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A B S T R A C T   

Pathological proteins in amyotrophic lateral sclerosis (ALS), such as superoxide dismutase 1, TAR 
DNA-binding protein 43, and fused in sarcoma, exhibit a prion-like pattern. All these proteins 
have a low-complexity domain and seeding activity in cells. In this review, we summarize the 
studies on the prion-like effect of these proteins and list six prion-like protein targeting strategies 
that we believe have potential for ALS therapy, including antisense oligonucleotides, antibody- 
based technology, peptide, protein chaperone, autophagy enhancement, and heteromultivalent 
compounds. Considering the pathological complexity and heterogeneity of ALS, we believe that 
the final solution to ALS therapy is most likely to be an individualized cocktail therapy, including 
clearance of toxicity, blockage of pathological progress, and protection of neurons.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal disease characterized by neuronal degeneration of the spinal cord and 
brain. In ALS, upper motor neurons and lower motor neurons are both affected, resulting in progressive motor symptoms including 
muscle weakness, muscle atrophy, and spasticity. The progression of symptoms is irreversible, most patients die from respiratory 
failure within 5 years. Pathological protein aggregation occurs in ALS, such as superoxide dismutase 1 (SOD1), C9orf72, TAR DNA- 
binding protein 43 (TDP-43), and fused in sarcoma (FUS), but it is still unclear if the pathogenic proteins are cause or the result of 
ALS pathology. Approximately 10 % of patients with ALS have a family history (fALS), and some gene variants carried by patients with 
fALS may increase the risk of ALS-relevant phenotypes. The remaining 90 % are sporadic (sALS). Patients with sALS have no specific 
pathogeny; the possible causes could be physical damage, chemical toxicity and infection, and some rare genetic mutation [1–4]. 
However, sALS and fALS share the same pathogenic pathway in part. Several proteins were observed in the neuronal cytoplasmic 
inclusions in both sALS and fALS, including TDP-43, FUS, OPTN, and p62. But in SOD1-mutant fALS, TDP-43 and FUS were not 
observed [5]. The development of therapeutic methods for ALS is challenging because of its complicated pathogenesis and hetero
geneity. Riluzole and edaravone, are the only two drugs that have proven to be effective for ALS. The mechanism of Riluzole is not 
completely clear yet. In ALS treatment, Riluzole can interact with glutamate receptors directly, block the activation of glutamate 
receptors, and reduce the excitotoxicity of glutamate [6,7]. Edaravone can reduce oxidative stress by scavenging free radicals. The 
chemical name of Edaravone is 3-methyl-1-phenyl-2-pyrazoline-5-one, which is a one-electron antioxidant. Edavarone can provide 
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electrons to reactive oxygen species (ROS), eliminate the oxidability of ROS, and protect cells from oxidative damage [8,9]. 
Although both Riluzole and Edaravone can protect neurons, they can only slow disease progression, and the prognosis of patients 

with ALS is inevitable. 
In fALS, abnormal proteins encoded by mutant genes play important roles, such as SOD1, C9orf72, TDP-43, and FUS, some ALS- 

associated mutations are also present in sALS patients. The mechanism of neuron death in ALS is also unclear yet, the mainstream 
theories include loss-of-function and gain-of-toxicity. Loss-of-function theory implies that the mutation genes have no function or low 
function, and some important biological processes cannot be completed, which leads to the death of neurons. Gain-of-function theory 
implies that the mutant proteins tend to aggregate, and the aggregation proteins are neurotoxic, and hard to degrade, which leads to 
the death of neurons finally [10–12]. Research has revealed that pathological proteins, such as SOD1, TDP-43, and FUS show char
acteristics similar to prion proteins, they can destroy the structure of the normal protein and transfer it into pathological form, and the 
new-born pathological protein can repeat this process, which will lead to the formation of amyloid protein. Although the function of 
amyloid protein is still unclear, some researchers believe amyloid proteins are neurotoxic. We believe the prion-like replicating ability 
may play an important role in the ALS mechanism. According to this theory, the key point of blocking the ALS process is to eliminate 
the prion-like pathological proteins. 

Some technologies have been developed to prevent the expression of pathological proteins. The production of pathological proteins 
can be divided into 5 steps: transcription, translation, modification, misfolding, and aggregation. In this review, we listed 6 tech
nologies, including antisense oligonucleotides (ASO), antibody-based technology, peptides, chaperones, autophagy enhancement, and 
heteromultivalent compounds, which intervene in different steps in the production of pathological proteins. ASOs can prevent protein 
production by inhibiting transcription and translation [13–16]. Chaperones can help protein fold correctly, which inhibits the 
abnormal aggregation of pathological protein [17–19]. Peptides can interact with proteins and prevent proteins from aggregating [20, 
21]. Antibody-based technology and autophagy enchantment can enhance the ability to degrade pathological protein, an 
antibody-based technology called ‘Trim-Away’ can eliminate any endogenous proteins without prior modification [22–24], which has 
a potential for pathological protein elimination. Heteromultivalent compounds can inhibit aggregation of the pathological proteins 
and promote their dissolution. 

In this review, we summarize the ALS-relevant toxic proteins, the prion-like effect of these proteins, and the prion-like protein 
targeting strategy. We have listed six potential technologies for ALS therapy and discussed their advantages, disadvantages, and key 
technical limitations. 

2. The toxic proteins in ALS 

2.1. Superoxide dismutase 1 

SOD1 was defined as an ALS-associated gene in 1969, about 3 % of ALS cases are caused by SOD1 mutation [25]. The structure of 
the SOD1 protein can be divided into 3 segments. The N-terminal (residues 1–37) contains 3 domains of β-strand; Residues 38–90 
include the Zn loop and two β-strand domains; C-terminal (residues 91–153) consists of 3 β-strand domains and the electrostatic loop. 
SOD1 dimerizes and converts the superoxide radical into molecular oxygen and hydrogen peroxide when combined with copper and 
zinc. The mature body of SOD1 is very stable, and the lack of copper and zinc may lead to SOD1 misfolding and aggregating, which 
results in function loss and toxicity [26]. 

SOD1-related ALS pathomechanisms may involve oxidative stress, neuroinflammation, endoplasmic reticulum (ER) stress, mito
chondrial dysfunction, axonal transport disruption, axonal transport disruption, non-cell autonomous toxicity, prion-like propagation 
and disruption of protein homeostasis (proteostasis) [25]: 1) Oxidative stress. Reactive oxygen species generated by aerobic meta
bolism damaged cells by oxidizing various biomolecules including proteins and lipids. As an antioxidant enzyme, mutation of SOD1 
may lead to the low biological activity of SOD1 protein, which contributes to the production of superoxide, previous study also showed 
the mutant SOD1 can bind to GTPase Rac1 and lead to sustained activation of NADPH oxidase 2 and overproduction of superoxide [27, 
28]. Superoxide can promote the transcription of various inflammatory genes leading to neuroinflammation [29]. 2) ER stress. ER, 
stress occurs when abnormal proteins accumulate in ER. In ER stress, the unfolded protein response (UPR) mechanism will be activated 
to degrade the abnormal proteins, but the UPR and prolonged ER stress may also lead to apoptosis of cells [30,31]. 3) Mitochondrial 
dysfunction. The mutant SOD1 can bind to membrane proteins of mitochondria, including Bcl-2 and VDCA1, disrupt the homeostasis 
of mitochondria and lead to mitochondrial dysfunction, which leads to release of cytochrome c from the mitochondrial intermembrane 
space and apoptosis of cells [32–34]. 4) Axonal transport disruption. Axon transport is important for highly polarized motor neurons, 
and axonal transport defects were observed in SOD1G93A mice, which suggested the SOD1 mutation may lead to progression of ALS 
[35,36]. 5) Non-cell autonomous toxicity of neuroglia. Non-cell-autonomous mechanism refers to motor neuron degeneration caused 
by the toxic effect of the surrounding glial cells, including microglia [37], astrocytes and oligodendrocytes. A study showed the mutant 
SOD1 in astrocytes is toxic for motor neurons, and the toxic effect exists in both sALS and fALS [38]. Another study showed the ol
igodendrocytes were replaced by oligodendrocyte progenitors in the early stage of disease onset. The oligodendrocyte progenitors 
express low-level monocarboxylate transporter 1 (MCT1), the loss of MCT1 increases the vulnerability of motor neurons [39,40]. 6) 
Prion-like propagation. The misfolded SOD1 has prion-like propagation. The prion-like propagation has been observed in SOD1G93A 

and SOD1G37R mice [41]. 7) Disturbance of proteostasis. The disturbance of proteostasis is an important biomarker for ALS, various 
ALS-associated proteins, including VCP, UBQLN2, OPTN, and TBK1, are involved in the proteostasis [42]. The wild-type SOD1 is 
highly stable, but the wild-type SOD1 recombinant protein aggregates rapidly after the stability was disrupted [43]. Mutant SOD1, 
including G93A, G37R, A4V, and G85R, showed a high property to aggregate and form amyloid fibrils [43,44]. The structure of SOD1 
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is maintained by the Cu/Zn metalation and intrasubunit disulfide bonds between Cys57 and Cys146, loss of Cu/Zn can lead to 
pathogenic misfolding of SOD1 [45,46]. 

SOD1 localizes to ER and Golgi in the cytoplasm of eukaryotic cells [47]. Previous study suggested SOD1 were transported to ER via 
a signal-peptide independent pathway, and the mutant SOD1 were more easily translocated into ER than wild-type SOD1 in ste24Δ 
hrd1Δ cells. SOD1 was secreted after signal peptide-independent translocation into ER [48]. The secreted SOD1 from neurons and glias 
will spread over the central nervous system via cerebrospinal fluid (CSF), and the misfolded SOD1 in CSF was proved to be neurotoxic 
[47,49]. The secretion of mutant SOD1 is mediated by chromogranin-A (CgA) and chromogranin-B (CgB), which are components of 
neurosecretory vesicles [47]. The secreted aggregating SOD1 can penetrate inside cells by micropinocytosis and lead to aggregation of 
the soluble mutant SOD1 in cytoplasma [50]. 

Although SOD1 is an important antioxidant enzyme, research suggested that the SOD1-knockout mice showed no neuron death, 
which implies that SOD1-associated ALS may be not caused by the function loss of SOD1. More than 160 SOD1 mutations were 
observed in ALS, and various SOD1 mutations increase the aggregating property of SOD1 proteins, which is believed to be associated 
with neuronal death. SOD1 toxicity is a common feature of SOD1-mutant fALS and may be caused by mutant SOD1-mediating protein 
misfolding. Previous studies have suggested that the elimination of wild-type SOD1 does not affect neuronal degeneration. However, a 
high-efficiency mutation, SOD1G93A, leads to cell degeneration, but SOD1 depletion didn’t lead to cell degeneration [51,52]. In 
addition, the combination of SOD1 and Cu2+ requires a specific copper chaperone for SOD1 (CSS). The absence of the CSS has no effect 
on ALS onset and progression in SOD1G93A, SOD1G37R, and SOD1G85R mice [53,54]. 

Although the intrinsic toxicity of SOD1 aggregates remains to be determined, increasing evidence suggests that protein aggregates 
exhibit general toxicity unrelated to the function of proteins in their natural state. However, the pathological mechanism of SOD1 in 
ALS is not completely clear yet, it is currently unclear whether the dominant mechanism of SOD1-ALS is loss of normal SOD1 function 
or the toxicity of SOD1 aggregates. 

2.2. Chromosome 9 open reading frame 72 

It has been found that hexanucleotide (G4C2) repeat expansion (HRE) in the non-coding region of C9orf72 is the most frequent 
mutation in ALS. It is believed that the effects of ‘gain of toxicity’ and ‘loss of function’ exist in C9-mutant ALS. The three main 
alternatively spliced transcript variants of C9orf72 are V1, V2, and V3. Three transcripts produce two types of normal C9 proteins: 
C9–S is an isoform of 222 amino acids encoded by V1; V2 and V3 encode the same type of 481 amino acids, known as C9-L. The G4C2 
HRE mutation is in the first intron of V1 and V3; for V2, the HRE is in the promoter segment; therefore, all three variants are affected by 
HRE. There are several theories about the mechanism of C9orf72 in ALS. The G4C2 repeat may interfere with transcription of C9orf72, 
which results in loss-of-function of normal C9orf72 proteins; The repeat expansion may sequester RNA binding proteins (RBP) and lead 
to function loss of RBPs; The expression of G4C2 HRE is ATG-independent, and the non-canonical repeat-associated non-AUG (RNA) 
translation products, dipeptide-repeat proteins (DPRs), have been proven to be toxic [55–57]. 

Little is known regarding their specific function until the specific antibody is generated. C9-L is primarily located in the cytoplasm 
of neurons and cerebellar Purkinje cells, whereas C9–S is in the nuclear membrane of neurons. Interestingly, C9–S relocates to the cell 
membranes of degenerated motor neurons under ALS conditions, the relocation of C9–S is associated with the mislocation and ag
gregation of TDP-43, implying that C9–S is associated with the nucleocytoplasmic transportation process [58]. Previous research has 
reported a decrease in C9orf72 transcript levels in patients with ALS, especially V2; however, the changes in V1 and V3 remain 
controversial [59–63]. In the protein level, it was confirmed that C9-L was decreased in ALS [64,65], although little is known about 
C9–S because of its low expression level. Only one study detected an increase in C9–S in patients with ALS. This study found that C9-L 
was decreased in the temporal cortex and frontal cortex of C9-ALS cases, which is consistent with previous study that C9orf72 
expression is down-regulated in ALS patients. However C9–S is increased in the temporal cortex and frontal cortex of C9-ALS patients, 
which is unexpected [58]. 

There are 5 DPR species: poly-GA, poly-GP poly-GR, poly-PA and poly-PR. It has been verified that poly-GR and poly-PR are 
potently neurotoxic. Poly-GA also exerts toxicity. Poly-PA and Poly-GP have not shown toxicity’, more studies need to be done to 
explore the neurotoxicity of DPRs [56,57]. The mechanisms of DPR toxicity include ER stress, inhibition of ubiquitin-proteasome 
system, disturbance of global translational regulation, and nucleocytoplasmic transport [66,67]. In the transgenic fly model, 
expression of poly-PR leads to aggregation of DPRs in nucleoli and stress granules formation by impairing global translational 
regulation [68]. Expression of poly-GA leads to increased ER stress, inhibition of proteasome, and dendritic branching reduction in 
cultured cells [69]. Poly-GA and poly-GP can cause neurotoxicity by inhibiting ubiquitin-proteasome system in cultured Neuro2a cells 
[70]. Expression of DRPs damaged the integrity of nucleus and nuclear membrane and disrupted the nucleocytoplasmic transport 
machinery. The nucleocytoplasmic transport-associated proteins, including Ran and RanGAP, were mislocalized in DPR-expressing 
cells [71,72]. 

Animal experiments in mice confirmed expression of poly-GA can lead to ALS-like symptoms, and the toxicity of poly-GA was 
structure-dependent, the toxicity disappeared after inhibition of fibril formation [73]. The toxic DPRs, poly-GA, poly-PA, and poly-PR, 
are arginine-rich, which also suggested the toxicity of DPRs is structure-dependent. In addition to DRPs, the RNA of G4C2 repeats also 
showed toxicity. Overexpression of G4C2 repeats leads to reduction of autophagosomal vesicles, which impair the protein degradation 
by inhibiting autophagy pathway [74]. Studies also showed that C9orf72 colocalized with Rab, which is associated with autophagy 
and endocytic transport [75]. Experiments in vitro and in vivo showed knockout of C9orf72 resulted in reduction of endocytic 
transport and exosome secretion, which may lead to accumulation of DPRs [76,77]. 

Although abundant studies revealed the potential mechanism of DPR toxicity, which mechanism takes the dominant role or occurs 
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first in ALS process is still unclear. The development of therapy against DPRs still needs more in-depth studies for the mechanism of 
DPRs. Antibodies-based treatment and inhibition of fibril formation may be potential for ALS therapy. 

2.3. TAR DNA binding protein 

Except for SOD1-ALS and FUS-ALS, insoluble and ubiquitinated TDP-43 inclusions were found in more than 95 % of the patients 
with ALS [78–80]. In addition, mutations in the TDP-43 gene can also lead to ALS [81]. TDP-43 protein consists of five regions: an 
N-terminal region (aa 1–105) containing a nuclear location sequence (NLS, aa 82–98), RNA recognition motif 1 (RRM1, aa 107–177), 
RRM2 (aa 192–259), a C-terminal region (aa 274–414) containing a glutamine/asparagine-rich domain (aa 340–360), and a 
glycine-rich region (aa 366–414). The C-terminal of TDP-43 is a low-complexity region associated with abnormal aggregation of 
TDP-43, previous studies have shown that most mutations are in exon-6, which encodes the C-terminal of the TDP-43 protein, such as 
A382T, M337V, A315T, and Q331K, which have also been well studied [82–86]. Evidence demonstrates that mutants Q343R and 
G335D promote the property of TDP-43 protein aggregation, and can increase the formation of cytoplasmic insoluble TDP-43 [87]. 
C-terminal fragments of the TDP-43 protein, generated by caspase and calpain proteases, are believed to play an important role in the 
mechanism of TDP-43 aggregation [88]. 

Under normal physiological conditions, TDP-43 is an RBP. Various RBPs are implicated in ALS, which implies that disturbances in 
the RNA metabolism may be present in ALS. Alongside its RNA-binding function, TDP-43 is also involved in RNA transportation, 
transcription, splicing, maturation, stabilization, and other protein-protein interactions. More than 6,000 mRNA targets were iden
tified to associate with TDP-43, TDP-43 depletion from the nucleus may lead to mRNA splicing aberrations. In mRNA maturation and 
stability, TDP-43 can regulate half-life of mRNA by combining with 3′ UTR sequences of the mRNAs. TDP-43 also regulates mRNA 
localization and translation in the neuromuscular junctions [81]. All this information suggests the loss of normal TDP-43 function also 
contributes to ALS pathology. 

The TDP-43 associated Frontotemporal lobar degeneration (FTLD) has been divided into 5 subtypes. Type A is characterized by 
dystrophic neurites (DNs) and neuronal cytoplasmic inclusions (NCis) with mutation of progranulin gene (GRN), showing behavioral 
variant frontotemporal degeneration (bvFTD) or non-fluent/agrammatic PPA (naPPA) in clinic. Type B is characterized by compact 
NCIs with mutation of C9orf72, showing ALS and FTLD in clinic. Type C is characterized by long and thick DNs in superficial cortical 
layers with no genetic mutation, showing FTLD in clinic. Type D is characterized by lentiform neuronal intranuclear inclusions (NIIs) in 
superficial and deep cortical layers and few DNs with VCP mutation, showing multisystem proteinopathy (MSP). Type E is charac
terized by granulofiamentous neuronal inclusions (GFNI’s) and neuropil grains in superficial and deep neocortical layers and curvi
linear oligodendroglial inclusions, type E can be observed in sporadic and C9orf72 mutation patients, bvFTD is related with type E in 
clinic [89–92]. Although the biological function of the 5 subtypes of TDP-43 and the association between them and clinical mani
festation in FTLD is still unclear, and it is still unclear whether the subtypes of TDP-43 in ALS are same with FTLD, the pathological 
heterogeneity of TDP-43 suggests the structure or modification (ubiquitination and phosphorylation) of pathological TDP-43 may play 
an important role in disease progress. 

The neurotoxicity of TDP-43 is still a controversial topic, it is still unclear whether the toxicity is attributed to TDP-43 aggregating 
or the fibrils themselves. Overexpression of wild-type TDP-43 led to motor neuron degeneration in mice and rats model, over
expression of full-length TDP-43 caused cell death in SH-SY5Y cells. Clearance of the aggregating TDP-43 can recover the normal 
function of TDP-43 [93,94] and ameliorate the toxicity of TDP-43 aggregates, which may be potential in ALS therapy [95–97]. 

2.4. Fused in sarcoma 

As an RBP, FUS shares several common characteristics with TDP-43. The FUS protein includes a prion-like domain (aa 1–239), a 
glycine-rich region (aa 240–267), an RNA-recognition region (aa 285–371), a zinc finger (aa 422–453), two arginine-glycine-rich 
regions (aa 371–422, aa 454–500), and an NLS region (aa 501–526) [98]. Similar to TDP-43, FUS aggregation has also been 
observed in ALS. Interestingly, ALS-associated mutations in FUS are concentrated in the NLS region instead of in prion-like regions, 
such as the most common mutations R521C and R521G, which is in contrast to TDP-43 [78]. R521G mutation contributes to FUS 
mislocalization in the cytoplasm, leading to the accumulation of insoluble FUS proteins in the cytoplasm, which causes neuronal 
degeneration. Thus, FUS and TDP-43 may have different upstream pathological mechanisms, but they share the common feature of 
toxic protein aggregation. FUS mutations are rare in ALS, accounting for approximately 3 % of familial ALS cases. The function of FUS 
and the pathology of how mutant FUS leads to neurodegeneration remain to be revealed through further investigation. 

3. The prion-like effect of TDP-43, FUS and SOD1 

Prion diseases are devastating neurodegenerative disorders. The key pathology of prion disease is the conversion from the normal 
prion protein (PrPC), dominated by α-helices, to its pathologic form (PrPSC), dominated by β-sheet. PrpSC can infect PrPC and convert it 
into PrpSC, which repeats this procedure. Abnormal PrPSC accumulates in cells leading to disease. The structure of PrPC consists of an 
extended intrinsically disordered N-terminal domain and a highly structured C-terminal domain. PrPC mediates neurotoxic effects of 
prions via an interaction of its N-terminal domain with β-sheet-rich oligomeric conformers of the respective pathogenic proteins. The 
pathological proteins tend to aggregate, resulting in the formation of amyloid fibrils. These fibrils are neurotoxic and hard to degrade 
[99–102]. Although it is hard to verify whether the pathological proteins of ALS are prion-like in patients, previous studies have 
reported the pathological proteins of ALS, including TDP-43, SOD1, and FUS, showed prion-like properties in vitro [103–106]. 
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As an infectious disease, the incubation of prion diseases ranges from years to decades. During the incubation period, prion proteins 
accumulate, eventually leading to clinical symptoms [107]. After the appearance of clinical symptoms, patients die within years. Kuru 
disease was first reported more than 50 years after the cessation of ritualistic mortuary feasts [108,109]. Prion diseases and ALS share 
many clinical manifestations and pathological mechanisms: 1) specific proteins are accumulating in these diseases. 2) Accumulating 
proteins can propagate and form amyloids, leading to neurodegeneration. 3) After exhibiting clinical symptoms, patients with prion 
disease and ALS die within up to 5 years. 4) The symptoms of ALS and prion disease originate in the central nervous system. Some 
researchers believe that the prion effect of the toxic protein (TDP-43 in ALS, tau in Alzheimer’s disease, α-synuclein in Parkinson’s 
disease) is the main cause of other neurodegeneration diseases, some even advocate that other neurodegeneration diseases should also 
be listed as prion diseases, this kind of disease is characterized by the formation of proteins inclusions in neurons that contribute to 
neurotoxicity [110]. In contrast to prion diseases, it is extremely difficult to determine the exact initial point of the disease process in 
ALS because the relationship between risk factors and ALS remains unclear, unlike the relationship between infection and prion 
disease. Although it has been verified the pathological proteins of ALS have prion-like effect in vitro, the relationship between the 
prion-like effect and ALS is still unclear. It should be cautious to interpret the results of these experiments. 

3.1. The prion-like effect of TDP-43 

The sequence of the TDP-43 C-terminal resembles some prion-like domains, including the glycine-rich and Q/N-rich regions, which 
are found in yeast such as Cyc8, Rnq1, and Sup35 [111–113]. These regions are highly disordered, have low complexities, and are 
extremely hydrophobic. In the past decade, several studies have shown the self-aggregation properties of TDP-43 in vitro [85, 
114–116] and in vivo [117]. In 2022, Scialò et al. found that pathological TDP-43 can accelerate the aggregation of TDP-43 substrates 
by rt-quic, adding to the evidence of the prion-like effect of TDP-43 [104]. Rt-quic is a technology that can detect prion-like proteins in 
different forms of prion and prion-like diseases. The seeds (CSF and brain homogenates of patients with ALS) accelerated the ag
gregation of normal TDP-43 substrates, demonstrating that pathological TDP-43 is prion-like. Another study revealed the structure of 
pathologic TDP-43 filaments, demonstrating that the ordered filament core of TDP-43 spans aa282–aa360, forming a 
double-spiral-shaped fold [118]. Research showed that the prion-like propagation of TDP-43 filaments during the accumulation of 
aggregated TDP-43 is consistent with the double-spiral fold structure in the frontal and motor cortices in ALS patients [104,116–119]. 
Despite the evidence supporting the hypothesis that TDP-43 protein exhibits prion-like characteristics in ALS, the exact relationship 
between this function and the disease remains unclear. Researchers believe that it is not accurate to define the prion-like effect as 
pathological; prion-like proteins may play a physiological function, and the prion-like effect allows them to transmit their function to 
other proteins. In yeast, prion-like proteins are associated with beneficial heritable phenotypes [120–124]. More research needs to be 
conducted to determine if that is also the function of TDP-43 in ALS. 

3.2. The prion-like effect of FUS 

As mentioned before, FUS shares many functional and structural characteristics with TDP-43. The prion-like domain (PLD) of FUS 
protein ranges from aa1 to aa239. The existing PLD allows FUS to aggregate. Using solid-state nuclear magnetic resonance (NMR), 
Murray et al. found that amino acids 39–95 of FUS are the core region of FUS forming amyloid, which is in parallel with β-sheet 
structure of prion proteins [125]. In addition, other research found multiple putative phosphorylation sites in this region, suggesting 
that phosphorylation may be related to the transition of FUS. However, another study found that although the accumulation and 
aggregation of FUS are toxic in the yeast Saccharomyces cerevisiae, FUS and TDP-43 showed a high propensity for co-aggregation and 
that FUS aggregates in yeast are not composed of amyloid, which implies that the mechanism of FUS aggregation is different from that 
of other amyloids. In this study, the researchers also found that the pathological aggregating FUS did not show a strong fluorescence 
like most amyloid fibrils under thioflavin T dye, which is a fluorescent dye that can bind amyloid fibrils and is excited at 440 nm [126]. 
Another study found that isolated FUS can form oligomers spontaneously, and filamentous FUS can be observed in some patients with 
ALS. In contrast to TDP-43, FUS aggregation relies on the arginine (glycine) domain. In addition, some FUS mutations associated with 
ALS do not promote aggregation [127]. The aggregation of FUS exhibits toxicity in various cell and animal models [126,128,129], the 
FUS mutation associated with ALS has been proven to increase the tendency of FUS aggregating [130,131]. 

FUS is autosomal dominant, the experiments in vitro showed the aggregations of FUS are toxic. This information may enlighten us 
the prion-like effect of FUS plays an important role in ALS, but the function of FUS aggregation in ALS patients is still unclear now. 

3.3. The prion-like effect of SOD1 

SOD1 exists as a homodimer in vivo. The structure of SOD1 consists of eight stranded β-barrel in a Greek-key fold and two large 
loops. One of the loops has Cu/Zn-binding affinity [132]. Interestingly, the enzymatic activity of SOD1 is extremely stable, and SOD1 
can survive for more than 3000 years after mummification [133]. Some post-translation modifications increase the aggregation-prone 
effects of SOD1 [134,135]. Mutation of the SOD1 gene also could decrease the stability of the SOD1 protein, enhancing the aggregation 
of SOD1. Researchers have summarized that diverse ALS-associated SOD1 mutations have a common characteristic: the hydrophobic 
surface, which is buried in the interior of normal SOD1, is more likely to be exposed [136,137]. This feature is consistent with other 
prion-like proteins. Researchers found that aggregated SOD1 could cross the membrane, enter the cytosol, and escape ubiquitination 
and degradation. The aggregating SOD1 becomes ‘seeds’, modifying the structure of the normal soluble protein, and spreading to 
adjacent cells via this prion-like pattern [50]. Chattopadhyay et al. found that misfolded SOD1 can convert the normal SOD1 to 
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misfolded form. The misfolded SOD1 tends to aggregate, which leads to the formation of SOD1 amyloid fibrils [138,139]. It also has 
been shown in other studies that aggregating SOD1 can penetrate cell membranes and promote the aggregation of other soluble 
proteins in cells [50,136,140]. A recent study reported that SOD1 seeding activity was observed in both sALS and fALS [105], which 
suggested that wild-type SOD1 also has the property of aggregating and propagation. 

4. The strategy targeting prion-like protein 

In limb-onset ALS patients, the onset starts at the unilateral upper limb or lower limb. The common initial symptoms of ALS are 
weakness and muscle tremors in the distal upper limb on one side. As the condition progresses, these symptoms gradually progress to 
the proximal upper limb on same side. In most patients, the symptoms continuously spread from the initial site to adjacent areas, which 
is consistent with a prion-like spreading pattern. Therefore, theoretically, if the seeding protein is eliminated, the progression of ALS 
can be slowed. By referencing recent research and summarizing our knowledge, we listed the prion-like protein targeting strategies 
that we believe have the potential for ALS therapy and divided them into six categories: ASO, antibody-based technology, peptides, 
protein chaperones, autophagy enhancement, and heteromultivalent compounds. A summary of the six potential methods and their 
associated references is presented in Table 1, and the mechanism of these methods is shown in Fig. 1. 

4.1. Antisense oligonucleotide 

ASOs and RNA interference (RNAi) have been studied mostly in ALS field. Theoretically, ASO and RNAi can only lower the prion- 
like protein levels by blocking the transcription and translation stages and cannot help eliminate the existing aggregating protein. 
However, they may help in the prevention of neurodegenerative diseases. The mechanisms of ASO and RNAi are similar: they interact 
with the target mRNA, block the translation procedure, and reduce the expression of target proteins, and some ASOs can also target 
DNA directly. ASO enables the precise modulation of gene expression without editing the DNA sequence, thus avoiding additional 
dangers and ethical issues. Moreover, RNA drugs can be administered by intrathecal delivery, avoiding additional immunogenicity or 
toxicity associated with other drug delivery systems such as adenoviruses. Tofersen, an ASO, inhibits the expression of SOD1 [141]. 
Tofersen lowers SOD1 levels by interacting with SOD1 mRNA, activating RNase H1, and blocking SOD1 mRNA translation. Although 
the results of the phase 3 trial of tofersen, VALOR (NCT02623699), were negative, the results showed that tofersen can significantly 
reduce SOD1 concentration in the CSF of patients, suggesting that tofersen is effective at the pathological level. The results of VALOR 
were published in September 2022 [142]. Tofersen has been granted FDA approval in April 2023. In C9orf72-ALS, a study found that 
an ASO against the G4C2 repeat encoding region can effectively suppress poly-GP level in a single patient harboring mutant C9ORF72 
with the G4C2 repeat expansion, the ASO was also administered via intrathecal delivery [143]. Some studies have shown that the 
C9orf72-targeting ASOs could reduce G4C2 repeat-containing C9orf72 mRNA and clear intranuclear RNA foci in ALS-derived motor 
neurons, iPSC-induced neurons, and fibroblasts [144–146]. In animal experiments, an ASO targeting C9orf72 by intra
cerebroventricular (i.c.v.) delivery decreased G4C2 repeat-containing C9orf72 throughout the brain and spinal cord in a mouse model 
[147]. However, a clinical trial of the ASO BIIB078 (NCT03626012) against G4C2 repeat-containing C9orf72 showed a negative result; 
patients who received BIIB078 tended to show worse clinical outcomes. In another clinic trial WVE-004 (NCT04931862), poly-GP 
levels decreased in CSF after WVE-e004 treatment, implying WVE-e004 is effective at the pathological level. For FUS-ALS, a study 
showed that ASO ION363, which targets the 6th intron of FUS, can reduce both mutant and wild-type FUS by 20%–50 % in the brain 
and spinal cord in the FUS P525L mutant mouse model [13]. A phase 3 clinical trial (NCT04768972) of ION363 has been approved to 
assess its efficacy, safety, and pharmacology and will be completed in March 2024. 

4.2. Antibody-based technology 

Compared to ASO therapy, antibodies can directly interact with pathological proteins. Combined with protein elimination systems 
such as the ubiquitin-proteasome system, antibody drugs have the potential to reverse disease progression instead of slowing it. A 
previous study found that 3B12A monoclonal antibody (mAB) can eliminate misfolded TDP-43 in vivo and in vitro through protea
somal and autophagy-lysosome pathways. 3B12A can bind to aggregating TDP-43 specifically, wild type TDP-43 is almost unaffected. 
After adding chaperone-mediated autophagy (CMA)-related signals to 3B12A, which can induce Hsp70 transcription, the clearance of 

Table 1 
The methods and mechanisms against prion-like protein.  

Method Mechanism Reference 

Antisense Oligonucleotide interact with target mRNA and block the translation procedure [13,141–147] 
Antibody bind to target protein and mediating the degradation process [23,148–151] 
Peptide bind to target protein thought struture mach and block the aggregation of misfolded 

protein 
[20,21,152,153] 

Protein Chaperone bind to target protein and interrupt the aggregation of prion-like protein [19,154–162,163,164] 
Autophagy Enchancement enchance the protein degradation through activation of lysosomes [165–169,170,171,172–174,175, 

176] 
Heteromultivalent 

Compound 
inhibit the aggregation of misfolded protein and mediate its degradarion [177]  
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TDP-43 aggregation and cell viability were increased. All the results enlighten us the combination of a misfold proteins-specific 
intrabody and activation of proteasomal and autophagic pathways is a potential strategy for ALS therapy [178]. Another study 
showed a monoclonal antibody against the C-terminal domains of TDP-43 can inhibit the seeding effect of TDP-43 in vitro and reduce 
the phosphorylated and aggregated TDP-43 in the rNLS8 mouse model [179]. Treatment with SOD1 antibody can reduce the ag
gregation of misfolded SOD1, delay the onset of motor symptoms and improve survival in SOD1G37R or SOD1G93A transgenic mice 
model [180]. 

Clift et al. reported a new technology named TRIM-AWAY, which allows the elimination of any protein in cells without prior 
modifications, provided there is a robust antibody and antibody delivery system available. Protein degradation is achieved in three 
steps: 1) introduction of an antibody against the target protein; 2) recruitment of endogenous or exogenous/overexpressed TRIM21 to 
the antibody-bound target protein; and 3) proteasome-mediated degradation of the target protein, antibody, and TRIM21 complex 
[23]. We believe that this technology has great potential for neurodegenerative disease therapy. In ALS, aggregating proteins, such as 
TDP-43, accumulate and cannot be degraded in time by endogenous pathways. TRIM-AWAY can help cells degrade these protein 
inclusions, which could stop and even reverse disease progression at most underlying levels. The TRIM-AWAY system has been used to 
inhibit tau aggregation, and the results showed that when misfolded tau enters the cell, it can bind to the tau-specific antibody and be 
depleted via the TRIM21-induced ubiquitin-proteasome pathway [148]. In the C9orf72 G4C2 repeat expansion, the poly-GA based 
antibody interacted with TRIM21 and reduced the poly-GA level in the C9orf72 mouse model [149]. Some studies revealed that 
antibodies could inhibit the TDP-43 aggregation in vitro and degrade the toxic SOD1 oligomers in mice models [150,151]. Though 
antibody drugs show great potential for the treatment of ALS, the development of effective and safe specific antibodies is challenging. 
Moreover, to guarantee the efficiency of antibody transport, further research is required to develop appropriate antibody delivery 
systems. 

4.3. Peptide 

Peptide drugs have been extensively studied in recent years and peptides have been reported to have anti-amyloid effects. Two 
major peptide inhibitor design strategies are 1) based on the molecular recognition elements of amyloid self-assembly, and 2) based on 
the cross-amyloid interactions [20]. The protein-protein interaction relies on the structure of the contact interface. Peptides can 
selectively bind to a target protein through a structure-specific mechanism and interrupt the aggregation of prion-like proteins. A study 
found that the core region of Aβ fibrils, KLVFF, can bind full-length Aβ and prevent its assembly into amyloid fibrils [21]. Most of the 
amyloid-associated peptides are hydrophobic and prone to self-aggregation. As small molecules, they are often degraded quickly. To 
increase solubility and stability, peptides are modified by aminomethylation, cyclization, and D-peptides [20,152,153]. Peptides have 
the advantages of high specificity, low toxicity, low immunogenicity, good biocompatibility, easy availability, and low economic cost 
and are expected to become alternative drugs for ALS therapy [20]. However, the therapeutic effect of peptides on ALS is still a hy
pothesis, there is not enough evidence suggesting the therapeutic effect of peptides in ALS yet. Deeper understandings of 

Fig. 1. The six methods and their mechanism in targeting prion-like proteins. 
The mechanisms of the six methods against prion-like proteins are shown in this figure. ASOs block the transcription and translation process and 
inhibit the synthesis of pathological proteins. Antibodies can bind to pathological proteins and activate the degradation process. Peptides can bind to 
proteins and inhibit their aggregation. Protein chaperone can help proteins fold correctly, and prevent the production of abnormal proteins. 
Autophagy enhancement will enhance the protein degradation ability of cells, promoting the degradation of prion-like protein. Heteromultivalent 
compounds can interact with amyloid fiber, inhibit fiber formation, and promote its dissolution. 
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protein-protein interaction are needed to develop the peptide therapy for ALS. 

4.4. Chaperone 

The biological functions of proteins are determined by their 3-dimensional structure. Accurate protein folding relies on the complex 
networks of protein chaperones [19]. Hsp family is the most well-known protein chaperone family. The expression levels of Hsps are 
low in physical conditions and increase sharply under stress. Hsps protect cells through inhibition of cell death pathways or indirectly 
through activation of other pro-survival pathways, including inhibition of protein aggregation, promotion of misfolded protein 
degradation and maintenance of cytoskeleton [181]. 

Hsp104, a member of the Hsp family, plays an important role in the ability of yeast cells to survive severe heat shock. At high 
temperatures, accumulated aggregating proteins have been detected in mutant yeast cells lacking Hsp104 [154,155]. In the Caeno
rhabditis elegans Aβ misfolding model, the knockdown of Hsp90 and its co-chaperones leads to increased Aβ toxicity [156]. In yeast, the 
Hsp104 can resolubilize aggregated insoluble proteins [157]. Hsp70 recognizes target proteins in the early stages of folding via short 
leucine-rich hydrophobic residues. These hydrophobic regions are highly exposed in the early stages of protein translation and folding 
and can impair intra- and intermolecular interactions. If a target protein is misfolded, Hsp70 will induce the degradation of the 
misfolded protein [158–161]. This hydrophobic effect of prion-like proteins is important in neurodegenerative diseases, demonstrating 
the potential role of the Hsp70/Hsp90 machinery in regulating pathological protein aggregation in neurodegenerative diseases [159]. 
Previous studies have shown that Hsp40 and Hsp70 can bind to TDP-43 and regulate its aggregation in the nucleus of HeLa cells. 
Overexpression of Hsp70 and Hsp40 increased the clearance of insoluble TDP-43 in HEK cells. Moreover, a reduction in Hsp70 and 
Hsp40 levels is observed in the TDP-43 Q331K mutant transgenic ALS mouse model and patients with sporadic ALS [162]. Several 
Hsps, including Hsp27, Hsp40 and Hsp70, have been found in SOD1 inclusion in SOD1-mutant rodent model [131], the Hsps ag
gregates may reduce the biological available Hsps in cells. 

The information above indicates that Hsps can protect neurons, and up-regulation of Hsps may be a potential approach for ALS 
therapy. Arimoclomol is a group of compounds, which can induce expression of HSP70 under cellular stress. In the past decade years, 
many studies found that Arimoclomol can enhance the expression of Hsp70 and protect neurons [162,182–186]. However, the phase 
III clinical trials of Arimoclomol in ALS patients, ORARIALS-01, failed to show a clinically meaningful therapeutic effect [187]. 
Although Arimoclomol failed, the possibility that Hsps have therapeutic potential for ALS cannot be precluded. 

4.5. Autophagy enhancement 

Autophagy is the process by which cells clear unnecessary intracellular components. When abnormal molecules accumulate and 
stress occurs, cells initiate autophagy to maintain homeostasis. Autophagy involves a double-membrane structure called the auto
phagosome. The autophagosome will envelop the cargo to be degraded, and fuse with the lysosome, forming the structure named 
‘autophagolysosome’ to eliminate its content [165]. Autophagy is a two-tailed pathway. Moderate autophagy can help cells recycle the 
breakdown products of cytoplasmic organelles, proteins, and macromolecules. However excessive autophagy can lead to apoptosis 
[166,167]. Autophagy is vital for the clearance of aggregating proteins in several neurodegenerative diseases. For example, research 
revealed the accumulation of α-synuclein in Parkinson’s disease, and Huntingtin’s protein in Huntingtin’s disease, are associated with 
increased autophagy activity [168,169]. Rapamycin is an mTOR pathway activator, which can activate autophagy. Previous research 
suggested promotion of autophagy by rapamycin leads to more clearance of α-synuclein and Huntingtin protein, decreasing cell 
toxicity [188–190]. Moreover, rapamycin-induced autophagy promotes the clearance of stress granules, which are believed to be 
associated with liquid-liquid phase separation in ALS [191,192]. Autophagy is activated in SOD1G93A mice model, treating the mice 
with bexarotene, a selective retinoid X receptor agonist, to enhance autophagy resulting in milder ALS pathology and delayed motor 
symptoms [170,171,193,194]. Activation of autophagy mediated by rapamycin showed a protected effect in SOD1G93A mice model 
[195,196]. Some studies have suggested that TDP-43 is involved in autophagosome and lysosome biogenesis during autophagy [172, 
173]. Additionally, TDP-43 aggregates can be eliminated by autophagy [174]. It also has been reported that the pharmacological 
induction of autophagy can slow down TDP-43 aggregation in a Drosophila model [95], similar results were observed in mice model 
[175,176,197]. Rapamycin also showed a protective effect for TPD-43 overexpressing mice model, which is mediated by activation of 
autophagy [176]. A phase II clinical trial of rapamycin, RAP-ALS, failed to test an effect on clinical measures due to the reduced 
number of samples that could be analyzed, but RAP-ALS demonstrated treatment with a low dose of rapamycin is safe for ALS patients 
[198]. 

Autophagy is a two-edged sword. Although autophagy is capable to enhance protein degradation, overactivated autophagy can 
cause damage to cells. A balance point between cell damage and autophagy activation must be determined before application of 
autophagy enhancement. 

4.6. Heteromultivalent compound 

Guo et al. designed a heteromultivalent platform by co-assembling cyclodextrin (CD) and calixarene (CA) amphiphiles, and two 
orthogonal non-covalent binding sites were distributed on the surface of the co-assembly. The heteromultivalency of this assembly 
allowed it to selectively bind to tyrosine-rich and lysine-rich peptides and this binding is highly stable. Heteromultivalency involves a 
ligand-receptor combination that is not molecular specific; more than one type of ligand interacts with more than one type of receptor 
simultaneously. Because of its additional binding adaptability and selectivity, the heteromultivalent molecule is more suitable than the 
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widely studied homomultivalent molecule for biological systems such as proteins and membranes that typically feature heterotopic 
contact surfaces. In this study, Guo found that this assembly can interact with Aβ42, inhibit formation, and promote dissolution of 
Aβ42 fibrils. The interaction between CD-CA assembly and Aβ42 is specific due to the Y and K sites and their self-optimizing matching 
distance with the CD and CA receptors in the co-assembly. Guo also found that the CD-CA assembly can not only inhibit the fibrils 
formation of Aβ42 but also dissolute the fibrils that have formed. The dissolution efficiency was measured using thioflavin T (ThT) dye, 
and the results showed that the dissolution efficiency was approximately 75 %. The TEM images showed that the number of fibrils was 
remarkably reduced. Moreover, the CA-CA assembly can better match biologically relevant heterotopic species with complex ligand 
sequences because the dynamic feature of self-assembly provides the platform with stronger self-adaptability. Thus, although this 
study only verifies the inhibition effect of CA-CA assembly for Aβ42, we believe this strategy is effective for other neurodegeneration 
diseases associated with pathological proteins, such as SOD1 and TDP-43 [177]. 

5. Discussion 

By analyzing the clinical features of ALS and the prion-like effects of ALS-associated pathological proteins, we believe that prion- 
like protein-targeting strategies have a promising future in ALS therapy. The six strategies we listed in this paper target different stages 
of pathological protein production in ALS. ASO can block the transcription and translation of pathological proteins. Antibody therapy 
can combine with pathological proteins and promote the degradation process. Autophagy is important for the degradation of path
ological proteins, but the process is non-selective. Chaperones, peptides, and heteromultivalent compounds can combined with 
pathological proteins and block, even reverse the aggregating process, which in turn inhibits the formation of amyloid. 

ASO can only prevent the production but cannot promote degradation of the pathological proteins. In consideration of the prion- 
like effect of the pathological proteins, ASO may only block the pathological process, but cannot reverse it. Antibody-related tech
nology, such as TRIM-AWAY, can promote the efficiency of protein degradation, but some technical aspects still need to be solved, such 
as how to transport the antibody to the target region. Autophagy is non-selective, and excessive autophagy may lead to apoptosis. 
Based on the current state of knowledge, we believe chaperones, peptides, and heteromultivalent compounds have the most potential 
to eliminate the pathological proteins of ALS, but more studies are required to confirm their effectiveness. Considering the strong 
heterogeneity of ALS, we believe that the final solution to ALS therapy is most likely an individualized cocktail therapy, including 
clearance of toxicity, blockage of pathological progress, and protection of neurons. 
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