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Abstract

Recognition of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) as a spectrum of neurodegenerative
disease is rapidly evolving. Both disorders have been shown to overlap in their pathology, genetics, and clinical presentations. Recent
investigations have identified genetic hallmarks that concretely bridge those highly heterogenic disorders as a spectrum. The discovery of
hexanucleotide repeat expansions in chromosome 9 open reading frame 72 (C9orf72), TAR-DNA binding protein (TDP)-43 proteinopathy,
and their implicated functions in neurodegeneration and autoimmunity suggests possible underlying pathogenesis of ALS/FTD and toxic
neurodegeneration at large. The autoimmunity aspect of C9orf72 is particularly exciting as it may elucidate a novel paradigm that not only
encompasses the origin of neurodegeneration, but also that of autoimmunity. Here, we briefly review the latest findings of functions of TDP-
43 and C9rof72 and further discuss the possibility of an overarching theme in neurodegenerative diseases.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an insidious

neurodegenerative disorder that primarily affects motor
neurons, leading to progressive muscular atrophy, weakness,
and paralysis, which often lead to respiratory failure and death
within 3-5 years of symptom onset [1]. ALS is one of the most
common motor neuron diseases with an incidence between 0.6
and 3.8 per 100,000 and prevalence between 4.1 and 8.4 per
100,000 [2]. An increasing number of patients diagnosed with
ALS raises the need for better awareness and in-depth research
of the disorder [2]. The heterogenic nature of ALS makes most
cases of ALS unknown. However, about 5 to 10% of the cases are
developed in familial forms, associated with genetic mutations
that have a wide range of functions [3]. The most frequently
associated pathogenic variants are identified in C9orf72, SOD1,
FUS, and TARDBP [4]. The implicated genes are typically passed
down with dominant inheritance, although genotype does
Interestingly, TDP-43
proteinopathy plays a major pathological hallmark in ALS cases,

not completely dictate phenotype [5].

as itis present in up to 97% of ALS patients [6, 7, 8].
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Frontotemporal dementia (FTD) is another fatal
neurodegenerative  syndrome leading to  progressive
degeneration of the frontal and temporal lobes of the brain. Since
the first description by Arnold Pick as “the relationship between
senile atrophy of the brain and aphasia” in 1892 [9], FTD has been
well characterized with progressive aberrations in behavioral,
linguistic, and executive functions. FTD is consistently considered
one of the most prevalent dementia subtypes with a prevalence
of 15 to 22 per 100,000 and incidence of 2.7 to 4.1 per 100,000
[10]. However, the true prevalence is most likely underestimated,
as the disorder is frequently missed and misdiagnosed due to its
overlap with late-onset psychiatric diseases [11]. Although most
FTD cases are likely sporadic, a considerable number of cases
show familial aggregation and up to 40% autosomal dominant
inheritance patterns [10]. Recent research has identified five
genetic mutations associated with the disorder: C9orf72, GRN,
MAPT, VCP, and CHMP2B [10]. For this review on the ALS-FTD
spectrum disorder, we will focus on C9orf72 only.

Prior to the recent findings, ALS was often considered to be
confined to motor deterioration due to motor neurons death,
sparing cognitive functions. Similarly, FTD was rarely linked
to motor dysfunctions outside of its cognitive, behavioral, and
semantic aspects. In recent years, however, it has been well
established that ALS and FTD can develop simultaneously in an
individual [12]. Up to half of the patients with ALS demonstrate
some degrees of frontal lobe dysfunction with 15% of cases
sufficing diagnosis of FTD [13]. On the other hand, about 40%
of patients with FTD exhibit significant motor dysfunction with
up to 15% warranting ALS diagnosis [14]. Increasing awareness
of the diseases and their overlaps has shifted a perspective on
how to diagnose the syndromes more effectively [15]. Further
investigations reveal the two seemingly distinct heterogenic
diseases share some common genetic mutations in their origins.
As commonly seen in many neurodegenerative diseases, FTD
expresses pathognomonic inclusion bodies, and approximately
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90% of FTD variants exhibit either TDP-43 proteinopathy (50%)
or tauopathy (40%) [16]. When linked to ALS, however, all cases
of FTD demonstrate a clear histological phenotype with TDP-43
aggregated proteins [17, 18, 19]. Moreover, all familial forms of
the cases appear to be associated with hexanucleotide repeat
expansions in the C9orf72 [19, 20], the most common genetic
cause of ALS and FTD [21, 22]. Further investigation on C9orf72
repeat expansions has solidified the idea that both disorders
can be on one disease spectrum with overlapping clinical
manifestations and TDP-43 pathology [23, 24].

ALS-FTD spectrum disorders, TDP-43 proteinopathy, and
C90rf72 expansion have shown irrefutable association over the
lastdecade. The next natural question that follows is, what do such
striking genetichallmarks of the diseases do? Unsurprisingly, their
dysfunctions seem to complement each other in the development
of neurodegenerative diseases. Furthermore, recent discoveries
of their involvement in autoimmunity may further broaden our
perspective on the complicated relationship neurodegenerative
diseases possess with other types of diseases.

First, this review will focus on the functions of TDP-43 and
C90rf72 in the context of autophagy and how their malfunction
may lead to the development of ALS-FTD spectrum syndromes.
Secondly, we explore the autoimmunity development found in
C9orf72 mutations and briefly review the implications other
ALS-FTD genes have on immune functions. Lastly, we discuss
how these findings broaden our perspective on foundational
pathogeneses of ALS-FTD disorders and degenerative or
autoimmune disorders at large.

TAR DNA-binding protein 43 (TDP-43) and its role in
neurodegeneration

TDP-43 is a highly conserved protein of the heterogeneous
nuclear ribonucleoprotein (hnRNP) family and is encoded by
the TAR DNA Binding Protein (TARDBP) gene (1.p36.22) [3].
This RNA/DNA-binding protein is ubiquitously expressed for its
vital role in various cellular functions such as mRNA transport
regulation, microRNA maturation, RNA metabolism, and stress
granule formation [25]. The protein executes its functions as it
shuttles between the nucleus and the cytoplasm via active and
passive transport [26]. It also appears to play a critical role in
the development of central neuronal cells in the early stages
of embryogenesis [27]. Given how important proper TDP-43
functions are to neuronal cells, it is not surprising that TDP-43
mutations and dysfunction lead to lethal neurological diseases
such as FTD and ALS. Several mouse-model studies have
proposed that dysregulation of RNA metabolism may serve as
a pathogenic mechanism of TDP-43 proteinopathies [28, 29],
leading to progressive weakness or motor neuron degeneration.
Defected functions of TDP-43 in the nucleus as a regulator of RNA
metabolism leads to degradation or reduction of RNA and altered
splicing sequences [30]. Mutant TDP-43 aggregation appears to
interfere with nucleocytoplasmic transport of proteins and RNA
through sequestration and mislocalization of various transport
factors [31]. Another interesting revelation in recent years is that
TDP-43 toxicity seems to be exacerbated by TDP-43-associated
mitochondrial abnormalities through amplification of oxidative

stress [25, 32]. Of relevance, pathogenic TDP-43 overexpression
found in motor neurons demonstrates mitochondrial length
reduction, movement impairment, fission, and fragmentation
[33]. Numerous dysfunctions associated with mutations in the
core of the TARDBP gene eventually converge to the formation
of amyloid-like fibrils, which are pathognomonic hallmarks of
FTD/ALS, with ensuing neuronal toxicity [34]. Additionally, TDP-
43 has a vital role in regulating autophagy, which is critical for
cleaning a pathogenic form of its oligomers [35, 36]. Loss of TDP-
43 leads to autophagy dysfunction by impairing the autophagy-
lysosome pathway and mTORC1 signaling [37], necessary steps
in the proper autophagic process. As expected, FTD and ALS with
TDP-43 origins exhibit inclusion bodies positive for autophagy
markers and associated disease progression [36].

Chromosome 9 Open Reading Frame 72 (C9orf72)
and autophagy in Neurodegeneration

Although C9orf72 has been consistently referred to as the
most common genetic cause of ALS-FTD spectrum disorders, our
understanding of its functions has been exponentially increasing
only in recent years. To start, C9orf72 is likely involved in
essential cellular processes as it is highly homologous among
various species that are commonly used as model systems [38].
The gene is expressed the most in a subset of myeloid cells at the
cellular level [39] while transcribed protein levels seem to peak
in the brain and spinal cord [40]. Differences in transcription
sites of C90rf72 identified in myeloid and central nervous system
(CNS) tissues indicate diverse functions of C9orf72 depending on
cell types [39]. One of the most identified functions of the gene in
accordance with our interest is its autophagy regulation. C9orf72
product is structurally homologous to a Guanine Exchange
Factor of Rab proteins (RabGEF) [41]. RabGEF is known to
control membrane trafficking events such as autophagy and
endocytosis. C9orf72 expression and its interaction with Rabs in
neuronal cell lines indicate that C9orf72 likely has a function in
membrane trafficking [42], and perhaps specifically in endocytic
and phagocytic trafficking [43]. C9orf72 also appears to be
involved in selective protein aggregation macroautophagy [44]
with its interaction with a heat-shock chaperone, HSC70 [45].
Aggrephagy is a mechanism responsible for clearing aggregating
proteins and macroautophagy is a type of autophagy that plays a
role in neurodegeneration [46]. Whether C9orf72 hexanucleotide
repeat expansion leads to a toxic gain of functions (GOF) [47] or
loss of functions (LOF) [48] has been extensively discussed, but a
recent study suggests that both GOF and LOF of C9orf72 products
likely contribute to membrane trafficking defects [49]. With its
presence as an autophagy regulator in neuronal cell lines as well
[42], C9orf72 demonstrates its importance in maintaining CNS
homeostasis, so much so that a reduced C9orf72 activity from
repeat expansions is sufficient to disrupt vesicle trafficking and
lysosomal biogenesis in motor neurons [45, 48]. The relationship
between autophagic deficiencies and neurodegenerative
aggregates is well established [50], and such disruption in cellular
homeostasis likely relates to proteinopathies, such as TDP-43
and dipeptide-repeat proteins (DPR) aggregation [22]. Whether
the inclusion bodies are active participants of neurodegeneration
or inactive byproducts of the pathogenesis has remained elusive.
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However, evidence is emerging to suggest that they contribute to
the development to some degree [25, 32, 34].

C9orf72, TDP-43, microglia, and autoinflammation

Autoimmunity is often characterized by chronic, progressive
inflammation and tissue damage [51], features that are also
prevalent in neurodegenerative diseases as neuroinflammation.
The term describes the inflammatory process within the CNS
as a result of interactions between CNS cells and resident
glial cells (astrocytes, microglia) and peripheral immune
cells (monocytes, neutrophils, lymphocytes) in response to
various types of insults [1, 52]. Recent research suggests the
connections between C9orf72 dysfunction, autoimmunity,
and inflammation. Mice with LOF mutations in C9orf72
develop inflammatory and autoimmune phenotypes, such as
splenomegaly, lymphadenopathy, and increased inflammatory
cytokines induction, leading to a high mortality rate [53, 54]. For
example, the systematic autoimmune reaction seems to manifest
as increased levels of circulating cytokines, such as IFN-y, IL-
2, IL-4, and many more in ALS patients [55]. Additionally, loss
of C9orf72 induces the accumulation of various self-reactive
antibodies such as anti-double-stranded DNA (dsDNA), a
common diagnostic marker of systemic lupus erythematosus
(SLE) [56, 57], which are common markers of many autoimmune
disorders. Furthermore, intermediate-length C9orf72 expansions
are observed in systemic, non-neurodegenerative disorders
such as SLE and rheumatoid arthritis (RA) [58]. The discovery
of C9orf72 expansions in systemic autoimmune disorders may
further elucidate the connection between ALS and autoimmunity
which were established decades ago [59, 60, 61]. Of relevance,
the proinflammatory state induced by loss of C9orf72 likely
originates from the critical role C9orf72 plays in proper functions
of macrophages and microglia [54, 62], resident macrophages in
the CNS that play an important role in clearing toxic residues and
activating immune responses. The finding is consistent with the
fact that C9orf72 expresses the highest in myeloid cells [39] and
that C9orf72 mutations result in autophagic deficiencies [49].
The importance of C9orf72 in proper immune function is further
demonstrated by studies illustrating that haploinsufficiency of
C90rf72 is enough to promote changes in myeloid cell functions
and systemic immune response [53, 54, 57].

Interestingly, TDP-43 also exhibits some importance
in the proper functions of innate immune cells, with TDP-
43 proteinopathies showing significant association with
autoimmunity [63]. When taken out of microglia, depletion of
TDP-43 seems to enhance phagocytic functions of microglia,
improving amyloid clearance but also increasing synapse
loss [64]. Possibly profound impacts TARDBP may have on
microglial function and other possible pathogenic pathways in
neurodegeneration warrant further investigations. Additionally,
the origin of neuroinflammation suggested in loss of C9orf72
and TDP-43 is not necessarily limited to autoimmunity, as
hypersensitivity can also develop from an accumulation of
excitotoxicity, oxidative stress, and stress granules. Such damages
seem to originate from abnormal autophagic function, which is
implicated in both C9orf72 and TDP-43 mutations.

Vicious cycle: hypersensitivity through excitotoxicity,
ROS, SGs, implicated by impaired autophagy

Impaired autophagy and abnormal protein aggregation
work as interesting convergence points for TDP-43 and C9orf72
mutations. They significantly compromise cellular homeostasis,
further enabling neurodegenerative pathogeneses. For example,
comprised autophagy due to low C9orf72 expression seems
to hypersensitize motor neurons through the accumulation of
membrane glutamate receptors on motor neurons and trigger
unregulated excitotoxicity [48, 65]. Furthermore, low C9orf72
activity may synergistically exacerbate glutamate excitotoxicity
to motor neurons by DPR toxicity [48, 66]. Deficient autophagy,
along with other vital homeostatic roles that TDP-43 and
C9orf72 partake in, is also implicated in the accumulation of toxic
cytoplasmic organelles, called stress granules. As their name
suggests, stress granules are cellular organelles that appear in
cells under stress. Principles and properties of stress granules are
thoroughly examined in other reviews [67, 68, 69], and although
there are several types of stress granules, this review will focus on
cytoplasmic stress granules in the context of neurodegeneration
and refer to them as SGs. Stress granules contain aggregations
of various types of proteins and RNAs depending on stress
conditions that impede translation, such as heat stress and
oxidative stress, and the compositions of SGs vary accordingly
[70]. SGs play a crucial role in maintaining appropriate RNA
metabolism and cell signaling by preventing the accumulation
of misfolded proteins, and their defects are implicated in many
diseases, including neurodegenerative disorders [69, 71]. In
relevance to this review, abnormal SGs have been associated
with the pathogenesis of FTD/ALS with both TDP-43 and
C9orf72 origins [28, 72], and TDP-43 localizes to SGs [73, 74].
Translational study indicates early pathological SG formation
as a key mechanism of TDP-43 proteinopathy in FTD/ALS
[75]. Conversely, the inability to efficiently sequester and clean
abnormal aggregation of RNA binding proteins may lead to the
formation of toxic SGs [69, 71]. Chronic buildup in toxic residues
as previously mentioned remains in the CNS to persistently leave
insults to resident cells, potentially hypersensitizing microglia in
the process. Microglia are extremely sensitive to environmental
changes and respond to both neurological and systematic stress
signals [1]. In response to continuous activation, microglia can
produce potentially deleterious neurotoxins, namely reactive
oxygen species (ROS), which may further amplify the toxicity
through SGs induction [76] or protein misfolding [77].

The unexpected connection between C9orf72, TDP-
43, autophagy, neurodegeneration, and perhaps
autoimmunity?

Despite their heterogenicity, FTD and ALS demonstrate clear
convergence in genetic hallmarks and pathogeneses through the
overwhelming prominence of TDP-43 and C9orf72 mutations in
the ALS-FTD spectrum. Moreover, the presence of TDP-43 and
C9orf72 defects in other neurodegenerative diseases with varying
clinical features indicate their importance in neurodegeneration
[6, 32, 38]. Their eminence may be explained by the vital roles
the genes take in proper cellular homeostasis and signaling.
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Autophagy defect from loss of both hallmarks indicates one of
underlying, ubiquitous pathogeneses in ALS-FTD, and possibly
in various types of distinct neurodegenerative disorders as
well. The idea is further supported by studies that show TDP-
43 is also implicated in the development of Alzheimer’s disease
(AD), Parkinson’s disease (PD), and Huntington’s disease (HD)
[6, 32], and C90orf72 mutations are involved in the development
of HD phenotypes and Friedreich’s ataxia (FRDA) [38]. In this
review, we notice that pathological steps of ALS/FTD amplify
one another in a cyclical pattern to disrupt cellular homeostasis
and drive toxicity within the CNS. While identifying a beginning
step of neurodegeneration in FTD/ALS remains challenging,
we recognize autophagy dysfunction as the basis of numerous
pathological events and one of the initial driving forces in the
ALS-FTD spectrum.

Additionally, the recent discovery that C9orf72 and TDP-
43 can be involved in the development of neurodegeneration
and autoimmunity is nothing short of astonishing. Implications
that C9orf72, TARDBP, and other ALS/FTD genes at large have
on immune function [1, 57] bring up interesting questions.
Are patients with ALS/FTD more vulnerable to autoimmune
syndromes such as SLE, or vice versa? Can autoimmunity
and neurodegeneration share a pathological origin? Current
research reinforces the importance of altered immunity in
the pathogenesis of ALS/FTD. Combined with the fact that the
same genetic hallmarks are often implicated in various types
of neurodegenerative disorders, the finding also suggests such
aberration may be prevalent in other types of neurogenerative
disorders. Moreover, the discovery supports the idea of
underlying pathogenesis that bridges neurodegenerative
disorders to autoimmune disorders. If autoimmune disorders
and neurodegenerative diseases are related, how far can the
underlying pathology permeate? Questions emerging from
the discovery of autoimmunity from loss of C9orf72, along
with other pathogenic genetic defects in ALS/FTD, need to be
investigated further, as future studies may serve as the gateway
to understanding the origins of autoimmunity and possibly to
those of other types of pathologies.

Conclusion

Extensive investigations in recent years have illuminated
ALS and FTD as neurodegenerative disorders on a spectrum
with TDP-43 and C9orf72 as driving genetic hallmarks. As our
understanding of their functions is exponentially expanding, we
are discovering that TDP-43 and C9orf72 mutations converge in
many aspects of FTD/ALS pathogenesis, where their implicated
dysfunctions often overlap or complement one another. One
notable point to make is that both TDP-43 and C9orf72 mutations
are implicated in autophagy dysfunction. The defect seems to be
the main factor in driving a vicious cycle of perpetual toxicity
and proteinopathy, in which resident cells of the CNS degenerate
due to compromised cellular homeostasis. Additionally,
pathologic mutations in TDP-43 and C9orf72 have been shown
to disrupt immune functions and induce autoimmunity, further
reinforcing the concept of the pathologic cycle. The discovery
of C9orf72 in autoimmune disorders such as SLE and RA also

opens an interesting possibility that degenerative diseases
and autoimmunity may originate from the same foundational,
overarching pathology.

References

1. McCauley ME, Baloh RH. Inflammation in ALS/FTD pathogenesis. Acta
Neuropathol. 2019;137(5):715-730. doi:10.1007/s00401-018-1933-
9

2. Longinetti E, Fang F. Epidemiology of amyotrophic lateral sclerosis:
an update of recent literature. Curr Opin Neurol. 2019;32(5):771-776.
doi:10.1097/WC0.0000000000000730

3. Brown RH, Al-Chalabi A. Amyotrophic Lateral Sclerosis. N Engl ] Med.
2017;377(2):162-172. d0i:10.1056/NE]JMra1603471

4. Boylan K. Familial Amyotrophic Lateral Sclerosis. Neurol Clin.
2015;33(4):807-830. d0i:10.1016/j.ncl.2015.07.001

5. Al-ChalabiA,vandenBergLH, Veldink]. Gene discovery inamyotrophic
lateral sclerosis: implications for clinical management. Nat Rev Neurol.
2017;13(2):96-104. doi:10.1038/nrneurol.2016.182

6. Gao], WangL, Huntley ML, Perry G, Wang X. Pathomechanisms of TDP-
43 in neurodegeneration [published online ahead of print, 2018 Feb
27].] Neurochem. 2018;10.1111/jnc.14327. doi:10.1111/jnc.14327

7. Arai T, Hasegawa M, Akiyama H, lkeda K, Nonaka T, Mori H, et al.
TDP-43 is a component of ubiquitin-positive tau-negative inclusions
in frontotemporal lobar degeneration and amyotrophic lateral
sclerosis. Biochem Biophys Res Commun. 2006;351(3):602-611.
doi:10.1016/j.bbrc.2006.10.093

8. Mackenzie IR, Bigio EH, Ince PG, Geser F, Neumann M, Cairns NJ, et
al. Pathological TDP-43 distinguishes sporadic amyotrophic lateral
sclerosis from amyotrophic lateral sclerosis with SOD1 mutations. Ann
Neurol. 2007;61(5):427-434. d0i:10.1002 /ana.21147

9. Pick A. Uber die Beziehungen der senilen Hirnatrophie zur
Aphasie. Prager Med Wochenschr. 1892;17:165-67.

10.0nyike CU, Diehl-Schmid ]J. The epidemiology of frontotemporal
dementia. Int Rev Psychiatry. 2013;25(2):130-137. doi:10.3109/095
40261.2013.776523

11.Lanata SC, Miller BL. The behavioural variant frontotemporal
dementia (bvFTD) syndrome in psychiatry. | Neurol Neurosurg
Psychiatry. 2016;87(5):501-511. doi:10.1136/jnnp-2015-310697

12.Ng AS, Rademakers R, Miller BL. Frontotemporal dementia: a bridge
between dementia and neuromuscular disease. Ann N Y Acad Sci.
2015;1338(1):71-93. doi:10.1111/nyas.12638

13.Ringholz GM, Appel SH, Bradshaw M, Cooke NA, Mosnik DM,
Schulz PE. Prevalence and patterns of cognitive impairment in
sporadic ALS. Neurology. 2005;65(4):586-590. doi:10.1212/01.
wnl.0000172911.39167.b6

14.Burrell JR, Kiernan MC, Vucic S, Hodges JR. Motor neuron dysfunction
in frontotemporal dementia. Brain. 2011;134(Pt 9):2582-2594.
doi:10.1093/brain/awr195

15.Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P, ], et
al. Amyotrophic lateral sclerosis - frontotemporal spectrum disorder
(ALS-FTSD): Revised diagnostic criteria. Amyotroph Lateral Scler
Frontotemporal Degener. 2017;18(3-4):153-174. d0i:10.1080/21678
421.2016.1267768

16.Mackenzie IR, Rademakers R. The molecular genetics and
neuropathology of frontotemporal lobar degeneration: recent

SM J Neurol Neurosci 7: 7

4/7



j1SMCentral

Empower Research with Open Access

developments. Neurogenetics.
s10048-007-0102-4

2007;8(4):237-248. doi:10.1007/

17.Rohrer JD, Lashley T, Schott ]M, Warren JE, Mead S, Isaacs AM, et
al. Clinical and neuroanatomical signatures of tissue pathology in
frontotemporal lobar degeneration. Brain. 2011;134(Pt 9):2565-
2581.doi:10.1093/brain/awr198

18.Josephs KA, Hodges JR, Snowden ]S, Mackenzie IR, Neumann M, Mann
DM, et al. Neuropathological background of phenotypical variability
in frontotemporal dementia. Acta Neuropathol. 2011;122(2):137-153.
doi:10.1007/s00401-011-0839-6

19.Ferrari R, Kapogiannis D, Huey ED, Momeni P. FTD and ALS: a
tale of two diseases. Curr Alzheimer Res. 2011;8(3):273-294.
doi:10.2174/156720511795563700

20.Snowden ]S, Adams ], Harris ], Thompson JC, Rollinson §,
Richardson A, et al. Distinct clinical and pathological phenotypes in
frontotemporal dementia associated with MAPT, PGRN and C9orf72
mutations. Amyotroph Lateral Scler Frontotemporal Degener.
2015;16(7-8):497-505. doi:10.3109/21678421.2015.1074700

21.Wood H. A hexanucleotide repeat expansion in C9ORF72 links
amyotrophic lateral sclerosis and frontotemporal dementia. Nat
Rev Neurol. 2011;7(11):595. Published 2011 Oct 18. doi:10.1038/
nrneurol.2011.162

22.Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, et al.
The C90rf72 GGGGCC repeat is translated into aggregating dipeptide-
repeat proteins in FTLD/ALS. Science. 2013;339(6125):1335-1338.
doi:10.1126/science.1232927

23.Gijselinck I, Van Langenhove T, van der Zee ], Sleegers K, Philtjens
S, Kleinberger G, et al. A C9orf72 promoter repeat expansion in
a Flanders-Belgian cohort with disorders of the frontotemporal
lobar degeneration-amyotrophic lateral sclerosis spectrum: a gene
identification study [published correction appears in Lancet Neurol.
2012 Feb;11(2):125]. Lancet Neurol. 2012;11(1):54-65. doi:10.1016/
S1474-4422(11)70261-7

24.Renton AE, Majounie E, Waite A, Simdén-Sanchez ], Rollinson S, Gibbs
JR, et al. A hexanucleotide repeat expansion in COORF72 is the cause
of chromosome 9p21-linked ALS-FTD. Neuron. 2011;72(2):257-268.
doi:10.1016/j.neuron.2011.09.010

25.Prasad A, Bharathi V, Sivalingam V, Girdhar A, Patel BK. Molecular
Mechanisms of TDP-43 Misfolding and Pathology in Amyotrophic
Lateral Sclerosis. Front Mol Neurosci. 2019;12:25. Published 2019 Feb
14. doi:10.3389/fnmol.2019.00025

26.Pinarbasi ES, Cagatay T, Fung HY]J, Li YC, Chook YM, Thomas PJ.
Active nuclear import and passive nuclear export are the primary
determinants of TDP-43 localization. Sci Rep. 2018;8(1):7083.
Published 2018 May 4. doi:10.1038/s41598-018-25008-4

27.Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P 3rd, Herz J, et al.
TDP-43 is a developmentally regulated protein essential for early
embryonic development [published correction appears in ] Biol Chem.
2010 Dec 3;285(49):38740]. J Biol Chem. 2010;285(9):6826-6834.
doi:10.1074/jbc.M109.061846

28.Gordon D, Dafinca R, Scaber ], Alegre-Abarrategui ], Farrimond
L, Scott C, et al. Single-copy expression of an amyotrophic lateral
sclerosis-linked TDP-43 mutation (M337V) in BAC transgenic mice
leads to altered stress granule dynamics and progressive motor
dysfunction. Neurobiol Dis. 2019;121:148-162. doi:10.1016/j.
nbd.2018.09.024

29.Fratta P, Sivakumar P, Humphrey ], Lo K, Ricketts T, Oliveira H, et
al. Mice with endogenous TDP-43 mutations exhibit gain of splicing

function and characteristics of amyotrophic lateral sclerosis. EMBO .
2018;37(11):98684. d0i:10.15252/embj.201798684

30.Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran
], Liang TY, et al. Long pre-mRNA depletion and RNA missplicing
contribute to neuronal vulnerability from loss of TDP-43. Nat Neurosci.
2011;14(4):459-468. d0i:10.1038/nn.2779

31.Chou CC, Zhang Y, Umoh ME, Vaughan SW, Lorenzini |, Liu F, et al. TDP-
43 pathology disrupts nuclear pore complexes and nucleocytoplasmic
transport in ALS/FTD. Nat Neurosci. 2018;21(2):228-239.
doi:10.1038/s41593-017-0047-3

32.de Boer EM], Orie VK, Williams T, Baker MR, De Oliveira HM, Polvikoski
T, et al. TDP-43 proteinopathies: a new wave of neurodegenerative
diseases [published online ahead of print, 2020 Nov 11]. J Neurol
Neurosurg Psychiatry. 2020;92(1):86-95. doi:10.1136/jnnp-2020-
322983

33.Wang W, Wang L, Lu ], Siedlak SL, Fujioka H, Liang ], et al. The inhibition
of TDP-43 mitochondrial localization blocks its neuronal toxicity. Nat
Med. 2016;22(8):869-878. d0i:10.1038/nm.4130

34.Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou
TT, et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration
and amyotrophic lateral sclerosis. Science. 2006;314(5796):130-133.
doi:10.1126/science.1134108

35.Scotter EL, Vance C, Nishimura AL, Lee YB, Chen HJ, Urwin H, et al.
Differential roles of the ubiquitin proteasome system and autophagy
in the clearance of soluble and aggregated TDP-43 species. J Cell Sci.
2014;127(Pt 6):1263-1278. doi:10.1242 /jcs. 140087

36.Budini M, Buratti E, Morselli E, Criollo A. Autophagy and Its Impact
on Neurodegenerative Diseases: New Roles for TDP-43 and
C9orf72. Front Mol Neurosci. 2017;10:170. Published 2017 May 30.
doi:10.3389/fnmol.2017.00170

37.Xia Q, Wang H, Hao Z, Fu C, Hu Q, Gao F, et al. TDP-43 loss of function
increases TFEB activity and blocks autophagosome-lysosome
fusion. EMBO J. 2016;35(2):121-142. d0i:10.15252 /embj.201591998

38.Braems E, Swinnen B, Van Den Bosch L. C9orf72 loss-of-function: a
trivial, stand-alone or additive mechanism in C9 ALS/FTD?. Acta
Neuropathol. 2020;140(5):625-643. doi:10.1007/s00401-020-
02214-x

39.Rizzu P, Blauwendraat C, Heetveld S, Lynes EM, Castillo-Lizardo M,
Dhingra A, et al. C9orf72 is differentially expressed in the central
nervous system and myeloid cells and consistently reduced in
C9orf72, MAPT and GRN mutation carriers. Acta Neuropathol
Commun. 2016;4(1):37. Published 2016 Apr 14. doi:10.1186/s40478-
016-0306-7

40.Frick P, Sellier C, Mackenzie IRA, Cheng CY, Tahraoui-Bories ],
Martinat C, et al. Novel antibodies reveal presynaptic localization
of C9orf72 protein and reduced protein levels in C9orf72 mutation
carriers. Acta Neuropathol Commun. 2018;6(1):72. Published 2018
Aug 3. doi:10.1186/s40478-018-0579-0

41.Levine TP, Daniels RD, Gatta AT, Wong LH, Hayes M]. The product
of C9orf72, a gene strongly implicated in neurodegeneration,
is structurally related to DENN Rab-GEFs. Bioinformatics.
2013;29(4):499-503. doi:10.1093 /bioinformatics /bts725

42.Farg MA, Sundaramoorthy V, Sultana JM, Yang S, Atkinson RA, Levina
V, et al. C90RF72, implicated in amytrophic lateral sclerosis and
frontotemporal dementia, regulates endosomal trafficking [published
correction appears in Hum Mol Genet. 2017 Oct 15;26(20):4093-
4094]. Hum Mol Genet. 2014;23(13):3579-3595. doi:10.1093/hmg/
ddu068

SM J Neurol Neurosci 7: 7

57



5JSMGentral

Empower Research with Open Access

43.Aoki Y, Manzano R, Lee Y, Dafinca R, Aoki M, Douglas AGL, et al.
C9orf72 and RAB7L1 regulate vesicle trafficking in amyotrophic
lateral sclerosis and frontotemporal dementia [published correction
appears in Brain. 2018 May 1;141(5):e42]. Brain. 2017;140(4):887-
897.d0i:10.1093 /brain/awx024

44.Nassif M, Woehlbier U, Manque PA. The Enigmatic Role of COORF72
in Autophagy. Front Neurosci. 2017;11:442. Published 2017 Aug 3.
doi:10.3389/fnins.2017.00442

45.Sellier C, Campanari ML, Julie Corbier C, Gaucherot A, Kolb-Cheynel I,
Oulad-Abdelghani M, et al. Loss of COORF72 impairs autophagy and
synergizes with polyQ Ataxin-2 to induce motor neuron dysfunction
and cell death. EMBO J. 2016;35(12):1276-1297. doi:10.15252/
embj.201593350

46.Fujikake N, Shin M, Shimizu S. Association Between Autophagy and
Neurodegenerative Diseases. Front Neurosci. 2018;12:255. Published
2018 May 22. d0i:10.3389/fnins.2018.00255

47.Nihei Y, Mori K, Werner G, Arzberger T, Zhou Q, Khosravi B, et al. Poly-
glycine-alanine exacerbates C9orf72 repeat expansion-mediated DNA
damage via sequestration of phosphorylated ATM and loss of nuclear
hnRNPA3. Acta Neuropathol. 2020;139(1):99-118. doi:10.1007/
s00401-019-02082-0

48.ShiY, Lin S, Staats KA, LiY, Chang WH, Hung ST, et al. Haploinsufficiency
leads to neurodegeneration in C90RF72 ALS/FTD human induced
motor neurons. Nat Med. 2018;24(3):313-325. d0i:10.1038/nm.4490

49.Pal A, Kretner B, Abo-Rady M, Glaf3 H, Dash BP, Naumann M, et al.
Concomitant gain and loss of function pathomechanisms in COORF72
amyotrophiclateral sclerosis. Life Sci Alliance. 2021;4(4):€202000764.
Published 2021 Feb 22. doi:10.26508/1sa.202000764

50.Park H, Kang JH, Lee S. Autophagy in Neurodegenerative Diseases: A
Hunter for Aggregates. Int ] Mol Sci. 2020;21(9):3369. Published 2020
May 10. doi:10.3390/ijms21093369

51.Rosenblum MD, Remedios KA, Abbas AK. Mechanisms of human
autoimmunity. J Clin Invest. 2015;125(6):2228-2233. d0i:10.1172/
JC178088

52.DiSabato DJ, Quan N, Godbout JP. Neuroinflammation: the devil is
in the details. /] Neurochem. 2016;139 Suppl 2(Suppl 2):136-153.
doi:10.1111/jnc.13607

53.Burberry A, Suzuki N, Wang JY, Moccia R, Mordes DA, Stewart MH, et
al. Loss-of-function mutations in the COORF72 mouse ortholog cause
fatal autoimmune disease. Sci Transl Med. 2016;8(347):347ra93.
doi:10.1126/scitranslmed.aaf6038

54.0’Rourke ]G, Bogdanik L, Yafez A, Lall D, Wolf A], Muhammad AK, et
al. C9orf72 is required for proper macrophage and microglial function
in mice. Science. 2016;351(6279):1324-1329. doi:10.1126/science.
aaf1064

55.LuCH, AllenK, OeiF,LeoniE,Kuhle], Tree T, etal. Systemicinflammatory
response and neuromuscular involvement in amyotrophic lateral
sclerosis. Neurol Neuroimmunol Neuroinflamm. 2016;3(4):e244.
Published 2016 Jun 1. d0i:10.1212/NX1.0000000000000244

56.Giles BM, Boackle SA. Linking complement and anti-dsDNA antibodies
in the pathogenesis of systemic lupus erythematosus. Immunol Res.
2013;55(1-3):10-21. doi:10.1007 /s12026-012-8345-z

57.Atanasio A, Decman V, White D, Ramos M, Ikiz B, Lee HC, et al. C90rf72
ablation causes immune dysregulation characterized by leukocyte
expansion, autoantibody production, and glomerulonephropathy in
mice. Sci Rep. 2016;6:23204. Published 2016 Mar 16. doi:10.1038/
srep23204

58.Fredi M, Cavazzana I, Biasiotto G, Filosto M, Padovani A, Monti E,
et al. C9orf72 Intermediate Alleles in Patients with Amyotrophic
Lateral Sclerosis, Systemic Lupus Erythematosus, and Rheumatoid
Arthritis. Neuromolecular Med. 2019;21(2):150-159. doi:10.1007/
s12017-019-08528-8

59.Shy ME, Rowland LP, Smith T, Trojaborg W, Latov N, Sherman W,
et al. Motor neuron disease and plasma cell dyscrasia. Neurology.
1986;36(11):1429-1436. d0i:10.1212/wnl.36.11.1429

60.Appel SH, Stockton-Appel V, Stewart SS, Kerman RH. Amyotrophic
lateral sclerosis. Associated clinical disorders and immunological
evaluations. Arch Neurol. 1986;43(3):234-238. doi:10.1001/
archneur.1986.00520030026007

61.Donnenfeld H, Kascsak R], Bartfeld H. Deposits of IgG and C3 in
the spinal cord and motor cortex of ALS patients. ] Neuroimmunol.
1984;6(1):51-57. d0i:10.1016/0165-5728(84)90042-0

62.Lall D, Baloh RH. Microglia and C9orf72 in neuroinflammation and
ALS and frontotemporal dementia. J Clin Invest. 2017;127(9):3250-
3258.doi:10.1172/JCI90607

63.Miller ZA, Rankin KP, Graff-Radford NR, Takada LT, Sturm VE,
Cleveland CM, et al. TDP-43 frontotemporal lobar degeneration and
autoimmune disease. | Neurol Neurosurg Psychiatry. 2013;84(9):956-
962.d0i:10.1136/jnnp-2012-304644

64.Paolicelli RC, Jawaid A, Henstridge CM, Valeri A, Merlini M, Robinson
JL, et al. TDP-43 Depletion in Microglia Promotes Amyloid Clearance
but Also Induces Synapse Loss. Neuron. 2017;95(2):297-308.e6.
doi:10.1016/j.neuron.2017.05.037

65.Wang G, Gilbert J, Man HY. AMPA receptor trafficking in homeostatic
synaptic plasticity: functional molecules and signaling cascades. Neural
Plast. 2012;2012:825364. doi:10.1155/2012/825364

66.Kwon I, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang T, et al. Poly-
dipeptides encoded by the C9orf72 repeats bind nucleoli, impede
RNA biogenesis, and Kkill cells. Science. 2014;345(6201):1139-1145.
doi:10.1126/science.1254917

67.Protter DSW, Parker R. Principles and Properties of Stress
Granules. Trends Cell Biol. 2016;26(9):668-679. doi:10.1016/j.
tcb.2016.05.004

68.Ivanov P, Kedersha N, Anderson P. Stress Granules and Processing
Bodies in Translational Control. Cold Spring Harb Perspect Biol.
2019;11(5):a032813. Published 2019 May 1. doi:10.1101/
cshperspect.a032813

69.Wolozin B, Ivanov P. Stress granules and neurodegeneration. Nat Rev
Neurosci. 2019;20(11):649-666. doi:10.1038/s41583-019-0222-5

70.Buchan JR, Yoon JH, Parker R. Stress-specific composition, assembly
and kinetics of stress granules in Saccharomyces cerevisiae. J Cell Sci.
2011;124(Pt 2):228-239. doi:10.1242 /jcs.078444

71.Wolozin B. Physiological protein aggregation run amuck: stress
granules and the genesis of neurodegenerative disease. Discov Med.
2014;17(91):47-52.

72.Maharjan N, Kiinzli C, Buthey K, Saxena S. COORF72 Regulates Stress
Granule Formation and Its Deficiency Impairs Stress Granule Assembly,
Hypersensitizing Cells to Stress. Mol Neurobiol. 2017;54(4):3062-
3077.doi:10.1007/s12035-016-9850-1

73.Liu-Yesucevitz L, Bilgutay A, Zhang Y], Vanderweyde T, Citro A,
Mehta T, et al. Tar DNA binding protein-43 (TDP-43) associates with
stress granules: analysis of cultured cells and pathological brain
tissue [published correction appears in PLoS One. 2011;6(9). doi:
10.1371/annotation/7d880410-06e3-4fe3-a8f1-e84c89bcf8d0.

SM J Neurol Neurosci 7: 7

6/7



5JSMGentral

Empower Research with Open Access

Vanderwyde, Tara [corrected to Vanderweyde, Tara]]. PLoS One.
2010;5(10):e13250. Published 2010 Oct 11. doi:10.1371/journal.
pone.0013250

74.Markmiller S, Soltanieh S, Server KL, Mak R, Jin W, Fang MY, et
al. Context-Dependent and Disease-Specific Diversity in Protein

Interactions within Stress Granules. Cell. 2018;172(3):590-604.e13.
d0i:10.1016/j.cell.2017.12.032

75.Chew ], Cook C, Gendron TF, Jansen-West K, Del Rosso G, Daughrity LM,
et al. Aberrant deposition of stress granule-resident proteins linked
to CY9orf72-associated TDP-43 proteinopathy. Mol Neurodegener.

2019;14(1):9. Published 2019 Feb 15. doi:10.1186/s13024-019-
0310-z

76.Chen L, Liu B. Relationships between Stress Granules, Oxidative
Stress, and Neurodegenerative Diseases. Oxid Med Cell Longev.
2017;2017:1809592. doi:10.1155/2017/1809592

77.Lipton SA, Gu Z, Nakamura T. Inflammatory mediators leading to
protein misfolding and uncompetitive/fast off-rate drug therapy
for neurodegenerative disorders. Int Rev Neurobiol. 2007;82:1-27.
doi:10.1016/S0074-7742(07)82001-0

SM J Neurol Neurosci 7: 7

717



	New Paradigm on Neurodegeneration and Possibly Autoimmunity from ALS/FTD and Its Genetic Hallmarks
	Abstract
	Introduction
	Conclusion
	References

