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The Role of the Proteasome in Limiting Cellular Stress
Associated with Protein Accumulation
Kate A. Kragness[a] and Darci J. Trader*[a]

Contributed as a perspective in the IJC Special Issue: Getting in Shape: Targeting the Molecular Etiology of Protein Folding
Diseases.

Abstract: The proteasome is comprised of multiple subunits
that catalyze the degradation of proteins to maintain cellular
homeostasis. The proteasome targets protein substrates by
two different pathways. The ubiquitin-dependent pathway
requires proteins to be labeled with a ubiquitin tag to signal
for degradation by the 26S isoform of the proteasome.
Protein degradation through this pathway declines during
age progression. The ubiquitin-independent pathway utilizes
the 20S proteasome isoform. It can degrade misfolded and
intrinsically disordered proteins to decrease cellular stress.

Age-related protein accumulation and aggregation can occur
due to the decreased activity and expression of the
proteasome. Protein accumulation causes increased cellular
stress which can contribute to disease progression. Increas-
ing proteasome activity could serve as a solution to
eliminating and preventing protein accumulation. Studies
have shown the value of the proteasome as a therapeutic
entity to mitigate cellular stress. This perspective explores
the link between proteasome activity and cellular stress
caused by age-related misfolded protein accumulation.

Keywords: proteasome · proteasome activation · aging · senescence · misfolded protein degradation

1. Introduction

Protein misfolding diseases have become more prevalent in
recent decades, however the molecular etiology is still poorly
understood. Protein misfolding occurs due to a variety of
reasons that can stem from cellular aging and stress.[1] Protein
homeostasis is sustained by cellular systems such as the
ubiquitin-proteasome system (UPS), chaperone proteins, chap-
erone-mediated autophagy, and macroautophagy.[2,3] The de-
cline of the proteostasis network is considered to be one of the
hallmarks of aging.[4,5] Molecular aging can be defined as the
accumulation of molecular damage to proteins or DNA/
RNA.[6,7] The balance of maintaining cellular proteins can
slowly deteriorate with age and can collapse when the stress of
disease occurs. Misfolded or damaged proteins have been
linked to age-related diseases such as Alzheimer’s (AD),
Parkinson’s (PD), Huntington’s disease (HD).[8] A solution to
reduce cell stress and aging, associated with protein misfolding
and aggregation, could achieved through an increase in
proteasome activity.

The proteasome is a protein complex that is responsible for
catalyzing the degradation of proteins the cell no longer
requires. Proteasome degradation pathways partially contribute
to preventing the accumulation of intrinsically disordered and
misfolded protein.[9] Age progression can naturally diminish
the activity of the proteasome which has been noted as a
contributing factor to the cause of age-related disease.[3] A
reduction in proteasome activity can lead to molecular damage
to cellular maintenance and repair pathways. This in turn can

induce cellular stress and promote the increase in senescent
cells.[10] In this perspective we discuss the general principals of
cellular stress and aging that demonstrate the link between
proteasome activity and cellular homeostasis/longevity. We
also describe genetic and small molecule therapeutic ap-
proaches that can modulate the proteasome to potentially
decrease cell stress associated with unwanted protein accumu-
lation.

1.1 Background: Structure of the 20S CP and 26S
Proteasome

The proteasome is a large multi-catalytic complex that
catalyzes the majority of protein degradation in mammalian
cells.[11] There are different proteasome isoforms within the
cell, however in this perspective we discuss the 20S and 26S
proteasome isoforms. The 20S core particle (CP) is an isoform
that performs ubiquitin-independent degradation and does not
rely on the use of ATP. The structure of the 20S CP is
constructed of heptameric subunit rings denoted as alpha and
beta (α1-α7, β1-β7). The two outer alpha rings form the gate
opening of the proteasome structure while the beta rings
contain the catalytic subunits that facilitate protein degradation
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(β1, β2, and β5), Figure 1. The structure of the 26S proteasome
contains a 19S regulatory particle (RP) located at the end of
the barrel structure and functions to recognize and remove the
ubiquitin tag on proteins. It then initiates the alpha ring of the
20S CP to open to allow the protein to be degraded in the
catalytic core. The 26S proteasome performs ubiquitin-
dependent degradation and relies on ATP binding/hydrolysis.
This system functions by degrading proteins that have been
labeled with a poly-ubiquitin chain. The mechanism of
substrate recognition for non-ubiquitinated protein substrates
is unclear, however there have been recent reports of degron
sequences within a protein that could lead to its
degradation.[12,13] The proteasome’s primary role in cells is to
maintain cellular homeostasis by eliminating damaged, mis-
folded, or excess proteins that can accumulate and lead to
cellular stress.

1.2 Background: Aging and Cellular Stress Response

[Ageing can cause significant changes to the cellular environ-
ment, including a decrease in metabolic rates.[14] Normal aging
can lead to an increase in the levels of proteins with abnormal
structure and function. The occurrence of abnormal/damaged
proteins has been linked to a variety of stressors. Oxidative
stress has been labeled as a major contributor to the increase
of abnormal proteins.[7] The accumulation of abnormal proteins
can mediate impaired cellular function and the accumulation
of age-related abnormal proteins.[7] Insufficient degradation of
these proteins by the proteasomal or lysosomal systems can be
considered the main reason for protein accumulation during
aging.[6]

During natural age progression, cells will reach a state of
cellular senescence which is an irreversible cell cycle arrest.[15]
Senescent cells are still able to function metabolically and
have a longevity dependent on its ability to maintain cellular
homeostasis. It is known that proteasome activity declines
naturally during age progression, and there are changes in the
composition amounts of the proteasome isoforms.[16] As aging
progresses the proportion of 26S proteasome decreases,
increasing the proportion of 20S CP. The reason for this is due
to a reduced expression of the 19S RP. This is indicative of
senescent cells transitioning from utilizing ubiquitin-dependent
degradation to ubiquitin-independent degradation to survive.
The 20S CP has limitations on the types of proteins that can

be degraded due to the size of the structural opening of the
gate. Without the 19S RP, the alpha ring of the 20S CP
remains in a closed off state. This limits the 20S CP to
degrading proteins that lack a complex tertiary structure. This
limitation can contribute to reduced overall protein degrada-
tion and accumulation of proteins that are unable to fit through
the gate. Reduced protein degradation due to age progression
can lead to other cellular effects that cause cellular stress.

The proteasome is known to be an important component in
stress response pathways and cellular homeostasis.[17,18] Pre-
vious research has shown that the inhibition of the proteasome
causes cells to have increased endoplasmic reticulum (ER) and
oxidative stress that can lead to apoptosis.[19] ER stress can be
caused by the accumulation of unfolded or misfolded proteins
within the ER. During a stress response, the ER is unable to
accept and fold newly synthesized proteins. This can lead to
the accumulation of unfolded proteins outside of the ER in the
cell cytosol.[20,21] ER stress can activate the unfolded protein
response (UPR) pathway if the function of the ER is
compromised.[20] The UPR enhances the ER’s ability to refold
proteins correctly or send them into the cytosol to undergo
endoplasmic-reticulum-associated protein degradation
(ERAD) involving the proteasome.[12] The accumulation of
unfolded/misfolded proteins that causes ER stress can also
contribute to oxidative stress.[20]

Oxidative stress involves the production of reactive oxygen
species (ROS) or free radicals in the cell, which can further
damage proteins. Specifically, oxidative stress occurs when
there is an imbalance between reactive oxygen species and the
naturally present antioxidant defenses.[22] The relationship
between chronic oxidative stress and inflammation can lead to
an inflammatory state leading to protein accumulation.[23]
Many studies have been conducted have demonstrated the link
between proteasome activity and longevity in vitro and
in vivo.[24,24–26] Cellular senescence and stress are two types of
biological processes where increased proteasome activity can
be beneficial for survival.[27–30]

2. Damaged Proteasome Activity

The hallmarks of aging include loss of proteostasis, cellular
senescence, mitochondrial dysfunction, genomic instability,
epigenetic alterations, telomere attrition, stem cell exhaustion,
and disrupted intracellular communication.[4] As aging pro-
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gresses, the cells’ ability to sustain cellular maintenance
declines. Ultimately, this can lead to accumulated proteins that
can overburden proteasomal degradation pathways, Figure 2.
This section discusses different explanations on why protea-
some activity can become impaired or inhibited related to
cellular stress and aging.

2.1 Attenuation of Senescence and Proteasome Activity
Impairment

Cellular senescence is a state that is characterized by the
ending of cellular division. Age progression is known to cause
a reduction of proteasome activity and a decrease in the
ubiquitin-dependent degradation system.[31] An investigation
on the effects of aging on proteasome function was performed
that focused on the aging of slow-twitch muscles in rats.[25]
This study specifically evaluated 20S CP activity and content
within aging muscle. Researchers found that during age
progression there was an increase in the amount of the 20S CP,
but the catalytic activity remained the same. The conclusion of
this study determined that there is a reduction in hydrolysis
activity of all three catalytic subunits of the proteasome and
overall activity does not increase when the amount of 20S CP
increases in this cell type.[25]

[ However, a recent study has discovered that senescent
cells have increased formation of nuclear foci that contain an
increased amount of 26S proteasome.32] It is suggested that the
formation of senescence-associated nuclear proteasome foci
(SANPs) play an important role in senescent cell maintenance
and health.[32] This study observed the effects of inhibiting the
formation of SANPs.[33] They observed a significant increase
in ROS production when SANPs formation was inhibited
through RAD23B knockdown. The study concluded that

SANPs formation potentially can help protect the senescent
cells from ROS production. The formation of SANPs in
senescent cells allows for the recruitment of the 26S
proteasome for the purpose of promoting protein and ROS
maintenance. SANPs are an adaptation of senescent cells to
protect against excessive ROS and protein accumulation.

2.2 Misfolded proteins and Age-Related Neurodegenerative
Diseases

Protein misfolding has been conclusively identified as a
significant factor in diseases through many neuropathologic
and genetic studies, as well as the development of transgenic
animal models.[34] Aggregation of proteins has been noted in
early Alzheimer’s (AD) and Parkinson’s disease (PD).[15,16]
Impairment of the proteasome activity has also been indicated
in these diseases.[32,37–39]

The misfolded protein that is linked to PD is α-synuclein.
The proteasome can degrade α-synuclein through both ubiq-
uitin-dependent and -independent pathways.[40] However, α-
synuclein can aggregate and directly affect proteasome
activity. In a study conducted by Cuanalo-Contreras et.al, they
revealed that accumulation of α-synuclein occurs during
natural aging and cellular senescence.[1] Similarly, AD has
observable protein aggregates that contribute to the disease
pathology.[41] In AD, misfolded proteins termed amyloid β
(Aβ) and tau can form secondary structures that cause more
misfolded protein accumulation.[42] Aβ can lead to plaque
formation in between nerve cells and the hyperphosphorylation
of tau can result in neurofibrillary tangles.[43]

There have been conflicting accounts of how the protea-
some is affected by these toxic protein aggregates. Some
studies have been able to show that Aβ serves as a proteasome

Figure 1. Structure of the 26S proteasome and 20S core particle. a) The proteasome is comprised of rings, denoted as alpha or beta, that
contain seven distinct subunits. b) Structural components of the 26S proteasome. The 26S possesses a 19S regulatory particle (RP) that
functions to remove the ubiquitin tag from substrates prior to degradation. The two alpha rings form the gate of the substrate entry pore. The
two beta rings contain the catalytic subunits. c) Structural components of the 20S core particle. PDB: 8CVT
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substrate[44] while others observe proteasome impairment due
to interaction with Aβ.[45] It has been determined that the
monomeric form of Aβ is able to be degraded by the

proteasome, but the oligomeric form leads to proteasome
inhibition.[45] More research is required to understand how the
activity of the 20S and 26S proteasome is damaged in this
diseases.

2.3 Genetic Disorders That Alter Proteasome Function

The proteasome is a highly conserved multi-catalytic enzyme
that is involved in several cellular processes. Each structural
component of the 20S CP and the 19S RP must be correctly
encoded to be functional. Mutations that occur in the genes
encoding proteasome structure can lead to alterations in
proteasome activity/function and are likely to be a contributing
factor in diseases.

Polymorphisms in the genes that encode the alpha-ring of
the 20S CP have been associated with human diseases.
Changes in the gene PSMA6 that codes for the protein alpha-1
have been associated with myocardial infarction,[46] type 2
diabetes,[47,48] ischemic stroke,[49] and coronary artery
disease.[50] The location of PSMA6 occurs within a region of
DNA containing microsatellites; a tract of repetitive DNA that
has a higher mutation rate than other areas.[51] This could
explain the occurrence of polymorphisms in this gene.

The occurrence of a polymorphism in the 19S RP has been
discovered, as well as other de novo mutations, in a male
patient diagnosed with severe intellectual disability.[52] While
searching for mutations within known intellectual-disability
genes a missense mutation, A112D, was found in the PSMA7
gene of this patient.[52] There is still more research that must be
conducted to show the relationship of this mutation to
proteasome activity.

Genetic polymorphisms in proteins that interact with the
proteasome have also been associated with rare diseases.
Proteasome maturation protein (POMP) behaves as a chaper-
one protein and is an essential component to the maturation of
the 20S CP. POMP specifically associates with alpha and beta
subunit intermediates and coordinates the assembly of beta
subunits onto alpha subunits.[53,54] A single base pair deletion
in POMP is linked to diseases such as keratosis linearis,
ichthyosis congenital, and sclerosing keratoderma (KLICK
syndrome) in a pool of European families.[55] Research
performed to study KLICK syndrome reveled that skin
biopsies from patients had altered distribution of POMP.[55] It
is assumed from these results that KLICK syndrome is likely
associated with altered proteasome assembly, which can effect
proteasome activity and function.

Down syndrome (DS) is the most frequent chromosomal
abnormality that causes intellectual disability.[56] DS is charac-
terized by presence of three copies of chromosome 21.[56] A
feature of DS is early onset AD after the age of 40.[57,58] DS
patients and control patients were evaluated for proteasome
expression and proteasome activity.[59] It was revealed that DS
patients have a higher expression of the 20S CP and there was
an overall decrease in proteasome activity compared to control
subjects.[59] These results are significant because it presents

Figure 2. Effects of age progression on the cell and proteasome.
Young cells can replicate and maintain cellular proteasome degrada-
tion performed primarily by the ATP-dependent 26S proteasome.
Expression of proteasome activators, such as PA28, is present in
young cells. Senescent cells lose the ability to replicate and maintain
cellular protein homeostasis. The cell shifts to utilizing the ATP-
independent 20S core particle (CP) to degrade proteins. There is a
natural reduction of proteasome activity and expression of protea-
some activators during age progression. This leaves the cell
vulnerable to the accumulation/aggregation of proteins that can lead
to an increased production of reactive oxygen species (ROS), such
as superoxide.
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proteostasis dysfunction as a feature of DS. Since reduced
proteasome activity is a contributing factor to the development
of AD,[41] it could potentially explain the development of early
onset AD in DS subjects.

Progeroid syndromes are a type of genetic disorder where
premature aging characteristics are observed.[60] These syn-
dromes are linked to defects in DNA repair machinery or a
defective nuclear envelop,[61,62] which leads to the accumu-
lation of DNA damage and chromosome instability.[63] The
DNA damage response (DDR) pathway is a signal trans-
duction pathway that has the purpose of detecting and
repairing damaged DNA.[64] Most DDR pathways are con-
trolled by the UPS.[65] This is by the post-translation alteration
of protein subunits involved with machinery of DNA damage,
DNA repair, and check point response.[65] Progeroid syn-
dromes such as Werner syndrome,[66,67] Hutchinson-Gilford
syndrome, Rothmund-Thomson syndrome,[68,69] and Ataxia
Telangiectasia[70] have been linked subsequently to alterations
in ubiquitin-dependent protein quality control,[67] accumulation
of mutated RECQL4[68,69] (involved in maintaining genome
stability[71]), decline in caspase-like proteasome activity,[72] and
increased ubiquitination activity.[70] Future research is needed
to understand the extent of the UPS’s effect on these disorders
and if reinstating proteasome function could have a positive
outcome in changing the aging features of these disorders.

3. Age-Related Proteasome Activity

Research studies that have focused on the effects of aging on
the proteasome have used a variety of in vitro and in vivo
experimental models. This section discusses multiple studies
that have shown consistent results of the importance of
proteasome activity in cellular longevity. The overall con-
clusion of these studies shows the reduction of all three
catalytic subunits of the proteasome with age progression and
the restoration of proteasome activity increases the lifespan of
the model. These various experimental models for proteasome
studies are summarized in Table 1.

3.1 Plants

Plant models for proteasome aging studies have primarily
focused on the plant species Arabidopsis thaliana due to its
entire genome sequence being available for genomic studies.[73]
Genomic studies have explored the link between autophagy
and the ubiquitin-proteasome system, two pathways that are
important for plant survival and stress response. In plants
senescence serves as a positive cellular response that triggers
tissue remodeling and minimizes the damage caused by
stress.[74–76] Similarly to mammals, in Arabidopsis thaliana
there is a decrease in 26S proteasome and a higher presence of
20S proteasome after age progression.[35,37]

The effects of oxidative stress on proteasome content,
structure, and activity were also studied utilizing Arabidopsis

thaliana. The results of the study determined that after
exposure to oxidative stress for 24 hours the content of
proteasome shifted from 26S to the 20S CP, cellular ATP
content was reduced, and there was an increase in the activity
of the 20S CP.[78]

3.2 Yeast

Budding yeast, Saccharomyces cerevisiae, has served as a
valuable model that has been able to produce similar results to
mammalian experimental models (mice, rats, etc.).[79] The
elevation of proteasome activity in yeast was shown to
increase the lifespan and provide resistance against [oxidative
stress conditions compared to control yeast. 28,79,80] The effects
of stoichiometry loss in protein complexes have also been
studied in yeast. The results, similar to other models, show
that loss of stoichiometry in complexes such as the protea-
some, nuclear pore complexes, and mitochondria, and contrib-
ute to a decrease in yeast life span.[81]

Genetically modified strains of yeast have been generated
that have decreased proteasome capacity. The most commonly
used is a knockdown strain of RPN4, a transcription factor that
controls expression of proteasomal subunits. This yeast strain
has reduced proteasome activity and can be used to study the
effects of proteasome activity on the lifespan of yeast.[28,82,83] A
study utilizing this model was able to show that yeast with
RPN4 knockdown had shortened a life span.[83] Genetically
modified yeast strains to study proteasome activity are
excellent tools, but it should be cautioned that results do not
always translate to human/mammalian proteasomes.

3.3 Caenorhabditis Elegans

C. elegans have been used as a model to study aging due to
their relatively short lifespans (~3 weeks).[84] Proteasome
research involving C. elegans as an animal model have
explored the effects of increased proteasome activity on
longevity and the effects of aging on the UPS.

Rpn-6 is an essential component of the 26S proteasome
because it makes interactions to associate the 19 RP to the 20S
CP.[85] Overexpression or knockdown of Rpn-6 can affect the
overall assembly of the proteasome. A study utilized this
concept and observed the effects it had on C. elegans.
Overexpression of Rpn-6 increased proteasome activity,
provided resistance to oxidative ad heat stress, and extended
lifespan in a heat stress environment.[27] Increasing Rpn-6
levels allowed for increased proteome maintenance and
sustaining protein homeostasis.[27] These results were repro-
duced by Chondrogianni et al. 2015, using pbs-5 overexpres-
sion to achieve increased 20S CP proteasome activity.[80]

The effects of aging on the proteasome can also be
observed in C. elegans and provides results consistent with
other animal models. There is observable UPS impairment
when comparing 7-day and 4-day old C. elegans.[86] Using a
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fluorescent reporter substrate the degradation rate was able to
be quantified.[86] 7-day old worms were only able to degrade
20% of the total substrate, while 4-day old worms degraded
60% of the total.[86]

3.4 Whole Animals

Proof of reduced 26S proteasome activity in an animal model
was demonstrated by Tonoki et.al. 2009 using Drosophila
melanogaster.[24] This study also found that 20S proteasome
activity was unaffected by the attenuation of age.[24] Mouse
models have also shown how increased activity of 26S or 20S

Table 1. Overview of experimental models used to study proteasome activity.

Species TissueRegion Cell Type Focus Isoform Treatment ProteasomeActivity
Results

Results Source

Mouse Brain Neuron Aging 26S/
20S

Age Observa-
tion

26S Decrease/
20S Increase

Shift of primary proteasomal
composition from 26S to 20S
during aging.

93

Rat Brain Neuron Aging 26S/
20S

Age Observa-
tion

26S Decrease/
20S Increase

Shift of primary proteasomal
composition from 26S to 20S
during aging.

93

Rat Heart Cardiomyocytes Stress 11S PA28α Overex-
pression

11S Increase Reduction in oxidative stress and
protein accumulation.

29

Rat (F344BN) Muscle Type I muscle
fiber

Aging 20S Age Observa-
tion

20S Decrease Proteasome activity is observed
to decrease with age.

25

Rat (LOU) Muscle Gastrocnemius
medialis

Aging 20S Age Observa-
tion

20S Decrease Proteasome activity is observed
to decrease with age.

26

Rat (Male Fisch-
er 344)

Liver Liver Stress 20S Metal-Cata-
lyzed Oxidation

20S Decrease Oxidative inactivation of the 20S
proteasome.

94

Nothobranchius
furzeri (killifish)

Brain Neuron Aging 26S/
20S

Age Observa-
tion

26S Decrease/
20S Increase

Decrease in the correlation be-
tween RNA transcripts and pro-
teins as age progressed.

95

Nothobranchius
furzeri (killifish)

Brain Neuron Aging 26S/
20S

Age Observa-
tion

26S Decrease/
20S Increase

Decrease in the expression of
proteasome transcripts correlates
with an increase in risk of mor-
ality.

88

Human Skin Dermal fibro-
blasts

Aging 20S Age Observa-
tion

20S Decrease Restoration of the normal level of
proteasome catalytic subunits de-
creased the severity of age
markers.

96

Human Skin Epidermal cells Aging 20S Age Observa-
tion

20S Decrease Proteasome is decreased during
replacive senescence

97

Human Skin Dermal fibro-
blasts

Aging 26S/
20S

UVB Exposure 26S/20S
Inactivation

Decrease in overall proteasome
activity and an increase in ROS.

98

Human Skin Dermal fibro-
blasts

Aging 26S/
20S

Mitochondria
Inhibition

26S/20S Decrease Inhibition of mitochondria func-
tion reduced proteasome activity.
Proteasome inhibition also re-
duced mitochondrial function.

99

Caenorhabditis
elegans

Brain Dorsorectal
neurons

Aging 26S/
20S

Age Observa-
tion

26S/20S Decrease Older worms displayed impaired
UPS activity.

86

Caenorhabditis
elegans

Muscle Body-wall
muscle

Aging 26S/
20S

Age Observa-
tion

26S/20S Decrease No change was observed in
proteasome activity.

86

Caenorhabditis
elegans

– – Aging/
Stress

26S/
30S

RPN-6 Overex-
pression

26S/30S Decrease Increase in overall proteasome
activity.

27

Caenorhabditis
elegans

– – Aging/
Stress

26S/
30S

RPN-6 Overex-
pression

26S/30S Decrease Extension of lifespan and resist-
ance to oxidative stress

27

Caenorhabditis
elegans

– – Aging/
Stress

20S pbs-5 Overex-
pression

20S Increase Extension of lifespan and resist-
ance to oxidative stress

80

Drosophila mel-
anogaster

– – Aging 26S/
20S

RPN11 Overex-
pression

26S/20S Increase Proteasome subunit overexpres-
sion was shown to prevent the
age-related reduction in protea-
some activity.

24

Arabidopsis
thaliana

– – Stress 26S/
20S

Abiotic Stress 26S Decrease/
20S Increase

There is a switch in the predom-
inant proteasome complex from
the 26S to 20S CP occurs under
oxidative or salt stress

78

Saccharomyces
cerevisiae

– – Stress 26S RPN4 Overex-
pression

26S/20S Increase Extended Lifespan 28
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proteasome allow for the achievement of a longer life span
compared to those with a reduced expression of
proteasome.[87–89] This study investigated the age-related
changes to caspase- and chymotrypsin-like activity of the 20S
proteasome in lung, heart, liver, kidney, axillary lymph nodes,
and peritoneal leukocytes.[87] The conclusion of this study,
consistent with other research, determined that age-related
changes of 20S activity is dependent on the organ and the
peptidase activity being considered.[87,90,91]

3.5 Brain

Brain aging has been associated with a reduced ability to
degrade proteins, leading to the accumulation of misfolded
proteins within neurons. This can cause the decline of
proteasomal and lysosomal degradation activity. Nothobran-
chius furzeri, also known as a killifish, have been used as a
novel model for aging research due to its resemblance of
mammalian aging and its short-term lifespan.[92] Researchers
have used this model to quantitate protein homeostasis by
using transcriptomics with proteomics. Using RNA-Seq they
compared the transcripts of three different age groups of
killifish: sexually mature young, adult, and old killifish. The
amount of protein was quantified using an algorithm called
iBAQ (intensity-based absolute quantification). The results of
this study determined that there was a decrease in the
correlation between RNA transcripts and proteins as age
progressed.[95] A follow up study observed the decrease in
correlation between transcripts and proteasome subunit pro-
teins and a reduction of 26S proteasome.[88] They evaluated the
effects of inhibiting proteasome activity and aging phenotypes
in the brains of killifish by using bortezomib, a small molecule
proteasome inhibitor, to induce a ~50% reduction in protea-
some activity.[88] The results showed that there was an effect in
protein abundance because of changes to large subunits of
ribosomes located in the cytosol and mitochondria. Whether
decreased proteasome activity played a role in early life and
the lifespan of killifish was also explored. Their investigation
discovered a decreased expression of proteasomal transcripts
correlated with an increased risk of mortality.[88] Killifish that
had the largest reduction in transcripts encoding the subunits
of the proteasome had shorter lifespan compared to those with
largest upregulation of proteasomal transcripts.[88,100]

Brain tissue from mice and rats have also been tested for
overall proteasome activity at different ages ranging from 6-
weeks to 15 months. The brain regions tested in this study
were the cortex, cerebellum, globus pallidus, and the
substantia nigra. This study found that the overall proteasome
activity in brain tissue decreased at 15 months of age
compared to 6-week-old mice/rats.[93] Specifically the chymo-
trypsin-like activity was ~40% lower in the frontal cortex of
aged rats and mice. Chymotrypsin-like activity was found to
be reduced in all brain regions except for the cerebellum.
Trypsin-like and peptidylglutamyl peptidase activity were also
found to be reduced in the substantia nigra.[93]

3.6 Muscle

Aging can cause the reduction of sustaining muscle mass and
promote deterioration.[101,102] Two different rat models were
able to show an increase in the 20S proteasome isoform within
muscle cells over the life span of the rats.[25,26] However, each
study came to a different conclusion when it came to 20S
proteasome activity. One concluded that 20S proteasome
activity decreased and the other observed no change.[25,26] Even
though the results of the rat studies provided conflicting
results, it is clear that proteasome activity can change as
animals age.

Another study investigated the activity of the three
catalytic subunits of the 20S proteasome, specifically in
muscle tissue of rats. The proteasome activity in the gastro-
cnemius medialis muscle of different aged rats ranging from
4 months to 34 months of age was measured and compared. It
was observed that all three catalytic subunit activities of the
proteasome increased until rats were 29 months and then
decreased when they reached 34 months of age.[26] This study
further supports that the decrease of proteasome activity can
contribute to aging and the breakdown of healthy cells.

3.7 Skin

Damaged skin has also been shown to be related to changes in
proteasome activity. The 20S proteasome activity in donor
human dermal fibroblasts that were collected from 50 year old
and 20 year old individuals and were compared.[96] The study
determined that the chymotrypsin-like, trypsin-like, and
peptidylglutamyl peptidase catalytic activities of the 20S
proteasome was significantly decreased in the 50 year old
individuals compared to 20 year old individuals.[96] It was also
revealed through immunoblotting that older individuals had a
decrease in two of the catalytic proteasome subunits, β1 and
β5.[96] Two subunits within the 19S regulatory particle, Rpn3
and Rpn12, are also observed to decrease in older individuals
leading to a decrease in degradation of proteins through the
ubiquitin-dependent pathway as well.[96]

Oxidized proteins have been quantified in human epider-
mal cells to determine the effects of age and the connection to
protein oxidation.[97] Cell samples were collected from young
(17–25 years old), middle-age (39–42 years old), and older
(50–67 years old) individuals.[97] The results showed that there
was an increase in oxidized proteins in older individuals
compared to young individuals.[97] The study also evaluated
20S proteasome activity and found that the chymotrypsin-like
and peptidylglutamyl peptidase activities were decreased in
older individuals.[97] The 20S proteasome subunit content was
also reduced in older individuals.[97]

In a study done to evaluate the effects of UV irradiation on
cell senescence human dermal fibroblasts were treated with
irradiation and proteasome activity was quantified.[98] The
results showed a decrease in overall proteasome activity and
an increase in ROS. The researchers concluded that ROS
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potentially caused the proteasome to become inactive and
reduce protein degradation. The loss of protein degradation
leads to increased autophagy and induction of senescence.[98]

Overall, these studies highlight that the activity of the
proteasome decreases naturally as one ages. Additional studies
are required to determine if an increase in 20S proteasome
activity, whose levels to not change during aging, can
compensate for the decrease in 26S activity. It is likely that in
some capacity this is possible, but the substrate scope of the
20S is not as broad as the 26S.103]

4. Proteasome Activity and Cellular Stress

Cells can experience molecular damage, protein accumulation,
impairment of function, and apoptotic initiation caused by a
variety of intrinsic and extrinsic stressors. Misfolded proteins
can be partially associated with the cause and consequences of
cellular stress. As discussed in the previous section, age-
related failure of protein handling systems can be the cause of
the aggregation of misfolded proteins that can progress into
protein accumulation diseases. This section will describe how
misfolded proteins cause cellular stress and the cellular
mechanisms in place that allow the cell to re-establish
homeostasis.

4.1 Unfolded Protein Response Pathways

Living cells contain molecular systems that allow for proper
function and survival. Networks of protein quality control
(PQC) systems maintain protein folding, structure, and
function.[7] These networks contain molecular chaperones,
intracellular proteases and antioxidant systems that assist with
cellular maintenance. PQC systems are specifically located in
the cytosol, endoplasmic reticulum (ER) and mitochondria.[7]
While these pathways are involved with maintaining regular
cell maintenance, they also possess specialized unfolded
protein response (UPR) pathways. These UPR pathways are
initiated to save functional nascent proteins and eliminate
misfolded proteins when the organelles function, where the
PQC systems are located, is compromised due to protein
accumulation.[104]

The proteasome plays a role in the UPR by degrading
oxidized proteins or un/misfolded proteins that are shuttled out
of the ER or mitochondria. During the UPR process entry to
the ER is prohibited for newly synthesized proteins, which can
cause protein accumulation in the cytosol. The 20S CP
proteasome is potentially able to degrade unfolded nascent
proteins while the UPR is active due to the proteins lack of
structure. Oxidatively modified or un/misfolded proteins can
be directly degraded by 26S proteasome and 20S CP.
Increasing proteasome activity could have the potential of
assisting the UPR pathway and re-establish homeostasis at a
faster rate.

The localization of the proteasome during a stress response
has previously been studied. This research has not been able to
conclusively determine proteasome localization in mammalian
cells due to the variation of cell lines, cellular growth
conditions and the dependence on antibodies used in indirect
fluorescence microscopy.[105] However, a study in mammalian
cells, under non-stress conditions, observed that the majority
of proteasomes are located within the cytoplasm. This is
different in comparison to yeast where most proteasomes are
localized in the nucleus during non-stress conditions.[21,105,106]
Under stress conditions there is evidence that shows the
localization of proteasome and ubiquitinated proteins within
and surrounding PQC compartments in the cell.[107] PCQ
compartments serve as a location for protein degradation of
misfolded proteins and have been linked to aiding in resistance
to cellular stress.[55,56]

4.2 UPR Endoplasmic Reticulum

The ER contains a network that functions to fold newly
synthesized proteins within the cell. Quality protein folding is
essential for cell survival and function. When the homeostasis
of the ER is altered, proteins that are misfolded or unfolded
can accumulate within the ER lumen. This can occur during
growth factor stimulation, cell proliferation, and
senescence.[109] ER stress can also be induced directly if there
are gene mutations that cause proteins to misfold or alter the
UPR.[110] Prolonged ER stress leads to the activation of the
UPR pathway. Activation of the UPR helps determine the fate
of the cell by the promotion of cell survival or cell death.

The UPR pathway for the ER possesses three branches of
transcriptional signaling pathways: IRE1, PERK and
ATF6.[20,111,112] This transcriptional signaling leads the ER to
increase its capacity to eliminate or attempt to re-fold un/
misfolded proteins. The BiP chaperone will attempt to refold
proteins and ones that are unable to be folded correctly are
eliminated through ER-associated protein degradation
(ERAD). ERAD is a process that is employed during regular
ER maintenance as well as the UPR pathway. Proteins
eliminated by ERAD are shuttled out of the ER into the
cytosol where they undergo ubiquitination which signal for the
protein to be degraded by the 26S proteasome; or directly
degraded by the 20S proteasome without undergoing
ubiquitination.[113] By eliminating protein accumulation within
the ER, a homeostatic state can be reached, and protein folding
can continue.

Chronic ER stress has recently become a topic of interest
in being one of the key contributors in a list of human diseases
such as diabetes, neurodegeneration, and cancer.[114–118] Genetic
manipulation of UPR components has shown to influence
disease outcome in rodent models.[118–120] More research must
be conducted to understand how the UPR signals for life and
death. We hypothesize that the proteasome could pose as a
potential solution in assisting the UPR in re-establishing ER
homeostasis.

Perspective

Isr. J. Chem. 2023, e202300120 (8 of 14) © 2023 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.3 Reactive Oxygen Species and Protein Misfolding

ROS are free, unstable oxygen-based molecules that contain
an unpaired electron, including hydrogen peroxide, hydroxyl
radical, singlet oxygen, and superoxide. The unpaired elec-
trons can interact with proteins, DNA, or other biological
molecules and cause unnecessary modifications. ROS has the
function of signaling cell growth, but excess can cause cellular
damage and induce apoptosis.

The initiation of ROS production can be associated with a
variety of different sources. A major source of ROS is the
mitochondrial respiratory chain where ATP synthesis naturally
generates ROS during regular oxygen metabolism.[121] Another
reason ROS production can be initiated is the accumulation of
misfolded proteins. Protein accumulation can cause oxidative
stress through proteasome inhibition (Figure 3). Proteasome
inhibition/overload by protein accumulation can lead to
mitochondrial dysfunction, impairment of glycolysis, and
increases mitochondrial turnover through lysosomal degrada-
tion in cells.[122] This mitochondrial dysfunction can initiate the
production of ROS which can in turn damage proteins and
lead to more protein accumulation. Oxidatively modified
proteins can be directly degraded by 26S and 20S protea-
somes.

5. Increasing Proteasome Activity

Proteasome activity is a vital factor in cellular health.
Activation of the proteasome is a natural process caused by
the presence of misfolded or disordered proteins. Increasing
the rate of proteasome degradation can potentially serve as a
solution where this process is impaired due to disease or age.
Many studies have explored the different methods to increase
proteasome activity within the cell. These methods are through
genetic upregulation of proteasome assembly components,
endogenous proteasome activators, and small molecule protea-
some activators.

5.1 Genetic Upregulation (NRF2, POMP, PSMB5)

Genetic upregulation of proteasome catalytic subunits has
been shown to increase proteasome activity within cells. 20S
proteasome activation was observed in established (WI38/T
and HL60) and primary (IMR90) human fibroblast cell lines
when the catalytic β5 subunit was stably overexpressed.[123]
This increase in proteasome activity was also observed when
the catalytic subunit β1was overexpressed in cells.

It has also been reported that over expressing a subunit in
the 19S RP of the 26S proteasome elicits elevated proteasome
activity.[24] Rpn-11 is responsible for the de-ubiquitination of
proteins before proteasome degradation by the 26S. The
upregulation of Rpn-11 allows the proteasome to increase its
processing of ubiquitin tagged proteins.

The process of proteasome assembly and formation is
complicated and employs many modulators. Proteasome
maturation protein (POMP), or human UMP1 (hUMP1), is an
important chaperone of proteasome assembly in mammals. It
plays a role in the final maturation steps of proteasome
assembly that yield a fully functional proteasome. When
POMP was over expressed in WI38/T-cells proteasome
activity was increased due to the elevated presence of 20S
proteasome formation.[124] Nuclear factor erythroid 2-related
factor 2 (Nrf2) is a proteasome regulator that also controls the
expression of POMP. When more proteasome is needed, Nrf2
can signal for an increase in POMP to promote proteasome
assembly. Overexpression of Nrf2 can also elicit an increase in
proteasome activity.[125]

5.2 Proteasome Activators

Cells contain endogenous proteasome activators that function
to boost the activity of the proteasome. The 20S proteasome
functions as a catalytic barrel with a gate that opens an axial
pore for substrates to enter. Proteasome activators can bind to
the alpha ring of the proteasome where the gate is located to

Figure 3. Direct proteasome inhibition/overload caused by the accumulation of misfolded, damaged, or unfolded proteins can increase
oxidative stress by inducing mitochondrial dysfunction, impairment of glycolysis, and increases mitochondrial turnover that causes the
production of ROS.
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stimulate proteasome activity. Proteasome activators can be
separated into two categories that function through different
mechanisms: ATP-dependent and ATP-independent. ATP-
dependent activators can perform gate-opening, substrate
unfolding and substrate translocation when bound to the 20S
proteasome. ATP-independent activators stimulate the hydrol-
ysis of model peptide substrates, and some can degrade
unfolded proteins.[126] Though there is extensive structural
information about how some proteasome activators bind, the
mechanisms of how proteasome activators are recruited is
unknown.

Notable research has been conducted on the proteasome
activator PA28 in aging and cellular stress research. PA28 is a
part of a class of 11S endogenous activators whose activation
does not require the input of ATP.[25] The expression of PA28
has been observed to naturally increase during oxidative
stress.[127] Overexpression of PA28 in rats and mice has
demonstrated an increase in the expression of 11S proteasome
and lead to a reduction in oxidative stress and protein
accumulation.[29,128–130] During age progression there is no
significant change observed in the expression of PA28.[25,131]

5.3 Phosphorylation Based Activation

Phosphorylation of the proteasome is another example of
endogenous proteasome activation. The phosphorylation,
induced by cAMP or cGMP, of proteasome subunits can
enhance the rate of degradation of small proteins.[132,133]
Previous research has shown that proteasome activation
through phosphorylation has been sufficient in degrading
accumulated pathological proteins.[134] Phosphorylation of the
26S proteasome subunits is a mechanism that can regulate
protein degradation.[135] The two most established kinases that
have demonstrated an effect on proteasome function is Protein
Kinase A (PKA) and Dual Receptor Tyrosine Kinase 2
(DYRK2).[136] The phosphorylation site of PKA on the
proteasome is located at serine 14 on the Rpn-6 subunit of the
19S RP.[132] Phosphorylation at this site by PKA has shown to
increase proteasome activity. DYRK2 phosphorylates the 19S
ATPase subunit Rpt-3 at threonine 25 which activates the
proteasome. DYRK2 phosphorylation of the proteasome
occurs during the S through M phases of the cell cycle and
promotes cell proliferation.[137] The mechanism of how
proteasome phosphorylation leads to enhanced protein degra-
dation remains unclear. Proposed theories include the accel-
eration of proteolysis by inducing a more active form of the
proteasome. More research is required to understand these and
other reported post-translational modifications of the protea-
some.

5.4 Small Molecules (Gate Openers, Catalytic Activators)

Proteasome activation by use of a small molecule was first
recorded when researchers discovered the compound sodium

dodecyl sulfate (SDS) was able to enhance proteasome activity
at low concentrations.[103] It is known now that the mechanism
of how SDS increases proteasome activity was by partial
denaturation of the protein-protein interactions of the gate of
the 20S CP.[138] Small molecules that interact with the
proteasome isoforms to initiate proteasome activation can be
associated with one of two proposed mechanisms. Small
molecules can function as a gate-opener that promote substrate
entry to the 20S CP catalytic subunits by inducing gate-
opening (or stabilization of the open-conformation) of the 20S
CP alpha ring. The second mechanism is when a small
molecule can activate the proteasome by allosterically interact-
ing with the one or more catalytic subunit.[139] A recently
discovered proteasome activator, TCH-165, has shown the
ability to stimulate proteasome assembly that results in
increased amounts of 20S CP.[140] Other small molecules that
have been discovered as proteasome activators are shown in
Figure 4.

Previously discovered small molecule proteasome activa-
tors are compounds that have been repurposed to elicit
increased proteasome activity. Currently, there is missing
information on how and where small molecules bind to
increase proteasome activity, limiting the ability to complete
SAR campaigns.

6. Conclusion

Protein misfolding is involved in many age related diseases
where their accumulation and aggregation harms cellular
homeostasis.[141] It appears to be an important factor in aging,
and increases suseptability to cellular stress. The failure of
maintaining proper protein levels is a large contributing factor
of aging, which can lead to the development of neruodegener-
ative diseases. The proteasome, a celluar enzyme complex,
plays an important role in protein homeostasis. The preserva-

Figure 4. Small molecule stimulators of the 20S proteasome that can
affect the rate of protein degradation.
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tion of proper protein turn over, degradation of misfolded
proteins, and the integrity of the proteasome seems to be vital
in protecting the cell against increased cellular stress and
accelerated aging. This perspective has highlighted many
studies on the importance of proteasome activity and in which
disease types it could potentially be targeted as a therapy. The
impact of impaired proteasome activity and the value of
proteasome restoration for an organisms lifespan and cellular
stress pathways has also been highlighted.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

References

[1] K. Cuanalo-Contreras, J. Schulz, A. Mukherjee, K.-W. Park, E.
Armijo, C. Soto, Front. Aging Neurosci. 2023, 14, 1090109,
https://doi.org/10.3389/fnagi.2022.1090109.

[2] A. Ciechanover, Bioorg. Med. Chem. 2013, 21, 3400–3410,
https://doi.org/10.1016/j.bmc.2013.01.056.

[3] T. A. Thibaudeau, R. T. Anderson, D. M. Smith, Nat. Commun.
2018, 9, 1097, https://doi.org/10.1038/s41467-018-03509-0.

[4] C. López-Otín, M. A. Blasco, L. Partridge, M. Serrano, G.
Kroemer, Cell 2013, 153, 1194–1217, https://doi.org/10.1016/j.
cell.2013.05.039.

[5] C. López-Otín, M. A. Blasco, L. Partridge, M. Serrano, G.
Kroemer, Cell 2023, 186, 243–278, https://doi.org/10.1016/j.
cell.2022.11.001.

[6] S. I. S. Rattan, × Biol. Chem. 2008, 389, 267–272, https://doi.
org/10.1515/BC.2008.030.

[7] R. V. Basaiawmoit, S. I. S. Rattan, Cellular Stress and Protein
Misfolding During Aging. In Protein Misfolding and Cellular
Stress in Disease and Aging: Concepts and Protocols; P. Bross,
N. Gregersen, Eds.; Methods in Molecular Biology; Humana
Press: Totowa, NJ, 2010; pp 107–117, https://doi.org/10.1007/
978-1-60761-756-3_7.

[8] I. Saez, D. Vilchez, Curr. Genomics 2014, 15, 38–51, https://
doi.org/10.2174/138920291501140306113344.

[9] R. A. Coleman, D. J. Trader, ACS Pharmacol. Transl. Sci. 2018,
1, 140–142, https://doi.org/10.1021/acsptsci.8b00042.

[10] M. D. Herrera, C. Mingorance, R. Rodríguez-Rodríguez, M.
Alvarez de Sotomayor, Ageing Res. Rev. 2010, 9, 142–152,
https://doi.org/10.1016/j.arr.2009.07.002.

[11] J. Zhao, B. Zhai, S. P. Gygi, A. L. Goldberg, Proc. Natl. Acad.
Sci. USA 2015, 112, 15790–15797, https://doi.org/10.1073/pnas.
1521919112.

[12] C. Davis, B. L. Spaller, A. Matouschek, Curr. Opin. Struct.
Biol. 2021, 67, 161–169, https://doi.org/10.1016/j.sbi.2020.10.
010.

[13] I. Sahu, M. H. Glickman, Biomol. Eng. 2021, 11, 148, https://
doi.org/10.3390/biom11020148.

[14] C. Seaman, S. Wyss, S. Piomelli, Am. J. Hematol. 1980, 8, 31–
42, https://doi.org/10.1002/ajh.2830080105.

[15] (PDF) Angiogenesis in aging hearts-Cardiac stem cell therapy,
https://www.researchgate.net/publication/350425304_Angiogen-

esis_in_aging_hearts-Cardiac_stem_cell_therapy (accessed
2023-08-11).

[16] K. A. Opoku-Nsiah, J. E. Gestwicki, Transl. Res. 2018, 198,
48–57, https://doi.org/10.1016/j.trsl.2018.05.002.

[17] A. Rousseau, A. Bertolotti, Nature 2016, 536 (7615), 184–189,
https://doi.org/10.1038/nature18943.

[18] A. Suraweera, C. Münch, A. Hanssum, A. Bertolotti, Mol. Cell
2012, 48, 242–253, https://doi.org/10.1016/j.molcel.2012.08.
003.

[19] N. Albornoz, H. Bustamante, A. Soza, P. Burgos, Int. J. Mol.
Sci. 2019, 20, 3379, https://doi.org/10.3390/ijms20143379.

[20] S. J. Marciniak, J. E. Chambers, D. Ron, Nat. Rev. Drug
Discovery 2022, 21, 115–140, https://doi.org/10.1038/s41573-
021-00320-3.

[21] C. Enenkel, R. W. Kang, F. Wilfling, O. P. Ernst, J. Biol. Chem.
2022, 298, https://doi.org/10.1016/j.jbc.2022.102083.

[22] D. Salisbury, U. Bronas, Nurs. Res. 2015, 64, 53, https://doi.org/
10.1097/NNR.0000000000000068.

[23] An Update of the Oxidation-Inflammation Theory of Aging: The
Invo…: Ingenta Connect, https://www.ingentaconnect.com/con-
tent/ben/cpd/2009/00000015/00000026/art00003 (accessed
2023-09-25).

[24] A. Tonoki, E. Kuranaga, T. Tomioka, J. Hamazaki, S. Murata,
K. Tanaka, M. Miura, Mol. Cell. Biol. 2009, 29, 1095–1106,
https://doi.org/10.1128/MCB.01227-08.

[25] A. D. Husom, E. A. Peters, E. A. Kolling, N. A. Fugere, L. V.
Thompson, D. A. Ferrington, Arch. Biochem. Biophys. 2004,
421, 67–76, https://doi.org/10.1016/j.abb.2003.10.010.

[26] F. Bardag-Gorce, L. Farout, C. Veyrat-Durebex, Y. Briand, M.
Briand, Mol. Biol. Rep. 1999, 26, 89–93 https://doi.org/10.1023/
a:1006968208077.

[27] D. Vilchez, I. Morantte, Z. Liu, P. M. Douglas, C. Merkwirth,
A. P. C. Rodrigues, G. Manning, A. Dillin, Nature 2012, 489,
263–268, https://doi.org/10.1038/nature11315.

[28] U. Kruegel, B. Robison, T. Dange, G. Kahlert, J. R. Delaney, S.
Kotireddy, M. Tsuchiya, S. Tsuchiyama, C. J. Murakami, J.
Schleit, G. Sutphin, D. Carr, K. Tar, G. Dittmar, M. Kaeberlein,
B. K. Kennedy, M. Schmidt, PLoS Genet. 2011, 7, e1002253,
https://doi.org/10.1371/journal.pgen.1002253.

[29] J. Li, S. R. Powell, X. Wang, FASEB J. 2011, 25, 883–893,
https://doi.org/10.1096/fj.10-160895.

[30] M. Sladowska, M. Turek, M.-J. Kim, K. Drabikowski, B. H. M.
Mussulini, K. Mohanraj, R. A. Serwa, U. Topf, A. Chacinska,
PLoS Biol. 2021, 19, e3001302, https://doi.org/10.1371/journal.
pbio.3001302.

[31] F. Shang, X. Gong, H. J. Palmer, T. R. Nowell, A. Taylor, Exp.
Eye Res. 1997, 64, 21–30, https://doi.org/10.1006/exer.1996.
0176.

[32] T. Iriki, H. Iio, S. Yasuda, S. Masuta, M. Kato, H. Kosako, S.
Hirayama, A. Endo, F. Ohtake, M. Kamiya, Y. Urano, Y. Saeki,
J. Hamazaki, S. Murata, Cell Rep. 2023, 112880, https://doi.org/
10.1016/j.celrep.2023.112880.

[33] S. Yasuda, H. Tsuchiya, A. Kaiho, Q. Guo, K. Ikeuchi, A. Endo,
N. Arai, F. Ohtake, S. Murata, T. Inada, W. Baumeister, R.
Fernández-Busnadiego, K. Tanaka, Y. Saeki, Nature 2020, 578,
296–300, https://doi.org/10.1038/s41586-020-1982-9.

[34] C. Soto, FEBS Lett. 2001, 498, 204–207, https://doi.org/10.
1016/s0014-5793(01)02486-3.

[35] An english translation of alzheimer’s 1907 paper, “über eine
eigenartige erkankung der hirnrinde” – Stelzmann – 1995 –
Clinical Anatomy – Wiley Online Library, https://onlinelibrary.
wiley.com/doi/10.1002/ca.980080612 (accessed 2023–08-11).

Perspective

Isr. J. Chem. 2023, e202300120 (11 of 14) © 2023 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fnagi.2022.1090109
https://doi.org/10.1016/j.bmc.2013.01.056
https://doi.org/10.1038/s41467-018-03509-0
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1515/BC.2008.030
https://doi.org/10.1515/BC.2008.030
https://doi.org/10.1007/978-1-60761-756-3_7
https://doi.org/10.1007/978-1-60761-756-3_7
https://doi.org/10.2174/138920291501140306113344
https://doi.org/10.2174/138920291501140306113344
https://doi.org/10.1021/acsptsci.8b00042
https://doi.org/10.1016/j.arr.2009.07.002
https://doi.org/10.1073/pnas.1521919112
https://doi.org/10.1073/pnas.1521919112
https://doi.org/10.1016/j.sbi.2020.10.010
https://doi.org/10.1016/j.sbi.2020.10.010
https://doi.org/10.3390/biom11020148
https://doi.org/10.3390/biom11020148
https://doi.org/10.1002/ajh.2830080105
https://www.researchgate.net/publication/350425304_Angiogenesis_in_aging_hearts-Cardiac_stem_cell_therapy
https://www.researchgate.net/publication/350425304_Angiogenesis_in_aging_hearts-Cardiac_stem_cell_therapy
https://doi.org/10.1016/j.trsl.2018.05.002
https://doi.org/10.1038/nature18943
https://doi.org/10.1016/j.molcel.2012.08.003
https://doi.org/10.1016/j.molcel.2012.08.003
https://doi.org/10.3390/ijms20143379
https://doi.org/10.1038/s41573-021-00320-3
https://doi.org/10.1038/s41573-021-00320-3
https://doi.org/10.1016/j.jbc.2022.102083
https://doi.org/10.1097/NNR.0000000000000068
https://doi.org/10.1097/NNR.0000000000000068
https://www.ingentaconnect.com/content/ben/cpd/2009/00000015/00000026/art00003
https://www.ingentaconnect.com/content/ben/cpd/2009/00000015/00000026/art00003
https://doi.org/10.1128/MCB.01227-08
https://doi.org/10.1016/j.abb.2003.10.010
https://doi.org/10.1023/a:1006968208077
https://doi.org/10.1023/a:1006968208077
https://doi.org/10.1038/nature11315
https://doi.org/10.1371/journal.pgen.1002253
https://doi.org/10.1096/fj.10-160895
https://doi.org/10.1371/journal.pbio.3001302
https://doi.org/10.1371/journal.pbio.3001302
https://doi.org/10.1006/exer.1996.0176
https://doi.org/10.1006/exer.1996.0176
https://doi.org/10.1016/j.celrep.2023.112880
https://doi.org/10.1016/j.celrep.2023.112880
https://doi.org/10.1038/s41586-020-1982-9
https://doi.org/10.1016/s0014-5793(01)02486-3
https://doi.org/10.1016/s0014-5793(01)02486-3
https://onlinelibrary.wiley.com/doi/10.1002/ca.980080612
https://onlinelibrary.wiley.com/doi/10.1002/ca.980080612


[36] J.-R. García-Montes, A. Boronat-García, R. Drucker-Colín,
Health (N. Y.) 2012, 4, 1153–1166, https://doi.org/10.4236/
health.2012.431174.

[37] L. Bedford, D. Hay, A. Devoy, S. Paine, D. G. Powe, R. Seth, T.
Gray, I. Topham, K. Fone, N. Rezvani, M. Mee, T. Soane, R.
Layfield, P. W. Sheppard, T. Ebendal, D. Usoskin, J. Lowe, R. J.
Mayer, J. Neurosci. 2008, 28, 8189–8198, https://doi.org/10.
1523/JNEUROSCI.2218-08.2008.

[38] C. McKinnon, M. L. De Snoo, E. Gondard, C. Neudorfer, H.
Chau, S. G. Ngana, D. M. O’Hara, J. M. Brotchie, J. B. Koprich,
A. M. Lozano, L. V. Kalia, S. K. Kalia, Acta Neuropathol.
Commun. 2020, 8, 17, https://doi.org/10.1186/s40478-020-0894-
0.

[39] N. P. Dantuma, L. C. Bott, Front. Mol. Neurosci. 2014, 7, 70,
https://doi.org/10.3389/fnmol.2014.00070.

[40] M. C. Bennett, J. F. Bishop, Y. Leng, P. B. Chock, T. N. Chase,
M. M. Mouradian, J. Biol. Chem. 1999, 274, 33855–33858,
https://doi.org/10.1074/jbc.274.48.33855.

[41] G. M. Ashraf, N. H. Greig, T. A. Khan, I. Hassan, S. Tabrez, S.
Shakil, I. A. Sheikh, S. K. Zaidi, M. A. Wali, N. R. Jabir, C. K.
Firoz, A. Naeem, I. M. Alhazza, G. A. Damanhouri, M. A.
Kamal, CNS Neurol. Disord. Drug Targets 2014, 13, 1280–
1293.

[42] J. W. Kelly, Curr. Opin. Struct. Biol. 1996, 6, 11–17, https://doi.
org/10.1016/s0959-440x(96)80089-3.

[43] M. P. Murphy, H. LeVine, J. Alzheimer’s Dis. 2010, 19, 311,
https://doi.org/10.3233/JAD-2010-1221.

[44] Amyloid-β Peptide Is a Substrate of the Human 20S Proteasome
j ACS Chemical Neuroscience, https://pubs.acs.org/doi/10.1021/
cn100067e (accessed 2023–08-02).

[45] S. Oh, H. S. Hong, E. Hwang, H. J. Sim, W. Lee, S. J. Shin, I.
Mook-Jung, Mech. Ageing Dev. 2005, 126, 1292–1299, https://
doi.org/10.1016/j.mad.2005.07.006.

[46] X. Liu, X. Wang, Y. Shen, L. Wu, X. Ruan, K. Lindpaintner, S.
Yusuf, J. C. Engert, S. Anand, X. Tan, L. Liu, Atherosclerosis
2009, 206, 199–203, https://doi.org/10.1016/j.atherosclerosis.
2009.02.004.

[47] J. Liu, X. Yuan, J. Liu, L. Tian, J. Quan, J. Liu, X. Chen, Y.
Wang, Z. Shi, J. Zhang, Diabetes Res. Clin. Pract. 2012, 98,
295–301, https://doi.org/10.1016/j.diabres.2012.09.021.

[48] M. Barbieri, R. Marfella, M. R. Rizzo, V. Boccardi, M.
Siniscalchi, C. Schiattarella, S. Siciliano, P. Lemme, G.
Paolisso, Atherosclerosis 2008, 201, 117–123, https://doi.org/10.
1016/j.atherosclerosis.2008.01.005.

[49] M. G. Heckman, A. I. Soto-Ortolaza, N. N. Diehl, S. Rayaprolu,
T. G. Brott, Z. K. Wszolek, J. F. Meschia, O. A. Ross, Eur. J.
Neurol. 2013, 20, 300–308, https://doi.org/10.1111/j.1468-1331.
2012.03846x.

[50] H. Wang, M. Jiang, H. Zhu, Q. Chen, P. Gong, J. Lin, J. Lu, J.
Qiu, Mol. Biol. Rep. 2013, 40, 1035–1041, https://doi.org/10.
1007/s11033-012-2146-2.

[51] B. Brinkmann, M. Klintschar, F. Neuhuber, J. Hühne, B. Rolf,
Am. J. Hum. Genet. 1998, 62, 1408–1415, https://doi.org/10.
1086/301869.

[52] J. de Ligt, M. H. Willemsen, B. W. M. van Bon, T. Kleefstra,
H. G. Yntema, T. Kroes, A. T. Vulto-van Silfhout, D. A. Koolen,
P. de Vries, C. Gilissen, M. del Rosario, A. Hoischen, H.
Scheffer, B. B. A. de Vries, H. G. Brunner, J. A. Veltman,
L. E. L. M. Vissers, N. Engl. J. Med. 2012, 367, 1921–1929,
https://doi.org/10.1056/NEJMoa1206524.

[53] B. Fricke, S. Heink, J. Steffen, P.-M. Kloetzel, E. Krüger,
EMBO Rep. 2007, 8, 1170–1175, https://doi.org/10.1038/sj.
embor.7401091.

[54] E. Witt, D. Zantopf, M. Schmidt, R. Kraft, P.-M. Kloetzel, E.
Krüger, J. Mol. Biol. 2000, 301, 1–9, https://doi.org/10.1006/
jmbi.2000.3959.

[55] J. Dahlqvist, J. Klar, N. Tiwari, J. Schuster, H. Törmä, J.
Badhai, R. Pujol, M. A. M. Van Steensel, T. Brinkhuizen, L.
Gijezen, A. Chaves, G. Tadini, A. Vahlquist, N. Dahl, Am. J.
Hum. Genet. 2010, 86, 596–603, https://doi.org/10.1016/j.ajhg.
2010.02.018.

[56] S. Ness, M. Rafii, P. Aisen, M. Krams, W. Silverman, H. Manji,
Nat. Rev. Drug Discovery 2012, 11, 655–656, https://doi.org/10.
1038/nrd3822.

[57] I. T. Lott, E. Head, Ment. Retard. Dev. Disabil. Res. Rev. 2001,
7, 172–178, https://doi.org/10.1002/mrdd.1025.

[58] G. Cenini, A. L. S. Dowling, T. L. Beckett, E. Barone, C.
Mancuso, M. P. Murphy, H. Levine, I. T. Lott, F. A. Schmitt,
D. A. Butterfield, E. Head, Biochim. Biophys. Acta 2012, 1822,
130–138, https://doi.org/10.1016/j.bbadis.2011.10.001.

[59] F. Di Domenico, R. Coccia, A. Cocciolo, M. P. Murphy, G.
Cenini, E. Head, D. A. Butterfield, A. Giorgi, M. E. Schinina,
C. Mancuso, C. Cini, M. Perluigi, Biochim. Biophys. Acta BBA
– Mol. Basis Dis. 2013, 1832, 1249–1259, https://doi.org/10.
1016/j.bbadis.2013.04.013.

[60] G. M. Martin, Cell 2005, 120, 523–532, https://doi.org/10.1016/
j.cell.2005.01.031.

[61] K. J. Kyng, A. May, T. Stevnsner, K. G. Becker, S. Kølvrå,
V. A. Bohr, Oncogene 2005, 24, 5026–5042, https://doi.org/10.
1038/sj.onc.1208692.

[62] S. Ding, C.-Y. Shen, Clin. Interventions Aging 2008, 3, 431–
444, https://doi.org/10.2147/CIA.S1957.

[63] B. Schumacher, G. A. Garinis, J. H. J. Hoeijmakers, Trends
Genet. 2008, 24, 77–85, https://doi.org/10.1016/j.tig.2007.11.
004.

[64] R. Sanjuán, P. Domingo-Calap, Chapter 3 – Genome Instability
in DNA Viruses. In Genome Stability (Second Edition); I.
Kovalchuk, O. Kovalchuk, Eds.; Translational Epigenetics;
Academic Press: Boston, 2021; Vol. 26, pp 39–49, https://doi.
org/10.1016/B978-0-323-85679-9.00003-9.

[65] S. Bergink, S. Jentsch, Nature 2009, 458, 461–467, https://doi.
org/10.1038/nature07963.

[66] H. Meyer, M. Bug, S. Bremer, Nat. Cell Biol. 2012, 14, 117–
123, https://doi.org/10.1038/ncb2407.

[67] F. E. Indig, J. J. Partridge, C. von Kobbe, M I. Aladjem, M.
Latterich, V. A. Bohr, J. Struct. Biol. 2004, 146, 251–259,
https://doi.org/10.1016/j.jsb.2003.11.009.

[68] L. Larizza, I. Magnani, G. Roversi, Cancer Lett. 2006, 232,
107–120, https://doi.org/10.1016/j.canlet.2005.07.042.

[69] J. Yin, Y. T. Kwon, A. Varshavsky, W. Wang, Hum. Mol. Genet.
2004, 13, 2421–2430, https://doi.org/10.1093/hmg/ddh269.

[70] A. Taylor, F. Shang, T. Nowell, Y. Galanty, Y. Shiloh, Oncogene
2002, 21, 4363–4373, https://doi.org/10.1038/sj.onc.1205557.

[71] E. W. Jabs, A. F. Lewanda, Chapter 144 – Craniosynostosis. In
Emery and Rimoin’s Principles and Practice of Medical
Genetics (Sixth Edition); D. Rimoin, R. Pyeritz, B. Korf, Eds.;
Academic Press: Oxford, 2013; pp 1–34, https://doi.org/10.
1016/B978-0-12-383834-6.00153-1.

[72] C. L. Stewart, S. Kozlov, L. G. Fong, S. G. Young, Exp. Cell
Res. 2007, 313, 2144–2156, https://doi.org/10.1016/j.yexcr.
2007.03.026.

[73] Arabidopsis thaliana as a model organism for plant proteome
research – ScienceDirect, https://www.sciencedirect.com/sci-
ence/article/pii/S1874391910002162?casa_token=

2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_
xBXy6cLzcUd06 V11Xkh5ZUXBpMfgPJt5dA_
7nbeVpCVrGNmls0g (accessed 2023-08-06).

Perspective

Isr. J. Chem. 2023, e202300120 (12 of 14) © 2023 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.4236/health.2012.431174
https://doi.org/10.4236/health.2012.431174
https://doi.org/10.1523/JNEUROSCI.2218-08.2008
https://doi.org/10.1523/JNEUROSCI.2218-08.2008
https://doi.org/10.1186/s40478-020-0894-0
https://doi.org/10.1186/s40478-020-0894-0
https://doi.org/10.3389/fnmol.2014.00070
https://doi.org/10.1074/jbc.274.48.33855
https://doi.org/10.1016/s0959-440x(96)80089-3
https://doi.org/10.1016/s0959-440x(96)80089-3
https://doi.org/10.3233/JAD-2010-1221
https://pubs.acs.org/doi/10.1021/cn100067e
https://pubs.acs.org/doi/10.1021/cn100067e
https://doi.org/10.1016/j.mad.2005.07.006
https://doi.org/10.1016/j.mad.2005.07.006
https://doi.org/10.1016/j.atherosclerosis.2009.02.004
https://doi.org/10.1016/j.atherosclerosis.2009.02.004
https://doi.org/10.1016/j.diabres.2012.09.021
https://doi.org/10.1016/j.atherosclerosis.2008.01.005
https://doi.org/10.1016/j.atherosclerosis.2008.01.005
https://doi.org/10.1111/j.1468-1331.2012.03846x
https://doi.org/10.1111/j.1468-1331.2012.03846x
https://doi.org/10.1007/s11033-012-2146-2
https://doi.org/10.1007/s11033-012-2146-2
https://doi.org/10.1086/301869
https://doi.org/10.1086/301869
https://doi.org/10.1056/NEJMoa1206524
https://doi.org/10.1038/sj.embor.7401091
https://doi.org/10.1038/sj.embor.7401091
https://doi.org/10.1006/jmbi.2000.3959
https://doi.org/10.1006/jmbi.2000.3959
https://doi.org/10.1016/j.ajhg.2010.02.018
https://doi.org/10.1016/j.ajhg.2010.02.018
https://doi.org/10.1038/nrd3822
https://doi.org/10.1038/nrd3822
https://doi.org/10.1002/mrdd.1025
https://doi.org/10.1016/j.bbadis.2011.10.001
https://doi.org/10.1016/j.bbadis.2013.04.013
https://doi.org/10.1016/j.bbadis.2013.04.013
https://doi.org/10.1016/j.cell.2005.01.031
https://doi.org/10.1016/j.cell.2005.01.031
https://doi.org/10.1038/sj.onc.1208692
https://doi.org/10.1038/sj.onc.1208692
https://doi.org/10.2147/CIA.S1957
https://doi.org/10.1016/j.tig.2007.11.004
https://doi.org/10.1016/j.tig.2007.11.004
https://doi.org/10.1016/B978-0-323-85679-9.00003-9
https://doi.org/10.1016/B978-0-323-85679-9.00003-9
https://doi.org/10.1038/nature07963
https://doi.org/10.1038/nature07963
https://doi.org/10.1038/ncb2407
https://doi.org/10.1016/j.jsb.2003.11.009
https://doi.org/10.1016/j.canlet.2005.07.042
https://doi.org/10.1093/hmg/ddh269
https://doi.org/10.1038/sj.onc.1205557
https://doi.org/10.1016/B978-0-12-383834-6.00153-1
https://doi.org/10.1016/B978-0-12-383834-6.00153-1
https://doi.org/10.1016/j.yexcr.2007.03.026
https://doi.org/10.1016/j.yexcr.2007.03.026
https://www.sciencedirect.com/science/article/pii/S1874391910002162?casa_token=2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_xBXy6cLzcUd06^^V11Xkh5ZUXBpMfgPJt5dA_7nbeVpCVrGNmls0g
https://www.sciencedirect.com/science/article/pii/S1874391910002162?casa_token=2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_xBXy6cLzcUd06^^V11Xkh5ZUXBpMfgPJt5dA_7nbeVpCVrGNmls0g
https://www.sciencedirect.com/science/article/pii/S1874391910002162?casa_token=2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_xBXy6cLzcUd06^^V11Xkh5ZUXBpMfgPJt5dA_7nbeVpCVrGNmls0g
https://www.sciencedirect.com/science/article/pii/S1874391910002162?casa_token=2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_xBXy6cLzcUd06^^V11Xkh5ZUXBpMfgPJt5dA_7nbeVpCVrGNmls0g
https://www.sciencedirect.com/science/article/pii/S1874391910002162?casa_token=2NwWX3sdMBkAAAAA:x0XWLbNRrtxsikFWRcoJ1H_xBXy6cLzcUd06^^V11Xkh5ZUXBpMfgPJt5dA_7nbeVpCVrGNmls0g


[74] Cellular senescence: from physiology to pathology j Nature
Reviews Molecular Cell Biology, https://www.nature.com/ar-
ticles/nrm3823 (accessed 2023-08-11).

[75] H. Wang, J. H. M. Schippers, Genes 2019, 10, 267, https://doi.
org/10.3390/genes10040267.

[76] D. Muñoz-Espín, M. Cañamero, A. Maraver, G. Gómez-López,
J. Contreras, S. Murillo-Cuesta, A. Rodríguez-Baeza, I. Varela-
Nieto, J. Ruberte, M. Collado, M. Serrano, Cell 2013, 155,
1104–1118, https://doi.org/10.1016/j.cell.2013.10.019.

[77] J. Kurepa, S. Wang, Y. Li, J. Smalle, Plant Signaling Behav.
2009, 4, 924–927, https://doi.org/10.4161/psb.4.10.9469.

[78] D. Bonea, J. Noureddine, S. Gazzarrini, R. Zhao, BMC Plant
Biol. 2021, 21, 486, https://doi.org/10.1186/s12870-021-03234-
9.

[79] R. Dahiya, T. Mohammad, M. F. Alajmi, T. Rehman, G. M.
Hasan, A. Hussain, I. Hassan, Biomol. Eng. 2020, 10, 882,
https://doi.org/10.3390/biom10060882.

[80] N. Chondrogianni, K. Georgila, N. Kourtis, N. Tavernarakis,
E. S. Gonos, FASEB J. 2015, 29, 611–622, https://doi.org/10.
1096/fj.14-252189.

[81] C. L. Lord, B. L. Timney, M. P. Rout, S. R. Wente, J. Cell Biol.
2015, 208, 729–744, https://doi.org/10.1083/jcb.201412024.

[82] X. Wang, H. Xu, D. Ju, Y. Xie, Genetics 2008, 180, 1945–1953,
https://doi.org/10.1534/genetics.108.094524.

[83] M. E. Maresh, P. Chen, T. R. Hazbun, D. J. Trader, Chembio-
chem Eur. J. Chem. Biol. 2021, 22, 2553–2560, https://doi.org/
10.1002/cbic.202100117.

[84] K. B. Dall, N. J. Færgeman, Genes Nutr. 2019, 14, 25, https://
doi.org/10.1186/s12263-019-0650-x.

[85] X. Huang, B. Luan, J. Wu, Y. Shi, Nat. Struct. Mol. Biol. 2016,
23, 778–785, https://doi.org/10.1038/nsmb.3273.

[86] G. Hamer, O. Matilainen, C. I. Holmberg, Nat. Methods 2010,
7, 473–478, https://doi.org/10.1038/nmeth.1460.

[87] I. Martínez de Toda, S. I. S. Rattan, M. De la Fuente, L. Arranz,
Antioxidants 2021, 10, 1397, https://doi.org/10.3390/anti-
ox10091397.

[88] E. K. Sacramento, J. M. Kirkpatrick, M. Mazzetto, M. Baum-
gart, A. Bartolome, S. D. Sanzo, C. Caterino, M. Sanguanini, N.
Papaevgeniou, M. Lefaki, D. Childs, S. Bagnoli, E. T. Tozzini,
D. D. Fraia, N. Romanov, P. H. Sudmant, W. Huber, N.
Chondrogianni, M. Vendruscolo, A. Cellerino, A. Ori, Mol.
Syst. Biol. 2020, 16, e9596.

[89] U. Tomaru, S. Takahashi, A. Ishizu, Y. Miyatake, A. Gohda, S.
Suzuki, A. Ono, J. Ohara, T. Baba, S. Murata, K. Tanaka, M.
Kasahara, Am. J. Pathol. 2012, 180, 963–972, https://doi.org/10.
1016/j.ajpath.2011.11.012.

[90] A. Caniard, K. Ballweg, C. Lukas, A. Ö. Yildirim, O.
Eickelberg, S. Meiners, Aging 2015, 7, 776–787.

[91] A.-L. Bulteau, L. I. Szweda, B. Friguet, Arch. Biochem.
Biophys. 2002, 397, 298–304, https://doi.org/10.1006/abbi.2001.
2663.

[92] M. Platzer, C. Englert, Trends Genet. 2016, 32, 543–552,
https://doi.org/10.1016/j.tig.2016.06.006.

[93] B.-Y. Zeng, A. D. Medhurst, M. Jackson, S. Rose, P. Jenner,
Mech. Ageing Dev. 2005, 126, 760–766, https://doi.org/10.1016/
j.mad.2005.01.008.

[94] M. Conconi, I. Petropoulos, I. Emod, E. Turlin, F. Biville, B.
Friguet, Biochem. J. 1998, 333, 407–415.

[95] B. Schwanhäusser, D. Busse, N. Li, G. Dittmar, J. Schuchhardt,
J. Wolf, W. Chen, M. Selbach, Nature 2011, 473, 337–342,
https://doi.org/10.1038/nature10098.

[96] J. S. Hwang, J. S. Hwang, I. Chang, S. Kim, J. Gerontol. Ser. A
2007, 62, 490–499, https://doi.org/10.1093/gerona/62.5.490.

[97] I. Petropoulos, M. Conconi, X. Wang, B. Hoenel, F. Brégégère,
Y. Milner, B. Friguet, J. Gerontol. Ser. A 2000, 55, B220–227,
https://doi.org/10.1093/gerona/55.5.b220.

[98] M. Cavinato, R. Koziel, N. Romani, R. Weinmüllner, B.
Jenewein, M. Hermann, S. Dubrac, G. Ratzinger, J. Grillari, M.
Schmuth, P. Jansen-Dürr, J. Gerontol. Ser. A 2017, 72, 632–639,
https://doi.org/10.1093/gerona/glw150.

[99] R. Kozieł, R. Greussing, A. B. Maier, L. Declercq, P. Jansen-
Dürr, J. Invest. Dermatol. 2011, 131, 594–603, https://doi.org/
10.1038/jid.2010.383.

[100] A. N. Hegde, L. M. Duke, L. E. Timm, H. Nobles, The
Proteasome and Ageing. In Biochemistry and Cell Biology of
Ageing: Part III Biomedical Science; J. R. Harris, V. I.
Korolchuk, Eds.; Subcellular Biochemistry; Springer Interna-
tional Publishing: Cham, 2023; pp 99–112, https://doi.org/10.
1007/978-3-031-21410-3_5.

[101] J. D. Walston, Curr. Opin. Rheumatol. 2012, 24, 623–627,
https://doi.org/10.1097/BOR.0b013e328358d59b.

[102] E. Volpi, R. Nazemi, S. Fujita, Curr. Opin. Clin. Nutr. Metab.
Care 2004, 7, 405–410.

[103] K. Tanaka, Proc. Jpn. Acad. Ser. B 2009, 85, 12–36, https://doi.
org/10.2183/pjab.85.12.

[104] N. Gregersen, P. Bross, Methods Mol. Biol. 2010, 648, 3–23,
https://doi.org/10.1007/978-1-60761-756-3_1.

[105] Intracellular localization of proteasomes – ScienceDirect,
https://www.sciencedirect.com/science/article/abs/pii/
S1357272502003801?via%3Dihub (accessed 2023-08-10).

[106] P. Brooks, G. Fuertes, R. Z. Murray, S. Bose, E. Knecht, M. C.
Rechsteiner, K. B. Hendil, K. Tanaka, J. Dyson, J. Rivett,
Biochem. J. 2000, 346, 155–161.

[107] The nuclear ubiquitin-proteasome system j Journal of Cell
Science j The Company of Biologists, https://journals.biologists.
com/jcs/article/119/10/1977/28967/The-nuclear-ubiquitin-pro-
teasome-system (accessed 2023-08-10).

[108] P. Rekulapally, S. N. Suresh, Trends Biochem. Sci. 2019, 44,
993–995, https://doi.org/10.1016/j.tibs.2019.10.001.

[109] M. Wang, R. J. Kaufman, Nature 2016, 529 (7586), 326–335,
https://doi.org/10.1038/nature17041.

[110] L. Zhao, C. Longo-Guess, B. S. Harris, J.-W. Lee, S. L.
Ackerman, ProNat. Genet. 2005, 37, 974–979, https://doi.org/
10.1038/ng1620.

[111] F. Foufelle, B. Fromenty, Pharmacol. Res. Perspect. 2016, 4,
e00211, https://doi.org/10.1002/prp2.211.

[112] E. A. Blackwood, K. Azizi, D. J. Thuerauf, R. J. Paxman, L.
Plate, J. W. Kelly, R. L. Wiseman, C. C. Glembotski, Nat.
Commun. 2019, 10, 187, https://doi.org/10.1038/s41467-018-
08129-2.

[113] T. Shpilka, C. M. Haynes, Nat. Rev. Mol. Cell Biol. 2018, 19,
109–120, https://doi.org/10.1038/nrm.2017.110.

[114] S. A. Oakes, F. R. Papa, Annu. Rev. Pathol. Mech. Dis. 2015,
10, 173–194, https://doi.org/10.1146/annurev-pathol-012513-
104649.

[115] R. Vidal, B. Caballero, A. Couve, C. Hetz, Curr. Mol. Med.
2011, 11, 1–12, https://doi.org/10.2174/156652411794474419.

[116] L. Wang, B. Popko, R. P. Roos, Hum. Mol. Genet. 2011, 20,
1008–1015, https://doi.org/10.1093/hmg/ddq546.

[117] D. Ron, J. Clin. Invest. 2002, 109, 443–445, https://doi.org/10.
1172/JCI15020.

[118] C. Jamora, G. Dennert, A. S. Lee, Proc. Nat. Acad. Sci. 1996,
93, 7690–7694, https://doi.org/10.1073/pnas.93.15.7690.

[119] O. Yamaguchi, Y. Higuchi, S. Hirotani, K. Kashiwase, H.
Nakayama, S. Hikoso, T. Takeda, T. Watanabe, M. Asahi, M.
Taniike, Y. Matsumura, I. Tsujimoto, K. Hongo, Y. Kusakari, S.
Kurihara, K. Nishida, H. Ichijo, M. Hori, K. Otsu, Proc. Nat.

Perspective

Isr. J. Chem. 2023, e202300120 (13 of 14) © 2023 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.nature.com/articles/nrm3823
https://www.nature.com/articles/nrm3823
https://doi.org/10.3390/genes10040267
https://doi.org/10.3390/genes10040267
https://doi.org/10.1016/j.cell.2013.10.019
https://doi.org/10.4161/psb.4.10.9469
https://doi.org/10.1186/s12870-021-03234-9
https://doi.org/10.1186/s12870-021-03234-9
https://doi.org/10.3390/biom10060882
https://doi.org/10.1096/fj.14-252189
https://doi.org/10.1096/fj.14-252189
https://doi.org/10.1083/jcb.201412024
https://doi.org/10.1534/genetics.108.094524
https://doi.org/10.1002/cbic.202100117
https://doi.org/10.1002/cbic.202100117
https://doi.org/10.1186/s12263-019-0650-x
https://doi.org/10.1186/s12263-019-0650-x
https://doi.org/10.1038/nsmb.3273
https://doi.org/10.1038/nmeth.1460
https://doi.org/10.3390/antiox10091397
https://doi.org/10.3390/antiox10091397
https://doi.org/10.1016/j.ajpath.2011.11.012
https://doi.org/10.1016/j.ajpath.2011.11.012
https://doi.org/10.1006/abbi.2001.2663
https://doi.org/10.1006/abbi.2001.2663
https://doi.org/10.1016/j.tig.2016.06.006
https://doi.org/10.1016/j.mad.2005.01.008
https://doi.org/10.1016/j.mad.2005.01.008
https://doi.org/10.1038/nature10098
https://doi.org/10.1093/gerona/62.5.490
https://doi.org/10.1093/gerona/55.5.b220
https://doi.org/10.1093/gerona/glw150
https://doi.org/10.1038/jid.2010.383
https://doi.org/10.1038/jid.2010.383
https://doi.org/10.1007/978-3-031-21410-3_5
https://doi.org/10.1007/978-3-031-21410-3_5
https://doi.org/10.1097/BOR.0b013e328358d59b
https://doi.org/10.2183/pjab.85.12
https://doi.org/10.2183/pjab.85.12
https://doi.org/10.1007/978-1-60761-756-3_1
https://www.sciencedirect.com/science/article/abs/pii/S1357272502003801?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1357272502003801?via%3Dihub
https://journals.biologists.com/jcs/article/119/10/1977/28967/The-nuclear-ubiquitin-proteasome-system
https://journals.biologists.com/jcs/article/119/10/1977/28967/The-nuclear-ubiquitin-proteasome-system
https://journals.biologists.com/jcs/article/119/10/1977/28967/The-nuclear-ubiquitin-proteasome-system
https://doi.org/10.1016/j.tibs.2019.10.001
https://doi.org/10.1038/nature17041
https://doi.org/10.1038/ng1620
https://doi.org/10.1038/ng1620
https://doi.org/10.1002/prp2.211
https://doi.org/10.1038/s41467-018-08129-2
https://doi.org/10.1038/s41467-018-08129-2
https://doi.org/10.1038/nrm.2017.110
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.1146/annurev-pathol-012513-104649
https://doi.org/10.2174/156652411794474419
https://doi.org/10.1093/hmg/ddq546
https://doi.org/10.1172/JCI15020
https://doi.org/10.1172/JCI15020
https://doi.org/10.1073/pnas.93.15.7690


Acad. Sci. 2003, 100, 15883–15888, https://doi.org/10.1073/
pnas.2136717100.

[120] G. Auf, A. Jabouille, S. Guérit, R. Pineau, M. Delugin, M.
Bouchecareilh, N. Magnin, A. Favereaux, M. Maitre, T. Gaiser,
A. von Deimling, M. Czabanka, P. Vajkoczy, E. Chevet, A.
Bikfalvi, M. Moenner, Proc. Nat. Acad. Sci. 2010, 107, 15553–
15558, https://doi.org/10.1073/pnas.0914072107.

[121] R. S. Balaban, S. Nemoto, T. Finkel, Cell 2005, 120, 483–495,
https://doi.org/10.1016/j.cell.2005.02.001.

[122] P. G. Sullivan, N. B. Dragicevic, J.-H. Deng, Y. Bai, E.
Dimayuga, Q. Ding, Q. Chen, A. J. Bruce-Keller, J. N. Keller, J.
Biol. Chem. 2004, 279, 20699–20707, https://doi.org/10.1074/
jbc.M313579200.

[123] N. Chondrogianni, C. Tzavelas, A. J. Pemberton, I. P. Nezis,
A. J. Rivett, E. S. Gonos, J. Biol. Chem. 2005, 280, 11840–
11850, https://doi.org/10.1074/jbc.M413007200.

[124] Overexpression of hUMP1/POMP proteasome accessory protein
enhances proteasome-mediated antioxidant defence – Science-
Direct, https://www.sciencedirect.com/science/article/pii/
S0531556507000307 (accessed 2023-08-04).

[125] J. Jang, Y. Wang, H.-S. Kim, M. A. Lalli, K. S. Kosik, Stem
Cells Dayt. Ohio 2014, 32, 2616–2625, https://doi.org/10.1002/
stem.1764.

[126] B. M. Stadtmueller, C. P. Hill, Mol. Cell 2011, 41, 8–19, https://
doi.org/10.1016/j.molcel.2010.12.020.

[127] A. M. Pickering, K. J. A. Davies, Arch. Biochem. Biophys.
2012, 523, 181–190, https://doi.org/10.1016/j.abb.2012.04.018.

[128] K. Davies, FASEB J. 2014, 28, 555.11, https://doi.org/10.1096/
fasebj.28.1_supplement.555.11.

[129] J. A. Nathan, Z. Sha, A. L. Goldberg, Cellular 26S Proteasome
Activity and Content Is Increased In Response To Oxidative
Stress. In C69. CELLULAR SIGNALING OF OXIDATIVE
STRESS; American Thoracic Society International Conference
Abstracts; American Thoracic Society, 2012; pp A4954–A4954,
https://doi.org/10.1164/ajrccm-conference.2012.185.1_Meetin-
gAbstracts.A4954.

[130] J. Adelöf, J. Wiseman, M. Zetterberg, M. Hernebring, Aging
Cell 2021, 20, e13336, https://doi.org/10.1111/acel.13336.

[131] C. Noda, N. Tanahashi, N. Shimbara, K. B. Hendil, K. Tanaka,
Biochem. Biophys. Res. Commun. 2000, 277, 348–354, https://
doi.org/10.1006/bbrc.2000.3676.

[132] S. Lokireddy, N. V. Kukushkin, A. L. Goldberg, Proc. Nat.
Acad. Sci. 2015, 112, E7176–E7185, https://doi.org/10.1073/
pnas.1522332112.

[133] J. J. S. VerPlank, S. D. Tyrkalska, A. Fleming, D. C. Rubinsz-
tein, A. L. Goldberg, Proc. Nat. Acad. Sci. 2020, 117, 14220–
14230, https://doi.org/10.1073/pnas.2003277117.

[134] N. Myeku, C. L. Clelland, S. Emrani, N. V. Kukushkin, W. H.
Yu, A. L. Goldberg, K. E. Duff, Nat. Med. 2016, 22, 46–53,
https://doi.org/10.1038/nm.4011.

[135] J. J. S. VerPlank, A. L. Goldberg, Biochem. J. 2017, 474, 3355–
3371, https://doi.org/10.1042/BCJ20160809.

[136] J. J. S. VerPlank, A. L. Goldberg, Methods Mol. Biol. 2018,
1844, 309–319, https://doi.org/10.1007/978-1-4939-8706-1_20.

[137] X. Guo, X. Wang, Z. Wang, S. Banerjee, J. Yang, L. Huang,
J. E. Dixon, Nat. Cell Biol. 2016, 18, 202–212, https://doi.org/
10.1038/ncb3289.

[138] Role of Substrate in Reversible Activation of Proteasomes
(Multi-Protease Complexes) by Sodium Dodecyl Sulfate1 j The
Journal of Biochemistry j Oxford Academic, https://academic.
oup.com/jb/article-abstract/106/3/495/820202?redirectedFrom=

fulltext&login=false (accessed 2023–08-10).
[139] E. Njomen, J. J. Tepe, J. Med. Chem. 2019, 62, 6469–6481,

https://doi.org/10.1021/acs.jmedchem.9b00101.
[140] E. Njomen, P. A. Osmulski, C. L. Jones, M. Gaczynska, J. J.

Tepe, Biochemistry 2018, 57, 4214–4224, https://doi.org/10.
1021/acs.biochem.8b00579.

[141] J. W. Kelly, Sci. Transl. Med. 2021, 13, eaax0914, https://doi.
org/10.1126/scitranslmed.aax0914.

Manuscript received: August 15, 2023
Revised manuscript received: October 17, 2023

Version of record online: ■■■, ■■■■

Perspective

Isr. J. Chem. 2023, e202300120 (14 of 14) © 2023 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.2136717100
https://doi.org/10.1073/pnas.2136717100
https://doi.org/10.1073/pnas.0914072107
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1074/jbc.M313579200
https://doi.org/10.1074/jbc.M313579200
https://doi.org/10.1074/jbc.M413007200
https://www.sciencedirect.com/science/article/pii/S0531556507000307
https://www.sciencedirect.com/science/article/pii/S0531556507000307
https://doi.org/10.1002/stem.1764
https://doi.org/10.1002/stem.1764
https://doi.org/10.1016/j.molcel.2010.12.020
https://doi.org/10.1016/j.molcel.2010.12.020
https://doi.org/10.1016/j.abb.2012.04.018
https://doi.org/10.1096/fasebj.28.1_supplement.555.11
https://doi.org/10.1096/fasebj.28.1_supplement.555.11
https://doi.org/10.1164/ajrccm-conference.2012.185.1_MeetingAbstracts.A4954
https://doi.org/10.1164/ajrccm-conference.2012.185.1_MeetingAbstracts.A4954
https://doi.org/10.1111/acel.13336
https://doi.org/10.1006/bbrc.2000.3676
https://doi.org/10.1006/bbrc.2000.3676
https://doi.org/10.1073/pnas.1522332112
https://doi.org/10.1073/pnas.1522332112
https://doi.org/10.1073/pnas.2003277117
https://doi.org/10.1038/nm.4011
https://doi.org/10.1042/BCJ20160809
https://doi.org/10.1007/978-1-4939-8706-1_20
https://doi.org/10.1038/ncb3289
https://doi.org/10.1038/ncb3289
https://academic.oup.com/jb/article-abstract/106/3/495/820202?redirectedFrom=fulltext&login=false
https://academic.oup.com/jb/article-abstract/106/3/495/820202?redirectedFrom=fulltext&login=false
https://academic.oup.com/jb/article-abstract/106/3/495/820202?redirectedFrom=fulltext&login=false
https://doi.org/10.1021/acs.jmedchem.9b00101
https://doi.org/10.1021/acs.biochem.8b00579
https://doi.org/10.1021/acs.biochem.8b00579
https://doi.org/10.1126/scitranslmed.aax0914
https://doi.org/10.1126/scitranslmed.aax0914


PERSPECTIVE
K. A. Kragness, D. J. Trader*

1 – 15

The Role of the Proteasome in
Limiting Cellular Stress Associated
with Protein Accumulation

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300120 by U

niversity O
f C

alifornia - Irvine, W
iley O

nline L
ibrary on [10/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense




