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Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative 
disease that leads to the massive loss of motor neurons in cerebrum, brain stem 
and spinal cord. It affects not only motor neurons but also other neurons and 
glial cells, resulting in the progressive muscle atrophy, the severe disability and 
the eventual death due to the respiratory failure. The pathogenesis of ALS is not 
fully understood. Currently, several factors are considered to be involved in the 
pathogenesis of ALS, such as genetic factors, imbalances in protein homeostasis, 
RNA metabolism disorders, mitochondrial dysfunctions, glutamate-mediated 
excitatory toxicities and intra-neuronal material transport disorders in neurons. 
The study of genetic mutations related to ALS pathogenesis will link the molecular 
and cellular mechanisms of the disease, thus enhancing the understanding of its 
occurrence and progression, thereby providing new insights for the pathogenesis 
of ALS. This review summarizes the current insights in the molecular genetic 
pathogenesis of ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rare chronic progressive motor neuron disease that 
impairs voluntary muscle control and movement. The main pathological features of ALS is the 
damage of motor neurons from motor cortex to neuromuscular system, including the defects 
of cerebrum, brain stem, spinal cord and neuromuscular junction, leading to the skeletal muscle 
decomposition and generalization, progressive atrophy (Fiscon et al., 2021). ALS is one of the 
most common neurodegenerative diseases with an incidence rate of 1 to 5 per 100,000 
populations. Clinically, ALS is manifested by muscle weakness and atrophy, spasm, and 
contracture (Herrando-Grabulosa et al., 2021). The ALS progresses rapidly and the survival time 
after the onset is usually 3–5 years. The main cause of death is the respiratory failure due to the 
respiratory muscle paralysis and atrophy. ALS can be generally classified into both familial and 
sporadic ALS, the familial ALS accounts for about 5%–10% of ALS and involves the genetic 
mutations in genes such as superoxide dismutase 1 (SOD1), chromosome 9 open reading frame 
72 (C9orf72), fused in sarcoma (FUS), TAR DNA-binding protein (TDP-43/TARDBP), and 
others. The sporadic ALS cases account for about 90%–95% of the disease, and the pathogenesis 
of ALS is not still completely clear (Je et al., 2021), which may be caused by genetics and related 
factors together (Fernández-Ruiz et al., 2021).

The pathogenesis of ALS involves in the complex processes involving the multiple genes and 
the multiple pathways. A variety of genes and pathways (Figure  1) are involved in the 

OPEN ACCESS

EDITED BY

Marija Cvetanovic,  
University of Minnesota Twin Cities, 
United States

REVIEWED BY

Feng Wang,  
Emory University, United States  
Bilal El-Mansoury,  
Cadi Ayyad University, Morocco  
Yangping Li,  
Emory University, United States

*CORRESPONDENCE

Renshi Xu  
 xurenshi@ncu.edu.cn

RECEIVED 19 March 2023
ACCEPTED 27 July 2023
PUBLISHED 10 August 2023

CITATION

Zhou W and Xu R (2023) Current insights in the 
molecular genetic pathogenesis of 
amyotrophic lateral sclerosis.
Front. Neurosci. 17:1189470.
doi: 10.3389/fnins.2023.1189470

COPYRIGHT

© 2023 Zhou and Xu. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Review
PUBLISHED 10 August 2023
DOI 10.3389/fnins.2023.1189470

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2023.1189470﻿&domain=pdf&date_stamp=2023-08-10
https://www.frontiersin.org/articles/10.3389/fnins.2023.1189470/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1189470/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1189470/full
https://doi.org/0000-0002-3657-3594
https://doi.org/0000-0003-0313-3434
mailto:xurenshi@ncu.edu.cn
https://doi.org/10.3389/fnins.2023.1189470
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2023.1189470


Zhou and Xu 10.3389/fnins.2023.1189470

Frontiers in Neuroscience 02 frontiersin.org

pathogenesis of ALS, such as the imbalance of protein homeostasis in 
neurons, the disorder of ribonucleic acid (RNA) metabolism, the 
mitochondrial dysfunction, the glutamate-mediated excitatory 
toxicity and the disturbance of intra-neuronal material transport. So 
far, more than 50 genes have been found to be associated with ALS (Li 
et al., 2023). Among them, C9orf72, SOD1, TDP-43 and FUS genes 
were most closely related to the pathogenesis of ALS (Kim et al., 2020). 
The mutations of various related genes play the different roles in the 
different pathways in the pathogenesis of ALS, which are interrelated 
and act together to lead to the occurrence and development 
pathogenesis of ALS.

Mutations in genes such as SOD1, C9orf72, TDP-43, ubiquilin-2, 
and valosin-containing protein (VCP) may lead to protein homeostasis 
imbalance through interference with the ubiquitin-proteasome system 
(UPS) and autophagy pathway, resulting in abnormal accumulation 
of toxic proteins and eventually leading to cell death (Beckers et al., 
2021; Chua et al., 2022). FUS and TDP-43 are RNA-binding proteins 
(RBPs) associated with RNA metabolism (Hallegger et  al., 2021). 
Mutations in these proteins cause abnormal localization and 
aggregation of FUS and TDP-43 in cells, affecting RNA metabolism 
and cellular function, ultimately leading to neurodegeneration (Ling 
et al., 2013). Mitochondrial dysfunction plays a crucial role in the 
pathogenesis of ALS as it affects multiple cellular pathways, including 
energy production, Ca2+ regulation, apoptosis, and protein quality 
control (Boyman et al., 2020). Mutations in ALS-associated genes such 
as TDP-43, FUS, SOD1, C9orf72, and Sigma-1 receptor (Sigma-1R) 
can alter mitochondrial integrity and function (Smith et al., 2019; 
Shoshan-Barmatz et al., 2020; Dafinca et al., 2021; Wood et al., 2021). 

Excitotoxicity is caused by excessive activation of glutamate receptors, 
inability to clear glutamate neurotransmitter, or increased postsynaptic 
sensitivity to glutamate. Glutamate transporters in astrocytes, such as 
excitatory amino acid transporters 1 (EAAT1)/glutamate–aspartate 
transporters (GLAST) and excitatory amino acid transporters 2 
(EAAT2)/glial glutamate transporter-1 (GLT-1), maintain proper 
extracellular glutamate levels, preventing excitotoxicity. Aberrant 
post-translational modification pathways of EAAT1/GLAST and 
EAAT2/GLT-1 are associated with the pathogenesis of ALS (Diaper 
et  al., 2013; Pajarillo et  al., 2019; Hirschberg et  al., 2021). Axonal 
transport pathways in motor neurons maintain their normal structure 
and function, and mutations in C9orf72, TDP-43, and FUS are 
associated with neuronal transport impairments (Burk and 
Pasterkamp, 2019; Pang and Hu, 2021).

At present, the study field of ALS continues to rapidly develop 
with the discovery of multiple disease related genes each year. The rare 
genes associated with the pathogenesis of ALS include 
glycosyltransferase 8 domain (GLT8D), carbonic anhydrase 1 (CA1) 
and serine palmitoyltransferase long chain base subunit 1 (SPTLC1) 
genes, and a series of new risk and modifying factors. A study 
(Cooper-Knock et al., 2019) has found a p.R92C mutation in the exon 
4 of the gene encoding the glycosyltransferase GLT8D1, which is 
co-segregated with the disease in a family with the autosomal 
dominant ALS. In addition, it was discovered that the familial ALS 
patients exhibit a significant enrichment of additional rare deleterious 
variants in the exon 4 of GLT8D1, which clusters near the substrate-
binding domain of the exon and reduces the enzyme activity of 
GLT8D1 (Cao et al., 2021; Candelise et al., 2022). More and more 
evidence suggests that hippocampus is involved in the pathogenesis 
of ALS (Machts et al., 2018), the characteristic alteration in ALS is the 
overall volume loss and the local atrophy of the CA1 area of 
hippocampus, representing the neuronal correlates of the cognitive 
and behavioral deficits frequently encountered in this ALS disease. 
Recently, it has been discovered that the mutations in the SPTLC1 
subunit of serine palmitoyltransferase (SPT) catalyzes the first step of 
de novo synthesis of sphingolipids and leads to the childhood-onset 
ALS (Johnson et  al., 2021; Mohassel et  al., 2021). The variants in 
SPTLC1 shifts the usage of SPT amino acid from serine to alanine, 
leading to the elevated levels of deoxysphingolipids and presenting as 
an alternating phenotype of inherited sensory and autonomic 
neuropathy, and being characterized by the progressive sensory loss 
with the varying degrees of autonomic involvement (Mohassel et al., 
2021). This article provides the current insights of molecular genetic 
mechanisms underlying the pathogenesis of ALS based on the 
currently recognized relationship between genetic genes and 
molecular pathways.

2. Imbalance of protein homeostasis 
in neurons

The maintenance of protein homeostasis is essential for cells to 
perform theirs functions (Figure 2). The protein imbalance can lead to 
the accumulation of misfolded proteins and ultimately cell death. 
Compared with other cell types, neurons are particularly susceptible to 
protein balance dysfunction (Kundra et  al., 2020). The abnormal 
proteins accumulate excessively in neurons to form the inclusion bodies 
with the different characteristics and play the neurotoxic roles, resulting 

FIGURE 1

The pathogenesis of ALS involves complex processes with multiple 
genes and multiple pathways dysfunction, such as the imbalance of 
protein homeostasis in neurons, the disorder of RNA metabolism, the 
mitochondrial dysfunction, the glutamate-mediated excitatory 
toxicity and the disturbance of intra-neuronal material transport. So 
far, more than 50 genes have been found to be associated with ALS. 
Among them, C9orf72, SOD1, TDP-43, and FUS genes were most 
closely related to the pathogenesis of ALS. The mutations of various 
related genes play the different roles in the different pathways in the 
pathogenesis of ALS, which are interrelated and act together to lead 
to the occurrence and development pathogenesis of ALS.
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in the neuronal degeneration and necrosis. The degradation of abnormal 
proteins was mainly degraded through the intracellular protein UPS 
and the autophagy system. So far, more than 50 genes have been found 
to be associated with the pathogenesis of ALS (Li et al., 2023). And the 
degradation of abnormal proteins was mainly through the pathways of 
intracellular protein UPS and autophagy system degradation. Among 
more than 50 genes related to ALS, a variety of genes (SOD1, C9orf72, 
TDP-43, ubiquilin-2, VCP, etc.) directly affect the pathways of UPS and 
autophagy system (Nassif et al., 2017; Li et al., 2023).

2.1. SOD1 gene mutation

A dominant missense mutation in the gene encoding SOD1 was the 
first to be found to cause ALS, accounting for approximate 20% of all 
cases of familial ALS, in which the signature pathological feature is an 
insoluble SOD1 ubiquitin-positive inclusion body within motor 
neurons. The chaperones molecules are the facilitators of protein folding 
and synthesis. The chaperon-assisted proteasome degradation is a 
system that facilitates the degradation of abnormal proteins by bridging 
misfolded and aggregated proteins to heat shock protein 70 (HSP70). 
This system participates in maintaining the protein homeostasis and 
promotes the refolding or removal of potentially toxic proteins (Tedesco 
et al., 2022). It has been found that heat shock proteins are encapsulated 
in the SOD1-positive aggregates, which reduces their ability to process 
the misfolded proteins in ALS (Farrawell and Yerbury, 2021). In 
addition, these abnormally aggregated proteins induce the endoplasmic 
reticulum (ER) stress and activate UPS to generate a vicious circle of 
abnormal toxic proteins production. Autophagy also appears to play an 
important role in the toxicity of mutant SOD1, which may be mediated 
by the removal of abnormal aggregates by HSP70 and its common 
partner B-cell lymphoma-2 associated athanogene 5 (Tedesco et al., 

2023). However, a comparison between neuroblastoma × mouse spinal 
cord motor neuron cell line (NSC-34) motor neuron cell lines and 
C2C12 muscle cell lines showed that the activation efficiency of 
autophagy system was reduced in NSC-34 cells in the presence of SOD1 
mutant expression (Maurel et al., 2018). This further leads to excessive 
accumulation of mutated SOD1, creating a vicious cycle that leads to 
cell death.

2.2. C9orf72 gene repeat mutation

In 2011, it was discovered that the most common genetic cause of 
ALS is the expansion of GGGGCC (G4C2) nucleotide repeats in an 
intron of C9orf72 gene. Healthy individuals have less than 30 GGGGCC 
repeats, but in ALS patients, GGGGCC sequences can be amplified 
hundreds or thousands of times. The C9orf72 mutation appears to drive 
the pathogenesis of ALS through the loss of normal function of C9orf72 
and the acquisition of toxic effects caused by the repeated amplification 
(Vant Spijker and Almeida, 2023), which leads to the RNA amplification, 
the dipeptide repeat proteins aggregation and the C9orf72 haploid 
dysfunction. The RNAs containing (GGGGCC)n and the translation 
product the dipeptide repeat protein (GGGGCC)n are cytotoxic and 
can interfere with UPS and affect the protein degradation. ALS patients 
with C9orf72 mutations exhibit the significant UPS impairment, and 
their characteristic pathological features are the ubiquitin-positive 
neuronal inclusions (Chua et  al., 2022). The proteasome inhibitors 
selectively induce the death of motor neurons. In the C9orf72 mutant, 
the proteasome subunit is significantly reduced, and the abnormal 
proteasome is presented in the inclusion body, suggesting that the 
C9orf72 mutation promotes the occurrence and development of ALS by 
interfering with UPS. In addition, some studies have proposed the 
adverse effect of the down-regulation of C9orf72 on the initiation of 

FIGURE 2

The mutations in genes such as SOD1, C9orf72, TDP-43, ubiquilin-2, and VCP can interfere with the UPS and autophagy degradation pathways, 
leading to the abnormal accumulation of toxic proteins and then leading to the protein homeostasis imbalance and ultimately inducing the cell death.
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autophagy (Cali et al., 2019; Leskelä et al., 2019; Shi et al., 2019). The 
absence of C9orf72 leads to the formation of light chain 3 (LC3)-positive 
autophagosomes and interferes with the autophagy process (Chua et al., 
2022). In addition, C9orf72 forms the complexes with Smith-Magenis 
syndrome chromosomal region candidate gene 8 and WD repeat-
containing protein 41 and has the guanine nucleotide exchange factors 
activity against small guanosine triphosphateases (GTPase) (Beckers 
et  al., 2021), which promotes guanosine triphosphate (GTP), the 
interconversion of GTP-Guanosine diphosphate (GDP) alters the 
configuration of Rab-GTPase and is involved in the formation of 
autophagosomes. The poor haploid function of C9orf72 negatively 
affects several vesicular transport pathways (Rab1A, mannose-6-
phosphate receptors (M6PRs), Rab5) and further affects the Rab protein 
activity and autophagy. The proteins encoded by C9orf72 also interact 
with the Rab1A and unc-51-like autophagy activating kinase 1 complex 
to regulate the initiation of autophagy (Burk and Pasterkamp, 2019). 
Therefore, the C9orf72 gene repeat mutation might contribute to the 
imbalance of protein homeostasis in neurons by the degradation 
decrease of abnormal toxic proteins due to the dysfunction of autophagy.

2.3. TDP-43 gene mutation

The neurocytotoxicity induced by interacting the TDP-43 gene 
nucleotide mutation is now widely recognized as a major pathological 
factor in ALS. TDP-43 is a nuclear protein encoded by TDP-43 gene 
and involved in a variety of cellular functions, including gene 
transcription and RNA processing (Klim et al., 2021). The cytoplasmic 
TDP-43 may be involved in the accumulation of misfolded proteins in 
brain by inhibiting the UPS activity. The TDP-43 deposition has also 
been implicated in other neurodegenerative diseases, such as 
frontotemporal degeneration and Alzheimer’s disease. The recent 
studies (Yin et  al., 2021) have shown that the TDP-43-induced 
neurotoxicity is associated with the damage of UPS. Its interaction 
with proteasome assemblers proteasome assembly chaperone 2 and 
postsynaptic density protein13 leads to impaired proteasome activity, 
while histone deacetylase 6 regulates TDP-43-induced the UPS 
damage through the autophagolysosome pathway (Lee et al., 2020). 
However, the molecular mechanism of TDP-43-induced neurotoxicity 
is largely unknown. Some studies (Lee et al., 2020) found that it may 
be  related to the protein tyrosine kinase 2-TRAF family member 
associated NFkappaB activator (TANK)-binding kinase 
1-sequestosome 1 axis, which regulates the UPS damage-induced 
neurotoxicity. Although the exact mechanisms about how to the 
TDP-43 gene mutation effects the abnormal protein metabolizing have 
not been understood up to now. According to the current studies, the 
mutations in TDP-43 gene may disrupt the protein homeostasis and 
impair the function of UPS and autophagy, which are essential for 
protein degradation.

2.4. Ubiquilin-2 gene mutation

Ubiquilin-2 is a protein encoded by ubiquilin-2 gene. It 
belongs to the ubiquilin family of proteins that have a ubiquitin-
like domain at N-terminus and a ubiquitin-associated domain at 
C-terminus. Ubiquilin-2 binds to various ubiquitinated substrates 
through its C-terminal domain and directs them to UPS for the 

protein degradation through its N-terminal domain. Therefore, 
the main function of ubiquilin-2 is to transport the ubiquitinated 
target proteins to proteasome for degradation. Moreover, 
ubiquilin-2 can also function as an autophagy receptor by directly 
binding to microtubule-associated protein LC3, a marker of 
autophagosomes, through its ubiquitin-associated domain, which 
regulates the activity of the mechanistic target of rapamycin 
complex 1 and the acidification of lysosomes, and thus modulates 
the autophagy maturation13 (Wu et  al., 2020). In the related 
experiments, the mutant ubiquilin-2 gene disrupts the protein 
homeostasis. The overexpression of this gene resulted in the 
motor neuron loss and the accumulation of autophagy substrates, 
including both sequestosome 1 and LC3-II. These effects reduce 
the autophagy flux and impaire the autophagic acidification (Wu 
et al., 2020). Moreover, the mutations in ubiquilin-2 gene weaken 
the interaction between ubiquilin-2 protein and HSP70, reducing 
the ability of UPS to clear the abnormally aggregated proteins, 
which in turn results in the abnormal protein aggregation (Zhang 
et al., 2021). Therefore, the ubiquilin-2 protein plays an important 
role in the regulation of neuronal protein homeostasis.

2.5. VCP gene mutation

VCP gene encodes an enzyme called VCP, which belongs to the 
ATPase family AAA domain (ATPases associated with diverse 
cellular activities) family of proteins. VCP can bind to the 
ubiquitinated target proteins and participate in their degradation 
through the ubiquitin-proteasome pathway. One of VCP functions 
is to maintain the proteins solubility or reverse the aggregation of 
insoluble, misfolded proteins before they are delivered to 
proteasome. The most characteristic function of VCP is to 
participate in the ER-associated protein degradation, a system 
related to UPS (Wani and Weihl, 2021). According to a recent study 
(Ziff et al., 2022), the VCP mutation can impair the maturation and 
lysosomal FUSion of autophagosomes. Motor neurons and 
astrocytes derive from the induced pluripotent stem cells with the 
pathogenic VCP mutations exhibit the abnormal cytoplasmic 
accumulation of TDP-43 protein, ER stress, mitochondrial 
dysfunction and oxidative stress, leading to cell death. The presence 
of these mutant protein aggregates is thought to impair the 
proteasome and autophagy degradation pathways and may be a key 
mediator of protein homeostasis imbalance in the 
pathogenesis of ALS.

2.6. Other ALS-related genes mutations

The mutations in TANK-binding kinase 1 (TBK1) gene may impair 
the clearance of proteins and the turnover of mitochondria, resulting 
in the neuronal damage and the activation of toxic protein responses. 
In ALS patients, the mutations in the vesicle-associated membrane 
protein-associated protein B (VAPB) gene induce ER stress and impair 
UPS, leading to the protein homeostasis reduction and the motor 
neuron loss. The optineurin gene regulates apoptosis by binding to the 
linear ubiquitin chains. In summary, the nucleotide variations in the 
ALS-related genes mainly affect the protein homeostasis through the 
ubiquitin-proteasome pathway and promote the apoptosis and 
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autophagy pathway through impairing the mitochondria functions, 
which are involved in the molecular genetic pathogenesis of ALS 
(Maurel et al., 2018).

3. RNA metabolism disorder

The molecular genetic pathogenesis of ALS is advancing with the 
recent discovery of many gene mutations in ALS patients, many of 
which encode RBPs, such as TDP-43, FUS, ataxin 2, TATA box 
binding protein-associated factor 15 (TAF15), ewing sarcoma 
breakpoint region 1 (EWSR1), heterogeneous nuclear 
ribonucleoprotein A1 (hnRNPA1), hnRNPA2/B1, matrin3 (MATR3) 
and T cell-restricted intracellular antigen-1 (TIA-1) (Figure 3). RBPs 
are an evolutionarily conserved group of proteins that participate in 
multiple steps of RNA metabolism, such as splicing, polyadenylation, 
mRNA stability, localization and translation (Xue et al., 2020). TDP-43 
and FUS are the major pathogenic genes in familial ALS. Normally, 
these proteins localize to nucleus and are involved in transcription, 
splicing, non-coding RNA metabolism, and micro-RNA biogenesis 
(Mackenzie et al., 2017). Although these proteins are mainly confined 
to nucleus, they can be mislocalized to cytoplasm in the postmortem 
brain tissue of mutation carriers. This nuclear depletion of RBPs may 
be harmful and cause the severe transcriptome abnormalities, while 
the cytoplasmic aggregates may also induce toxicity. These findings 
highlight the important role of mutations in the different RBPs genes 
in the pathogenesis of ALS (Humphrey et al., 2020).

3.1. FUS gene mutations

FUS protein is an RBPs that participates in the RNA 
metabolism and the DNA repair. It is mainly localized in nucleus 
and regulates transport, the local translation and stability of 
RNA. Specifically, FUS also binds to the RNA of many receptors 
and transporters involved in the glutamatergic and GABAergic 
signaling (Sahadevan et  al., 2021). The FUS mutations 
predominantly affect the 3′ arginine/glycine-rich regions and the 
nuclear localization signal domains and are mostly missense. These 
mutations mainly lead to the FUS mislocalization in cytoplasm, 
which leads to the production of FUS immunoreactive inclusion 
bodies leading to the neurons degeneration in the pathogenesis of 
ALS. The mutant FUS toxicity may result from the irreversible 
formation of cytoplasmic inclusion bodies or the detergent-
resistant protein aggregates, which impair the RNA processing 
(Humphrey et  al., 2020). Therefore, both the loss of nuclear 
function and the increased cytotoxicity of FUS contribute to the 
pathogenesis of ALS. In vivo studies in mice have shown that the 
disease-related gene mutations in FUS alter the properties of 
proteins, leading to the abnormal phase transition and loss and 
toxic gain of function, and induce the conformational changes in 
the related proteins, resulting in one of the pathological markers 
of ALS, which is the magnocellular-like aggregation, and the 
further consolidation and growth of fibrous structures 
(Korobeynikov et al., 2022). Therefore, the FUS mutations may 
partly explain the molecular genetic pathogenesis of ALS.

FIGURE 3

The FUS mutations mainly cause the mislocalization of FUS in cytoplasm, resulting in the FUS immunoreactive inclusion bodies. The abnormal RNA 
splicing pathway caused by the TDP-43 mutation or the nuclear TDP-43 depletion promotes the pathways of ALS occurrence through the TDP-43 
functional loss and/or toxicity enhancement.
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3.2. TDP-43 gene mutation

TDP-43 is a RBPs encoded by TARDBP gene. It contains two RNA 
recognition motifs, a nuclear export signal and a glycine-rich region 
at C-terminal. TDP-43 regulates various aspects of RNA metabolism, 
such as transcription, the alternative splicing and the mRNA stability. 
It also participates in the diverse cellular processes, such as apoptosis, 
cell division and axon transport. TDP-43 regulates the mRNA 
expression of many proteins involved in the development, survival 
and synaptic transmission of neurons, as well as neuroplasticity in the 
central nervous system (CNS) (Ling, 2018). The recent studies have 
suggested that the TDP-43 toxicity in the molecular pathogenesis of 
ALS may be related to both loss of function (due to nuclear depletion 
of TDP-43) and gain of toxic function (due to cytoplasmic aggregation 
of TDP-43) (Deshaies et al., 2018). This mechanism suggests that the 
abnormal RNA splicing induced by the TDP-43 mutations or nuclear 
depletion of TDP-43 contributes to the pathogenic of ALS through the 
loss of function and/or gain of toxicity. Moreover, TDP-43 has been 
shown to act as a specific translation enhancer for several mRNAs, 
including DENN/MADD domain containing 4A (Dennd4a) and 
calmodulin binding transcription activator 1 (Camta1), which are 
implicated in the neurodegeneration of ALS. The A315T mutation in 
TDP-43 enhances the direct binding and translation of these mRNAs, 
leading to increase the ALS susceptibility (Neelagandan et al., 2019).

3.3. Other ALS-related genes mutations

Angiotensinogen (ANG) is a stress-induced secreted ribonuclease 
with both nuclear and cytoplasmic activities. In the cell nucleus, ANG 
promotes the transcription of ribosomal RNA (Prehn and Jirström, 
2020). It has found that the mutations in ANG gene disrupt the 
formation of RNA molecules, leading to the accumulation of toxic 
RNA fragments and the reduction of protein levels in motor neurons, 
and contributing to the development of ALS. Furthermore, ANG can 
promote the survival of motor neurons and prevent their degeneration, 
suggesting that restoring ANG levels may be a therapeutic strategy for 
treating ALS (Aluri et  al., 2020). Overall, although the exact 
mechanism linking ANG and ALS is still being studied, the current 
research suggests that ANG may play a key role in the pathogenesis of 
ALS. The mutations in both hnRNPA2B1 and hnRNPA1 genes are the 
rare causes of both ALS and multisystem proteinopathy. Both 
hnRNPA1 and hnRNPA2/B1 have the similar functions in regulating 
the mRNA maturation, splicing, translation and stability, but they play 
the different roles in the transcription regulation (Kim and Taylor, 
2017). HnRNPA1 is a part of RBPs complex that assembles with RNA 
to form ribonucleoproteins. HnRNPs are concentrated in the cell 
nucleus and play a role in regulating the pre-mRNA splicing, mRNA 
stability, transcription and translation (Beijer et  al., 2021). 
HnRNPA2B1 is a protein involved in the RNA processing and 
transporting within the cell nucleus. It has found that mutations in 
both hnRNPA2B1 and hnRNPA1 genes lead to the abnormal 
accumulation of protein in motor neurons, disrupting the RNA 
processing and ultimately leading to the development of ALS. The 
knockdown of hnRNPA2/B1 also disrupts the alternative splicing and 
leads to impair the cognitive function (Baradaran-Heravi et al., 2020). 
T-cell intracellular antigen-1 (TIA-1) is a protein with multiple 
functions in the RNA metabolism, including the mRNA splicing, the 

translation inhibition and the mRNA silencing. Several missense 
mutations in TIA-1 gene have been identified as being associated with 
the pathogenesis of ALS. The TIA-1 mutations can alter the ability of 
protein to undergo the liquid–liquid phase separation and can damage 
the disassembly of stress granules (SGs) in vitro. It suggests that the 
TIA-1 mutations may be  involved in the development of 
neurodegenerative diseases such as ALS (Mackenzie et  al., 2017). 
TIA-1 can bind to the RNA molecules and form SGs in motor 
neurons. In ALS patients, these SGs have been found to contain the 
aggregated proteins and the RNA fragments, which can lead to the 
dysfunction and degeneration of neurons (Sekiyama et  al., 2022). 
Ataxin-2 (ATXN2) is a RBPs that belongs to the like-Smith family and 
is involved in the regulation of RNA metabolism. ATXN2 plays a key 
role in regulating the toxicity of TDP-43 and FUS through the direct 
protein–protein interactions, and the reducing the levels of ATXN2 
has been shown to inhibit TDP-43-mediated neurotoxicity (Becker 
et al., 2017). As the above mention, the gene mutations encoding 
many RBPs are highly associated with the pathogenesis of ALS. In 
addition, the dysregulation of RBPs also significantly contributes to 
the pathogenic mechanisms of ALS due to the impaired nuclear-
cytoplasmic transport, the post-translational modifications, 
aggregation and the abnormal RNA sequestration.

4. Mitochondrial dysfunction

Besides their canonical roles as the energy producers, 
mitochondria are also implicated in other cellular dysfunctions that 
contribute to the pathogenic of ALS, such as the Ca2+ homeostasis, the 
apoptosis regulation and the protein quality control (Figure 4). A 
recent study reported that mutations in 16 ALS pathogenic genes 
compromised the integrity of mitochondria-associated membranes 
and impaired the mitochondrial function (Sakai et al., 2021). The 
impaired mitochondrial electron transport chain function in various 
neurodegenerative diseases including ALS affects the oxygen 
consumption and the membrane potential, and causes to increase 
reactive oxygen species (ROS) and decrease the adenosine 
triphosphate (ATP) production. The excessive ROS induce the 
oxidative stress in cells and accelerate the neuronal degeneration and 
death (Delic et al., 2018). These evidences strongly suggest that the 
dysfunction of mitochondria is critical in the development of ALS.

4.1. TDP-43 gene mutation

A growing body of evidence suggests that TDP-43 is closely 
related to the mitochondrial dysfunctions. When TDP-43 is 
mutated, the protein levels of respiratory chain complex I subunit 
NADH phanquinone redox enzymes 3 and 6 are affected, thereby 
impinging the assembly and function of complex I, resulting in the 
abnormal mitochondrial endometrial potential, decreasing the 
ATP production and the oxygen consumption (Wang et al., 2017). 
The TDP-43 mutation affects not only nucleus, but also 
mitochondria, where it suppresses the expression of mitochondrial 
RNA, which leads to the mitochondrial ridge damage, reduces the 
activities of respiratory chain complex I and IV, and impairs the 
ATP synthesis (Figure 5) (Shenouda et al., 2018; Wang et al., 2019). 
It has also been recently reported that the abrupt overexpression 
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FIGURE 4

Both TDP-43 and FUS mutant isoforms, respectively, disrupt the mitochondrial RNA expression and interact with the mitochondrial ATP synthase 
catalytic subunits, resulting in the abnormal mitochondrial membrane potential, and reducing the ATP production and the oxygen consumption. The 
SOD1 mutations impair the ability of mitochondria to eliminate ROS. The C9orf72 mutations increase the concentration of neuronal Ca2+ influx and the 
overexpression of polyGR that causes the mitochondrial dysfunction by altering protein binding patterns on mitochondria. The Sigma-1R mutants 
cannot bind to IP3R, leading to the Ca2+ imbalance in MAM and exacerbating the related pathways of ER stress-induced neuronal death.

FIGURE 5

The mutation TDP-43 inhibits the mitochondrial RNA expression, resulting in the mitochondrial crest damage, decreasing the respiratory chain 
complex I and IV activity, and decreasing the ATP synthesis.
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of TDP-43 triggers a unique self-destructive pathway of mitophagy, 
leading to the mitochondrial death (Gautam et  al., 2019). 
Therefore, the TDP-43 gene nucleotide mutations participate in the 
pathogenesis of ALS through destroying the function and construct 
of mitochondria.

4.2. FUS gene mutation

Similar to TDP-43, the FUS mutants cause the mitochondrial 
morphological and functional abnormalities, which has been 
shown that the FUS mutants can affect the mitochondrial function 
by disrupting the transcription of mitochondrial complex required 
for the ATP production. Within mitochondria, the protein 
encoded by the mutant FUS interacts with the mitochondrial ATP 
synthase catalytic subunit ATP5B, disrupting the assembly of ATP 
synthase complexes and reducing the mitochondrial ATP synthase 
activity, thereby reducing the mitochondrial ATP synthesis, 
inducing the mitochondrial ridge loss, and increasing the 
mitochondrial fragmentation (Deng et  al., 2018). The FUS 
mutations were further found to be associated with the disruption 
of ER-mitochondrial association, and FUS was shown to activate 
glycogen synthase kinase-3beta, a regulator of ER-mitochondrial 
association, which inhibits the interactions between VAPB and 
protein tyrosine phosphatase interacting protein 51, resulting in 
the disruptions in cellular Ca2+ homeostasis and the mitochondrial 
production defect of ATP (Sakai et al., 2021). Overall, there is the 
substantial evidence that the FUS gene mutations alter the 
mitochondrial dynamics, functions and structure in the 
pathogenesis of ALS.

4.3. SOD1 gene mutation

The protein encoded by SOD1 is a ubiquitous homologous dimer 
enzyme involved in the primary antioxidant defense of cells. The 
mutations in SOD1 (mutSOD1) aberrantly target the protein to the 
mitochondrial intermembrane space, impairing the ability of 
mitochondria to eliminate ROS and causing the mitochondrial 
damage. There are the growing evidences that the abnormal binding 
of mutSOD1 protein to voltage-dependent anion channel-1 (VDAC1) 
contributes to the progression of ALS (Shoshan-Barmatz et al., 2020). 
VDAC1 is an integrin of mitochondrial outer membrane that controls 
the metabolite flow, allows the adenosine nucleotide transport, and 
regulates the cellular processes such as apoptosis and the Ca2+ 
homeostasis. mutSOD1 specifically binds to the N-terminal domain 
of VDAC1, reducing its channel conductance and leading to the 
breakdown of mitochondrial function. In addition, it has been found 
that the mutSOD1 aggregates interact with the mitophagy receptors 
in neuronal cells, inhibiting their function as the mitochondrial flux 
promoters (Semmler et al., 2020). The mutations in SOD1 gene also 
inhibit the ATP synthesis and further inhibit the function of sodium–
potassium pump, thereby impacting the electrical activity of neurons. 
The SOD1 gene mutations impair the mitochondrial membrane and 
its associated structures, leading to the imbalance of sodium–
potassium and Ca2+ ion homeostasis, the dysfunction of ROS 
metabolism and autophagy, and ultimately increased the apoptosis of 
neurons in the pathogenesis of ALS.

4.4. C9orf72 gene repeat mutation

In 2016, Benson et  al. first reported the correlation between 
C9orf72-ALS mutation and mitochondrial dysfunction (Benson et al., 
2021). The mechanism of mitochondrial dysfunction caused by the 
C9orf72-ALS mutation has been extensively studied. The current 
evidences suggest that it is mainly related to Ca2+ dysregulation and 
the overexpression of polyglycine-arginine (polyGR) dipeptides. In 
patients with C9orf72-ALS, the influx of Ca2+ into nerve cells is 
increased, the recovery time of intracellular Ca2+ is prolonged, and the 
buffering capacity of cytoplasm for Ca2+ is reduced (Candelise et al., 
2022). It was found that this may be  caused by increasing the 
expression of Ca2+AMPA receptor and reducing the production of 
mitochondrial Ca2+ uptake 1 and 2 Ca2+ channels, leading to the 
decreased uptake capacity of Ca2+ by mitochondria, which causes the 
abnormal increase of Ca2+ concentration in cytoplasm and causing the 
damage to cells. The overexpressed polyGR can lead to the 
mitochondrial dysfunction by changing the binding mode of proteins 
on mitochondria (Benson et al., 2021). Another possibility is that 
polyGR binds to the ATP5A1 subunit of mitochondrial complex line 
V and induces its degradation through ubiquitination. Such damage 
inhibits the redox reactions in mitochondria and leads to the lack of 
cell energy. The lack of energy in cell leads to a series of irreversible 
damage to neurons in the pathogenesis of ALS.

4.5. Sigma-1R gene mutation

The recent studies have shown that Sigma-1 gene is involved in the 
pathogenesis of ALS. Sigma-1 gene encodes Sigma-1R protein, a 
molecular chaperone located in mitochondria-associated endoplasmic 
reticulum membranes (MAM). Sigma-1R can bind to inositol 
1,4,5-trisphosphate receptor (IP3R) and facilitate Ca2+ flux into 
mitochondria, regulating Ca2+ homeostasis in the neuronal cytoplasm 
(Smith et al., 2019). The Sigma-1R mutants fail to bind IP3R, resulting 
in the mislocalization of IP3R3 and the dysregulation of Ca2+ in 
MAM. The disorders of MAM and Ca2+-related homeostasis affect the 
mitochondrial function and the neuronal survival (Wu et al., 2021). 
Moreover, it has shown that familial ALS patients exhibit a missense 
or non-sense mutation in the code of Sigma-1R, which replaces 
glutamine in the glutamate position. The expression of Sigma-1R 
protein in this mutant reduces the mitochondrial ATP production, 
inhibits the proteasome activity and leads to the mitochondrial 
damage, thus exacerbates the ER stress-induced neuronal death in the 
pathogenesis of ALS.

4.6. Other ALS-related genes mutations

The mitochondrial homolog protein coiled-coil-helix-coiled-coil-
helix domain containing 10 (CHCHD10) can form approximate 
220 kDa complexes in the mitochondrial intermembrane space and 
cooperate to regulate the mitochondrial function (Burstein et al., 2018; 
Straub et  al., 2018). It is reported that CHCHD10 regulates the 
mitochondrial cytochrome C oxidase activity and respiration during 
hypoxia (Purandare et  al., 2018), and many studies suggest that 
CHCHD10 may play a role in the mitochondrial dynamics and cristae 
organization. It has been found that the mutations in CHCHD10 gene 
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are associated with defects in the mitochondrial dynamics and cristae, 
leading to the accumulation of toxic waste and ultimately damaging 
motor neurons, resulting in the pathogenesis of ALS. The recent 
studies on the adolescent ALS have also found that the mutations in 
C19ORF12 gene can lead to a form of ALS called ALS10, which is 
characterized by weakness and atrophy in the lower limb muscles, as 
well as spasms and difficulty in movement (Kim et al., 2016). The 
mutations in C19ORF12 gene are rare, accounting for only a small 
fraction of all ALS cases. C19orf12 is a protein that localizes to both 
mitochondria and ER. The mutations of this protein can disrupt the 
lipid homeostasis in mitochondria and lead to the iron deposition in 
cells (Khani et al., 2019).

5. Glutamate-mediated excitatory 
toxicity

The accumulation of excitatory mediators and neuronal damage, 
a mechanism known as excitotoxicity, can result from the 
overactivation of glutamate receptors, the failure to clear the glutamate 
neurotransmitters from the synaptic cleft, or the increased post-
synaptic sensitivity to glutamate (Olloquequi et al., 2018) (Figure 6). 
Glutamate is the main excitatory neurotransmitter in CNS, initiates a 
rapid signal transmission in synapses and then reuptake into the 
surrounding glial cells, especially astrocytes. GLAST and GLT-1 and 
their homologous EAAT1 and EAAT2 of astrocytes are major 
transporters that absorb the synaptic glutamate to maintain the 
optimal extracellular glutamate levels, thus, prevents the accumulation 

of glutamate in the synaptic cleft and the consequent excitatory 
toxicity. Therefore, the dysregulation of glutamate transporters in glial 
cells may play an important role in the excitatory toxicity and the 
related neuropathogenesis (Pajarillo et  al., 2019). In addition, 
glutamate can induce the cytoplasmic Ca2+ increase, and the 
intracellular Ca2+ influx and accumulation are key factors causing the 
excitatory toxicity. Alpha-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid-type glutamate receptors (AMPAR) is a key subtype of 
ionic glutamate receptors that mediates the excitatory synaptic 
transmission in CNS and peripheral nervous system. AMPAR is an 
integrated transmembrane protein assembled by AMPA selective 
glutamate receptor (GluA1-4) subunit (also known as GRIA1-4 or 
GluR1-4) into a tetramer complex, in which the presence of GluA2 
subunit in AMPAR prevents the influx of cations (such as Ca2+) and 
affects the ion permeability in neurons (Cull-Candy and 
Farrant, 2021).

5.1. SOD1 gene mutation

The increasing evidences suggest that the abnormal posttranslational 
modification is associated with the pathogenesis of EAAT1 (GLAST)/
EAAT2 (GLT-1) dysfunction. EAAT2 (GLT-1) has a caspase-3 
consensus sequence and can be  activated in vitro by the caspase-3 
cleavage. It has been shown that the SOD1 mutant mice enhance the 
caspase 3-mediated EAAT2 (GLT-1) cleavage, leading to the formation 
of truncated EAAT2 (GLT-1) (sumoylated EAAT2 C-terminus 
fragment, CTE-SUMO1). The cleavage site mutation does not affect the 

FIGURE 6

The SOD1 mutants enhance the caspase-3-mediated cleavage of EAAT2 (GLT-1), resulting in impairing the glutamate uptake and producing 
excitotoxicity in the pathogenesis of ALS. In addition, C9orf72 mutations lead to the production of toxic dipeptide repeat sequences, increasing the 
expression and Ca2+ permeability of GluA1, leading to excitotoxicity in motor neurons in the pathogenesis of ALS.
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EAAT2 (GLT-1) activity in ALS mice, but delays the disease progression 
and prolongs lifespan (Rosenblum et  al., 2017). In addition, the 
accumulation of CTE-SUMO1 in astrocytes increases toxicity, leading 
to the impaired growth of neurons and axons (Hirschberg et al., 2021). 
These findings suggest that the abnormal GLT-1 cutting impairs the 
glutamate uptake and contributes to the excitatory toxicity in the 
pathogenesis of ALS. Moreover, it was found that the histone deacetylase 
(HDAC) inhibitors such as a selective inhibitor of class II HDAC 
(MC1568), valproic acid, and sodium butyrate increased the EAAT1 
(GLAST)/EAAT2 (GLT-1) expression and the glutamate uptake in both 
in vitro and in vivo models of ALS and Mn-induced neurotoxicity 
(Johnson et  al., 2018). MC1568 can also regulate the EAAT2 
transcription, improve the EAAT2 expression and the post-translational 
modification, and has been proven to have the therapeutic effects in the 
subclinical models of ALS (Lapucci et al., 2017).

5.2. C9orf72 gene repeat mutation

Numerous studies have been conducted to understand the 
biological consequences of C9orf72 repeated amplification, one of 
which is the production of toxic dipeptide repeats (Gendron and 
Petrucelli, 2018). The recent studies have also shown that the arginine-
rich dipeptide repeats (polyglycine-arginine/proline-arginine 
(polyGR/PR)) is one of major neurotoxicity sources. In the drosophila-
related experiments (Xu and Xu, 2018), the increased levels of 
extracellular glutamate and intracellular Ca2+ were detected in the 
ventral nerve cords of GR/PR-expressing larvae, accompanied by the 
significant increases in the synaptosomes and the active regions of 
larval neuromuscular junctions. The C9orf72 mutation results in the 
increased expression of AMPAR subunit GluA1 accompanied by the 
increased permeability to Ca2+. The excessive Ca2+ load in neurons can 
also produce the significant cytotoxicity. The inhibiting expression of 
vesicular glutamate transporters in the presynaptic glutamatergic 
motor neurons or blocking N-methyl-d-aspartic acid receptor can 
effectively save the motor deficits induced by polyGR/PR and prolong 
lifespan, which thus indicates the mechanism of autonomic excitatory 
toxicity. In addition, the EAAT2 splicing may be  influenced by 
C9orf72 dipeptide repeats and lead to the decreased uptake of 
glutamate by astrocytes and increased the excitatory toxicity of motor 
neurons (Shi et al., 2018).

5.3. Other ALS-related genes mutations

In addition, the TDP-43 mutations downregulate adenosine 
deaminase acting on RNA editing enzyme adenosine deaminase 
acting on RNA 2 (ADAR2), leading to the failure of GluA2 glutamine/
arginine (Q/R) site editing in GluA2 pre-mRNA (Yamashita and 
Kwak, 2019), which results in the significant loss of motor neurons in 
most sporadic ALS patients.

6. Obstruction of material transport 
within neurons

Motor neurons are highly dependent on the axonal transport 
mechanisms to maintain the normal structure and function (Figure 7). 

It not only determines the nutrient supply, the energy metabolism, and 
the signal transduction of neuronal axons but also affects various 
physiological functions and the homeostasis of neurons. C9orf72, 
TDP-43, FUS, and other gene mutations are closely related to neuronal 
transport disorders in the pathogenesis of ALS.

6.1. C9orf72 gene repeat mutation

The expansion of C9orf72GGGGCC nucleotide repeat can reduce 
the expression of C9orf72, and accumulate the RNA containing 
GGGGCC repeat in the nuclear foci. It can lead to the production of 
toxic dipeptide repeat protein, and ultimately impair the intracellular 
vesicle transport, resulting in decreasing the protein degradation and 
increasing aggregation, and inducing the neuronal degeneration and 
death in the pathogenesis of ALS. It has shown that in motor neurons, 
C9orf72 protein is localized to Rab5-positive endosomal vesicles, which 
can promote the role of Rab5 in vesicle transport and early endosomal 
maturation, assist Rab protein in GDP-GTP exchange, and improve the 
survival rate of neurons (Shi et  al., 2018; Pang and Hu, 2021). The 
mutation C9orf72 inhibits the maturation of intracellular vesicles, 
reduces the production of lysosomes, and affects the protein degradation. 
In addition, the C9orf72 mutation can affect the transmembrane 
receptor M6PRs. It is found that the mutation C9orf72 can reduce the 
rate of aggregation and migration of M6PRs, which promotes the protein 
degradation by transporting materials to lysosomes. Therefore, the 
misshipment of M6PRs may lead to reduce the protein degradation in 
the pathogenesis of ALS (Starr and Sattler, 2018).

6.2. TDP-43 gene mutation

The disruption of receptor transport in ALS is also associated with 
TDP-43 gene. It is found that the knockout of TDP-43 gene leads to 
epidermal growth factor receptor expressed in cell membrane surface is 
reduced, and epidermal growth factor and epidermal growth factor 
receptor signaling can promote the survival of neurons, mature and 
grow (Chou et al., 2018). When the epidermal growth factor receptor 
expression is reduced on the surface of cell membrane, the circulation 
of cell surface receptors is impaired, thus affecting the neuronal survival 
and the axonal innervation. Furthermore, the TDP-43 depletion affects 
serine/threonine kinase receptor (bone morphogenetic proteins 
receptor). Bone morphogenetic proteins receptors can promote the 
synaptic growth through the phosphorylation of downstream mothers 
against decapentaplegic protein (a protein called Mad (mothers against 
decapentaplegic)), and the depletion of TDP-43 will lead to decrease 
bone morphogenetic proteins receptor signal transduction and 
ultimately affect the growth of neurons and synapses (Burk and 
Pasterkamp, 2019). The TDP-43 gene mutation can affect the circulation 
of materials on the cell membrane of neurons and the transport of target 
proteins during the degradation process, thus damaging neurons in the 
pathogenesis of ALS.

6.3. Other ALS-related genes mutations

The SOD1 mutations gain an affinity for both actin and 
microtubule proteins, which impairs the neuronal growth and the 

https://doi.org/10.3389/fnins.2023.1189470
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Zhou and Xu 10.3389/fnins.2023.1189470

Frontiers in Neuroscience 11 frontiersin.org

mitochondrial fission (Osking et  al., 2019; Muñoz-Lasso et  al., 
2020). The cytoplasmic inclusions of FUS prevent the ribonucleotide 
cargoes from reaching their normal destinations by abnormally 
sequestering the transport proteins and affecting the post-
translational status of microtubule tracks (Yasuda et  al., 2017). 
Kinesin family member 5A (KIF5A), a motor protein, drives the 
microtubule tracks to mediate the anterograde transport of 
mitochondria, vesicles and signaling molecules. KIF5A is expressed 
only in motor neurons, is critical to development and function of 
motor neurons, and is the only reported motor protein which 
mutations cause ALS (He et  al., 2020; Baron et  al., 2022). The 
reduction of KIF5A in zebrafish or rat hippocampal neurons leads 
to hyperexcitability, the axonal degradation and defects in the 
mitochondrial transport (Zhao et al., 2020). The profilin 1 (PFN1) 
variants (A20T, C71G, T109M, M114T, E117G, G118V, R136W, and 
Q139L) cause the autosomal dominant form of ALS by interfering 
with the actin dynamics in two opposite pathways. Firstly, PFN1 
directly binds to the actin monomers, blocking the sites for new 
monomer addition, and thus preventing the actin filament assembly 
(Pimm et al., 2020; Liu et al., 2022). Secondly, PFN1 enhances the 
actin filament assembly by interacting with PFN, a profilamentous 
actin-binding protein (Schmidt et al., 2021). Taken together, these 
observations strongly suggest that PFN1 promotes ALS by 
regulating both microtubule tracks and transport machinery, such 
as motor proteins, dynein or spastin (Pinto-Costa et  al., 2020). 
Therefore, understanding the underlying mechanisms of such 
regulation is indispensable for developing specific drug targets for 
the treatment of ALS.

7. Conclusion

At present, the pathogenesis of ALS is not fully understood, and 
the genetic factors are suggested to be  closely related to the 
pathogenesis of ALS. The imbalance of protein homeostasis, the RNA 
metabolism disorder, the mitochondrial dysfunction, the glutamate-
mediated excitatory toxicity and the intra-neuronal material transport 
disorder in neurons are currently recognized as the identifiable 
molecular causes of ALS pathogenesis. With the investigated progress 
of genetics and molecular mechanisms about the pathogenesis of ALS, 
a deeper understanding about the molecular genetic pathogenesis of 
ALS has been gained. The mutations in genes such as SOD1, C9ORF72, 
TDP-43, ubiquilin-2, and VCP can lead to the protein homeostasis 
imbalance via the following molecular and/or biological pathways in 
the pathogenesis of ALS. These gene mutations can interfere with UPS 
and autophagy degradation pathways, leading to the abnormal 
accumulation of toxic proteins and ultimately cell death. Both FUS 
and TDP-43 are RBPs associated with the RNA metabolism pathways, 
and their mutations can cause the FUS and TDP-43 abnormal 
localization and aggregation in cells, affecting both RNA metabolism 
and cell functions and ultimately leading to neurodegeneration in the 
pathogenesis of ALS. The FUS mutations mainly cause the 
mislocalization of FUS in cytoplasm, resulting in the FUS 
immunoreactive inclusion bodies. The abnormal RNA splicing 
pathway caused by the TDP-43 mutation or the nuclear TDP-43 
depletion promotes the pathways of ALS occurrence through the 
TDP-43 functional loss and/or toxicity enhancement. The 
mitochondrial dysfunction plays a crucial role in the pathogenesis of 

FIGURE 7

The C9orf72 gene mutations can affect the vesicular transport pathway, reduce the protein degradation, and cause the neurodegeneration and death 
of neurons. The TDP-43 gene deletion reduces the signaling pathways for the epidermal growth factor receptors and the serine/threonine kinase 
receptors, affecting the neuron survival and the axon innervation. In addition, it also interferences with the material circulation and target protein 
transport pathways on the neuronal cell membrane, ultimately damaging neurons.
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ALS because it affects multiple cellular pathways, including the energy 
production and the Ca2+ regulation, apoptosis, and the protein quality 
control. The ALS pathogenic genes, such as TDP-43, FUS, SOD1, 
C9ORF72, and Sigma-1R mutations, can alter the mitochondrial 
integrity and function. Both TDP-43 and FUS mutant isoforms, 
respectively, disrupt the mitochondrial RNA expression and interact 
with the mitochondrial ATP synthase catalytic subunits, resulting in 
the abnormal mitochondrial membrane potential, reducing the ATP 
production and the oxygen consumption. The SOD1 mutations impair 
the ability of mitochondria to eliminate ROS. The C9ORF72 mutations 
increase the concentration of neuronal Ca2+ influx and the 
overexpression of polyGR that causes the mitochondrial dysfunction 
by altering protein binding patterns on mitochondria. Finally, the 
mutant Sigma-1R cannot bind to IP3R, leading to the Ca2+ imbalance 
in MAM and exacerbating the related pathways of ER stress-induced 
neuronal death. The excitotoxicity occurs due to the excessive 
activation of glutamate receptors, failures to clear the glutamate 
neurotransmitters, or increases the postsynaptic sensitivity to 
glutamate. Glutamate transporters in astrocytes, such as EAAT1/
GLAST and EAAT2/GLT-1, maintain the optimal extracellular 
glutamate levels and prevent excitotoxicity. The abnormal post-
translational modification pathways of EAAT1/GLAST and EAAT2/
GLT-1 are associated with the pathogenesis of ALS via the following 
pathways. The SOD1 mutant mice enhance the caspase-3-mediated 
cleavage of EAAT2 (GLT-1), resulting in impairing the glutamate 
uptake and producing excitotoxicity in ALS patients. On the other 
hand, C9ORF72 mutations lead to the production of toxic dipeptide 
repeat sequences, increasing the expression and Ca2+ permeability of 
AMPA-type glutamate receptors (GluA1), leading to excitotoxicity in 
motor neurons. Motor neurons depend on the axonal transport 
pathways to maintain their normal structure and function, and 
C9ORF72, TDP-43, and FUS mutations are associated with the 
neuronal transport disorders. The C9ORF72 gene mutations can affect 
the vesicular transport pathway, reduce the protein degradation, and 
cause the neurodegeneration and death of neurons in the pathogenesis 
of ALS. The TDP-43 gene deletion reduces the signaling pathways for 
the epidermal growth factor receptors and the serine/threonine kinase 
receptors, affecting the neuron survival and axon innervation. In 
addition, it also interferences with the material circulation and target 
protein transport pathways on the neuronal cell membrane, ultimately 
damaging neurons in the pathogenesis of ALS.

In addition, the same genetic mutation may have effects on 
multiple disease pathways. Currently, conformational and functional 
variations in SOD1 caused by mutations have been suggested to confer 
toxicity via the interactions of several proteins and multiple 
mechanisms that are mutually compatible pathogenic mechanisms. 
These mechanisms include protein aggregation, mitochondrial 
dysfunction, oxidative stress, apoptosis, excitotoxicity, and ER stress, 
etc. (Hayashi et al., 2016; Kaur et al., 2016). TARDBP mutations are 
inherited in an autosomal dominant pattern. Among the various 
heterodimeric proteins encoded by TARDBP, TDP-43 remains the 
most common (Alsultan et al., 2016). TDP-43 exhibits both nuclear 
localization and export signals, allowing it to shuttle between the 
cytoplasm and the nucleus. As a regulator of gene expression, TDP-43 
is involved in the regulation of thousands of genes through RNA 
splicing, DNA or RNA binding, and protein–protein interactions. It 
also plays a crucial role in several steps of RNA processing, including 
mRNA stability regulation, mRNA trafficking, pre-mRNA splicing, 

and regulation of non-coding RNA translation or function (Heyburn 
and Moussa, 2017). Currently, ALS-associated FUS mutations have 
been shown to cause toxicity by acquiring functional effects in the 
cytoplasm. Mutant FUS accumulates along the axons, leading to 
localized stress responses that inhibit local protein synthesis. This 
includes the suppression of RNA-encoded proteins critical for synaptic 
function and the inhibition of translation of axonally localized 
proteins. This process ultimately impairs neuronal synaptic function 
(López-Erauskin et al., 2020). Overexpression of mutant FUS variants, 
leads to mitochondrial dysfunction through a toxic gain-of-function 
mechanism, resulting in reduced mitochondrial membrane potential 
and respiratory function (Tsai et al., 2020). Additionally, the loss or 
mutation of C9ORF72 is associated with a range of functional 
impairments, including synaptic dysfunction, mitochondrial 
dysfunction, nucleocytoplasmic transport dysfunction, and varying 
levels of autophagy-lysosomal dysfunction (Beckers et al., 2021; Pang 
and Hu, 2021; Jiang et al., 2022). Overall, C9ORF72 plays a critical role 
in regulating the autophagy-lysosomal pathway, neuroinflammation, 
SGs formation, lipid metabolism, axonal growth and transport, as well 
as presynaptic and postsynaptic functions (Pang and Hu, 2021). It is 
believed that in the near future, the accurate pathogenesis of ALS 
disease will be  clarified, thus alleviating the suffering of patients, 
extending their lives, improving their quality of life, and even cure 
this disease.
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Glossary

ALS amyotrophic lateral sclerosis

AMPAR alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type ionotropic glutamate receptors

ATP adenosine triphosphate

CNS central nervous system

EAAT1 excitatory amino acid transporters 1

EAAT2 excitatory amino acid transporters 2

GLAST glutamate aspartate transporter

GLT-1 glial glutamate transporter-1

M6PRs mannose-6-phosphate receptors

MAM mitochondria-associated endoplasmic reticulum membranes

polyGR polyglycine-arginine

RBPs RNA-binding proteins

ROS reactive oxygen species

UPS ubiquitin-proteasome system

VAPB vesicle-associated membrane protein-associated protein B

VDAC1 voltage-dependent anion channel-1
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