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ABSTRACT

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two clinically distinct classes
of neurodegenerative disorders. Yet, they share a range of genetic, cellular, and molecular features.
Hexanucleotide repeat expansions (HREs) in the C90orf72 gene and the accumulation of toxic protein
aggregates in the nervous systems of the affected individuals are among such common features.
Though the mechanisms by which HREs cause toxicity is not clear, the toxic gain of function due to
transcribed HRE RNA or dipeptide repeat proteins (DPRs) produced by repeat-associated non-AUG
translation together with a reduction in C90orf72 expression are proposed as the contributing factors
for disease pathogenesis in ALS and FTD. In addition, several recent studies point toward alterations in
protein homeostasis as one of the root causes of the disease pathogenesis. In this review, we discuss the
effects of the C9orf72 HRE in the autophagy-lysosome pathway based on various recent findings. We
suggest that dysfunction of the autophagy-lysosome pathway synergizes with toxicity from C9orf72
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repeat RNA and DPRs to drive disease pathogenesis.

Abbreviation: ALP: autophagy-lysosome pathway; ALS: amyotrophic lateral sclerosis; AMPK: AMP-
activated protein kinase; ATG: autophagy-related; ASO: antisense oligonucleotide; C9orf72: C9orf72-
SMCR8 complex subunit; DENN: differentially expressed in normal and neoplastic cells; DPR: dipeptide
repeat protein; EIF2A/elF2a: eukaryotic translation initiation factor 2A; ER: endoplasmic reticulum; FTD:
frontotemporal dementia; GAP: GTPase-activating protein; GEF: guanine nucleotide exchange factor;
HRE: hexanucleotide repeat expansion; iPSC: induced pluripotent stem cell; ISR: integrated stress
response; M6PR: mannose-6-phosphate receptor, cation dependent; MAP1LC3/LC3: microtubule asso-
ciated protein 1 light chain 3; MN: motor neuron; MTORC1: mechanistic target of rapamycin kinase
complex 1; ND: neurodegenerative disorder; RAN: repeat-associated non-ATG; RB1CC1/FIP200: RB1
inducible coiled-coil 1; SLC66A1/PQLC2: solute carrier family 66 member 1; SMCR8: SMCR8-C90rf72
complex subunit; SQSTM1/p62: sequestosome 1; STX17: syntaxin 17; TARDBP/TDP-43: TAR DNA binding
protein; TBK1: TANK binding kinase 1; TFEB: transcription factor EB; ULK1: unc-51 like autophagy
activating kinase 1; UPS: ubiquitin-proteasome system; WDR41: WD repeat domain 41.

Introduction aggregates. In the current review, we aim to zoom in on
a frequent genetic cause of ALS and FID caused by hexanu-
cleotide repeat expansions (HRE; [G4C2]n) in the C9orf72
gene and review the dysfunctions in the autophagy-lysosome
pathway (ALP) that were recently discovered in various

C9orf72-ALS and FTD disease models.

The impact of neurodegenerative disorders (NDs), including
Alzheimer disease (AD), frontotemporal dementia (FTD),
Parkinson disease (PD), Huntington disease (HD), and amyo-
trophic lateral sclerosis (ALS) on our societies is increasing.
The disease mechanisms associated with NDs are complex
and are only partially understood. As a result, no cure exists
for these conditions. Though clinically distinct, NDs do share
several common cellular and molecular features. Among such

Defective protein homeostasis: Leading the way to
protein aggregation and neurodegeneration?

commonalities is the loss of specific neurons in neuronal
networks, along with the accumulation of misfolded proteins
and toxic aggregates. Such protein inclusions may originate in
distinct regions, but they tend to spread across the central and
peripheral nervous systems. Recent findings in several of these
NDs point toward alterations in protein homeostasis as a root
cause. Impairments in proteostasis results in the accumulation
of misfolded proteins and the formation of insoluble protein

Protein misfolding leading to the formation of inter- or intra-
cellular protein accumulations in neuronal and glial cells is
a hallmark for NDs [1]. For this reason, NDs are also known
as proteinopathies [2,3]. The difference in the aggregating
proteins in each ND could account for the selective vulner-
ability of neuronal subtypes in the different disorders. Aging,
the first and primary risk factor in all NDs, is inevitably
correlated with a decline in cellular protein quality control
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systems and a concomitant accumulation of insoluble protein
species [4]. Next, neurons, the primary affected cell type in
NDs, are incredibly long, polarized, highly differentiated cells
and are susceptible to the age-related disturbance in protein
homeostasis. In addition, neurons are mature non-dividing
cells, and unlike epithelial cells, cannot use cell division to
dilute pathological protein aggregates and damaged organelles
[4]. Besides the general consensus on toxicity of protein
aggregates, it is also hypothesized that soluble forms of the
mutated or aggregating protein block the proteasome, seques-
ter part(s) of proteostasis machinery and/or cause direct toxi-
city to sensitive organelles [5-7]. The concentration of
potentially toxic protein species into larger aggregates might,
in fact, even protect the cell from these harmful effects and
facilitate their clearance by aggrephagy (a selective form of
autophagy) [7,8]. However, all this boils down to the ever-
lasting chicken-and-egg question of whether these protein
aggregates are a cause or rather the consequence of
neurodegeneration.

Amyotrophic lateral sclerosis and Frontotemporal
dementia

Amyotrophic lateral sclerosis is an ND characterized by the
degeneration of motor neurons located in the motor cortex,
the brainstem motor nuclei, and the spinal cord leading to
muscle paralysis and atrophy [9-13]. The disease onset is
typically late midlife, but survival is often limited to
2-5 years after onset due to the rapid disease progression
leading to respiratory failure [14]. Although the disease pre-
valence is low (10-12 cases per 100 000 individuals), the
cumulative lifetime risk of developing ALS is quite high, 1
in 400 [15,16]. Currently, there is no cure for ALS, and the
two available FDA-approved drugs (riluzole and edaravone)
have only a marginal impact on survival or disease progres-
sion [17,18]. About 10% of all ALS cases have a familial form
of the disease (fALS), while the remaining 90% report no
affected family members are classified as sporadic (SALS).
More than 20 genes have been associated with ALS [19].
The most commonly mutated genes are C9orf72 (C9orf72-
SMCR8 complex subunit), SODI (superoxide dismutase 1),
TARDBP/TDP-43 (TAR DNA binding protein), FUS (FUS
RNA binding protein), responsible for 30-60%, 20%, ~6%
and ~5% of fALS, respectively [10,20].

Frontotemporal dementia (FTD) is an ND characterized by
a range of behavioral and language deficits. With an estimated
lifetime risk of 1 in 742, FTD is the second most common
form of dementia in adults under 60 years of age [21]. The
disease typically strikes in late middle age with equal fre-
quency in both sexes and is caused by degeneration of frontal
and/or anterior temporal lobes of the brain. The clinical
presentation of FTD is diverse. Most patients present with
behavioral problems and neuropsychiatric symptoms, while
some patients present with language dysfunctions. In about
half of FTD patients, the disease runs in their family. In
others, the disease is likely caused by the interplay between
genetic and environmental factors. At present, three genes (A)
MAPT/Tau (microtubule associated protein tau), (B) GRN
(granulin precursor), and (C) C9orf72 mutations with
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GGGGCC repeat expansion in the non-coding region are
reported as the most common causes of FID [22]. At the
neuropathological level, protein aggregates containing either
MAPT, TARDBP, or FUS are observed in the neurons of FTD
patients [21-23]. Although our knowledge of the disease-
causing genes and proteins has dramatically improved, many
aspects of the disease mechanisms remain unclear, hampering
successful therapy developments. Therefore, there is currently
no effective treatment for FID.

ALS and FTD represent two extremes of a disease spec-
trum, with different intermediate phenotypes, but still, several
commonalities between the two diseases exist [24,25]. At the
genetic level, C9orf72 mutations are the most common genetic
cause of ALS, FTD, and ALS-FTD. Strikingly, several of the
other ALS and FTD-causing mutations largely overlap and
cluster in endolysosomal pathways. This includes VCP (valo-
sin containing protein), CHMP2B (charged multivesicular
body protein 2B), SQSTM1/p62 (sequestosome 1), TBKI
(TANK binding kinase 1), UBQLN2 (ubiquilin 2), OPTN
(optineurin), and CCNF (cyclin F) [10,25,26]. Besides, few
other risk factors, such as TMEM106B (transmembrane pro-
tein 106B) involved in the endo-lysosomal system, have been
identified [14]. At the neuropathological level, the presence of
TARDBP inclusions in 97% of patients with ALS and about
50% of patients with FTD also links these two NDs [14,23,24].
In addition, the TARDBP inclusions also stain positive for
SQSTM1 [27,28], an autophagy receptor protein that gets
degraded during the autophagic process. The accumulation
of SQSTM1 is an indicator of defective autophagy [29]. The
hypothesis that reduced clearance of misfolded TARDBP is
underlying the TARDBP proteinopathy in ALS and FID is
emerging [14,24]. Interestingly, the majority of patients with
ALS or FTD and TARDBP pathology have no mutations in
TARDBP [9]. TARDBP homeostasis is regulated by different
proteostasis pathways, including the autophagy pathway.
Hence, reduced autophagy is an attractive hypothesis for the
accumulation of insoluble TARDBP in ALS-FTD [30,31].
How the cytoplasmatic inclusions composed of TARDBP are
formed and how they lead to the degeneration of motor
neurons is not known. Whether these inclusions are merely
a terminal hallmark of the disease or rather an important
aspect of the degenerative process remains to be clarified. As
several genes involved in the endolysosomal pathway can
cause ALS-FTD, the evidence for a causal role of autophagy
defects in ALS-FTID is accumulating [32].

C90rf72 hexanucleotide repeat expansions

In 2011, HREs in the 5’ non-coding sequence of the C9orf72
gene was identified as the most common inherited cause of
ALS, FTD, and ALS-FTD [33,34]. Healthy individuals carry 2
to 30 hexanucleotide repeats, while ALS-FTD patients typi-
cally have over 100s, and repeat lengths of more than 1000 are
not exceptional [35]. The exact cutoff for pathogenicity is not
known, as repeats in the range of even 30-50 are reported in
ALS patients [36].

The pathogenic mechanisms by which repeat expansions in
the C9orf72 gene are causing ALS are not fully understood.
Three distinct but not mutually exclusive disease mechanisms
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have been proposed [10,37,38]: 1) Haploinsufficiency of the
C90rf72 gene [38,39], 2) Sequestration of RNA-binding pro-
teins (RNPs) by RNA foci containing the C9orf72 HRE RNA
[34,38,40] and 3) Repeat-associated non-AUG (RAN) transla-
tion of the HRE resulting in dipeptide repeat proteins (DPRs)
[40,41]. While the latter two mechanisms propose toxic gain-
of-function pathogenic mechanisms in C9orf72 ALS-FID, the
first mechanism opts for a loss-of-function hypothesis, with
reduced function of the C9orf72 protein. Although little is
known about the physiological functions of C9orf72, it has
been implicated in autophagy.

Overview of the autophagy process

Autophagy is an intracellular lysosome-dependent degradative
mechanism that plays a crucial role in maintaining cellular
homeostasis [42]. While autophagy was first discovered as
a protective pathway activated under starvation conditions,
the recent discovery of selective autophagy in nutrient-rich
conditions has redefined the definition of autophagy [43].
Three primary types of autophagy have been identified so
far in mammalian cells, each of which differs based on the
delivery mechanisms of their substrate to the lysosome:
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macroautophagy (from here on referred to as “autophagy”)
(Figure 1), chaperone-mediated autophagy (CMA) and micro-
autophagy [42,44]. The canonical activation route of autopha-
gy is initiated by a protein complex centered around ULK1
(unc-51 like autophagy activating kinase 1) [44]. Two major
cellular energy/nutrient-sensing proteins regulate the ULK1
protein complex: the MTOR (mechanistic target of rapamycin
kinase) complex 1 (MTORC1) kinase and the AMP-activated
protein kinase (AMPK). Under starvation or stress conditions,
the kinase activity of MTORCI is inhibited, resulting in the
dephosphorylation and activation of the ULK1 complex.
ULK1 subsequently phosphorylates the class III phosphatidy-
linositol 3-kinase (PtdIns3K) complex and recruits intracellu-
lar membranous domains (e.g. ER, plasma membrane) giving
rise to the omegasome. The omegasome matures further into
the phagophore, a process orchestrated by several ATG (auto-
phagy-related) proteins. At the same time, MAP1LC3/LC3
(microtubule associated protein 1 light chain 3) gets conju-
gated with phosphatidylethanolamine (PE), allowing it to be
recruited to the phagophore. The phagophore sequesters the
cytoplasmic cargoes and closes upon itself, forming the autop-
hagosome [44]. The sequestration of cytoplasmic components
can be either selective or nonselective. Selective autophagy
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Figure 1. Overview of the autophagy pathway. (1) Bioenergetic stress caused by limited nutrient availability relieves the ULK1 complex from MTORC1 inhibition and
activates the ULK1 complex through AMPK. (2) Upon initiation, the ULK1 complex translocates to omegasomes where it activates PtdIns 3-kinase complex to produce
PtdIns3P and aided by the ATG12-ATG5-ATG16L1-containing complex matures to form a phagophore. (3) Expansion of the phagophore coincides with the cargo
recruitment (such as aggregates, organelles) by autophagy receptors, after which the phagophore closes to form an autophagosome. (4) Retrograde trafficking of the
autophagosomes facilitates their fusion with late endosomes/lysosomes converting them to autolysosomes. (5) These autolysosomes contain acid hydrolases that
degrade their contents. (6) Finally, permeases present in the autolysosomal membrane mediate the diffusion of nutrients to the cytoplasm where they are re-utilized
during anabolic cellular activities. Abbreviations: AMBRA1: autophagy and beclin 1 regulator 1; AMPK: AMP-activated protein kinase; ATG: autophagy-related; BECN1:
beclin 1; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MTORC1: mechanistic target of rapamycin kinase complex 1; NRBF2: nuclear receptor binding
factor 2; PtdIns3K: phosphatidylinositol 3-kinase catalytic subunit type 3; RB1CC1/FIP200: RB1 inducible coiled-coil 1; ULK1: unc-51 like autophagy activating kinase 1.



uses autophagy receptors such as SQSTM1 and OPTN to
deliver specific proteins/organelles to the phagophores
(reviewed in [45,46]). Once autophagosomes are formed,
they continue to mature by fusion with early and/or late
endosomes, after which they eventually fuse with lysosomes
forming the autolysosome [44,47,48]. Finally, cargo inside the
autolysosome gets degraded, and resulting metabolites are re-
utilized during anabolic cellular activities [44,49]. In the case
of microautophagy, the membrane of lysosome invaginates to
enwrap cytoplasmic components and transport it to the
lumen for degradation [44,50]. CMA wuses the HSPAS8/
HSC70 chaperone to recognize a KFERQ-consensus sequence
and deliver it to the LAMP2A complex at the lysosome. This
complex oligomerizes and forms a channel in the lysosomal
membrane that unfolds and translocates the protein into the
lysosome [44,50]. Alongside the ALP, the ubiquitin-
proteasome system (UPS) helps to maintain cellular home-
ostasis. In brief, the UPS uses ubiquitin ligases to add ubiqui-
tin-tags to damaged or unfolded proteins, thereby earmarking
them for degradation by the proteasome. Though perceived as
independent processes, a balanced connection between the
ubiquitin-proteasome system and autophagy exists. The use
of ubiquitination as a recognition signal implies a close con-
nection between both pathways. In fact, the UPS mainly clears
misfolded proteins and small protein oligomers, while auto-
phagy is crucial for the degradation of larger protein aggre-
gates from the cell [51].

Mutations in key components of the autophagic pathway
cause or enhance the risk for several human diseases, includ-
ing severe congenital brain disorders (reviewed in [52]), sys-
temic lupus erythematosus, asthma, Crohn’s disease, cancer,
and NDs [53,54]. Not surprisingly, dysregulation of different
stages (initiation, maturation, and lysosomal degradation) of
the autophagic pathway is found in nearly all NDs [3,55].
Finally, accumulations of autophagosomes are found in the
cytoplasm of motor neurons (MNs) from both familial and
sporadic ALS patients [56]. These studies underscore the
potential of a causal link between dysfunction of autophagic
pathways and the development of ALS-FTD.

Dysfunction of autophagy at different levels in
C90rf72 ALS-FTD

Due to the distinct transcription initiation sites on the
C9orf72 gene, three variants (V1, V2, and V3) are transcribed
[57]. While V1 and V3 both contain the HRE in their first
intron, V2 contains the expansion in its promoter region [57].
One of the proposed mechanisms by which C9orf72 muta-
tions cause ALS is reduced expression of the C90rf72 protein.
Multiple studies have endorsed this mechanism and have
shown a reduction of C9orf72 transcript levels in both patient
iPSC-derived MNs and postmortem brain samples [39,58-65].
Intriguingly, some studies fail to recapitulate these reduced
transcript levels [62,66]. The overall observed decrease in
C9orf72 transcript levels is mainly due to decreased levels of
the V2 transcript variant, probably due to the presence of the
HRE in the promoter region of V2 [34,57,61]. Though the
mechanism by which the HRE reduces C9orf72 expression is
not clear, several factors such as methylation status and

AUTOPHAGY (&) 3309

reduced binding of transcription factors have been suggested
[60,63,68,69]. At the protein level, a relatively small and
highly variable (10-75%) decrease of C9orf72 protein levels
is noted in postmortem tissue, while C9orf72 levels were
mostly unaltered in patient iPSC-derived MNs [33,70].
Therefore, evidence of C9orf72 haploinsufficiency remains
incomplete. Further research with the use of recent methods
to dissect specific (neuronal) populations from larger (brain)
regions and more specific C9orf72 antibodies is needed [71].

Multiple studies have reported two isoforms of the C9orf72
protein: transcripts V2 and V3 encode for a longer isoform of
~50 kDa (C9-L), and translation of transcript V1 result in
a smaller one of ~25 kDa (C9-S) [33,34,72]. The C9-S isoform
has been localized to the nuclear membrane, and recent find-
ings reveal the protein to have a function in nucleocytoplas-
mic transport [72]. The C9-L isoform, on the other hand, is
localized at endosomes under basal conditions, and upon
cellular starvation, the protein translocates to the lysosome
[73]. The C9-L isoform is predicted to contain a DENN
(differentially expressed in normal and neoplasia) domain
[74]. DENN-domain containing proteins are best known for
their function as GEFs (guanine nucleotide exchange factors)
for RAB GTPases, small regulators of vesicular trafficking in
eukaryotes [74-76]. Indeed, numerous recent studies identi-
fied a protein complex consisting of C9orf72, SMCRS
(SMCR8-C90rf72 complex subunit; another DENN-domain
containing protein), and WDR41 (WD repeat domain 41)
that interacts with a variety of RAB proteins, including
RAB1A, RAB3, RAB5, RAB7, RABS, RABI10, RABII,
RABI13, RAB15, RAB29 and RAB39B [29,65,77-85]. Hence,
by activating RAB GTPases, C9orf72 is implicated in the
regulation of endosomal trafficking events, including auto-
phagy. Also, a proteomic study of the interactome of HA-
tagged C9orf72 found several regulators of actin dynamics
interacting with C9orf72, explaining the possible defects in
axonal outgrowth and growth cones [86]. Two recent studies
using cryo-EM revealed the monomeric and dimeric structure
of C9orf72-SMCR8-WDR41 complex and showed that the
WDRA41 subunit bound exclusively to the DENN domain of
SMCRS. Interestingly, while both groups attribute a GTPase-
activating protein (GAP) function to the complex, the dimeric
heterotrimer assembly was characterized as a GAP for RABSA
and RABI1A. In contrast, the monomeric heterotrimer was
found to function as a GAP for the ARF family of small
GTPases [77,87].

Neurons rely on the proper functioning of the ALP for
their survival. Therefore, it is not surprising that dysfunctions
in the ALP are implicated in NDs [44,88,89] and that ablation
of core autophagy genes leads to progressive neurodegenera-
tion [90,91]. In the following sections, we will focus on the
different stages of autophagy and discuss what is known about
the detrimental effects of C9orf72 mutations (Figure 2).

Autophagy initiation

The initiation of autophagy is a highly complex process that
involves input from many different proteins and protein com-
plexes (see section 2). While omegasome formation initially
takes place on the ER membrane, input from multiple cellular
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Figure 2. Overview of dysregulations in the autophagy-lysosome pathway in C9orf72 ALS-FTD. Reduced C9orf72 protein levels and toxic DPRs impact the ALP at
multiple levels. Autophagy-related processes that are affected in C9orf72 ALS-FTD are indicated in red while cellular hallmarks are depicted in orange. Abbreviations:
DPR: dipeptide repeat protein; M6PR: mannose-6-phosphate receptor, cation dependent; MTORC1: mechanistic target of rapamycin kinase complex 1; RRAG: Ras
related GTP binding; RAN: repeat-associated non-AUG; SLC66A1/PQLC2: solute carrier family 66 member 1; SMCR8SMCR8-C90rf72 complex subunit; TARDBP/TDP-43:
TAR DNA binding protein; TBK1: TANK binding kinase 1; TFEB: transcription factor EB; ULK1: unc-51 like autophagy activating kinase 1; WDR41: WD repeat domain 41.

components is required for phagophore growth. The delivery
of these proteins/lipids hence requires proper functioning of
the vesicular transport machinery [92]. Defects in the initia-
tion of autophagy may thus be due to impairment of upstream
autophagy induction mechanisms (e.g., ULK1 or MTORCI1-
driven), a failure of vesicular transport, or a combination of
both. Intriguingly, the connection between autophagy and
neurodegeneration is emphasized by knockout studies on
Rblccl/Fip200, Atg5, or Atg7 genes in mouse models.
Knocking out these genes from the central nervous system

causes neurodegeneration, axonal dystrophy, and the presence
of protein aggregates that stain positive for ubiquitin and
SQSTM1 [90,91,93].

Several studies have put forth an adverse effect of C9orf72
downregulation on autophagy initiation [29,39,65,79-82,94-99].
There is, however, no consensus on the role of C9orf72 in the
initials steps of the autophagic process as several research groups
also reported beneficial effects of C9orf72 knockdown on this
process [73,100,101]. These conflicting results may be explained
by the multifaceted function of the C9orf72 complex in



autophagy. More specifically, C9orf72 does not only interact
with several Rab proteins and key regulators of membrane
trafficking (reviewed in [102]), it is also found to regulate auto-
phagy at multiple levels as discussed below.

C9orf72 forms a complex with SMCR8 and WDR41 and
has GEF activity toward small GTPases. In addition, several
independent studies using in vitro binding assays, immuno-
precipitation and/or proximity ligation assays (PLA) have
identified interactions between C9orf72 complex and the
ULK1 complex [65,80,81,97,103,104]. Recently, this interac-
tion was shown to be directed through the DENN domain of
the long C9orf72 isoform that interacts with ATGI3 (and
SMCRS8). Moreover, SMCRS8 also binds to ATG13 but also
directly to the ULKI1 kinase [105]. Though it was known that
C9orf72 partially localized to lysosomal membrane and nutri-
ent starvation enhances C9orf72 and ULK1 complexes inter-
action [81], the mechanisms behind it were discovered only
recently [105]. SLC66A1/PQLC2 (solute carrier family 66
member 1), a lysosomal amino acid transporter, interacts
with the C90rf72 complex member WDR41, and this associa-
tion is enhanced upon amino acid deprivation [105].
Similarly, under starvation conditions, MTORC1 is inacti-
vated, and its inhibitory effect on ULK1 is lost. Therefore,
the coordinated release of the ULK1 complex by MTORCI1
and the recruitment of the C9orf72 complex to lysosomes by
SLC66A1 (upon starvation) possibly brings the two complexes
together and facilitates their interaction.

The method by which the CY9orf72 complex regulates
ULKI1-dependent autophagy initiation remains debated. The
knockdown of SMCRS8 (but not of its binding partners
C9orf72 or WDR41) causes a 3-fold increase in ULK1 protein
levels due to increased transcription [103]. On the contrary,
a study on c9orf72 knockout neurons revealed defects in the
autophagic pathway, together with reduced ULK1 protein
levels due to post-transcriptional rather than transcriptional
mechanisms [104]. Using a potent ULKI inhibitor, these
researchers recapitulated the autophagy defects and showed
that it could be mediated via reduced BECN1/beclin-1 activity
[104]. Moreover, a study using MEFs reported a reduction in
the inhibitory serine 757 phosphorylation of ULK1 upon
knockdown of C9orf72. Interestingly, the same study also
reported increased serine 757 phosphorylation levels of
ULKI1 following SMRC8 knockdown [81]. Differences in the
cell types used or in the knockdown efficiency could partially
account for the disparities in ULK1 expression and phosphor-
ylation. Besides, knockdown of C9orf72 could also have
unpredictable effects, as the loss of a single member from
the C9orf72 complex could indirectly influence the expression
levels and function of other members [100].

In 2016, the C9orf72 protein complex was implicated in
the early stages of autophagy [65]. Using yeast two-hybrid
screens, in  vitro  binding  studies, and  co-
immunoprecipitation assays, an interaction between
C9orf72 and RABIA (involved in autophagy initiation) was
discovered [65]. The same group also showed that C9or{72
functions as an adaptor between RABIA and the ULKI1
complex, thereby translocating the latter one to specific
sites of autophagosome formation [65]. Unexpectedly,
C9orf72 was identified as a RAB1A effector rather than
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a RABIA GEF as it preferentially interacted with GTP-
RABI1A instead of GDP-RABIA [65].

RAB5A also plays a crucial role in autophagy initiation by
mediating delivery of both the PtdIns3K complex and the
ATG7-ATG5-LC3 lipid conjugation complex to the newly
formed phagophore [44]. Interestingly, ALS2/Alsin, another
GEF involved in ALS-FTD pathogenesis, is a well-
characterized activator of RAB5, underscoring the relevance
of this interaction in the context of ALS and FTD [106]. In
affinity-isolation assays with C9orf72, RAB5 could be
detected. The interaction between RAB5 and C9orf72 has
been confirmed by a high degree of colocalization (60-80%)
of the two proteins in iPSC-derived MNs and human-induced
motor neurons (iMNs) [39,79,94,107]. Using the expression of
an mRFP-GFP-LC3 fluorescent probe in these cells,
a significant reduction in autophagosome numbers was
observed, which could be attributed to impaired autophago-
some formation [39,94,107]. Interestingly, the expression of
constitutively active RAB5A could rescue C9orf72 patient
iMN survival and alleviate autophagosome formation defi-
cits [39].

The C90rf72 complex also regulates proteins upstream of
ULK]1, possibly explaining some of the discrepancies between
C90rf72 as a positive or negative regulator of autophagy. As
mentioned earlier, the C9orf72 complex regulates nutrient
sensing at the lysosome mediated by the WDR41-SLC66A1
interaction [105]. Recently, multiple groups showed
a reduction in MTORCI1 substrate (RPS6KB1/p70S6K) phos-
phorylation in C9orf72 knockdown models. This reduction in
MTORCL1 substrate phosphorylation may contribute to
defects in lysosomal nutrient sensing [73,83,100,101]. In addi-
tion to regulating ULK1 by direct phosphorylation, inhibition
of MTORCI also transcriptionally regulates autophagy by
dephosphorylating transcription factors such as TFEB, TFE3,
and MITF [108]. As a consequence, the transcription factors
translocate to the nucleus and upregulate the transcription
rate of several genes involved in both lysosomal biogenesis
and autophagy regulation [108]. Consistent with reduced
MTORCI1 activity, increased nuclear localization of TFEB,
TFE3, and MITF were reported in C9orf72 loss-of-function
model systems [83,100,101]. These studies also described an
increase in autophagosome and lysosome numbers and
a concomitant enhancement in the autophagic flux.
Recently, the method by which C9orf72 regulates the nutri-
ent-dependent lysosomal localization was discovered [83].
C9orf72 interacts with inactive RRAG GTPases, but not active
RRAG GTPases mediated through its DENN domain.
Moreover, the overexpression of active RRAG GTPases res-
cued the defects in MTORCI activation and localization and
restored the cytoplasmic localization of TFEB. Although this
study did not assess the GEF function of C9orf72, the fact that
C9orf72 only colocalizes with the inactive GTPases supports
that C9orf72 has a GEF function toward these RRAG
GTPases [83].

Taken together, loss of C90rf72 can influence the initia-
tion of autophagy in both a positive and negative manner.
While loss-of-function of C9orf72 seemingly alters MTORC1
signaling, thereby activating the autophagic pathway, espe-
cially in  c9orf72  knockout  models,  C9orf72
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haploinsufficiency negatively affects several vesicular traf-
ficking routes (RAB1A, M6PR, RAB5). It inhibits the initia-
tion of autophagy, and this not only in “artificial” models
that reduce the C90rf72 protein levels but also in models that
use endogenous HRE in C9orf72. Overall, most evidence
points toward the inhibition of the initiation of autophagy
by subtle but synergistic impairment of several vesicular
trafficking events (Figure 2).

Autophagosome maturation and
autophagosome-lysosome fusion

The process of autophagosome maturation involves specific or
nonspecific recruitment of cellular cargoes that are predes-
tined for degradation. The dynein-dynactin motor protein
complex aids this process by mediating the retrograde trans-
port of autophagosomes to the perinuclear region where they
fuse with lysosomes to form autolysosomes [110-112].
Lysosomes derived from the cell soma are delivered to the
distal axonal parts where they can fuse with autophagosomes
[112]. In axons, the retrograde transport of autophagosomes
and the anterograde transport of lysosomes favors early fusion
events between the two [113]. Thus, by the time the autopha-
gosomes reach the soma, they become mature and functional.
Mutations in motor proteins KIF5A (kinesin family member
5A), DCTN (dynactin subunit), and dynein and in VCP and
CHMP2B, two regulators of the autophagosome-lysosome
fusion process, cause ALS and/or FTD underscoring the
importance of these processes in ALS-FTD pathogenesis. At
various stages, several RAB GTPases regulate the fusion pro-
cesses during the journey of autophagosomes from distal ends
to the soma in an axon.

As shown in Figure 2, the C90rf72-SMRC8-WDR41 com-
plex interacts with a variety of Rab proteins. This complex was
discovered to exert autophagy-activating GEF activity toward
both RAB8A and RAB39B [80]. Immunoprecipitation experi-
ments proved that the interaction (and GEF activity) between
the RAB8A-RAB39B-C9o0rf72 complex is almost exclusively
mediated by the SMCRS8 subunit [80]. Two recent cryo-EM
studies confirmed the interaction between the C9orf72 com-
plex and RAB8A, RABI11A and the ARF family of GTPases
[77,87]. However, both studies failed to detect the GEF activ-
ity of the C9orf72 complex raising some doubt about the role
of the complex in vivo [77,87]. Both RAB8A and RAB39B
interact with known ALS-associated proteins such as OPTN,
SQSTM1 and TBKI. These proteins are reported to be
involved in other NDs as well [80,114]. Of note, the RABSA
GTPase was shown to interact with the OPTN receptor pro-
tein, while RAB39B, on the other hand, strongly interacts with
SQSTM1 [80,115]. Defects in the recruitment of SQSTM1 to
autophagy target proteins were recently confirmed in
a cellular model that combined both C9orf72 gain and loss-
of-function [99]. The same study also recapitulated autophagy
defects upon the lowering of TARDBP levels [99].
Interestingly, overexpression of neither C9orf72, its complex
partner SMCRS, nor wild-type or constitutively active RABSA
or RAB39B was able to restore these defects [80]. These
results are in agreement with another study that demonstrated
that loss of TARDBP disrupted autophagic flux at a later step

in the autophagy pathway, namely the fusion of autophago-
somes with lysosomes [116].

The active form of RAB8A can recruit TBK1, a protein
kinase that is highly involved in the regulation of antiviral
innate immunity and autophagy. Intriguingly, genetic ablation
of C9orf72 in rodent models is characterized by immune
phenotypes, including increased expression of inflammatory
cytokines, splenomegaly, neutrophilia, thrombocytopenia, and
severe autoimmunity, providing a possible link between TBK1
and CYorf72 function [117,118]. Although no kinase activity
toward C9orf72 was detected for TBK1, the kinase was able to
phosphorylate SMCR8 [80], ULK1 [80], as well as OPTN and
SQSTM1 [119,120]. The phosphorylation of OPTN and
SQSTM1 enhances their interaction with LC3 and hence
activates autophagic clearance of target proteins [119,120].
This phosphorylation also proves to be important for the
function of SMCRS8 in autophagy as phospho-mimetic
SMCRS, but not phospho-dead SMCR8 mutant overexpres-
sion was able to counteract autophagy defects due to SMCRS8
knockdown [80]. In addition, TBK1 depletion also resulted in
autophagy dysfunction that could be rescued by expression of
phospho-mimetic SMCR8 variant that was specific for TBK1
[80]. The TBKI1 loss-of-function autophagy phenotype could
also be rescued by expression of constitutively active RAB39B,
suggesting a role of TBK1 upstream in the C9orf72-SMCRS8-
RAB39B-RAB8A-SQSTM1-OPTN pathway [80,115]. This
leads to a model where TBK1 and the C9orf72 complex
regulate site-specific autophagy initiation at cellular garbage
hotspots marked by a high concentration of autophagy recep-
tors. Additional evidence for this interplay comes from the
fact that loss-of-function mutations in TBK1 as well as in the
autophagy receptors SQSTM1 and OPTN are well-established
disease genes in the ALS-FTD field [119,121,122].
Furthermore, the clinical presentation of patients with muta-
tions in TBKI or C9orf72 share commonalities as both are
frequently associated with ALS and FTD, and their neuro-
pathology is highly similar [14,24,119,121].

STX17 (syntaxin 17) is a well-characterized SNARE protein
that aids the fusion of autophagosomes and lysosomes. STX17
was recently found to be implicated in the ULK1-dependent
initiation of autophagy [123]. Remarkably, STX17 is also
a TBKI1 substrate and is dependent on this phosphorylation
for its translocation to the autophagy initiation complex [123].
It would be interesting to know if the reduction of C9orf72 or
SMCRS levels affects the phosphorylation or, more likely, the
translocation of STX17. Currently, we can only speculate on
the role of STX17 and other autophagosome-lysosome fusion
proteins in the pathogenesis of ALS-FID. Similarly, autopha-
gy receptors were also found to mediate MYO6 (myosin VI)-
dependent retrograde transport of autophagosomes and
autophagosomes-lysosome fusion, but whether this is dis-
turbed by C9orf72 mutations is not clear [124].

RAB7A and RABI11A play a vital role in the process of
autophagosome maturation [125]. RAB7A is involved in
microtubular transport of autophagosomes, late endosomes,
and it also regulates their fusion with lysosomes [125,126].
RABI11, on the other hand, plays a role in autophagosome
maturation by delivering multivesicular bodies (MVBs) and
forming amphisomes [125,127]. At least two independent



studies using tagged human C9orf72 have confirmed the endo-
genous interaction and colocalization between C9orf72 and
RAB7-RABI11 in neuronal cell lines, iPSC-derived neurons, or
human spinal cord samples [79,80,82]. Knockouts of C9orf72
or RAB7 were able to mimic the defective intracellular traffick-
ing phenotype observed in iPSC-derived motor neurons [82].
Unexpectedly, the C9orf72 complex had a higher affinity for
the active RAB7A protein as compared to the inactive GTPase
as would be expected for a RAB GEF [82]. Therefore, the
C9orf72 complex is thought to function as an effector rather
than a GEF for RAB7A. However, this function is hampered in
C9orf72 ALS-FTD [82]. On the contrary, while a similar vesicle
trafficking phenotype was found in iMNs, the expression of
constitutively active RAB5A, but not of constitutively active
RAB7A could rescue C9orf72 patient iMN survival [39].

Finally, using immunoprecipitation and immunohisto-
chemistry experiments, an interaction was discovered between
C9orf72 and UBQLN2 (ubiquilin-2), an ALS-associated pro-
tein that is known to function as a shuttling factor in protea-
some-mediated protein degradation [79,128,129]. Upon
blockage of the proteasome, a significant increase in the
colocalization of C9orf72 and ubiquilin-2 was noted [79].
Though this confirms the interplay between the ALP and
UPS in proteostasis, the increased colocalization also implies
a dual function for ubiquilin-2 in both UPS and autophagy.
Indeed, complete loss or mutations in the ubiquilin-2 proteins
affect not only the initiation of autophagy by decreasing
MTORCI signaling but also negatively affect lysosomal pH
[130]. In addition, some proteins known to interact with the
C9orf72 complex in the ALP (SQSTM1, OPTN, RABI11) have
been shown to also influence UBQLN2 [131]. Unfortunately,
to date, the exact role of UBQLN?2 in C9orf72 ALS-FTD is not
known, and the consequences of C9orf72 loss-of-function
remain unclear.

Lysosomal function/biogenesis

Indirectly, autophagy could be disturbed by dysfunctional
lysosomes or problems in lysosomal biogenesis. Genetic stu-
dies support a critical role for lysosomal dysfunction in the
pathology of several NDs, including AD (e.g., APP, PSEN1),
PD (e.g., PRKN/Parkin, GBA, TMEM175), ALS, and FID
(e.g., TBK1, GRN, VCP) [132]. In fact, the identification of
mutations in so many different genes involved in ALP as
causes of ALS-FTD or other NDs highlights the importance
of this pathway for neuronal function and survival. This raises
the question if C9orf72 is involved in lysosomal function as
well.

The C9orf72 protein is predominantly localized in the
cytosol. However, some studies found that the protein can
be found residing on endosomes as well, as shown using
colocalization with the RAB5A-endosomal marker protein
[39,72,79,94]. Analysis of lysosomal membranes revealed the
presence of all C9orf72 complex members at the lysosome
[133]. Moreover, the increase in colocalization between
C9orf72 and LAMPI1 (lysosomal associated membrane pro-
tein 1) under starvation condition supports for a function of
C9orf72 at the lysosome [73]. The translocation of C9orf72 to
the lysosomal membrane is mediated by the interaction
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between SLC66A1 (a lysosomal cationic amino acid transpor-
ter) and WDR41 [85,105]. Loss of C9orf72 results in defective
activation of MTORCI and concomitant upregulation of the
ALP [73,83,100,101]. Recently, the mechanisms by which this
takes place were elucidated. C9orf72 interacts with RRAG
GTPases that, in turn, regulate MTORC1 and TFEB localiza-
tion [134]. Upon reduction of C90rf72 levels, RRAG GTPase
levels are reduced, as does the lysosomal localization of
MTORCI and TFEB [134]. This consequently leads to the
increased nuclear localization of TFE3, MITF and TFEB, and
is responsible for ALP activation through enhanced transcrip-
tion of genes involved in both the autophagic process and
general lysosomal biogenesis [73,83,100,101,134]. This is sup-
ported by the increase in lysosome number (or lysosome size,
depending on the study) upon C9orf72 protein reduction seen
in a variety of C9orf72 ALS-FTD models, including c9orf72
knockout mice, fibroblasts, macrophages, and primary neu-
rons, patient iPSC-derived motor neurons and C9orf72
knockdown cell models [73,81,83,97,100,101,135,136].

On the contrary, in macrophages and spinal neurons of
c9orf72 or smcr8 knockout mice [39,137] or in ALS patient
iMNs [39,94,107], a decrease in both endosome and lysosome
numbers is reported. This decrease was due to the reduction
of CYorf72 protein levels, as ASO-mediated reduction of
C9orf72 was able to recapitulate the reduction lysosome num-
bers, and isogenic control iMNs or forced expression of
human C9orf72 protein rescued the endosomal/lysosomal
phenotype [39]. Recently, a biochemical study on C9orf72
function in neuronal N2A cells found no changes in the
number of lysosomes upon shRNA-mediated C9orf72 knock-
down. These data reveal once more that the physiological
consequences of C9orf72 loss are highly complex and depend
not only on the model system or knockdown/knockout
approach used, but could be regulated by other factors as
well (e.g., epigenetic regulation, cell state, nutrient availability,
protein levels of other C9orf72-complex members).

The interplay between CARMI (coactivator associated
arginine methyltransferase 1) and C9orf72 provides an exam-
ple for such an epigenetic regulation. CARMI1 is
a methyltransferase that is involved in epigenetic regulation
of lipid metabolism and the ALP. Under normal conditions,
Liu et al. 2018 found that CARMI interacts with the C9orf72
complex and that this interaction drives the delivery of the
methyltransferase to the lysosome upon nutrient stress [138].
Subsequently, CARM1 gets degraded in the lysosomes and
thus is part of a negative feedback loop that controls ALP
activation during starvation [138]. C9orf72 haploinsufficiency
causes the aberrant accumulation of CARMI, especially dur-
ing nutrient stress [138]. Cytoplasmic accumulation of
CARM1 results in nuclear translocation of the methyltrans-
ferase followed by transcriptional activation of genes involved
in the ALP, concurrent with the transcriptional upregulation
through MTORCI effectors TFE3, MITF and TFEB [138].

Finally, C9orf72 deficiency could impede autophagy due to
impaired acidification of the lysosomes and autolysosomes.
This would not only result in the accumulation of degradative
cellular cargo but also in the buildup of regulatory proteins
together with an increase in lysosomal biogenesis resulting in
the accumulation of dysfunctional lysosomes. However, only
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one study so far reported blockage of lysosomal acidification
in C9orf72 mutant macrophages [137]. In support of a role
for impaired lysosomal pH maintenance in the pathophysiol-
ogy of ALS-FID, a direct interaction between the C9orf72-
interacting protein UBQLN2 and the lysosomal v-ATPase
subunits responsible for the acidification was recently estab-
lished [130]. Furthermore, the enlarged lysosomes found in
some model systems are indicative of the accumulation of
non-degraded proteins and organelles, possibly due to the
combination of enhanced lysosomal biogenesis and dysfunc-
tional lysosomes. Besides, such enlarged autophagosomes are
also repeatedly identified in C9orf72 loss-of-function models.
Several independent groups attributed this deficiency to
alterations in M6PR vesicle trafficking [39,82,139]. These
vesicles originate from the trans-Golgi network and transport
lysosomal proteins (that have M6P-tags) to endosomes during
lysosomal biogenesis [140]. In C9orf72 patient iMNs, fibro-
blasts or C9orf72 knockout iMNs, M6PR was found in densely
packed clusters throughout the cytoplasm, while in control
conditions, these vesicles had a perinuclear distribution
[39,82]. Ultimately, this may negatively influence endosome
maturation, and lysosomal function resulting in a late-stage
block of the ALP characterized by swollen autophagosomes
and decreased lysosome numbers.

1.1 Impaired autophagy drives the accumulation of
TARDBP and DPR proteins, influences stress granule
dynamics and contributes to HRE RNA-related toxicity.

Sense and antisense transcripts originating from the HRE in
C90rf72 can be RAN-translated in different reading frames to
produce poly-GR, poly-GP, poly-GA, poly-PR, and poly-PA
DPRs. Among these, the arginine-containing ones appear to
be the most toxic, although they are less abundantly expressed
in postmortem C9orf72 ALS-FTD patient samples (brain +
spinal cord) and patient iPSC-derived motor neurons [39--
39-42,64,107,142-144]. In patients, poly-GA is more abun-
dant than arginine-containing DPRs, and a recent study
comparing poly-GA- and poly-PR-expressing mice only
revealed a selective neuronal loss in the poly-GA-expressing
mice. This suggests that non-arginine containing DPRs are
also important for C9orf72 ALS-FTD pathogenesis [144].
Using the proteasome inhibitor MG-132, it has been shown
that, with the exception of poly-GP, insoluble DPRs are
degraded by the autophagic system and that this system is
crucial to counteract the accumulation of DPRs in C9orf72
patients [99,145].

Ribonucleoprotein granules (RNPs) are formed by the
association of mRNA and RNA-binding proteins (RBPs)
[146,147]. RNPs can develop into stress granules (SGs) by
means of low complexity domains or aggregation-prone
regions present in these proteins in a complicated process
called liquid-liquid phase separation (LLPS) [146,147].
Recently, defects in SG dynamics have been linked to ALS
and FTD pathophysiology [146,147]. Interestingly, autophagy
proved to be responsible for SG removal and ALP inhibition
led to the persistence of SG [148]. Arginine-rich DPRs (poly-
GR and poly-PR) itself can undergo LLPS to form SGs but can
also interact with RBPs hence influencing the dynamics of SG

assembly and disassembly [149]. Excessive stress granule for-
mation, in turn, activates intracellular integrated stress
response (ISR) and the associated phosphorylation of EIF2A
(eukaryotic translation initiation factor 2a). Besides regulating
ISR progression, p-EIF2A was recently found to activate RAN
translation of DPRs from the C9orf72 HRE by multiple inde-
pendent groups [150,151]. Recently, a feed-forward loop
between SG assembly and RAN translation mediated through
p-EIF2A has been proposed [146,152]. Additionally, the long
C9 isoform itself influences SG formation as overexpression of
C9-L enhances SG assembly, and C9-L knockdown negatively
impacted the assembly of SGs [153]. In the same study, gene
expression analysis revealed a downregulation of some SG-
related proteins suggesting a combined transcriptional and
biochemical regulation of the C9-L isoform on SG formation
[153]. Finally, repeat expansion RNA is able to promote LLPS
and drive SG assembly in vivo in a repeat-length-dependent
manner [153,154].

The correct functioning of the ALP also prevents cytoplas-
mic accumulation and aggregation of TARDBP, the main
hallmark of nearly all ALS cases, and nearly half of FTD
cases [6,49,107,155]. The pharmacological induction of the
ALP in TARDBP ALS models alleviates the pathogenesis
and enhances TARDBP turnover and cell survival
[107,156,157]. Interestingly, aggregation and concomitant
TARDBP loss-of-function further exacerbates autophagy
impairments at multiple levels (reviewed in detail by [49])
[158,159].

However, this does not undermine the loss-of-function
effect in C9orf72 ALS-FTD. The impaired degradation of
DPRs and TARDBP resulting from disruption of the ALP
due to loss of C9orf72 may drive neurodegeneration in the
first place. In the last couple of years, several independent
research groups reported an increase in the accumulation,
aggregation, and toxicity of DPRs upon reduction of
C9orf72 protein levels [39,94,99,107,145]. These effects can
directly be attributed to alterations in the ALP. Intriguingly,
a study that used lactacystin to block UPS-mediated protein
degradation found that the C9orf72 protein itself is degraded
by the proteasome adding another puzzle piece to the com-
plexity of C9orf72 and protein homeostasis [96].

Finally, few studies do support the link between C9orf72
HRE RNA-related toxicity and ALP dysfunctions.
Overexpression of the autophagy receptor protein SQSTM1
alone was enough to attenuate RNA toxicity in a zebrafish
model for C9 ALS-FTD [160]. Moreover, a recent study found
that inhibition of EXOSC10, the catalytic subunit of the RNA
exosome complex that usually degrades HRE-containing
RNA, aggravates C9 ALS-FTD pathology [161]. Expression
of poly-GR and poly-PR proteins were shown to impair the
activity EXOSCI10, thus providing a connection between DPR-
toxicity and HRE RNA-related toxicity [161].

Taken together, toxic gain-of-function pathology due to
DPR proteins, TARDBP, and HRE RNA and loss-of-
function mechanisms caused by C9orf72 haploinsufficiency
could result in a vicious cycle where one mechanism aggra-
vates the other and vice versa. Ultimately this affects the
cellular health status due to the accumulating protein aggre-
gates and the dysregulation of vital cell components (e.g.,
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Figure 3. Synergistic pathogenesis of C9orf72 disease mechanisms. Toxic HRE gain-of-function disease mechanisms (repeat RNA toxicity and DPR production) work
together with C9orf72-mediated autophagy impairment and result in the aggregation of DPR and TARDBP proteins. These DPR inclusions influence a variety of
homeostatic and disease mechanisms, resulting in a vicious feedback cycle. Abbreviations: DPR: dipeptide repeat protein; ISR: integrated stress response; LOF: loss-of-

function; p-EIF2A: phosphorylated eukaryotic translation initiation factor 2A.

mitochondria, proteasome, ribosome), processes (e.g., axonal
and nucleocytoplasmic transport, translation, apoptosis)
(Figure 3) [66,163-166]. This model is consistent with the
result of C9orf72 loss-of-function/knockout mice models
that show immune phenotypes and early mortality but with-
out clear signs of neurodegeneration. In fact, when these mice
were crossed with mice expressing a repeat-containing trans-
gene, autophagy induction upon DPR production was attenu-
ated, and the toxic accumulation of DPRs was accelerated
[59]. Moreover, using a transgene expressing poly-PRs, in
patient-derived iMNs with reduced C9orf72 protein levels,
similar findings were reported [39].

Axonal autophagy: an important player in axonal
transport

Active transport of “cargoes” along the axon of a neuron
(anterograde or retrograde) is a prerequisite for maintaining
neuronal homeostasis and therefore is a tightly regulated
process. Kinesin (anterograde) and dynein (retrograde)
motors are the driving forces of axonal transport [166].
Defects in the transport along axons result in the dysregula-
tion of multiple cellular processes leading to protein aggrega-
tion, ER stress, DNA damage, mitochondrial defects, and the
dysregulation of autophagy (reviewed in [167]). Axonal

transport is an essential mechanism involved in the ALP as
retrograde trafficking of autophagosomes and anterograde
trafficking of lysosomes are both crucial for the maturation
of autophagosomes [167]. Not surprisingly, impairments in
axonal transport are reported in many neurodegenerative
diseases underscoring the importance of this mechanism for
neuronal maintenance [167,168]. Data obtained in presymp-
tomatic rodent and iPSC-derived models of a variety of ALS
subtypes (caused by mutations in TARDBP, FUS, SODI,
DCTN1, and of sporadic ALS) reveals axonal transport defects
as one of the early pathological feature [66,167,170-172]. In
C9orf72 ALS-FTD, disruption of axonal transport of multiple
cargos (mitochondria, RNA granules, lysosomes, and autop-
hagosomes) have been reported in both c90rf72 knockout
mice and patient iPSC-derived neurons [66,172]. SMCRS8
deficiency alone was also able to cause defects in axonal
transport, and the combined loss of SMCR8 and C9orf72 in
a C9 ALS-FTD mouse model exacerbated these defects, sug-
gesting the involvement of the larger C9orf72 complex in
axonal transport regulation [172].

Interestingly, inhibition of retrograde transport in a poly-
GP-expressing cell model of ALS resulted in a reduced aggre-
gation propensity of the DPR in contrast to what would be
expected upon ALP disruption [173]. This is achieved by
a compensatory cellular mechanism that upregulates UPS-
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mediated protein degradation [173]. However, this model
omits proteasome-inhibiting poly-GA DPRs and does only
reflect the early stages of the disease. Over time, disruption
of retrograde autophagosomes trafficking will inevitably lead
to the aggregation of toxic and misfolded proteins. The upre-
gulation of UPS merely functions as a compensatory mechan-
ism for short-term proteotoxic stress. A recent study reported
an inhibitory role of arginine-rich DPRs on microtubule-
based axonal transport in C9orf72 patient iPSC-derived
motor neurons [66]. Treatment of healthy neurons with syn-
thetic arginine-rich DPRs recapitulated these phenotypes and
provided further evidence for a crucial role of toxic-gain-
function mechanisms in the pathology of C9orf72 ALS-FTD.
These arginine-rich DPRs were able to interact with both the
microtubular network and both retrograde and anterograde
molecular motors driving axonal transport [66]. Interestingly,
in postmortem C9orf72 brain samples, KIF5B (kinesin family
member 5B) is found in DPR inclusions, and restoring the
levels of functional kinesin-1 proved to be sufficient to reverse
the axonal transport defects [66]. Moreover, two other kine-
sin-1 isoforms (KIF5A, KIF5C), TUBA/a-tubulin and TUBB/
B-tubulin subunits as well as members of the dynein and
dynactin complexes were co-immunoprecipitated with PRj
aggregates in mouse spinal cord lysate [66]. As mentioned
earlier, this fits into the C9orf72 ALS-FTD model where
arginine-rich DPR proteins impair axonal transport machin-
ery, which, in turn, aggravates DPR pathology due to ALP
impairments and results in a vicious cycle that ultimately
culminates in the loss of the most vulnerable neuronal popu-
lation (Figure 3).

Lastly, nucleocytoplasmic transport defects have been iden-
tified as a major source of pathology in various C9orf72 ALS-
FTD models [163,174,175]. Although no direct relation
between the ALP and nucleocytoplasmic transport dysfunc-
tions has been described so far, possible links between the two
pathologies can be drawn. First, protein stress originating
from DPR expression and aggregation or proteostasis defects
translocates crucial nucleocytoplasmic transport factors to
SGs [176,177]. Second, inhibition of nuclear export might be
a cellular response to counteract ALP dysregulation, as this
can enhance autophagy rates by increased nuclear TFEB
levels [178].

Therapeutic strategies for the treatment of C90rf72
ALS-FTD

Currently, there is no cure for ALS or FTD. There is a high
unmet medical need for effective treatments and novel drug
targets [179]. In this review, we discussed various conse-
quences of C9orf72 mutations on different steps of the ALP.
We now will summarize recent progress in drug discovery for
C9orf72 patients and the different therapeutic strategies for
the treatment of C9orf72 ALS-FTD, focusing on the ALP.

1) Small molecule activators of the autophagic pathway

Activation of autophagic pathway to increase the clearance of
misfolded and aggregated proteins would be a promising strat-
egy to protect the cells from the toxic effects of accumulating

insoluble proteins. However, drugs targeting upstream regula-
tors of the ALP (i.e., MTORC1, AMPK) may elicit detrimental
effects due to the complex intertwinement that exists between
various regulators of autophagy and immune pathways [180].
Overexpression of the autophagy receptor SQSTM1 did not
lead to enhanced autophagic clearances of aggregates but accel-
erated and worsened disease onset in SOD1 ALS mouse models
[181]. In contrast, many studies have reported beneficial effects
of small-molecule autophagy activators (e.g., rapamycin, treha-
lose, lithium carbonate, fluphenazine, methotrimeprazine, ber-
berine, promethazine, colchicine, spermidine, tamoxifen, and
carbamazepine), especially on  TARDBP  pathology
[156,157,182]. An interesting strategy to achieve this is to
increase nuclear TFEB levels by inhibiting its nuclear export
using selective inhibitors of nuclear export (SINEs) [178].
Alternatively, as C90rf72 has a profound role in RAB5 biology,
targeting RAB5 holds promise [39,79,94]. PIKFYVE is a kinase
that catalyzes the conversion of PtdIns3P to PtdIns (3,5)P,,
thereby inhibiting the fusion between autophagosomes and
lysosomes. Inhibition of this kinase by Apilimod or other spe-
cific PIKFYVE kinase inhibitors was found to counteract and
enhance the fusion of lysosomes and autophagosomes, thereby
restoring lysosomal and autophagosomal defects in C9orf72
iMNs [39,94]. An engineered anti-coagulation-deficient form
of activated PROC (protein C, inactivator of coagulation factors
Va and VIIIa; 3 K3A-APC) could also restore autophagosome
formation and increase lysosome numbers in C9orf72 and
a subset of sporadic ALS MNs, and this was confirmed in vivo
[107]. This lowered the DPR burden in iMNs, corrected
TARDBP mislocalization, and enhanced the survival of
C9orf72 and sALS iMNs [107]. The therapeutic effects of
3 K3A-APC were found to be mediated through increased
expression of autophagy-initiating factors that were dependent
on F2R/PARI (coagulation factor II thrombin receptor) signal-
ing. Another independent study found that by overexpressing
HSPB8 (heat shock protein B8), the autophagy-mediated degra-
dation of DPRs was increased [145]. This approach led to an
increase in the turnover rate of both soluble and insoluble
protein species and was able to target misfolded and aggrega-
tion-prone proteins before they form pathological inclusions
[145,183]. Finally, earlier this year, a phase I clinical trial on
L-serine dietary supplementation was completed in ALS
patients [184]. L-serine could exert neuroprotective effects by
upregulating the activity of proteolytic lysosomal enzymes
[185]. A phase Ila clinical trial is currently in its recruitment
phase [NCT03580616].

li) Reverse axonal transport defects

Axonal transport defects are a common feature in NDs and, as
discussed earlier, could have a profound role in the pathogenesis
of C9orf72 ALS-FTD. In AD models, it was shown that the
polyphenol curcumin potently increases autophagy by promoting
the expression of retrograde motor proteins and enhancing their
affinity toward the microtubular network [186]. Moreover, inhi-
bition of HDACS6 (histone deacetylase 6) was shown to increase
TUBA/a-tubulin acetylation and rescue axonal transport defects
in patient-derived MNs harboring mutations in the FUS gene
[169]. As the autophagy pathway is dependent on axonal



transport, strategies that improve axonal transport deficits are
indirectly expected to stimulate autophagy as well (reviewed
in [167]).

lii) Gene therapy to activate the autophagy pathway

Genetic modification of autophagy factors could be a useful
approach to compensate for proteostasis defects in C9orf72
ALS-FTD. For instance, multiple groups have reported the
rescue of observed ALP defects in their respective disease mod-
els by overexpressing the C9orf72 protein [39,65]. Another
example in ALS-FTD disease context is the overexpression
progranulin, which has a neuroprotective effect by enhancing
lysosomal function [188-190]. Progranulin is an evolutionary
conserved secreted glycoprotein that, among other functions,
has a profound role at the lysosome and regulates cell survival,
growth, immune response, and proteostasis (reviewed in [190]).
Haploinsufficiency due to heterozygous loss-of-function muta-
tions in the GRN gene causes lysosomal deficits, leading to FTD
with TARDBP inclusions [191,192]. This suggests that
a shortage of progranulin can cause lysosomal dysfunction
leading to accumulation of insoluble TARDBP, but also that
increasing progranulin levels may stimulate the lysosomal clear-
ance of insoluble proteins. Progranulin has been reported to
function as a chaperone of several lysosomal enzymes, including
CTSD (cathepsin D) and GBA [188]. Progranulin overexpres-
sion could decrease insoluble TARDBP levels and significantly
extend the survival of transgenic TARDBP**"T mice [187].

Iv) Targetting upstream disease causes

Genetic strategies to target the upstream cause of C9orf72 ALS-
FID in patients are a promising approach. Such therapies
would target not only one disease mechanism, such as autopha-
gy defects but also block various cell death pathways that are
activated by pathogenic mutations. Antisense oligonucleotides
(ASOs) are single-stranded DNA molecules that selectively tar-
get and bind mRNA, thereby earmarking it for RNase
H-mediated degradation. It, in turn, prevents the production
of toxic protein species (i.e., DPRs) and RNA-toxicity (i.e., RNA
foci that sequester RNA binding proteins) [194-196]. After
a successful trial in a C9-mouse model in which a C9orf72-
ASO managed to alleviate neurodegenerative symptoms, RNA
foci, and DPR inclusions, a clinical phase I trial of a C9orf72-
ASO therapy is currently taking place [NCT03626012] [196]. As
ASOs do not cross the blood-brain barrier, they must be admi-
nistered directly into the CSF (e.g., by repeated intrathecal
infusions). On the other hand, the use of viral vectors, such as
those based on the adeno-associated virus (AAV) can circum-
vent such drawbacks as they safely integrate into the genome
and stably express silencing sequences with high efficiency.
Recently, two independent groups tested AAV-mediated
expression of C9orf72-targeting micro-RNA sequences (Mir)
in a C9orf72 BAC transgenic mice model. Expression of the
Mir activates the RNA-interference machinery of the cell to
silence the C9orf72 HRE transcript and rescue DPR and RNA-
foci pathology [197,198].

Another avenue that might provide benefit for C9orf72 ALS-
FTD patients is to reduce the production of the toxic DPRs that
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exert multiple modes of toxicity (reviewed [199]). RAN transla-
tion was enhanced upon activation of the cell’s integrated stress
response (ISR). The ISR will lead to the phosphorylation of
EIF2A, thereby reducing overall levels of mRNA translation.
At the same time, ISR-dependent phosphorylation of EIF2A
enhances the efficiency of unconventional RAN translation
[151,200,201]. This again results in a feedforward cycle where
DPRs cause cellular stress that activates the ISR, which upregu-
lates their production [151,200,201]. Drugs that are able to
decrease phosphorylation levels of EIF2AK3/PERK (eukaryotic
translation initiation factor 2 alpha kinase 3), the kinase respon-
sible for EIF2A phosphorylation, or EIF2A itself are promising
drug candidates as they can interrupt this vicious cycle.
Recently, an EIF2AK3/PERK inhibitor and an EIF4E phosphor-
ylation inhibitor were identified as potent modifiers DPR pro-
duction [150]. Lastly, antibody immunization against DPRs
recently emerged as potential therapy since poly-GA antibodies
were able to effectively reduce poly-GA aggregates in a C9orf72
rodent model [201]. However, arginine-containing DPRs are
the most toxic DPR species, and additional experiments are
needed to confirm the feasibility and effectiveness of antibody
immunization in C9orf72 ALS-FTID therapy.

Concluding remarks

Since the discovery of C9orf72 HRE as a significant cause for
ALS and FTD in 2011, an incredible amount of research has
been carried out to investigate possible disease mechanisms.
Several discrepancies on the role of the C9orf72 protein and
the consequences of C9orf72 haploinsufficiency on the ALP
still persists. Both increased and decreased autophagy func-
tions have been reported in C90rf72 ALS-FTD models. The
multifaceted role of the C9orf72 complex on lysosomal func-
tion, autophagy initiation, and vesicular trafficking are only
partially understood. Nevertheless, more and more evidence
is pointing toward a synergistic 2, or 3-hit model where the
C9orf72 mutation disrupts ALP and causes toxicity by a gain
of toxic function of the repeat RNA and by the DPRs trans-
lated from the repeat RNA. These disease mechanisms appear
to be intertwined, leading to a catastrophic feed-forward
loop. ALP dysfunctions in C9orf72 ALS-FTD are not
a standalone case (i) many ALS-FID-related genes have
a profound role in the ALP and/or vesicular trafficking, (ii)
increased age remains as the major risk factor for both ALS
and FTD and is accompanied by a well-characterized
decrease in cellular proteostasis efficiency and (iii) defects
in ALP or other protein quality control systems are also
described in sporadic cases of ALS and FTD. Finally, ther-
apeutic strategies to stimulate the ALP might provide func-
tional benefits for C9orf72 ALS-FTD patients and for many
other subtypes of ALS-FTD, although potential adverse
effects due to the global enhancement of the ALP have to
be taken in to account.
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