

iPSC-derived 
brain organoids

3D human 
cortical organoids

Neuronal network disruption, 
repeat-dependent toxicity, 
early neurodegenerative 
phenotypes

Captures human-specific repeat-
length effects and early disease 
mechanisms

Variability between 
organoids; limited 
long-term aging

4,61

Transgenic 
mouse models 
(repeat 
expansion)

BAC or knock-in 
mice carrying 

expanded 
GGGGCC repeats

RNA foci, DPRs, synaptic 
dysfunction, behavioral 
abnormalities

Validated gain-of-function toxicity 
and therapeutic reduction of DPRs

Often lack robust 
motor neuron 
degeneration

37,63

C9orf72 
knockout mouse 
models

C9orf72 loss-of-
function mice

Microglial activation, immune 
dysregulation, lysosomal and 
autophagy defects

Established role of C9orf72 
in immune homeostasis and 
neuroinflammation

Does not model 
repeat-mediated 
RNA/DPR toxicity

13,37

Viral vector–
based models

AAV-mediated 
GGGGCC repeat 

expression in 
rodents

DPR accumulation, 
neurotoxicity, motor deficits

Enables rapid modelling of repeat 
toxicity and testing of gene-editing 
approaches

Overexpression 
artifacts; limited 
disease duration

63

Abbreviations: AAV: Adeno-associated virus; ALS: Amyotrophic lateral sclerosis; ASO: Antisense oligonucleotide; BAC: Bacterial artificial chromosome; 
DPR: Dipeptide repeat; FTD: Frontotemporal dementia; iPSC: Induced pluripotent stem cell.
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invasive biomarker approach.69 These DPR biomarkers 
are particularly valuable as they represent direct products 
of the disease-causing mechanism and serve as both 
diagnostic markers and indicators of target engagement in 
emerging C9orf72-targeted therapies.21,24

5.2. Neurofilament light chain and heavy chain 
proteins

Neurofilament light chain and pNfH serve as highly 
validated diagnostic and prognostic biomarkers for 
C9orf72-related ALS and FTD, with elevated levels in both 
CSF and blood correlating with disease progression and 
survival. These proteins can be detected before symptom 
onset in presymptomatic carriers and show promise as 
pharmacodynamic biomarkers for clinical trials.

Neurofilament proteins, particularly NfL and pNfH, 
have emerged as the most extensively validated biomarkers 
for C9orf72-related ALS and FTD.73 As structural 
components of the axonal cytoskeleton, these proteins 
are released into CSF and blood following axonal damage 
or degeneration, providing a direct measure of ongoing 
neurodegeneration.73

The diagnostic performance of neurofilament proteins 
is exceptional, with NfL showing high sensitivity (85.5–
91.3%) and specificity (81.8–91.0%) for distinguishing 
ALS from healthy controls and other neurological 
conditions.74,75 In C9orf72 expansion carriers, both NfL 
and pNfH levels are significantly elevated compared to 
controls and other ALS patients, with particularly high 
levels observed in C9orf72-positive cases compared to 
C9orf72-negative patients.76,77

The prognostic utility of neurofilament proteins is 
remarkable, with higher levels consistently associated 
with faster disease progression rates, shorter survival, and 
greater cortical volume loss in FTD patients.73,74,78 Recent 
studies demonstrate that NfL levels correlate strongly with 
disease progression rate (p = 0.72) and can predict survival 
with high accuracy.79 pNfH shows particular promise 
in bulbar-onset ALS, achieving a specificity of 89% in 
predicting 12-month mortality.79 

Importantly, neurofilament levels are elevated in 
presymptomatic C9orf72 expansion carriers, appearing 
to rise before symptom onset and presaging the onset of 
neurodegeneration.80,81 Longitudinal studies show that 
plasma NfL levels can be elevated up to five years before 
disease onset in both sporadic and familial ALS cases.79,82

The clinical implementation of neurofilament 
testing has been facilitated by advances in ultrasensitive 
detection platforms, including single-molecule array 
(Simoa) technology and clinical-grade platforms such as 

Lumipulse and Elecsys.79,83 Multiple assay platforms show 
high correlation (R2 = 0.939–0.963) for NfL quantification, 
with all platforms demonstrating excellent diagnostic 
performance.84

For clinical trial applications, neurofilament proteins 
offer significant advantages as pharmacodynamic 
biomarkers. The stability of NfL levels over time in individual 
patients, combined with their correlation with progression 
rates, makes them ideal for monitoring therapeutic 
response.73,85 Studies indicate that incorporating baseline 
serum NfL into clinical trial designs could yield sample 
size savings of approximately 8% compared to traditional 
functional rating scales.85

Additionally, immune complexes containing 
neurofilament proteins and antibodies against 
neurofilament chains show distinct patterns in C9orf72-
positive patients, with neurofilament-light immune 
complexes achieving an area under the curve of 0.69 
for separating C9orf72-positive from C9orf72-negative 
patients.72 These findings suggest that the immune 
response to neurofilament proteins may provide 
additional biomarker information beyond simple protein 
concentration measurements.72

5.3. Cryptic exons and TDP-43–related biomarkers

Cryptic exon inclusion resulting from TDP-43 dysfunction 
represents a highly specific early biomarker of C9orf72-
related ALS and FTD, because it generates aberrant 
transcripts and peptide products that can be detected in 
biofluids.86 Unlike neurofilament proteins that reflect 
broad neurodegeneration, cryptic exon-encoded peptides 
provide specificity for TDP-43–related disease and directly 
measure TDP-43 dysfunction.86 This functional relevance 
makes them particularly valuable as target engagement 
biomarkers for therapeutics aimed at restoring TDP-43 
function.86

The most extensively characterized cryptic exon 
biomarker is derived from the HDGFL2 gene, which can 
be detected using specific monoclonal antibodies in both 
CSF and blood.86 Cryptic gene accumulates at significantly 
higher levels in familial ALS-FTD and sporadic ALS 
compared to controls, and notably appears elevated earlier 
than neurofilament light and pNfH proteins in familial 
disease.86 The temporal advantage of cryptic is particularly 
evident, as it accumulates in CSF at higher levels during 
early stages of disease, contrasting with neurofilament 
proteins that increase later.86

The biomarker trajectory for cryptic exons versus 
neurofilament proteins suggests a clinically useful 
diagnostic paradigm. The ratio of neurofilament proteins to 
cryptic HDGFL2 is less than 1 during the presymptomatic 
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stage and increases to greater than 1 as symptom onset 
occurs, potentially enabling prediction of phenoconversion 
in familial ALS.86 

Additional cryptic exon biomarkers have been 
identified in other genes critical for neuronal function. 
Stathmin-2 (STMN2) represents a particularly well-
validated target, as TDP-43 dysfunction causes truncated 
STMN2 accumulation through altered splicing.87–89 
Truncated STMN2 serves as a biomarker for both ALS and 
FTD, with levels confined to tissues and disease subtypes 
marked by TDP-43 inclusions.78,87 In FTLD-TDP cases, 
truncated STMN2 RNA shows noteworthy associations 
with phosphorylated TDP-43 levels and earlier age of 
disease onset.87

The UNC13A gene provides another cryptic exon 
biomarker with direct genetic relevance to disease risk. 
TDP-43 depletion induces robust inclusion of a cryptic 
exon in UNC13A, resulting in nonsense-mediated decay 
and loss of UNC13A protein.90 Common intronic UNC13A 
polymorphisms strongly associated with ALS and FTD 
risk overlap with TDP-43 binding sites and potentiate 
cryptic exon inclusion.90,91 This creates opportunities for 
genetic stratification, as UNC13A-derived cryptic peptides 
enable identification of molecular subtypes linked to TDP-
43 pathology.92

The clinical implementation of cryptic exon biomarkers 
is being facilitated by advanced detection methods, 
including mass spectrometry approaches that can detect 
TDP-43–dependent cryptic peptides in C9orf72-associated 
ALS.78,93 These biomarkers are especially valuable for 
precision medicine applications, as they provide both 
diagnostic information and functional readouts that 
could guide therapeutic interventions targeting TDP-43 
dysfunction.78 

The integration of cryptic exon biomarkers into clinical 
practice is supported by their detection in presymptomatic 
C9orf72 mutation carriers, positioning them as promising 
biomarkers for disease prevention trials.21 As the field 
moves toward precision trial design, these TDP-43–
dependent biomarkers offer distinct advantages for real-
time stratification of patients into molecular subtypes 
and monitoring of target engagement in therapeutic 
interventions.92

6. Multi-omics and advanced detection 
approaches
Advanced multi-omics approaches are revolutionizing 
C9orf72 biomarker discovery by integrating high-
throughput genomics, proteomics, and transcriptomics 
data to identify distinct patient subtypes and enable 

precision medicine. Ultra-sensitive detection platforms 
like single-molecule array (Simoa) technology and 
extracellular vesicle-based liquid biopsy assays are 
achieving exceptional diagnostic accuracy while enabling 
real-time monitoring of therapeutic responses.

The integration of high-throughput “omics” approaches 
has dramatically changed our understanding of ALS, 
improving comprehension of the complex molecular 
framework of ALS, discerning unique subtypes, and 
providing a rational foundation for the discovery of 
biomarkers and new individualized treatments.76 These 
multi-dimensional perspectives are especially valuable for 
C9orf72-related disease, where the complex pathological 
mechanisms call for sophisticated analytical strategies to 
capture the full spectrum of molecular changes.

Ultra-sensitive detection platforms have transformed 
the clinical implementation of C9orf72 biomarkers. Single-
molecule array (Simoa) technology enables ultrasensitive 
NfL quantification that can stratify therapeutic responders 
in clinical trials.79 Multiple assay platforms show 
exceptional consistency for neurofilament quantification, 
with high correlations (R2 = 0.939–0.963) across Simoa, 
Ella, Lumipulse, and Elecsys platforms.92 These clinical-
grade platforms are becoming standard practice and show 
outstanding diagnostic performance, with area under 
the curve values ranging from 0.889 to 0.912 for ALS 
diagnosis.92

Advanced liquid biopsy approaches have achieved 
remarkable diagnostic accuracy through extracellular 
vesicle analysis. Plasma extracellular vesicles contain 
quantifiable amounts of TDP-43 and full-length 
tau, enabling accurate assessment of pathology in 
frontotemporal dementia and ALS.79,94 Liquid biopsy 
assays detecting TDP-43 fragments in exosomes achieve 
94% diagnostic accuracy in presymptomatic C9orf72 
carriers, yielding a minimally invasive approach for early 
disease detection.79

Transcriptomic approaches have revealed global 
dysregulation patterns that provide novel biomarker 
opportunities. In C9orf72 expansion carriers, there is 
broad dysregulation of transposable elements, which 
are normally repressed in the human genome and are 
associated with atrophy of thalamic nuclei relevant to 
FTD.95 Global peripheral activation of transposable 
elements, including the human endogenous LINE-1 
element L1HS, shows association with atrophy of multiple 
pulvinar nuclei, suggesting that transposable element 
activation may constitute a functional biomarker of disease 
progression.95

Mass spectrometry-based proteomics has facilitated 
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direct quantification of disease-relevant proteins without 
requiring antibodies. Ultra-sensitive mass spectrometry 
assays successfully quantify C9orf72 isoform levels in 
human brain tissue, demonstrating a notable decrease 
of the C9orf72 long isoform in the brain of C9orf72 
mutation carriers.93,96 These approaches have also enabled 
the detection of protein products translated from TDP-
43 pathology-associated cryptic exon RNAs in the CSF 
of patients with FTD-ALS, highlighting their potential as 
peptide-based biomarkers.93 

The integration of multiple biomarker modalities is 
enabling sophisticated patient stratification approaches. 
NfL facilitates patient stratification based on clinical 
progression rates, enabling identification of rapid versus 
slow progressors, while cryptic exon-derived peptides, 
such as UNC13A-derived peptides, enable genetic 
stratification by identifying molecular subtypes linked to 
TDP-43 pathology.92 This multi-dimensional approach to 
biomarker integration provides the foundation for precision 
trial design by enabling real-time stratification of patients 
into molecular subtypes.92 Advanced imaging integration 
represents the next frontier in multi-omics approaches for 
C9orf72 biomarker development. Increasingly, advanced 
imaging tools such as PET/magnetic resonance imaging 
(MRI), sodium imaging, and quantitative susceptibility 
mapping are being incorporated alongside biofluid 
biomarkers to provide multi-dimensional monitoring 
of disease progression.92,97 Simultaneous PET/MRI 
offers the perspective of an integrated platform for 
reproducible imaging biomarkers on neuronal damage 
and has the potential to become the new gold standard for 
characterizing motor neuron disease.97

The clinical translation of these multi-omics approaches 
is facilitated by the development of biomarker panels that 
integrate multiple molecular readouts. These panels allow 
for earlier diagnosis, real-time disease monitoring, and 
adaptive therapeutic trial design.83

Single-cell transcriptomics, CSF exosomal cargo 
analysis, MRI techniques, and wearable sensor outputs 
are developing into high-resolution windows of disease 
progression and onset, providing a comprehensive 
molecular portrait of C9orf72-related neurodegeneration.83

7. Therapeutic strategies
Current therapeutic strategies targeting C9orf72-
associated ALS and FTD encompass genetic, RNA-
based, and downstream pathway-directed approaches, 
as summarized in Table 3. ASO therapy targeting repeat 
RNA, including BIIB078, achieved effective reduction of 
DPR production as reflected by decreased poly-GP levels, 
but failed to confer clinical benefit in early-phase trials.61,62 
Allele-specific ASOs aim to overcome this limitation by 
selectively silencing the expanded C9orf72 allele while 
preserving normal gene function, demonstrating repeat-
selective suppression in preclinical models.63 Genome-
editing strategies using CRISPR-Cas9 target the expanded 
G4C2 repeats at the DNA level, preventing toxic RNA 
and DPR generation in preclinical systems.31 In parallel, 
pathway-modifying approaches—such as autophagy 
enhancement and inhibition of NLRP3/NF-κB-mediated 
neuroinflammation—address downstream consequences 
of C9orf72 dysfunction, including impaired proteostasis 
and microglial activation.36,48,54,55,98 Collectively, these 
strategies underscore the need for combinatorial, 
mechanism-driven therapeutic approaches. 

Table 3. Therapeutic strategies targeting C9orf72-associated ALS and FTD

Strategy Target Mechanism Clinical status Biomarker Key references

ASOs (BIIB078) Repeat RNA Reduce repeat RNA and DPR 
production Phase I (failed) poly-GP 61,62

Allele-specific 
ASOs Expanded C9orf72 allele Selective silencing of the mutant allele 

while preserving normal C9orf72 Preclinical poly-GP 63

CRISPR-Cas9 DNA repeat expansion Excision or repression of expanded 
G4C2 repeats Preclinical N/A 31

Autophagy 
enhancers

Lysosome/autophagy 
pathway

Restoration of autophagic flux and 
proteostasis Preclinical p62, NfL 36,48,54

Anti-
inflammatory 
agents

NLRP3/NF-κB signalling Reduction of microglial activation and 
neuroinflammation Preclinical Cytokines 55

Note: Data synthesized from Refs.27,32,44,51,52,58–60  
Abbreviations: ALS: Amyotrophic lateral sclerosis; ASO: Antisense oligonucleotide; DPR: Dipeptide repeat; FTD: Frontotemporal dementia; NfL: 
Neurofilament light chain.
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8. Clinical applications and precision 
medicine implementation
C9orf72 biomarkers are being rapidly translated into 
clinical practice for early diagnosis, patient stratification, 
and therapeutic monitoring, with neurofilament proteins 
and DPR proteins leading clinical implementation. These 
biomarkers enable precision medicine approaches by 
identifying molecular subtypes, predicting therapeutic 
response, and supporting clinical trial design for emerging 
targeted therapies.

The clinical implementation of C9orf72 biomarkers 
addresses critical gaps in current diagnostic approaches, 
which rely predominantly on clinical presentation and 
electrodiagnostic studies that have significant limitations 
for early disease detection when potential treatments 
could be most effective.99 Current diagnostic delays of 
approximately one year after symptom onset underscore 
the urgent need for specific biomarkers that can support 
early diagnosis and therapeutic intervention.100

The most clinically advanced biomarkers include 
neurofilament proteins and DPR proteins, which are 
increasingly being implemented in clinical settings as both 
diagnostic and therapeutic monitoring tools.24 

Neurofilament light chain has demonstrated exceptional 
clinical utility, with blood-based measurements enabling 
patient stratification based on clinical progression rates and 
distinguishing between rapid versus slow progressors.92 
The diagnostic performance is robust, with plasma NfL 
effectively differentiating FTD syndromes from phenocopy 
cases and mimics, though it shows limitations in 
distinguishing slow progressors from true phenocopies.101

Genetic stratification represents a particularly powerful 
precision medicine application, with C9orf72 mutations 
being associated with specific biomarker profiles including 
elevated DPR proteins and distinct neurofilament 
patterns.102

Patients with C9orf72 mutations show significantly 
higher plasma NfL levels compared to those with SOD1 
mutations, enabling genotype-based stratification.77 
Additionally, cryptic exon-derived peptides such as 
UNC13A-derived peptides enable molecular subtype 
identification linked to TDP-43 pathology.90–92

The therapeutic monitoring applications of these 
biomarkers are transforming clinical trial design and 
drug development. DPR proteins serve as excellent target 
engagement markers for ASO therapies, with recent 
advances in treatments such as tofersen for SOD1-ALS and 
BIIB105 for C9orf72-ALS demonstrating how biomarkers 
can track therapeutic efficacy in real time.92 Neurofilament 

proteins show particular promise as prognostic biomarkers, 
with higher levels predicting faster disease progression 
rates, shorter survival, and greater cortical volume loss in 
FTD patients.78

The implementation of precision medicine approaches 
is being enhanced by comprehensive biomarker panels 
that integrate multiple molecular readouts. Advanced 
liquid biopsy approaches using extracellular vesicles have 
achieved 94% diagnostic accuracy in presymptomatic 
C9orf72 carriers through TDP-43 fragment detection.21,94

These minimally invasive approaches enable non-
invasive monitoring and have demonstrated strong 
correlations with neurodegeneration markers and disease 
severity measures.92

Clinical implementation is being facilitated by the 
integration of imaging and molecular biomarkers, with 
advanced imaging tools such as PET/MRI, sodium 
imaging, and quantitative susceptibility mapping being 
incorporated alongside biofluid biomarkers to provide 
multi-dimensional monitoring of disease progression.92,97 
This integrated approach enables real-time patient 
stratification into molecular subtypes and supports 
precision trial design.

The field is rapidly advancing toward disease prevention 
trials, with biomarkers including blood NfL, CSF DPR 
proteins, CSF and blood TDP-43 cryptic peptides, and 
brain volumetric measures serving as key endpoints for 
at-risk C9orf72 populations.21 Network-based proteomics 
approaches are identifying additional candidate biomarkers 
and therapeutic targets through analysis of dysregulated 
protein co-expression modules.103 As the field continues to 
evolve, the ultimate goal remains identifying biomarkers 
and therapeutic agents that can cure the most common 
form of genetically determined FTD and ALS.104 

9. Implications for future research
The pathophysiology of amyotrophic lateral sclerosis 
(ALS) remains incompletely understood.105 However, 
advances in genetic research have revealed how mutations 
in key genes converge on recurrent pathological pathways, 
including dysfunctional autophagy, impaired RNA 
metabolism, mitochondrial dysfunction, cytoskeletal 
disruption, defective DNA repair, and oxidative stress.57,58,60 
Commonly implicated genes include C9orf72—through 
hexanucleotide repeat expansions that induce proteostasis 
defects and oxidative stress—as well as TARDBP and 
FUS, whose mutations disrupt RNA processing.57,58 
Genetic diagnostic analyses further underscore the limited 
heritability in most ALS cases, with rare variants frequently 
identified in untranslated regions (UTRs) of established 
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disease genes (SOD1, TARDBP, FUS, VCP, OPTN, 
UBQLN2)(59). These findings highlight the contribution 
of non-coding regulatory regions to ALS pathogenesis and 
reinforce the need for expanded genomic interrogation.

For C9orf72-associated ALS specifically, two main 
hypotheses—gain-of-function toxicity and loss-of-
function haploinsufficiency—have been proposed to 
explain neuronal injury.106 Yet the precise molecular 
mechanisms remain elusive, compounded by the absence 
of fully reliable animal models.107 This uncertainty has 
left several downstream pathways underexplored, such as 
the interplay between DPR-induced nucleocytoplasmic 
transport defects and microglial neuroinflammation, 
or the modulatory role of repeat length variability on 
penetrance.61 These gaps not only obscure mechanistic 
clarity but also underscore the need for robust preclinical 
systems and biomarker discovery pipelines to inform 
targeted therapies.

Recent bibliometric analyses reveal a surge in 
C9orf72-focused research since 2014, catalysed by 
genetic breakthroughs and the Ice Bucket Challenge, 
with emerging hotspots in biomarker development—
particularly NfL—and therapies targeting repeat 
expansions.62 Population-specific studies, such as the 
13.5% prevalence of C9orf72 expansions in Czech ALS 
cohorts (including 42.9% in sporadic cases overlapping 
with frontotemporal dementia), emphasize the diagnostic 
value of next-generation sequencing in early screening, 
particularly among bulbar-onset or FTD-linked patients.40 
These findings align with precision medicine initiatives, 
where expanded genomic profiling could uncover variants 
of uncertain significance and oligogenic interactions, 
enabling individualized therapeutic interventions in 
underrepresented populations.

Therapeutically, resolving C9orf72’s dual pathogenic 
mechanisms remains central. ASOs such as BIIB078 
demonstrated adequate CNS penetration and partial DPR 
reduction but failed to ameliorate TDP-43 pathology or 
improve proteomic and clinical outcomes, highlighting the 
need for biomarkers reflecting disease-relevant molecular 
change (e.g., RNase T2 or inflammatory mediators like 
CCL26).9 Future directions include refining allele-specific 
CRISPR-Cas9 strategies for targeted repeat excision—
which have rescued pathological phenotypes in iPSC-
derived motor neurons—and combining these with RNA 
interference to minimize off-target microglial effects.63 
Preclinical evidence of viral vector-delivered editing 
(e.g., AAV9–Cas9) extending survival in C9orf72 mice 
supports translation into early-phase trials focused on 
presymptomatic carriers, facilitated by novel delivery 
systems such as focused ultrasound and exosome-mediated 

transport.108 Integrative multi-target approaches—
combining ASOs with small molecules like molecular 
tweezers to inhibit DPR aggregation and oxidative stress—
represent another promising avenue.

Neuroinflammation, exacerbated by C9orf72 
haploinsufficiency in microglia, constitutes a critical 
yet underexplored dimension, with elevated CSF 
markers (e.g., chitotriosidase, MCP-1) correlating with 
accelerated progression and autoimmune comorbidities.107 
Longitudinal neuroimaging ([¹¹C]PK11195-PET for 
microglial activation) coupled with multi-omics profiling 
could elucidate the contributions of genetic modifiers 
such as TBK1, guiding anti-inflammatory interventions 
including PIKfyve inhibitors (e.g., LAM-002) that mitigate 
poly-GP aggregation.57 Addressing these questions 
demands refined preclinical systems—particularly iPSC-
derived organoids and single-cell transcriptomics—to 
recapitulate human repeat variability and the ALS–FTD 
continuum.

Future research aims to delineate the relative 
contributions of toxic gain- and loss-of-function 
mechanisms in individual patients through integrative 
multi-omics approaches—transcriptomic, proteomic, and 
epigenetic—toward constructing comprehensive models of 
disease.109 The development of patient-derived organoids 
and sophisticated animal models is expected to deepen 
mechanistic insight and accelerate the identification 
of synergistic therapeutic strategies.110 Ultimately, 
bridging the gap between mechanistic understanding 
and clinical translation will require coordinated efforts 
uniting molecular neuroscience, genomics, and clinical 
neurology.111 As knowledge advances, C9orf72-ALS 
stands poised at the forefront of a paradigm shift—from 
descriptive pathology toward precision, mechanism-
driven therapeutics capable of addressing the root causes 
of neurodegeneration.

These strategies highlight the necessity of a systems-
level understanding of C9orf72 pathobiology to enable 
precision therapeutics.

10. Conclusion
The discovery of the C9orf72 hexanucleotide repeat 
expansion has redefined our understanding of ALS and 
FTD, uniting motor and cognitive degeneration under a 
shared molecular umbrella. Evidence consistently points to 
a dual-pathogenic model, wherein toxic gain-of-function 
from aberrant RNA and DPR accumulation intersects 
with loss-of-function due to C9orf72 haploinsufficiency, 
together driving cellular collapse. These mechanisms 
impair key homeostatic systems—autophagy, vesicular 
trafficking, proteostasis, and nucleocytoplasmic 
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transport—while amplifying neuroinflammatory cascades 
mediated by NF-κB and NLRP3 activation. The resulting 
pathology manifests as a clinically heterogeneous yet 
molecularly convergent phenotype marked by TDP-43 
aggregation, glial dysfunction, and elevated biomarkers 
such as NfL and poly-GP.

Therapeutic progress remains challenging. Although 
ASO therapy (BIIB078) achieved partial DPR reduction, its 
failure to influence TDP-43 pathology underscores the need 
for multi-targeted strategies that concurrently address both 
upstream genetic lesions and downstream inflammatory 
sequelae. Promising approaches—such as allele-specific 
ASOs, CRISPR-mediated repeat excision, small molecules 
restoring lysosomal flux, and immunomodulatory agents—
hold potential when integrated within biomarker-guided 
precision frameworks.

Moving forward, interdisciplinary convergence 
will be pivotal. Combining single-cell transcriptomics, 
multi-omics profiling, patient-derived organoids, and 
longitudinal neuroimaging can illuminate modifier effects 
(e.g., TBK1, OPTN) and clarify the determinants of 
phenotypic variability. By aligning mechanistic discoveries 
with translational innovation, C9orf72-ALS stands at the 
frontier of mechanism-driven therapy—offering both 
deeper molecular insight and a tangible pathway toward 
clinical intervention.

Acknowledgments
None.

Funding
None.

Conflict of interest
The authors declare they have no competing interests.

Author contributions
Conceptualization: Naeema Zainaba
Writing–original draft: All authors 
Writing–review & editing: Naeema Zainaba 

Ethics approval and consent to participate 
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable. 

References
1.	 Lai JD, Ichida JK. C9ORF72 protein function and immune 

dysregulation in amyotrophic lateral sclerosis. Neurosci Lett. 
2019;713. 

	 doi: 10.1016/j.neulet.2019.134523 

2.	 Chiò A, Logroscino G, Hardiman O, et al. Prognostic 
factors in ALS: A critical review. Amyotroph Lateral Scler. 
2009;10(5–6):310–23. 

	 doi: 10.3109/17482960802566824 

3.	 Barberio J, Lally C, Kupelian V, Hardiman O, Flanders 
WD. Estimated Familial Amyotrophic Lateral Sclerosis 
Proportion: A Literature Review and Meta-analysis. Neurol 
Genet. 2023;9(6). 

	 doi: 10.1212/NXG.0000000000200109 

4.	 Gossye H, Engelborghs S, Broeckhoven C Van, Zee J van der. 
C9orf72 Frontotemporal Dementia and/or Amyotrophic 
Lateral Sclerosis. GeneReviews. 2020. 

5.	 Nguyen HP, Van Broeckhoven C, van der Zee J. ALS Genes 
in the Genomic Era and their Implications for FTD. Trends 
Genet. 2018;34(6):404–23. 

	 doi: 10.1016/j.tig.2018.03.001 

6.	 Majounie E, Renton AE, Mok K, et al. Frequency of the 
C9orf72 hexanucleotide repeat expansion in patients with 
amyotrophic lateral sclerosis and frontotemporal dementia: 
A cross-sectional study. Lancet Neurol. 2012;11(4):323–330. 

	 doi: 10.1016/S1474-4422(12)70043-1 

7.	 Cooper-Knock J, Kirby J, Highley R, Shaw PJ. The Spectrum 
of C9orf72-mediated Neurodegeneration and Amyotrophic 
Lateral Sclerosis. Neurotherapeutics. 2015;12(2):326–339. 

	 doi: 10.1007/s13311-015-0342-1

8.	 Balendra R, Isaacs AM. C9orf72-mediated ALS and FTD: 
multiple pathways to disease. Nat Rev Neurol. 2018;14(9):544. 

	 doi: 10.1038/s41582-018-0047-2 

9.	 Glasmacher SA, Wong C, Pearson IE, Pal S. Survival and 
Prognostic Factors in C9orf72 Repeat Expansion Carriers: 
A Systematic Review and Meta-analysis. JAMA Neurol. 
2019;77(3):367. 

	 doi: 10.1001/jamaneurol.2019.3924 

10.	 Wolfson C, Gauvin DE, Ishola F, Oskoui M. Global 
Prevalence and Incidence of Amyotrophic Lateral Sclerosis: 
A Systematic Review. Neurology. 2023;101(6):E613–23. 

	 doi: 10.1212/WNL.0000000000207474 

11.	 Marin B, Boumé diene F, Logroscino G, et al. Variation in 
worldwide incidence of amyotrophic lateral sclerosis: a 
meta-analysis. Int J Epidemiol. 2016;46(1):57. 

	 doi: 10.1093/ije/dyw061 

12.	 Xu L, Liu T, Liu L, et al. Global variation in prevalence and 

https://doi.org/10.36922/IMO025430056
https://doi.org/10.1016/j.neulet.2019.134523
https://doi.org/10.1016/j.neulet.2019.134523
https://doi.org/10.3109/17482960802566824
https://doi.org/10.3109/17482960802566824
https://doi.org/10.1212/NXG.0000000000200109
https://doi.org/10.1212/NXG.0000000000200109
https://doi.org/10.1016/j.tig.2018.03.001
https://doi.org/10.1016/j.tig.2018.03.001
https://doi.org/10.1016/S1474-4422(12)70043-1
https://doi.org/10.1016/S1474-4422(12)70043-1
https://doi.org/10.1007/s13311-015-0342-1
https://doi.org/10.1007/s13311-015-0342-1
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1001/jamaneurol.2019.3924
https://doi.org/10.1001/jamaneurol.2019.3924
https://doi.org/10.1212/WNL.0000000000207474
https://doi.org/10.1212/WNL.0000000000207474
https://doi.org/10.1093/ije/dyw061
https://doi.org/10.1093/ije/dyw061


Innovative Medicines & OmicsInnovative Medicines & Omics C9orf72  role in in ALS and FTD 

Volume 3 Issue 2 (2026)	 12� doi: 10.36922/IMO025430056

incidence of amyotrophic lateral sclerosis: a systematic 
review and meta-analysis. J Neurol. 2019;267(4):944–953. 

	 doi: 10.1007/s00415-019-09652-y 

13.	 Vasta R, Callegaro S, Canosa A, et al. Amyotrophic Lateral 
Sclerosis Prevalence Projection in 2040: A Less Rare Disease. 
Ann Clin Transl Neurol. 2025;13(2):379. 

	 doi: 10.1002/acn3.70226 

14.	 Mehta P, Raymond J, Nair T, et al. Amyotrophic lateral 
sclerosis estimated prevalence cases from 2022 to 2030, data 
from the national ALS Registry. Amyotroph Lateral Scler 
Frontotemporal Degener. 2025;26(3–4):290–295. 

	 doi: 10.1080/21678421.2024.2447919 

15.	 Douglas AGL, Thompson AG, Turner MR, Talbot K. 
Personalised penetrance estimation for C9orf72-related 
amyotrophic lateral sclerosis and frontotemporal dementia. 
BMJ Neurol Open. 2024;6(2). 

	 doi: 10.1136/bmjno-2024-000792

16.	 Van Der Ende EL, Jackson JL, White A, Seelaar H, Van 
Blitterswijk M, Van Swieten JC. Unravelling the clinical 
spectrum and the role of repeat length in C9ORF72 repeat 
expansions. J Neurol Neurosurg Psychiatry. 2021;92(5):502–
509. 

	 doi: 10.1136/jnnp-2020-325377 

17.	 Bram E, Javanmardi K, Nicholson K, et al. Comprehensive 
genotyping of the C9orf72 hexanucleotide repeat region 
in 2095 ALS samples from the NINDS collection using a 
two-mode, long-read PCR assay. Amyotroph Lateral Scler 
Frontotemporal Degener. 2018;20(1–2):107–114. 

	 doi: 10.1080/21678421.2018.1522353 

18.	 Yokoyama JS, Rosen HJ. Neuroimaging features of C9ORF72 
expansion. Alzheimers Res Ther. 2012;4(6). 

	 doi: 10.1186/alzrt148 

19.	 Meisler MH, Grant AE, Jones JM, et al. C9ORF72 
expansion in a family with bipolar disorder. Bipolar Disord. 
2013;15(3):326–332. 

	 doi: 10.1111/bdi.12063 

20.	 Nagy ZF, Pál M, Engelhardt JI, Molnár MJ, Klivényi P, Széll 
M. Beyond C9orf72: repeat expansions and copy number 
variations as risk factors of amyotrophic lateral sclerosis 
across various populations. BMC Med Genom. 2024;17(1). 

	 doi: 10.1186/s12920-024-01807-9 

21.	 Benatar M, Staffaroni AM, Wuu J, et al. Design considerations 
for C9orf72 disease prevention trials. Brain. 2025. 

	 doi: 10.1093/brain/awaf290

22.	 Kaivorinne AL, Bode MK, Paavola L, et al. Clinical 
Characteristics of C9ORF72-Linked Frontotemporal 
Lobar Degeneration. Dement Geriatr Cogn Dis Extra. 
2013;3(1):251–262. 

	 doi: 10.1159/000351859

23.	 Poeta L, Drongitis D, Verrillo L, Miano MG. DNA 
Hypermethylation and Unstable Repeat Diseases: A 
Paradigm of Transcriptional Silencing to Decipher the Basis 
of Pathogenic Mechanisms. Genes. 2020;11(6):1–18. 

	 doi: 10.3390/genes11060684 

24.	 Querin G, Biferi MG, Pradat PF. Biomarkers for C9orf7-ALS 
in Symptomatic and Pre-symptomatic Patients: State-of-
the-art in the New Era of Clinical Trials. J Neuromuscul Dis. 
2021;9(1):25–37. 

	 doi: 10.3233/JND-210754 

25.	 Gijselinck I, Van Langenhove T, van der Zee J, et al. 
A C9orf72 promoter repeat expansion in a Flanders-
Belgian cohort with disorders of the frontotemporal lobar 
degeneration-amyotrophic lateral sclerosis spectrum: A 
gene identification study. Lancet Neurol. 2012;11(1):54–65. 

	 doi: 10.1016/S1474-4422(11)70261-7 

26.	 Ogaki K, Li Y, Atsuta N, et al. Analysis of C9orf72 repeat 
expansion in 563 Japanese patients with amyotrophic lateral 
sclerosis. Neurobiol Aging. 2012;33(10):2527.e11-2527.e16. 

	 doi: 10.1016/j.neurobiolaging.2012.05.011 

27.	 Liu X, He J, Gao FB, Gitler AD, Fan D. The epidemiology 
and genetics of Amyotrophic lateral sclerosis in China. Brain 
Res. 2018;1693(8):121–126. 

	 doi: 10.1016/j.brainres.2018.02.035 

28.	 Jiao B, Tang B, Liu X, et al. Identification of C9orf72 repeat 
expansions in patients with amyotrophic lateral sclerosis 
and frontotemporal dementia in mainland China. Neurobiol 
Aging. 2014;35(4):936.e19-936.e22. 

	 doi: 10.1016/j.neurobiolaging.2013.10.001 

29.	 Tsai CP, Soong BW, Tu PH, et al. A hexanucleotide repeat 
expansion in C9ORF72 causes familial and sporadic ALS in 
Taiwan. Neurobiol Aging. 2012;33(9):2232.e11-2232.e18. 

	 doi: 10.1016/j.neurobiolaging.2012.05.002 

30.	 Rainero I, Rubino E, Michelerio A, D’Agata F, Gentile 
S, Pinessi L. Recent advances in the molecular genetics 
of frontotemporal lobar degeneration. Funct Neurol. 
20171;32(1):7–16. 

	 doi: 10.11138/FNeur/2017.32.1.007 

31.	 Ng ASL, Tan EK. Intermediate C9orf72 alleles in 
neurological disorders: does size really matter? J Med Genet. 
2017;54(9):591–597. 

	 doi: 10.1136/jmedgenet-2017-104752 

32.	 Shu L, Sun Q, Zhang Y, et al. The Association between 
C9orf72 Repeats and Risk of Alzheimer’s Disease and 
Amyotrophic Lateral Sclerosis: A Meta-Analysis. Parkinsons 
Dis. 2016;2016. 

	 doi: 10.1155/2016/5731734

https://doi.org/10.36922/IMO025430056
https://doi.org/10.1007/s00415-019-09652-y
https://doi.org/10.1007/s00415-019-09652-y
https://doi.org/10.1002/acn3.70226
https://doi.org/10.1002/acn3.70226
https://doi.org/10.1080/21678421.2024.2447919
https://doi.org/10.1080/21678421.2024.2447919
https://doi.org/10.1136/bmjno-2024-000792
https://doi.org/10.1136/bmjno-2024-000792
https://doi.org/10.1136/jnnp-2020-325377
https://doi.org/10.1136/jnnp-2020-325377
https://doi.org/10.1080/21678421.2018.1522353
https://doi.org/10.1080/21678421.2018.1522353
https://doi.org/10.1186/alzrt148
https://doi.org/10.1186/alzrt148
https://doi.org/10.1111/bdi.12063
https://doi.org/10.1111/bdi.12063
https://doi.org/10.1186/s12920-024-01807-9
https://doi.org/10.1186/s12920-024-01807-9
https://doi.org/10.1093/brain/awaf290
https://doi.org/10.1093/brain/awaf290
https://doi.org/10.1159/000351859
https://doi.org/10.1159/000351859
https://doi.org/10.3390/genes11060684
https://doi.org/10.3390/genes11060684
https://doi.org/10.3233/JND-210754
https://doi.org/10.3233/JND-210754
https://doi.org/10.1016/S1474-4422(11)70261-7
https://doi.org/10.1016/S1474-4422(11)70261-7
https://doi.org/10.1016/j.neurobiolaging.2012.05.011
https://doi.org/10.1016/j.neurobiolaging.2012.05.011
https://doi.org/10.1016/j.brainres.2018.02.035
https://doi.org/10.1016/j.brainres.2018.02.035
https://doi.org/10.1016/j.neurobiolaging.2013.10.001
https://doi.org/10.1016/j.neurobiolaging.2013.10.001
https://doi.org/10.1016/j.neurobiolaging.2012.05.002
https://doi.org/10.1016/j.neurobiolaging.2012.05.002
https://doi.org/10.11138/FNeur/2017.32.1.007
https://doi.org/10.11138/FNeur/2017.32.1.007
https://doi.org/10.1136/jmedgenet-2017-104752
https://doi.org/10.1136/jmedgenet-2017-104752
https://doi.org/10.1155/2016/5731734
https://doi.org/10.1155/2016/5731734


Innovative Medicines & OmicsInnovative Medicines & Omics C9orf72  role in in ALS and FTD 

Volume 3 Issue 2 (2026)	 13� doi: 10.36922/IMO025430056

33.	 Ibañez K, Jadhav B, Zanovello M, et al. Increased frequency 
of repeat expansion mutations across different populations. 
medRxiv. 2023. 

	 doi: 10.1101/2023.07.03.23292162

34.	 Duran-Aniotz C, Orellana P, Leon Rodriguez T, et al. 
Systematic Review: Genetic, Neuroimaging, and Fluids 
Biomarkers for Frontotemporal Dementia Across Latin 
America Countries. Front Neurol. 2021;12. 

	 doi: 10.3389/fneur.2021.663407

35.	 Sironi F, Parlanti P, Margotta C, et al. C9ORF72 Is Pivotal to 
Maintain a Proper Protein Homeostasis in Mouse Skeletal 
Muscle. Cells 2025;14(22). 

	 doi: 10.3390/cells14221765

36.	 Ke PY. Molecular Mechanism of Autophagosome–Lysosome 
Fusion in Mammalian Cells. Cells. 2024;13(6):500. 

	 doi: 10.3390/cells13060500 

37.	 Farg MA, Sundaramoorthy V, Sultana JM, et al. C9ORF72, 
implicated in amytrophic lateral sclerosis and frontotemporal 
dementia, regulates endosomal trafficking. Hum Mol Genet. 
2014;23(13):3579. 

	 doi: 10.1093/hmg/ddu068 

38.	 Lall D, Lorenzini I, Mota TA, et al. C9orf72 deficiency 
promotes microglial-mediated synaptic loss in aging and 
amyloid accumulation. Neuron. 2021;109(14):2275-2291.e8. 

	 doi: 10.1016/j.neuron.2021.05.020 

39.	 Chong ZZ, Souayah N. Targeting Gene C9orf72 Pathogenesis 
for Amyotrophic Lateral Sclerosis. Int J Mol Sci. 2025;26(9). 

	 doi: 10.3390/ijms26094276 

40.	 Baumgartner D, Mušová Z, Zídková J, et al. Genetic 
Landscape of Amyotrophic Lateral Sclerosis in Czech 
Patients. J Neuromuscul Dis. 2024;11(5):1035. 

	 doi: 10.3233/JND-230236 

41.	 Iacoangeli A, Al Khleifat A, Jones AR, et al. C9orf72 
intermediate expansions of 24–30 repeats are associated 
with ALS. Acta Neuropathol Commun. 2019;7(1):115. 

	 doi: 10.1186/s40478-019-0724-4

42.	 Van Blitterswijk M, Van Es MA, Hennekam EAM, et al. 
Evidence for an oligogenic basis of amyotrophic lateral 
sclerosis. Hum Mol Genet. 2012;21(17):3776–3784. 

	 doi: 10.1093/hmg/dds199 

43.	 Kaivola K, Kiviharju A, Jansson L, Rantalainen V, Eriksson 
JG, Strandberg TE, et al. C9orf72 hexanucleotide repeat 
length in older population: normal variation and effects on 
cognition. Neurobiol Aging. 2019;84:242.e7-242.e12. 

	 doi: 10.1016/j.neurobiolaging.2019.02.026 

44.	 Wen X, Westergard T, Pasinelli P, Trotti D. Pathogenic 
determinants and mechanisms of ALS/FTD linked to 

hexanucleotide repeat expansions in the C9orf72 gene. 
Neurosci Lett. 2017;636:16–26. 

	 doi: 10.1016/j.neulet.2016.09.007

45.	 Sellier C, Corcia P, Vourc’h P, Dupuis L. C9ORF72 
hexanucleotide repeat expansion: From ALS and FTD to a 
broader pathogenic role? Rev Neurol. 2024;180(5):417–428. 

	 doi: 10.1016/j.neurol.2024.03.008 

46.	 Jiang J, Ravits J. Pathogenic Mechanisms and Therapy 
Development for C9orf72 Amyotrophic Lateral 
Sclerosis/Frontotemporal Dementia. Neurotherapeutics. 
2019;16(4):1115–1132. 

	 doi: 10.1007/s13311-019-00797-2 

47.	 Belzil V V., Bauer PO, Prudencio M, et al. Reduced C9orf72 
gene expression in c9FTD/ALS is caused by histone 
trimethylation, an epigenetic event detectable in blood. Acta 
Neuropathol. 2013;126(6):895–905. 

	 doi: 10.1007/s00401-013-1199-1 

48.	 Webster CP, Smith EF, Bauer CS, et al. The C9orf72 protein 
interacts with Rab1a and the ULK1 complex to regulate 
initiation of autophagy. EMBO J. 2016;35(15):1656–1676. 

	 doi: 10.15252/embj.201694401 

49.	 Ramesh N, Daley EL, Gleixner AM, et al. RNA 
dependent suppression of C9orf72 ALS/FTD associated 
neurodegeneration by Matrin-3. Acta Neuropathol Commun. 
2020;8(1):177. 

	 doi: 10.1186/s40478-020-01060-y 

50.	 Rainaldi J, Mali P, Nourreddine S. Emerging clinical 
applications of ADAR based RNA editing. Stem Cells Transl 
Med. 2025;14(5). 

	 doi: 10.1093/stcltm/szaf016 

51.	 Jafarinia H, van der Giessen E, Onck PR. Phase Separation 
of Toxic Dipeptide Repeat Proteins Related to C9orf72 ALS/
FTD. Biophys J. 2020;119(4):843–851. 

	 doi: 10.1016/j.bpj.2020.07.005 

52.	 Kanekura K, Harada Y, Fujimoto M, et al. Characterization 
of membrane penetration and cytotoxicity of C9orf72-
encoding arginine-rich dipeptides. Sci Rep. 2018;8:1. 

	 doi: 10.1038/s41598-018-31096-z 

53.	 Cook CN, Wu Y, Odeh HM, et al. C9orf72 poly(GR) 
aggregation induces TDP-43 proteinopathy. Sci Transl Med. 
2020;12(559). 

	 doi: 10.1126/SCITRANSLMED.ABB3774 

54.	 Yang M, Chen L, Swaminathan K, et al. A C9ORF72/
SMCR8-containing complex regulates ULK1 and plays a 
dual role in autophagy. Sci Adv. 2016;2(9). 

	 doi: 10.1126/sciadv.1601167 

55.	 Chiarini A, Gui L, Viviani C, Armato U, Dal Prà I. 

https://doi.org/10.36922/IMO025430056
https://doi.org/10.1101/2023.07.03.23292162
https://doi.org/10.1101/2023.07.03.23292162
https://doi.org/10.3389/fneur.2021.663407
https://doi.org/10.3389/fneur.2021.663407
https://doi.org/10.3390/cells14221765
https://doi.org/10.3390/cells14221765
https://doi.org/10.3390/cells13060500
https://doi.org/10.3390/cells13060500
https://doi.org/10.1093/hmg/ddu068
https://doi.org/10.1093/hmg/ddu068
https://doi.org/10.1016/j.neuron.2021.05.020
https://doi.org/10.1016/j.neuron.2021.05.020
https://doi.org/10.3390/ijms26094276
https://doi.org/10.3390/ijms26094276
https://doi.org/10.3233/JND-230236
https://doi.org/10.3233/JND-230236
https://doi.org/10.1186/s40478-019-0724-4
https://doi.org/10.1186/s40478-019-0724-4
https://doi.org/10.1093/hmg/dds199
https://doi.org/10.1093/hmg/dds199
https://doi.org/10.1016/j.neurobiolaging.2019.02.026
https://doi.org/10.1016/j.neurobiolaging.2019.02.026
https://doi.org/10.1016/j.neulet.2016.09.007
https://doi.org/10.1016/j.neulet.2016.09.007
https://doi.org/10.1016/j.neurol.2024.03.008
https://doi.org/10.1016/j.neurol.2024.03.008
https://doi.org/10.1007/s13311-019-00797-2
https://doi.org/10.1007/s13311-019-00797-2
https://doi.org/10.1007/s00401-013-1199-1
https://doi.org/10.1007/s00401-013-1199-1
https://doi.org/10.15252/embj.201694401
https://doi.org/10.15252/embj.201694401
https://doi.org/10.1186/s40478-020-01060-y
https://doi.org/10.1186/s40478-020-01060-y
https://doi.org/10.1093/stcltm/szaf016
https://doi.org/10.1093/stcltm/szaf016
https://doi.org/10.1016/j.bpj.2020.07.005
https://doi.org/10.1016/j.bpj.2020.07.005
https://doi.org/10.1038/s41598-018-31096-z
https://doi.org/10.1038/s41598-018-31096-z
https://doi.org/10.1126/SCITRANSLMED.ABB3774
https://doi.org/10.1126/SCITRANSLMED.ABB3774
https://doi.org/10.1126/sciadv.1601167
https://doi.org/10.1126/sciadv.1601167


Innovative Medicines & OmicsInnovative Medicines & Omics C9orf72  role in in ALS and FTD 

Volume 3 Issue 2 (2026)	 14� doi: 10.36922/IMO025430056

NLRP3 Inflammasome’s Activation in Acute and Chronic 
Brain Diseases-An Update on Pathogenetic Mechanisms 
and Therapeutic Perspectives with Respect to Other 
Inflammasomes. Biomedicines. 2023;11(4). 

	 doi: 10.3390/biomedicines11040999 

56.	 Vatsavayai SC, Nana AL, Yokoyama JS, Seeley WW. 
C9orf72-FTD/ALS pathogenesis: evidence from human 
neuropathological studies. Acta Neuropathol. 2019;137(1). 

	 doi: 10.1007/s00401-018-1921-0 

57.	 Tondo G, Iaccarino L, Cerami C, et al. 11 C-PK11195 PET-
based molecular study of microglia activation in SOD1 
amyotrophic lateral sclerosis. Ann Clin Transl Neurol. 
2020;7(9):1513–1523. 

	 doi: 10.1002/acn3.51112 

58.	 Wilson KM, Katona E, Glaria I, et al. Development of 
a sensitive trial-ready poly(GP) CSF biomarker assay 
for C9orf72-associated frontotemporal dementia and 
amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. 
2022;93(7):761–71. 

	 doi: 10.1136/jnnp-2021-328710 

59.	 Benatar M, Macklin EA, Malaspina A, et al. Prognostic 
clinical and biological markers for amyotrophic lateral 
sclerosis disease progression: validation and implications for 
clinical trial design and analysis. EBioMedicine. 2024;108. 

	 doi: 10.1016/j.ebiom.2024.105323

60.	 Gendron TF, Daughrity LM, Heckman MG, et al. 
Phosphorylated neurofilament heavy chain: A biomarker 
of survival for C9ORF72-associated amyotrophic lateral 
sclerosis. Ann Neurol. 2017;82(1):139–146. 

	 doi: 10.1002/ana.24980 

61.	 Meeter LHH, Gendron TF, Sias AC, et al. Poly(GP), 
neurofilament and grey matter deficits in C9orf72 expansion 
carriers. Ann Clin Transl Neurol. 2018;5(5):583–97. 

	 doi: 10.1002/acn3.559 

62.	 van den Berg LH, Rothstein JD, Shaw PJ, et al. Safety, 
tolerability, and pharmacokinetics of antisense 
oligonucleotide BIIB078 in adults with C9orf72-associated 
amyotrophic lateral sclerosis: a phase 1, randomised, double 
blinded, placebo-controlled, multiple ascending dose study. 
Lancet Neurol. 2024;23(9):901–912. 

	 doi: 10.1016/S1474-4422(24)00216-3 

63.	 Rothstein JD, Baskerville V, Rapuri S, et al. G2C4 targeting 
antisense oligonucleotides potently mitigate TDP-
43 dysfunction in human C9orf72 ALS/FTD induced 
pluripotent stem cell derived neurons. Acta Neuropathol. 
2023;147(1). 

	 doi: 10.1007/s00401-023-02652-3 

64.	 Balendra R, Moens TG, Isaacs AM. Specific biomarkers 
for C9orf72 FTD/ALS could expedite the journey towards 

effective therapies. EMBO Mol Med. 2017;9(7):853–855. 

	 doi: 10.15252/emmm.201707848 

65.	 Mori K, Gotoh S, Uozumi R, Miyamoto T, Akamine 
S, Kawabe Y, et al. RNA Dysmetabolism and Repeat-
Associated Non-AUG Translation in Frontotemporal Lobar 
Degeneration/Amyotrophic Lateral Sclerosis due to C9orf72 
Hexanucleotide Repeat Expansion. JMA J. 2022;6(1). 

	 doi: 10.31662/jmaj.2022-0160

66.	 Irwin KE, Sheth U, Wong PC, Gendron TF. Fluid biomarkers 
for amyotrophic lateral sclerosis: a review. Mol Neurodegener. 
2024;19(1). 

	 doi: 10.1186/s13024-023-00685-6 

67.	 Lehmer C, Oeckl P, Weishaupt JH, et al. Poly‐GP in 
cerebrospinal fluid links C9orf72‐associated dipeptide 
repeat expression to the asymptomatic phase of ALS/FTD. 
EMBO Mol Med. 2017;9(7):859–868. 

	 doi: 10.15252/emmm.201607486 

68.	 Verber NS, Shepheard SR, Sassani M, et al. Biomarkers in 
motor neuron disease: A state of the art review. Front Neurol. 
2019;10(APR). 

	 doi: 10.3389/fneur.2019.00291

69.	 Vidovic M, Müschen LH, Brakemeier S, Machetanz G, 
Naumann M, Castro-Gomez S. Current State and Future 
Directions in the Diagnosis of Amyotrophic Lateral 
Sclerosis. Cells. 2023;12(5). 

	 doi: 10.3390/cells12050736 

70.	 Krishnan G, Raitcheva D, Bartlett D, et al. Poly(GR) and 
poly(GA) in cerebrospinal fluid as potential biomarkers for 
C9ORF72-ALS/FTD. Nat Commun. 2022;13(1). 

	 doi: 10.1038/s41467-022-30387-4 

71.	 Salomonsson SE, Maltos AM, Gill K, et al. Validated assays 
for the quantification of C9orf72 human pathology. Sci Rep. 
2024;14(1). 

	 doi: 10.1038/s41598-023-50667-3 

72.	 Puentes F, Lombardi V, Lu CH, et al. Immune reactivity to 
neurofilaments and dipeptide repeats in ALS progression. 
bioRxiv. 2020. 

	 doi: 10.1101/2020.02.25.965236

73.	 Verde F, Otto M, Silani V. Neurofilament Light Chain 
as Biomarker for Amyotrophic Lateral Sclerosis and 
Frontotemporal Dementia. Front Neurosci. 2021;15. 

	 doi: 10.3389/fnins.2021.679199 

74.	 Verde F, Steinacker P, Weishaupt JH, et al. Neurofilament 
light chain in serum for the diagnosis of amyotrophic lateral 
sclerosis. J Neurol Neurosurg Psychiatry. 2018;90(2):157–164. 

	 doi: 10.1136/jnnp-2018-318704 

75.	 Gaiottino J, Norgren N, Dobson R, et al. Increased 

https://doi.org/10.36922/IMO025430056
https://doi.org/10.3390/biomedicines11040999
https://doi.org/10.3390/biomedicines11040999
https://doi.org/10.1007/s00401-018-1921-0
https://doi.org/10.1007/s00401-018-1921-0
https://doi.org/10.1002/acn3.51112
https://doi.org/10.1002/acn3.51112
https://doi.org/10.1136/jnnp-2021-328710
https://doi.org/10.1136/jnnp-2021-328710
https://doi.org/10.1016/j.ebiom.2024.105323
https://doi.org/10.1016/j.ebiom.2024.105323
https://doi.org/10.1002/ana.24980
https://doi.org/10.1002/ana.24980
https://doi.org/10.1002/acn3.559
https://doi.org/10.1002/acn3.559
https://doi.org/10.1016/S1474-4422(24)00216-3
https://doi.org/10.1016/S1474-4422(24)00216-3
https://doi.org/10.1007/s00401-023-02652-3
https://doi.org/10.1007/s00401-023-02652-3
https://doi.org/10.15252/emmm.201707848
https://doi.org/10.15252/emmm.201707848
https://doi.org/10.31662/jmaj.2022-0160
https://doi.org/10.31662/jmaj.2022-0160
https://doi.org/10.1186/s13024-023-00685-6
https://doi.org/10.1186/s13024-023-00685-6
https://doi.org/10.15252/emmm.201607486
https://doi.org/10.15252/emmm.201607486
https://doi.org/10.3389/fneur.2019.00291
https://doi.org/10.3389/fneur.2019.00291
https://doi.org/10.3390/cells12050736
https://doi.org/10.3390/cells12050736
https://doi.org/10.1038/s41467-022-30387-4
https://doi.org/10.1038/s41467-022-30387-4
https://doi.org/10.1038/s41598-023-50667-3
https://doi.org/10.1038/s41598-023-50667-3
https://doi.org/10.1101/2020.02.25.965236
https://doi.org/10.1101/2020.02.25.965236
https://doi.org/10.3389/fnins.2021.679199
https://doi.org/10.3389/fnins.2021.679199
https://doi.org/10.1136/jnnp-2018-318704
https://doi.org/10.1136/jnnp-2018-318704


Innovative Medicines & OmicsInnovative Medicines & Omics C9orf72  role in in ALS and FTD 

Volume 3 Issue 2 (2026)	 15� doi: 10.36922/IMO025430056

Neurofilament Light Chain Blood Levels in 
Neurodegenerative Neurological Diseases. PLoS ONE. 
2013;8(9). 

	 doi: 10.1371/journal.pone.0075091 

76.	 Morello G, Salomone S, D’Agata V, Conforti FL, Cavallaro 
S. From Multi-Omics Approaches to Precision Medicine in 
Amyotrophic Lateral Sclerosis. Front Neurosci. 2020;14. 

	 doi: 10.3389/fnins.2020.577755

77.	 Behzadi A, Pujol-Calderón F, Tjust AE, et al. Neurofilaments 
can differentiate ALS subgroups and ALS from common 
diagnostic mimics. Sci Rep. 2021;11(1). 

	 doi: 10.1038/s41598-021-01499-6 

78.	 Sattler R, Traynor BJ, Robertson J, et al. Roadmap for 
C9ORF72 in Frontotemporal Dementia and Amyotrophic 
Lateral Sclerosis: Report on the C9ORF72 FTD/ALS 
Summit. Neurol Ther. 2023;12(6):1821–1843. 

	 doi: 10.1007/s40120-023-00548-8

79.	 González-Sánchez M, Ramírez-Expósito MJ, Martínez-
Martos JM. Pathophysiology, Clinical Heterogeneity, and 
Therapeutic Advances in Amyotrophic Lateral Sclerosis: 
A Comprehensive Review of Molecular Mechanisms, 
Diagnostic Challenges, and Multidisciplinary Management 
Strategies. Life. 2025;15(4). 

	 doi: 10.3390/life15040647

80.	 Floeter MK, Gendron TF. Biomarkers for Amyotrophic 
Lateral Sclerosis and Frontotemporal Dementia Associated 
With Hexanucleotide Expansion Mutations in C9orf72. 
Front Neurol. 2018;9. 

	 doi: 10.3389/fneur.2018.01063 

81.	 Benatar M, Wuu J, Andersen PM, Lombardi V, Malaspina 
A. Neurofilament light: A candidate biomarker of 
presymptomatic amyotrophic lateral sclerosis and 
phenoconversion. Ann Neurol. 2018;84(1):130–139. 

	 doi: 10.1002/ana.25276 

82.	 Bjornevik K, O’Reilly EJ, Molsberry S, et al. Prediagnostic 
Neurofilament Light Chain Levels in Amyotrophic Lateral 
Sclerosis. Neurology. 2021;97(15):E1466– E1474. 

	 doi: 10.1212/WNL.0000000000012632 

83.	 Șerban M, Toader C, Covache-Busuioc RA. Blueprint of 
Collapse: Precision Biomarkers, Molecular Cascades, and 
the Engineered Decline of Fast-Progressing ALS. Int J Mol 
Sci. 2025;26(16). 

	 doi: 10.3390/ijms26168072 

84.	 Mondesert E, Delaby C, De La Cruz E, et al. Comparative 
Performances of 4 Serum NfL Assays, pTau181, and GFAP 
in Patients With Amyotrophic Lateral Sclerosis. Neurology. 
2025;104(6). 

	 doi: 10.1212/WNL.0000000000213400 

85.	 Benatar M, Zhang L, Wang L, et al. Validation of 
serum neurofilaments as prognostic and potential 
pharmacodynamic biomarkers for ALS. Neurology. 
2020;95(1):59–69. 

	 doi: 10.1212/WNL.0000000000009559 

86.	 Irwin KE, Jasin P, Braunstein KE, et al. A fluid biomarker 
reveals loss of TDP-43 splicing repression in presymptomatic 
ALS–FTD. Nat Med. 2024;30(2):382–393. 

	 doi: 10.1038/s41591-023-02788-5 

87.	 Prudencio M, Humphrey J, Pickles S, et al. Truncated 
stathmin-2 is a marker of TDP-43 pathology in 
frontotemporal dementia. J Clin Investig. 2020;130(11):6080–
6092. 

	 doi: 10.1172/JCI139741 

88.	 Klim JR, Williams LA, Limone F, et al. Als implicated protein 
tdp-43 sustains levels of stmn2 a mediator of motor neuron 
growth and repair. Nat Neurosci. 2019;22(2):167–179. 

	 doi: 10.1038/s41593-018-0300-4 

89.	 Melamed Z, López-Erauskin J, Baughn MW, et al. Premature 
polyadenylation-mediated loss of stathmin-2 is a hallmark 
of TDP-43-dependent neurodegeneration. Nat Neurosci. 
2018;22(2):180–190. 

	 doi: 10.1038/s41593-018-0293-z 

90.	 Brown AL, Wilkins OG, Keuss MJ, et al. TDP-43 loss and 
ALS-risk SNPs drive mis-splicing and depletion of UNC13A. 
Nature. 2022;603(7899):131–137. 

	 doi: 10.1038/s41586-022-04436-3 

91.	 Ma XR, Prudencio M, Koike Y, et al. TDP-43 represses 
cryptic exon inclusion in the FTD–ALS gene UNC13A. 
Nature. 2021;603(7899):124–130. 

	 doi: 10.1038/s41586-022-04424-7 

92.	 Anjum F, Bakhuraysah M, Alsharif A, Mohammad T, Shamsi 
A, Hassan MI. Emerging biomarkers in amyotrophic lateral 
sclerosis: from pathogenesis to clinical applications. Front 
Mol Biosci. 2025;12. 

	 doi: 10.3389/fmolb.2025.1608853

93.	 Reilly L, Seddighi S, Singleton AB, Cookson MR, Ward 
ME, Qi YA. Variant biomarker discovery using mass 
spectrometry-based proteogenomics. Front Aging. 2023;4. 

	 doi: 10.3389/fragi.2023.1191993 

94.	 Chatterjee M, Özdemir S, Fritz C, et al. Plasma extracellular 
vesicle tau and TDP-43 as diagnostic biomarkers in FTD 
and ALS. Nat Med. 2024;30(6):1771–1783. 

	 doi: 10.1038/s41591-024-02937-4 

95.	 Bonham LW, Geier EG, Sirkis DW, et al. Radiogenomics of 
C9orf72 Expansion Carriers Reveals Global Transposable 
Element Derepression and Enables Prediction of 
Thalamic Atrophy and Clinical Impairment. J Neurosci. 

https://doi.org/10.36922/IMO025430056
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.3389/fnins.2020.577755
https://doi.org/10.3389/fnins.2020.577755
https://doi.org/10.1038/s41598-021-01499-6
https://doi.org/10.1038/s41598-021-01499-6
https://doi.org/10.1007/s40120-023-00548-8
https://doi.org/10.1007/s40120-023-00548-8
https://doi.org/10.3390/life15040647
https://doi.org/10.3390/life15040647
https://doi.org/10.3389/fneur.2018.01063
https://doi.org/10.3389/fneur.2018.01063
https://doi.org/10.1002/ana.25276
https://doi.org/10.1002/ana.25276
https://doi.org/10.1212/WNL.0000000000012632
https://doi.org/10.1212/WNL.0000000000012632
https://doi.org/10.3390/ijms26168072
https://doi.org/10.3390/ijms26168072
https://doi.org/10.1212/WNL.0000000000213400
https://doi.org/10.1212/WNL.0000000000213400
https://doi.org/10.1212/WNL.0000000000009559
https://doi.org/10.1212/WNL.0000000000009559
https://doi.org/10.1038/s41591-023-02788-5
https://doi.org/10.1038/s41591-023-02788-5
https://doi.org/10.1172/JCI139741
https://doi.org/10.1172/JCI139741
https://doi.org/10.1038/s41593-018-0300-4
https://doi.org/10.1038/s41593-018-0300-4
https://doi.org/10.1038/s41593-018-0293-z
https://doi.org/10.1038/s41593-018-0293-z
https://doi.org/10.1038/s41586-022-04436-3
https://doi.org/10.1038/s41586-022-04436-3
https://doi.org/10.1038/s41586-022-04424-7
https://doi.org/10.1038/s41586-022-04424-7
https://doi.org/10.3389/fmolb.2025.1608853
https://doi.org/10.3389/fmolb.2025.1608853
https://doi.org/10.3389/fragi.2023.1191993
https://doi.org/10.3389/fragi.2023.1191993
https://doi.org/10.1038/s41591-024-02937-4
https://doi.org/10.1038/s41591-024-02937-4


Innovative Medicines & OmicsInnovative Medicines & Omics C9orf72  role in in ALS and FTD 

Volume 3 Issue 2 (2026)	 16� doi: 10.36922/IMO025430056

2022;43(2):333–345. 

	 doi: 10.1523/JNEUROSCI.1448-22.2022 

96.	 Viodé A, Fournier C, Camuzat A, et al. New Antibody-
Free Mass Spectrometry-Based Quantification Reveals That 
C9ORF72 Long Protein Isoform Is Reduced in the Frontal 
Cortex of Hexanucleotide-Repeat Expansion Carriers. Front 
Neurosci. 2018;12(AUG). 

	 doi: 10.3389/fnins.2018.00589 

97.	 Juengling FD, Wuest F, Kalra S, et al. Simultaneous PET/
MRI: The future gold standard for characterizing motor 
neuron disease—A clinico-radiological and neuroscientific 
perspective. Front Neurol. 2022;13. 

	 doi: 10.3389/fneur.2022.890425

98.	 Bond S, Saxena S, Sierra-Delgado JA. Microglia in ALS: 
Insights into Mechanisms and Therapeutic Potential. Cells. 
2025;14(6). 

	 doi: 10.3390/cells14060421 

99.	 Ghasemi M, Keyhanian K, Douthwright C. Glial Cell 
Dysfunction in C9orf72-Related Amyotrophic Lateral 
Sclerosis and Frontotemporal Dementia. Cells. 2021;10(2):1–
25. 

	 doi: 10.3390/cells10020249 

100.	Gille B, De Schaepdryver M, Goossens J, et al. Serum 
neurofilament light chain levels as a marker of upper motor 
neuron degeneration in patients with Amyotrophic Lateral 
Sclerosis. Neuropathol Appl Neurobiol. 2018;45(3):291–304. 

	 doi: 10.1111/nan.12511 

101.	Ooi S, Patel SK, Eratne D, et al. Plasma Neurofilament Light 
Chain and Clinical Diagnosis in Frontotemporal Dementia 
Syndromes. J. Alzheimer’s Dis. 2022;89(4):1221–1231. 

	 doi: 10.3233/JAD-220272 

102.	Gao W, Jing S, He C, et al. Advancements in 
Neurodegenerative Diseases: Pathogenesis and Novel 
Neurorestorative Interventions. J Neurorestoratology 
2024;13(2). 

	 doi: 10.1016/j.jnrt.2024.100176

103.	Saloner R, Staffaroni A, Dammer E, et al. Large-scale 
network analysis of the cerebrospinal fluid proteome 

identifies molecular signatures of frontotemporal lobar 
degeneration. Res Sq. 2024. 

	 doi: 10.21203/rs.3.rs-4103685/v1

104.	Sha SJ, Boxer A. Treatment implications of C9ORF72. 
Alzheimers Res Ther. 2012;4. 

	 doi: 10.1186/alzrt149 

105.	Goutman SA, Hardiman O, Al-Chalabi A, et al. Emerging 
insights into the complex genetics and pathophysiology of 
amyotrophic lateral sclerosis. Lancet Neurol. 2022;21(5):465–
479. 

	 doi: 10.1016/S1474-4422(21)00414-2 

106.	Beckers J, Tharkeshwar AK, Fumagalli L, et al. A toxic 
gain-of-function mechanism in C9orf72 ALS impairs the 
autophagy-lysosome pathway in neurons. Acta Neuropathol 
Commun. 2023;11(1). 

	 doi: 10.1186/s40478-023-01648-0 

107.	Shi Y, Lin S, Staats KA, et al. Haploinsufficiency leads to 
neurodegeneration in C9ORF72 ALS/FTD human induced 
motor neurons. Nat Med. 2018;24(3):313–325. 

	 doi: 10.1038/nm.4490 

108.	Bono N, Fruzzetti F, Farinazzo G, Candiani G, Marcuzzo S. 
Perspectives in Amyotrophic Lateral Sclerosis: Biomarkers, 
Omics, and Gene Therapy Informing Disease and Treatment. 
Int J Mol Sci. 2025;26(12). 

	 doi: 10.3390/ijms26125671 

109.	 Jiang Z, Zhang H, Gao Y, Sun Y. Multi-omics strategies 
for biomarker discovery and application in personalized 
oncology. Mol Biomed. 2025;6(1). 

	 doi: 10.1186/s43556-025-00340-0 

110.	Gao Q, Wu Y, Mao Y, Chen X, Geng Z, Su J. Organoids: A 
new frontier in precision medicine and engineering. Precis 
Med Eng. 2025;2(4):100049. 

	 doi: 10.1016/j.preme.2025.100049

111.	Abbadessa G, Bombaci A, Gajofatto A, Bonavita S. Editorial: 
Bridging the gap between basic neurosciences and clinical 
neuroimmunology. Front Neurosci. 2023;17. 

	 doi: 10.3389/fnins.2023.1285678 

https://doi.org/10.36922/IMO025430056
https://doi.org/10.1523/JNEUROSCI.1448-22.2022
https://doi.org/10.1523/JNEUROSCI.1448-22.2022
https://doi.org/10.3389/fnins.2018.00589
https://doi.org/10.3389/fnins.2018.00589
https://doi.org/10.3389/fneur.2022.890425
https://doi.org/10.3389/fneur.2022.890425
https://doi.org/10.3390/cells14060421
https://doi.org/10.3390/cells14060421
https://doi.org/10.3390/cells10020249
https://doi.org/10.3390/cells10020249
https://doi.org/10.1111/nan.12511
https://doi.org/10.1111/nan.12511
https://doi.org/10.3233/JAD-220272
https://doi.org/10.3233/JAD-220272
https://doi.org/10.1016/j.jnrt.2024.100176
https://doi.org/10.1016/j.jnrt.2024.100176
https://doi.org/10.21203/rs.3.rs-4103685/v1
https://doi.org/10.21203/rs.3.rs-4103685/v1
https://doi.org/10.1186/alzrt149
https://doi.org/10.1186/alzrt149
https://doi.org/10.1016/S1474-4422(21)00414-2
https://doi.org/10.1016/S1474-4422(21)00414-2
https://doi.org/10.1186/s40478-023-01648-0
https://doi.org/10.1186/s40478-023-01648-0
https://doi.org/10.1038/nm.4490
https://doi.org/10.1038/nm.4490
https://doi.org/10.3390/ijms26125671
https://doi.org/10.3390/ijms26125671
https://doi.org/10.1186/s43556-025-00340-0
https://doi.org/10.1186/s43556-025-00340-0
https://doi.org/10.1016/j.preme.2025.100049
https://doi.org/10.1016/j.preme.2025.100049
https://doi.org/10.3389/fnins.2023.1285678
https://doi.org/10.3389/fnins.2023.1285678

	_GoBack

