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The cellular homeostasis of proteins (proteostasis) and RNA metabolism (ribostasis) are es-
sential for maintaining both the structure and function of the brain. However, aging, cellular 
stress conditions, and genetic contributions cause disturbances in proteostasis and ribostasis 
that lead to protein misfolding, insoluble aggregate deposition, and abnormal ribonucleopro-
tein granule dynamics. In addition to neurons being primarily postmitotic, nondividing cells, 
they are more susceptible to the persistent accumulation of abnormal aggregates. Indeed, de-
fects associated with the failure to maintain proteostasis and ribostasis are common patho-
genic components of age-related neurodegenerative diseases, including Alzheimer’s disease, 
Parkinson’s disease, and amyotrophic lateral sclerosis. Furthermore, the neuronal deposition 
of misfolded and aggregated proteins can cause both increased toxicity and impaired physio-
logical function, which lead to neuronal dysfunction and cell death. There is recent evidence 
that irreversible liquid–liquid phase separation (LLPS) is responsible for the pathogenic ag-
gregate formation of disease-related proteins, including tau, α-synuclein, and RNA-binding 
proteins, including transactive response DNA-binding protein 43, fused in sarcoma, and het-
erogeneous nuclear ribonucleoprotein A1. Investigations of LLPS and its control therefore sug-
gest that chaperone/disaggregase, which reverse protein aggregation, are valuable therapeutic 
targets for effective treatments for neurological diseases. Here we review and discuss recent 
studies to highlight the importance of understanding the common cell death mechanisms of 
proteostasis and ribostasis in neurodegenerative diseases.
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Proteostasis and Ribostasis Impairment as Common Cell 
Death Mechanisms in Neurodegenerative Diseases

INTRODUCTION

The most common neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkin-
son’s disease (PD), and amyotrophic lateral sclerosis (ALS), are characterized by the pro-
gressive and selective loss of vulnerable neurons in the affected brain regions.1 Although 
the types and regional deposition of disease-associated proteins vary between diseases, 
there is accumulating evidence that neurodegenerative diseases share a common patho-
genic mechanism that involves aberrant deposition of misfolded and aggregated proteins, 
which leads to impaired protein homeostasis (proteostasis) and ribostasis in the central 
nervous system.1 The ‘Goldilocks zone’ concept in astronomy states that planets that could 
support life need to revolve around stars within habitable regions that are suitable for life, 
neither too close to (too hot) nor too far from (too cold) the star. In biology, this Goldilocks 
zone can be applied to the balance or homeostasis of proteins and/or RNA metabolism 
that maintains normal cellular function (Fig. 1). Specifically, the molecular mechanism re-
sponsible for effective proteostasis and ribostasis is essential to remain within the Goldi-
locks zone, which improves the probability of cell survival. However, spatial and temporal 
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disturbances in cellular homeostasis are closely associated 
with normal aging. Because differentiated neurons are post-
mitotic and cannot dilute the defects like in dividing cells, 
they progressively accumulate deleterious defects as age in-
creases. Numerous molecular mechanisms that contribute 
to cellular homeostasis are also disrupted in age-related neu-
rodegenerative diseases,2 which results in the deposition of 
aberrant aggregates in affected neurons, such as tau, α-synuclein 
(α-syn), and some RNA-binding proteins (RBPs) in AD, PD, 
and ALS, respectively. 

There is recent evidence that liquid–liquid phase separa-
tion (LLPS) is a key biophysical mechanism that drives dis-
ease-related protein aggregation.3 LLPS is a reversible ther-
modynamic process that occurs when biomolecules (proteins 
and RNAs) self-assemble, which produces distinct cytosolic 
or nuclear compartments known as biomolecular conden-
sates.4 Furthermore, intrinsically disordered regions (IDRs) 
or low-complexity domains (LCDs) are polypeptide seg-
ments of amino acid sequences that do not mediate folding 
into specific secondary or tertiary structures. The nature of 
proteins that contain IDRs mean that they can enhance LLPS 
driven by protein–protein interactions. Moreover, tau, α-syn, 
and some ALS-linked RBPs also possess predicted IDRs and 
undergo reversible dynamic LLPS (Fig. 2). It is particularly 
interesting that disease-linked mutations and posttransla-
tional modifications (e.g., phosphorylation) in these IDR-
containing proteins can cause a phase transition from the 
reversible to the irreversible state, which leads to pathogenic 
aggregation.3 For example, many annexin A11 mutations in 
ALS are found in the N-terminal LCD, which alters their pro-

pensity for LLPS and the dynamics of stress granules (SGs).5,6 
Transactive response DNA-binding protein 43 (TDP-43) 
mutations linked to ALS are frequently found in the C-ter-
minal LCD; however, mutations of fused in sarcoma (FUS) 
are located in the N-terminal LCD. These ALS-linked muta-
tions in LCDs play central roles in the ALS-related patholo-
gy of aberrant phase separation in RBPs that results in irre-
versible condensates forming in neurons and glia.7 Numerous 
proteins and mRNAs are formed in healthy cells during the 
assembly of SGs in the cytoplasm and can be continually dis-
assembled by cellular mechanisms. However, continuously 
altered mutant RBP and RNA assembly generates irrevers-
ible ribonucleoprotein (RNP) granules and perturbs RNA 
homeostasis or ribostasis, which eventually leads to cell death. 
Therefore, effective control of ribostasis, which means prop-
er cellular transcriptome regulation, and proteostasis, which 
is a suitable protein folding regulatory mechanism, is critical 
to cell function and survival.

This review discusses the significance of understanding 
the common cell death mechanisms in proteostasis and ri-
bostasis in neurodegenerative diseases.

Proteostasis network
Proteostasis networks are highly interactive pathways that 
maintain the integrity and balance of proteins in order to 
maintain their functionality.8 Several cellular proteostasis 
networks have been developed in eukaryotic cells to ensure 
the proper folding of newly synthesized polypeptides, deg-
radation of misfolded proteins, and control of protein ag-
gregates, thus maintaining cellular proteostasis (Fig. 3). Im-

Fig. 1. Balance or homeostasis of protein and RNA metabolism in the Goldilocks zone. The ideal Goldilocks zone facilitates molecular chaperones, 
clearance systems, and protein/RNA to perform their function in the most effective way. Molecular chaperones are components of the cellular pro-
tein quality control mechanism that suppresses irreversible dysfunctional protein aggregation. Autophagy and the UPS are clearance systems that 
regulate protein damage and misfolding caused by dysfunctional proteins, which contribute to defective protein and RNA metabolism in neurode-
generation. Damaged and misfolded proteins that contribute to neurodegeneration (tau, RBPs, α-syn, and Aβ) cause imbalance in the proteostasis 
and ribostasis of the brain, which leads to cell death. Figure was created using BioRender (https://biorender.com/). Aβ, amyloid-beta; RBPs, RNA-
binding proteins; UPS, ubiquitin proteasome system; α-syn, α-synuclein.
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portantly, the main components of the complex proteostasis 
network are molecular chaperones, the ubiquitin-proteasome 
system (UPS), and the autophagy-lysosomal pathway (ALP).9 
These three types of modules delicately control proteome 
balance through interconnectivity centered on molecular 
chaperones, and precise regulation of these networks is es-
sential to reducing the proteotoxicity caused by misfolded 
and aggregated proteins. Molecular chaperones play major 
roles in numerous cellular processes, including protein fold-
ing, disaggregation, degradation, trafficking, and signal trans-
duction within cells.10 They are categorized into different func-
tional families, including small heat-shock proteins (sHSPs), 
HSP90, HSP70, HSP60, and HSP40. Specifically, these fac-
tors enable the de novo folding of newly synthesized pro-
teins and maintain their soluble and native conformations. 
Molecular chaperone expression is mostly regulated by heat-
shock transcription factor 1 (HSF1), which adjusts cytoplas-
mic proteostasis during stress conditions.11,12 HSF1 is most-
ly monomeric and transcriptionally suppressed under normal 
circumstances by binding to its target HSPs, including HSP70 

and HSP90. It therefore lacks the capacity to bind the heat-
shock elements in the promoter regions of the HSP genes.13-15 
The chaperones are dissociated from HSF1 and bound to 
denatured substrates during heat-shock and proteotoxic 
stresses. The released monomeric HSF1 subsequently trans-
locates to the nucleus, where it undergoes posttranslational 
modification (i.e., phosphorylation) and induces the tran-
scription of target HSPs by binding to heat-shock elements.13-15 

To prevent the toxic effects caused by aberrant aggregates, 
misfolded and aggregated proteins must to be correctly elim-
inated through proteolysis. The UPS and ALP are the two 
primary proteolytic degradation pathways in eukaryotic 
cells. The UPS is a highly regulated mechanism of precisely 
coordinated enzymatic processes that lead to target protein 
ubiquitination through an enzymatic cascade that involves 
the ubiquitin-activating (E1), ubiquitin-conjugating (E2), 
and ubiquitin-ligating (E3) enzymes, and proteolytic degra-
dation by the proteasome.16-18 Ubiquitin is a 76-amino acid 
protein that is covalently bounded to target proteins and ini-
tiates ubiquitination. Most proteins labeled by ubiquitina-
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Fig. 2. Intrinsic disorder predisposition of neurodegenerative-disease-causing proteins evaluated using the Predictor of Natural Disordered Regions 
(www.pondr.com/). Domain architecture of tau, α-syn, ATXN2, TDP-43, FUS, and ANXA11. The following domains are indicated in tau: N1 and N2 
(N-terminal domains); P1 and P2 (proline-rich region); R1, R2, R3, and R4 (repeated sequences at the microtubule-binding domain). The six proteins 
share similar domain architectures and protein disorders. ANX, annexin domain; ANXA11, annexin A11; ATXN2, ataxin-2; Aβ, amyloid-beta; FUS, 
fused in sarcoma; LCD, low-complexity domain; Lsm, Like-Sm; Lsm AD, Lsm-associated domain; NAC, non-Aβ component; NLS, nuclear localization 
signal; NTD, N-terminal domain; PAM2, PABP-interacting motif 2; polyQ, polyglutamine domain; QGSY, QGSY-rich prion-like domain; RBPs, RNA-
binding proteins; RGG, RGG-rich domain; RRM, RNA recognition motif; RRM1, RNA-recognition motif 1; RRM2, RNA-recognition motif 2; TDP-43, 
TAR DNA-binding protein 43; UPS, ubiquitin proteasome system; ZnF, zinc finger; α-syn, α-synuclein.
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tion are also degraded by proteasomes. The balance between 
free- and ubiquitin-tagged proteins is regulated by the com-
peting functions of E3 ubiquitin ligases and deubiquitinat-
ing enzymes. The UPS cooperates closely with molecular chap-
erones during protein quality control to recognize substrates 
and misfolded toxic aggregate proteins for in proteasomal 
degradation. For example, the carboxyl terminus of HSP70-
interacting protein (CHIP) is an E3 ubiquitin ligase that se-
lectively ubiquitylates misfolded proteins by collaborating 
with the molecular chaperones HSP70 and HSP90.19,20 

An autophagy system is a critical mechanism that balanc-
es proteostasis via protein degradation with the UPS. How-
ever, the UPS is primarily responsible for removing individ-
ual proteins from the proteasome, while the autophagy system 
degrades larger aggregates in the lysosome. Autophagy is a 
cellular system for the lysosome-mediated degradation of 
toxic aggregated proteins and damaged organelles (e.g., mi-
tochondria) that are engulfed by double-membrane vesicles 
known as autophagosomes.21 Notably, the following three 
autophagy types are commonly mentioned in eukaryotic 
cells depending on the mechanism of cargo delivery to the 
lysosome: macroautophagy, microautophagy, and chaper-

one-mediated autophagy (CMA).22-24 Furthermore, autoph-
agy enhances survival as an adaptive response to stress in the 
presence of disease, whereas it may also promote apoptosis 
and disease in other cases.25,26 

Mammalian cells use macroautophagy and CMA to selec-
tively degrade misfolded and aggregated proteins. During 
macroautophagy, autophagy receptors or adaptors such as 
SQSTM1/p62 and NBR1 selectively recognize their cargos 
that contain ubiquitin-tagged proteins, and receptor–cargo 
complexes are loaded into the autophagosome via receptor–
LC3 interaction.27 The resulting autophagosome is subse-
quently fused with a lysosome to produce an autolysosome, 
the contents of which are degraded by lysosomal hydrolases.28 
Compared with macroautophagy, CMA is a non-vesicle-me-
diated autophagic mechanism that enhances the transloca-
tion of cytosolic cargos containing consensus sequences linked 
to the KFERQ motif from the cytosol to the lysosomal lumen 
by crossing its membrane.29,30 The constitutively expressed 
molecular chaperone, heat-shock cognate protein 70 (HSC70), 
and the lysosomal-associated membrane protein-2a subunit 
that functions as a lysosomal receptor are two critical factors 
for the multistep CMA process, which includes target recog-

Fig. 3. Altered proteostasis and ribostasis are common pathogenic mechanisms in neurodegenerative diseases. Under physiological conditions, 
newly synthesized proteins fold correctly to ensure their normal functions, and misfolded proteins are targeted to maintain proteostasis in degra-
dation systems. Two protein degradation systems, the UPS and autophagy, are essential to maintaining cellular homeostasis. However, mutations 
and/or PTMs of disease-associated proteins (Aβ and tau in Alzheimer’s disease, α-syn in Parkinson’s disease, and SOD1, TDP-43, and FUS in ALS) 
form pathogenic aggregates and induce degradation system dysregulation. During stress conditions, ALS-associated RBPs (TDP-43 and FUS) are 
often reversibly assembled into SGs with target RNAs, and prolonged SGs are removed through the autophagy system. Chronic stress and/or RBP 
mutations lead to the irreversible accumulation of SGs and inhibit the normal functions of RBPs and target RNAs in maintaining RNA metabolism. 
Aβ, amyloid-beta; ALS, amyotrophic lateral sclerosis; HSP, heat-shock protein; PTMs, posttranslational modifications; SGs, stress granules; SOD1, 
superoxide dismutase-1; UPS, ubiquitin proteasome system; α-syn, α-synuclein.
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nition, unfolding, translocation into the lysosome, and deg-
radation via lysosomal hydrolases.30 Collectively, misfolded 
and aggregated proteins that are resistant to removal via the 
UPS can be cleared by these lysosomal degradation process-
es, macroautophagy, and CMA. 

The activities of the UPS and autophagy in various cell 
types gradually decrease with aging.31,32 This results in the 
accumulation of several toxic protein aggregates, particu-
larly in postmitotic cells such as muscles and neurons that 
cannot dilute toxic aggregates via cell division. Proteostasis 
deficits are therefore closely linked to aging and neurode-
generative-disease pathogenesis. 

Ribostasis and RNA-binding protein
RBPs regulate gene expression by controlling every stage of 
the RNA life cycle in the nucleus and cytoplasm.33,34 More than 
50% of all known RBPs are expressed in the brain, where 
they are crucial for neuronal gene expression and play sev-
eral roles in both normal and pathological brain function.35,36 
Dysfunctional mutant RBPs in patients with neurodegener-
ative and neuromuscular diseases alter translational activity 
and dysregulate RNA metabolism in neurons. Dysregula-
tion of critical steps in RNA metabolism can alter the phase 
transitions and granule-formation equilibrium of RBPs, 
which impairs their target RNAs and increases cellular stress 
and neurodegeneration.

RBPs are the main components of SGs that interact with 
each other, and these granules rapidly consolidate under 
stress conditions. Specifically, SGs are RNP granules with-
out membranes that are responsible for the transient recruit-
ment of mRNA transcripts in eukaryotic cells, which is one 
of the first responses to stress. SGs comprise mRNAs that 
are stalled in preinitiation translation complexes and can be 
triggered by different stimuli such as oxidative stress, os-
motic stress, or heat shock, and are disassembled upon re-
covery.37 As a potent driver of RBP nucleation, SGs recruit 
proteins and cause the aggregates to form a core-protein–
RNA interaction network. 

The accumulation of SGs with pathological protein aggre-
gates can lead to neurodegenerative disorders (Fig. 3). Spe-
cific RBPs self-assemble and drive the pathological RNP ag-
gregate formation, which disrupts the normal ribostasis of 
cells and leads to their death. The pathological interplay be-
tween RBPs and SGs has emerged as a major pathogenic pro-
cess causing neurotoxicity-related aggregation formation and 
contributing to the pathology of neurological disease pro-
cesses. Furthermore, the disease-causing mutations in RBPs 
increase RNA granule formation, which leads to greater SG 
formation and disrupted axonal granule trafficking, which 
could cause more-widespread cellular toxicity.38 Pathologi-

cal protein aggregates comprise different RBPs and SG com-
ponents and are associated with distinct neuropathologies 
such as those in ALS, frontotemporal dementia (FTD), AD, 
or PD.

Proteostasis and ribostasis in neurodegenerative 
diseases

Alzheimer’s disease 
AD is a common neurodegenerative disease characterized by 
progressive declines in cognition and memory. Its patho-
genesis involves the deposition of extracellular amyloid-be-
ta (Aβ) plaques and the production of intracellular neurofi-
brillary tangles (NFTs) composed of hyperphosphorylated 
tau/microtubule-associated protein tau aggregates.39 These 
two characteristics imply that impaired molecular chaperone 
function and/or protein quality control may contribute to AD 
pathology, since they are responsible for the degradation of 
misfolded and aggregated proteins. Molecular chaperone 
HSPs limit Aβ and NFT aggregation and enhance the bind-
ing of ubiquitin to misfolded proteins for degradation. Pro-
teomic analyses of transgenic mice with amyloid precursor 
protein (APP) also revealed changes in the expression of cel-
lular chaperones such as HSP60 and HSP70, indicating that 
the Aβ peptide may influence chaperone expression.40 HSP70 
overexpression exerts a neuroprotective effect against the 
toxic effects of intracellularly expressed Aβ in neurons, sup-
presses AD-related phenotypes in mice, and inhibits the early 
stage of Aβ aggregation in vitro.41-43 Similarly, numerous stud-
ies have found that HSP90 prevents Aβ aggregation.42,44 Fur-
thermore, the UPS plays a crucial role in regulating Aβ ac-
cumulation in neurons by either reducing Aβ synthesis or 
increasing its proteolytic destruction. Macroautophagy has 
been proposed as a pathway that generates Aβ.45 The au-
tophagosome is believed to be the principal location of Aβ 
processing because Aβ-processing enzymes and Aβ itself 
colocalize with autophagosomes.45,46 In the brains of patients 
and mouse models with AD, abnormal accumulation of au-
tophagic compartments containing both APP and Aβ was 
observed.45,47,48 Reversing autophagy malfunction by enhanc-
ing lysosomal activities in an AD mouse model had thera-
peutic effects, such as reduced amyloid pathology and alle-
viation of memory impairment.49 Moreover, tau aggregates 
are also degraded through the UPS and ALPs. HSP70 and 
HSP90 can decrease the production of NFTs by promoting 
their dephosphorylation and degradation. The CHIP–HSC70 
complex cooperates with the E2-conjugating enzyme Ub-
cH5B to ubiquitinate phosphorylated tau (P-tau) for prote-
asomal degradation and inhibits P-tau-induced cell death.50 
HSP90 and the cochaperone CDC37 coordinate tau phos-
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phorylation by regulating the activation of some kinases, 
including cyclin-dependent kinase 5 (CDK5) and AKT.51-53 
Consistent with these findings, CDK5 activity is also higher 
in the prefrontal cortex of the brains of patients with AD.54 

In addition to AD, tau mutations that cause tau accumu-
lation, increase tau phosphorylation, and increase neuron 
loss have been discovered in patients with FTD.55,56 Although 
tau is not an RBP, it engages RNA sequestered by tau inclu-
sions and promotes tau phase separation and fibrillization 
in tauopathies.57 The specific RNAs in tau aggregates that 
contribute to disease progression are still unclear. However, 
a recent study identified RNAs, small nucleolar RNAs, small 
nuclear RNAs, and some tRNAs that were enriched in tau 
aggregates and revealed related perturbations in splicing 
speckles. Nuclear speckles are mislocalized to cytoplasmic 
tau aggregates in cell models, transgenic mouse brains based 
on an FTD-linked tau model, and the brains of patients with 
AD and FTD.58 Considering the discovery of specific RNAs 
sequestered by nuclear and cytoplasmic tau aggregates, fur-
ther investigations are still required to determine how tau 
aggregation alters cellular RNA and which therapeutic strat-
egies disrupt abnormal tau–RNA interactions to mitigate 
tauopathies. A recent study demonstrated that human tau 
forms dynamic liquid droplets in vitro at the physiological 
protein level.59 The disease-associated modifications, includ-
ing the AT8 phosphoepitope and the P301L tau mutation 
that is linked to inherited tauopathy, enhanced LLPS in vi-
tro and the P301L mutant presented the greatest oligomer 
formation following extended phase separation. That study 
suggested that tau phase separation facilitates the formation 
of neurotoxic pathogenic tau conformations in the neurons 
of patients with the tau P301L mutation or pathological phos-
pho-tau. 

Several SG components have been linked to tau patho-
genesis. HuD/ELAVL4, a splicing regulator that encodes a 
neuronal RBP needed for brain development, stabilizes tau 
translation by transporting tau mRNA from the neuron cell 
body to the axon in the form of granules. ELAVL4 shows 
RNA-dependent accumulation within G3BP1-positive SGs 
under oxidative stress and colocalization of ELAVL4 and tau 
in a 2-month tau mutant organoids, supporting the interac-
tions among tau, ELAVL4, and SG function.60 Besides G3BP1, 
tau also interacts with RBP TIA1 in SGs, which regulates tau 
misfolding and aggregation and promotes tau-mediated pri-
mary neuron degeneration.61 A study found that TIA1 knock-
down and knockout inhibited tau misfolding and tau-me-
diated toxicity in cultured hippocampal neurons.62 These 
processes also prevented tau granule formation in neurons 
via the translational inhibitor cycloheximide, which pre-
vents elongation and inhibits SG formation, suggesting that 

pharmacological interventions that synergistically modu-
late both SG and tau can inhibit tauopathies.

Parkinson’s disease
PD is clinically characterized by bradykinesia, muscular ri-
gidity, rest tremor, and postural and gait impairments caused 
by the progressive loss of dopaminergic neurons in the sub-
stantia nigra.63 A major pathogenic feature of PD is the de-
position of misfolded α-syn into Lewy bodies, indicating 
dysfunction in the quality control of proteins.64,65 Numerous 
characterizations of Lewy bodies have indicated that molec-
ular chaperones (HSP27, HSP60, HSP70, HSP90, HSP110, 
and CHIP) and UPS components (proteasome subunits, 
ubiquitination, deubiquitination enzymes, and proteasome 
activators) are prevalent in these aggregates and have highly 
ubiquitinated proteins.66-68 Furthermore, human genetics 
studies to identify PD-related genes have identified muta-
tions in genes that encode Parkin/PARK2 (E3 ubiquitin li-
gase) and UCH-L1/PARK5 (ubiquitin C-terminal hydro-
lase), which are closely associated with UPS function.69-71 
Dysregulation of ALP components has also been reported 
in PD. A significant decrease in the number of lysosomes in 
dopaminergic neurons preceded autophagosome accumu-
lation and dopaminergic cell death in patients and mouse 
models with PD.72 Several other studies related to PD and 
dementia with Lewy bodies (DLB) also found an increase 
in the autophagosome marker LC3-II and a decrease in the 
lysosomal proteins LAMP1 and LAMP2A, suggesting the 
presence of ALP impairments in α-synucleinopathies.73-78 
Moreover, several genetics findings also support the role of 
ALP in PD pathogenesis. 

LRRK2 mutations are the most common genetic risk fac-
tors for PD. LRRK2 is degraded by macroautophagy and 
CMA, but G2019S (a common mutation) impairs this deg-
radation.79 LRRK2-G2019S also acts on the lysosomal re-
ceptor LAMP2A and impairs CMA, resulting in the accu-
mulation of CMA substrates such as α-syn. LRRK2-G2019S 
expression also increased autophagic vacuoles and neurite 
reorganization in neuroblastoma cells.80 Besides these find-
ings, identifying mutations in the genes that encode the ly-
sosomal protein ATP13A2/PARK9, lysosomal enzyme glu-
cocerebrosidase, and vacuolar protein sorting-associated 
protein 35 support the idea that ALP malfunction contrib-
utes to the pathogenesis of PD.81-85 The autophagy system can 
also be involved in the selective degradation of specific or-
ganelles. Parkin/PARK2 and PINK1/PARK6 promote the se-
lective autophagic clearance of damaged mitochondria (mi-
tophagy), and their inability to remove defective mitochondria 
(for example due to disease-associated mutations) has been 
linked to PD pathology.86 In cultured cell and animal mod-
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els, the modulation of molecular chaperones, UPS, and ALP 
has shown protective efficacy against α-syn aggregation. Over-
all, these findings indicate that defects in protein quality 
control may be responsible for the α-syn accumulation and 
Lewy-body production in PD.

α-syn is a DNA- and lipid-binding protein that is typical-
ly localized to the nucleus and plasma membrane, but it has 
also been found to form abnormal cytoplasmic aggregates 
in patients with PD. α-syn also forms toxic soluble oligomers 
and fibrillar proteins in PD and related Lewy-body disorders 
(PD with dementia and DLB).87 Nuclear α-syn modulates 
DNA repair, in which the protein can be found in foci that 
colocalize with DNA damage markers in the cortical neu-
rons of mice.88 α-syn removal from mouse neurons was as-
sociated with increased levels of double-strand breaks in 
DNA and a reduced ability to repair them, which could be 
rescued by α-syn re-expression, indicating that α-syn regu-
lates cellular repair responses. A recent study suggested that 
α-syn LLPS and subsequent liquid-to-solid phase transition 
could be pathological, which can only be triggered by the 
critical concentration of phase separation and LLPS-medi-
ated aggregation or the amyloid formation of α-syn.89 Over-
all, many studies have proposed that α-syn aggregation is 
neurotoxic and that LLPS is the crucial mechanism causing 
abnormal α-syn accumulation.

Amyotrophic lateral sclerosis 
ALS is a devastating neurodegenerative disease that is char-
acterized by a progressive loss of upper and lower motor neu-
rons in the motor cortex, brain stem, and spinal cord, which 
leads to muscle weakness, atrophy, and spasticity.90 There is 
abundant evidence that protein misfolding and aggregation 
play roles in ALS development and progression, similar to 
in other neurodegenerative diseases.91 Three major types of 
pathogenic aggregates are deposited independently within 
the motor neurons of patients with ALS. TDP-43-positive in-
clusions were the most common inclusions in patients with 
ALS (–97%), followed by superoxide dismutase-1 (SOD1, 
–2%) and FUS (–1%).91 These inclusions are closely linked 
to proteostasis and/or ribostasis impairment as major con-
tributors to ALS pathogenesis. 

Many ALS-related proteins, including SQSTM1/p62, op-
tineurin (OPTN), ubiquilin2 (UBQLN2), valosin-contain-
ing protein, and TANK-binding kinase 1 (TBK1), are involved 
in the UPS and ALP for proteostasis.92-97 This suggests that 
disruption of protein quality control is important in ALS pa-
thology. SQSTM1/p62 and OPTN also function as autoph-
agic receptors that recognize ubiquitinated cargo and pro-
mote the autophagy-mediated degradation of misfolded and 
aggregated proteins. A neuropathological investigation of pa-

tients with ALS and mutations in SQSTM1/p62 and OPTN 
revealed p62- and OPTN- immunoreactive cytoplasmic in-
clusions, respectively, accompanied by Ub- and TDP43-
positive inclusions, implying proteostasis disturbance in the 
motor neurons.98,99 However, how these ALS-associated mu-
tations contribute to ALS etiology remains unknown. TBK1, 
which is a serine/threonine protein kinase, binds and phos-
phorylates SQSTM1/p62 and OPTN, which improves their 
linkage ability to LC3 and ubiquitinated cargo as well as pro-
moting autophagic degradation.100,101 However, TBK1 hap-
loinsufficiency causes familial ALS and FTD, and may cause 
impaired autophagic degradation and lead to the accumu-
lation of protein aggregates.96,97 In contrast, UBQLN2 is a 
member of the ubiquilin family that may function in the 
UPS and ALP for degradation.102 ALS-associated UBQLN2 
mutations lead to ubiquitin-mediated proteasomal degrada-
tion impairment in cultured cells and the accumulation of 
skein-like inclusions, which are immunoreactive for anti-
bodies against UBQLN2, ubiquitin, TDP43, and FUS in the 
spinal motor neurons of patients with ALS.94,103 

SOD1 was the first gene discovered to cause ALS.104 ALS-
associated mutant SOD1 is highly susceptible to structural 
alterations that cause protein aggregation.105,106 Consistent 
with this, misfolded SOD1 inclusions were found in the mo-
tor neurons of patients with ALS who carried SOD1 muta-
tions and in those who carried mutations in ALS-causing 
genes other than SOD1.107 Moreover, SOD1 inclusions also 
sequester ubiquitin, molecular chaperones (e.g., HSP70 and 
HSP27), and the proteasome.108,109 Wild-type and mutant 
SOD1 can be removed by proteasomes and by macroau-
tophagy.110 Studies involving cultured cells and mouse mod-
els have found that misfolded SOD1 mutations can inhibit 
proteasomal and autophagic processes, resulting in the ac-
cumulation of large mutant SOD1 aggregates.111,112 

Toxic RBP aggregation and RNA-protein granule accumu-
lation are found in the brains and spinal cords of both pa-
tients with ALS and with FTD.113 Alterations in RBPs cause 
the malfunction of essential RNA metabolism pathways that 
leads to motor neuron degeneration. SG components colo-
calize with neuropathology in the brain tissue of patients and 
in animal models with ALS and with FTD.114 Several disease-
causative or disease-associated RBP mutations involved in 
SG formation, such as TDP-43, ataxin-2 (ATXN2), FUS, het-
erogeneous nuclear RNP (hnRNP) A1, hnRNP A2B1, and 
TIA1, have been found to increase the risks of ALS and FTD.115

RBP TDP-43 regulates transcription and forms transient 
cytoplasmic aggregates that colocalize with SGs under stress 
conditions. Specifically, TDP-43 is the main component that 
accumulates in the cytoplasmic, ubiquitin-positive protein 
inclusions in the neurons of patients with ALS and with 
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FTD.114 Disease mutations in the prion-like domain in the 
C-terminus and fragment of TDP-43 cause TDP-43 mislo-
calization and consequently sequestration within SGs, dis-
turbing the assembly and disassembly dynamics of SGs.116 
Studies have found that increased aggregation propensities 
accelerate the disease onset in patients with familial ALS who 
carry the D169G, G298S, M337V, and N352S TDP-43 mu-
tations. G298S and M337V were in particular found to de-
crease motility, increase TDP-43 granule viscosity, and dis-
rupt axonal transport functions.117 The ALS-linked D169G 
mutant is the only TDP-43 mutation within the RNA-recog-
nition motif 1 (RRM1) domain that abnormally accumu-
lates in SGs, enhances the formation of TDP-43 inclusions, 
and prevents the binding capacity of the RRM1 domain to 
ATP, suggesting that altered charge or hydrophobicity trig-
ger dynamic changes and enhance aggregation.118 

TDP-43 is posttranslationally modified by ubiquitination, 
SUMOylation, and phosphorylation. Abnormal TDP-43 hy-
perphosphorylation of S379, S403/404, and S409/410 has 
been implicated in protein aggregation in the tissues of pa-
tients with ALS and with FTD-TDP.119 Among the various ki-
nases suggested to be involved in TDP-43 phosphorylation, 
the constitutively hyperactive form of CSNK1E and coexpres-
sion of TDP-43 in SH-SY5Y cells caused insoluble phosphor-
ylation of TDP-43 at S393/395. The insoluble phosphorylat-
ed TDP-43, in turn, functions as a seed for the accumulation 
of cytoplasmic mislocalized TDP-43, indicating that TDP-
43 phosphorylation by an abnormal kinase form induces both 
aggregation and cytotoxicity in TDP-43.120 

Many studies have investigated the potential therapeutic 
targets for pathological aggregation in TDP-43. For example, 
drug screening in primary mouse cortical neurons identi-
fied novel agents that decrease SG formation, which further 
reduced the formation of TDP-43 inclusions, making this a 
potential therapy for ALS.121 Given the interplay between 
TDP-43 phosphorylation and aggregation, pharmacologi-
cal inhibition of cell division cycle 7 kinase122 and protein ca-
sein kinase-1d can prevent TDP-43 phosphorylation123 and 
aggregation,124 while maintaining or restoring the nuclear 
localization of TDP-43. 

Mutations in other RBPs, in addition to TDP-43 mutations, 
have been found in patients with ALS. For example, mutant 
expansion in the CAG polyglutamine tract of ATXN2 causes 
spinocerebellar ataxia 2, and intermediate-length expansion 
in the same protein is associated with an increased risk of 
ALS. ATXN2 is abnormally aggregated in the spinal cord 
neurons of patients with ALS and is a potent modifier of TDP-
43 toxicity in an RNA- and dose-dependent in yeast and dro-
sophila.125 Recent studies have similarly found that reduc-
ing ATXN2 using antisense oligonucleotides is effective in 

preventing TDP-43 aggregation and increasing the survival 
rates of transgenic mice.126 FUS is a predominantly nuclear 
RBP that is involved in nuclear mRNA metabolism and DNA 
damage repair. Consequently, abnormal accumulation of in-
soluble FUS protein in ALS is caused by mutations mostly 
in the C-terminus of the protein that disrupt a nuclear local-
ization signal (NLS); however, in FTD cases, wild-type FUS 
inclusions are found in the absence of tau or TDP-43 patho-
logical inclusions, suggesting that the two diseases have dis-
tinct pathogenic mechanisms.127 hnRNP proteins are the most 
abundant RBPs that regulate alternative pre-mRNA splicing 
in cells; specifically hnRNPA1 function in mRNA transcrip-
tion and splicing. Pathogenic mutations in the prion-like do-
mains of hnRNPA1 induce exacerbated assembly into self-
seeding fibrils, altering the dynamics of RNA granule assembly 
and causing ALS.128 Loss of RBP hnRNPA2B1 results in al-
ternative splicing of ALS-associated D-amino acid oxidase, 
which reduces D-serine metabolism. Furthermore, the fibro-
blasts and induced pluripotent stem-cell-derived motor neu-
rons of patients with the hnRNPA2B1 D290V mutations dis-
played widespread splicing changes. Mutant motor neurons 
also cause abnormal cytoplasmic aggregates and decreased 
cell survival.129 RBPs in ALS therefore have multiple func-
tional roles in RNA metabolism that lead to ALS pathogenesis. 
However, additional investigations of RBP/RNA alterations 
in ALS are needed to address the complexity and multifac-
torial nature of the disease.

A therapeutic strategy to combat neurodegenerative 
diseases
The diversity in the genetic associations, pathologies, and 
clinical features of neurodegenerative diseases such as AD, 
PD, and ALS indicate that they are complex and heteroge-
neous. Such traits represent obstacles to researchers devel-
oping effective treatments. Over the past few decades, the 
development of disease-preventing or disease-modifying 
drugs for the treatment of neurodegenerative diseases has 
accelerated, but none of the identified agents are currently 
curative. Most of these drugs have been developed to target 
single molecules and/or mechanisms, and some of the FDA-
approved drugs have neuroprotective and beneficial effects 
on patients. For example, riluzole, an FDA-approved drug 
for ALS that downregulates the glutamatergic neurotrans-
mission pathway, slows disease progression and extends the 
lifespan by several months.130,131 Donepezil acts as a cholin-
esterase inhibitor and is most commonly used to treat AD.132 
However, there is still currently no curative therapeutic strat-
egy available for AD, PD, or ALS. Addressing this requires 
new concepts to understand the complex mechanisms un-
derlying neurodegenerative diseases and the develop of more 
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effective treatments. Given the complex and multifactorial 
nature of neurodegenerative diseases, treatment strategies 
that can initially target multiple risk factors and disease mech-
anisms may be the most effective in slowing or stopping dis-
ease progression. To develop effective drugs, we also need 
to apply emerging concepts of stratification (i.e., subgroup-
ing of patients according to their clinical profiles, genetic 
backgrounds, or other risk factors) as well as personalized 
medicine.133

The mechanisms underlying neurotoxicity induced by 
misfolded and aggregated proteins remain controversial. The 
deposition of pathogenic aggregates in affected brain regions 
has been suggested to be linked to the toxic gain-of-function 
and loss-of-function mechanisms that can contribute to neu-
ronal dysfunction and cell death.134 A therapeutic strategy to 
restore misfolded/aggregated proteins to their native func-
tional structure and cellular compartments can therefore 
more effectively alleviate neurotoxicity by simultaneously 
reversing the gain- and loss-of-toxicity rather than by sim-
ply eliminating them. Evidence has accumulated over the 
past decade that disease-causing proteins, including tau in 
AD, α-syn in PD, and RBPs (e.g., TDP-43, FUS, and hnRN-
PA1) in ALS can undergo LLPS.3 LLPS is a reversible pro-
cess of biomolecules (e.g., proteins and RNAs) that tend to 

self-assemble to form biological condensates under physio-
logical conditions. Aberrant phase transitions of RNA mol-
ecules have also been found to occur in several repeat-RNA-
expansion diseases to form toxic nuclear RNA foci (Fig. 4).135 
During pathogenic processes such as gene mutations, post-
translational modifications, stress conditions, and aging, ab-
errant phase separation behavior (from liquid–liquid phase 
separation to liquid–solid phase transition) may trigger the 
irreversible and toxic aggregation of target disease proteins. 
A disaggregase is a therapeutic agent with the ability to con-
trol pathological phase transitions, which can therefore have 
a beneficial effect on neurodegenerative diseases caused by 
protein misfolding or abnormal aggregation (Fig. 5). HSPs, 
different proteins that possess molecular chaperone activity, 
and specific RNAs have been suggested as effective agents 
for dissolving abnormal protein aggregates by regulating the 
phase separation of disease-associated proteins with sub-
strate specificity. 

HSP104 is one of the most studied AAA+ protein disag-
gregases found in yeast that maintains proteostasis by remod-
eling disordered protein aggregates to their original confor-
mation.136 Several studies that used neurodegenerative disease 
models have found HSP104 to be a potentially effective ther-
apeutic agent. The expression of HSP104 protects dopami-

Fig. 4. The repeating-nucleotide-expansion disease of LLPS-associated degenerative disease. Repeat-expansion diseases are caused by expansions 
of DNA repeats of target genes. Repeat expansion can occur in UTRs, coding exons, or introns of target genes. For example, CTG repeats in 3’UTR; 
DMPK for myotonic DM1, CAG repeats in coding exons; AR for SBMA, HTT for HD, and ATXN2 for spinocerebellar ataxia 2, CCTG repeats in introns; 
CCHC-type zinc-finger nucleic-acid-binding protein for DM2, GGGGCC repeats in introns; C9ORF72 for ALS/FTD. Transcribed repeats containing 
RNAs undergo an aberrant phase separation into solid-like structures and form nuclear RNA foci. Furthermore, RNA repeats undergo RAN transla-
tion and produce polypeptides that can also form toxic aggregates through irreversible LLPS. These pathogenic structures, RNA foci, and RAN-trans-
lated peptide aggregates result in RNA toxicity and repeat-protein toxicity, respectively, via the sequestration of RBPs and/or binding partners. ALS/
FTD, amyotrophic lateral sclerosis/frontotemporal dementia; AR, androgen receptor; DM1, myotonic dystrophy type 1; DM2, myotonic dystrophy 
type 2; DMPK, dystrophia myotonica protein kinase; HD, Huntington’s disease; HTT, huntingtin; LLPS, liquid–liquid phase separation; RAN, repeat-
associated non-AUG; SBMA, spinobulbar muscular atrophy; UTRs, untranslated regions.
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nergic neurons by restoring α-syn aggregation in rat and 
Caenorhabditis elegans models with PD.137,138 The engineered 
HSP104 variant with enhanced ATPase activity also allevi-
ated the toxicity and aggregation of ALS-associated RBPs in 
Saccharomyces cerevisiae, including TDP-43, FUS, and TAF15, 
rather than EWSR1.139 Although HSP104 exhibits a broad 
spectrum of activity against the pathogenic aggregation of 
disease-causing proteins, it is crucial to determine endoge-
nous human disaggregase systems, including HSP110, HSP70, 
HSP40, and sHSP. Similar to HSP104 activity, HSP110, HSP70, 
and HSP40 cooperate to promote the disaggregation of mis-
folded and aggregated proteins and the disassembly of 
SGs.140,141 Furthermore, recent studies have demonstrated 
that HSP70 and HSP40 may prevent the toxic aggregation of 
TDP-43 and FUS by regulating their phase separation.142,143 
Besides these HSPs acting as disaggregases, karyopherins, 
which function classically in nucleocytoplasmic transport, 
were discovered as disaggregases for ALS-associated RBPs 
to prevent irreversible phase separation and abnormal cyto-

plasmic aggregation. Transportin 1, a member of the karyo-
pherin family, preferentially binds to the proline–tyrosine 
NLS of FUS and hnRNPA1, reverses their aberrant phase 
separation, and mitigates their neurodegeneration, whereas 
the karyopherin β1–importin-α complex prevents and re-
verses TDP-43 fibrillization that harbors classical NLSs.144 
Moreover, LLPS of RBPs is also regulated by RNA binding, 
which can be exploited to design novel therapies for neuro-
degenerative diseases associated with RBP aggregation. 
Donnelly and colleagues found that TDP-43 targeting oli-
gonucleotides (known as bait RNA) can prevent aberrant 
TDP-43 phase transitions and alleviate neurotoxicity.145

In conclusion, protein disaggregases that mitigate disease 
toxicity may yield important advances in the treatment of 
neurodegenerative diseases driven by abnormal phase tran-
sitions in aggregation-prone proteins.

Availability of Data and Material 
Data sharing not applicable to this article as no datasets were generated or 
analyzed during the study. 

Fig. 5. Disaggregases may reverse the irreversible transitions of disease-causing proteins that undergo LLPS. IDRs containing proteins in neurode-
generative diseases –tau in AD, α-syn in PD, RBPs (e.g., TDP43, FUS, and ANXA11) in ALS– can undergo LLPS. Differential interference contrast imag-
es show that ANXA11 undergoes a reversible LLPS to form liquid droplets, followed by an aberrant phase transition to form a fibrillar structure.6 
Disaggregases to reverse the LLPS and aberrant phase transition of disease-causing proteins are a potential therapeutic target. AD, Alzheimer’s 
disease; ALS, amyotrophic lateral sclerosis; FUS, fused in sarcoma; IDR, intrinsically disordered region; PD, Parkinson’s disease; PTMs, posttransla-
tional modifications; TDP-43, transactive response DNA-binding protein 43; TNPO1, transportin 1; KPNB1/KPNA2, karyopherin-β1/karyopherin-α2; 
bis-ANS, 4,4’-dianilino-1,1’-binaphthyl-5,5’-disulfonic acid; α-syn, α-synuclein.
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