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ABSTRACT

A summit held March 2023 in Scottsdale, Ari-
zona (USA) focused on the intronic hexanu-
cleotide expansion in the C9ORF72 gene and its
relevance in frontotemporal dementia (FTD)
and amyotrophic lateral sclerosis (ALS;

C9ORF72-FTD/ALS). The goal of this summit
was to connect basic scientists, clinical
researchers, drug developers, and individuals
affected by C9ORF72-FTD/ALS to evaluate how
collaborative efforts across the FTD-ALS disease
spectrum might break down existing disease
silos. Presentations and discussions covered
recent discoveries in C9ORF72-FTD/ALS disease
mechanisms, availability of disease biomarkers
and recent advances in therapeutic develop-
ment, and clinical trial design for prevention
and treatment for individuals affected by
C9ORF72-FTD/ALS and asymptomatic patho-
logical expansion carriers. The C9ORF72-asso-
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ciated hexanucleotide repeat expansion is an
important locus for both ALS and FTD.
C9ORF72-FTD/ALS may be characterized by loss
of function of the C9ORF72 protein and toxic
gain of functions caused by both dipeptide
repeat (DPR) proteins and hexanucleotide
repeat RNA. C9ORF72-FTD/ALS therapeutic
strategies discussed at the summit included the
use of antisense oligonucleotides, adeno-asso-
ciated virus (AAV)-mediated gene silencing and
gene delivery, and engineered small molecules
targeting RNA structures associated with the
C9ORF72 expansion. Neurofilament light chain,
DPR proteins, and transactive response (TAR)
DNA-binding protein 43 (TDP-43)–associated
molecular changes were presented as biomarker
candidates. Similarly, brain imaging modalities
(i.e., magnetic resonance imaging [MRI] and
positron emission tomography [PET]) measur-
ing structural, functional, and metabolic chan-
ges were discussed as important tools to
monitor individuals affected with C9ORF72-
FTD/ALS, at both pre-symptomatic and symp-
tomatic disease stages. Finally, summit atten-
dees evaluated current clinical trial designs
available for FTD or ALS patients and concluded

that therapeutics relevant to FTD/ALS patients,
such as those specifically targeting C9ORF72,
may need to be tested with composite end-
points covering clinical symptoms of both FTD
and ALS. The latter will require novel clinical
trial designs to be inclusive of all patient sub-
groups spanning the FTD/ALS spectrum.

PLAIN LANGUAGE SUMMARY

The C9ORF72 Summit was held in March 2023
in Scottsdale, Arizona (USA). Some people who
have the disease frontotemporal dementia or
the disease amyotrophic lateral sclerosis have a
change in one of their genes; the name of the
gene is C9ORF72. People who carry this genetic
difference usually inherited it from a parent.
Researchers are improving their understanding
of how the change in the C9ORF72 gene affects
people, and efforts are being made to use this
knowledge to develop treatments for amy-
otrophic lateral sclerosis and frontotemporal
dementia. In addition to studying the cellular

M. D. Disney
Department of Chemistry, The Herbert Wertheim
UF-Scripps Institute for Biomedical Research and
Innovation, The Scripps Research Institute, Jupiter,
FL, USA

T. F. Gendron
Department of Neuroscience, Mayo Clinic,
Jacksonville, FL, USA

P. C. Wong
Departments of Pathology and Neuroscience, Johns
Hopkins Medicine, Baltimore, MD, USA

M. R. Turner
Nuffield Department of Clinical Neurosciences,
University of Oxford, Oxford, UK

A. Boxer
Department of Neurology, Memory and Aging
Center, Weill Institute for Neurosciences,
University of San Francisco, San Francisco,
CA, USA

S. Babu
Sean M. Healey and AMG Center for ALS and the
Neurological Clinical Research Institute,
Massachusetts General Hospital–Harvard Medical
School, Boston, MA, USA

M. Benatar
Department of Neurology, University of Miami
Miller School of Medicine, Miami, FL 33129, USA

M. Kurnellas
Alector Inc., South San Francisco, CA, USA

J. D. Rohrer
Dementia Research Centre, Department of
Neurodegenerative Disease, UCL Queen Square
Institute of Neurology, University College London,
London, UK

C. J. Donnelly
LiveLikeLou Center for ALS Research, Brain
Institute, University of Pittsburgh, Pittsburgh, USA

C. J. Donnelly
Department of Neurobiology, University of
Pittsburgh School of Medicine, University of
Pittsburgh, Pittsburgh, PA, USA

K. Van Keuren-Jensen
Neurogenomics Division, Translational Genomics
Research Institute, Phoenix, AZ, USA

P. A. Dacks
The Association for Frontotemporal Degeneration
and FTD Disorders Registry, King of Prussia, PA, USA

Neurol Ther



and molecular mechanisms of how the
C9ORF72 mutation leads to cellular dysfunction
and frontotemporal dementia and amyotrophic
lateral sclerosis clinical symptoms, a large effort
of the research community is aimed at devel-
oping measurements, called biomarkers, that
could enhance therapy development efforts in
multiple ways. Examples include monitoring of
disease activity, identifying those at risk of
developing amyotrophic lateral sclerosis or
frontotemporal dementia, predicting which
people might benefit from a particular treat-
ment, and showing that a drug has had a bio-
logical effect. Markers that identify healthy
people who are at risk of developing amy-
otrophic lateral sclerosis or frontotemporal
dementia could be used to test treatments that
would start before a person shows any symp-
toms and hopefully would delay or even pre-
vent their onset.

Keywords: Biomarker; C9ORF72; Dipeptide
repeat protein; Gene therapy; Neurofilament;
Prevention; TDP-43; RNA toxicity

Key Summary Points

Why was this summit held?

This summit was held to foster a
breakdown of frontotemporal dementia
(FTD) and amyotrophic lateral sclerosis
(ALS) disease silos. Areas included all
levels of investigation, from basic research
through biomarker development,
therapeutic target discovery and
therapeutics development, and clinical
trial design. Additional aims were evaluate
the most effective treatment and care of
individuals affected by FTD/ALS,
including the most prevalent familial
form of FTD/ALS, C9ORF72-related FTD/
ALS, discussions, and collaborative efforts.

What were key takeaways from this summit?

Critical information in our understanding
of the biology around the C9ORF72
expansion is still lacking, and many
questions remain unanswered: What
molecular and cellular changes occur at
pre-symptomatic stages and how early do
they occur? Why are some individuals
only affected with ALS-associated
symptoms, while others show FTD-
associated clinical symptoms, and yet
others have symptoms of both diseases?
How do non-neuronal cells respond to the
C9ORF72 repeat expansion, how do they
contribute to neuronal degeneration, and
do these contributions differ between the
frontal cortex and spinal cord?

Biomarkers, based on both imaging and
on molecular readouts, are crucial to
improving disease modeling, predicting
disease progression, predicting onset of
symptoms spanning ALS and FTD, and
determining which therapies are engaging
their targets in all affected brain regions.

Basket and/or platform trials are needed
that include all patient subgroups,
including mutation carriers and patients
experiencing the FTD/ALS disease
spectrum.

COMMENTARY

A mutation in the C9ORF72 gene is one of the
most common causes of both frontotemporal
dementia (FTD) and amyotrophic lateral scle-
rosis (ALS). To explore the convergence of these
two diseases with a common genetic root, a
summit was held. Participants in this summit,
held March 2023 in Scottsdale, Arizona (USA),
discussed the biology (genetics, RNA, proteins)
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of C9ORF72-related FTD and ALS (C9ORF72-
FTD/ALS) and the potential relevance of this
biology to biomarkers, therapeutic target iden-
tification, and the design of clinical trials in the
affected and pre-symptomatic populations. The
information presented and discussed at the
summit is presented in this article.

The contents of this manuscript are based on
discussions at the C9ORF72 Summit and did
not entail any animal or human subjects
research that required review/approval by the
Institutional Animal Care & Use Committee
(IACUC) or Institutional Review Board (IRB).

TRANSLATING GENETIC
DISCOVERIES INTO THERAPIES

Researchers have identified genetic causes for
60–70% of familial ALS and familial FTD and
about 10% of sporadic ALS and sporadic FTD
[1, 2]. Interestingly, the C9ORF72 locus was
identified as the most commonly linked genetic
factor to both ALS and FTD [3]. A pathological
intronic hexanucleotide repeat expansion
(HRE) that is believed to have arisen around the
fall of Rome is recognized as the source of a
common founder, and Viking conquests have
been postulated as the mechanism of dissemi-
nation of C9ORF72 [4–6]. The age range at
symptom onset is broad for patients who carry
the C9ORF72 repeat expansion [7, 8]. This
expansion is known to have incomplete, but
age-dependent, penetrance; while patients may
occasionally develop ALS or FTD in their 20s,
others survive into their ninth decade without
developing symptoms [7].

Screening for the C9ORF72 HRE and other
genes associated with ALS and FTD became
common with the advent of next-generation
sequencing [9], and it has become standard
practice in many places across the world for
both familial and apparently sporadic cases.
Genomic approaches are also beginning to
unravel the mystery of the biology of ALS and
FTD. Cellular pathways that have been linked to
ALS and FTD based on genomic discoveries
include neuronal projection, cytoskeleton
alterations, membrane trafficking, and cyclic-
nucleotide-mediated signaling [10, 11].

The discovery of the C9ORF72 gene as the
most common genetic cause of ALS and FTD has
yielded novel opportunities for therapeutic
intervention (e.g., gene therapy trials [discussed
below]). The failure of these trials, however, has
illuminated the limits of the current under-
standing of the biology of C9ORF72-FTD/ALS,
as well as the critical importance of improving
this understanding to help ensure that future
trials have a greater likelihood of success.

Overall, numerous novel therapies for ALS
and FTD are emerging, but the belief is that
these are likely be most effective when patients
are treated as early as possible in their disease
course. With advanced technologies in genome
sequencing and gene therapy approaches, one
could speculate that whole-genome sequencing
early in life might become available to everyone
and would pave the road for future precision
medicine approaches for ALS and FTD patients
as well as for gene carriers.

C9ORF72 DISEASE BIOLOGY

Mutations in the C9ORF72 gene are character-
ized by a GGGGCC (G4C2)n HRE in a non-cod-
ing region on chromosome 9p21; these
mutations represent the most common genetic
abnormality in FTD (10%-30%) and are also
highly prevalent in ALS (20%-50%) and the
spectrum disease of FTD-ALS (30%) [4, 12].
Extensive research over the past 10 years on the
role of the (G4C2)n repeat expansion in
C9ORF72 has led to the proposals of different
disease-causing mechanisms for mutant
C9ORF72: (1) protein loss of function; (2) toxic
RNA gain of function; and (3) toxicity caused by
repeat-associated non-ATG initiated (RAN)
translation, which leads to the accumulation of
dipeptide repeats (DPR) [13]. Ongoing studies
are investigating the cellular consequences of
these mechanistic pathways, including defects
in nuclear-cytoplasmic trafficking of RNAs and
proteins due to RNA toxicity and DPR forma-
tion, such as transactive response DNA-binding
protein 43 (TDP-43) [14, 15], which further
contribute to C9ORF72 disease pathogenesis.
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Loss of C9ORF72 Function in C9ORF72-
FTD/ALS

The repeat expansion causes C9ORF72 hap-
loinsufficiency in ALS/FTD through the down-
regulation of C9ORF72 transcripts and reduced
C9ORF72 protein expression (Fig. 1)
[4, 12, 16–20]. Mechanisms that suppress
C9ORF72 expression include DNA methylation
[21], histone trimethylation [22], and nucleo-
tide repeat structures that form G-quadraplexes
and promote R-loops [23].

Transcription of the C9ORF72 locus gives rise
to three distinct messenger RNA (mRNA) iso-
forms (V1-V3), which encode for two proteins:
C9ORF72-long (C9-L), which is a 481-amino
acid protein encoded by NM_001256054.3 and
NM_018325.5, and C9ORF72-short (C9-S),
which is a C-terminally truncated protein iso-
form of 222 amino acids encoded by
NM_14500.57 [4, 12]. Multiple other sense and
antisense transcripts are generated through the
use of different transcriptional start sites which
exhibit expression profiles that are specific to
different cell types [24]. Although C9-L is con-
served between human and mouse, C9-S is a
human-specific isoform [25]. Most research has
focused upon the long isoform, since it is more
abundant and its expression is significantly
reduced by the pathogenic C9ORF72 HRE.

C9ORF72 transcript expression is highest in
myeloid cells, which is consistent with the
observation that homozygous C9ORF72 knock-
out mice exhibit peripheral immune pheno-
types by activating the protein pathway known
as stimulator of interferon genes (STING)
[26–28]. Remarkably, these phenotypes can be
rescued by reducing immune-stimulating bac-
teria in the gut, which suggests a role for
C9ORF72 in autoimmunity [29]. C9ORF72
knockout mice exhibit mild motor and cogni-
tive deficits [30, 31], and a recent study
demonstrated TDP-43 pathology in aged
C9ORF72 knockout animals [32]. These neuro-
logical deficits occur in the absence of overt
neurodegeneration but are associated with
increased synaptic pruning by overactive
microglia [33]. Notably, C9ORF72 deficiency
exacerbates phenotypes derived from (G4C2)n
repeat expression in human-induced

pluripotent stem cell (iPSC)-derived neurons
[34, 35] and rodent models [36–39], and pre-
disposes neurons to glutamate-induced excito-
toxicity [35, 39].

The neuronal-specific roles for C9ORF72 are
less clear. C9-L interacts with SMCR8 through
its DENN (differentially expressed in normal
cells and neoplasia) domain and, when C9-L-
SMCR8 is in complex with WDR41, this protein
complex acts as a GTPase-activating protein
that may have roles in membrane trafficking,
such as endolysosomal pathways and autop-
hagy [40]. Loss of C9ORF72 in mice and in
motor neurons derived from iPSC causes chan-
ges in synaptic plasticity and defects in gluta-
mate receptor homeostasis [18, 35, 41–43].
Finally, recent studies have also identified a role
for C9ORF72 in regulating neuronal nucleocy-
toplasmic transport through disruption of
importin b1 and nucleoporin interactions [44].

The involvement of C9ORF72 function in
many neuronal processes illustrates the com-
plexity of dysfunctions caused by the HRE-in-
duced haploinsufficiency. For example,
autophagy is an important mechanism for reg-
ulating synaptic plasticity [45], and disruption
of the nuclear pore can cause defects in autop-
hagy through reducing nuclear import of an
autophagy-inducing transcription factor known
as TFEB [46]. Another converging mechanism
may be the role of C9ORF72 in regulating actin
dynamics through an interaction with cofilin
[47]. Loss of C9ORF72 in mouse motor neurons
causes cofilin inactivation through phosphory-
lation at serine 3 by LIM domain kinase 1
(LIMK1), which causes defects in neuronal out-
growth. The regulation of actin dynamics is a
fundamental process in synaptic plasticity, in
glutamate receptor trafficking [48], and in
maintaining nuclear homeostasis [49]. Further,
the modulation of actin dynamics in motor
neurons by the interactions of C9ORF72 with
cofilin may explain the functions of the
C9ORF72 protein in autophagy and endosomal-
lysosomal pathways [47, 50].
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Role of RNA Toxicity in C9ORF72-FTD/
ALS

RNA toxicity is one of three non-exclusive
mechanisms—along with loss of function of the
C9ORF72 protein and gain-of-toxic function
through DPR protein toxicity—that can cause
ALS and FTD (Fig. 1) [51]. It is important to note
that both sense and antisense repeat RNA
strands are thought to be involved in the RNA-
associated mechanisms of C9ORF72 disease. In
addition, studies suggest that the expression of
sense RNA is greater than that of antisense RNA
[52, 53], yet it is still unknown whether both

strands contribute equally to disease pathogen-
esis, and this lack of knowledge raises questions
about which strand to target therapeutically, if
not both.

The exact impact of foci-containing repeat
RNA is unclear. These repeat RNAs are found in
complex with several RNA-binding proteins in
neurons, astrocytes, microglia, and oligoden-
drocytes. In addition, they are mostly intranu-
clear but also found as cytoplasmic RNA foci
and at the edge of the nucleus. RNA foci are
equally prevalent in the frontal cortex of affec-
ted FTD patients and in spinal cord–affected
ALS patients [54].

Fig. 1 Proposed C9ORF72 disease mechanisms. The
C9ORF72 (GGGGCC) hexanucleotide repeat expansion
is thought to contribute to disease pathogenesis in
frontotemporal dementia (FTD) and amyotrophic lateral
sclerosis (ALS) via three non-mutually exclusive mecha-
nisms: (1) a loss of function due to impaired transcription
leading to a reduction in C9ORF72 protein levels; (2) a
toxic gain of function due to the formation of secondary

RNA structures which sequester RNA binding proteins
and consequently a loss of function of these proteins; (3) a
toxic gain of function due to repeat-associated non-ATG
(RAN) translation from both the sense and antisense
strand, which generates potentially toxic dipeptide repeats
(DPRs; poly-GP, poly-GA, poly-GR, poly-PA, poly-PR)
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It is often difficult to discriminate repeat
RNA toxicity from DPR toxicity in animal
models. For example, in zebrafish, both sense
and antisense repeat RNA have been shown to
be toxic, whereas DPRs could not be detected
and a similar toxicity could be obtained with
RNA-only constructs containing stop codons
[55].

One hypothesis of the observed repeat RNA
toxicity is the sequestration of RNA-binding
proteins and their subsequent loss of function,
which could be corrected by overexpression of
the specific sequestered protein. In support of
this hypothesis, several studies identified RNA-
binding proteins that interact with the sense
and/or antisense C9ORF72 repeat RNA, includ-
ing MBNL1, CUGBP1, PURA, HNRNPA2,
HNRNPK, SRSF1, and SRSF2 [54]. One example
that overexpression of such an RNA-binding
protein can counteract the disease process is the
RNA-binding protein heterogeneous nuclear
ribonucleoprotein K (HNRNPK). Together with
its downstream target ribonucleotide reductase
regulatory subunit M2 (RRM2), it can also res-
cue the DNA damage in the zebrafish model of
repeat RNA toxicity [56]. Overexpression of this
protein also rescued the reduction in axonal
length and abnormal axonal branching in this
zebrafish model of C9ORF72 RNA toxicity.

It is clear that repeat RNA-induced RNA
toxicity can play roles in different RNA pro-
cessing mechanisms, including splicing,
nuclear-cytoplasmic transport, mRNA nuclear
retention, and nucleolar stress [57]. The thera-
peutic implications of the RNA toxicity–related
findings are that strategies to prevent the for-
mation of both sense and antisense repeat RNA
through antisense oligonucleotides (ASOs) or
through small molecules could be successful. In
addition, overexpression of RNA-binding pro-
teins and targeting downstream mechanisms
relevant to all forms of ALS and FTD (e.g., DNA
damage) might be considered [54].

Protein Dyshomeostasis in C9ORF72-FTD/
ALS

The pathology of C9ORF72-ALS and FTD fea-
tures a diverse set of protein aggregates,

including those composed of SQSTM1/p62,
DPRs, and TDP-43 [58]. Loss of C9ORF72 due to
the above-described HRE-associated haploin-
sufficiency leads to inefficient autophagy, the
accumulation of autophagy adapter proteins
such as SQSTM1/p62, and, in some cases,
autophagy substrates, including TDP-43.

Translation of the pathogenic C9ORF72 HRE
results in five different DPRs: poly(GA),
poly(GP), poly(GR), poly(PA), and poly(PR).
Rather than affecting a single pathway, DPRs are
likely to impact several distinct processes, cul-
minating in neurodegeneration through a vari-
ety of mechanisms. Poly(GA) accumulation
impairs endosomal transport and protein turn-
over via the proteasome [59, 60]. Conversely,
the arginine-rich DPRs (poly[GR] and poly[PR])
lead to deficits in nucleocytoplasmic transport,
autophagy, the stress response [61, 62], trans-
lation [63], protein quality control [64], and
DNA damage repair [65, 66].

Although TDP-43 mislocalization and cyto-
plasmic deposition are hallmarks of C9ORF72-
FTD/ALS, the underlying reasons for these
changes remain mysterious. Given the myriad
consequences associated with DPR production,
however, it is possible that TDP-43 mislocaliza-
tion may be secondary to impaired nucleocy-
toplasmic transport, nuclear protein quality
control mechanisms, or cytoplasmic clearance
pathways such as autophagy.

Genetic evidence suggests that autophagy
impairment can lead to ALS and FTD, but it is
unclear whether inducing autophagy can pre-
vent or halt neurodegeneration in these condi-
tions. Autophagy induction may be helpful or
harmful, depending on the therapeutic mecha-
nism of action and the pathophysiology of dis-
ease [67]. For example, strategies that enhance
autophagy induction may enhance rather than
reduce toxicity if autophagosome maturation (a
late step in the pathway) is impaired by genetic
insults or other disease-related changes. Related
work highlights cell type–specific mechanisms
regulating autophagy, raising the possibility of
targeted approaches for selectively stimulating
autophagy in affected cell types such as neurons
[68].

Drug screens in model systems have identi-
fied several emerging candidates for
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interventions targeting proteinopathies in ALS.
One recent example is the small molecule apil-
imod, which has been shown to inhibit PIK-
FYVE kinase [69]. Inhibition of PYKFYVE shows
promise for ameliorating ALS pathology and
extending survival, but more research is needed.

Summary of the Working Group
Discussions on C9ORF72 Disease Biology

Attendees split up into working groups to dis-
cuss in more detail each of the three major
topics of this summit and to define the priorities
of the community for the focus of future
research. Table 1 summarizes the highlights of
the C9ORF72 Disease Biology working group.

BIOMARKERS FOR C9ORF72-FTD/
ALS

Both ALS and FTD are complex neurological
system disorders with effects spanning ‘nucleic
acid to networks,’ so that multiple tools are
required to appreciate the whole pathology
from cellular to cerebral levels. A key research
priority is the development of biomarkers to
predict prognosis for patients with C9ORF72-
FTD/ALS and to evaluate the effects of candi-
date therapies more efficiently and sensitively.
Current biomarker research involves investiga-
tions into circulating biomarkers in cere-
brospinal fluid (CSF) and/or plasma, but also
imaging-based biomarkers such as magnetic
resonance imaging (MRI) and positron emission
tomography (PET).

Fluid Biomarkers to Assess Prognosis, Risk
and Susceptibility, and Biological
Response in C9ORF72-FTD/ALS

Neurofilament proteins, such as neurofilament
light (NfL) and phosphorylated neurofilament
heavy (pNfH), are among the most studied
biomarkers across neurodegenerative diseases.
Because they are released from degenerating
and dying neurons, the biomarker potential of
neurofilaments in the CSF and blood has been
extensively characterized in ALS and FTD [70].

Table 1 Summary of the C9ORF72 Disease Biology
working group discussion

C9ORF72 Disease Biology working group summary
points

1. Develop a transcriptomic signature of the

endogenous C9ORF72 gene in the human brain,

spinal cord, and within cell sub-types because the field

lacks a clear understanding of the CNS expression

profile of C9ORF72 RNA and protein isoforms.

Current models are insufficient

2. Elucidate the endogenous function and

consequences of the expansion of the C9ORF72 gene

in non-neuronal cell types. Most studies highlight

neuronal model systems and not non-neuronal cells

such as glia. Understanding is lacking regarding the

expression profile of the endogenous C9ORF72
transcript and the expanded RNAs in disease states. It

is unknown whether differential expression of the

expanded sense or antisense repeat in glial cells could

prove to be important in the disease and in

therapeutic targeting

3. Functionally define the relationship between TDP-

43 and C9ORF72. Move away from only considering

phosphorylated and mislocalized TDP-43, and focus

on functional readouts. This includes cryptic exons

like Stathmin2 for human models. Such cryptic exons

are still unknown for rodent models. Improve the

readouts for cell dysfunction due to C9ORF72
expansion beyond TDP-43 since their functional

relationship remains unclear

4. Approach C9ORF72-related ALS/FTD studies

developmentally, as emerging evidence suggests

asymptomatic C9ORF72 carriers may exhibit mild

CNS dysfunction. Include studies to investigate how

the expansion alters development

5. Study resilience, as a significant number of

C9ORF72 carriers do not develop disease or develop

disease after the expected age of onset. Therefore,

studies of both genetics and lifestyles involving these

individuals might be useful. Stratify patients to

consider age of onset and disease progression, among

other factors
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CSF and blood concentrations of neurofila-
ments are elevated in ALS, FTD, and other
neurodegenerative diseases in comparison to
their concentrations in healthy controls
[71–73]. However, since increases in neurofila-
ments are not disease specific, they are unlikely
to be diagnostic for ALS or FTD on their own;
nonetheless, neurofilaments can help distin-
guish ALS or FTD from disease mimics [74–77].
Neurofilament concentrations show promise as
prognostic biomarkers for C9ORF72-FTD/ALS,
with higher levels predicting faster rates of dis-
ease progression, shorter survival and, in
patients with FTD, greater rate of cortical vol-
ume loss [73, 78, 79].

NfL is also being evaluated as a candidate
risk/susceptibility biomarker among asymp-
tomatic carriers of the C9ORF72 repeat expan-
sion who are at risk of developing ALS or FTD
[72, 80–83]. Monitoring CSF or blood neurofil-
aments in these individuals could inform
impending phenoconversion. However,
because pre-symptomatic increases in NfL are
not seen as consistently among C9ORF72 repeat
expansion carriers as is observed for rapidly
progressive forms of ALS linked to mutations in
the superoxide dismutase 1 gene (SOD1-ALS),
alternate biomarkers or a multimodal approach
will likely be needed to predict phenoconver-
sion in C9ORF72 expansion carriers [84].

Both the prognostic utility of neurofilaments
and their use as response biomarkers could
improve clinical trial design and inform

interpretation of clinical trial data. The latter
would additionally benefit from the use of DPR
proteins, which have potential pharmacody-
namic information on upstream target engage-
ment. Indeed, early investigations to identify
approaches to neutralize or degrade C9ORF72
repeat RNA enabled the monitoring of the
intended effects of putative therapeutics, such
as a lowering of DPR proteins [85–91]. While
assays to measure poly(GP) DPR proteins in
human CSF were developed first, poly(GP),
poly(GA), and poly(GR) have since been detec-
ted in CSF from asymptomatic and symp-
tomatic C9ORF72 repeat expansion carriers, and
these two groups have levels of DPR proteins
that are generally similar [78, 92]. Despite the
fact that CSF DPR proteins in symptomatic
C9ORF72 expansion carriers do not associate
with clinical traits such as age at disease onset,
revised Amyotrophic Lateral Sclerosis Func-
tional Rating Scale (ALSFRS-R) score, rate of
decline of ALSFRS-R score, or survival, data from
preclinical models and human studies support
the use of CSF DPR proteins as pharmacody-
namic biomarkers.[78, 85, 86, 90, 92–95] In fact,
measures of DPR proteins have been used as an
exploratory endpoint in clinical trials of inves-
tigational agents, such as antisense oligonu-
cleotides (ASOs), for C9ORF72-FTD/ALS.

Biomarkers of C9ORF72-FTD/ALS Based
on TDP-43–Associated Pathology

Loss of splicing repression by the TDP-43 is
linked to ALS and FTD pathology [96]. TDP-43
has been explored extensively as a fluid bio-
marker for ALS and FTD, including in CSF,
plasma, circulating lymphomonocytes, and
platelets, but no robust measure of pathological
TDP-43 protein itself has been developed as of
yet.

In brains of patients with ALS or FTD, TDP-
43 is compromised in its function of repressing
the splicing of cryptic exons [97]. The stathmin-
2 (STMN2) cryptic exon is a biomarker for both
ALS and FTD [98–100]. Additionally, the cryptic
exon splicing event in the UNC13A locus is a
biomarker that results from loss of TDP-43
[101, 102]. Researchers used a monoclonal

Table 1 continued

C9ORF72 Disease Biology working group summary
points

6. Standardize procedures for frequently used assays,

such as staining for endogenous C9ORF72 protein

isoforms. Develop standard operating procedures for

using key reagents and model systems

ALS Amyotrophic lateral sclerosis, CNS central nervous
system, FTD frontotemporal dementia, TDP-43 transac-
tive response DNA-binding protein 43
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antibody specific to a TDP-43–dependent cryp-
tic epitope to show that C9ORF72-associated
ALS, including in pre-symptomatic mutation
carriers, involves losing TDP-43 splicing repres-
sion [103]. With the use of mass spectrometry,
TDP-43–dependent cryptic peptides can also be
detected in C9ORF72-associated ALS [104].
These findings have two major implications.
First, therapeutic strategies could overcome the
loss of TDP-43 splicing repression for C9ORF72-
related and sporadic ALS and FTD. Second,
developing TDP-43 cryptic peptides as func-
tional biomarkers could lead to early-stage
diagnosis of ALS and FTD and could aid in
monitoring the biological response of thera-
peutic treatment in clinical trials.

Neuroimaging of the C9ORF72 FTD/ALS
Syndrome

Advances in neuroimaging sequences and
computation have allowed the non-invasive
quantification of cerebral structural (MRI, grey
matter volumetry, and white matter tractogra-
phy), functional (blood oxygen level-dependent
[BOLD] MRI), and metabolic (fluorodeoxyglu-
cose [FDG] PET) changes that have been applied
to the study of the C9ORF72-related syndrome
(comprehensively reviewed in [105]).

Symptomatic C9ORF72-related FTD and ALS
has been consistently associated with more
widespread cortical and subcortical grey and
white matter changes—more so than has non-
C9ORF72 FTD or ALS [106]—with longitudinal
changes detectable in some patients over
months [107]. Consistent thalamic involve-
ment, particularly of the pulvinar sub-region,
occurs in both FTD and ALS [108], with an
overlapping regional hypometabolic thalamic
signature also seen in ALS cases using FDG PET
[109]. Alterations in cerebral networks, as
demonstrated in resting state BOLD MRI, have
been associated with both ALS and FTD phe-
notypes [110, 111].

In asymptomatic C9ORF72 expansion carri-
ers, substantial MRI changes have been detec-
ted, including grey and white matter loss
[112, 113], gyrification abnormalities [114],
hypothalamic atrophy [115], changes in resting-

state network connectivity [116], and reduced
cerebral perfusion [117]. FDG PET has demon-
strated regional hypometabolism encompassing
the cingulate gyrus, frontal and temporal neo-
cortices, and thalami [118, 119]. Future studies
might usefully exploit the unrivaled sensitivity
of magnetoencephalography (MEG) to subtle
changes in cortical motor neurophysiology, as
noted in a small study of asymptomatic carriers
of varied ALS-causing genotypes [120]. In rela-
tion to understanding the different phenotypic
outcomes, a study of the cervical spinal cord
showed that a sub-group of asymptomatic
C9ORF72 expansion carriers aged over 40 years
who were relatives of those affected by ALS
(rather than FTD) showed evidence of early
pathology of the white matter of the corti-
cospinal tract [121].

The differing clinical needs of patients tend
to result in the dichotomization of symp-
tomatic neuroimaging cohorts into either ALS
or FTD. Through the increasing partnership
with families affected by C9ORF72 and inter-
national data-sharing platforms, the opportu-
nity to study larger numbers of younger
asymptomatic expansion carriers (including
those aged \ 18 years) will deepen the under-
standing of a syndrome that may have a broader
neurodevelopmental dimension than previ-
ously realized [122].

Summary of the Working Group
Discussions on C9ORF72 Biomarkers

Table 2 summarizes the highlights of the
C9ORF72 Biomarker working group.

C9ORF72-FTD/ALS GENE THERAPY
AND SMALL MOLECULE
APPROACHES

Gene therapy is a potential treatment approach
for C9ORF72-FTD/ALS with the primary goal of
targeting the underlying disease-causing genetic
mutation. Specifically, gene therapy strategies
aim to reduce the abnormal HRE within the
C9ORF72 gene. One approach involves using
small RNA molecules, known as ASOs, to target
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and bind to the expanded repeat sequences.
Parallel approaches explore the design of small
molecule compounds that can inhibit the
activity of the abnormal repeat expansion in the
C9ORF72 gene. Finally, small molecule com-
pounds targeting the underlying mechanisms
and pathological processes associated with
C9ORF72 repeat expansion are also being
investigated as therapeutic avenues for
C9ORF72-FTD/ALS.

Gene Therapy for C9ORF72-FTD/ALS:
Challenges and Opportunities

The entire field of gene therapy has been very
active recently, with many clinical trials
underway in an array of different diseases. The
approaches being investigated for C9ORF72-
FTD/ALS include ASOs, adeno-associated virus
(AAV)–mediated gene silencing using CRISPR or
RNA interference (RNAi) technology, and AAV-
mediated gene delivery of therapeutic proteins
[123, 124]. ASO treatments are a great way to
explore the possibility of modifying mutant
gene expression in ALS using a reversible system
whereas AAV methods using constitutive pro-
moter systems are permanent and cannot be
switched off if problems are encountered.
However, while ASOs require constant delivery

through clinical visits and a lumbar puncture,
AAV infusions are ‘‘one and done,’’ which is
more practical for patients. Newer technologies
to allow regulated expression of therapeutic
genes are an exciting area that may allow more
flexible use of AAV constructs in the clinic.
Using gene therapy to deliver therapeutic pro-
teins to the brain is another exciting area—ei-
ther directly or ‘‘ex vivo’’ using cells as a delivery
vehicle.

The major challenge for using gene therapy
to modify C9ORF72 toxicity in patients is the
complexity of how the HREs cause cell death, as
discussed throughout this article. As there is
both a loss of function due to reduced C9ORF72
protein levels and a gain of function due to
toxic products driven by the repeats, any gene
therapy approach has to take both of these
processes into consideration. As of the writing
of this article, there have been three clinical
trials in this area. In the first trial, mutant
C9ORF72 expression was suppressed by a mixed
backbone ASO targeting the antisense strand in
an N-of-one study, which resulted in a drop in
the DPR protein poly(GP), but the patient’s ALS
functional rating score was unchanged and
neurofilament levels actually increased [86]. A
larger study led by Biogen Inc. (Cambridge, MA,
USA) used an ASO against C9ORF72 (BIIB078)

Table 2 Summary of C9ORF72 Biomarker working group discussion

C9ORF72 Biomarker working group summary points

1. Make better use of existing multimodal biomarker data across the different C9ORF72 cohorts to improve disease

modeling from the earliest possible time through to the symptomatic period

2. Develop an enhanced knowledge of how C9ORF72 expansion carriers compensate for underlying pathological

changes during the asymptomatic period. Develop this knowledge by determining which metabolic markers exist for

this mechanism

3. Expand the panel of biomarkers that predict both phenoconversion and being in proximity to phenoconversion

4. Create personalized phenotypic markers in C9ORF72 expansion carriers that have the potential to allow better

subgroup identification, such as a group with more inflammation than others

5. Include improved pharmacodynamic biomarkers of target engagement in future trials

6. In general, the ALS and FTD communities need to have better linking and collaboration and better access to cohort

resources, such as a repository of images and fluid samples. Also, work needs to occur to validate biomarkers instead of

simply developing biomarkers
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in a phase 1 study; however, patients on the
higher dose of the drug trended towards greater
decline, so the clinical development was halted.
Wave Life Sciences (Cambridge, MA, USA) used
a similar ASO-targeting strategy, and this phase
1b/2 trial was also halted (ClinicalTrials.gov:
NCT04931862). While there are no current tri-
als using AAV and gene editing techniques to
correct the C9ORF72 repeat expansion, many
studies are under development, as described
extensively in two reviews [123, 124].

In addition to gene editing approaches to
treat C9ORF72, other gene therapy approaches
are also applicable to all forms of ALS, as they
focus on replacing cells expressing the mutation
while at the same time being engineered to
release powerful growth factors. One recent
study showed that this approach is safe in
patients with sporadic ALS [125] and opens up
other opportunities for similar approaches in
C9ORF72 patients.

Small Molecule Approaches to Degrade
the HRE in C9ORF72-FTD/ALS

Another way to target the HRE in C9ORF72 is
via a small molecule approach, which would
have the advantage of being delivered orally as a
pill. A particular small molecule, known as an
RNase recruiting chimera (RIBOTAC), was
engineered to eliminate (G4C2)n through the
use of a heterobifunctional compound that
selectively binds the target with one end and
depletes it with the other end by activating
ribonuclease L that can cleave RNA when it is in
close proximity [126]. This approach decreased
the abundance of (G4C2)n in vitro by being
selective for the very thermodynamically
stable hairpin RNA structures. After being
delivered intracerebroventricularly in mice, the
RIBOTAC displayed prolonged activity and
decreased pathological aggregates in the cortex.

An additional small molecule approach used
a nuclear RNA exosome to degrade RNA and was
designed to be a blood–brain penetrant [127].
This RNA-targeted small molecule is selective in
induced pluripotent stem cells and bioactive in
multiple mouse models of C9ORF72-FTD/ALS
upon delivery by injection. Multiple

mechanisms are available to affect the decay of
(G4C2)n in cells and mouse models, and dual-
functioning compounds can affect the RNA in
both the nucleus and cytoplasm.

Small molecules can affect RNA biology in
many ways, including affecting the degradation
of RNA. Known drug collections can be used to
find ligands that bind RNA and that can be
optimized, including being designed to be brain
penetrant.

CLINICAL TRIAL DESIGN
FOR C9ORF72-FTD/ALS

Experiences from Alzheimer’s disease (AD) and
spinal muscular atrophy suggest that treating
FTD and ALS will be most successful if treat-
ment is initiated early—ideally in pre-symp-
tomatic stages. Such a prevention approach has
been implemented in the DIAN-TU AD trial
[128]. However, unlike AD, in FTD, little is
known about the progression of biomarker and
clinical changes that could be used to determine
the criteria for enrollment or to identify the best
clinical trial endpoints at different disease
stages. Similar difficulties are found in ALS. The
onset of genetic FTD or ALS, particularly for
C9ORF72-associated FTD and ALS, is difficult to
predict [8]. Further, the number of eligible
patients, especially for C9ORF72-FTD, is lim-
ited, so it is challenging to power trials for
efficacy.

Clinical Trials for C9ORF72—Current
Landscape and Hopes for the Future

Current clinical trials for C9ORF72 ALS include
both trials that enroll gene-targeted and gene-
enriched clinical cohorts of patients affected by
C9ORF72, respectively (Table 3) [129]. As high-
lighted above, the gene-targeted trials are
focused on using ASOs to reduce the repeat-
containing toxic RNA transcripts and DPR,
while RNAi using AAV vectors for degrading the
C9ORF72 repeat-containing RNAs is in pre-
clinical development [129]. A recently halted
trial of the ASO known as WVE-004 was selec-
tive against the RNA V1 and V3 repeat-
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containing transcript variants [129]. The dis-
continued trial of the ASO known as BIIB078 in
adults with C9ORF72-associated ALS showed
reduced concentrations of DPRs (poly[GP] and
poly[GA]) in CSF, indicating target engagement,
but results showed increased concentrations of
CSF NfL compared with concentrations in the
placebo group and poorer trends in measures of
clinical functional outcomes [129]. Cohorts of
patients with C9ORF72-ALS have been the focus
of trials targeting downstream pathways of
autophagy or neuroinflammation via drugs
such as the oral PIKFYVE inhibitor apilimod
(LAM-002a, also known as AIT-101) [69], the
LINE-1 retrotransposon inhibitor TPN-101
[129], and metformin [129].

Currently, nearly all C9ORF72 ALS clinical
trials are in phase 1 or 2a testing, and there are
no late-phase clinical efficacy trials yet. As more
C9ORF72-targeted experimental compounds
move into later phases of clinical trials, it is
critical to develop innovative clinical trial
designs that efficiently utilize the relatively
small and available pool of C9ORF72-FTD and -
ALS trial participants for all phases of clinical
trial testing and for all concurrently available
experimental therapies. This could be achieved
by more innovative and efficient early clinical
phase trial designs that have small sample sizes
and short treatment durations yet are ade-
quately powered for biomarker-driven primary
outcomes and enriched by trial cohorts of
clinically homogenous individuals with early
FTD and ALS. Such trials could aid in efficient
screening of experimental compounds and
assist in making sound go/no-go decisions
based on in vivo human biological efficacy, CNS
target engagement, pharmacokinetic signals,
and safety signals. Subsequently, successful
compounds could be brought forward for late-
phase testing in large, traditional, randomized,
placebo-controlled, clinical efficacy trials.

Preparing for FTD/ALS Prevention Trials

We have already entered an era of ALS preven-
tion trials with the initiation of the ATLAS study
in the SOD1-ALS population [130]. This trial
builds on the observation that a pre-

symptomatic rise in NfL predicts imminent
phenoconversion to clinically manifest ALS, at
least in a subset of people with highly penetrant
SOD1 mutations associated with rapidly pro-
gressive disease [80]. While additional
biomarkers will be needed to empower similar
disease prevention trials among pre-symp-
tomatic C9ORF72 mutation carriers, the ATLAS
study has forged a path that will shed important
light on future FTD/ALS prevention trials.

The FTD Prevention Initiative (www.thefpi.
org) seeks to bring together global FTD cohorts
to prepare for clinical trials. The majority (ap-
prox. 80%) of C9ORF72 mutation carriers in
this worldwide network of approximately 1000
mutation carriers do not meet diagnostic crite-
ria for ALS or motor neuron disease (MND),
suggesting that ALS may not be the most com-
mon phenotype for C9ORF72 mutation carriers.
Some individuals meet diagnostic criteria for a
FTD subtype, while others have intermediate
FTD-ALS phenotype and may not fully meet
either diagnostic criterion. The approach to
modeling disease progression jointly includes
both clinical endpoints and biomarkers, deter-
mines latent ‘‘disease age’’ as the years to/since
clinical onset, and uses Bayesian priors derived
from estimates of years since onset based on
clinician report of symptoms or age relative to
the mutation’s mean for pre-symptomatic
patients; the controls use disease age, which is
based on the mutation that their family carries,
such as C9ORF72, GRN, or MAPT [84]. The
baseline sample population included 796
patients who are carriers of genes for FTD: 347
carriers of C9ORF72, 281 carriers of GRN, and
168 carriers of MAPT. MRI-measured NfL chain
and brain atrophy were observed to diverge
20–30 years before the disease had clinical
impact on carriers of C9ORF72, and the
dynamics differ between the genetic groups.
Disease progression and selection of endpoints
are specific to the mutation that carriers have.

Prevention trials may require informative
biomarkers to serve as surrogate endpoints,
whereas clinical endpoints are sufficient for
trials of treatments in fully symptomatic indi-
viduals. Whether someone will develop ALS,
FTD, a movement disorder, or some mixed
phenotype because of a C9ORF72 expansion is
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currently not predictable. Therefore, prevention
trials that begin treatment prior to symptom
onset will need to consider the potential
development of multiple C9ORF72 phenotypes.

The sample size of a prevention trial can be
reduced by using disease age as an inclusion
criterion. Clinical trial power may be further
increased by Bayesian efficacy analyses and
model-derived endpoints, which may be nec-
essary for addressing rare mutations such as
MAPT and GRN.

Summary of the Working Group
Discussions on C9ORF72 Therapeutics
and Clinical Trial Design

The highlights of the C9ORF72 Therapeutics
and Clinical Trials working group are summa-
rized in Table 4.

CONCLUSION

Families who live with C9ORF72 typically
understand all too well that ALS and FTD exist
on a spectrum. Genetic carriers are at risk of
developing ALS, FTD, or a combination thereof,
with no ability at this time to predict which
disease may emerge in which person. Basic sci-
entists working on C9ORF72 recognize that
their research has equal applicability to both
ALS and FTD, with little ability—to date—to
identify which laboratory models are relevant to
which clinical disease. However, medical care
and clinical research are often siloed with ALS
and FTD patients seen by different clinical care
centers with distinct training.

Working in silos has helped clinics to
develop the specialization needed to tend to
each of these highly complex diseases. How-
ever, the full spectrum of symptoms can go
unrecognized, something that can be particu-
larly painful to families dealing with unrecog-
nized behavioral FTD symptoms in loved ones
with ALS, and vice versa.

The clinical research silos of FTD versus ALS
also create a number of specific problems. Both
fields are actively working to detect the earliest
manifestation of clinical disease in genetic car-
riers, a critical step to design clinical trials to test
the ability of disease-modifying therapies that
might protect against the development of dis-
ease. Collaboration across the two fields of
expertise is critical—including an awareness of

Table 4 Summary of C9ORF72 Therapeutics and Clin-
ical Trials working group discussion

C9ORF72 Therapeutics and Clinical Trials working
group

1. Develop trials targeting pre-symptomatic gene

mutation carriers. Determine which C9ORF72
carriers are most likely to develop disease based on

identification of risk/susceptibility biomarkers, given

that penetrance is incomplete for the mutation.

Determine which carriers will develop which

syndrome

2. Develop basket or platform trials that include both

ALS and FTD patients and that share a placebo

group

3. Develop trials powered for changes in neurofilament

but pair the neurofilament measurements with other

measures specific to C9ORF72 if possible. While

neurofilament is reasonably likely to predict clinical

benefits, it is not a validated surrogate endpoint

4. Focus on C9ORF72 modulation first because the

cause is known. Therapeutics that resolve both sense

and antisense foci, while preserving C9ORF72 levels

and normal function, are desirable

5. Develop and validate tools, including smartphone/

watch apps, to track cognitive dysfunction by

measuring digital endpoints, and use at-home patient

measurements to get more dynamic readouts

6. Consider patient concerns regarding the existential

threat that carrying C9ORF72 poses, as well as

potential data privacy fears. Patients who are

C9ORF72 carriers and still asymptomatic or pre-

symptomatic have risks to their health insurance due

to their C9ORF72 status

7. Incentivize investments in these rare disease spaces

through offering market exclusivity and patent

extensions
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the respective bodies of literature in the two
fields—with a willingness of researchers to learn
from each other. This is especially important
given that it is not currently known which dis-
ease will emerge in these genetic carriers.
Sponsors seeking to test the effectiveness of a
given treatment for C9ORF72 or shared causes
of FTD/ALS must usually select one or the other
condition. Two phase 2 basket trials are under-
way in 2023 for C9ORF72 FTD and C9ORF72
ALS, but the lack of a unified outcome measure
of efficacy means that one or the other condi-
tion must be selected for phase 3 trials.
Biorepositories are often built for either ALS or
FTD, with different core data elements, tissue
processing protocols, and participant profiles,
and those differences challenge the ability to
leverage resources in rare diseases where every
sample and every data point are of critical
importance.

The ALS and FTD communities can work
together to understand genetics, pathophysiol-
ogy, and disease progression. Families who carry
C9ORF72 require holistic support. Specific tools
may help to overcome these challenges; these
include: (1) the development and use of tools to
promote linkage and collaboration of care and
research resources across ALS and FTD, such as
minimal dataset or usage of the same tok-
enization tools; (2) collaboration on the inclu-
sion criteria and outcome measures for
prodromal prevention clinical trials in genetic
carriers at risk of ALS and FTD; (3) increased
collaboration across FTD and ALS in the support
of families and individuals at risk of disease; and
(4) development of training and communica-
tion resources to make it easier for ALS clinics
and families to understand and support FTD-
related symptoms.
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