Molecular Neurobiology (2022) 59:5673-5694
https://doi.org/10.1007/s12035-022-02934-z

=

Check for
updates

Recent Updates on the Genetics of Amyotrophic Lateral Sclerosis
and Frontotemporal Dementia

Laxmi Kirola' - Ashim Mukherjee' - Mousumi Mutsuddi’

Received: 5 May 2022 / Accepted: 16 June 2022 / Published online: 30 June 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) primarily affect the motor and frontotemporal
areas of the brain, respectively. These disorders share clinical, genetic, and pathological similarities, and approximately
10-15% of ALS-FTD cases are considered to be multisystemic. ALS-FTD overlaps have been linked to families carrying
an expansion in the intron of C90rf72 along with inclusions of TDP-43 in the brain. Other overlapping genes (VCP, FUS,
SQOSTM1, TBK1, CHCHDI0) are also involved in similar functions that include RNA processing, autophagy, proteasome
response, protein aggregation, and intracellular trafficking. Recent advances in genome sequencing have identified new
genes that are involved in these disorders (TBK1, CCNF, GLTS8D1, KIF5A, NEK1, C2lorf2, TBP, CTSF, MFSDS, DNAJC7).
Additional risk factors and modifiers have been also identified in genome-wide association studies and array-based studies.
However, the newly identified genes show higher disease frequencies in combination with known genes that are implicated
in pathogenesis, thus indicating probable digenetic/polygenic inheritance models, along with epistatic interactions. Studies
suggest that these genes play a pleiotropic effect on ALS-FTD and other diseases such as Alzheimer’s disease, Ataxia, and
Parkinsonism. Besides, there have been numerous improvements in the genotype—phenotype correlations as well as clinical
trials on stem cell and gene-based therapies. This review discusses the possible genetic models of ALS and FTD, the latest
therapeutics, and signaling pathways involved in ALS-FTD.
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CTSF Cathepsin F

MFSDS Major facilitator superfamily domain 8
PGRN Glycoprotein called progranulin
TDP-43 TAR DNA-binding protein-43

hnRNP Heterogeneous nuclear ribonucleoprotein
DPRs Dipeptide repeat proteins

TBK1 TANK-binding kinase 1

UMN Upper motor neuron

LMN Lower motor neuron

FTLD Frontotemporal lobar degeneration
FTDP-17T Frontotemporal dementia with

parkinsonism-17 T
PSP Progressive supranuclear palsy

CBD Corticobasal degeneration

NFTs Neurofibrillary tangles

IHC Immunohistochemistry

AD Alzheimer’s disease

PD Parkinson’s disease

CID Creutzfeldt-Jakob disease

UPS Ubiquitin—proteasome system

RRM2 Ribonucleoside-diphosphate reductase subu-
nit M2

VCP Valosin-containing protein

VAPB VAMP-associated protein B And C

HNRNPA1 Heterogeneous nuclear ribonucleoprotein Al

AMPA a-Amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate

GABAA y-Aminobutyric acid type A receptors

LLPS Liquid-liquid phase separation

LCD Low complexity domain

TUBA4A  Tubulin Alpha 4a

ALS2 Alsin

LAMP-2 Lysosomal associated membrane protein-2

CTSD Cathepsin D

CSF Cerebrospinal fluid

ASOs Antisense oligonucleotides

CuATSM Diacetylbis(N(4)-methylthiosemicarba-
zonato) copper 11

iPSCs Induced pluripotent stem cells

CSF Cerebrospinal fluid

Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) are debilitating, progressive adult-onset
brain disorders [1]. Clinically, ALS and FTD are consid-
ered as movement and cognitive disorders [2]. Most com-
monly, ALS affects the upper motor neurons (UMNSs) and
lower motor neurons (LMNs) as well as the brain stem and
the corticospinal tracts of the brain, while FTD causes a
gradual degeneration of both the temporal and frontal cor-
tex [3]. ALS and FTD are clinically heterogeneous entities,
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although some phenotypes of ALS, such as cognitive impair-
ment, overlap with that of FTD [4]. An estimated 50% of
ALS patients demonstrate subtle impairments in behavior,
cognition, and dementia-like features, while up to 15% of
ALS patients also suffer from FTD; these individuals are
called ALS-FTD or FTD-ALS patients [4]. Most of these
ALS-FTD patients do not have a family history and are
considered sporadic (SALS/sFTD). Nevertheless, ~ 10% of
ALS cases are inherited in an autosomal dominant manner
(fALSS) [5], while ~ 10-30% of FTD cases also show autoso-
mal dominant inheritance or familial FTDs (fFTDs), which
increases to 40% if a history of neurodegenerative disease
is considered [6]. Moreover, both sALS and sFTD lack a
family history that could be attributed to alternative modes
of inheritance, such as oligogenic/polygenic inheritance or,
most likely, reduced penetrance [7]. Additionally, pleio-
tropic mechanisms have been hypothesized at the genetic
and environmental levels, possibly explaining individual
differences due to the involvement of distinct disease path-
ways [8]. Clinically, most fALS cases are indistinguishable
from sALS and vice versa. For example, TAR DNA-binding
protein-43 (TARDBP) mutations are rare (~ 1%) in both ALS
and FTD patients [1]. However, neuropathological studies
have shown the presence of TDP-43 aggregates in~97% of
ALS cases and up to 50% of FTD cases [1, 9]. These stud-
ies suggest there is a definitive pathological link between
familial and sporadic ALS and FTD. Nevertheless, several
well-known genes have been identified in a larger popula-
tion of ALS/FTD patients [4]. Such examples include those
of chromosome 9 open reading frame 72 (C9orf72), TAR-
DBP, fused in sarcoma (FUS), sequestrome-1 (SQSTM1),
etc. [10]. With the advancement of sequencing technolo-
gies and their ease of use, scientists have been able to pro-
duce larger datasets for international projects and consortia
such as Project MinE (https://www.projectmine.com/) and
GENFI3 (https://www.genfi.org/) which have further identi-
fied many novel genes and risk factors, along with genetic
modifiers of ALS and FTD, respectively [11]. ALS-FTD is
related to over 30 genetic loci, > 100 genes, and numerous
mutations, and new genes are continually being discovered
[12, 13]. A number of GWASs have revealed the role of
several modifier genes in ALS/FTD pathogenesis [14, 15].
Nevertheless, these low penetrating variants, which appear
to contribute substantially to disease pathology, must be val-
idated across different populations. There is still uncertainty
about whether these genes play a role in disease penetrance
or whether environmental factors trigger the disease. It is
well established that ALS and FTD are not two separate
diseases, but instead, constitute a syndrome or a disease
spectrum [16]. These diseases illustrate the presence of
oligogenic or polygenic effects, or even pleiotropy, where
more than one gene or numerous mutations are present in a
variety of genes, resulting in a wide variety of phenotypes
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[3, 4, 17]. Besides, phenotypic variability might be triggered
by other genetic phenomena such as epistatic interactions.
For example, multiple genes involved in ALS may interact
epistatically, explaining the substantial differences in phe-
notypic behavior observed between individuals who carry
the same mutation(s); thus, this may also explain the incom-
plete penetrance of the disease within some families [18].
Therefore, this leads to newer challenges for appropriate
diagnostics and prognostics of ALS and FTD. New genetic
testing, patient education and counseling, and gene-based
clinical trials are equally important. Interestingly, gene-
specific therapies such as superoxide dismutase 1 (SODI)
and granulin (GRN)/C90rf72 have shown promise in treating
ALS and FTD [19-21]. Hence, this review discusses the lat-
est genetic findings related to ALS and FTD in addition to
hotspot/modifier genes like SODI, GRN, microtubule-asso-
ciated protein tau (MAPT), TARDBP, and C9orf72. These
genes are not only congregated in corresponding pathways,
but they also function in DNA repair, axonal transport, RNA
metabolism, and formation of stress granules [22]. These
insights also spurred mechanistic studies that uncovered a
common pathway between ALS and FTD [4]. Despite these
discoveries, understanding why mutations in these genes
cause ALS, FTD, or both remains obscure.

Novel Genetic Landscape of ALS and FTD

ALS and FTD share many clinical, genetic, and pathologi-
cal features as evidenced in Table 2. Numerous known and
novel genes have also been detected in each group (Tables 1
and 2 and Fig. 1). Mutations in genes known to cause ALS
(SOD1, C90rf72, TARDBP, VCP, FUS, PFNI, etc.) and FTD
(PGRN, MAPT, C9orf72, CHMP2B, TBP, CHCHD10, etc.)
have explained only ~60-70% of fALS/FTD and~ 10% of
SALS/sFTD cases [23]. Furthermore, the hexanucleotide
expansion mutations in C90rf72 have been a major causal
factor for both ALS and FTD [24, 25]. Despite the iden-
tification of several known causal factors, there are still
many genetic forms of the disease that are yet to be discov-
ered. Recent advances in sequencing capabilities, includ-
ing whole-genome sequencing (WGS), and whole-exome
sequencing (WES), have made identification of causal
alleles and additional genes easier. The WGS focuses to
cover all regions in the genome, while WES targets mostly
the coding region of the genome. In comparison to WGS,
WES is much cheaper and cost-effective and takes lesser
time to analyze raw data. With the advent of next-generation
sequencing technology, greater in-depth discoveries have
been made possible in the genomics of ALS-FTD. Genome-
wide association studies (GWAS) is another powerful tool
that can be used to discover novel genetic loci involved in
ALS-FTD pathogenesis. GWAS involves rapid scanning of

markers scattered throughout the genome or examining com-
plete DNA sets from many individuals to trace the genetic
variation(s) associated with a particular trait or disease.
GWAS generally identifies common variants, while rare
variants conferring disease risk remain undetected. Despite
this, identifying novel genes or newer defects involved in
disease pathogenesis is extremely crucial, and thus, scien-
tists are sequencing more samples to identify rare variants
and genes that significantly contribute to both ALS and
FTD. Recently, several genes that carry these rare genetic
variants have been identified [10]. This includes two new
FTD loci, six ALS genes, and two ALS-FTD genes discov-
ered in the last 7 years (Table 1, Fig. 1, and Fig. 2). There
is a higher penetrance for these genes and co-occurrence of
multiple mutations in combination with C90rf72 which are
based upon familial, case—control, and candidate-based stud-
ies [4]. Among them are TBK1, CCNF, KIF5A, GLT8D1,
TIAI, NEKI, C2lorf2, DNAJC7, TBP, CTSF, and MFSD$8
(see Table 1, Fig. 1, and Fig. 2). We have described each of
these genes in detail, and this includes gene descriptions,
along with their pathological mechanisms.

Hotspot Genes Known in ALS and FTD:
a Brief Overview

Superoxide Dismutase 1 (SOD1)

SOD] was first linked to ALS through genetic linkage analy-
sis in 1993 [26]. Later, the first transgenic mouse model was
developed using the Gly93Ala mutation in SODI [27]. The
most prevalent mutations in SODI are Asp90Ala (aspar-
tic acid to alanine) and Ala4Val (alanine to valine). It has
been observed that Asp90Ala substitutions may be inher-
ited both as dominant and recessive forms of the disorder;
however, the majority of the cases are recessive [28]. To
date, more than 200 genetic mutations (insertions, deletions,
point mutations, and truncation mutations) have been docu-
mented in the SODI (http://www.hgmd.cf.ac.uk/ac/gene.
php?gene=SOD1 and Supplementary information). Differ-
ent mutations of SOD] lead to destabilization and reduced
protein affinity, as well as the formation of protein inclusion
and aggregation [29]. Therefore, a variety of mutations in
SODI can either increase or decrease its function or lead to
complete loss of function (LoF) [30]. Genetically and clini-
cally, SODI mutations are extremely heterogeneous. Symp-
toms are often very similar to SALS and fALS. SODI has
been linked to intra-familial variations in clinical and genetic
severity as well as in progression of the disease [31]. Even
though the exact pathological process is unknown, it might
be that the LoF of proteins, or aggregation of misfolded pro-
teins, or prion formation may create the molecular basis of
disease pathogenesis [32]. SOD1 encodes CuZn superoxide

@ Springer


http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SOD1
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SOD1

Molecular Neurobiology (2022) 59:5673-5694

5676

"paUYap 10U SNIOJ ‘. $00uasald * + {pouUnIaIop 10U P u

SISA[eue JUBLIEA dIeI

610T T8 10 IaRDH Aemyyed [BWOSOSAT  pajepIfeA 8q O, + ald /Apms [onuodo-ase) av Iy 8dsAN 7'8chy +A1d
Surouanb
910T “[e 12 997 19p UeA Aemuyped [ewosos&]  pajeprfea 9q 0], pu ald -9sa1 pajdsdIel ‘SHM  YV/AV NnpY ASLO TeIb1l +A1d
610T “T8 19 BYSMIZS]OQ Suissaoord YN PJepi[ea 8q of, pu arld Sunssy L1VOS av ianpv dql LTh9 +{A1d
SHM
610C “Te 19 ueyIeq Ppajepl[eA 2q 0], pu N4 ‘Apmys [onuod-ase) AvV/Av AWV LOIVNd T1ThbLl *STV
asuodsar o3e
-wep YN pue uon
910T e 1o USUSSYY -LZIUESIO UOJR[NSOIKD  PajepI[eA dq O, pu STV SOM/SYMD av anpy  ghHorzd €Tebie *STTV
asuodsar
afewrep YNJ
pue ‘uonezrue3io
U03o[axs03Kd ‘Sur
910¢ “Te 10 Jouuarg -Pyjen enieoenuy - pajeplea 2q o1, pu N4 SHM av inpv [MAN ceby YCSTvV
L10T “Te 12 A1ZuaorIN wistjoqeoW YN p9jeplfea 2q o1, + dAld/STV STV SHM av inpv [VIL ¢erde *STIV
610¢
“[e 30 yoou[-1odoo)  sISAYIUAS apIsorSue)  pajepl[eA 39 O, pu NS4 SHM av Iy [dsL1o I'12dg *STTV
$109Jop [euoxe ‘3ur SIsA[eue
810C e 12 SO[0dIN SPyjen emiedenu] - pajeplfeA 2q of, + NS4 JueLIeA 9IBI/SYVMD av unpyv - VedIN ¢erber Y A4
uornedoi3de
urdjoad ‘s)09jop
910T “Te 10 SWel[[Ipm [euoxe ‘ASeydoiny paystqeisy + dld/STV ‘STV SVMD av anpyv - A4NDD ¢erdgg SSIvVAld
uonew
ST0T I8 10 M) -wepur ‘ASeydomny PaYsIqeIsy +  AL/STV STV SAM av ey [y4I vIbZl  $STVALA
£30 Qoue
Qouerodur -Toyyed -JLyur
S90URIJOY [euonouny o[qeqoid QOUSPIAS JO [9AYT  ¢H-dAL Ae[1eao QLI-STV KSO[OPOYIS]Al  JO 9POJAl  19SUQ QUAD)  SNOO[ [BWIOSOWOIYD) IqUINU 100

s123K £ I52] Y Ul 0L PUB STV ‘ALA-STV Ul POYNUSPI SOUSS umowy Jo IsrT | d|qer

pringer

Qs



Molecular Neurobiology (2022) 59:5673-5694 5677

Table 2 Clinical, genetic, and neuropathological features of the ALS-FTD, ALS, and FTD spectrum

Disorder/disease ALS-FTD ALS FTD
Clinical characteristics ~ Spasticity UMN and LMN signs Apathy, disinhibition
Dysarthria Muscle weakness Obsessive—compulsive behaviors
Dysphagia Spasticity Loss of insight
Muscle atrophy Respiratory failure Change in personality
Social cognition Dysarthria Language abnormalities
Behavior change Dysphagia Unusual verbal, anomia
Psychiatric symptoms Hyperreflexia Physical and sexual behavior
Language dysfunction Fasciculation Loss of semantic knowledge
Cognitive dysfunction Babinski’s sign Apraxia of speech
executive dysfunction cognition and behavior issues Non-fluent aphasia, hallucinations
Genetic mutations C9orf72, TARDBP, FUS, VCP, SOD1, C9orf72, TARDBP, FUS, PGRN, MAPT, C9orf72, CHMP2B,
SOSTM1, UBQLN2, CHCHDI0, OPTN, PFNI1, MATR3, TUBA4A, TBP, CHCHDI10, SOSTM1,
OPTN, MATR3 hnRNPA1/A2BI, TBK1, GLT8D1, FIG4, ATXN2, VCP, TBKI, CCNF, DCTNI, hnRN-
CHMP2B, TBK1, CCNF, ANG, HTT = UBQLN2, SIGMARI, CHMP2B, PA2BI1, nRNPA1, VCP, MATR3,
repeat expansions (Dewan et al., PFNI, ERBB4, Alsin, nRNPA, TBP, CTCF, MFSD8
2021) NFH ANXA1l, GLEI, NEKI, KIF5A,

SETX, SPG11, FUS, VAPB, ANG,
PPARGCIA, Peripherin, EWSRI,
TAF15, DAO, TIAL, C2lorf2,

DCTNI, nRNPA2BI
Neuropathology TDP-43 inclusions TDP-43 inclusions FTD-TDP
FUS inclusions FUS inclusions FTD-Tau
Ubiquitin inclusions Ubiquitin inclusions FTD-FUS
huntingtin inclusions (Dewan et al.,
2021)
A AMYOTROPHIC LATERAL SCLEROSIS 1 Y. s T
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Fig. 1 (A) Flowchart indicating numerous factors that trigger the initiation and progression of ALS. (B) Shows inter-relatedness among different
pathways involved in ALS pathogenesis, followed by subsequent cellular stress triggered by cellular microenvironment as well as external factors

@ Springer



5678

Molecular Neurobiology (2022) 59:5673-5694

FRONTOTEMPORAL DEMENTIA
Changes in behavior, language, cognition, and dementia-like
features etc. degeneration of the frontal and/or temporal lobes,
and executive inabilities
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v
Apoptosis, Mitochondrial dysfunction
\ 4

Cellular homeostasis and neuronal death

Fig.2 (A) Flowchart indicating numerous factors that trigger the
initiation of complex phenotypes observed in FTD along with the
disease progression. (B) Depiction of different pathways involved in

dismutase (32 kDa), which is ubiquitously expressed in the
brain [33]. The main function of SODI is to remove the
free radicals such as the toxic superoxide anion O, to O,
and H,O,, thus reducing the oxidative stress within the cell
[34]. During, normal oxygen metabolism, oxygen radicals
such as superoxide and hydrogen peroxide are produced, and
these are involved in normal signaling within the cell. How-
ever, their excess amounts increase cellular stress and harm
a wide range of biological processes [35]. Consequently,
these superoxide and hydrogen peroxide molecules in the
cytoplasm must be converted to H,O by catalase, glutathione
peroxidases, or peroxiredoxins [36]. SODI has been reported
to protect cells against such molecules in the intermembrane
space of the cell as well as in the cytoplasm [37—40]. Fur-
thermore, in the case of SODI mutation or altered SODI
functionality, the scavenging systems might not be efficient
enough to maintain the homeostasis of normal reactive oxy-
gen species (ROS). Consequently, this further increases both
cellular stress and the elevated levels of H,O, that might
ultimately lead to mitochondrial damage [41]. Furthermore,
SOD] is localized in distinct places within the cell, which
includes the cytoplasm, nucleus, mitochondria, and lys-
osomes [27, 33]. Transgenic mice were created harboring
these mutations and were seen to generate motor neuron
syndrome [42]. In order to develop gene therapy approaches
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FTD pathogenesis, that can be affected by the cellular stress and, cel-
lular microenvironment as well as external factors

against mutant SOD1, one needs to understand the detailed
molecular pathogenesis of each and every mutation identi-
fied so far [43].

SOD1 Pathogenesis

Mutations in the SODI cause exclusively ALS and most
likely a toxic gain-of-function protein [30]. So far, SOD1
mutations have caused protein misfolding, nuclear and cyto-
plasmic aggregation, and cytotoxicity, among others. ALS
is a very heterogeneous disease involving genetic, environ-
mental, and other interrelated factors including smoking,
aging, etc. (Fig. 3). ALS research was revolutionized by
Charcot’s description of the disease as well as the discov-
ery of the SOD1 gene [44]. Despite extensive research, the
actual and realistic functions of the SODI remains obscure;
however, both toxic gain and LoF are implicated. Regard-
ing the pathogenesis of the SOD1, several hypotheses have
been proposed, including protein aggregation and protein
cytotoxicity [30]. Mutations in the SOD] create toxic protein
aggregation and RNA toxicity, leading to pathogenesis in
multiple parts of the brain, which has been demonstrated by
PET studies [45]. ALS autopsy samples and transgenic mice
models have demonstrated ubiquitinated SOD1 protein and
intracellular inclusions in both neuronal and astrocyte cells
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ALS and FTD overlapping clinical phenotypes:
Both motor anomalies with cognitive problems etc.
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Fig.3 Flowchart indicating various pathways that trigger the initia-
tionof combined phenotypes observed in ALS-FTD and FTD-ALS
disease progression (the steps provide involvement of major pathway-
sin cell death which leads to the degeneration and progression of this-
multisystemic disease)

[46]. The disorder occurs in both UMN and LMN pheno-
types in ALS and in other regions such as the posterior col-
umn, thalamus, Clarke’s nucleus, and spinocerebellar tracts
[47]. There is still uncertainty about the consequences and
contributing effects of these inclusion bodies. However, indi-
viduals with mutations in the SOD1 gene are more likely to
be vulnerable to stress and cellular injuries in their lifetimes
[48]. In this case, the alpha motor neurons (largest post-
mitotic neurons) are responsible for intracellular transport,
and energy metabolism, and have extensive neurofilament
networks [48]. Currently, it is unknown whether a toxic gain
of function or a LoF of SODI may be involved in the pathol-
ogy of motor neuron disease [30].

Protein aggregation may cause misfolding; however,
their monomerization and subsequent clump formation may
cause cytotoxicity. The SOD1 protein forms aggregates and

microaggregates of denatured monomers as a result of vari-
ous genetic mutations. It has been documented that these are
common factors driving the formation of numerous microag-
gregates that disrupt cellular transport, mitochondrial func-
tion, proteasomal function, and homeostasis [49]. The latest
SOD1 (G93A) mouse model has shown that morphological
and functional changes (dendritic regression and glutamater-
gic excitation) are related to cortical neuronal hyperexcit-
ability as an early feature of the ALS pathogenesis [49-51].
Motor neuron cells derived from induced pluripotent stem
cells (iPSCs) have also displayed similar patterns of neu-
ronal hyperexcitability, and inhibition of this process has
been shown to be neuroprotective [52]. Several animal stud-
ies support this notion, suggesting that hyperexcitability in
the cortex contributes to ALS [53, 54]. Therefore, SODI
pathogenesis is integral to ALS, and more research is neces-
sary to understand SOD] pathogenesis.

Granulin (GRN)

GRN gene mutations were first identified in families with
FTD (5-20%), mainly as autosomal dominant forms associ-
ated with chromosome 17 [55]. Likewise, these mutations in
GRN make up about 5-20% of fFTD and ~ 1-5% of SFTD in
this study [55]. There are more than 240 genetic variations
known to date (http://www.hgmd.cf.ac.uk/ac/gene.php?
gene=GRN and Supplementary information), and most of
the pathogenic mutations result in null alleles or haploinsuf-
ficiency [56]. The fact that heterozygous mutations in GRN
cause FTD (FTD-GRN), whereas homozygous mutations
cause neuronal ceroid lipofuscinosis, a lysosomal storage
disorder, suggests the role of progranulin (PGRN) in lyso-
somal biogenesis and homeostasis [57]. This gene encodes
a PGRN, which is secreted into the extracellular space and
absorbed by the cells. Granulin is produced when progranu-
lin is cleaved to form proinflammatory granulin subunits,
and the catabolism of progranulin was performed in the lys-
osomes using cathepsins [58, 59]. Further, PGRN is mainly
found in the lysosome where it may have an impact on lyso-
somal functions such as enzymatic activity and acidification
[59]. This gene is strongly expressed in neurons, including
microglia, and astrocytes in the central nervous system [60].
FTD affects both the frontal and temporal lobes, leading to
behavioral, linguistic, and executive dysfunction. Therefore,
variations in clinical presentation among individuals within
a family have been observed. Mutations in the GRN lead
to lipid droplet accumulation in microglia [61], a phenom-
enon that is also seen with aging. Neurons and microglia
derived from patients with heterozygous GRN mutations
show increased lipofuscinosis and lysosomal storage mate-
rials, supporting the notion that FTD-GRN may be caused by
lysosomal dysfunction [62]. The other molecular pathologies
are deficient autophagy, inflammation, and nuclear depletion
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of TDP-43 or accumulation of pathogenic forms of TDP-43
[60, 63] (Fig. 4). FTD-GRN patients have been found to have
increased reactive microglia, proinflammatory cytokines,
and microglial dystrophy [64]. Complete loss of PGRN in
Grn—/— mice is known to increase complementary pathways
and induce GABAergic synaptic pruning, leading to hyper-
excitability in the thalamus [61]. Mice models exhibiting
PGRN deficiency show increased NF-kB-TNFa signaling,
leading to hyperexcitability in the striatum [65]. The patho-
genesis of FTD-related neurodegeneration associated with
PGRN deficiency remains a focus of intense investigation
[61]. FTD also exhibits neuropathological protein aggrega-
tion, glial hyperproliferation, inflammation, and lysosome
dysfunction [65] (Fig. 4).

Microtubule-Associated Protein Tau (MAPT)

The MAPT gene was identified in 1975 on chromosome
17921 [66]. MAPT encodes tau protein which is abundantly
expressed in neurons along with low expression in glial cells
[67]. Abundant MAPT has also been seen in various areas
of the brain including the cerebral cortex, subcortical, white
matter, and brain stem, as well as the spinal cord, which are
vulnerable to tau deposition [68]. In 1998, the first muta-
tions were discovered in exons 9, 10, and 13, as well as in
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(FTLD), and their frequencies are variable across popula-
tions, ranging from 5 to 50% [73]. MAPT alleles exhibit
complete linkage disequilibrium with several polymor-
phisms, resulting in two distinct haplotypes H1 and H2 [74].
According to most studies, the predominant haplotype, H1,
is associated with sporadic tauopathies and a weaker asso-
ciation with FTLD [74]. MAPT mutations are associated
with an autosomal dominant form of FTD and parkinsonism
(FTDP-17 T), affecting approximately 10% of people with
familial FTD (http://www.molgen.ua.ac.be/FTDMutations/).
The pathology is characterized by hyperphosphorylated tau
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of anatomical distribution, inclusion morphology, and bio-
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Fig.4 Depiction of different pathways involved in the pathogenesis of ALS and FTD, including novel genes that have been identified recently in

ALS-FTD, ALS, and FTD

@ Springer


http://www.hgmd.cf.ac.uk/ac/gene.php?gene=MAPT
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=MAPT
http://www.molgen.ua.ac.be/FTDMutations/

Molecular Neurobiology (2022) 59:5673-5694

5681

are behavior, language, motor, and memory function. Also,
the clinical phenotypes often overlap with other symptoms
including Alzheimer’s disease (AD), progressive supranu-
clear palsy (PSP), corticobasal degeneration (CBD), Pick
disease, and primary progressive aphasia [75]. Tau plays an
important role in microtubule assembly, which is crucial for
axoplasmic transport and neuronal integrity [76]. The abnor-
mal intracellular accumulation of hyperphosphorylated tau
is thought to contribute to a number of neurodegenerative
disorders (tauopathies), including FTD (FTLD-tau) [76].
Based on neuropathological findings, FTLD is character-
ized by hyperproliferation of glial cells and abnormal protein
inclusions in the cytoplasm and nuclei of neurons [77]. It
has been shown that FTLD-tau and TDP-43 protein aggre-
gates (~45% of FTLD-tau and ~50% of FTLD-TDP) have
been observed in the brains of FTLD patients [78]. There
are heterogeneous genetic features in FTLD, reflecting its
complex clinical and pathological nature. Despite enormous
advances in FTLD genetics over the past 20 years, it’s clear
that molecular mechanisms remain the major obstacle in
unraveling FTLD pathogenesis to date [79].

Chromosome 9 Open Reading Frame 72 (C90rf72)

The massive GGGGCC repeat expansion (~700-1600 cop-
ies) in the first intron of C90rf72 has been identified in 2011
with familial and sporadic forms of both FTD and ALS [24,
80]. Since then, it has become a hallmark not only of ALS
and FTD but also of AD, PD, PSP, ataxia, CJD, and Hun-
tington’s disease (HD) [24, 25]. A total of 29 genetic vari-
ants have been linked to C9orf72 (http://www.hgmd.cf.ac.
uk/ac/gene.php?gene=C9orf72 and Supplementary informa-
tion), including missense, splice site, and repeat variations.
C90rf72 is responsible for up to 80% of familial ALS-FTD,
20-50% of familial ALS, 5-20% of sporadic ALS, and
10-30% of FTD cases [81]. Critical clinical phenotypes
include behavioral variant of FTD, primary progressive
aphasia, movement issues, memory problems, and psychosis
[82]. Patients with the C9orf72 repeat expansion have been
shown to have higher rates of bulbar onset ALS, cognitive
impairment with an earlier onset of disease, and accelerated
disease progression [83]. The actual function of C9orf72 is
yet to be defined, but accumulating evidence suggests that it
functions (directly or indirectly) in coordinating autophagic
flux or endosomal trafficking [84]. The genetic, clinical,
and neurological heterogeneity of C9orf72 is also evident
in families with GRN mutations. Different neuropathologi-
cal phenotypes also demonstrate overlapping inclusions of
abnormal proteins, including FTLD-TDP and typical ALS-
TDP-43 inclusions in LMN of different patients [77, 82,
85]. Brain pathologies of patients have also shown overlap-
ping phenotypic categories [77, 82]. Apart from TDP-43
pathology, ubiquitin—proteasome system (UPS) dysfunction,

repeat-associated non-AUG (RAN) translation, dipeptide
repeat (DPR) protein synthesis, and intracellular RNA
accumulation can also be detected as a resultant of C9orf72
mutations [24, 84]. In order to determine the role of C9orf72
in cellular physiology, studies are being aimed at targeted
reduction of mutant C9orf72 expression, to deplete the for-
mation of toxic nuclear foci. Further, lysosome—autophago-
some connections and proteasomal activities may also be
associated with C9orf72-mediated pathways [1].

TAR DNA-Binding Protein 43 (TDP-43)

TDP-43 was initially cloned as a repressor protein involved
in HIV-1 transcription [86]. It binds to a trans-active
response element within viral DNA sequences and is essen-
tial for the regulation of viral gene expression [86]. The
TDP-43 (1p36.22) encodes 414 amino acids and functions
as an hnRNP. TDP-43 has been implicated in both ALS
and FTD [87]. TDP-43 is ubiquitously expressed in almost
all tissues, including the brain [87]. It contains two RNA
recognition motifs (RRM1and RRM2) and a glycine-rich
C-terminal sequence, which is a “hot spot” for mutations
in TDP43 [87]. A total of 70 different genetic variants have
been reported so far in TARDBP (http://www.hgmd.cf.ac.
uk/ac/gene.php?gene=TARDBP and Supplementary infor-
mation). One of the major pathways perturbed in TDP-43
pathogenesis might be dysregulation of RNA splicing, which
could result in functional defects in vital proteins. However,
further research is needed to elucidate the role of TDP-43
in normal cellular function, as well as in other mechanis-
tic processes affected by mutations in TARDBP. The most
important domain of TDBP-43 is its glycine-rich domain,
which has been implicated in exon skipping, splicing inhi-
bition, and biogenesis of mRNA [88]. Recently, it has been
demonstrated that TDP-43 regulates spermatogenesis and
acts as a scaffold for nuclear bodies called Gemini of coiled
bodies (GEMs) and interacts with the survival motor neuron
protein [89, 90]. Although its biological functions are not
fully understood, TDP-43 has been shown to function by
binding to single-stranded DNA, RNA, and/or proteins [88,
91]. Likewise, the anatomical distribution of DPR pathol-
ogy does not correlate with the patterns of neurodegenera-
tion and pathology related to TDP-43 [92] Currently, it is
debated whether TDP-43 or DPR pathology modulates the
pathogenesis caused by C9orf72 mutations [92].

Novel Genes Identified in ALS and FTD
TANK-Binding Kinase (TBK1)

In 2015, mutations in the TBK1 gene were reported to be
associated with ALS [93, 94], FTD [95], and ALS-FTD
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[17]. Similarly, a large-scale GWAS study identified TBK1,
which is located on chromosome 12q14.2, as a risk locus in
ALS [96]. There are many LoF mutation in TBK/ resulting
because of frameshifts, nonsense mutations, splice site alter-
ations, and possibly pathogenic read-through mutations [97].
Many of these missense mutations in 7BK/ are clustered in
the kinase and ubiquitin-like domains [98]. Missense muta-
tions in the functional domains as well as those that impair
TBK1I phosphorylation and binding of target proteins to
TBK1 may result in disease pathogenesis [98]. This was sup-
ported by the difference in the odd ratio between cases and
controls observed in this study (11.78 and 1.62, respectively)
[99]. Furthermore, patients with ALS, FTD, and ALS-FTD
are estimated to have a mutation frequency between 0.4 and
1.7% in TBK1 [95, 100]. A recent meta-analysis found that
the two mutation combinations (LoF mutations at 1% and
missense mutations at 1.8%) are more prevalent in European
populations than in Asian populations suffering from ALS
and/or FTD [99]. Probably, this was because the numbers
of Caucasian cohorts studied were more than that of Asian
cohorts [1]. TBKI mutations were also found to be the sec-
ond most common cause of ALS-FTD pathogenesis, after
C90rf72 mutations [101]. Mutations in TBK]I are related
to bulbar onset in~ 15% of ALS patients and progressive
behavioral changes in FTD patients [94]. It has been shown
that both ALS and FTD patients exhibit increased inclusions
of TDP43 and p62 in their affected brain regions [97]. The
knockout of TBKI mutations in rodent models led to similar
symptoms of cognitive impairment and motor dysfunction as
those seen in ALS/FTD patients [102]. Further, a germline
TBK1 deletion has been associated with embryonic lethality,
suggesting that it plays an important role in development.
Moreover, T2K-deficient mice showed embryonic lethality
and apoptotic liver degeneration, along with altered NF-kB
gene expression [103].

TBK]1 belongs to the IkB kinase gene family, and it is
essential for binding and phosphorylating several proteins
involved in autophagy [104], mitophagy [105], and innate
immunity [106]. TBK1 is highly expressed in neurons of the
hippocampal formation, the cerebral cortex, and the lateral
ventricles [107]. TBK1 interacts with optineurin (OPTN)
and SQSTMI to form an autophagic adaptor complex [108].
Mutations in these two genes as well as TBKI have been
detected in patients with ALS-FTD [17, 101, 109]. Further-
more, TBK I mutations have been found along with C90rf72
expansion [95, 100], TARDBP [94, 98], FUS [109], or FUS
and DCTNI [110]. Mutations harboring TBK1 with TAR-
DBP [98] or TBK1 with FUS [94] have a more rapid onset of
disease pathogenesis than those harboring TBK1 alone [94,
111]. Mutations in 7TBK and repeat expansion in C9orf72
have also been associated with alterations in disease onset
and penetrance [95]. The clinical phenotypes of patients
with TBK1 mutations showed variable onsets, progressions,
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and survival rates [95, 98, 100, 111]. TBKI mutations have
also been detected in other cohorts, including patients with
motor neuron disease alone or with FTD [17, 93-95]. TBK1
mutations have been linked to a variety of overlapping dis-
eases, including behavioral FTD, prominent parkinsonism,
and semantic paraphasias [95, 97]. Future studies should
investigate clinical, phenotypic, and clinicopathological cor-
relations to confirm or disprove the distinct genetic identifi-
cation and treatment associated with TBK1.

Cyclin F (CCNF)

Genome-wide linkage analysis led to the identification of
CCNF in 2016 in an Australian family with British ancestry
afflicted with ALS-FTD [112]. The CCNF mutation fre-
quency ranged from 0.6 to 3.3% among Australian, Ameri-
can, European, and Asian populations with fALS-FTD [112,
113]. CCNF encodes the cyclin F protein (part of the E3
ubiquitin—protein ligase complex), also known as the Skp1-
Cull-F-box E3 ubiquitin ligase complex [114]. CCNF
catalyzes and transfers ubiquitin molecules to the specified
proteins, which are then degraded by the UPS [115]. The
mutation Ser621Gly in CCNF inhibits this degradation by
disrupting ubiquitination, resulting in the accumulation of
ubiquitinated proteins, such as TDP-43 and ribonucleoside-
diphosphate reductase subunit M2 [112]. Interestingly,
CCNF also acts on SQSTM1 like TBK1 and triggers ubiqui-
tinated protein degradation by autophagous receptor binding
[116]. CCNF is expressed in neuronal cells, and mutations
in CCNF are associated with defects in ubiquitination pro-
cessing and autophagosome-lysosome fusion [112, 116].
Recently, a zebrafish model of the p.Ser621Gly mutation
has been used to demonstrate its effects on axonal growth
[116, 117]. CCNF has been shown to interact with VCP and
increase its ATPase activity, leading to the aggregation of
TDP-43 [118]. The genetic and functional findings obtained
in cellular as well as model organisms indicate that mutant
CCNF leads to impaired UPS/autophagy pathways result-
ing in impaired axonal growth. Hence, this gene has been
implicated in the ALS-FTD spectrum and is also known as
locus FTDALSS (Table 1).

Kinesin Family Member 5A (KIF5A)

For the first time, KIF5A was identified using WES followed
by rare variant analysis in fALS patients (case =426, con-
trol=6137) [119]. Splice site mutations were reported to be
clustered in the C-terminal region of KIF5A [119]. Further,
functional analyses of lymphoblast cell lines demonstrated
defective splicing and haploinsufficiency, resulting in dis-
ease pathogenesis [5, 119]. This study was initiated as there
have been previous findings on the involvement of KIF5A
in other diseases, such as monogenic spastic paraplegia and
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Charcot—Marie-Tooth disease type 2 (CMT2) [120]. In
2018, similar findings were reported using two analogous
methods: (1) the GWAS in 20, 806 ALS cases, and 59,804
controls and (2) the rare variant burden in 1,138 fALS cases
and 19,494 controls [120]. Consequently, a missense het-
erozygous variant (p.Pro986Leu, rs113247976) and other
LoF variants (within amino acids 996-999) were identi-
fied, suggesting the need for additional cohort validation
[119]. The variant (p.Pro986Leu, rs113247976) was checked
in additional cohorts of ALS patients (cases=4159, con-
trols = 18,650) and confirmed the original GWAS findings
[119]. Further validation of this observation was done by
meta-analysis and replication studies (cases=24,965, con-
trols =78,454) that generated a highly significant p value
(7.09%10—13) [120]. An independent study using rare vari-
ant burden analysis showed that this variant (rs113247976)
was associated with fALS [120]. Three additional carriers
with LoF variants in KIF5A were also found [120]. In their
research, the authors suggested that the variant p.Pro986Leu
in KIF5A posed a lower penetrance with a relatively com-
mon occurrence in fALS [119, 120]. There is also evidence
that LoF variants in KIF5A are rare and have a higher pen-
etrance and are at higher risk factors for ALS [119, 120].

KIF5A belongs to a family of motor proteins, called kine-
sins (KIF-5 major isoform). It plays a role in the transport
of organelles within the cells, such as axonal transport [119,
120]. It has also been reported that mutant KIF5 plays a
role in the pathogenesis of motor neuron degeneration [121,
122]. Nevertheless, KIF5 transports granules in axons and
dendrites that interact with RNA and RNA-related mole-
cules. [123]. Most of these granules/cargos are related to
other genes associated with ALS, for example, FUS, VAPB,
and hinRNPA1 [124, 125]. The knockout mice of KIF5A
demonstrated abnormal neurofilament transport [126]
and pathological accumulation of these neurofilaments in
ALS [127]. Similarly, KIFSA~™'~ mice also show defects
in axonal transport and survival [128]. ALS patients also
have impaired axonal transport and mitochondrial activity
[124, 129]. In addition to the KIF5 family members, other
receptors including the a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA) and y-Aminobutyric acid type
A receptors (GABA ) types are also affected [130, 131].
Furthermore, other ALS genes (VEKI and PFNI1) modulate
KIF5A expression [132, 133], and this impacts the forma-
tion of neurite-like membrane protrusions [125]. In contrast,
the majority of the LoF variants have been identified in the
C-terminal domain of KIF5A, and haploinsufficiency has
been observed which may disrupt the binding affinity of
KIF5A with other cargo proteins [119, 120].

Furthermore, the zebrafish models with a truncated C-ter-
minus of KIF5A led to mitochondrial translocation disrup-
tion [134]. It has been suggested that lack of KIF5A expres-
sion can lead to accumulations of downstream proteins, such

as phosphorylated neurofilaments and amyloid precursor
proteins, which are associated with neurodegeneration in
patients with multiple sclerosis (MS) [135]. Recently, KIF5A
has emerged as a promising and predictive biomarker in MS
[135]. KIF5A mutations show genetic heterogeneity that can
result in a variety of distinct phenotypes depending on their
location within the gene [119, 135]. For example, KIF5A
mutations can lead to classical ALS phenotypes, myoclonus
in infancy, CMT2, and hereditary spastic paralysis, etc., sug-
gesting a pleiotropic role of this gene in various neurological
conditions [119, 135].

Glycosyltransferase 8 Domain Containing 1
(GLT8D1)

GLT8DI was discovered by WES in a family with autoso-
mal dominant ALS that harbored variant p.Arg92Cys within
exon 4 [136]. Among the affected individuals, the heterozy-
gous p.Arg92Cys mutation in GLT8DI co-segregated in
an autosomal dominant manner [136]. The findings were
confirmed by Sanger sequencing [136]. Within the same
exon, additional rare deleterious mutations within GLT8D 1
have been linked to ALS [136]. The mutations p.Arg92Cys
and p.Gly78Trp are located at the substrate-binding site and
alter the enzyme activity of GLT8D1 [136]. Further, in vitro
cytotoxicity analysis using zebrafish revealed p.Arg92Cys
and p.Gly78Trp variants in GLT8DI cause insufficient
motor activity resembling ALS, suggesting that the glyco-
syltransferase activity is lost in these mutants [136]. The
possible roles of GLTS8D] are related to synthesizing signal-
ing molecules, such as gangliosides, which are important in
motor neuron functions [137]. A mice model of Ugt8a (the
orthologue of UGTS) has shown the involvement of differ-
ent brain-gangliosides in dysfunction of motor coordination
[138, 139]. It is interesting to note that GLT8D1 deficiency
has been linked to a number of other neurodegenerative
conditions, including AD, PD, HD, and schizophrenia [140,
141].

TIA1 Cytotoxic Granule-Associated RNA-Binding
Protein (TIA1

The TIAI gene was first discovered by WES [142] in a
European family with ALS-FTD. Heterozygous missense
mutation (p.Pro362Leu) in TIA segregated in the affected
family members [142]. Five additional mutations in six
different patients were identified in the low complexity
sequence domain (LCD) [142]. TIAI encodes an RNA-
binding protein with a C-terminal LCD similar to that of
TDP-43 or FUS [142]. TIA1 is also found in membrane-
less organelles like stress granules and can modify lig-
uid-liquid phase separation (LLPS) using LCD [142].
Due to the TIAI mutation, the LLPS undergoes changes
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in their biophysical properties, which lead to changes in
the formation of stress granules [142]. A genetic mutation
occurring in this domain causes Welander distal myopa-
thy and is also associated with TDP-43 and p62 aggre-
gation [143-145]. Mutations in TIA] affect stress gran-
ule dynamics and result in TDP-43 accumulation [142].
In a case—control study (cases = 1039, controls =3036),
additional six nonsynonymous variants were present in
the LCD domain of TIAI in affected members [146]. A
significant value with ~2% with fALS and <0.5% of sALS
patients were observed [142]. Further, neuropathological
examination of autopsied brains and spinal cords of T7A1
carriers revealed TDP-43 pathology [147]. Additionally,
inclusions of hyaline-like cytoplasmic Lewy bodies were
also observed in LMNs [142, 147]. There may be a link
between the inclusions present in the LMNs and the T7A1
mutation, which is characteristic of ALS patients [148].

NIMA-Related Kinase 1 (NEK1) and Chromosome 21
Open Reading Frame 2 (C210rf2)

NEK1 was first identified as a hit in WES study of > 2,000
ALS patients [4, 93, 149]. The rare variants in NEKI were
significantly enriched in ALS patients compared to that of
controls (cases =2303, controls =1059) [150]. Approxi-
mately 3-4% of ALS patients of European descent had the
presence of rare variants in NEK], including heterozygous
LoF variants in 1% of patients [4, 93, 149, 150]. Mutations
in this gene were also reported in another WES study that
examined 827 controls and 265 index ALS patients [150].

NEKI is a member of the conserved NIMA-related ser-
ine/threonine kinases family, and it plays an important role
in cell cycle, DNA damage repair, mitochondrial membrane
regulation, and ciliogenesis [151-153]. A heterozygous
mutation (p.Arg812Xaa) in NEKI has been demonstrated
in patient-derived neuronal cells with an increased DNA
repair response to irradiation [152]. NEK1 is involved in
the maintenance of the cytoskeleton system in neurons [154]
and interacts with other ALS genes like tubulin alpha 4a
(TUBA4A) [155] and PFNI [133]. Along with other ALS
proteins, such as VAPB and ALS2 (alsin), NEK1 binds to
C21lorf2 in response to DNA damage [93, 156].

C21orf2 has recently been identified as a novel ALS gene
containing nonsynonymous and LoF variants [96]. Addition-
ally, in vitro cell-based assays have shown that knocking
down NEK] expression results in cellular death, resulting
in the LoF mechanism [157]. The function of C21o0rf2 is
unknown, but it is believed that it interacts with NEK and
participates in primary cilia formation [158—160]. Mutations
in C21orf2 and NEK 1, like those in TBK1 and GLT8D1, are
associated with other diseases, including axial spondylopa-
thies and retinal dystrophies [159].
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DnaJ Heat Shock Protein Family (Hsp40) Member C7
(DNAJC7)

DNAJC?7 has been recently identified in a large WES-based
case—control study (cases =3864 and controls =7839) [161].
Eight individuals were found to have six protein-truncating
variants (PTVs) (cases =5095, controls =28,911). A higher
rate of significant PTVs has been observed in cases with
constrained genes. Gene-based analyses have shown the
presence of PTVs in the well-known ALS genes like SOD1,
FUS, and NEKI. In GWAS, DNAJC7 showed a greater
occurrence of PTVs, such as variant p.Argl56Ter [162].
Western blot analysis of patient-derived fibroblasts revealed
a depletion of DNAJC7 protein (p.Argl156Ter) [162]. Thus,
it was concluded that DNAJC7 loss was responsible for neu-
rodegeneration, since it encodes a chaperone and contributes
to protein folding and clearance of mature proteins, along
with protein homeostasis. The study was limited to a single
population, and therefore, further research is needed both
in ALS and FTD cohorts from other populations. DNAJC7
encodes mainly a heat shock protein (HSP40), which facili-
tates the homeostasis of HSP70 by modulating folding, mis-
folding, and clearance of other proteins and peptides [162].

TATA-Box Binding Protein (TBP)

Recently, TBP has been identified in an Irish family that
contributed to partial frontal dysfunction and cerebellar atro-
phy [163]. The proband had a 43 repeat expansion in TBP
that co-segregated with other family members [163]. TBP
encodes a transcription initiation factor that may have a role
in RNA metabolism [164]. The mutations in 7BP have been
associated with spinocerebellar ataxia 17, suggesting that
dementia and ataxia share overlapping mechanisms [163].
Future studies in TBP warrant better clinical profiling and
genetic testing.

Cathepsin F (CTSF) and Major Facilitator
Superfamily Domain 8 (MFSD8)

CTSF and MFSDS8 have recently been identified in FTD
[165, 166]. Two unrelated FTD patients in a Belgian cohort
carried the heterozygous p.Arg245His mutation in CTSF
[165]. Nevertheless, case—control, genetic association,
and rare burden analyses showed a higher rate of risk vari-
ants in MFSDS, which has been linked to FTD [166]. It is
interesting to note that these two genes are involved in the
lysosomal—autosomal pathway that leads to ALS/FTD. The
CTSF encodes cathepsin F, which is an enzyme involved in
lysosomal cysteine protease activity [167, 168]. Recently,
another missense variant (p.Leu465Trp) was identified in
CTSF of an individual affected with FTD [169]. The MFSDS8
encodes a ubiquitous integral membrane protein that is found
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in lysosomes [170]. According to this study, mutations in
MFSDS cause FTD by increasing the concentration of other
proteins such as LAMP2 and CTSD and, concurrently, by
decreasing the rate of protein degradation [166]. The pres-
ence of homozygous LoF in these two genes can result in
neuronal ceroid lipofuscinoses [171, 172], suggesting that
lysosomal dysfunction may exacerbate the disease. Further
studies are needed to confirm the role of these genes in FTD
pathogenesis.

Involvement of Common Interlinked
Pathways in ALS-FTD Pathogenesis

Numerous genes are known to play a vital role in differ-
ent pathways linked to ALS and FTD [4]. Some genes
are exclusively associated with ALS/FTD. These genes
include SODI, MAPT, and GRN [80]. In SOD1, the dis-
ease has been classified as a pure case of ALS, while in
MAPT and GRN, it has been classified as a pure case of
FTD. The development of the disease is also influenced
by related pathways, for example, genes that regulate
autophagy and proteasome damage (C9orf72, OPTN,
VCP, UBQLN2, SOSTM1, CCNF, FUS, TARDBP, TBK1,
CHMP2B), RNA metabolism (C90rf72, UBQLN2, SETX,
ANG, ATXN2, hnRNPAI, MATR3, FUS, TARDBP),

mitochondrial dysfunction (TBKI1, CHCHD10, VCP), and
the cytoskeleton dynamics (TUBA4A, SQSTM1, CCNF,
SPGI11, KIF5A, PFNI) [4] (Fig. 2). However, other path-
ways such as lysosomal-endosomal involvement (NEK],
FIG1, ALS2), unfolded protein response (VAPB, SIG-
MARI), stress granule formation (TAF15, FUS, ATXN2,
TIAI, EWSRI, hnRNPA1I), excitotoxicity, oxidative stress,
neuronal survival, neurite outgrowth, and neuroinflamma-
tion are other important emerging mechanisms [4, 163]
(Fig. 1). A systemic pathway that plays a role in ALS,
FTD, and ALS-FTD pathogenesis is illustrated in Figs. 3,
4, and 5, respectively. ALS, FTD, and ALS-FTD appear to
be characterized by a complex interaction between genetic
and environmental factors, leading to dysfunction of criti-
cal molecular pathways and neurodegeneration and neu-
ronal cell death (Figs. 3, 4, and 5). It still remains unclear
as to how these steps or factors work. A combination of
genetic, environmental, and epigenetic factors appears to
contribute to the disease pathogenesis (Fig. 3, 4, and 5).
Neurophysiological tests have shown that the hyperexcit-
ability of the cortex may play an important role in ALS
and FTD [3]. It is shown that both ALS and FTD are asso-
ciated with similar pathogenic mechanisms that involve
RNA and protein imbalances, as well as disturbed cellular
homeostasis that promotes disease progression (Fig. 3, 4,
and 5).

Fig.5 Genetic spectrum of ALS, FTD, and ALS-FTD. The timelines
and coordinates of the genes discovered in ALS are shown in (A),
those discovered in FTD are shown in (B), and overlapping genes
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implicated in both ALS as well as FTD patients are shown in (C).
Additionally, TDP-43 inclusions were detected in both ALS-FTD
patients. The diameter of each gene indicates its relative frequency

@ Springer



5686

Molecular Neurobiology (2022) 59:5673-5694

New Genetic Risk Loci Identified in ALS
and FTD

ALS-FTD, ALS, and FTD genes can be classified into
three major pathways, namely, autophagy/proteasome
impairment (C9orf72, SQSTM1I1, TBKI, OPTN, VCP,
CHMP2B, UBQLN2, CCNF, FUS, TARDBP), RNA pro-
cessing (C9orf72, FUS, TARDBP, UBQLN2, SPG11,
KIF5A, MATR3, SETX, hnRNPA, PFNI), and cytoskel-
eton dysfunction (CHCHDI10, TBK1, ALS2, FIG1, NEK]I,
VCP, TUBA4A, CCNF, SQSTM1) [13, 173] (Fig. 3). Risk
factors or modifier genes are equally important for under-
standing the molecular basis of the disease, along with the
onset of disease, as well as subtle modulations in the dis-
ease phenotype [5]. Recent GWAS studies have revealed
numerous novel genes related to ALS and FTD [174]. For
example, p.A152T in MAPT increases the risk for FTD,
while loss of EPHA4 variants is associated with a higher
survival rate in patients with ALS [3, 175]. GWAS analy-
sis identified UNCI13A on chromosome 19p13.3, which
has been shown to play a role in susceptibility to ALS
[6, 176]. Recently, UNCI3A was found to be a risk fac-
tor in FTD patients along with deposition of TDP-43 [6,
176]. Studies have previously linked C2/orf2 (explained
above) with SCFD1, MOBP, and TNIP1 to ALS [96, 177].
Currently, gene expression analysis and patient stratifica-
tion are being conducted in ALS, and this could lead to
the development of personalized therapy [178]. GWAS
and DNA methylation studies have recently identified a
number of genes (DLG1, METTL7A, KIAA1147, PCNX,
UBTD2, WDR35, ELP2/SLC39A6), which harbor muta-
tions and perhaps have connections to differential DNA
methylation or epigenetic changes leading to the involve-
ment of common pathways [174]. Therefore, these genes
indirectly contribute to neurodegeneration in ALS, FTD,
and ALS-FTD [174]. Recently, another study has shown
that known genetic risk loci for AD/FTD have a nominal
causal effect on immune-related traits [115]. It was found
that a higher rate of fold change in immune-related genes
in FTD was seen when compared with other diseases such
as rheumatoid arthritis, ulcerative colitis, and celiac dis-
ease [115]. Moreover, a number of other genes comprising
of ATXN2, TMEM106B, UNCI3A/KCNNI, and ZNF512B
have also been identified as modifiers or risks for ALS/
FTD with distinctive stages of signs [13, 173]. Thus, these
genes/variants with low penetrance have been found in
a subgroup of ALS/FTD patients, suggesting that many
genetic elements contribute to the ALS/FTD spectrum.
Although these risk factors and modifiers are not directly
linked to ALS/FTD, they increase the likelihood of devel-
oping the disease [13, 115]. Further, these observations
indicate that environmental triggers may be also involved,
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thus leading to oligogenic/polygenic models of ALS/FTD,
which have been described in details below. Several recent
studies have suggested that ALS/FTD patients may carry
more than one genetic variant, which may have additive
effect on the disease pathogenesis [3, 17]. However, more
studies are needed to identify risk, modifier, and protec-
tive factors in ALS/FTD biology to cover the spectrum of
these diseases [4, 17].

Oligogenic/Polygenic or Pleiotropy Models
in ALS and FTD

As discussed above, ALS is closely linked to FTD at vari-
ous stages. There can be more than one gene or variant(s)
that causes both ALS and FTD; for example, mutations in
TARDBP, C9orf72, or TBKI may occur even within the
same family [23, 179]. However, phenotypic pleiotropy is
speculated among a multitude of disorders beyond ALS or
FTD [180]. In fact, most C90rf72 mutations have also been
reported in AD, Alzheimer’s dementia, and PD [85, 181].
Additionally, recently identified TBK1, which has been
observed with LoF leading to haploinsufficiency, also could
be a cause for cerebellar ataxia and progressive supranuclear
palsy [182]. Intriguingly, KIF5A has also been associated
with a variety of other neurodegenerative disorders, includ-
ing hereditary spastic paraplegia and hereditary neuropa-
thy (CMT2A) and neurodevelopmental disorder NEIMY
(see above under KIF5A section). Thus, continuous high-
throughput sequencing of patients will reveal new genes
which will help in dissection of phenotypic nuances.

Oligogenic Architecture of ALS/FTD

Several years ago, it was assumed that most genetic causes
of ALS and FTD could be explained by pathogenic muta-
tions that do not co-segregate in carriers or unaffected family
members, such as SODI in ALS [26]. A similar phenomenon
has also been observed in FTD patients [24, 25]. Together
with other studies, these observations have addressed genetic
penetrance, expressivity, epigenetics, and environmental
influences [183, 184]. Moreover, new discoveries in this era
of ALS/FTD genetics point at the oligogenic/polygenic or
reduced penetrance models for these diseases [4]. Past and
ongoing studies indicate a significantly higher number of
patients with two or more mutations, which is more than
expected, suggesting an additive or synergistic impact of
oligogenic diseases on disease penetrance and progres-
sion [3, 4, 7, 15, 17]. There is a similar pattern of oligo-
genic disease onset, penetrance, and progression associated
with C9orf72 repeat expansion in ALS [185]. This may be
explained by the higher prevalence, incomplete penetrance,
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and the co-occurrence of numerous other mutations with the
CY9orf72 repeat expansion in carriers with both ALS-FTD
and ALS [184-186]. Further, the loss and gain of C9orf72
function in ALS may also allow identification of a common
therapeutic pathway in the near future [24, 187]. A recent
study has shown that activating the autophagy pathway can
ameliorate TDP-43 proteinopathies, in mice models, sug-
gesting the possibility of a potential treatment for neuro-
degenerative disorders involving TDP-43 inclusions [188].
New therapeutic approaches, including stereopure oligonu-
cleotides, may have some striking correlations with future
genetic and model-based research [189]. Numerous other
known and novel genes, as well as their inheritance pat-
terns, have resulted in a wide spectrum of ALS-FTD disease
presentations [22]. The discovery of ALS and FTD gene
mutations has created new ways to diagnose/treat as well as
identify disease penetrance. In recent months, advances in
sequencing techniques have made it possible to analyze gene
panels and to document multiple gene mutations simultane-
ously in ALS and FTD [179, 190]. An analysis of one such
study found that cases with more than one mutation tend to
be more penetrant than those with single-gene mutations
[179]. According to another study, patients with mutations
in more than one gene had a lower survival rate than those
with mutations in only one gene. Thus, mutations in multiple
genes within one individual lead to a more severe and pro-
gressive disease onset (imitating oligogenic and polygenic
disease models) [2, 109].

Advances in Novel Gene-Based Therapies

In 1995, riluzole, an antiglutamatergic agent, was identified
as the only effective treatment for ALS with a minimum
survival time of 3 months [191]. Edaravone (Radicava, a
neuroprotective agent) has been approved by the US Food
and Drug Administration for the treatment of ALS [192],
but no treatment has yet been approved for FTD (https://
clinicaltrials.gov/ct2/show/NCT04220021). Nevertheless,
various treatment strategies are being used in different drug
classes, such as antipsychotics, antidepressants, cholinest-
erase inhibitors, memantine, riluzole, and serotonin inhibi-
tors, depending on the phenotype [85]. For example, specific
serotonin inhibitors are prescribed to treat behavioral prob-
lems, and riluzole is prescribed to treat conditions related
to motor function or parkinsonism [193]. Despite this, these
treatments are effective for up to 6 or 8 months after they are
administered to patients with a milder form of the disease
[85, 193].

ALS and FTD, however, do not have any other benefi-
cial and effective treatments that can extend life expec-
tancy significantly; hence, it is crucial to continuously
develop better therapies, treatments, and patient care [85].

Until now, advances in genetics and molecular under-
standing of these diseases have led to numerous novel
gene identifications and subsequently newer therapeutic
approaches [85]. Antisense oligonucleotides (ASOs) and
stereopure oligonucleotides, for instance, target major-
ity of the ALS genes [189]. In ongoing clinical trials,
it has been shown that ASOs function directly against
SODI mutations in the CSF of patients without causing
any adverse effects [194]. Different phases of clinical tri-
als are currently being conducted with the latest genera-
tion of ASOs (NCT02623699). Further, iPSCs generated
from fALS patients carrying SODI mutations with ASOs
have shown decreased apoptotic markers, which indicates
improved survival rates [195]. The p.Gly93Ala mutation
in SOD1 transgenic mice was shown to delay the disease
onset and improved survival when combined with a micro-
RNA linked to niR-155 (miR-155) [196, 197]. Interest-
ingly, copper-based therapeutic diacetylbis(N(4)-methyl-
thiosemicarbazonato) copper II (CuATSM) pet analysis
rendered controlled activity in mice with p.Gly93Ala
mutation in SODI [198]. CuATSM is delivered into the
CNS with a metal cofactor (copper), and without this cop-
per, these proteins become misfolded and toxic, poten-
tially leading to motor neuron degeneration [198]. In
addition, ASO inhibited the formation of RNA foci linked
to C9orf72 repeat expansion and thus prevented dipep-
tide repeat pathogenesis [19, 199]. In a mouse model,
stereotactic ASO injection reduced RNA foci formation
by 60-70% in the brain and spinal cord [200]. ASO has
been used for ALS and FTD modifiers as well as targeting
causal genes. Moreover, ATXN2 has been demonstrated to
be associated with ALS pathogenesis and acts primarily as
a modifier of TDP-43 toxicity in cellular and animal mod-
els [201]. ASO has been used to silence ATXN2, and this
has also been validated in knockout mice, demonstrating
that the reduced pathology associated with TDP-43 is due
to silenced ATXN2 [201].

Other tools, including CRISPR/Cas9 technology and
adeno-associated viral vectors, have been used to develop
mutant and wild-type alleles for personalized and precision
therapy [194, 200]. Systematic review and meta-analysis
of human transcriptomics also revealed neuroinflammation
[20]. Each technology has its limitations, but an ongo-
ing effort to develop and decipher efficient therapeutics is
the basis of any study. The study of epigenetic changes in
these genes, such as hypermethylation, is an emerging field
that poses new challenges and requires new approaches
[174]. In both ALS and FTD research, CRISPR/Cas9
technology is being used to create new animal models for
testing genes and their penetrance in patients. This will,
in turn, open up new therapeutic options such as personal-
ized, permissive, and precise therapies [187].
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Conclusions

Genetic research on ALS and FTD continues to reveal
genotype—phenotype correlations based on monogenic/
oligogenic gene(s), genetic risk factor(s), and disease
modifier(s). Further studies are needed to examine numer-
ous patients and control samples, and this can help in bet-
ter understanding of the data and increases the statistical
power to make new discoveries and validate findings. Our
predictions are that new gene discovery will continue, and
within a few years, this may lead to more effective treat-
ment options for overlapping conditions. However, pro-
gress is being made in modeling oligogenic risks and con-
quering non-coding regions of the human genome [2, 3].
Genetic findings have shed light on individualized medi-
cine and gene-specific treatments over the past 10-20 years
of study [85]. This serves as a proof-of-principle for the
treatment of patients using novel techniques such as ASO-
based splice modifiers in young patients with spinal mus-
cular atrophy. Patients with SOD/ mutations/C9ORF72
mutations are in clinical trials [19-21]. ALS and FTD have
similar pathological mechanisms, such as protein aggrega-
tion, RNA metabolism, autophagy—lysosomal dysfunction,
cytoskeleton and mitochondrial dysfunction, and stress
granules, suggesting a causal relationship between the
two disorders [4, 19, 177]. The genetic basis of SODI in
ALS, MAPT, and GRN in FTD is still debated as distinct
pathologies, so it is argued that pure ALS and pure FTD
cases should be treated separately [57]. It has been sug-
gested that diagnosis and prognosis biomarkers should be
developed based on their distinct neuropathological find-
ings. ALS/FTD genetics has been studied using a variety
of advanced sequencing tools (e.g., WES, WGS, and tar-
geted sequencing) to discover novel and rare genetic vari-
ants. This adds not only to the genetics of ALS/FTD, but
also to the genetics of other diseases [143, 169]. Further,
by including interaction between genes/epistasis, other
aspects of genetics have been dissected, such as reduced
penetrance, variable expression, and oligogenic/polygenic/
pleiotropic inheritance models [180]. Numerous studies
have shown the potential for personalized medicine and
future therapies for ALS/FTD in the near future [85, 181].

Summary

Even after years of research in the field of ALS-FTD, it
is still not clear as to what extent the two diseases over-
lap. Several new genes have been identified in ALS-FTD,
ALS, and FTD over the past few years (Table 1). There
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are also phenotypic characteristics common to the ALS
and FTD phenotype, such as language and behavioral dif-
ficulties (Table 2). The overlap between ALS and FTD is
also incomplete; for example, SOD] is included in ALS
cases, while GRN and MAPT are included in FTD cases.
It is still unclear what causes their distinct pathologies.
Intriguingly, much of the pathophysiology in ALS/FTD
shows a massive overlap, which is still a matter of debate
among scientists. However, clinical and genetic heteroge-
neity provides clues beyond these overlays, for example,
the C9orf72 repeat expansion, which includes intra- and
inter-family variations in disease onset, incidence, pen-
etrance, and progression, as well as cognitive and motor
impairments. [24].

It is due to a combination of genes and environmental
factors that the disease develops and progresses. Environ-
mental factors can include toxic compounds, heavy metals,
and electromagnetic frequencies, and many of these fac-
tors have been associated with neurological disorders in
humans [202]. A person’s habits and lifestyle are equally
important, and studies indicate that metabolic changes
such as eating habits, weight loss, insulin resistance, and
body cholesterol levels may have an effect on neurodegen-
erative diseases including ALS and FTD [174] (Fig. 3, 4,
and 5). A study conducted with > 700 phenotypic traits
and ALS GWAS data (cases =20,806; controls =59,804)
revealed a shared polygenic risk for this disease [203].
These include smoking, educational attainment, physi-
cal activity, anxiety/agitation, and an elevated level of
low-density lipoprotein, suggesting more controlled trials
are needed to prove causality [203]. Environmental fac-
tors do interact with many gene sets and subsets, and this
can be related to genes with dissimilar functions. Recent
studies on the gene TET2 (which promotes demethyla-
tion and is considered an environmental interacting gene)
have confirmed the presence of coding and non-coding
variants in individuals with neurodegenerative diseases
including ALS and FTD patients [204]. TET?2 is essential
for methylation conversion to 5-hydroxymethylation, a
process essential for aging, learning, and memory [204].
Therefore, a combined approach to studying non-coding
parts of the genome is also important. In the future, it
is crucial that we focus on genetic epidemiology studies,
cohort studies based on population data, and clinical phe-
notyping, which considers epigenetic features, genetics,
lifestyle, and environmental factors.
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