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Abstract
The ubiquitin proteasome system maintains protein homeostasis by regulating the breakdown of 
misfolded proteins, thereby preventing misfolded protein aggregates. The efficient elimination 
is vital for preventing damage to the cell by misfolded proteins, known as proteotoxic stress. 
Proteotoxic stress can lead to the collapse of protein homeostasis and can alter the function of 
the ubiquitin proteasome system. Conversely, impairment of the ubiquitin proteasome system can 
also cause proteotoxic stress and disrupt protein homeostasis. This review examines two impacts 
of proteotoxic stress, 1) disruptions to ubiquitin homeostasis (ubiquitin stress) and 2) disruptions 
to proteasome homeostasis (proteasome stress). Here, we provide a mechanistic description of 
the relationship between proteotoxic stress and the ubiquitin proteasome system. This relationship 
is illustrated by findings from several protein misfolding diseases, mainly neurodegenerative 
diseases, as well as from basic biology discoveries from yeast to mammals. In addition, we 
explore the importance of the ubiquitin proteasome system in endoplasmic reticulum quality 
control, and how proteotoxic stress at this organelle is alleviated. Finally, we highlight how cells 
utilize the ubiquitin proteasome system to adapt to proteotoxic stress and how the ubiquitin 
proteasome system can be genetically and pharmacologically manipulated to maintain protein 
homeostasis.
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1. Introduction
Proper protein function is crucial for maintaining normal cellular processes and health. 
For those functions to be carried out, proteins must be folded into their proper, native 
confirmations. Many challenges and disruptions, such as gene mutations, errors in protein 
translation, oxidative damage, and toxic environmental conditions, can occur during the 
process of protein folding [1–6]. These disruptions result in protein misfolding or non-native 
protein conformations. Because protein misfolding is a common occurrence in cells, cells 
have sophisticated mechanisms for recognizing and removing misfolded proteins. However, 
when these mechanisms fail, misfolded proteins accumulate, leading to proteotoxicity or 
cellular damage [7].

The abundance of specific proteins is a tightly controlled process in eukaryotic cells, 
with protein quality control (PQC) pathways employed to maintain protein homeostasis 
(proteostasis). The ubiquitin proteasome system (UPS) is the primary route by which 
proteins are degraded in eukaryotic cells [8]. The UPS is widely used to maintain cellular 
homeostasis by removing misfolded or damaged proteins, as well as controlling the levels 
of specific regulatory proteins [9–11 ]. The UPS is also utilized to remove unassembled 
subunits of larger protein complexes and to regulate the activity of cellular pathways by 
degrading proteins in the pathway, thus modulating pathway output. [12,13]. In this pathway, 
a small polypeptide, ubiquitin (Ub), is post-translationally conjugated to a target protein. Ub 
marks the protein for disposal by a large protein complex, the proteasome, which recognizes 
and proteolytically degrades target proteins (Table 1).

While proteotoxic stress can impact cells through a variety of mechanisms, a common 
mechanism is by causing dysfunction to the UPS. In turn, UPS impairment, either by 
pharmacological means, genetic alterations, or non-proteotoxic stressors, can also disrupt 
proteostasis. A properly functioning UPS is also critical in preventing and adapting to 
proteotoxic stress. If the UPS fails to prevent proteotoxic stress, cells are equipped with 
pathways that activate transcriptional programs which aim to restore proteostasis, including 
the unfolded protein response as well as the proteasome stress response in yeast and the 
proteasome recovery pathway in mammals. This review will explore proteotoxic stress as 
a cause of UPS dysfunction, primarily focusing on ubiquitin and proteasome stress, and 
the ability of the UPS to ameliorate proteotoxicity, with a focus on cell culture, mice, and 
yeast. The final section of this review will also focus specifically on quality control at the 
endoplasmic reticulum and the impacts of proteotoxic stress from this organelle. The review 
will also merge basic biology discoveries on PQC with our understanding of diseases where 
the UPS is affected.

1.1. Misfolded protein structures

Protein misfolding refers to a single protein that is not properly folded. Many times, 
misfolded proteins form larger structures of multiple interacting misfolded proteins, known 
as protein aggregates. Protein aggregation is often driven by exposed hydrophobic regions 
of proteins and high concentrations of aggregation-prone proteins can increase the likelihood 
of protein aggregation [14–16]. While hydrophobic stretches in proteins can increase the 
likelihood that a protein aggregates, there are no strict sequence requirements for protein 

Kandel et al. Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



aggregation [17,18]. Protein aggregation encompasses a wide variety of non-native multi--
protein interactions and is examined in more detail in the review by Mogk, A., et al. [19].

Collectively, deleterious cellular effects caused by aggregated and misfolded proteins are 
referred to as proteotoxic stress. While some aggregates can be toxic and are implicated 
in the pathogenesis of many diseases, other aggregates are tolerated by cells or even serve 
adaptive purposes, such as transient aggregates that form under heat stress which protect the 
proteome [20,21]. Two mechanisms of toxicity by protein aggregates are 1) sequestration 
and subsequent inactivation of proteins by large aggregates and 2) inhibition of proteins by 
direct binding of small aggregates [22,23]. It has been appreciated for over two decades that 
misfolded protein aggregation can impair the UPS [24].

Protein aggregates can form various structures, such as soluble oligomers, amyloid fibrils, 
and amorphous aggregates (Fig. 2). While amyloid fibrils are a general histological indicator 
of neurodegenerative disease, existing evidence points toward soluble oligomer aggregates 
as a common driver of cytotoxicity [24,25]. Amorphous aggregates, such as inclusion bodies 
(IBs), are also commonly found in neurons in patients with neurodegenerative diseases, and 
are an adaptation by cells to sequester toxic oligomers, known as cytoprotective protein 
aggregation [26]. Ub is commonly found in IBs, but in most cases, IBs do not appear to 
be the cause of UPS dysfunction. UPS dysfunction is triggered before the formation of IBs, 
indicating IBs can be an adaptive response to proteasome impairment triggered by smaller, 
more cytotoxic aggregates [27]. Insoluble protein aggregates, like IBs, are generally resistant 
to proteasomal degradation and are instead disposed of by autophagy, another PQC pathway 
[28].

1.2. Protein misfolding diseases and the UPS

Diseases that are driven by misfolded and aggregated proteins are known as protein 
misfolding diseases[2]. Some of these diseases, like cystic fibrosis, are loss of function 
diseases driven by specific protein mutations that cause misfolding and target the 
protein for degradation[29,30]. Other protein misfolding diseases, most notably many 
neurodegenerative diseases, result in amyloids of specific proteins, but are not usually 
caused by mutations in the aggregated protein. This latter category of protein misfolding 
diseases has a variety of genetic risk factors associated with each disease[31,32]. Protein 
aggregation is a common theme among neurodegenerative diseases and is a well-studied 
context in which proteotoxic stress and its impact on the UPS has been researched (Table 
1). As such, much of the research reviewed here will be in relation to neurodegeneration 
(highlighted in Section 2.1.1 Proteasome Stress in Neurodegeneration).

1.3. The ubiquitin proteasome system machinery

1.3.1. Ubiquitin—Ubiquitination is a post-translational modification commonly used to 
target proteins for degradation by the proteasome [33]. Ub is a small (76 amino acid), 
tightly folded polypeptide that can be covalently attached to a target protein through an 
isopeptide bond, most frequently on lysine residues, and less frequently to cysteine, serine, 
and threonine residues [34]. Ubiquitination as a post-translational modification can be used 
for targeting proteins for proteolytic degradation, as well as other signaling purposes, such 
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as triggering a DNA damage repair response, autophagy, and endocytosis [35]. This review 
will focus primarily on ubiquitination as a signal for degradation.

Proteins can either be monoubiquitinated or tagged with a chain of Ubs, called 
polyubiquitination. Monoubiquitination is most commonly used as signaling modification 
on proteins, most notably in regulating the DNA damage response [36–38]. Generally, 
proteins targeted for degradation become polyubiquitinated, meaning subsequent Ubs are 
conjugated to the first Ub through the lysine residues of Ub. The polyubiquitin (polyUb) 
chains that target proteins to degradation are usually chains of at least four Ub proteins 
[39]. Ub contains 7 lysine residues (K6, K11, K27, K29, K33, K48, and K63), and the 
C-terminal of one Ub can be conjugated to any of the lysine residues of another Ub. As 
an example of the nomenclature used to describe Ub linkages, a Ub chain where each Ub 
is attached through the K63 residue would be a K63 linkage and a chain where some Ubs 
are conjugated to K11 and some to K63 would be called a mixed linkage chain. Different 
lengths of Ub chains and different linkage types cause different cellular effects, known as 
the Ub code [5]. For example, the K48 linkage is most commonly associated with protein 
degradation [40], although, in yeast, cytoplasmic UPS targets must have both K11 and K48 
linkages to be degraded [41].

In addition to Ub, eukaryotic cells also utilize ubiquitin-like proteins (UBLs) [42]. While 
there are many UBL families expressed in mammalian cells, this review will touch on the 
role of the UBL SUMO (small--ubiquitin-related modifier) in SUMOylation and NEDD8 in 
neddylation (Section 2.2.2 Friends of Ubiquitin: Ubiquitin-like proteins in Stress).

1.3.2. The ubiquitin symphony: E1s, E2s, E3s, and deubiquitinases in 
concerts—Essential players in the UPS are the enzymes in the conjugation cascade that 
enables Ub to be attached to target proteins, the enzymes responsible for removing Ub from 
proteins, and the enzymes that break down Ub chains (Fig 1). For Ub to be conjugated to 
a target protein, it must first go through a cascade of E1 ubiquitin-activating enzymes, E2 
ubiquitin-conjugating enzymes, and E3 ubiquitin ligases. First, Ub is conjugated to an E1 
ubiquitin-activating enzyme by a thioester bond on a cysteine residue in an ATP-dependent 
manner [43,44]. Next, Ub is transferred to a cysteine residue on an E2 ubiquitin-conjugating 
enzyme [45,46]. Finally, an E3 ubiquitin ligase binds the ubiquitinated E2 enzyme and the 
target protein to promote ubiquitination of the target protein [47–49]. For some E3 ligases, 
Ub is first transferred to the E3 before being transferred to the target protein [50]. Once an 
initial Ub is added to a target protein, the cycle can be repeated to conjugate additional Ubs 
to the first and create a polyUb chain.

In total, the human genome contains over 800 genes encoding UPS components, including 
hundreds of E1, E2, and E3 enzymes [51]. The human genome encodes two E1 enzymes, 
about 40 E2 enzymes, and about 600 E3 ligases, giving layers of specificity to which target 
proteins are ubiquitinated by UPS machinery. UBLs also use their own set of E1, E2, and E3 
enzymes, with some instances in which they are conjugated by ubiquitin-specific enzymes 
[52].
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Just as E1s, E2s, and E3s are specialized for attaching ubiquitin to target proteins, 
deubiquitinases (DUBs) are proteases that specifically cleave the isopeptide bonds formed 
by Ub. Different DUBs have specificity for certain types of Ub linkages and have specific 
roles in Ub cleavage, such as removing entire polyUb chains or breaking down polyUb 
chains into monomeric Ubs [53,54]. DUBs play important roles in recycling Ub, regulating 
Ub chain lengths, and modulating the rate of degradation of UPS targets[55–59].

1.3.3. The proteasome—The proteasome is a large protein complex found in both 
the cytoplasm and nucleus that degrades proteins [60]. The 26 S proteasome, which is 
the proteasome configuration that degrades ubiquitinated proteins, consists of two major 
components, the 20 S core particle (proteolytic core) and the 19 S regulatory particle 
(proteasome cap), with a proteasome cap on either side of the core [61–64].

The 20 S core forms a narrow cylinder (maximum of 53Å) and can only be entered by 
unfolded proteins [65]. It is composed of 4 stacked rings, each made out of 7 distinct 
subunits [61]. Of these 4 rings, the 2 inner rings are made of seven β subunits, three of 
which have protease activity, while the two outer rings are made of ɑ subunits, which 
lack a proteolytic function [61,66]. The 20 S core of the proteasome has trypsin-like, 
chymotrypsin-like, and caspase-like proteolytic activity, with each activity provided by 
a different proteolytic β subunit [67,68]. These various proteolytic functions allow the 
proteasome to progressively cleave most proteins into small peptide fragments in an ATP-
dependent manner, with the ATPase activity provided by the 19 S proteasome [69]. To 
regulate protein degradation, the ɑ subunits composing the outer rings of the core form 
a gate channel with their N-terminals [61,70]. The gating mechanism ensures that only 
unfolded proteins trigger conformational changes that allow substrates to enter the core.

The cap of the proteasome serves to recognize ubiquitinated substrates, remove Ub, unfold 
target proteins, and translocate unfolded proteins into the proteolytic core [71–73]. The 19 
S regulatory particle is composed of 19 subunits and two rings [74]. The base (the portion 
that interacts with the 20 S core particle) is made of 6 distinct ATPase subunits and 3 
non-ATPase subunits [75]. Besides providing the energy for translocating unfolded proteins 
into the core, the ATPase units of the regulatory particle base, Rpt1–6 in yeast (Psmc2, 
Psmc1, Psmc4, Psmc6, Psmc3, and Psmc5 in humans, respectively), are also responsible for 
changing the conformation of the gate in the 20 S core to an open conformation [76,77]. 
Two of the non-ATPase subunits of the base, Rpn1 and Rpn2 in yeast (Psmd2 and Psmd1 
in humans, respectively), serve as binding sites for Ub while the third non-ATPase subunit, 
Rpn13 (Adrm1 in humans), is a Ub receptor [75,78]. The top ring, or lid, is composed of 
9 subunits, primarily structural proteins and one DUB, Rpn11 in yeast (Psmd14 in humans) 
[79]. The final subunit of the regulatory particle, Rpn10 in yeast (Psmd4 in humans), 
essentially connects the lid and the base [80,81].

In addition to the subunits mentioned above, the regulatory particle also associates with 
additional DUBs, Usp14 (Ubp6 in yeast) and Uch37 in humans [82–85]. The role of 
proteasome-associated DUBs is critical for protein degradation by the proteasome, as the 
regulatory particle only allows ubiquitinated proteins to be translocated to the core particle, 
but Ub is not necessary after initially being recognized by Ub receptors in the regulatory 
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particle [86]. In fact, Ub remaining on proteasome targets during degradation can slow 
protein turnover, due to delayed unfolding of target proteins [58]. DUBs allow Ub to be 
removed from proteins, so that the Ub does not get degraded with the rest of the protein, thus 
recycling Ub for continued use in the cell [59,87,88].

2. Proteotoxic stress impacting the ubiquitin proteasome system
Proteotoxic stress can impact the UPS directly, through the interaction of protein aggregates 
with UPS machinery, or as a downstream effect through non-direct mechanisms. In this 
section, we will examine the impacts of misfolded and aggregated proteins on both 
proteasome stress and ubiquitin stress (Fig. 3) [59]. For this review, we are defining 
proteasome stress as any reduction in proteasome activity that results in inefficient clearance 
of proteasome substrates. We are defining ubiquitin stress as a state where the amount of 
unconjugated Ub in the cell is altered to a level that normal cellular processes involving 
Ub are impacted. The terms proteasome stress and ubiquitin stress were coined by Daniel 
Finley’s lab in an influential 2007 Cell paper [49].

2.1. Proteasome stress

2.1.1. Proteasome stress in neurodegeneration—Alzheimer’s disease (AD) is a 
neurodegenerative disorder in which patients present with extracellular protein deposits 
(aggregates) in the brain, followed by neuronal cell death. Amyloid β (Aβ) deposits are 
one of the hallmarks of AD and one of the common Aβ isoforms, Aβ42, is neurotoxic 
when in a soluble, oligomeric aggregated state (Table 1) [89]. Aβ is proteolytically derived 
from Amyloid Precursor Protein (APP), through consecutive processing by the proteases 
β-secretase 1 followed by γ-secretase [90]. The normal physiological function of APP is 
not completely understood, but existing evidence shows a role for APP and secreted Aβ in 
normal neuronal processes, such as neuronal cell migration during development, synaptic 
function, and transcriptional regulation [91–93]. Aβ42 causes proteasome inhibition in 
vitro [94], and proteasome function is reduced in the brains of AD patients and in 
AD mouse models [95,96]. Notably, the decrease in proteasome activity in humans and 
mice is not accompanied by a reduction in proteasome expression [95,96]. Aβ42 applied 
extracellularly to rat neuroblastoma cells (B103), cells that do not endogenously produce 
Aβ42, results in proteasome impairment, as measured through a proteasome-targeted GFP 
reporter [97]. Even when applied extracellularly, a portion of Aβ42 enters the cytoplasm of 
the cell, possibly indicating a direct proteasome impairment mechanism. In support of Aβ42 
driving neurotoxicity by proteasome inhibition, genetically or pharmacologically increasing 
proteasome activity results in protection against cell death in mouse, fly, and cell culture Aβ 
models of AD [98].

In addition to Aβ aggregates, tau aggregates are another hallmark of AD that are 
neurotoxic and have been demonstrated to cause proteasome impairment (Table 1). 
Outside of the context of AD, tau is a protein involved in microtubule assembly [99]. 
Hyperphosphorylation of tau disrupts its normal function and promotes tau fibril formation 
[100–102]. Tau is normally a UPS substrate in healthy cells, and accumulation of 
tau results in a buildup of ubiquitinated tau, proteasome impairment, and proteasome 
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interaction with tau, indicating that tau inhibits proteasomes directly [103]. Pharmacological 
proteasome activation, using the FDA-approved drug cilostazol, reduces the accumulation of 
ubiquitinated tau [104]. Explored further in section 2.2.1 Causes and Impacts of Ubiquitin 
Stress, Aβ can also reduce free Ub, demonstrating the interconnectedness of proteasome and 
ubiquitin stress, and the ability of a single aggregated protein to have polytropic impacts on 
the UPS.

Parkinson’s disease (PD) is a neurodegenerative disease where dopaminergic neurons of the 
substantia nigra decay and the disease is characterized by aggregated protein formations 
in the substantia nigra, known as Lewy Bodies. Lewy bodies contain ɑ-synuclein and Ub 
(Table 1) [105]. Soluble ɑ-synuclein localizes to synapses, but its normal function in the 
cell is unclear and has been proposed to be involved in many processes, see the review 
by Bendor et. al. for a comprehensive review of proposed functions of α-synuclein [106]. 
While most PD cases are sporadic with no clear genetic cause, many mutations in the 
UPS have been implicated in familial PD from genetic studies in humans, including in the 
deubiquitinase UCH-L1 and the E3 ligase, Parkin [107,108].

Impacting the proteasome, either with genetically or pharmacologically, can recapitulate PD 
in animal models. PSMC1 is a gene that encodes Rpt2, one of the ATPase subunits of the 19 
S regulatory particle, and is critical in opening the gate of the core particle for substrate 
entry [74,76]. In PSMC1 forebrain-specific and substantial nigra-specific conditional 
knockout (cKO) mouse models, neurons depleted for PSMC1 primarily contained 20 S 
proteasomes, which do not degrade ubiquitinated proteins [109]. These mice developed 
neurodegeneration, as measured by a reduction in cortical thickness and neuronal cell 
death [109]. The substantia nigra PSMC1 cKO mice showed massive neuronal loss and 
an accumulation of Ub in surviving neurons. The neurons depleted for PSMC1 also formed 
Lewy body-like inclusions [109]. This study indicates that 26 S proteasome dysfunction 
can lead to a PD-like neurodegenerative disease, pointing to proteasome dysfunction as a 
potential precursor of neurodegeneration. In addition to a genetic model for PD caused 
by proteasome dysfunction, chemical models of PD have been established by injecting the 
proteasome inhibitor lactacystin into the forebrain of mice, rats, and minipigs [110–112]. 
It was demonstrated more recently in these PSMC1 cKO mice that autophagy components 
become downregulated at the gene level upon long-term proteasome dysfunction, leading to 
a buildup of ubiquitinated mitochondrial proteins, ubiquitinated by Parkin [113]. This study 
points to defective mitophagy and/or mitochondrial protein degradation as a potential driver 
of neurodegeneration in this proteasome-defective PD model (PSMC1 cKO), which is in line 
with autophagy defects observed in other PD models [114].

2.1.2. Mechanisms of proteasome impairment by aggregates—For the past 
~30 years, it has been understood that many disease-associated protein aggregates can 
bind proteasomes in vitro and impair proteasome function [94,115,116]. However, the 
mechanism of impairment occurring and whether it varies from protein to protein was 
not well understood. The Smith Lab at West Virginia University has established that 
oligomeric aggregates of a range of protein misfolding disease-associated proteins all have 
a similar mechanism of proteasome impairment (Table 1) [23]. The proteins tested were 
oligomers of α-synuclein (associated with PD), Aβ (associated with AD), and Huntingtin 
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53Q (Htt53Q: a mutant protein that causes Huntington’s disease (HD). This research found 
oligomeric aggregates of intermediate size bind directly to the proteasome in vitro and 
allosterically inhibit proteasomal degradation by holding the proteasome gate in a closed 
conformation[23]. In contrast, the large aggregates and small oligomers did not impact the 
ability of the proteasome to degrade a fluorescent proteasome substrate. Prior to this work, 
it was already demonstrated that small oligomers of Aβ tend to be more cytotoxic than 
higher molecular weight aggregates, but the mechanism was unclear [117]. Pairing these 
findings with the knowledge that proteasome activity is reduced with age in many cell 
types [118,119], the Smith Lab created the first transgenic animal model with an open-gate 
proteasome [120]. Using C. elegans with a genetic perturbation to express a partially open-
gate proteasome, the lab determined these organisms had a longer lifespan and better ability 
to cope with oxidative and proteotoxic stress, although this came at the cost of a massive 
reduction in fertility compared with wildtype (WT) worms. Increased lifespan has also been 
demonstrated in C. elegans with overexpression of the 19 S proteasome subunit Rpn-6 and 
these worms have increased proteasome activity and resistance to proteotoxic stress [121]. 
Similarly, protein aggregates form in aged yeast (S. cerevisiae) and can be reduced in a 
genetic background where proteasome components are upregulated [122].

While the above work implicates oligomeric aggregates as direct inhibitors of proteasomes, 
some aggregated protein structures may impair proteasomes in vivo. A recent study 
demonstrated that purified α-synuclein can form different aggregated structures under 
different conditions [123]. When these aggregates were injected into mouse brains and 
then examined by immunohistochemistry, only α-synuclein fibrils that were arranged 
in a structure where the C-terminus was exposed became ubiquitinated, phosphorylated, 
and sequestered proteasomes in intracellular aggregates [123]. All those characteristics 
are features of α-synuclein fibrils in PD, indicating that the C-terminal exposed fibril 
conformation could be a driver of toxicity in vivo.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the 
death of motor neurons and cytoplasmic aggregates containing ubiquitinated TAR DNA-
binding protein 43 (TDP-43), an RNA processing protein (Table 1). Several causative 
mutations for ALS have been reported in proteins that promote proteasomal degradation, 
including the ATPase p97/VCP, which is required for the degradation of select UPS 
substrates [124–126]. The most common causative mutation for familial ALS is a 
hexanucleotide expansion in the C9orf72 gene. One result of this mutation is the production 
of aggregated poly-glycine alanine (polyGA) C9orf72 peptides, which are toxic to neurons 
(Table 1) [127]. Cryo-electron tomography of poly-GA peptides in neurons reveals the 
peptides form a twisted ribbon-like structure, in which proteasomes become stalled while 
attempting to degrade the aggregated peptides and become sequestered as a result of this 
stalling [22]. In contrast to the mechanism identified for oligomeric aggregates, this is 
an example of a mechanism by which larger protein aggregates could directly impair 
proteasomes [22,23]. Similarly, glycine-rich C-terminal fragments of TDP-43, known as 
TDP-25 itself can form aggregated inclusions, which cryo-electron tomography has revealed 
also physically sequester stalled proteasomes [128].
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2.1.3. Cellular adaptations to proteasome stress—One of the major mediators of 
cellular adaptation to proteasome stress is the transcription factor Rpn4 in yeast and Nrf1 in 
mammals [129,130]. Rpn4 and Nrf1 are both transcription factors that primarily upregulate 
proteasome component genes. The transcriptional program orchestrated by Rpn4 in yeast is 
called the proteasome stress response (PSR) [131], and Nrf1 activates a similar program in 
mammalian cells called the proteasome recovery pathway [130]. Our group (the Neal lab 
at University of California, San Diego) and others have identified Rpn4 as a key mediator 
in adapting cells to misfolded membrane protein accumulation at the ER [132,133], as 
well as being crucial in adaptation to stressors that induce protein aggregation and certain 
forms of proteasome inhibition stress [131]. Rpn4 is a cytoplasmic protein that is normally 
rapidly degraded by the proteasome, both in a ubiquitin-dependent and -independent manner 
[134,135]. Upon proteasome stress, impairment of the proteasome naturally slows the 
degradation rate of Rpn4, causing an increase in Rpn4’s stability and abundance [129]. 
The increased pool of Rpn4 then accumulates in the nucleus, where it upregulates many 
proteasome components at the mRNA level, eventually leading to increased proteasome 
capacity [129,136]. In contrast to the activation of Rpn4, Nrf1 is instead an ER-localized 
membrane protein that is proteolytically processed into an active transcription factor in 
response to proteasome impairment [130,137–139].

As an example of the impact of Rpn4 in adaptation to stress, stabilizing Rpn4 in yeast 
by knockout (KO) of Ubr2, the E3 ligase that ubiquitinates Rpn4, results in increased 
replicative lifespan in yeast, and this effect is specific to the increase in proteasome capacity 
in these mutants [140]. While in this example increasing proteasome capacity in aging cells 
is beneficial, there are examples in human diseases where the proteasome recovery pathway 
should be attenuated, such as in cancer. Proteasome inhibitors, such as bortezomib and 
carfilzomib, are frequently prescribed for the treatment of multiple myeloma and induce 
apoptosis of multiple myeloma cells [141,142]. To determine if multiple myeloma cells 
depend on the proteasome recovery pathway, the Bianchi Lab at Brigham and Women’s 
Hospital used multiple human myeloma cells lacking Ddi2, the protease that activates 
Nrf1, and found that these cells were less viable and more sensitive to proteasome 
inhibition [143]. This provides a new strategy by which multiple myeloma cells that acquire 
proteasome inhibitor resistance can be targeted.

The PSMC3 gene encodes Rpt5, an ATPase subunit of the proteasome which also recognizes 
polyUb chains [74]. There is a rare heterozygous monogenic human disease caused by a 
mutation in PSMC3 that results in impaired proteasome function [144,145]. Patients with 
this mutation are deaf and blind, with neurological deficits. In patient-derived fibroblasts, 
there is a build-up of ubiquitinated proteins and an increase in the amount of 26 S 
proteasome. Despite increased levels of proteasomes, there was no increase in proteolytic 
capacity, indicating some fraction of the proteasome is non-functional [144]. In the patient-
derived cells, the reduction in proteosome activity triggers constitutive activation of Nrf1. As 
a result, the Nrf1 pathway becomes exhausted and cannot be further activated by proteotoxic 
stress, which can be deleterious to the cells and is a potential cause of this developmental 
disorder [144]. The role of Nrf1 in increasing UPS capacity in response to proteasome stress 
demonstrates the adaptability of cells to proteotoxic stress. Understanding the importance of 
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this pathway for proper cellular function and cell survival could guide our understanding of 
rare diseases with defects in proteasome function.

2.1.4. Causes and impacts of ubiquitin stress—Ub has wide-ranging roles in 
cellular functions and, as such, the amount of Ub must be well-regulated. Because of 
the process by which Ub is conjugated to proteins, the only Ub that is readily usable is 
monomeric, referred to as free Ub. The amount of free Ub in cells is known as the free 
Ub pool. When the free Ub pool is reduced to a level that disrupts ubiquitin-dependent 
processes, this state is ubiquitin stress [59].

When human cells in culture undergo heat shock, a form of stress that causes proteins to 
misfold, the cells accumulate ubiquitinated proteins and show a reduction in free Ub [146]. 
When cells begin to recover from heat shock, they continue clearing soluble ubiquitinated 
proteins and increase the expression of Ub. In contrast, aggregated proteins that become 
ubiquitinated during heat stress are not cleared, posing a potential threat to cells in the 
aftermath of cellular stress [146].

Because of the many roles of Ub, depletion of free Ub can have wide-ranging cellular 
consequences, even outside of proteostasis. Both a mutant protein that causes HD (HttQ91) 
and a mutated, aggregation-prone luciferase can form IBs containing Ub [147]. Because of 
the sequestration of Ub by these IBs, there is less monoubiquitination of histones, which 
is a signaling function of Ub that regulates the DNA damage response. As a result, the 
DNA damage response is impaired in the cells that have HttQ91 or luciferase IBs. This is 
an example of how ubiquitin stress, triggered by proteotoxic stress, can have downstream 
cellular effects outside of the proteostasis network.

In addition to the previously described characteristic of Aβ42 to impair proteasomes, Aβ42 
applied extracellularly to primary neurons results in reduced free Ub. As a result, this causes 
a reduction in cell viability and an increase in the mRNA level of several inflammatory 
markers [148]. This indicates ubiquitin stress may be one of the drivers of cytotoxicity by 
Aβ42 aggregates, in addition to causing proteasome stress.

Ub is commonly found in protein aggregates and ubiquitinated aggregates are a hallmark of 
protein misfolding diseases [149]. Two types of ubiquitinated intracellular protein inclusions 
are the juxtanuclear quality control compartment (JUNQ) and insoluble protein deposit 
(IPOD) [150]. JUNQ inclusions are hubs of proteasomal degradation, whereas IPOD 
inclusions generally contain terminally aggregated ubiquitinated proteins [150]. The Yerbury 
group at Illawarra Health and Medical Research Institute has extensively studied the impact 
of aggregation-prone proteins associated with ALS on Ub dynamics [151,152]. The lab 
initially characterized the types of aggregates formed by mutants of three proteins implicated 
in ALS (Table 1). The proteins interrogated in this study were superoxide dismutase 1 
(SOD1), an enzyme with antioxidant functions, TDP-43, an RNA-processing protein, and 
Fused in Sarcoma (FUS), an RNA-binding protein [153,154]. SOD1 forms JUNQ inclusions 
while TDP-43 and FUS can form JUNQ or IPOD-like inclusions, indicating the exact 
type of protein inclusion formed is not common to all cases of ALS [155]. The group’s 
research has determined, in NSC-34 cells (mouse motor neuron-like immortalized cells), 
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that disease-associated mutants of SOD1, TDP-43, and FUS all form aggregates that include 
Ub conjugates with K48 and K63 linkages. The aggregated forms of mutant SOD1 and 
FUS result in reduced UPS activity and a reduction in free Ub, in a manner that does not 
occur with the WT form of each protein or because of the non-aggregated mutant protein. In 
contrast, aggregated WT and mutant TDP-43 both reduce UPS activity when overexpressed, 
but only aggregated mutant TDP-43 specifically results in decreased free Ub [155].

2.1.5. Friends of ubiquitin: ubiquitin-like proteins in stress—While 
ubiquitination is the most common post-translational modification to target proteins for 
degradation, mammalian cells also encode a collection of ubiquitin-like proteins (UBLs) 
that can also target proteins for proteasomal degradation. One UBL, SUMO, plays a role 
in modulating stress granule dynamics [156]. Stress granules are cytoplasmic amorphous 
aggregates of RNA and protein that form under conditions of cellular stress, as an adaptive 
response to sequester cytotoxic oligomeric aggregates [157]. SUMOlyation can act as a 
primer for ubiquitination, which is carried out by the SUMO-targeted ubiquitin ligase 
(StUbL) pathway. Under stress conditions, RNA binding proteins, which are commonly 
included in stress granules, in the nucleus become SUMOlyated and are then recognized 
by the Ub E3 ligase Rnf4, a component of the StUbL pathway. These now ubiquitinated 
proteins targeted by the StUbL pathway are then degraded by the nuclear proteasome. If the 
StUbL pathway is impaired, stress granules will still form, but their disassembly is slowed 
[156]. Another recent study investigating the ubiquitome under various stress conditions 
found that ubiquitination of proteins in stress granules was required for stress granule 
disassembly, but only when the stress granules were induced by heat shock and not by 
arsenite [158]. In contrast to the work on StUbL on stress granules, this study demonstrated 
that ubiquitination was important because it allowed for recruitment of the ATPase p97/VCP 
to disassemble stress granules [158].

Another UBL, NEDD8, has been shown in human cell culture to serve an adaptive role 
under conditions of cellular stress, by promoting cytoprotective protein aggregation and 
sparing UPS function as a result [159] . Specifically, when cells are heat shocked, the 
ribosomal protein RPL7 becomes both NEDDylated and ubiquitinated, resulting in a poor 
proteasome substrate compared to ubiquitination alone. Thus, the mixed Ub/NEDD8 chains 
are less efficient than ubiquitination chains alone. This slowing of RPL7 degradation 
results in nuclear stress granules but prevents nuclear proteasome function from becoming 
overwhelmed [159].

2.1.6. Deubiquitinases in mediating ubiquitin stress—DUBs are proteases that 
specifically cleave the isopeptide bonds formed by Ub, and act on specific linkage types 
or chain lengths, including releasing Ub chains from ubiquitinated proteins or breaking 
down Ub chains into Ub monomers [53,54]. Several DUBs regulate the pool of free Ub by 
recycling Ub on proteins degraded by the proteasome [160]. This includes one of the DUBs 
that interacts with the proteasome lid, Usp14 in mammals and Ubp6 in yeast [59,88,161].

Ubp6 is important for cell survival in circumstances where proteotoxicity disrupts free Ub. 
Prions are a type of misfolded proteins that are highly toxic and induce misfolding and 
aggregation of properly folded proteins [123,162]. Yeast Ubp6 KO cells expressing prions 
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exhibit cellular stress, as measured by a reduction in growth compared to WT yeast [88]. 
This growth stress seems to be related to the inability of Ubp6 KO cells to efficiently 
recycle Ub, as increasing the amount of monomeric Ub in Upb6 KO cells with prions 
restores growth. Ubp6 is important for ubiquitin recycling, because this DUB releases Ub 
from UPS-targeted proteins before proteasomal degradation, rather than allowing Ub to be 
degraded along with the targeted protein [84]. Proteasomal degradation of Ub as a driver 
for Ub depletion in these Ubp6 KO cells is also supported by the observation that Ub was 
stabilized when the proteasome was inhibited in these cells [88]. The absence of Ubp6 also 
increases the sensitivity of cells to treatment with amino acid analogs that cause disruptions 
to proteostasis [88]. Our lab has also observed growth stress in Ubp6 KO yeast expressing a 
misfolded membrane protein, as well as in cells lacking other DUBs, indicating a broad role 
for DUBs in maintaining Ub homeostasis and in adapting yeast cells to proteotoxic stress 
[132].

A mouse with a loss of function mutation in the Ubp6 homolog, Usp14, displays 
neurodegeneration and ataxia. This mutation, an insertion in intron 5 of Usp14, causes a 
large reduction in the expression of Usp14 and the mice have reduced neurotransmitter 
release and low synaptic transmission [163]. Initially puzzling, the neurons of these mice 
do not have ubiquitin-containing protein aggregates [163]. This mutation causes polyUb 
chains to be degraded rather than recycled, which in turn lowers the amount of free Ub in 
neurons without causing direct impairment to proteasomes [161]. The decreased amount of 
free Ub is the primary reason for this neurological dysfunction, demonstrating that ubiquitin 
stress can be a driver of cellular dysfunction in the absence of protein aggregation [161]. In 
these mice, neurological dysfunction by ubiquitin stress can be relieved through the influx 
of free Ub and restored expression of Usp14. Restoring Usp14 and increasing expression 
of monomeric Ub in ataxic mice restores synaptic function, motor function, and muscle 
mass to WT levels [164–167]. The benefits of increasing free Ub in ataxic mice may have a 
narrow therapeutic window, as too much Ub results in additional neurological dysfunction, 
decreasing muscle mass, and impairing motor nerve function [168].

Injecting mice with a Usp14 inhibitor results in the inhibition of long-term memory, 
as measured through fear response behavioral tests [169]. In Usp14-deficient ataxic 
mice, presynaptic transmission and signaling from the hippocampus to the amygdala are 
impaired, although this effect appears to be caused by a protease-independent function of 
Usp14 [170,171]. This decrease in presynaptic transmission with a Usp14 genetic mutant 
potentially explains the long-term memory deficits in mice treated with a Usp14 inhibitor.

Usp14 itself acts as a regulator of proteasome activity, with overexpression of Usp14 
inhibiting proteasome function [172]. The E3 ligase Trim11 can bind to Usp14, thereby 
preventing the interaction between Usp14 and the proteasome. This interaction increases 
proteasome activity, including the ability of the proteasome to degrade aggregated proteins. 
This increase in proteasome activity can be adaptive for cancer cells, as Trim11KO in a 
xenograft cancer mouse model reduces tumor growth significantly and overexpression of 
Trim11 in the same model has the inverse effect [172].
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Two DUBs have been implicated in stress granule dynamics; Usp5 and Usp13 [173]. The 
Komada Lab at the Tokyo Institute of Technology used HeLa cells, fluorescence, and 
super-resolution microscopy to determine that K48- and K63-linked Ub chains co-localize 
in stress granules formed by heat stress. Stress granule dynamics are regulated by these Ub 
chains, and the chains are regulated by stress granule-associated Usp5 and Usp13. Usp5KO 
or Usp13KO results in faster assembly and slower disassembly of stress granules, meaning 
these DUBs antagonize the formation of stress granules. However, the role of polyUb chains 
in stress granule dynamics is disputed. Work from Eric Bennett’s lab at University of 
California, San Diego has demonstrated that inhibiting ubiquitination does not impact stress 
granule dynamics, and the majority of Ub in stress granules is actually monomeric Ub [174]. 
This demonstrates a circumstance where monomeric Ub is not necessarily reduced in cells, 
but rather free Ub is physically sequestered and could result in ubiquitin stress.

3. The endoplasmic reticulum and the ubiquitin proteasome system
3.1. Protein quality control at the ER and proteotoxic stress responses

The endoplasmic reticulum (ER) is a major site of protein synthesis and protein folding, 
specifically for secreted proteins and membrane proteins. The UPS pathway utilized 
specifically at the ER is called ER-associated degradation (ERAD) [9,175]. The ER is 
a well-studied site of PQC by the UPS and it is well-understood how proteotoxic stress 
is handled at the ER [176]. The canonical ER stress response to misfolded protein 
accumulation is the unfolded protein response (UPR). The UPR is the best-studied cellular 
adaptation pathway for proteotoxic stress. This section of the review will explore the 
interplay between the UPR and ERAD function (Fig. 4).

3.1.1. Endoplasmic reticulum associated degradation and ubiquitin 
proteasome system impairment—Compared to cytoplasmic protein quality control 
by the UPS, there are additional challenges to UPS degradation of ER-localized proteins. 
The ER is responsible for folding secreted proteins destined for the plasma membrane and 
secretory pathway resident proteins [177]. When ER proteins are degraded by ERAD, they 
must be moved across the ER membrane for degradation by the cytoplasmic proteasome, 
a process termed retrotranslocation [178,179]. A universal feature of ERAD in both yeast 
and mammalian cells is the use of an ATPase, p97/VCP in mammals and Cdc48 in yeast, to 
provide the energy for retrotranslocation and to mechanically assist with protein unfolding 
before proteasomal degradation [180–182].

Several neurodegenerative diseases, most famously HD, are caused by abnormally long 
stretches of polyglutamine in specific proteins (known as polyQ expansions). When 
expressed in yeast and in neuronal-like PC12 cells (derived from rats), a polyQ expanded 
Huntingtin protein (103Q Htt exon 1) quickly impairs ERAD (6 h in yeast and 8 h in PC12 
cells), prior to the onset of global UPS impairment. This impairment of ERAD by polyQ 
aggregates is toxic and driven by the sequestration of critical ERAD components (Table 1). 
For example, p97 and Cdc48 are sequestered by these aggregates in PC12 cells and yeast 
cells, respectively [183]. Overexpressing the sequestered ERAD components promotes cell 
survival [183]. Additional evidence that UPS is impaired in HD comes from the observation 
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that K48 Ub linkages accumulate globally with the expression of a GFP-tagged polyQ Htt 
variant (HttQ150GFP) in a mouse neuroblastoma cell line [184]. However, in a HD mouse 
model, UPS function is not impaired globally in the brain [185]. While there are changes 
in protein ubiquitination in these mice, these changes are not the same as in mice injected 
with a proteasome inhibitor [186]. One proposed explanation for this discrepancy is that 
ubiquitination may be impacted in specific neuronal cell types that contribute to HD, rather 
than globally. Impairment of ERAD, particularly by polyQ expanded proteins, can be caused 
independently of impairment to the UPS as a whole and can be a driver of toxicity.

3.1.2. Rhomboid proteins: the bridge between ERAD and proteotoxic stress
—A major class of proteins that participate in ERAD is the rhomboid protein family. 
Rhomboid proteins are intramembrane proteins with two subclasses: rhomboid proteases 
and rhomboid pseudoproteases, with the pseudoproteases lacking a proteolytic active 
site. In both yeast and mammalian cells, ER-localized rhomboid proteins have a role in 
the retrotranslocation step of ERAD [179,187–189]. The mammalian rhomboid protease 
RHBDL4 can cleave aggregation-prone proteins and direct the fragments to degradation 
by the proteasome [190]. The Neal Lab has recently established the ability of rhomboid 
pseudoproteases to similarly act on aggregation-prone membrane proteins, with yeast 
rhomboid pseudoprotease Dfm1 preventing misfolded membrane protein aggregation [132]. 
When membrane proteins aggregate in the absence of Dfm1, it is toxic to the cells. This 
toxicity appears to be primarily driven by ubiquitin stress, as the free Ub pool is reduced 
by roughly half and the cells grow normally when Ub expression is increased [132]. 
Remarkably, in cells lacking Dfm1, expressing the mammalian homologs of Dfm1, Derlin-1 
or Derlin-2, restores the ability of yeast cells to prevent membrane protein aggregation and 
prevents ubiquitin stress [132].

Several mammalian rhomboid proteins that participate in ERAD are also involved in stress 
alleviation. Derlin-1 is expressed in 66% of breast cancer tumors, but it is not expressed 
in healthy mammary cells [191]. This rhomboid protein is also upregulated by ER stress 
in normal cells and appears to play a protective role against apoptosis in breast cancer 
[191]. Protection against apoptosis by ERAD is generally accepted due to the ability of 
this degradation pathway to ameliorate proteotoxic threats to the cell and promote cellular 
health. Derlin-1 is also implicated in ALS through its interaction with mutant SOD1. This 
interaction causes an impairment to ERAD that results in ER stress and leads to motor 
neuron death [192]. Overexpression of Derlin-1 promotes clearance of SOD1, through both 
proteasomal degradation and autophagy, as well as reduces ER stress and apoptosis [193]. 
In cardiomyocytes, Derlin-3 is upregulated several-fold in response to ER stress, and its 
upregulation enhances ERAD and prevents apoptosis [194]. Additionally, ERAD appears to 
be critical in adapting cardiomyocytes to ER stress, as knockdown of the ER-localized E3 
ligase Hrd1 increases apoptosis when ER stress is chemically induced in these cells [195]. 
The rhomboid protease RHBDL4 also plays a protective role against ER stress, as RHBDL4 
KO mice are more sensitive to ER stress-inducing drugs than WT mice, and develop liver 
steatosis, a disease that can be induced by chronic ER stress [196].
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3.1.3. The unfolded protein response and the ubiquitin proteasome system
—The UPR is a well-investigated response pathway to proteotoxic stress at the ER. The 
pathway can be activated by the accumulation of misfolded soluble ER proteins. The UPR in 
mammalian cells utilizes three ER membrane-localized sensors for activation; Ire1, PERK, 
and Atf6 [197–202]. All three sensors, through different mechanisms, result in downstream 
activation of gene networks that seek to restore proteostasis (for a thorough review of the 
UPR, please refer to Hetz, C., et al.) [203].

The UPR is a powerful pathway for adapting cells to stressors when activated transiently, 
however, constitutive activation can cause additional stress and cellular dysfunction, leading 
to apoptosis in mammalian cells [204]. Treatment of multiple myeloma cells with a 
proteasome inhibitor is an example of how apoptosis because of UPR activation can be 
leveraged for disease treatment. Treating these cells with a proteasome inhibitor causes an 
accumulation of misfolded ER proteins and leads to a maladaptive UPR response which 
triggers apoptosis [205].

Because ERAD specifically degrades misfolded proteins at the ER, it is closely intertwined 
with the UPR. In fact, the UPR causes upregulation of many ERAD components in 
mammalian cells, including Derlin-2, Derlin-3, and Hrd1, and allows for ERAD to more 
effectively degrade proteins [194,206–208]. Additionally, some mammalian ER E3 ligases 
can be stabilized by ER stress prior to the upregulation of ERAD components in order to 
quickly increase ERAD capacity. This is caused by autoubiquitination and degradation of 
the E3 ligase gp78, with degradation of other ER E3 ligases being slowed as a result of 
reduced ubiquitination from gp78 [209].

It has been appreciated for nearly two decades that ER stress can result in impairment of 
the UPS [210]. In yeast without Hac1, the transcription factor activated by Ire1, the rate of 
degradation of a misfolded protein at the ER is reduced [211]. However, the degradation of a 
misfolded cytosolic protein is not impacted, indicating unresolved ER stress impacts ERAD, 
but not the UPS as a whole[211].

Neuroinflammation is a potential driver of both aging and neurodegenerative diseases. 
Using lipopolysaccharide (LPS) injection in the hippocampus of rats as a model of 
neuroinflammation, the Ruano group at Universidad de Sevilla found that the Ire1 and Atf6 
branch of the UPR are acutely activated by neuroinflammation, but attenuated by ~12 h post 
injection [212]. As a result of this attenuation, ERAD components become downregulated, 
resulting in defective ER quality control. It will be important in future studies to understand 
how PQC defects as a result of neuroinflammation affect cellular health and survival.

Aggregation of human islet amyloid polypeptide (hIAPP) from pancreatic β-cells is another 
illustrative example of how proteotoxicity, the UPR, and the UPS are connected in disease 
pathogenesis. hIAPP deposits occur extracellularly and are characteristic of Type 2 diabetes 
in. However, the deposition of hIAPP outside the cell triggers the UPR, both in a cell 
culture and mouse model of Type 2 diabetes [213,214]. In addition to UPR activation, 
cells also show UPS impairment, as evidenced by a buildup of ubiquitinated proteins, and 
this dysfunction appears to be due to prolonged ER stress in pancreatic β-cells [214]. 
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Increasing proteasome activity increases cell viability in the presence of hIAPP [214]. 
Exogenous hIAPP expression in mice reduces the expression of UCH-L1, a DUB required 
for proteasomal degradation, at the protein and mRNA level. This downregulation of UCH-
L1 promotes apoptosis due to UPS impairment [215]. It is unclear whether ER stress directly 
causes the downregulation of UCH-L1, or whether UCH-L1 downregulation is caused 
by another mechanism resulting in the promotion of ER stress through UPS dysfunction 
[215]. The proteasome itself is also able to degrade hIAPP, meaning that proteasome 
impairment could lead to an increase in hIAPP accumulation. However, through a negative 
feedback loop, proteasome impairment decreases the transcription and secretion of hIAPP in 
pancreatic β-cells [216].

4. Conclusions and perspectives
The ubiquitin proteasome system (UPS) is one of the major protein quality control 
pathways in eukaryotic cells and is critical for preventing and adapting to proteotoxic stress. 
Proteotoxic stress and the UPS are closely interconnected, as proteotoxic stress impairs the 
UPS and UPS dysfunction leads to proteotoxic stress (Fig. 3). Cells are finely tuned to 
prevent proteotoxic stress, but proteotoxic stress can easily overwhelm the UPS and lead to 
proteostasis failure.

Modulating the UPS to adapt cells to proteotoxic stress is a promising strategy for potential 
therapeutics. While proteasome inhibitors are currently approved for some cancers to induce 
apoptosis [141,142], increasing UPS capacity could also be harnessed to enhance cell 
survival in diseased cells, such as in neurodegenerative diseases. There are two potential 
strategies for increasing UPS capacity: 1) increasing proteasome activity and 2) increasing 
the pool of free ubiquitin [120,132,140,164]. In addition, cells use several pathways to adapt 
to proteotoxic stressors and modulate UPS capacity, the main pathways being the unfolded 
protein response, the proteasome recovery pathway (in mammals), and the proteasome stress 
response (in yeast) [130,131,176]. Modulation of these pathways will be a valuable strategy 
for treating a myriad of protein misfolding diseases.

Neurodegenerative diseases are examples of well-studied protein misfolding diseases in 
which the UPS is frequently impaired. While large amyloids or insoluble protein deposits 
are characteristics of several neurodegenerative diseases, smaller oligomeric aggregates are 
usually the drivers of cytotoxicity [23–26]. For several disease-causing proteins, oligomers 
have been shown to impair proteasome function and bind directly to proteasomes in in vitro 
experiments [23]. It will be an important line of inquiry to understand how UPS dynamics 
are affected during the early stages of neurodegenerative diseases in animal models.

Acknowledgements
We also wish to thank the Neal lab members for enlightening discussions and positive reinforcement.

Funding

This work was supported by NIH grant 1R35GM133565-01, Pew Biomedical Award 34089, and NSF CAREER 
grant 2047391 (to S.E.N.).

Kandel et al. Page 16

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



References
[1]. Identification of mutations in regions corresponding to the two putative nucleotide (ATP)-binding 

folds of the cystic fibrosis gene., (n.d.). 10.1073/pnas.87.21.8447.
[2]. Gomes CM, Protein Misfolding Diseases, Springer, 2019.
[3]. Lee JW, Beebe K, Nangle LA, Jang J, Longo-Guess CM, Cook SA, Davisson MT, Sundberg JP, 

Schimmel P, Ackerman SL, Editing-defective tRNA synthetase causes protein misfolding and 
neurodegeneration, Nature 443 (2006) 50–55, 10.1038/nature05096. [PubMed: 16906134] 

[4]. Liu L, Komatsu H, Murray IVJ, Axelsen PH, Promotion of amyloid β protein misfolding 
and fibrillogenesis by a lipid oxidation product, J. Mol. Biol 377 (2008) 1236–1250, 10.1016/
j.jmb.2008.01.057. [PubMed: 18304576] 

[5]. Bieschke J, Zhang Q, Bosco DA, Lerner RA, Powers ET, Wentworth P, Kelly JW, Small molecule 
oxidation products trigger disease-associated protein misfolding, Acc. Chem. Res 39 (2006) 611–
619, 10.1021/ar0500766. [PubMed: 16981677] 

[6]. Jacobson T, Navarrete C, Sharma SK, Sided TC, Ibstedt S, Priya S, Grant CM, Christen P, 
Goloubinoff P, Taniás MJ, Arsenite interferes with protein folding and triggers formation of 
protein aggregates in yeast, J. Cell Sci 125 (2012) 5073–5083, 10.1242/jcs.107029. [PubMed: 
22946053] 

[7]. Hipp MS, Park S-H, Hart1 FU, Proteostasis impairment in protein-misfolding and -aggregation 
diseases, Trends Cell Biol. 24 (2014) 506–514, 10.1016/j.tcb.2014.05.003. [PubMed: 24946960] 

[8]. Rock KL, Gramm C, Rothstein L, Clark K, Stein R, Dick L, Hwang D, Goldberg AL, Inhibitors 
of the proteasome block the degradation of most cell proteins and the generation of peptides 
presented on MHC class I molecules, Cell 78 (1994) 761–771, 10.1016/S0092-8674(94)90462-6. 
[PubMed: 8087844] 

[9]. Hiller MM, Finger A, Schweiger M, Wolf DH, ER degradation of a misfolded luminal 
protein by the cytosolic ubiquitin-proteasome pathway, Science 273 (1996) 1725–1728, 10.1126/
science.273.5282.1725. [PubMed: 8781238] 

[10]. Hampton RY, Gardner J.Rine, Role of 26S proteasome and HRD genes in the degradation of 3-
hydroxy-3-methylglutaryl-CoA reductase, an integral endoplasmic reticulum membrane protein, 
Mol. Biol. Cell (1996) 2029–2044, 10.1091/mbc.7.12.2029. [PubMed: 8970163] 

[11]. Guo B, Phillips JD, Yu Y, Leibold EA, Iron regulates the intracellular degradation of iron 
regulatory protein 2 by the proteasome, J. Biol. Chem 270 (1995) 21645–21651, 10.1074/
jbc.270.37.21645. [PubMed: 7665579] 

[12]. Zavodszky E, Peak-Chew S-Y, Juszkiewicz S, Narvaez AJ, Hegde RS, Identification of a quality-
control factor that monitors failures during proteasome assembly, Science 373 (2021) 998–1004, 
10.1126/science.abc6500. [PubMed: 34446601] 

[13]. Biederer T, Volkwein C, Sommer T, Degradation of subunits of the Sec61p complex, an integral 
component of the ER membrane, by the ubiquitin-proteasome pathway, EMBO J. 15 (1996) 
2069–2076, 10.1002/j1460-2075.1996.tb00560.x. [PubMed: 8641272] 

[14]. Wang W, Nema S, Teagarden D, Protein aggregation—Pathways and influencing factors, Int. J. 
Pharm 390 (2010) 89–99, 10.1016/j.ijpharm.2010.02.025. [PubMed: 20188160] 

[15]. Giasson BI, Murray IVJ, Trojanowski JQ, Lee VM-Y, A hydrophobic stretch of 12 amino acid 
residues in the middle of α-synuclein is essential for filament assembly, J. Biol. Chem 276 
(2001) 2380–2386, 10.1074/jbc.M008919200. [PubMed: 11060312] 

[16]. Novo M, Freire S, Al-Soufi W, Critical aggregation concentration for the formation of early 
Amyloid-β (1–42) oligomers, Sci. Rep 8 (2018) 1783, 10.1038/s41598-018-19961-3. [PubMed: 
29379133] 

[17]. Louros N, Orlando G, De Vleeschouwer M, Rousseau F, Schymkowitz J, Structure-based 
machine-guided mapping of amyloid sequence space reveals uncharted sequence clusters with 
higher solubilities, Nat. Commun 11 (2020) 3314, 10.1038/s41467-020-17207-3. [PubMed: 
32620861] 

[18]. López de la Paz M, Serrano L, Sequence determinants of amyloid fibril formation, Proc. Natl. 
Acad. Sci. USA 101 (2004) 87–92, 10.1073/pnas.2634884100. [PubMed: 14691246] 

Kandel et al. Page 17

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[19]. Mogk A, Bukau B, Kampinga HH, Cellular Handling of Protein Aggregates by Disaggregation 
Machines, Mol. Cell 69 (2018) 214–226, 10.1016/j.molcel.2018.01.004. [PubMed: 29351843] 

[20]. Saarikangas J, Barral Y, Protein aggregation as a mechanism of adaptive cellular responses 
| SpringerLink, Curr. Genet 62 (2016) 711–724, 10.1007/S00294-016-0596-0. [PubMed: 
27032776] 

[21]. Wallace EWJ, Kear-Scott JL, Pilipenko EV, Schwartz MH, Laskowski PR, Rojek AE, Katanski 
CD, Riback JA, Dion MF, Franks AM, Airoldi EM, Pan T, Budnik BA, Drummond DA, 
Reversible, specific, active aggregates of endogenous proteins assemble upon heat stress, Cell 
162 (2015) 1286–1298, 10.1016/j.cell.2015.08.041. [PubMed: 26359986] 

[22]. Guo Q, Lehmer C, Martínez-Sánchez A, Rudack T, Beck F, Hartmann H, Pérez-Berlanga M, 
Frottin F, Hipp MS, Hard FU, In situ structure of neuronal C9orf72 poly-GA aggregates reveals 
proteasome recruitment, Cell 172 (2018) 696–705. [PubMed: 29398115] 

[23]. Thibaudeau TA, Anderson RT, Smith DM, A common mechanism of proteasome impairment 
by neurodegenerative disease-associated oligomers, Nat. Commun 9 (2018) 1–14. [PubMed: 
29317637] 

[24]. Bucciantini M, Giannoni E, Chiti F, Baroni F, Formigli L, Zurdo J, Taddei N, Ramponi G, 
Dobson CM, Stefani M, Inherent toxicity of aggregates implies a common mechanism for protein 
misfolding diseases, Nature 416 (2002) 507–511, 10.1038/416507a. [PubMed: 11932737] 

[25]. Kayed R, Head E, Thompson JL, McIntire TM, Milton SC, Cotman CW, Glabe CG, Common 
structure of soluble amyloid oligomers implies common mechanism of pathogenesis, Science 300 
(2003) 486–489, 10.1126/science.1079469. [PubMed: 12702875] 

[26]. Walsh DM, Selkoe DJ, Oligomers on the brain: the emerging role of soluble protein aggregates 
in neurodegeneration, Protein Pept. Lett 11 (2004) 213–228, 10.2174/0929866043407174. 
[PubMed: 15182223] 

[27]. Bennett EJ, Bence NF, Jayakumar R, Kopito RR, Global impairment of the ubiquitin-proteasome 
system by nuclear or cytoplasmic protein aggregates precedes inclusion body formation, Mol. 
Cell 17 (2005) 351–365. [PubMed: 15694337] 

[28]. Verhoef LGGC, Lindsten K, Masucci MG, Dantuma NP, Aggregate formation inhibits 
proteasomal degradation of polyglutamine proteins, Hum. Mol. Genet 11 (2002) 2689–2700, 
10.1093/hmg/ll.22.2689. [PubMed: 12374759] 

[29]. Younger JM, Chen L, Ren H-Y, Rosser MFN, Turnbull EL, Fan C-Y, Patterson C, Cyr 
DM, Sequential quality-control checkpoints triage misfolded cystic fibrosis transmembrane 
conductance regulator, Cell 126 (2006) 571–582, 10.1016/j.cell.2006.06.041. [PubMed: 
16901789] 

[30]. Wang F, Song W, Brancati G, Segatori L, Inhibition of endoplasmic reticulum-associated 
degradation rescues native folding in loss of function protein misfolding diseases, J. Biol. Chem 
286 (2011) 43454–43464, 10.1074/jbc.Mill.274332. [PubMed: 22006919] 

[31]. Lodato MA, Rodin RE, Bohrson CL, Coulter ME, Barton AR, Kwon M, Sherman MA, Vitzthum 
CM, Luquette LJ, Yandava CN, Yang P, Chittenden TW, Hatem NE, Ryu SC, Woodworth 
MB, Park PJ, Walsh CA, Aging and neurodegeneration are associated with increased mutations 
in single human neurons, Science 359 (2018) 555–559, 10.1126/science.aao4426. [PubMed: 
29217584] 

[32]. Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA, Ageing as 
a risk factor for neurodegenerative disease, Nat. Rev. Neurol 15 (2019) 565–581, 10.1038/
s41582-019-0244-7. [PubMed: 31501588] 

[33]. Hershko A, Ciechanover A, Heller H, Haas AL, Rose IA, Proposed role of ATP in protein 
breakdown: conjugation of protein with multiple chains of the polypeptide of ATP-dependent 
proteolysis, Proc. Natl. Acad. Sci. USA 77 (1980) 1783–1786, 10.1073/pnas.77.4.1783. 
[PubMed: 6990414] 

[34]. Vijay-Kumar S, Bugg CE, Cook WJ, Structure of ubiquitin refined at 1.8Å resolution, J. Mol. 
Biol 194 (1987) 531–544, 10.1016/0022-2836(87)90679-6. [PubMed: 3041007] 

[35]. Chen ZJ, Sun LJ, Nonproteolytic functions of ubiquitin in cell signaling, Mol. Cell 33 (2009) 
275–286, 10.1016/j.molcel.2009.01.014. [PubMed: 19217402] 

Kandel et al. Page 18

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[36]. Andreassen PR, D’Andrea AD, Taniguchi T, ATR couples FANCD2 monoubiquitination to 
the DNA-damage response, Genes Dev. 18 (2004) 1958–1963, 10.1101/gad.1196104. [PubMed: 
15314022] 

[37]. Pan M-R, Peng G, Hung W-C, Lin S-Y, Monoubiquitination of H2AX protein regulates DNA 
damage response signaling, J. Biol. Chem 286 (2011) 28599–28607, 10.1074/jbc.Mlll.256297. 
[PubMed: 21676867] 

[38]. Kannouche PL, Wing J, Lehmann AR, Interaction of human DNA polymerase η with 
monoubiquitinated PCNA: a possible mechanism for the polymerase switch in response to DNA 
damage, Mol. Cell 14 (2004) 491–500, 10.1016/SI097-2765(04)00259-X. [PubMed: 15149598] 

[39]. Thrower JS, Hoffman L, Rechsteiner M, Pickart CM, Recognition of the polyubiquitin 
proteolytic signal, EMBO J. 19 (2000) 94–102, 10.1093/emboj/l9.1.94. [PubMed: 10619848] 

[40]. Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda DK, Varshavsky A, A 
multiubiquitin chain is confined to specific lysine in a targeted short-lived protein, Science 243 
(1989) 1576–1583, 10.1126/science.2538923. [PubMed: 2538923] 

[41]. Samant RS, Livingston CM, Sontag EM, Frydman J, Distinct proteostasis circuits cooperate 
in nuclear and cytoplasmic protein quality control, Nature 563 (2018) 407–411, 10.1038/
s41586-018-0678-x. [PubMed: 30429547] 

[42]. van der Veen AG, Ploegh HL, Ubiquitin-like proteins, Annu. Rev. Biochem 81 (2012) 323–357, 
10.1146/annurev-biochem-093010-153308. [PubMed: 22404627] 

[43]. Lee I, Schindelin H, Structural insights into E1-catalyzed ubiquitin activation and transfer 
to conjugating enzymes, Cell 134 (2008) 268–278, 10.1016/j.cell.2008.05.046. [PubMed: 
18662542] 

[44]. Bacik J-P, Walker JR, Ali M, Schimmer AD, Dhe-Paganon S, Crystal structure of the human 
ubiquitin-activating enzyme 5 (UBA5) bound to ATP: mechanistic insights into a minimalistic 
E1 enzyme, J. Biol. Chem 285 (2010) 20273–20280, 10.1074/jbc.M110.102921. [PubMed: 
20368332] 

[45]. Olsen SK, Lima CD, Structure of a ubiquitin E1-E2 complex: insights to E1-E2 thioester transfer, 
Mol. Cell 49 (2013) 884–896. [PubMed: 23416107] 

[46]. Huang DT, Hunt HW, Zhuang M, Ohi MD, Holton JM, Schulman BA, Basis for a ubiquitin-
like protein thioester switch toggling E1-E2 affinity, Nature 445 (2007) 394–398. [PubMed: 
17220875] 

[47]. Rotin D, Kumar S, Physiological functions of the HECT family of ubiquitin ligases, Nat. Rev. 
Mol. Cell Biol 10 (2009) 398–409, 10.1038/nrm2690. [PubMed: 19436320] 

[48]. Spratt DE, Walden H, Shaw GS, RBR E3 ubiquitin ligases: new structures, new insights, new 
questions, Biochem. J 458 (2014) 421–437, 10.1042/BJ20140006. [PubMed: 24576094] 

[49]. Deshaies RJ, Joazeiro CAP, RING domain E3 ubiquitin ligases, Annu. Rev. Biochem 78 (2009) 
399–434, 10.1146/annurev.biochem.78.101807.093809. [PubMed: 19489725] 

[50]. Maspero E, Valentini E, Mari S, Cecatiello V, Soffientini P, Pasqualato S, Polo S, Structure of a 
ubiquitin-loaded HECT ligase reveals the molecular basis for catalytic priming, Nat. Struct. Mol. 
Biol 20 (2013) 696–701, 10.1038/nsmb.2566. [PubMed: 23644597] 

[51]. Liu L, Damerell DR, Koukouflis L, Tong Y, Marsden BD, Schapira M, UbiHub: a data hub 
for the explorers of ubiquitination pathways, Bioinformatics 35 (2019) 2882–2884, 10.1093/
bioinformatics/btyl067. [PubMed: 30601939] 

[52]. Streich FC, Lima CD, Structural and functional insights to ubiquitin-like protein conjugation, 
Annu. Rev. Biophys 43 (2014) 357–379, 10.1146/annurev-biophys-051013-022958. [PubMed: 
24773014] 

[53]. Mevissen TET, Komander D, Mechanisms of deubiquitinase specificity and regulation, 
Annu. Rev. Biochem 86 (2017) 159–192, 10.1146/annurev-biochem-061516-044916. [PubMed: 
28498721] 

[54]. Clague MJ, Urbé S, Komander D, Breaking the chains: deubiquitylating enzyme specificity 
begets function, Nat. Rev. Mol. Cell Biol 20 (2019) 338–352, 10.1038/S41580-019-0099-1. 
[PubMed: 30733604] 

[55]. Winborn BJ, Travis SM, Todi SV, Scaglione KM, Xu P, Williams AJ, Cohen RE, Peng J, 
Paulson HL, The deubiquitinating enzyme ataxin-3, a polyglutamine disease protein, edits Lys63 

Kandel et al. Page 19

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



linkages in mixed linkage ubiquitin chains, J. Biol. Chem 283 (2008) 26436–26443, 10.1074/
jbc.M803692200. [PubMed: 18599482] 

[56]. Ye Y, Blaser G, Horrocks MH, Ruedas-Rama MJ, Ibrahim S, Zhukov AA, Orte A, Klenerman 
D, Jackson SE, Komander D, Ubiquitin chain conformation regulates recognition and activity of 
interacting proteins, Nature 492 (2012) 266–270, 10.1038/nature11722. [PubMed: 23201676] 

[57]. Lee MJ, Lee B-H, Hanna J, King RW, Finley D, Trimming of ubiquitin chains by proteasome-
associated deubiquitinating enzymes, Mol. Cell. Proteom 10 (2011), 10.1074/mcp.R110.003871.

[58]. Yao T, Cohen RE, A cryptic protease couples deubiquitination and degradation by the 
proteasome, Nature 419 (2002) 403–407, 10.1038/nature01071. [PubMed: 12353037] 

[59]. Hanna J, Meides A, Zhang DP, Finley D, A ubiquitin stress response induces altered proteasome 
composition, Cell 129 (2007) 747–759, 10.1016/j.cell.2007.03.042. [PubMed: 17512408] 

[60]. Peters JM, Franke WW, Kleinschmidt JA, Distinct 19 S and 20 S subcomplexes of the 26 S 
proteasome and their distribution in the nucleus and the cytoplasm, J. Biol. Chem 269 (1994) 
7709–7718. [PubMed: 8125997] 

[61]. Groll M, Ditzel L, Löwe J, Stock D, Bochtler M, Bartunik HD, Huber R, Structure of 20S 
proteasome from yeast at 2.4Å resolution, Nature 386 (1997) 463–471, 10.1038/386463a0. 
[PubMed: 9087403] 

[62]. Huang X, Luan B, Wu J, Shi Y, An atomic structure of the human 26S proteasome, Nat. Struct. 
Mol. Biol 23 (2016) 778–785, 10.1038/nsmb.3273. [PubMed: 27428775] 

[63]. Hoffman L, Pratt G, Rechsteiner M, Multiple forms of the 20 S multicatalytic and the 26 S 
ubiquitin/ATP-dependent proteases from rabbit reticulocyte lysate, J. Biol. Chem 267 (1992) 
22362–22368, 10.1016/S0021-9258(18)41680-8. [PubMed: 1331052] 

[64]. Adams GM, Falke S, Goldberg AL, Slaughter CA, DeMartino GN, Gogol EP, Structural and 
functional effects of PA700 and modulator protein on proteasomes11 Edited by W. Baumeister, J. 
Mol. Biol 273 (1997) 646–657. 10.1006/jmbi.1997.1334. [PubMed: 9356253] 

[65]. Nandi D, Tahiliani P, Kumar A, Chandu D, The ubiquitin-proteasome system, J. Biosci (2006).
[66]. Löwe J, Stock D, Jap B, Zwickl P, Baumeister W, Huber R, Crystal structure of the 20 S 

proteasome from the archaeon T. acidophilum at 3.4 Å resolution, Science 268 (1995) 533–539, 
10.1126/science.7725097. [PubMed: 7725097] 

[67]. Heinemeyer W, Fischer M, Krimmer T, Stachon U, Wolf DH, The active sites of the eukaryotic 
20 S proteasome and their involvement in subunit precursor processing, J. Biol. Chem 272 (1997) 
25200–25209, 10.1074/jbc.272.40.25200. [PubMed: 9312134] 

[68]. Groll M, Heinemeyer W, Jäger S, Ullrich T, Bochtler M, Wolf DH, Huber R, The catalytic 
sites of 20S proteasomes and their role in subunit maturation: a mutational and crystallographic 
study, Proc. Natl. Acad. Sci. USA 96 (1999) 10976–10983, 10.1073/pnas.96.20.10976. [PubMed: 
10500111] 

[69]. Hough R, Pratt G, Rechsteiner M, Purification of two high molecular weight proteases from 
rabbit reticulocyte lysate, J. Biol. Chem 262 (1987) 8303–8313. [PubMed: 3298229] 

[70]. Groll M, Bajorek M, Köhler A, Moroder L, Rubin DM, Huber R, Glickman MH, Finley 
D, A gated channel into the proteasome core particle, Nat. Struct. Biol 7 (2000) 1062–1067, 
10.1038/80992. [PubMed: 11062564] 

[71]. Saeki Y, Tanaka K, Assembly and function of the proteasome, in: Dohmen RJ, Scheffner 
M(Eds.), Ubiquitin Fam. Modif. Proteasome Rev. Protoc, Humana Press, Totowa, NJ, 2012, pp. 
315–337, 10.1007/978-l-61779-474-2_22.

[72]. Dambacher CM, Worden EJ, Herzik MA Jr., Martin A, Lander GC, Atomic structure of the 
26S proteasome lid reveals the mechanism of deubiquitinase inhibition, ELife 5 (2016), e13027, 
10.7554/eLife.13027. [PubMed: 26744777] 

[73]. Glickman MH, Rubin DM, Fu H, Larsen CN, Coux O, Wefes I, Pfeifer G, Cjeka Z, Vierstra R, 
Baumeister W, Fried V, Finley D, Functional analysis of the proteasome regulatory particle, Mol. 
Biol. Rep 26 (1999) 21–28, 10.1023/A:1006928316738. [PubMed: 10363642] 

[74]. Bard JAM, Goodall EA, Greene ER, Jonsson E, Dong KC, Martin A, Structure and 
function of the 26S proteasome, Annu. Rev. Biochem 87 (2018) 697–724, 10.1146/annurev-
biochem-062917-011931. [PubMed: 29652515] 

Kandel et al. Page 20

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[75]. Rosenzweig R, Osmulski PA, Gaczynska M, Glickman MH, The central unit within the 19S 
regulatory particle of the proteasome, Nat. Struct. Mol. Biol 15 (2008) 573–580, 10.1038/
nsmb.1427. [PubMed: 18511945] 

[76]. Köhler A, Cascio P, Leggett DS, Woo KM, Goldberg AL, Finley D, The axial channel of the 
proteasome core particle is gated by the Rpt2 ATPase and controls both substrate entry and 
product release, Mol. Cell 7 (2001) 1143–1152, 10.1016/S1097-2765(01)00274-X. [PubMed: 
11430818] 

[77]. Smith DM, Kafri G, Cheng Y, Ng D, Walz T, Goldberg AL, ATP binding to PAN or the 26S 
ATPases causes association with the 20S proteasome, gate opening, and translocation of unfolded 
proteins, Mol. Cell 20 (2005) 687–698, 10.1016/j.molcel.2005.10.019. [PubMed: 16337593] 

[78]. Husnjak K, Elsasser S, Zhang N, Chen X, Randles L, Shi Y, Hoffman K, Walters KJ, Finley 
D, Dikic I, Proteasome subunit Rpn13 is a novel ubiquitin receptor, Nature (2008) 481–488, 
10.1038/nature06926.

[79]. Lander GC, Estrin E, Matyskiela ME, Bashore C, Nogales E, Martin A, Complete subunit 
architecture of the proteasome regulatory particle, Nature 482 (2012) 186–191, 10.1038/
nature10774. [PubMed: 22237024] 

[80]. Glickman MH, Rubin DM, Coux O, Wefes I, Pfeifer G, Cjeka Z, Baumeister W, Fried VA, 
Finley D, A subcomplex of the proteasome regulatory particle required for ubiquitin-conjugate 
degradation and related to the COP9-signalosome and eIF3, Cell 94 (1998) 615–623, 10.1016/
S0092-8674(00)81603-7. [PubMed: 9741626] 

[81]. Verma R, Oania R, Graumann J, Deshaies RJ, Multiubiquitin chain receptors define a layer 
of substrate selectivity in the ubiquitin-proteasome system, Cell 118 (2004) 99–110, 10.1016/
j.cell.2004.06.014. [PubMed: 15242647] 

[82]. Borodovsky A, Kessler BM, Casagrande R, Overkleeft HS, Wilkinson KD, Ploegh HL, A novel 
active site-directed probe specific for deubiquitylating enzymes reveals proteasome association of 
USP14, EMBO J. 20 (2001) 5187–5196, 10.1093/emboj/20.18.5187. [PubMed: 11566882] 

[83]. Aufderheide A, Beck F, Stengel F, Hartwig M, Schweitzer A, Pfeifer G, Goldberg AL, Sakata 
E, Baumeister W, Förster F, Structural characterization of the interaction of Ubp6 with the 
26S proteasome, Proc. Natl. Acad. Sci. USA 112 (2015) 8626–8631, 10.1073/pnas.1510449112. 
[PubMed: 26130806] 

[84]. Hanna J, Hathaway NA, Tone Y, Crosas B, Elsasser S, Kirkpatrick DS, Leggett DS, 
Gygi SP, King RW, Finley D, Deubiquitinating enzyme Ubp6 functions noncatalytically to 
delay proteasomal degradation, Cell 127 (2006) 99–111, 10.1016/j.cell.2006.07.038. [PubMed: 
17018280] 

[85]. Lam YA, Xu W, DeMartino GN, Cohen RE, Editing of ubiquitin conjugates by an isopeptidase in 
the 26S proteasome, Nature 385 (1997) 737–740, 10.1038/385737a0. [PubMed: 9034192] 

[86]. Peth A, Besche HC, Goldberg AL, Ubiquitinated proteins activate the proteasome by binding 
to Usp14/Ubp6, which causes 20S gate opening, Mol. Cell 36 (2009) 794–804, 10.1016/
j.molcel.2009.11.015. [PubMed: 20005843] 

[87]. Hershko A, Rose IA, Ubiquitin-aldehyde: a general inhibitor of ubiquitin-recycling processes, 
Proc. Natl. Acad. Sci. USA 84 (1987) 1829–1833, 10.1073/pnas.84.7.1829. [PubMed: 3031653] 

[88]. Chernova TA, Allen KD, Wesoloski LM, Shanks JR, Chernoff YO, Wilkinson KD, Pleiotropic 
effects of Ubp6 loss on drug sensitivities and yeast prion are due to depletion of the free ubiquitin 
pool, J. Biol. Chem 278 (2003) 52102–52115, 10.1074/jbc.M310283200. [PubMed: 14559899] 

[89]. Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan TE, Rozovsky 
I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE, Krafft GA, Klein WL, Diffusible, 
nonfibrillar ligands derived from Aβ1–42 are potent central nervous system neurotoxins, Proc. 
Natl. Acad. Sci. USA 95 (1998) 6448–6453, 10.1073/pnas.95.11.6448. [PubMed: 9600986] 

[90]. Roßner S, Sastre M, Bourne K, Lichtenthaler SF, Transcriptional and translational regulation of 
BACE1 expression—Implications for Alzheimer’s disease, Prog. Neurobiol 79 (2006) 95–111, 
10.1016/j.pneurobio.2006.06.001. [PubMed: 16904810] 

[91]. Young-Pearse TL, Bai J, Chang R, Zheng JB, LoTurco JJ, Selkoe DJ, A critical function for 
β-amyloid precursor protein in neuronal migration revealed by In Utero RNA interference, J. 
Neurosci 27 (2007) 14459–14469, 10.1523/JNEUROSCI.4701-07.2007. [PubMed: 18160654] 

Kandel et al. Page 21

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[92]. Kamenetz F, Tomita T, Hsieh H, Seabrook G, Borchelt D, Iwatsubo T, Sisodia S, 
Malinow R, APP processing and synaptic function, Neuron 37 (2003) 925–937, 10.1016/
S0896-6273(03)00124-7. [PubMed: 12670422] 

[93]. Li H, Wang B, Wang Z, Guo Q, Tabuchi K, Hammer RE, Südhof T, Zheng H, Soluble amyloid 
precursor protein (APP) regulates transthyretin and Klotho gene expression without rescuing 
the essential function of APP, Proc. Natl. Acad. Sci. USA 107 (2010) 17362–17367, 10.1073/
pnas.1012568107. [PubMed: 20855613] 

[94]. Gregori L, Fuchs C, Figueiredo-Pereira ME, Van Nostrand WE, Goldgaber D, Amyloid beta-
protein inhibits ubiquitin-dependent protein degradation in vitro, J. Biol. Chem 270 (1995) 
19702–19708, 10.1074/jbc.270.34.19702. [PubMed: 7649980] 

[95]. Almeida CG, Takahashi RH, Gouras GK, Beta-amyloid accumulation impairs multivesicular 
body sorting by inhibiting the ubiquitin-proteasome system, J. Neurosci 26 (2006) 4277–4288, 
10.1523/JNEUROSCI.5078-05.2006. [PubMed: 16624948] 

[96]. Keller JN, Hanni KB, Markesbery WR, Impaired proteasome function in Alzheimer’s disease, J. 
Neurochem 75 (2000) 436–439, 10.1046/j1471-4159.2000.0750436.x. [PubMed: 10854289] 

[97]. Oh S, Hong HS, Hwang E, Sim HJ, Lee W, Shin SJ, Mook-Jung I, Amyloid peptide attenuates 
the proteasome activity in neuronal cells, Mech. Ageing Dev 126 (2005) 1292–1299, 10.1016/
j.mad.2005.07.006. [PubMed: 16153690] 

[98]. Chocron ES, Munkácsy E, Kim HS, Karpowicz P, Jiang N, Van Skike CE, DeRosa N, Banh 
AQ, Palavicini JP, Wityk P, Kalinowski L, Galvan V, Osmulski PA, Jankowska E, Gaczynska M, 
Pickering AM, Genetic and pharmacologic proteasome augmentation ameliorates Alzheimer’s-
like pathology in mouse and fly APP overexpression models, eabk2252, Sci. Adv 8 (2022), 
10.l126/sciadv.abk2252.

[99]. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW, A protein factor essential 
for microtubule assembly, Proc. Natl. Acad. Sci. USA 72 (1975) 1858–1862, 10.1073/
pnas.72.5.1858. [PubMed: 1057175] 

[100]. Lindwall G, Cole RD, Phosphorylation affects the ability of tau protein to promote microtubule 
assembly, J. Biol. Chem 259 (1984) 5301–5305, 10.1016/S0021-9258(17)42989-9. [PubMed: 
6425287] 

[101]. Andorfer C, Kress Y, Espinoza M, De Silva R, Tucker KL, Barde Y-A, Duff K, Davies P, 
Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms, J. 
Neurochem 86 (2003) 582–590, 10.1046/j1471-4159.2003.01879.x. [PubMed: 12859672] 

[102]. Moszczynski AJ, Gohar M, Volkening K, Leystra-Lantz C, Strong W, Strong MJ, Thr175-
phosphorylated tau induces pathologic fibril formation via GSK3β-mediated phosphorylation of 
Thr231 in vitro, Neurobiol. Aging 36 (2015) 1590–1599, 10.1016/j.neurobiolaging.2014.12.001. 
[PubMed: 25573097] 

[103]. Myeku N, Clelland CL, Emrani S, Kukushkin NV, Yu WH, Goldberg AL, Duff KE, Tau-
driven 26S proteasome impairment and cognitive dysfunction can be prevented early in disease 
by activating cAMP-PKA signaling, Nat. Med 22 (2016) 46–53, 10.1038/nm.4011. [PubMed: 
26692334] 

[104]. Schaler AW, Myeku N, Cilostazol, a phosphodiesterase 3 inhibitor, activates proteasome-
mediated proteolysis and attenuates tauopathy and cognitive decline, Transl. Res 193 (2018)31–
41, 10.1016/j.trsl.2017.11.004. [PubMed: 29232559] 

[105]. Olanow CW, McNaught K.St.P, Ubiquitin–proteasome system and Parkinson’s disease, Mov. 
Disord 21 (2006) 1806–1823, 10.1002/mds.21013. [PubMed: 16972273] 

[106]. Bendor J, Logan T, Edwards RH, The Function of α-Synuclein, 10.1016/j.neuron.2013.09.004, 
Neuron 79 (2013), 10.10l6/jneuron.2013.09.004.

[107]. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, Yokochi M, 
Mizuno Y, Shimizu N, Mutations in the parkin gene cause autosomal recessive juvenile 
parkinsonism, Nature 392 (1998) 605–608, 10.1038/33416. [PubMed: 9560156] 

[108]. Leroy E, Boyer R, Auburger G, Leube B, Ulm G, Mezey E, Harta G, Brownstein MJ, 
Jonnalagada S, Chernova T, Dehejia A, Lavedan C, Gasser T, Steinbach PJ, Wilkinson KD, 
Polymeropoulos MH, The ubiquitin pathway in Parkinson’s disease, Nature 395 (1998) 451–452, 
10.1038/26652. [PubMed: 9774100] 

Kandel et al. Page 22

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[109]. Bedford L, Hay D, Devoy A, Paine S, Powe DG, Seth R, Gray T, Topham I, Fone K, 
Rezvani N, Mee M, Soane T, Layfield R, Sheppard PW, Ebendal T, Usoskin D, Lowe J, 
Mayer RJ, Depletion of 26S proteasomes in mouse brain neurons causes neurodegeneration and 
lewy-like inclusions resembling human pale bodies, J. Neurosci 28 (2008) 8189–8198, 10.1523/
JNEUROSCI.2218-08.2008. [PubMed: 18701681] 

[110]. Xie W, Li X, Li C, Zhu W, Jankovic J, Le W, Proteasome inhibition modeling nigral 
neuron degeneration in Parkinson’s disease, J. Neurochem 115 (2010) 188–199, 10.1111/
j.1471-4159.2010.06914.x. [PubMed: 20649845] 

[111]. Pienaar IS, Harrison IF, Elson JL, Bury A, Woll P, Simon AK, Dexter DT, An animal model 
mimicking pedunculopontine nucleus cholinergic degeneration in Parkinson’s disease, Brain 
Struct. Funct 220 (2015) 479–500, 10.1007/S00429-013-0669-5. [PubMed: 24292256] 

[112]. Lillethorup TP, Glud AN, Alstrup AKO, Mikkelsen TW, Nielsen EH, Zaer H, Doudet DJ, 
Brooks DJ, Sørensen JCH, Orlowski D, Landau AM, Nigrostriatal proteasome inhibition impairs 
dopamine neurotransmission and motor function in minipigs, Exp. Neurol 303 (2018) 142–152, 
10.1016/j.expneurol.2018.02.005. [PubMed: 29428213] 

[113]. Ugun-Klusek A, Tatham MH, Elkharaz J, Constantin-Teodosiu D, Lawler K, Mohamed H, 
Paine SML, Anderson G, John Mayer R, Lowe J, Ellen Billett E, Bedford L, Continued 26S 
proteasome dysfunction in mouse brain cortical neurons impairs autophagy and the Keap1-Nrf2 
oxidative defence pathway, e2531-e2531, Cell Death Dis. 8 (2018), 10.1038/cddis.2016.443.

[114]. Hou X, Watzlawik JO, Fiesel FC, Springer W, Autophagy in Parkinson’s disease, J. Mol. Biol 
432 (2020) 2651–2672, 10.1016/j.jmb.2020.01.037. [PubMed: 32061929] 

[115]. Díaz-Hernández M, Valera AG, Morán MA, Gómez-Ramos P, Alvarez-Castelao B, Castaño JG, 
Hernández F, Lucas JJ, Inhibition of 26S proteasome activity by huntingtin filaments but not 
inclusion bodies isolated from mouse and human brain, J. Neurochem 98 (2006) 1585–1596, 
10.1111/j.1471-4159.2006.03968.x. [PubMed: 16787406] 

[116]. Lindersson E, Beedholm R, Højrup P, Moos T, Gai W, Hendil KB, Jensen PH, Proteasomal 
inhibition by alpha-synuclein filaments and oligomers, J. Biol. Chem 279 (2004) 12924–12934, 
10.1074/jbc.M306390200. [PubMed: 14711827] 

[117]. Yang T, Li S, Xu H, Walsh DM, Selkoe DJ, Large soluble oligomers of amyloid β-protein from 
Alzheimer brain are far less neuroactive than the smaller oligomers to which they dissociate, J. 
Neurosci 37 (2017) 152–163, 10.1523/JNEUROSCI.1698-16.2016. [PubMed: 28053038] 

[118]. Keller JN, Huang FF, Markesbery WR, Decreased levels of proteasome activity and 
proteasome expression in aging spinal cord, Neuroscience 98 (2000) 149–156, 10.1016/
S0306-4522(00)00067-l. [PubMed: 10858621] 

[119]. Zhou H, Cao F, Wang Z, Yu Z-X, Nguyen H-P, Evans J, Li S-H, Li X-J, Huntingtin forms 
toxic NH2-terminal fragment complexes that are promoted by the age-dependent decrease 
in proteasome activity, J. Cell Biol 163 (2003) 109–118, 10.1083/jcb.200306038. [PubMed: 
14557250] 

[120]. Anderson RT, Bradley TA, Smith DM, Hyperactivation of the proteasome in Caenorhabditis 
elegans protects against proteotoxic stress and extends lifespan, J. Biol. Chem 298 (2022), 
10.1016/j.jbc.2022.102415.

[121]. Vilchez D, Morantte I, Liu Z, Douglas PM, Merkwirth C, Rodrigues APC, Manning G, Dillin 
A, RPN-6 determines C. elegans longevity under proteotoxic stress conditions, Nature 489 
(2012) 263–268, 10.1038/nature11315. [PubMed: 22922647] 

[122]. Andersson V, Hanzén S, Liu B, Molin M, Nyström T, Enhancing protein disaggregation restores 
proteasome activity in aged cells, Aging 5 (2013) 802–812. [PubMed: 24243762] 

[123]. Suzuki G, Imura S, Hosokawa M, Katsumata R, Nonaka T, Hisanaga S-I, Saeki Y, Hasegawa 
M, α-synuclein strains that cause distinct pathologies differentially inhibit proteasome, ELife 9 
(2020), e56825, 10.7554/eLife.56825. [PubMed: 32697196] 

[124]. Johnson JO, Mandrioli J, Benatar M, Abramzon Y, Van Deerlin VM, Trojanowski JQ, Gibbs JR, 
Brunetti M, Gronka S, Wuu J, Ding J, McCluskey L, Martinez-Lage M, Falcone D, Hernandez 
DG, Arepalli S, Chong S, Schymick JC, Rothstein J, Landi F, Wang Y-D, Calvo A, Mora G, 
Sabatelli M, Monsurrò MR, Battistini S, Salvi F, Spataro R, Sola P, Borghero G, Consortium 
ITALSGEN, Galassi G, Scholz SW, Taylor JP, Restagno G, Chiò A, Traynor BJ, Exome 

Kandel et al. Page 23

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



sequencing reveals VCP mutations as a cause of familial ALS, Neuron 68 (2010) 857–864, 
10.1016/j.neuron.2010.11.036. [PubMed: 21145000] 

[125]. Fecto F, Yan J, Vemula SP, Liu E, Yang Y, Chen W, Zheng JG, Shi Y, Siddique N, Arrat H, 
Donkervoort S, Ajroud-Driss S, Sufit RL, Heller SL, Deng H-X, Siddique T, SQSTM1 mutations 
in familial and sporadic amyotrophic lateral sclerosis, Arch. Neurol 68 (2011) 1440–1446, 
10.1001/archneurol.2011.250. [PubMed: 22084127] 

[126]. Alexander EJ, Ghanbari Niaki A, Zhang T, Sarkar J, Liu Y, Nirujogi RS, Pandey A, 
Myong S, Wang J, Ubiquilin 2 modulates ALS/FTD-linked FUS–RNA complex dynamics 
and stress granule formation, Proc. Natl. Acad. Sci 115 (2018) E11485–E11494, 10.1073/
pnas.1811997115. [PubMed: 30442662] 

[127]. May S, Hornburg D, Schludi MH, Arzberger T, Rentzsch K, Schwenk BM, Grässer FA, Mori 
K, Kremmer E, Banzhaf-Strathmann J, Mann M, Meissner F, Edbauer D, C9orf72 FTLD/ALS-
associated Gly-Ala dipeptide repeat proteins cause neuronal toxicity and Unc119 sequestration, 
Acta Neuropathol. 128 (2014) 485–503, 10.1007/s00401-014-1329-4. [PubMed: 25120191] 

[128]. Riemenschneider H, Guo Q, Bader J, Frottin F, Farny D, Kleinberger G, Haass C, Mann M, 
Hard FU, Baumeister W, Hipp MS, Meissner F, Fernández-Busnadiego R, Edbauer D, Gel-like 
inclusions of C-terminal fragments of TDP-43 sequester stalled proteasomes in neurons, EMBO 
Rep. 23 (2022), e53890, 10.15252/embr.202153890. [PubMed: 35438230] 

[129]. Xie Y, Varshavsky A, RPN4 is a ligand, substrate, and transcriptional regulator of 
the 26S proteasome: A negative feedback circuit | PNAS, 96 (2001) 3056–3061. 10.1073/
pnas.071022298.

[130]. Radhakrishnan SK, Lee CS, Young P, Beskow A, Chan JY, Deshaies RJ, Transcription factor 
Nrf1 mediates the proteasome recovery pathway after proteasome inhibition in mammalian cells, 
Mol. Cell 38 (2010) 17–28, 10.1016/j.molcel.2010.02.029. [PubMed: 20385086] 

[131]. Work JJ, Brandman O, Adaptability of the ubiquitin-proteasome system to proteolytic and 
folding stressors, e201912041, J. Cell Biol 220 (2020), 10.1083/jcb.201912041.

[132]. Kandel R, Jung J, Syau D, Kuo T, Songster L, Horn C, Chapman C, Aguayo A, Duttke S, 
Benner C, Neal SE, Yeast derlin Dfm1 employs a chaperone-like function to resolve misfolded 
membrane protein stress, PLoS Biol. 21 (2023), e3001950, 10.1371/journal.pbio.3001950. 
[PubMed: 36689475] 

[133]. Metzger MB, Michaelis S, Analysis of quality control substrates in distinct cellular 
compartments reveals a unique role for Rpn4p in tolerating misfolded membrane proteins, Mol. 
Biol. Cell 20 (2009) 1006–1019, 10.1091/mbc.e08-02-0140. [PubMed: 19073890] 

[134]. Ju D, Xie Y, Proteasomal degradation of RPN4 via two distinct mechanisms, ubiquitin-
dependent and -independent, J. Biol. Chem 279 (2004) 23851–23854, 10.1074/jbc.C400111200. 
[PubMed: 15090546] 

[135]. Wang L, Mao X, Ju D, Xie Y, Rpn4 is a physiological substrate of the Ubr2 ubiquitin ligase, J. 
Biol. Chem 279 (2004) 55218–55223, 10.1074/jbc.M410085200. [PubMed: 15504724] 

[136]. Mannhaupt G, Schnall R, Karpov V, Vetter I, Feldmann H, Rpn4p acts as a transcription factor 
by binding to PACE, a nonamer box found upstream of 26S proteasomal and other genes in yeast, 
FEBS Lett. 450 (1999) 27–34, 10.1016/S0014-5793(99)00467-6. [PubMed: 10350051] 

[137]. Dirac-Svejstrup AB, Walker J, Faull P, Encheva V, Akimov V, Puglia M, Perkins D, Kümper 
S, Hunjan SS, Blagoev B, Snijders AP, Powell DJ, Svejstrup JQ, DDI2 is a ubiquitin-directed 
endoprotease responsible for cleavage of transcription factor NRF1, e7, Mol. Cell 79 (2020) 
332–341, 10.1016/j.molcel.2020.05.035. [PubMed: 32521225] 

[138]. Radhakrishnan SK, den Besten W, Deshaies RJ, p97-dependent retrotranslocation and 
proteolytic processing govern formation of active Nrf1 upon proteasome inhibition, ELife 3 
(2014), e01856, 10.7554/eLife.01856. [PubMed: 24448410] 

[139]. Koizumi S, Irie T, Hirayama S, Sakurai Y, Yashiroda H, Naguro I, Ichijo H, Hamazaki J, Murata 
S, The aspartyl protease DDI2 activates Nrf1 to compensate for proteasome dysfunction, ELife 5 
(2016), e18357, 10.7554/eLife.18357. [PubMed: 27528193] 

[140]. Kruegel U, Robinson B, Dange T, Kahlert G, Delaney JR, Kotireddy S, Tsuchiya M, 
Tsuchiyama S, Murakami CJ, Schleit J, Sutphin G, Carr D, Krisztina T, Dittmar G, Kaeberlein 

Kandel et al. Page 24

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



M, Kennedy BK, Schmidt M, Elevated proteasome capacity extends replicative lifespan in 
saccharomyces cerevisiae, PLOS Genet. (2011), 10.1371/journalpgen.1002253.

[141]. Field-Smith A, Morgan GJ, Davies FE, Bortezomib (Velcade™) in the treatment of 
multiple myeloma, Ther. Clin. Risk Manag 2 (2006) 271–279, 10.2147/tcrm.s23271. [PubMed: 
18360602] 

[142]. Groen K, van de Donk N, Stege C, Zweegman S, Nijhof I, Carfilzomib for relapsed 
and refractory multiple myeloma, Cancer Manag. Res 11 (2019) 2663–2675, 10.2147/
CMAR.S150653. [PubMed: 31037034] 

[143]. Chen T, Ho M, Briere J, Moscvin M, Czarnecki PG, Anderson KC, Blackwell TK, Bianchi 
G, Multiple myeloma cells depend on the DDI2/NRF1-mediated proteasome stress response 
for survival, Blood Adv. 6 (2022) 429–440, 10.1182/bloodadvances.2020003820. [PubMed: 
34649278] 

[144]. Kröll-Hermi A, Ebstein F, Stoetzel C, Geoffroy V, Schaefer E, Scheidecker S, Bär S, Takamiya 
M, Kawakami K, Zieba BA, Studer F, Pelletier V, Eyermann C, Speeg-Schatz C, Laugel V, 
Lipsker D, Sandron F, McGinn S, Boland A, Deleuze J-F, Kuhn L, Chicher J, Hammann P, Friant 
S, Etard C, Krüger E, Muller J, Strähle U, Dollfus H, Proteasome subunit PSMC3 variants cause 
neurosensory syndrome combining deafness and cataract due to proteotoxic stress, EMBO Mol. 
Med 12 (2020), e11861, 10.15252/emmm.201911861. [PubMed: 32500975] 

[145]. Lam YA, Lawson TG, Velayutham M, Zweier JL, Pickart CM, A proteasomal ATPase subunit 
recognizes the polyubiquitin degradation signal, Nature 416 (2002) 763–767, 10.1038/416763a. 
[PubMed: 11961560] 

[146]. Salomons FA, Menéndez-Benito V, Böttcher C, McCray BA, Taylor JP, Dantuma NP, Selective 
accumulation of aggregation-prone proteasome substrates in response to proteotoxic stress, Mol. 
Cell. Biol 29 (2009) 1774–1785. [PubMed: 19158272] 

[147]. Yehuda AB, Risheq M, Novoplansky O, Bersuker K, Kopito RR, Goldberg M, Brandeis 
M, Ubiquitin accumulation on disease associated protein aggregates is correlated with nuclear 
ubiquitin depletion, histone De-ubiquitination and impaired DNA damage response, PLoS One 
12 (2017), e0169054, 10.1371/journal.pone.0169054. [PubMed: 28052107] 

[148]. Park C-W, Jung B-K, Ryu K-Y, Reduced free ubiquitin levels and proteasome activity in 
cultured neurons and brain tissues treated with amyloid beta aggregates, Mol. Brain 13 (2020) 89, 
10.1186/s13041-020-006322. [PubMed: 32513213] 

[149]. Lowe J, Blanchard A, Morrell K, Lennox G, Reynolds L, Billett M, Landon M, Mayer 
RJ, Ubiquitin is a common factor in intermediate filament inclusion bodies of diverse type 
in man, including those of Parkinson’s disease, Pick’s disease, and Alzheimer’s disease, as 
well as Rosenthal fibres in cerebellar astrocytomas, cytoplasmic bodies in muscle, and mallory 
bodies in alcoholic liver disease, J. Pathol 155 (1988) 9–15, 10.1002/path.1711550105. [PubMed: 
2837558] 

[150]. Kaganovich D, Kopito R, Frydman J, Misfolded proteins partition between two distinct 
quality control compartments, Nature 454 (2008) 1088–1095, 10.1038/nature07195. [PubMed: 
18756251] 

[151]. Farrawell NE, Lambert-Smith I, Mitchell K, McKenna J, McAlary L, Ciryam P, Vine KL, 
Saunders DN, Yerbury JJ, SOD1A4V aggregation alters ubiquitin homeostasis in a cell model of 
ALS, jcs209122, J. Cell Sci 131 (2018), 10.1242/jcs.209122.

[152]. Farrawell NE, McAlary L, Lum JS, Chisholm CG, Warraich ST, Blair IP, Vine KL, Saunders 
DN, Yerbury JJ, Ubiquitin homeostasis is disrupted in TDP-43 and FUS cell models of ALS, 
IScience 23 (2020), 101700, 10.1016/j.isci.2020.101700. [PubMed: 33196025] 

[153]. Corson LB, Strain JJ, Culotta VC, Cleveland DW, Chaperone-facilitated copper binding is a 
property common to several classes of familial amyotrophic lateral sclerosis-linked superoxide 
dismutase mutants, Proc. Natl. Acad. Sci. USA 95 (1998) 6361–6366, 10.1073/pnas.95.11.6361. 
[PubMed: 9600970] 

[154]. Colombrita C, Onesto E, Megiorni F, Pizzuti A, Baralle FE, Buratti E, Silani V, Ratti A, 
TDP-43 and FUS RNA-binding proteins bind distinct sets of cytoplasmic messenger RNAs and 
differently regulate their post-transcriptional fate in motoneuron-like cells, J. Biol. Chem 287 
(2012) 15635–15647, 10.1074/jbc.Ml11.333450. [PubMed: 22427648] 

Kandel et al. Page 25

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[155]. Farrawell NE, Lambert-Smith IA, Warraich ST, Blair IP, Saunders DN, Hatters DM, Yerbury JJ, 
Distinct partitioning of ALS associated TDP-43, FUS and SOD1 mutants into cellular inclusions, 
Sci. Rep 5 (2015) 13416, 10.1038/srepl3416. [PubMed: 26293199] 

[156]. Keiten-Schmitz J, Wagner K, Piller T, Kaulich M, Alberti S, Müller S, The nuclear SUMO-
targeted ubiquitin quality control network regulates the dynamics of cytoplasmic stress granules, 
e7, Mol. Cell 79 (2020) 54–67, 10.1016/j.molcel2020.05.017. [PubMed: 32521226] 

[157]. Protter DSW, Parker R, Principles and properties of stress granules, Trends Cell Biol 26 (2016) 
668–679, 10.1016/j.tcb.2016.05.004. [PubMed: 27289443] 

[158]. Maxwell BA, Gwon Y, Mishra A, Peng J, Nakamura H, Zhang K, Kim HJ, Taylor JP, 
Ubiquitination is essential for recovery of cellular activities after heat shock, eabc3593, Science 
372 (2021), 10.1126/science.abc3593.

[159]. Maghames CM, Lobato-Gil S, Perrin A, Trauchessec H, Rodriguez MS, Urbach S, Marin 
P, Xirodimas DP, NEDDylation promotes nuclear protein aggregation and protects the 
Ubiquitin Proteasome System upon proteotoxic stress, Nat. Commun 9 (2018) 4376, 10.1038/
s41467-018-06365-0. [PubMed: 30349034] 

[160]. Swaminathan S, Amerik AY, Hochstrasser M, The Doa4 deubiquitinating enzyme is required for 
ubiquitin homeostasis in yeast, Mol. Biol. Cell 10 (1999) 2583–2594, 10.1091/mbc.10.8.2583. 
[PubMed: 10436014] 

[161]. Anderson C, Crimmins S, Wilson JA, Korbel GA, Ploegh HL, Wilson SM, Loss of Usp14 
results in reduced levels of ubiquitin in ataxia mice, J. Neurochem 95 (2005) 724–731, 10.1111/
j1471-4159.2005.03409.x. [PubMed: 16190881] 

[162]. Deriziotis P, André R, Smith DM, Goold R, Kinghorn KJ, Kristiansen M, Nathan JA, 
Rosenzweig R, Krutauz D, Glickman MH, Collinge J, Goldberg AL, Tabrizi SJ, Misfolded PrP 
impairs the UPS by interaction with the 20S proteasome and inhibition of substrate entry, EMBO 
J. 30 (2011) 3065–3077, 10.1038/emboj.2011.224. [PubMed: 21743439] 

[163]. Wilson SM, Bhattacharyya B, Rachel RA, Coppola V, Tessarollo L, Householder DB, Fletcher 
CF, Miller RJ, Copeland NG, Jenkins NA, Synaptic defects in ataxia mice result from a 
mutation in Usp14, encoding a ubiquitin-specific protease, Nat. Genet 32 (2002) 420–425, 
10.1038/ngl006. [PubMed: 12368914] 

[164]. Chen P-C, Bhattacharyya BJ, Hanna J, Minkel H, Wilson JA, Finley D, Miller RJ, Wilson SM, 
Ubiquitin homeostasis is critical for synaptic development and function, J. Neurosci 31 (2011) 
17505–17513, 10.1523/JNEUROSCI.2922-11.2011. [PubMed: 22131412] 

[165]. Chen P-C, Qin L-N, Li X-M, Walters BJ, Wilson JA, Mei L, Wilson SM, The proteasome-
associated deubiquitinating enzyme Usp14 is essential for the maintenance of synaptic ubiquitin 
levels and the development of neuromuscular junctions, J. Neurosci 29 (2009) 10909–10919, 
10.1523/JNEUROSCI.2635-09.2009. [PubMed: 19726649] 

[166]. Hyrskyluoto A, Bruelle C, Lundh SH, Do HT, Kivinen J, Rappou E, Reijonen S, Waltimo T, 
Petersén Å, Lindholm D, Korhonen L, Ubiquitin-specific protease-14 reduces cellular aggregates 
and protects against mutant huntingtin-induced cell degeneration: involvement of the proteasome 
and ER stress-activated kinase IRE1α, Hum. Mol. Genet 23 (2014) 5928–5939, 10.1093/hmg/
ddu317. [PubMed: 24951540] 

[167]. Crimmins S, Jin Y, Wheeler C, Huffman AK, Chapman C, Dobrunz LE, Levey A, 
Roth KA, Wilson JA, Wilson SM, Transgenic rescue of ataxia mice with neuronal-specific 
expression of ubiquitin-specific protease 14, J. Neurosci 26 (2006) 11423–11431, 10.1523/
JNEUROSCI.3600-06.2006. [PubMed: 17079671] 

[168]. Vaden JH, Watson JA, Howard AD, Chen P-C, Wilson JA, Wilson SM, Distinct effects 
of ubiquitin overexpression on NMJ structure and motor performance in mice expressing 
catalytically inactive USP14, Front. Mol. Neurosci 8 (2015). (10.3389/fnmol.2015.00011) 
(accessed January 11, 2023).

[169]. Jarome TJ, Kwapis JL, Hallengren JJ, Wilson SM, Helmstetter FJ, The ubiquitin-specific 
protease 14 (USP14) is a critical regulator of long-term memory formation, Learn. Mem 21 
(2014) 748–752, 10.1101/lm.032771.113.

[170]. Bhattacharyya BJ, Wilson SM, Jung H, Miller RJ, Altered neurotransmitter release machinery 
in mice deficient for the deubiquitinating enzyme Uspl4, Am. J. Physiol. - Cell Physiol 302 
(2012) C698–C708, 10.1152/ajpcell.00326.2010. [PubMed: 22075695] 

Kandel et al. Page 26

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[171]. Walters BJ, Hallengren JJ, Theile CS, Ploegh HL, Wilson SM, Dobrunz LE, A 
catalytic independent function of the deubiquitinating enzyme USP14 regulates hippocampal 
synaptic short-term plasticity and vesicle number, J. Physiol 592 (2014) 571–586, 10.1113/
jphysiol.2013.266015. [PubMed: 24218545] 

[172]. Chen L, Zhu G, Johns EM, Yang X, TRIM11 activates the proteasome and promotes 
overall protein degradation by regulating USP14, Nat. Commun 9 (2018) 1223, 10.1038/
s41467-018-03499-z. [PubMed: 29581427] 

[173]. Xie X, Matsumoto S, Endo A, Fukushima T, Kawahara H, Saeki Y, Komada M, Deubiquitylases 
USP5 and USP13 are recruited to and regulate heat-induced stress granules through their 
deubiquitylating activities, jcs210856, J. Cell Sci 131 (2018), 10.1242/jcs.210856.

[174]. Markmiller S, Fulzele A, Higgins R, Leonard M, Yeo GW, Bennett EJ, Active protein 
neddylation or ubiquitylation is dispensable for stress granule dynamics, e3, Cell Rep. 27 (2019) 
1356–1363, 10.1016/j.celrep.2019.04.015. [PubMed: 31042464] 

[175]. Christianson JC, Olzmann JA, Shaler TA, Sowa ME, Bennett EJ, Richter CM, Tyler RE, 
Greenblatt EJ, Wade Harper J, Kopito RR, Defining human ERAD networks through an 
integrative mapping strategy, Nat. Cell Biol 14 (2012) 93–105, 10.1038/ncb2383.

[176]. Hwang J, Qi L, Quality control in the endoplasmic reticulum: crosstalk between ERAD and 
UPR pathways, Trends Biochem. Sci 43 (2018) 593–605, 10.1016/j.tibs.2018.06.005. [PubMed: 
30056836] 

[177]. Braakman I, Hebert DN, Protein folding in the endoplasmic reticulum, a013201, Cold Spring 
Harb. Perspect. Biol 5 (2013), 10.1101/cshperspect.a013201.

[178]. Wu X, Siggel M, Ovchinnikov S, Mi W, Svetlov V, Nudler E, Liao M, Hummer G, Rapoport 
TA, Structural basis of ER-associated protein degradation mediated by the Hrd1 ubiquitin ligase 
complex, eaaz2449, Science 368 (2020), 10.1126/science.aaz2449.

[179]. Neal S, Jaeger PA, Duttke SH, Benner C, Glass CK, Ideker T, Hampton RY, The Dfm1 Derlin 
is required for ERAD retrotranslocation of integral membrane proteins, e4, Mol. Cell 69 (2018) 
306–320, 10.1016/j.molcel.2017.12.012. [PubMed: 29351849] 

[180]. Ye Y, Meyer HH, Rapoport TA, The AAA ATPase Cdc48/p97 and its partners transport 
proteins from the ER into the cytosol, Nature 414 (2001) 652–656, 10.1038/414652a. [PubMed: 
11740563] 

[181]. Rabinovich E, Kerem A, Fröhlich K-U, Diamant N, Bar-Nun S, AAA-ATPase p97/Cdc48p, 
a cytosolic chaperone required for endoplasmic reticulum-associated protein degradation, Mol. 
Cell. Biol 22 (2002) 626–634, 10.1128/MCB.22.2.626-634.2002. [PubMed: 11756557] 

[182]. de Virgilio M, Weninger H, Ivessa NE, Ubiquitination is required for the retrotranslocation of 
a short-lived luminal endoplasmic reticulum glycoprotein to the cytosol for degradation by the 
proteasome, J. Biol. Chem 273 (1998) 9734–9743, 10.1074/jbc.273.16.9734. [PubMed: 9545309] 

[183]. Duennwald ML, Lindquist S, Impaired ERAD and ER stress are early and specific events 
in polyglutamine toxicity, Genes Dev. 22 (2008) 3308–3319, 10.1101/gad.1673408. [PubMed: 
19015277] 

[184]. Bennett EJ, Shaler TA, Woodman B, Ryu K-Y, Zaitseva TS, Becker CH, Bates GP, Schulman H, 
Kopito RR, Global changes to the ubiquitin system in Huntington’s disease, Nature 448 (2007) 
704–708, 10.1038/nature06022. [PubMed: 17687326] 

[185]. Maynard CJ, Böttcher C, Ortega Z, Smith R, Florea BI, Díaz-Hernández M, Brundin P, 
Overkleeft HS, Li J-Y, Lucas JJ, Accumulation of ubiquitin conjugates in a polyglutamine 
disease model occurs without global ubiquitin/proteasome system impairment, Proc. Natl. Acad. 
Sci 106 (2009) 13986–13991. [PubMed: 19666572] 

[186]. Maynard CJ, Böttcher C, Ortega Z, Smith R, Florea BI, Díaz-Hernández M, Brundin P, 
Overkleeft HS, Li J-Y, Lucas JJ, Accumulation of ubiquitin conjugates in a polyglutamine 
disease model occurs without global ubiquitin/proteasome system impairment, Proc. Natl. Acad. 
Sci. USA 106 (2009) 13986–13991. [PubMed: 19666572] 

[187]. Ye Y, Shibata Y, Yun C, Ron D, Rapoport TA, A membrane protein complex mediates 
retrotranslocation from the ER lumen into the cytosol, Nature 429 (2004) 841–847, 10.1038/
nature02656. [PubMed: 15215856] 

Kandel et al. Page 27

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[188]. Sun F, Zhang R, Gong X, Geng X, Drain PF, Frizzell RA, Derlin-1 promotes the efficient 
degradation of the cystic fibrosis transmembrane conductance regulator (CFTR) and CFTR 
folding mutants, J. Biol. Chem 281 (2006) 36856–36863, 10.1074/jbc.M607085200. [PubMed: 
16954204] 

[189]. Fleig L, Bergbold N, Sahasrabudhe P, Geiger B, Kaltak L, Lemberg MK, Ubiquitin-dependent 
intramembrane rhomboid protease promotes ERAD of membrane proteins, Mol. Cell 47 (2012) 
558–569, 10.1016/jmolcel.2012.06.008. [PubMed: 22795130] 

[190]. Bock J, Kühnle N, Knopf JD, Landscheidt N, Lee J-G, Ye Y, Lemberg MK, Rhomboid protease 
RHBDL4 promotes retrotranslocation of aggregation-prone proteins for degradation, Cell Rep. 
40 (2022), 111175, 10.10l6/jcelrep2022.111175. [PubMed: 35947953] 

[191]. Wang J, Hua H, Ran Y, Zhang H, Liu W, Yang Z, Jiang Y, Derlin-1 is overexpressed in human 
breast carcinoma and protects cancer cells from endoplasmic reticulum stress-induced apoptosis, 
Breast Cancer Res 10 (2008) R7, 10.1186/bcr1849. [PubMed: 18205950] 

[192]. Nishitoh H, Kadowaki H, Nagai A, Maruyama T, Yokota T, Fukutomi H, Noguchi T, Matsuzawa 
A, Takeda K, Ichijo H, ALS-linked mutant SOD1 induces ER stress- and ASK1-dependent motor 
neuron death by targeting Derlin-1, Genes Dev 22 (2008) 1451–1464, 10.1101/gad.1640108. 
[PubMed: 18519638] 

[193]. Mori A, Yamashita S, Uchino K, Suga T, Ikeda T, Takamatsu K, Ishizaki M, Koide T, Kimura 
E, Mita S, Maeda Y, Hirano T, Uchino M, Derlin-1 overexpression ameliorates mutant SOD1-
induced endoplasmic reticulum stress by reducing mutant SOD1 accumulation, Neurochem. Int 
58 (2011) 344–353, 10.1016/j.neuint.2010.12.010. [PubMed: 21185345] 

[194]. Belmont PJ, Chen WJ, San Pedro MN, Thuerauf DJ, Gellings Lowe N, Gude N, Hilton 
B, Wolkowicz R, Sussman MA, Glembotski CC, Roles for endoplasmic reticulum–associated 
degradation and the novel endoplasmic reticulum stress response gene derlin-3 in the ischemic 
heart, Circ. Res 106 (2010) 307–316, 10.1161/CIRCRESAHA.109.203901. [PubMed: 19940266] 

[195]. Doroudgar S, Völkers M, Thuerauf DJ, Khan M, Mohsin S, Respress JL, Wang W, Gude 
N, Müller OJ, Wehrens XHT, Sussman MA, Glembotski CC, Hrd1 and ER-associated protein 
degradation, ERAD, are critical elements of the adaptive ER stress response in cardiac myocytes, 
Circ. Res 117 (2015) 536–546, 10.1161/CIRCRESAHA.115.306993. [PubMed: 26137860] 

[196]. Lastun VL, Levet C, Freeman M, The mammalian rhomboid protein RHBDL4 protects against 
endoplasmic reticulum stress by regulating the morphology and distribution of ER sheets, J. Biol. 
Chem 298 (2022), 10.10l6/jjbc2022.101935.

[197]. Yan W, Frank CL, Korth MJ, Sopher BL, Novoa I, Ron D, Katze MG, Control of PERK eIF2α 
kinase activity by the endoplasmic reticulum stress-induced molecular chaperone P58IPK, Proc. 
Natl. Acad. Sci. USA 99 (2002) 15920–15925, 10.1073/pnas.252341799. [PubMed: 12446838] 

[198]. Tirasophon W, Welihinda AA, Kaufman RJ, A stress response pathway from the endoplasmic 
reticulum to the nucleus requires a novel bifunctional protein kinase/endoribomiclease (Irelp) 
in mammalian cells, Genes Dev. 12 (1998) 1812–1824, 10.1101/gad.12.12.1812. [PubMed: 
9637683] 

[199]. Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, Clark SG, Ron D, IRE1 couples 
endoplasmic reticulum load to secretory capacity by processing the XBP-1 mRNA, Nature 415 
(2002) 92–96, 10.1038/415092a. [PubMed: 11780124] 

[200]. Shen J, Chen X, Hendershot L, Prywes R, ER stress regulation of ATF6 localization by 
dissociation of BiP/GRP78 binding and unmasking of golgi localization signals, Dev. Cell 3 
(2002) 99–111, 10.1016/S1534-5807(02)00203-4. [PubMed: 12110171] 

[201]. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K, XBP1 mRNA is induced by ATF6 and 
spliced by IRE1 in response to ER stress to produce a highly active transcription factor, Cell 107 
(2001) 881–891, 10.1016/S0092-8674(01)00611-0. [PubMed: 11779464] 

[202]. Wang Y, Shen J, Arenzana N, Tirasophon W, Kaufman RJ, Prywes R, Activation of ATF6 and 
an ATF6 DNA binding site by the endoplasmic reticulum stress response, J. Biol. Chem 275 
(2000) 27013–27020, 10.1016/S0021-9258(19)61473-0. [PubMed: 10856300] 

[203]. Hetz C, Zhang K, Kaufman RJ, Mechanisms, regulation and functions of the unfolded protein 
response, Nat. Rev. Mol. Cell Biol 21 (2020) 421–438, 10.1038/s41580-020-0250-z. [PubMed: 
32457508] 

Kandel et al. Page 28

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



[204]. Chawla A, Chakrabarti S, Ghosh G, Niwa M, Attenuation of yeast UPR is essential for 
survival and is mediated by IRE1 kinase, J. Cell Biol 193 (2011) 41–50, 10.1083/jcb.201008071. 
[PubMed: 21444691] 

[205]. Obeng EA, Carlson LM, Gutman DM, Harrington WJ Jr, Lee KP, Boise LH, Proteasome 
inhibitors induce a terminal unfolded protein response in multiple myeloma cells, Blood 107 
(2006) 4907–4916, 10.1182/blood-2005-08-3531. [PubMed: 16507771] 

[206]. Yamamoto K, Suzuki N, Wada T, Okada T, Yoshida H, Kaufman RJ, Mori K, Human HRD1 
promoter carries a functional unfolded protein response element to which XBP1 but not ATF6 
directly binds, J. Biochem 144 (2008) 477–486, 10.1093/jb/mvn091. [PubMed: 18664523] 

[207]. Adachi Y, Yamamoto K, Okada T, Yoshida H, Harada A, Mori K, ATF6 is a transcription 
factor specializing in the regulation of quality control proteins in the endoplasmic reticulum, Cell 
Struct. Funct 33 (2008) 75–89, 10.1247/csf.07044. [PubMed: 18360008] 

[208]. Oda Y, Okada T, Yoshida H, Kaufman RJ, Nagata K, Mori K, Derlin-2 and Derlin-3 are 
regulated by the mammalian unfolded protein response and are required for ER-associated 
degradation, J. Cell Biol 172 (2006) 383–393, 10.1083/jcb.200507057. [PubMed: 16449189] 

[209]. Shen Y, Ballar P, Apostolou A, Doong H, Fang S, ER stress differentially regulates the 
stabilities of ERAD ubiquitin ligases and their substrates, Biochem. Biophys. Res. Commun 
352 (2007) 919–924, 10.1016/j.bbrc.2006.11.121. [PubMed: 17157811] 

[210]. Menéndez-Benito V, Verhoef LGGC, Masucci MG, Dantuma NP, Endoplasmic reticulum 
stress compromises the ubiquitin–proteasome system, Hum. Mol. Genet 14 (2005) 2787–2799, 
10.1093/hmg/ddi312. [PubMed: 16103128] 

[211]. Hamdan N, Kritsiligkou P, Grant CM, ER stress causes widespread protein aggregation 
and prion formation, J. Cell Biol 216 (2017) 2295–2304, 10.1083/jcb.201612165. [PubMed: 
28630146] 

[212]. Pintado C, Macías S, Domínguez-Martín H, Castaño A, Ruano D, Neuroinflammation alters 
cellular proteostasis by producing endoplasmic reticulum stress, autophagy activation and 
disrupting ERAD activation, Sci. Rep 7 (2017) 8100, 10.1038/s41598-017-08722-3. [PubMed: 
28808322] 

[213]. Huang C, Haataja L, Gurlo T, Butler AE, Wu X, Soeller WC, Butler PC, Induction of 
endoplasmic reticulum stress-induced β-cell apoptosis and accumulation of polyubiquitinated 
proteins by human islet amyloid polypeptide, Am. J. Physiol. -Endocrinol. Metab 293 (2007) 
E1656–E1662, 10.1152/ajpendo.00318.2007. [PubMed: 17911343] 

[214]. Casas S, Gomis R, Gribble FM, Altirriba J, Knuutila S, Novials A, Impairment of the 
ubiquitin-proteasome pathway is a downstream endoplasmic reticulum stress response induced 
by extracellular human islet amyloid polypeptide and contributes to pancreatic β-cell apoptosis, 
Diabetes 56 (2007) 2284–2294, 10.2337/db07-0178. [PubMed: 17563070] 

[215]. Costes S, Huang C, Gurlo T, Daval M, Matveyenko AV, Rizza RA, Butler AE, Butler PC, β-cell 
dysfunctional ERAD/ubiquitin/proteasome system in type 2 diabetes mediated by islet amyloid 
polypeptide–induced UCH-L1 deficiency, Diabetes 60 (2010) 227–238, 10.2337/dbl0-0522. 
[PubMed: 20980462] 

[216]. Bhowmick DC, Jeremic A, Functional proteasome complex is required for turnover of islet 
amyloid polypeptide in pancreatic β-cells, J. Biol. Chem 293 (2018) 14210–14223, 10.1074/
jbc.RA118.002414. [PubMed: 30012886] 

Kandel et al. Page 29

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 March 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Fig. 1. The Ubiquitin Proteasome System.
Ub is initially conjugated to an E1 ubiquitin activating enzyme, in an ATP-dependent 
reaction, and is then transferred to an E2 Ub conjugation enzyme. E3 ligases bring an 
Ub-E2 complex in proximity with a target protein, to which Ub gets transferred. Additional 
ubiquitins are conjugated through the same processes to create a polyUb chain. This chain 
targets proteins to the 26 S proteasome, where deubiquitinases (DUBs) remove Ub before 
ATP-dependent proteasomal degradation. Other DUBs specifically break down Ub chains 
to replenish the cellular pool of free ubiquitin, which is then accessible for E1 enzymes. 
Created with BioRender.com.
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Fig. 2. Misfolded Protein Structures
Graphical depiction of an unfolded protein, native conformation protein, and several 
misfolded protein structures that are referenced throughout this review. Created with 
BioRender.com.
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Fig. 3. Causes and Impacts of Proteasome and Ubiquitin Stress.
Top panel: Overview of causes of proteasome stress and the cellular impacts of 
proteasome stress. Middle panel: Overview of cellular impacts of impairment to DUBs and 
consequential ubiquitin stress. Bottom panel: Overview of how proteotoxic stress can lead to 
proteasome stress, which in turn can lead to ubiquitin stress. Created with BioRender.com.
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Fig. 4. Endoplasmic Reticulum Associated Degradation and Proteotoxic Stress.
The left panel of the figure depicts the role of ERAD under normal physiological conditions. 
Misfolded proteins are retrotranslocated from the ER lumen into the cytoplasm, in a 
ubiquitin-dependent process that requires a retro-translocon and the ATPase p97/VCP in 
mammalian cells and Cdc48 in yeast cells. The right panel depicts that proteotoxic stress 
from protein aggregates can lead to impairment of ERAD. This impairment increases 
proteotoxic stress specifically at the ER and leads to activation of the UPR, a pathway 
that aims to restore ER proteostasis. Created with BioRender.com.
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Table 1

Protein Misfolding Diseases and Associated Aggregates and Sources of Proteotoxicity. The table indicates the 
protein misfolding diseases, aggregated proteins associated with each disease that are discussed in this review 
paper, as well as evidence and causes of proteotoxic stress caused by the aggregates associated with each 
disease.

Term Abbreviation

Alzheimer’s Disease AD

Amyloid Precursor Protein APP

Amyloid β Aβ

Amyotrophic Lateral Sclerosis ALS

Conditional Knockout cKO

Deubiquitinase(s) DUB(s)

Endoplasmic Reticulum ER

ER-associated Degradation ERAD

Fused in Sarcoma FUS

Htt53Q Huntingtin 53Q

Human Islet Amyloid Polypeptide hIAPP

Huntingtin Htt

Huntington’s Disease HD

Inclusion Bodies IBs

Insoluble Protein Deposit IPOD

Juxtanuclear Quality Control Compartment JUNQ

Knockout KO

Lipopolysaccharide LPS

Parkinson’s Disease PD

Poly Glycine Alanine polyGA

Polyglutamine polyQ

Polyubiquitin polyUb

Proteasome Stress Response PSR

Protein Quality Control PQC

Small-Ubiquitin-Related Modifier SUMO

SUMO-targeted Ubiquitin Ligase StUBL

Superoxide Dismutase 1 SOD1

TAR DNA-binding Protein 43 TDP-43

Ubiquitin Ub

Ubiquitin Proteasome System UPS

Ubiquitin-like protein(s) UBL(s)

Unfolded Protein Response UPR

Wildtype WT
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