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Ubiquitin homeostasis disruption, 
a common cause of proteostasis 
collapse in amyotrophic lateral 
sclerosis?

Amyotrophic lateral sclerosis (ALS) is 
associated with proteostasis collapse: 
ALS is an unrelenting neurodegenerative 
disease that is characterized by the 
loss of motor neurons in the brain and 
spinal cord, resulting in the progressive 
atrophy, and eventual paralysis, of skeletal 
muscles. Death due to respiratory failure 
usually occurs within 2–5 years from 
symptom onset. Approximately 90% of 
ALS cases are of unknown etiology and 
are termed sporadic ALS (sALS). The 
remaining 10% of ALS cases present with 
a family history (familial ALS; fALS) and 
are associated with genetic mutations 
in  a  range of  over  20  funct iona l ly 
heterogeneous genes. Regardless of 
disease origin, the pathological hallmark 
of ALS is the accumulation of ubiquitylated 
protein inclusions in motor neurons and 
surrounding glial cells. The presence of 
these inclusions, compromised largely of 
misfolded and aggregated proteins, implies 
a collapse in proteostasis. Proteostasis 
refers to the maintenance of the proteome 
in a state of balance or equil ibrium 
so that a cell can perform its proper 
function. Central to the maintenance of 
proteostasis are the predominant protein 
degradation pathways, the ubiquitin-
proteasome system (UPS)  and  the 
autophagy system. In recent years, the 
identification of numerous ALS associated 
genes involved in protein degradation 
systems, including VCP, SQSTM1, UBQLN2, 
OPTN, TBK1, CCNF, DNAJC7 and CYLD have 
strengthened the association between 
proteostasis failure, in particular protein 
degradation, and ALS. The accumulating 
evidence implicating protein degradation 
pathways as a cause of ALS raises two 
critical questions; are mutations in genes 
within functional pathways distinct from 
protein degradation such as C9orf72, 
TARDBP, FUS and SOD1 in any way related 
to the UPS or autophagy dysfunction that 
causes ALS and why are motor neurons 
selectively affected? Understanding the 
unique vulnerability of motor neurons 
may provide additional insight into the 
pathogenesis of this currently incurable 
disease. 

Ubiquitin is critical to cellular function: 
Ubiquit in  is  a  smal l  76 amino ac id 

polypeptide abundantly expressed in all 
cell types. Through a highly ordered three-
step process, ubiquitin is covalently bound 
to lysine residues on a target substrate. 
As ubiquitin itself contains seven lysine 
residues and an N-terminal methionine, 
these can become further  s i tes  of 
ubiquitylation resulting in a variety of 
polyubiquitin chains which act to specify 
the localization and cellular function 
of  the protein.  The most abundant 
ubiquitin linkages are K48 chains, the 
canonical signal directing proteins to 
the 26S proteasome, in line with the 
predominant protein degradation role 
of ubiquitin. Other linkages are found on 
proteins involved in a range of cellular 
functions including DNA repair (K6 and 
K63), protein trafficking (K33), endocytosis 
(monoubiquitination) and innate immunity 
(K63 and K27). To add further complexity 
to the system of ubiquitylation, chains 
can also contain heterogeneous linkages 
where different linkages are present within 
the one chain. Further, ubiquitin itself can 
undergo post-translational modification. 
This broad diversity of ubiquitin signaling 
or the “ubiquitin code” is essential for 
the selectivity and specificity of targeting 
proteins. 

Neurons, in particular, have a unique 
dependence on ubiquitylat ion as it 
is  essent ia l  for  synapse formation, 
funct ion  and  prun ing ,  exc i tab i l i t y 
a n d  n e u ro t ra n s m i s s i o n  ( re v i e we d 
in  Hal lengren et  a l . ,  2013) .  I t  a lso 
regulates inflammatory pathways, an 
area of particular importance given the 
association of neuroinflammation with 
neurodegenerative disorders such as 
ALS. Inside cells, ubiquitin exists in a 
dynamic equilibrium between “free” 
or unconjugated monomeric ubiquitin 
and ubiquitin conjugated to proteins 
in monomeric or in chain form. These 
pools are t ightly regulated through 
a combinat ion of  gene express ion, 
polyubiquitin chain formation and removal 
of ubiquitin from substrate proteins by 
a group of over 100 deubiquitinating 
enzymes. Maintaining an adequate supply 
of free ubiquitin is critical for normal 
cellular function, as well as a response to 
stress or altered conditions. Any stress 
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which results in transiently or persistently 
elevated levels of misfolded protein 
creates an environment of proteotoxic 
stress which cells need to manage. We 
and others have found that motor neurons 
in particular are uniquely susceptible to 
proteotoxic stress.    

Motor neurons have a metastable 
proteome: Ubiquitin-positive inclusions 
within motor neurons and adjacent cells 
are a characteristic hallmark of ALS, 
regardless of disease origin. Inclusions 
not only contain a primary misfolded 
protein, such as TDP-43, FUS or SOD1, but 
also a range of other proteins, including 
ubiquitin; many of which are not known 
native interactors of the initial inclusion-
forming protein. Furthermore, they 
share few characteristics other than co-
aggregation within inclusions. Previous 
work in other neurodegenerative diseases, 
including Alzheimer’s, Huntington’s and 
Parkinson’s diseases, have identified that 
co-aggregating proteins with plaques, 
neurofibrillary tangles and Lewy bodies 
primarily contain supersaturated proteins  
(Ciryam et al., 2013). Supersaturated 
proteins are defined as those that are 
expressed at higher levels than their 
predicted solubility based on either 
the i r  unfo lded  (σu)  or  fo lded  (σ f ) 
state. Furthermore, these proteins are 
metastable and therefore are at increased 
risk of aggregation, particularly under 
conditions of stress or ageing. We recently 
found that whilst co-aggregating ALS 
inclusion associated proteins are not 
supersaturated when their expression is 
calculated based on averaged scores from 
a range of tissues, they are, however, 
deemed supersaturated when calculations 
use their expression from spinal cord 
motor neurons (Ciryam et al., 2017). 
The proteins found in this metastable 
sub-proteome are overrepresented in 
pathways known to be disrupted in ALS; 
proteasome function, mitochondrial 
function, protein transport and mRNA 
processing. Furthermore, supersaturation 
scores calculated from the proteome of 
vulnerable spinal cord motor neurons and 
resistant oculomotor neurons identified 
that motor neurons had a subtle but 
overall higher median supersaturation 
score than oculomotor neurons (Yerbury et 
al., 2019). In conjunction with an increased 
supersaturated proteome, transcriptomic 
and gene ontology analysis found genes 
involved in ubiquitin-mediated proteolysis 
were downregulated in spinal motor 
neurons compared to oculomotor neurons 
(Brockington et al., 2013). Collectively, this 
work suggests the possibility that an initial 
misfolded and aggregating protein in spinal 
cord motor neurons might precipitate a 
series of uncontrolled aggregation events 
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of otherwise uninvolved proteins, but 
which are critically needed in essential 
cellular pathways. The mechanism driving 
this apparently accumulating aggregation 
process l ies in the metastabi l i ty  of 
supersaturated prote ins ,  which by 
definition requires energy, in this case in 
the form of the protein quality control 
system, to keep them in a soluble state. 
However, as spinal cord motor neurons 
have a reduced UPS capacity compared to 
other neuronal cell types, it is likely that 
the maintenance of such a supersaturated 
proteome is balanced on a razor’s edge 
and that this may provide an explanation 
for their vulnerability in ALS. 

Evidence ALS associated misfolded 
proteins disrupt ubiquitin homeostasis: 
ALS-associated proteins TDP-43, FUS and 
SOD1 are supersaturated within motor 
neurons, highlighting their susceptibility 
to aggregation and potential to disrupt 
ubiquitin homeostasis. Our previous work 
has demonstrated that although these 
proteins aggregate via distinct pathways in 
motor neuron-like (NSC-34) cells, ubiquitin 
is consistently incorporated into TDP-43, 
SOD1 and FUS inclusions (Farrawell et al., 
2018, 2020). The presence of ubiquitin 
within inclusions has been known for 
decades. However, more recently, dual 
labelling of sALS postmortem spinal cord 
tissue showed ubiquitin is diffusely present 
in motor neurons in the absence of TDP-
43 inclusions, whilst increased ubiquitin is 
colocalised with TDP-43 aggregates in cells 
containing inclusions, suggesting that the 
aggregation of ALS-associated proteins, 
such as TDP-43, may perturb ubiquitin 
homeostasis (Farrawell et al., 2020). In 
line with this idea, we observed increased 
UPS dysfunction in NSC-34 cells expressing 
mutant TDP-43M337V, FUSR495X and 
SOD1A4V compared to their wild-type 
forms using a f luorescent ubiquit in 
reporter, containing the CL1 degron 
peptide. Furthermore, f luorescence 
recovery after nuclear photobleaching 
(FRANP), a technique which exploits the 
nuclear pore as a filter for free monomeric 
u b i q u i t i n ,  s h o w e d  T D P- 4 3 M 3 3 7 V, 
FUSR495X and SOD1A4V expressing cells 
containing inclusions have reduced levels 
of free monomeric ubiquitin compared 
to cells expressing soluble TDP-43, FUS 
and SOD1 (Farrawell et al., 2018, 2020). 
Moreover, using the tUI-HA probe, which 
explicitly binds to free ubiquitin, we were 
able to confirm cells expressing TDP-
43M337V and FUSR495X exhibited lower 
levels of free ubiquitin compared to cells 
without inclusions or cells expressing their 
wild-type forms (Farrawell et al., 2020). 
Collectively, this data is consistent with 
the notion that the aggregation of ALS-
associated proteins depletes the free 
monomeric ubiquitin pool.

To further investigate the extent of how 
ALS-associated aggregates alter ubiquitin 
homeostasis, we employed a proteomic 
approach to investigate ubiquitylated 
proteins in NSC-34 cel ls  expressing 
mutant SOD1A4V. We observed a 5-fold 
increase in the number of exclusively 
ubiquitylated proteins compared to 
SOD1WT. Pathway enrichment analysis 
identified these proteins as involved in 
metabolic pathways, the UPS, in addition 
to r ibosome and mRNA processing. 
F u r t h e r m o re ,  c a l c u l a t i o n s  o f  t h e 
supersaturation score of ubiquitylated 
proteins identified in SOD1A4V cells 
revealed these proteins possessed a 
supersaturation score 10x (σu) and 25x (σf) 
higher than the whole proteome (Farrawell 
et al., 2018). This suggests that in the 
presence of aggregated proteins, ubiquitin 
pools are impaired and re-distributed, 
either to ubiquitin targeting vulnerable 
supersaturated and aggregation-prone 
proteins or potentially redistributed to 
cellular pathways associated with ALS. As 
growing evidence implicates disturbed 
ubiquitin homeostasis in ALS, our attention 
must begin to turn to how to target the 
UPS as a therapeutic avenue.

Restoring ubiquitin homeostasis as a 
therapeutic strategy to treat ALS: While 
it is yet to be confirmed if the protein 
aggregates present in ALS affected motor 
neurons are the culprit of proteasomal 
impairment or a symptom, the presence 
of ubiquitin in these aggregates and 
the role of this phenomenon in motor 
neuron dysfunction has not been fully 
appreciated.  This  sequestrat ion of 
ubiquitin, combined with alterations in the 
ubiquitylated proteome observed when 
aggregates are present, suggests restoring 
ubiquitin homeostasis holds promise as a 
therapeutic target. Strategies that reduce 
the accumulation of misfolded protein 
would address the question of causation 
and if misfolded proteins are reduced by 
enhancing the efficiency of the UPS this 
would concomitantly replenish ubiquitin 
monomers to the cellular pool. There are 
several attractive targets for this strategy. 
Delivery of disease-specific E3 ligases 
would increase ubiquitination of target 
proteins, directing them to the proteasome 
for degradation. This has been successfully 
trialled in a Parkinson’s disease model 
with AAV delivery of the E3 ligase, Parkin 
(Yasuda et al., 2007). Silencing or inhibiting 
t h e  p ro te a s o m a l  D U B,  U S P 1 4  h a s 
promoted degradation of ataxin-3, TDP-
43 and tau, while increasing expression of 
proteasomal subunits or identifying small 
molecule activators of the UPS could also 
upregulate this rate-limiting step [reviewed 
in (Kors et al., 2019)]. Inspired by progress 
in the cancer field, PROTACs or proteolysis 

targeting chimeras are gaining traction in 
neurodegenerative research. PROTACs are 
bifunctional molecules that simultaneously 
bind a target protein and an E3 ligase, 
accelerating the protein’s degradation. 
PROTACs for TDP-43, tau, α-synuclein and 
Huntingtin protein have shown promise 
in various cellular and mouse models 
[reviewed in Schmidt et al. (2021)]. 

Given accumulating evidence that the 
UPS is compromised in ALS, attempting 
to use this system to reduce protein 
misfolding and replenish ubiquitin may 
meet obstacles. An alternative strategy 
that does not depend on UPS function 
is to prevent the translation of targeted 
proteins via antisense oligonucleotides 
or siRNA molecules (reviewed in Bennett, 
2019). An antisense oligonucleotide for 
SOD1 is currently in phase II clinical trials 
and has been shown to effectively reduce 
cerebrospinal fluid SOD1 concentrations 
(Miller et al., 2020). One deficiency of this 
method is the inability of these molecules 
to differentiate between wild-type and 
mutant versions of the protein and it is 
yet to be established if removal of the 
multitude of wild-type ALS associated 
proteins will not result in detrimental 
consequences. Antibodies capable of 
recognizing only the misfolded form of 
target proteins would overcome this 
obstacle and with advances in technology 
improving access across the blood brain 
barrier, this field is showing promise 

D e s p i te  d e ca d e s  o f  re s e a rc h ,  A L S 
remains a devastatingly cruel disease 
with no effective treatment. Considering 
the integral and diverse role ubiquitin 
signaling plays in neuronal cell function, 
it is probable that any disruption in 
the availability of this protein will have 
detrimental downstream consequences 
across a range of cellular pathways. We 
have shown that ubiquitin homeostasis 
is  disrupted in cel ls  expressing ALS 
associated proteins. The reduction of free 
monomeric ubiquitin and the modification 
of the ubiquitylated proteome indicate a 
cell in ubiquitin flux (Figure 1). Whether 
this disruption is the cause of proteostasis 
collapse in motor neurons remains to 
be determined but the clearance of 
ubiquitylated protein aggregates and 
strategies to enhance ubiquitin driven 
protein degradation remain promising 
therapeutic targets to reduce neuronal 
degeneration. 
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Figure 1 ｜ Disruptions to ubiquitin homeostasis may be responsible for motor neuron degeneration.
Mutations in ALS associated proteins including SOD1, TDP-43, FUS and C9ORF72 result in protein aggregation and 
proteasome and autophagy dysfunction. In addition, mutations in genes directly involved in protein degradation 
pathways such as OPTN, VCP and UBLQN2 also cause impaired proteostasis and protein aggregation. The consequence 
of aggregation and impaired proteostasis is the disruption of ubiquitin homeostasis through several mechanisms; 
sequestration of ubiquitin in the aggregates themselves, the precipitation of supersaturated proteins out of the 
soluble cellular matrix and their subsequent ubiquitinylation and the change in ubiquitylated proteins as a result of 
the presence of aggregates. This generates a feedforward loop where ubiquitin homeostasis disruptions cause further 
impairment of the proteostasis systems. In the final stage of this fatal cascade, the aggregation of integral proteins 
and the changes in ubiquitylation resulting in disruptions to protein supply in other cellular pathways leads to the 
degeneration and eventual death of the motor neuron. CCNF: Cyclin F; ER: endoplasmic reticulum; OPTN: optineurin; 
SQSTM1: sequestosome 1; SOD1: superoxide dismutase 1; TDP-43: TAR DNA-binding protein-43; UBLQN2: ubiquilin 2; 
VCP: valosin-containing protein.


