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Abstract: Damaged and misfolded proteins accumulate during the aging process, impairing cell function and tissue ho-
meostasis. These perturbations to protein homeostasis (proteostasis) are hallmarks of age-related neurodegenerative disor-
ders such as Alzheimer’s, Parkinson’s or Huntington’s disease. Damaged proteins are degraded by cellular clearance
mechanisms such as the proteasome, a key component of the proteostasis network. Proteasome activity declines during
aging, and proteasomal dysfunction is associated with late-onset disorders. Modulation of proteasome activity extends
lifespan and protects organisms from symptoms associated with proteostasis disorders. Here we review the links between pro-
teasome activity, aging and neurodegeneration. Additionally, strategies to modulate proteasome activity and delay the onset
of diseases associated to proteasomal dysfunction are discussed herein.
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INTRODUCTION

Protein homeostasis, or proteostasis, is regulated by a
complex network of cellular mechanisms that monitors the
concentration, folding, cellular localization, and interactions
of proteins from their synthesis through their degradation [1-
3]. The accumulation of reactive oxygen species (ROS) dur-
ing aging challenges the structure of proteins and the quality
of the proteome. In addition, the ability to maintain a func-
tional proteome declines during the aging process [1, 4-6].
This decline in proteostasis is considered one of the hall-
marks of aging [7]. The accumulation of damaged proteins
contributes to multiple age-related diseases such as Alz-
heimer’s (AD) [8], Parkinson’s (PD) [9] or Huntington’s
disease (HD) [10]. Misfolded, damaged, aggregated or un-
necessary proteins are degraded by the proteasome or
through autophagy-lysosome [11-14]. Proteasome-mediated
degradation is a complex mechanism where proteins are first
targeted for degradation by the ubiquitination machinery and
then recognized, unfolded and proteolyzed by the protea-
some (Fig. 1). The impact of a failure in the ubiquitination
pathway on neurodegenerative diseases has been previously
reviewed in [15]. This review focuses on the proteasomal
machinery and its demise in aging and neurodegenerative
diseases. Proteasome functionality declines during the aging
process and triggers the onset of age-related diseases.
Mechanisms that promote proteasome activity can slow ag-
ing and decrease the incidence of age-related diseases [16,
17]. Likewise, mechanisms that promote autophagy can ex-
tend healthspan [13, 14, 18-22]. Several longevity-promoting
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pathways, such as reduced insulin/IGF-1 signaling pathway
(11S) or dietary restriction (DR), ameliorate proteome dys-
function in age-related diseases [3]. Notably, these longevity
pathways modulate the proteostasis network (i.e., protea-
some activity) providing increased stability of the proteome
and protecting from the symptoms associated to diseases
such as AD, PD or HD [3, 17, 23, 24]. Here, we discuss the
mechanistic links between proteasome activity, aging and
neurodegenerative diseases.

THE UBIQUITIN-PROTEASOME SYSTEM (UPS)

The UPS is the primary selective degradation system in
eukaryotic cells [16]. The UPS is a precise and carefully
timed mechanism that is critical for maintaining the proper
concentration of many regulatory proteins involved in cell
cycle, stem cell function, development, signal transduction,
metabolism, gene transcription, DNA repair, senescence,
apoptosis, inflammation and other biological processes [11,
14, 25-28] (Fig. 1). In addition, the UPS is a key component
of the protein quality control system needed to terminate
damaged or misfolded proteins [11, 13, 14]. The first step of
the UPS-mediated degradation is the conjugation of ubig-
uitin, a highly conserved 76 amino acid residue polypeptide,
to the substrate protein [11, 29-31] (Fig. 1). The attachment
of one ubiquitin molecule is achieved through an enzymatic
sequential mechanism involving three distinct classes of en-
zymes [11, 32, 33]. First, the ubiquitin-activating enzyme
(E1) activates the C-terminal glycine residue of a ubiquitin
in an ATP-dependent manner. Activated ubiquitin is next
transferred to a cysteine site of a ubiquitin-conjugating en-
zyme (E2). In the third step, a ubiquitin ligase (E3) links
ubiquitin from the E2 enzyme by its C-terminus to the ¢ -
amino group of a lysine residue of the target protein. While
apparently there are only two E1, there are several E2
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Fig. (1). The Ubiquitin-Proteasome System (UPS). Ubiquitin is activated through the ubiquitin-activating enzyme (E1) and next transferred
to the ubiquitin-conjugating enzyme (E2). Both E2 and the target protein bind to the ubiquitin-ligase (E3) which links the activated ubiquitin
from E2 to the target protein. The sequential conjugation of ubiquitins to the target protein generates a poly-ubiquitin chain, which acts as a
signal for the protein to be degraded through the proteasome. Active proteasomes are formed by the interaction of proteasomal regulatory
particles with a core particle (20S), which contains the proteolytic active sites. Free intracellular 20S are normally found in an inactive/closed
state and require the binding of 20S activators to degrade proteins. The major assembly of the 20S proteasome is with the 19S regulatory pro-
tein, which recognizes the polyubiquitylated substrate, removes the ubiquitin moieties and unfolds the substrate to translocate it into the 20S
proteolytic chamber. The 20S can also be activated by the PA28 complex (also known as 11S) or by the BIm10/PA200 protein. Finally, the
protein is cleaved into short peptides. The proteasome is involved in a variety of cellular functions, such as quality control of the proteome,

stress response or cell cycle regulation.

enzymes and many E3 ubiquitin ligases, each of which rec-
ognizes one or several of specific protein motifs [34]. There-
fore, E3 ubiquitin ligases are responsible for the selectivity
of the process targeting specific proteins to degradation by
the proteasome. The same cascade links additional molecules
to the primary ubiquitin via internal ubiquitin lysines, form-
ing a ubiquitin chain. Ubiquitin has seven lysine residues, all
of which can form polymer chains [35]. A chain of at least
four lysine 48-linked ubiquitins is the primary signal for deg-
radation [36], while other linear ubiquitin chains participate
in different processes such as signal transduction [27, 37].
After the ubiquitination sequential mechanism, the polyu-
biquitylated protein is now recognized by the machinery
responsible for its degradation, the proteasome.

The proteasome is a complex proteolytic machine formed
by the assembly of several subunits [11]. The core particle
(20S) of the proteasome exhibits a barrel-like structure in
which the 28 subunits are assembled into four seven mem-

bered rings [11]. The two outer rings are composed by seven
« subunits (named o1 to «7), while the two inner rings
are composed by seven 3 subunits (named 51 to 7) [38].
Three of the 3 subunits contain proteolytic active sites: 1,
B2 and B5 present caspase-like, trypsin-like and chymo-
trypsin-like activities, respectively [39, 40]. A specialized
form of the 20S proteasome, known as the immunoprotea-
some because of its prevalence in antigen-presenting cells, is
generated by replacement of the catalytic subunits by g 1i,
B2i and B5i [41, 42]. The function of the «-rings is to
control the substrate entry into the catalytic cavity. Although
20S particles can exist in a free form, its default status is
closed and requires the binding of proteasome activators to
degrade polyubiquitylated proteins. Therefore, 20S particles
are considered to be inactive, unable to degrade polyubig-
uitylated proteins [43]. However, it is important to remark
that free 20S particles have a detectable activity independent
of ubiquitination and ATP towards small proteins [44].
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Active proteasome exists in several forms, but its major
assembly is formed through the assembly of the 20S and the
19S, a subunit that also imparts regulation on the activity of
the holo-complex (26S, single capped or 30S, double
capped) [45-47]. The 19S recognizes polyubiquitylated pro-
teins and unfolds and translocates these proteins to the 20S
for degradation in an ATP dependent process [48]. The 19S
is composed of two subcomplexes: a base adjacent to the
20S and a lid that sits on top of the base [48]. The base con-
tains six ATPases (Rptl-Rpt6), which are members of the
AAA family of ATPases and three non ATPases subunits
(Rpnl, Rpn2 and Rpn10) [11, 49]. The lid complex forms
the distal mass of the 19S and is critical for substrate recog-
nition and deubiquitination [11]. The 19S lid is formed by
eight subunits (Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9,
Rpn1l, and Rpn12) [50].

In addition to regulation by 19S, the core particle can be
activated by other regulatory particles. For example, PA28
(also known as 11S) [51] is formed by hetero-heptameric
rings of 28-kDa proteins (PA28 « and PA28 3) or homo-
heptameric rings of PA28 y [52]. PA28 binds to the cylinder
end of the core particle, thus opening the channel [53, 54]. In
contrast to the 19S regulatory particle, PA28 lacks ATPase
activity and the ability to bind to ubiquitin conjugates [51,
55]. PA28 o B is inducible by interferon-y [56] and modu-
lates the presentation and generation of specific viral anti-
gens [57]. PA28 v is involved in cell cycle regulation pro-
moting the degradation of small proteins such as p21 [58].
The 20S proteasome can also be activated by BIm10/PA200,
a monomeric protein of 250 kDa [59]. BIm10/PA200 forms
hybrid complexes in which this protein binds to one end of
the 20S proteasome and the 19S to the opposite end [60, 61].
Taken together, proteasome activity is tightly modulated by
different proteasome activators.

PROTEASOME ACTIVITY DECLINES DURING
CELLULAR SENESCENCE AND AGING

A hallmark of aging is the progressive decline in cellular
proteostasis and the accumulation of misfolded and damaged
proteins [7]. This failure of proteostasis with age involves
mechanisms such a decline in stabilization of correctly
folded proteins and protein clearance systems. Chaperones
assure the proper cellular localization and folding of proteins
throughout their life cycle [4, 62]. When the stability of the
proteome is challenged, a series of cellular responses are acti-
vated to maintain the proper folding of proteins such as the
heat shock response (HSR) or the unfolded protein response
(UPR) [1, 63]. Induction of chaperones is highly impaired in
aging [64]. In addition, an overexpression of chaperones in
either D. melanogaster or C. elegans promotes longevity
[65-68]. In mice, long-lived mutant strains express high lev-
els of specific heat shock proteins while mice lacking a heat-
shock-family chaperone exhibit an accelerated aging pheno-
type [69, 70]. Similar to the chaperone network, protein
clearance mechanisms such as autophagy also decline during
aging [12, 71]. Studies on the aged human brain have shown
decreased markers of autophagy [72]. Mice overexpressing
LAMP2a, a receptor of the chaperone-mediated autophagy,
avoid aging-associated autophagy impairment and exhibit
improved liver functions when aged [73]. Interestingly, ad-
ministration of rapamycin, an autophagy inducer, considera-
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bly delays aging in mice and other models [74-76]. In flies,
induction of specific autophagy genes promotes lifespan and
confers protection upon different stress factors [77]. In yeast,
worms and flies, autophagy is required for the rapamycin-
induced lifespan extension [12, 78].

As a key component of the cellular proteostasis network,
proteasome function declines during aging. This dysfunction
can occur at different levels such as decreased expression of
proteasome subunits [79, 80], alteration and/or replacement
of proteasome subunits [81], disassembly of proteasomes
[82] or inactivation by interacting with protein aggregates
[83]. This later mechanism could induce a catastrophic pro-
teostasis feedback during aging, since inhibition of proteo-
stasis itself can induce the accumulation of protein inclu-
sions, which in turn can further inhibit proteasome activity.
In yeast, the failure of the UPS during aging induces the ac-
cumulation of protein inclusions [84]. These protein aggre-
gates obstruct UPS function. By increasing disaggregase
activity, the accumulation of proteins inclusions during aging
diminishes and degradation by the 26S proteasome is re-
stored [84].

A decline in proteasome function during aging and se-
nescence has been observed in several mammalian tissues
and cells such as human skin, epidermal cells, fibroblasts
and lymphocytes [85-88], bovine eye lens [89] and rat liver,
lung, heart, kidney, spinal cord, hippocampus, cerebral cor-
tex and muscle tissues [90-95]. Human fibroblasts are a well-
established model to define senescence mechanisms. In
comparison to cells that have undergone fewer passages,
human senescent fibroblasts exhibit a reduction in the levels
of all three proteasome activities and proteasome subunit
levels [87]. In addition, fibroblasts treated with proteasome
inhibitors exhibit a shortened replicative lifespan and a se-
nescent-like phenotype [96]. Notably, a transgenic mouse
with decreased proteasomal chymotrypsin-like activity ex-
hibits a shortened lifespan, premature age-related phenotypes
and aggravation of age-related metabolic disorders such as
obesity or excessive accumulation of triglycerides in hepatic
cells [97].

These observations indicate that proteasome activity de-
clines during the aging process. It has been shown that dif-
ferent tissues exhibit different proteasome activity [98, 99].
Taken together, these findings raise an intriguing question: Is
the proteasome equally affected in different cell types during
aging? This question can be addressed by using cell-specific
photoconvertible reporters to measure proteasome activity in
real time in living animals [100]. For instance, a study using
this methodology in C. elegans has shown that dorsorectal
neurons exhibit a more severe decline in proteasome activity
during aging than body-wall muscle cells [100]. The specific
biological purpose of every cell type may define cellular
differences in proteasome activity levels and how aging im-
pacts on their proteasome machinery. Indeed, recent findings
in embryonic stem cells (ESC) support this hypothesis. ESCs
do not undergo replicative senescence and are considered to be
immortal in culture [101, 102]. The immortality of ESCs sug-
gests that these cells could have increased mechanisms to pro-
tect their proteome and, therefore, avoid senescence. Accord-
ingly, human ESCs (hESCs) exhibit high proteasome activity
compared to their differentiated counterparts such as neu-



The Mechanistic Links Between Proteasome Activity, Aging and Age-related Diseases

rons, fibroblasts or trophoblasts [28] (Fig. 2a). This in-
creased proteasome activity is correlated in human and
mouse with increased levels of the 19S proteasome subunit
PSMD11/Rpn6é [25, 28, 103], which is an essential subunit
for the activity of the 26S/30S proteasome that stabilizes the
otherwise weak interaction between the 20S core and the
19S cap [28, 104]. Moreover, hESCs also exhibit increased
levels of other proteasome subunits such as «2- o5 [103]
and the immunoproteasome subunits 3 1i (PSMB9) and S 5i
(PSMBS8) [105]. Besides Psmd11/Rpn6, mouse ESCs also
express high levels of the deubiquitinating enzyme
Psmd14/Rpnll [25]. These findings raise the intriguing
question of why ESCs cells need enhanced activity of the
proteasome. Increased proteasome activity in these cells
could be required to avoid senescence and maintain an intact
proteome for self-renewal. In contrast to fibroblasts, protea-
some activity does not differ in hESCs depending on the
passage number [28]. Since the passage of damaged proteins
to daughter cells could compromise the aging process of an
organism, increased proteasome activity in ESCs could also
be required to generate a cell lineage with an intact pro-
teome. Notably, degradation of damaged proteins is trig-
gered upon the first signs of mouse ESC differentiation [106,
107]. Induction of the proteasome activator PA28 « 8 is
required for degradation of these damaged proteins during
the first signs of cell fate specification [107].

Since adult stem cell exhaustion is considered one of the
tentative hallmarks of aging in organisms [7], it will be fas-
cinating to examine whether proteasome activity is increased
in these cells. Adult organisms have two types of stem cells:
1) germ line stem cells (GSCs) [108] and 2) adult somatic
stem cells which are found in several tissues and rejuvenate
them. Adult somatic stem cells persist throughout the lifespan
of organism. However, adult somatic stem cell function de-
clines during the aging process in tissues such as the brain,
skin, blood, bone and skeletal muscle and this failure may
contribute to age-related diseases [7, 109]. Whether adult so-
matic stem cells also have an enhanced proteasome activity
remains to be elucidated, but the maintenance of this activity
may critically impact organismal aging. In contrast, GSCs
are designed to maintain an unlimited proliferative capacity in
order to fulfill their biological purpose: to be passed from one
generation to the next. GSCs can acquire in vitro properties
similar to those of ESCs such as pluripotency [110]. GSCs
generate the gametes that will produce the embryos after
reproduction. ESCs and oocytes share a common transcrip-
tome signature [103, 111]. Similar to hESC, human oocytes
have an increased expression in the levels of PSMD11 [103].
In D. melanogaster, gonads (ovaries and spermathecae) and
maturating oocytes have an increased 26S proteasome activ-
ity and accumulate less damaged proteins compared to aging
somatic tissues [98, 99]. Proteasome activity is already
down-regulated in middle-aged flies, when signs of aging
first appeared [98, 99]. Although proteasome activity de-
clines in somatic tissues during the aging process, maturating
oocytes and gonads maintain their high activity compared to
age-matched somatic tissues [98]. Taken together, these re-
sults show that proteasome activity and its decline during
aging are differentially regulated depending on the cell type.
In addition, these results support the disposable soma theory
of aging formalized by Thomas Kirkwood in 1977 [112]. In
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this hypothesis, resources are allocated from the soma to the
germline under stress conditions and aging in order to pre-
vent and repair damage to the germline. By this mechanism,
the germline would ensure the fitness of the next generation.
Therefore, increased proteasome activity in maturating oo-
cytes and gonads may contribute to safeguard reproduction
and ensure the generation a pristine proteome in the ensuing
generation. In yeast, aggregated and damaged proteins can
be sequestered and retained in mother cells during division
[113]. This asymmetric division enables the generation of a
rejuvenated, germ-like, daughter cell lineage [114, 115]. The
aforementioned results in flies suggest that an evolutionarily
conserved mechanism may have evolved to avoid replicative
senescence by establishing an aging (somatic tissues) and
rejuvenated/immortal (germ cells) lineage, the later with an
increased proteasome activity that reduces the accumulation
of damaged proteins.

PROTEASOME DYSFUNCTION IN AGE-RELATED
DISEASES

Gain-of-toxic-function diseases, in which aggregation-
mediated proteotoxicity exceeds the cellular clearance ma-
chinery, have been associated with aging [116, 117]. Among
these diseases are neurodegenerative disorders such as AD,
HD, PD and amyotrophic lateral sclerosis (ALS) [3, 8-10,
14, 16]. Protein aggregation and deposition are common fea-
tures of these disorders [8-10] that share emergence patterns
and are more frequent late in life, even though different toxic
proteins are involved in their onset [116]. The pathophysi-
ological significance of protein aggregates is vaguely known.
The accumulation of abnormal proteins may lead to per-
turbed cellular functions and eventually to neuronal death,
ultimately manifesting as neurodegenerative disease.
Changes in the proteasome machinery may explain why ag-
ing is a risk factor for AD, PD and HD [117]. Furthermore,
loss-of-function experiments have shown that decreased pro-
teasomal activity can enhance the neurodegenerative pheno-
type [17, 118]. In addition, the inclusion bodies of AD, PD,
HD and ALS contain abnormal amounts of ubiquitin, sug-
gesting a link between proteasome dysfunction and neurode-
generation [15, 119].

AD is the most common of the neurodegenerative disor-
ders marked by protein misfolding and aggregation. AD re-
sults in progressive dementia and loss of memory, reasoning
and language qualities [8]. Proteasome activity is decreased
in brains from AD patients compared with age-matched con-
trols [120]. AD is characterized by the deposition of two
different protein aggregates: (i) extracellular senile (amyloid)
plaques and (ii) intracellular neurofibrillary tangles [8]. The
latter are mostly composed by hyperphosphorylated tau, a
microtubule-associated protein [8]. An in vitro study has
shown that tau protein can be degraded by the 20S protea-
some in an ATP/ubiquitin independent manner [121]. How-
ever, other studies showed that tau degradation by the pro-
teasome is at least partially ubiquitin-dependent in cells
[122, 123]. The ubiquitin ligase CHIP promotes tau degrada-
tion [122, 123]. When tau is not bound to microtubules, it
associates with the chaperone Hsp70. CHIP interacts directly
with Hsp70 and promotes tau ubiquitination and degradation
[122, 123]. Furthermore, inhibition of the proteasome-
associated deubiquitinating enzyme Uspl4 promotes tau
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degradation [124]. In addition, the proteasome activator
BIm10 accelerates tau degradation in vitro [125]. Tau clear-
ance is blocked by FK506 binding protein 51 kDa
(FKBP51), which forms a mature chaperone complex with
Hsp90 that prevents tau degradation [126]. In mice, FKBP51
and HSP90 synergize to block tau clearance by the protea-
some, resulting in tau oligomerization [127]. Notably, in
humans, FKBP51 levels increase relative to age and higher
FKBP51 levels are associated with AD progression [127].
These results suggest a model in which age-associated in-
creases in FKBP51 and its interaction with Hsp90 promote
neurotoxic tau accumulation. Strikingly, aggregated tau can
inhibit proteasome activity [120], which in turn could con-
tribute to the pathology of AD. Senile plaques are mostly
formed by aggregates of amyloid- 3 (A ), which is gener-
ated via proteolytic cleavage of the amyloid precursor pro-
tein (APP) [8]. Incorrect cleavage of APP leads to A 3 ag-
gregation. Interestingly, intracellular A 3 oligomers can in-
hibit proteasome activity [128].

PD is a neurodegenerative movement disorder character-
ized by the accumulation of Lewy Bodies in dopaminergic
neurons [9]. The major components of Lewy bodies are « -
synuclein, ubiquitin, the E3 ligase parkin and other UPS-
related proteins. Different approaches have been undertaken
to uncover the role of the proteasome in the pathology of PD.
A rat model for this disease was established by treating ani-
mals with proteasome inhibitors [129]. These rats exhibited
characteristics of PD, such as bradykinesia and tremor,
which was accompanied at a molecular level by « -synuclein
and ubiquitin-containing inclusions in dopaminergic neu-
rons. However, other studies could not obtain a similar out-
put [119]. As an alternative approach, proteasome subunits
knock-out mouse models were generated. Since the constitu-
tive deletion of most of the proteasome genes is embryoni-
cally lethal, conditional knock-out models had to be devel-
oped [13]. Deletion of the ATPase subunit Psmc1/Rpt2 spe-
cifically in dopaminergic neurons lead to ubiquitin and « -
synuclein positive inclusions which resulted in neuronal
death, thus resembling the hallmarks of PD [130]. In addi-
tion, variations in the gene PSMC4/Rpt3 correlate with the
age of PD onset in patients [131]. These results suggest a
role for the 26S/30S in « -synuclein degradation. However,
« -synuclein monomers can also be degraded by free 20S in
a ubiquitin-independent process [132]. ALS is another pro-
gressive neurodegenerative movement disorder. ALS affects
motor neurons [9]. Impairment of the proteasome in these
neurons by conditional knock-out of Psmc4/Rpt3 revealed
loss of motor neurons, locomotor dysfunction and accumula-
tion of aggregates of TDP-43 and FUS proteins, features
typical of ALS [133].

HD is the most studied disorder of polyglutamine
(polyQ) diseases. HD is an autosomal dominant disease that
affects muscle coordination and leads to progressive cogni-
tive decline and psychosis [10]. HD displays selective neu-
rodegeneration that occurs preferentially in the brain striatum
[10, 134, 135]. The disorder is caused by the expansion of a
CAG triplet repeat region in the huntingtin gene, which
translates into a polyQ stretch in the N-terminal domain of
the protein and results in fibril formation and aggregation
[10, 136, 137]. An expansion of glutamines of over 40 can
trigger the development of HD. In turn, the length of the
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CAG stretches correlates with the disease progression and
types of symptoms [137, 138]; unusually long CAG expan-
sions (>50) cause an early onset of the disease, known as
juvenile HD [139]. Huntingtin inclusions contain ubiquiti-
nated proteins, chaperones and components of the protea-
some [140]. Enhancement of the proteasome machinery has
been proven beneficial in HD models. Increased expression
of PA28 v in a cellular model of HD improves cell survival
[141]. Furthermore, ectopic expression of PSMD11/Rpn6 in
a C. elegans model of HD ameliorates the symptoms associ-
ated to this disease [17]. In contrast to the soluble form of
huntingtin, the aggregated form has been found to be ubig-
uitinated itself [142, 143], suggesting an impairment of the
capacity of the proteasome to degrade aberrant huntingtin
[144-146]. In addition, proteasome activity is reduced in
brains from HD patients and mice models [144]. Neverthe-
less, whether the formation of inclusion bodies in neurons is
protective or toxic is still under debate. Considering the cor-
relation between behavioral deficits and the load of mis-
folded huntingtin in HD mouse models, the inclusions them-
selves have been proposed to be on the base of the toxicity
leading to neuronal death [140, 147, 148]. The exact mecha-
nisms of this toxicity, however, remain unsolved but a gen-
eral impairment of the proteasomal function resulting in pro-
teostasis collapse and cellular death has been proposed [149,
150]. An in vitro study suggested that the proteasome is not
able to cleave within PolyQ stretches and the occasional
failure of these long undegradable sequences to exit the pro-
teasome may interfere with its function [151]. Accordingly,
incubation of proteasomes with mutant huntingtin exerts an
inhibitory effect on the proteasome by directly impeding the
entrance of other substrates [152]. However, other studies
found that huntingtin aggregates do not affect proteasome
activity suggesting that proteasomal dysfunction may be a
consequence of a general proteostasis collapse [142, 153].

Aging is also a primary risk factor for cancer [7, 154].
Cancer is the consequence of an aberrant gain of cellular
fitness whereas aging is characterized by a loss of fitness.
Although aging and cancer may seem to be opposite proc-
esses, both can share common origins: the cellular damage
accumulated during aging triggers cellular senescence, but
this damage occasionally provides aberrant advantages to
specific cells triggering cancer [7, 154]. Several studies have
suggested that proteasomal activity itself is elevated in hu-
man cancers [155-157]. This enhancement is consistent with
the special requirements of cancerous cells, such as the
elimination of aberrant proteins. The high degree of cell di-
vision and high mutation rates in these cells lead to an accu-
mulation of misfolded proteins, which activate stress re-
sponses and/or apoptosis. Upregulation of proteasomal activ-
ity eliminates aberrant proteins that otherwise would be toxic
for the cell [158]. Therefore, immortal cells such as cancer
cells and hESCs exhibit a high proteasome activity.

Proteasome activity could have an important relevance in
theories that suggest a relationship between aging somatic
stem cell health and the onset of cancer [154]. Stem cells and
progenitor cells persist through the lifespan of an organism
and accumulate DNA damage from stresses such as intracel-
lular oxidants. Typically, these damaged cells undergo cell
arrest, apoptosis or senescence. Therefore, this process de-
creases the number and functionality of adult somatic cells
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and progenitor cells contributing to the aging process and
age-related pathologies. However, some rare cells can escape
from the default pathway, acquiring additional mutations that
allow them to continue to proliferate and increase the likeli-
hood of cancer [154]. As mentioned above, whether adult
somatic stem cells have an increased proteasome activity is
unknown. Therefore, a better knowledge of how adult so-
matic stem cells regulate their proteasome activity may help
to understand how cancer stem cells are generated in an or-
ganism and to find specific treatment against these cells.
Since both stem cells and cancer stem cells rely on similar
protective mechanisms, specifically targeting these pathways
in cancer cells may be difficult. Deciphering the differences
in proteasome activity regulation between stem cells and
cancer stem cells might be needed for efficient treatment
implementation.

It is not clear whether inhibition of the proteasome would
result in selective inhibition of malignant cell growth, but a
number of identified compounds that inhibit proteasomal
degradation have been shown to induce apoptosis [159, 160],
kill tumor cells [161], overcome drug resistance [162, 163]
and enhance radiation sensitivity [161]. The underlying
mechanisms for this selectivity might be that malignant cells
show greater sensitivity to the cytotoxic effects of protea-
some inhibition than non-cancer cells [164-166]. Likewise,
hESCs are more sensitive to proteasome inhibition than their
differentiated counterparts [28]. Accordingly, proteasome
inhibition has become a valuable and powerful tool in the
treatment of certain types of cancer [167-170]. Bortezomib, a
proteasome inhibitor that reversibly inhibits the chymotryp-
sin site in the 20S particle, was approved in 2003 for treat-
ment of multiple myeloma (MM) [171, 172]. MM cells pro-
duce high amounts of aberrant immunoglobins and, conse-
quently, strongly rely on proteasome function for the contin-
ual clearance of abnormal proteins. Bortezomib-mediated
programmed cell death is accompanied by generation of
ROS, transmembrane mitochondrial potential gradient dissi-
pation, release of propaptotitc mitochondrial proteins, such
as cytochrome c, and activation of intrinsic, caspase-9-
mediated and extrinsic, caspase-8-mediated apoptosis. Other
mechanisms include induction of aggregosome formation,
endoplasmic reticulum stress and the unfolded protein re-
sponse [173, 174]. Bortezomib has also shown great effi-
ciency against related hematological malignancies, namely
Waldenstrém's macroglobulinemia [175, 176] and mantle
cell lymphoma [177, 178]. Furthermore, two second-
generation compounds have entered phase | trials: NP1-0052
[179] and carfilzomib [180], which also inhibit the chymo-
trypsin-like activity of the 20S particle but show improved
pharmacological properties. Unlike bortezomib, which binds
to the proteasome in a slowly reversible manner, NPI-0052
and carfilzomib bind irreversibly, abrogating a possible re-
covery from proteasome inhibition by the release of the drug.

PROTEASOME ACTIVITY AS A DETERMINANT OF
LONGEVITY AND STRESS RESISTANCE

Several reports suggest that sustained proteasome activity
correlates with longevity. Notably, proteasome activity is
increased in long-lived humans (centenarians) [181]. In this
study, the levels of several proteasome subunits and protea-
some activity were analyzed in fibroblasts derived from
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healthy centenarians and compared with fibroblast from
young and old control donors. Strikingly, proteasome activ-
ity and subunit levels in healthy centenarian-derived fibro-
blasts are more similar to the younger than the older control
donors-derived fibroblasts [181]. Furthermore, increased
proteasome activity was also found in extremely long-lived
animals such as the naked mole rat [182] and the giant clam
[183]. As mentioned before, increased proteasome activity is
increased in immortal cells such as hESCs, which can prolif-
erate continuously in the absence of senescence [28].

This link between increased proteasome activity and lon-
gevity has been further supported by genetic approaches
(Fig. 2b). For instance, ectopic expression of 19S protea-
some subunits extends lifespan in organismal models such as
D. melanogaster and C. elegans. A genetic gain-of-function
screen in D. melanogaster characterized Rpnl11 as a determi-
nant of aging [118]. Rpnll overexpression suppresses the
age-dependent reduction of 26S/30S proteasome activity and
extends lifespan of flies [118]. In addition, increased levels
of Rpnll suppress expanded PolyQ-induced progressive
neurodegeneration [118]. In C. elegans, overexpression of
Rpn6 is sufficient to extend longevity under proteotoxic
stress conditions and reduces toxic aggregates in PolyQ-
disease models [17]. Increased assembly of active protea-
somes induced by overexpression of the 20S proteasome
subunit 35 confers resistance to oxidative stress and delays
senescence in human fibroblasts [184]. In addition, overex-
pression of the proteasome chaperone POMP, a protein in-
volved in proteasome assembly, increases proteasome func-
tion and protects from oxidative stress in human fibroblasts
[185]. In Saccharomyces cerevisae, overexpression of the
yeast homolog of POMP (UMP1) induces an enhanced pres-
ervation of proteasome-mediated protein degradation and
increased viability during stationary-phase, a model for post-
mitotic aging [186]. Modulation of transcription factors that
regulate the expression of proteasome subunits is also a valid
approach to increased proteasome activity. In yeast, a tran-
scription factor named Rpn4 regulates the levels of protea-
some subunits [187]. Rpn4 degradation is promoted by the
E3 ubiquitin ligase Ubr2 [188]. In addition, Rpn4 expression
is regulated by stress inducible transcription factors such as
Hsfl [189], the primary regulator of heat-stress response
[190]. In yeast, loss of UBR2 results in elevated levels of
Rpn4 and increased replicative lifespan and resistance to
proteotoxic stress [191].

A series of signaling pathways promote longevity and
provide increased stability of the proteome delaying the on-
set of age-related diseases [3, 23, 24, 192]. Reduced food-
intake without malnutrition (DR) extends lifespan in multi-
ple species [193, 194]. DR decreases protein synthesis by
modulating translational rates [195, 196] which can improve
proteostasis maintenance. The decrease in the load of nascent
polypeptides to the proteostasis machinery may allow more
efficient protein folding and degradation and, therefore, de-
crease the accumulation of misfolded and damaged proteins.
In mice, DR induces the expression of the 19S proteasome
subunit Psmc3/Rpt5 and the proteasome activator PA28 [79].
In C. elegans, the HECT E3 ubiquitin ligase WWP-1 is a
positive regulator of lifespan in response to DR [197]. This
lifespan extension induced by WWP-1 is dependent on the
FOXA transcription factor pha-4 [197]. In addition, the
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Fig. (2). The links between proteasome activity, aging and age-related diseases. a, Human embryonic stem cells (hESCs) exhibit higher levels
of proteasome activity than their differentiated counterparts (i.e. fibroblasts, trophoblasts or neurons). This high activity is required for the
maintenance of stem cell function and is mediated, among others, through increased expression of the 19S proteasomal subunit Rpn6. b, Pro-
teasome activity declines with aging as a consequence of a reduction in the expression of proteasomal subunits, alteration or replacement of
several proteasomal subunits, disassembly of the proteasome or inactivation of the proteasome through direct interaction with age-induced
protein-aggregates. Consequently, interventions that increase and sustain proteasome activity such as overexpression of proteasomal subunits
and chaperones can extend lifespan and delay the onset of age-related diseases. Several longevity-promoting pathways (i.e., dietary restriction
(DR) or reduced insulin/IGF-1 signaling pathway (I1S)) increase proteasome activity. Likewise, long-lived organisms (i.e., the naked mole rat

and the giant clam) and centenarians exhibit increased proteasome activity.

oxidative-stress-responsive transcription factor skn-1 is also
required for DR-induced longevity in C. elegans [198]. skn-1
promotes the expression of aip-1/AIRAP (arsenic-inducible
RNA-associated protein) under metabolic stress [199]. aip-
1/AIRAP binds to the 19S increasing proteasome activity
and clearance of damaged proteins [200]. Notably, aip-
1/AIRAP ameliorates S -amyloid peptide and PolyQ toxicity
[201, 202]. In addition, skn-1 and its mammalian orthologues
Nrfl and Nrf2 upregulate the expression of proteasomal
genes in response to proteasome inhibition and oxidative
stress [203-210]. Inducible Nrf2 activation in D. mela-
nogaster promotes youthful expression of proteasome
subunits in aged somatic tissues [99]. This result suggests
that age-dependent Nrf2 dysfunction may contribute to the
decrease in proteasome subunit expression with age. Interest-
ingly, Nrf2-mediated proteasome activation delays senes-
cence in human fibroblasts [204].

Reduced insulin/IGF-1 signaling pathway (lIS) extends
lifespan in both invertebrates and vertebrates [211-214]. 1IS
reduction correlates with increased longevity of humans
[215-217]. The insulin/IGF-1 receptor activates a conserved
P13-kinase/PDK/AKT signaling cascade that phosphorylates
FOXO transcription factors, thereby preventing their nuclear
localization. When 11S signaling is reduced, FOXO accumu-
lates in the nucleus and regulates downstream genes that
extend lifespan and increase stress resistance in worms, flies
and mice [212, 214, 218-222]. In C. elegans, the CUL-1 E3
ubiquitin ligase complex (Skpl-Cull-F-Box) is required for
the extended lifespan of 11S mutant worms. This regulation is
achieved, at least in part, by promoting the transcriptional
activity of the worm FOXO transcription factor DAF-16
[223]. In worms, decreased 1IS induces proteasome activity
[224]. This regulation is achieved through DAF-16 transcrip-
tional repression of the proteasome-associated deubiquitinat-
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ing enzyme ubh-4 [224]. Uchl5, the human ortholog of ubh-
4, increases degradation of toxic proteins in mammalian cells
[224]. Delayed aging, by IIS reduction, protects worms and
mice from protein aggregation toxicity [23, 24, 219, 225].
Different invertebrate models have been established to study
proteostasis-associated human diseases. Studies in these dis-
ease models have shown that expression of human disease
proteins in invertebrates can be toxic and results in physio-
logical and behavioral changes [23, 225, 226]. Experiments
using C. elegans expressing polyQ in body wall muscle
showed that toxic protein aggregation is age-dependent
[225]. 1IS reduction is able to delay PolyQ aggregation and
toxicity, suggesting that this pathway modulates the proteo-
stasis network to enable cells to deal with toxic proteins to a
much later age [225]. Whether reduced IIS ameliorates
PolyQ aggregation in body well muscle by modulating, at
least partially, proteasome activity has not been examined.
Interestingly, overexpression of rpn-6, a target of DAF-186, is
sufficient to reduce toxic aggregates in neuronal PolyQ-
disease models [17]. In a C. elegans model of AD, expres-
sion of A B 14, peptide in the body wall muscle cells pro-
duces a progressive paralysis phenotype [227]. In a DAF-16
dependent manner, reduced function of the IIS can protect
from the toxicity of A 814, expression [23]. Interestingly,
reduced 1IS induces the aggregation of small toxic A 814,
oligomers into larger, less toxic structures suggesting the
activation of an aggregation mechanism [23]. These results
have been substantiated in mice, in which a heterozygous
mutation in the IGF-1 receptor is protective in a mouse
model of AD [24]. However, it has been also suggested that
autophagic degradation of the S -amyloid peptide is required
for the protective effect of reduced 1S in A B 1.4-expressing
worms [228]. Whether activation of DAF-16 also amelio-
rates the toxicity of A 1.4, through modulation of protea-
some activity has not been examined.

Besides 1S, other growth factors can regulate aging
[229]. Epidermal Growth Factor (EGF) signalling promotes
longevity in C. elegans [230]. Upregulation of both protea-
some activity and polyubiquitination, and a consequent de-
crease in protein aggregation are required for the lifespan
extension induced by EGF signalling [231].

Among invertebrates, birds and mammals, experimental
paradigms that limit reproductive investment also cause
lifespan extension [232]. Hypothetically, the need for repair-
ing and preventing damage to the germline dominates re-
source allocation strategies, while the somatic tissues age
and deteriorate [112]. In support of such theories, modula-
tions of reproduction that eliminate germ cells in C. elegans
and D. melanogaster provide effective mechanisms for ex-
tending lifespan [232-234], phenotypes that may be caused
by heightened resource availability and proteome stability
within the post-mitotic soma [17, 235]. Inhibiting germline
proliferation delays the onset of PolyQ-dependent aggrega-
tion and toxicity [235]. Proteasome activity and RPN-6 pro-
tein levels are increased in germline-lacking worms [17]. In
these long-lived animals, increased proteasome activity, rpn-
6 expression and longevity are modulated by DAF-16 [17].
Similar to these long-lived worms, FOXO4 is necessary for
increased proteasome activity and PSMD11/Rpn6 levels in
immortal hESCs [28, 236]. Interestingly, it has been recently
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reported that DNA damage in germ cells of C. elegans in-
duce a systemic response that protects somatic tissues by
increasing their proteasome activity [237].

Reduction of the activity of the mitochondrial electron
transport chain (ETC) is another evolutionary conserved
pathway that delays aging in invertebrates and mice [238-
242]. However, proteasome activity is not increased in ETC
long-lived C. elegans [17]. The activity of the proteasome in
other longevity-promoting mechanisms has not been estab-
lished yet.

CONCLUDING REMARKS

Increasing evidences point to the decline of a functional
proteome and accumulation of misfolded and damaged pro-
teins as determinants of the aging process. In turn, damaged
proteins are associated to late-onset neurodegenerative dis-
eases such as AD, PD and HD. The proteasome constitutes
one of the main cellular protein clearance mechanisms and is
involved in key biological aspects such as cell cycle, signal
transduction or apoptosis, among others. Immortal cells,
long-lived laboratory models and centenarians, positively
correlate with increased proteasome activity. Furthermore,
genetic enhancement of proteasome function not only ex-
tends lifespan, but also increases stress resistance and ame-
liorates the symptoms and incidence of age-related disorders.
Taken together, these findings indicate that the age-related
decline of proteasome functionality is an important determi-
nant of aging and age-related neurodegenerative diseases.
Recently, nine cellular and molecular hallmarks have been
categorized and proposed to lie on the base of the aging
process [7]: genomic instability, telomere attrition, epige-
netic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communica-
tion. The UPS is involved in the regulation of the mainte-
nance of a stable and functional proteome, the clearance of
ROS-induced damaged proteins caused by mitochondrial
dysfunction and the regulation of tumour suppressor proteins
involved in cellular senescence. In addition, proteostasis and
cellular stress responses regulate somatic stem cell function
[243]. This suggests that the proteasome has a role in several
of the hallmarks of aging and, therefore, is a key component
of the aging process. This could be translated into a valuable
therapeutic approach for the treatment of progressive, age-
related neurodegenerative diseases. However, considering
the links between enhanced proteasomal activity and malig-
nant cells, some detrimental effects of this approach should
not be discarded.
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