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Abstract 
Marianthi Sakellari (2020): Functional Analysis of the Proteasome in 
Eukaryotic Organisms. Örebro Studies in Medicine 208. 

 
Proteasome degradation machinery is responsible for the turnover of a 
huge variety of normal and abnormal proteins, thus regulating a plethora 
of cellular processes. Aging is an inevitable biological process that is char-
acterized by reduced proteasome function that leads to proteotoxic stress. 
Compound-related interventions, that ameliorate proteasome system col-
lapse, retard aging process. In the present thesis, 18α-glycyrrhetinic acid 
(18α-GA), a natural compound with known proteasome activating prop-
erties in cells, was indicated to activate proteasome also in the multicellu-
lar organism Caenorhabditis elegans (C. elegans). Evaluation of the anti-
aging and protein anti-aggregation effects of this bioactive compound 
indicated that 18α-GA promoted longevity in nematodes through pro-
teasome- and SKN-1-mediated activation and decelerated Alzheimer’s 
disease progression and neuropathology both in nematodes and neuronal 
cells. Additionally, the crosstalk between protein synthesis and pro-
teasome-mediated protein degradation was analyzed in eukaryotic organ-
isms under various cellular conditions. Protein synthesis inhibition was 
observed to increase proteasome function and assembly in human prima-
ry embryonic fibroblasts, with heat shock protein chaperone machinery to 
contribute to the elevated proteasome assembly. Alternatively, protein 
synthesis inhibition increased the protein levels of specific proteasome 
subunits without influencing the proteasome activity in C. elegans. Fur-
thermore, proteasome activation by means which have also pro-longevity 
effects decreased the protein synthesis rate both in human fibroblast cells 
and nematodes. This thesis suggests: 1) that a diet-derived compound 
could act as a pro-longevity and anti-aggregation agent in the context of a 
multicellular organism and 2) the existence of a complex interplay be-
tween anabolic and catabolic processes under different cellular condi-
tions, across species. 
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INTRODUCTION 

The Proteasome System 
The 26S proteasome is a 2.5 MDa threonine protease that consists of two 
distinct subcomplexes: the catalytic 20S core particle (CP) and the 19S reg-
ulatory particle (RP). This proteolytic enzyme is localized in various cellular 
compartments (cytoplasm, nucleus and endoplasmic reticulum) and repre-
sents about up to 1% of the total cellular protein content. It is responsible 
for the degradation of normal, abnormal, denatured or in general damaged 
proteins and is involved in various cellular processes including cell cycle, 
regulation of transcription factors, signal transduction, apoptosis, DNA 
damage repair, immune responses, quality control of newly synthesized pro-
teins and cell differentiation [1, 2]. 

Substrates destined for 26S proteasomal elimination are tagged with pol-
ymers of ubiquitin by ubiquitination machinery. Ubiquitin is a small (8.5 
KDa) globular protein that is extremely stable and highly conserved from 
yeast to mammals. The attachment of ubiquitin to the proteins is a series of 
three ATP-dependent enzymatic steps, which demand the action of E1 
(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 
(ubiquitin-ligase enzyme) enzymes. Ubiquitin can be repeatedly conjugated 
to itself in specific internal lysine residues through the repeated action of 
E1, E2 and E3 enzymes, forming in that way polymeric ubiquitin chains. 
The substrate proteins linked to ubiquitin molecules are routed to the pro-
teasome for degradation. Before access to the proteolytic core, deubiqui-
tinating enzymes (DUBs) mediate the disassembly of polyubiquitin chains 
from protein substrates, serving in recycling and maintenance of ubiquitin 
moieties in cells [3]. The proteasome complex and the ubiquitination ma-
chinery constitute the so called ubiquitin-proteasome system (UPS). Pro-
teasome degrades protein substrates, producing oligopeptides ranging in 
length from 3 to 15 amino acid residues. After proteasome elimination, ol-
igopeptidases and/or amino-carboxyl peptidases carry out the hydrolysis of 
the small peptides, converting them to free amino acids [4] (Figure 1). 

The 20S Proteasome 
The 20S ‘core’ proteasome is a 750 KDa barrel-shaped structure com-
posed of 28 subunits organized in four axially stacked heptameric rings, 
two outer α-rings and two inner β-rings. Each α- and β-ring contains one 
set of seven different α- and β-subunits, respectively, thus forming the 
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final α1-7β1-7β1-7α1-7 configuration. The outer α-rings form a very narrow 
pore which functions as a tightly regulated ‘gate’ for the entrance of protein 
substrates in the catalytic 20S chamber and the removal of degradation 
products from the interior of the complex. This ‘gate’ that is made of the 
N-terminal domains of the α-subunits blocks the unregulated entrance of
substrates into the catalytic chamber. Additionally, α-subunits have a cru-
cial role in the organization and activation of the 20S CP from different
regulators. β1-β7 configuration possesses the proteolytic activity within the
central chamber. Three out of seven β-subunits are proteolytically active in
the mature constitutive 20S proteasome, namely β1, β2 and β5 subunits.
These subunits are responsible for peptidyl glutamyl peptide hydrolyzing or
caspase-like (PGPH or C-L), trypsin-like (T-L) and chymotrypsin-like (CT-
L) activities of proteasome, cleaving peptide bonds after acidic, basic and
hydrophobic amino acid residues, respectively [1, 5]. In immune-responsive
mammalian cells, β1, β2 and β5 constitutive subunits are de novo substi-
tuted by the cytokine-inducible catalytic β1i, β2i and β5i subunits, respec-
tively. These specialized forms of proteasome, known as immunopro-
teasomes, display increased cleavage after hydrophobic residues and re-
duced cleavage following acidic residues, an alteration that guarantees the
generation of peptides with higher affinity to MHC class I complex [6, 7].
Apart from immunoproteasomes, specific tissues are provided with alterna-
tive types of the proteasome. More specifically, in cortical epithelial cell of
the thymus β5i subunit is replaced by the proteolytic active subunit β5t,
forming the so-called thymoproteasome [8]. A tissue-specific subunit has
also been demonstrated in Drosophila melanogaster, in which the pro-
teasomes of the testis contain testis-specific subunits that are believed to be
involved in the procedure of spermatogenesis [9, 10] (Figure 1).

The 19S Regulatory Complex 
The 19S RP (also known as Proteasome Activator PA700) is a ~1 MDa 
multifunctional complex, which can be separated into two subcomplexes: 
the base and the lid. The base comprises six AAA-type ATPase (Rpt1-6) and 
three non-ATPase subunits (Rpn1, Rpn2 and Rpn13). The base subunits 
are involved in the substrate engagement and unfolding, the opening of the 
α-ring pore and finally the translocation of substrates through the narrow 
‘gate’ of the 20S complex. In detail, Rpn1 and Rpn2 are necessary for the 
capture of proteasome substrates. Rpn13 subunit has been demonstrated to 
act as an ubiquitin receptor together with Rpn10. Rpn10 is not assumed 
part of the base or the lid subcomplexes but instead facilitates the ‘bridge’ 



MARIANTHI SAKELLARI  Functional analysis of the proteasome in eukaryotic organisms 
 

15 
  

between these two subcomplexes. Rpt2, Rpt3 and Rpt5 subunits play a role 
in opening the 20S core complex ‘gate’.  The lid covers the base and consists 
of at least nine non-ATPase subunits (Rpn3, Rpn5-9, Rpn11, Rpn12 and 
Rpn15/Sem1). The lid is involved in the recognition and deubiquitination 
of substrates before their translocation and degradation. Importantly, 
Rpn11 is a Zn2+-dependent DUB, which removes the polyubiquitin chains 
from protein substrates [11, 12]. Additionally, ubiquitin-specific protease 
14 (Usp14) and ubiquitin carboxyl-terminal hydrolase 37 (Uch37) (also 
known as UCHL5), two DUBs of mammalian cells, are directly associated 
with Rpn1 and Rpn13 subunits of base subcomplex respectively, in order 
to facilitate proteolysis [4]. Finally, Rpn6 has been found recently to confer 
stabilization of 26S complex through regulation of the interaction between 
20S and 19S complexes [13].  

The 19S complex is attached to either one or both ends of 20S pro-
teasome forming the 26S or 30S proteasome complexes, respectively. 
26S/30S proteasomes are responsible for the ubiquitin- and ATP-dependent 
proteolysis [1, 5] (Figure 1). 

Proteasome Assembly 
Proteasome biogenesis and assembly is an accurate and multistep process 
that requires a number of auxiliary proteins. The assembly of eukaryotic 
proteasome starts with the formation of the α-subunit ring. Four dedicated 
chaperones assist the assembly of the α-subunits, named PAC 1-4 (pro-
teasome assembly chaperone) and Pba 1-4 (proteasome biogenesis-associ-
ated protein) in human and yeast, respectively.  These chaperones form two 
pairs of functional heterodimers, which are PAC1-PAC2 (Pba1-Pba2) and 
PAC3-PAC4 (Pba3-Pba4). The PAC1-PAC2 complex contributes to proper 
α-ring formation, prevents accidental formation of non-productive interme-
diates and premature dimerization of α-rings and sets a free surface to serve 
as a platform for the β-subunits incorporation. On the other hand, PAC3-
PAC4 complex contributes to the ordered α-ring assembly and ensures the 
proper incorporation of β subunits. β2 is the first β-subunit that is located 
at its correct position on the α-ring. After the formation of α-ring, the as-
sembly of β-ring follows.  The incorporation of β-subunits occurs in a de-
fined order. The assembly of the β-ring is assisted by another chaperone 
protein called POMP (proteasome maturation protein) in mammals and 
Ump1 in yeast. Ump1 is involved in conformation of proteasome interme-
diates and serves as checkpoint until all seven β-subunits are positioned on 
the α-ring. β7 is always the last subunit that is incorporated during β-ring 
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assembly. Dimerization of half proteasomes (α7-β7) leads to the formation 
of preholeoproteasomes (α7-β7-β7-α7). In abovementioned, β1, β2 and β5 
subunits are still inactive because of the existence of their N-terminal pro-
peptides. However, β-propeptides autoprocessing triggers the maturation of 
the active site threonines within the 20S CP. POMP, the human homologue 
of Ump1, has an important role in proteasome biogenesis and maturation 
of mammalian 20S proteasome. POMP/Ump-1 is also the first substrate of 
the newly matured 20S proteasomes [12, 14]. 

Like 20S proteasome assembly, 19S assembly is also a sequential and 
highly organized process orchestrated by several dedicated assembly chap-
erones. Base subunits form intermediates before the base complex takes its 
final form. Four chaperones participate in biogenesis of the 19S base-com-
plex, named Hsm3/S5b, Nas2/p27, Nas6/p28 gankyrin and Rpn14/PAAF1 
in yeast and mammals [1, 12]. Recently another base assembly chaperone 
is discovered in yeast, named Adc17 that facilitates Rpt6-Rpt3 dimerization 
[15]. Similarly, the lid also forms subcomplexes which are linked by inter-
actions between Rpn3 and Rpn5. The completion of the lid assembly comes 
with the incorporation of Rpn12. Rpn12 also bridges the lid and the base, 
mediating the lid-base joining [12]. Also, a number of auxiliary factors are 
involved in the regulation of the 20S and 19S proteasome complexes assem-
bly. Some of these factors are members of the family of Heat-repeat proteins 
such as Blm10 and Ecm29.  Other auxiliary proteins are Nob1 and Hsp90. 
Each of these proteins contributes differently to 26S proteasome assembly 
[14, 16]. As proteasome has a key role in regulating diverse biological pro-
cesses, the efficiency and fidelity of its biogenesis is necessary. 

Other Proteasome Activators 
The 19S RP is the most important but not the only activator of 20S CP. 
There are also two other activator families, which stimulate the proteasome 
activity, known as 11S (PA28/REG/PA26) and PA200/Blm10. The 11S ac-
tivator is a heptameric ring-shaped molecule capable of degrading short 
peptides but not intact proteins, in an ATP-independent mode [6]. In higher 
eukaryotes, there are three 11S isoforms, known as PA28α, β, γ (or REG α, 
β, γ) [17]. PA28/11S is also involved in regulation of immunoproteasome 
function [6]. Like 11S complex, PA200/Blm10 (human/Saccharomyces cere-
visiae) promotes the ATP-independent elimination of peptides by 20S pro-
teasome, but not of proteins. PA200/Blm10 displays a considerable variety 
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of functions, by contributing to 20S proteasome assembly, DNA repair, ge-
nomic stability, proteasome inhibition, spermatogenesis and mitochondrial 
checkpoint regulation [1]. 

There is also an alternative subtype of proteasome, the hybrid pro-
teasome. This hybrid type has the PA28-20S-PA700 conformation as it is 
formed when an 11S particle is attached to one end and a 19S RP at the 
other end of 20S CP. The exact function of this proteasome complex is not 
fully understood, but it is likely that the substrate proteins are recognized 
and bound by the 19S complex, are degraded by the 20S CP, whereas PA28 
binding alters the proteolytic capacity of the proteasome. Furthermore, the 
hybrid-proteasomes together with 26S proteasome participate in MHC-I 
antigen presentation [1].  
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Figure 1. The UPS structure and function. 26S/30S proteasomes consist of two sub-
complexes the 20S CP and either one or two 19S RP, respectively. 20S barrel-shaped 
complex is a stack of four heptameric rings; two α-rings embrace two β-rings. Three 
out of seven β subunits are responsible for the proteasome enzymatic activity. 19S 
RP contains the base and the lid subcomplexes. 26S/30S proteasome activity is re-
sponsible for ubiquitin- and ATP-dependent proteolysis. Proteasome substrates are 
targeted by the ubiquitination machinery via a set of three enzymes. The repetitive 
action of E1, E2, and E3 enzymes guarantees the labeling of proteasome substrates 
with polymers of ubiquitin. Before proteasome degradation, ubiquitin polymers are 
removed from protein substrates and released. Polyubiquitinated substrates can also 
be deubiquitinated by DUBs, leading to the release of free substrate molecules and 
ubiquitin moieties. 
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Aging Process 
Aging is a universal, inevitable, time-dependent, multifactorial biological 
process manifested by gradual loss of physiological function that eventually 
can lead even to death. It is the effect of the interaction of various genetic, 
environmental and lifestyle factors. Age-dependent functional deterioration 
is the major risk factor for the development of the most common human 
pathologies including cancer, diabetes, cardiovascular and neurodegenera-
tive diseases. The last decades, the aging research has gained the academic, 
industrial and common interest. The understanding of the underlying mo-
lecular pathways and mechanisms of aging and the knowledge that aging 
rate can be partially controlled suggest that age and age-related medical 
conditions can be delayed, alleviated or even prevented. The aim of aging 
research is to identify ways of retarding aging mostly with pharmaceutical 
targets or with the improvement of lifestyle over lifetime [18-20].  

Molecular and Biological Hallmarks of Aging  
Aging process presents a number of distinct characteristics mentioned as 
cellular and molecular hallmarks of aging. In these hallmarks are contained 
nine universal mechanisms that can be grouped into three main categories 
[18, 19]. The first category includes the primary hallmarks that are respon-
sible for the damage to cellular functions: genomic instability, telomere at-
trition, epigenetic alterations and loss of proteostasis. Primary hallmarks are 
followed by the antagonistic hallmarks, which are the responses to the 
abovementioned damage: deregulated nutrient sensing, mitochondrial dys-
function and cellular senescence. Finally, stem cell exhaustion and altered 
intracellular communication consist of the integrative hallmarks that are 
responsible for the clinical phenotype of aging [18].   

Primary Hallmarks 

Genomic Instability 
DNA damage accumulates in living cells and organisms as they age. DNA 
integrity and stability are constantly disturbed by extrinsic factors such as 
radiation and chemicals as well as by intrinsic factors such as DNA replica-
tion errors and free radicals [21, 22]. Although the majority of DNA dam-
age is repaired by specific mechanisms, the remaining damage counts for 
the accumulated genetic instability over time. This may include point muta-
tions, chromosomal gains and losses, translocations and telomere shorten-
ing [18, 19]. Genome instability can also be challenged by defects in the 
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nuclear lamina that result in various genetic disorders, named as laminopa-
thies [23]. All these DNA alterations are implicated in the development of 
cancer, neurodegenerative disorders and several premature aging syndromes 
such as Cockayne syndrome, Werner syndrome, Bloom syndrome, Seckel 
syndrome, xeroderma pigmentosum and trichothiodystrophy. Several lines 
of evidence indicate that enhancement of DNA repair mechanisms can de-
celerate aging, while induction of genomic damage due to deficiencies in 
DNA repair mechanisms can provoke accelerated aging [18, 19].   

Telomere Attrition 
Telomeres are chromosomal regions with repetitive nucleotide sequences 
that protect the ends of chromosomes from deterioration. Telomerase is the 
specialized DNA polymerase enzyme that extends the ends of the linear 
DNA molecules as the replicative DNA polymerases are unable to replicate 
completely the telomeres. Normal aging in mammals is accompanied by 
progressive telomeres shortening [24]. Additionally, replicative senescence 
or the Hayflick limit refers to the ability of most mammalian somatic cells 
to conduct a limited number of divisions because of the telomere exhaustion 
[25]. Moreover, telomerase deficiency or activation results in the develop-
ment of age-related diseases or inhibition of aging, respectively [18, 19]. 
Interestingly, telomerase reactivation in telomerase-deficient mice amelio-
rates the acceleration of aging process [26]. In total, telomere shortening is 
a fundamental hallmark of aging whereas preservation of telomere integrity 
is a key factor for delaying aging. 

Epigenetic Alterations 
Epigenetic alterations are linked to the aging process and refer to changes 
in gene expression profile. In the epigenetic mechanisms are included DNA 
methylation, histone modifications and chromatin remodeling [18, 19]. 
DNA methylation constitutes the transfer of a methyl group from S-adeno-
syl-l-methionine to the C5 of a cytosine and occurs predominantly at CpG 
islands. Various in vivo and in vitro studies have shown that aging is ac-
companied by global hypomethylation while some regions like some gene 
promoters represent hypermethylation [27]. Histone modifications are co-
valent and reversible post-translational modifications to histone protein oc-
tamers. In the most common histone modifications are included the acety-
lation, methylation and phosphorylation. These histone chemical reactions 
influence the packaging of DNA and induce transcriptional activation or 
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inactivation and DNA damage or repair. Aging process is affected by mech-
anisms associated with loss or gain of histone-modifier components, like 
histone deacetylases or methyltransferases, which are involved in genome 
instability and gene expression drift [18, 28]. The epigenetic modifications 
together with the diminished levels of various chromosomal proteins 
(HP1α) and chromatin remodelling factors (Polycomb group proteins or the 
NuRD complex) are responsible for the heterochromatin loss and redistri-
bution during aging [19, 28]. This heterochromatin decay results also in 
increased mobility of the genetic retrotransposable elements that are si-
lenced in young cells and organisms because of its existence [28]. Further-
more, non-coding RNAs, including a class of microRNAs, are implicated in 
aging process by regulating components of IGF-1 and TOR signaling path-
ways, stem cell behaviour and immunosenescence [18, 19]. As the epigenetic 
alterations are reversible, reversion of these changes offers opportunities for 
manipulation of aging phenotypes and lifespan extension [29, 30].  

Loss of Proteostasis 
Proteostasis is controlled by distinct cellular mechanisms, which are in-
volved in the protein folding and stability mediated by molecular chaper-
ones (like heat shock family proteins) and protein degradation mediated by 
two principal proteolytic pathways – namely, autophagy pathway and UPS 
–  [18, 19]. Aging is linked to impaired protein homeostasis / proteostasis 
because of the collapse of all these systems [31-33]. The result is the increase 
in protein oxidation, misfolding and aggregation that contribute to the de-
velopment of some age-related diseases [34].   

Proteasome Impairment during Aging 
UPS deterioration is a well defined condition of aging that has been shown 
by in vivo and in vitro studies. An age-related decrease in proteasome activ-
ity has been observed in various human cells and tissues such as epidermal 
cells, fibroblasts, lymphocytes and human skin, muscle and lens, respec-
tively [35, 36] as well as in other mammals such as bovines, rats and mice 
in eye lens, liver, lung, heart, kidney, spinal cord, hippocampus, cerebral 
cortex, retina and adipose and muscle tissues [1, 37-47]. Proteasome subu-
nit expression is also down-regulated with aging and cellular senescence. 
Reduced proteasome expression may count for the decreased amount of the 
assembled and functional proteasomes during aging [48, 49]. Proteasome 
impairment is also the hallmark of neurodegenerative diseases, such as Alz-
heimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD) 
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and amyotrophic lateral sclerosis (ALS), which are developed during aging 
of the central nervous system [5]. On the other hand, increased expression 
of the immunoproteasome subunits has been reported during aging. The up-
regulation of immunoproteasome suggests the existence of a compensatory 
mechanism in response to down-regulation of the constitutive proteasome. 
Moreover, immunoproteasome activation during aging is also linked to ad-
aptation to stress and response to chronic inflammation that accompanies 
the age-associated neurodegenerative diseases [1]. Modulation of pro-
teasome function with age can also be attributed to post-translation modi-
fication of its subunits. Several types of modifications have been reported 
including oxidation, ubiquitination, glycation, glycosylation and conjuga-
tion with lipid peroxidation products. Different subunits are sensitive to 
different types of modifications [35]. In addition, the extensive aggregation 
of the constantly accumulated, damaged, modified or oxidized proteins dur-
ing aging, such as lipofuscin and ceroids, inhibits also the proteasome func-
tion [50, 51]. Finally, the decline in the ATP steady-state levels with age 
contributes to the reduced 26S proteasome complex assembly and function, 
as both processes are ATP-dependent [52]. To conclude, the age-related per-
turbation of proteasome stems from the attenuation of proteasome biosyn-
thesis, assembly and function. In contrast, exceptional long-lived organisms 
such as healthy centenarians and naked mole-rats exhibit increased pro-
teasome activity that helps them to cope better with oxidative stress and to 
achieve longevity [53, 54].  

Alzheimer’s Disease  
AD is the most common age-dependent neurodegenerative disease, charac-
terized by a progressive loss of memory, dementia, depression and language 
deterioration [55]. AD is divided into two forms: familial AD and sporadic 
AD. Familial or early-onset AD is responsible for the 5%~10% of AD pa-
tients and is attributed to the inheritance of autosomal dominant mutations 
in three possible genes: β-amyloid precursor protein (APP) and presenilin 
(PS1 and PS2) genes. On the other hand, sporadic AD counts for the late-
onset AD and is associated mostly with polymorphisms in the Apolipopro-
tein E gene [56].  AD pathology is associated with progressive neuronal 
death in specific brain regions, oxidative damage and accumulation of in-
tracellular neurofibrillary tangles (NFTs) and extracellular amyloid plaque 
(AP) deposits. NFTs consist of intracellular insoluble hyperphosphorylated 
microtubule-associated protein Tau, while APs are composed of misfolded 
and aggregated amyloid-beta (Aβ) peptides. Aβ peptides are formed by the 
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enzymatic cleavage of APP by β- and γ-secretases. After formation of Aβs, 
their transportation into the extracellular matrix follows. 40 or 42 aa Aβ 
(Aβ40-42) forms are most common in APs [57]. In general, cumulative evi-
dence demonstrates the important contribution of neurotoxic Aβs and Tau 
to the onset and progression of AD pathogenesis. 

Ubiquitin-Proteasome System Deregulation in Alzheimer’s Disease 
UPS impairment is a characteristic of AD neuropathology and is related to 
neuronal death, degeneration and synaptic failure [58]. AD is linked to in-
creased ubiquitin conjugated protein aggregates. Ubiquitin is covalently 
conjugated with insoluble neurofibrillary materials of NFTs and APs, a find-
ing that emphasizes the defective protein turnover [59]. Salon and col-
leagues have reported a lower activity of E1 and E2 ligases in AD brains 
[60]. Interestingly, several E3 ligases including parkin, HRD1, UCHL-1 
(UCHL-1 functions also as DUB) have been mentioned down-regulated in 
AD. By contrast, E2-25K, an unusual member of the E2 conjugating enzyme 
family has been demonstrated as an Aβ neurotoxicity mediator and has been 
found up-regulated in AD [61]. A frame-shifted mutant of ubiquitin protein, 
namely UBB(+1), contributes also to AD neuropathology by inhibiting the 
proteasome and promoting Aβ accumulation [62]. UBB(+1) interacts with 
the E2–25K enzyme and participates in the production of the UBB(+1)-an-
chored polyubiquitinated chains [63].  

The proteasome impairment has also been demonstrated in AD brains. 
Although it is known that proteasome function declines significantly with 
age, proteasome dysfunction is more severe during AD [64]. Proteasome 
activity has been found reduced mainly in the affected by AD brain regions, 
including the hippocampus, parahippocampal gyrus, superior and middle 
temporal gyri and inferior parietal lobule whereas no significant decrease in 
proteasome function is noticed in the unaffected brain regions like occipital 
lobe or cerebellum [65]. By contrast, immunoproteasome activity and ex-
pression levels are increased in reactive glia surrounding Aβ plaques in an 
AD mouse model and in affected by AD human tissues. These findings con-
nect neuroinflammation, a hallmark of AD, with immunoproteasomes [66]. 
Wagner and coworkers have found that immunoproteasome deficiency at-
tenuates microglia cytokine response and cognitive deficits in an AD mouse 
model [67]. Proteasome-mediated proteolysis is responsible for Aβ turnover 
and Tau degradation. As a result, constitutive proteasome dysfunction con-
fers the accumulation of toxic protein aggregates and the development of 
AD pathology [55, 57]. However, it is still unclear whether the disruption 
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of proteasome activity enhances proteotoxic stress in AD or the presence of 
Aβ leads to proteasomal dysfunction. Many studies have reported the Aβ-
induced proteasome attenuation [68-70]. In particular, gold-labelled Aβ 
have been found to bind to the inner catalytic core of 20S proteasome com-
plex and to impair its proteolytic function [69]. In addition, Tau hyperphos-
phorylation and polymerization inhibits significantly the proteasome activ-
ity [61]. Moreover, large protein aggregates cannot enter catalytic chamber, 
therefore they continue to accumulate blocking further proteasome elimina-
tion [64].  Given that β- and γ-secretases (that are involved in Aβ peptides 
formation by cleaving enzymatically APP) are proteasome substrates, pro-
teasome impairment promotes the action of these enzymes and AD aggre-
gation status [5]. This theory implies the existence of a vicious cycle, by 
which proteasome malfunction is continuously enhanced in several ways, 
leading to more severe progress of the disorder. To conclude, impaired UPS, 
in any way, is one of the causative factors of AD. 

Study of the Aging Process 
Experimentally, the analysis and the study of aging can be categorized at 
two levels: (a) the in vivo and (b) the in vitro. 

In vivo Study of Aging 
Aging is studied in vivo by utilizing: (a) model organisms and (b) donors 
of different ages. 

Model Organisms 
Small, short-lived organisms such as Caenorhabditis elegans (C. elegans), 
Drosophila melanogaster, and the unicellular organism Saccharomyces 
cerevisiae are ideal models for studying the aging phenomenon. Many of 
the pathways that affect longevity were first discovered in the above organ-
isms and then were studied in higher eukaryotic organisms, such as mouse. 
Some of these longevity mechanisms are the 'dietary or caloric restriction', 
the insulin/IGF-1 signaling, sirtuins etc. [71]. 

Model of Donors of Different Ages 
Individuals of different ages can be used as donors of various cells or tissues 
(such as epidermis and hematopoietic cells) for the study of human aging. Es-
sentially, much information has been obtained by focusing on specific groups 
of the human population: (a) healthy centenarians, people considered as the 
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best example of 'successful' aging and (b) people with premature aging syn-
dromes.  

Centenarians, despite their advanced age, have escaped from age-related 
diseases and most of them are in a very good physical and mental condition. 
Studies focused on these exceptional individuals suggest that this group of 
human population has either increased levels of protective molecules (or differ-
entiated biochemical pathways that activate such molecules) or, alternatively, 
the same protective molecules which are functional for longer period [72]. 

One of the most interesting and studied phenotype in biology of aging is 
the accelerated aging in human and animals, known as progeroid syn-
dromes. They are rare genetic diseases (the result of certain mutations) char-
acterized by premature manifestation of clinical features that mimic normal 
aging at an early age. Some progeroid syndromes are Werner syndrome, 
Hutchinson-Gilford progeria syndrome, Bloom syndrome and the Cock-
ayne syndrome [73, 74]. Premature aging syndromes offer insights into the 
pathology of physiological aging.  

In vitro Study of Aging 
The study of aging in vivo brings to the surface a number of bioethical prob-
lems that arise from conducting research directly on volunteers but also 
practical problems, such as the need for a large number of samples. For this 
reason, in vitro model systems for aging study have been established, named 
as (a) replicative senescence and (b) stress-induced premature senescence. 

Replicative Senescence 
Normal somatic cells that are cultivated in cell culture can be used as a 
model system for the study of molecular mechanisms involved in aging. 
Hayflick has proposed that cell subjected to serial culture in vitro can con-
duct a limited number of divisions leading gradually to cease of cellular rep-
lication, a process known as replicative senescence (RS) [25]. Senescent cells 
acquire distinct cellular and molecular changes. In the morphological signs 
that accompany cellular senescence are included the increase in cell size, in 
nuclear and nucleolar size, in the number of vacuoles in the endoplasmic 
reticulum and cytoplasm and in the number of cytoplasmic microfilaments, 
as well as larger in size lysosomal bodies. Late passage cell cultures exhibit 
also enhancement in the number of multinucleated cells and in the intracel-
lular content of RNA and proteins [75]. In addition to the morphological 
features, the biochemical characteristics of aging cells are of particular in-



26 
 

MARIANTHI SAKELLARI   Functional analysis of the proteasome in eukaryotic organisms 
 

terest. Aged cells remain in G1 phase of cell cycle where they do not repli-
cate but are metabolically active. In addition, they exhibit high levels of 
acidic senescence-associated β-galactosidase (SA β-gal) activity (biomarker 
of cellular senescence) [76]. As cells age, their telomeres are shortened [77], 
while many mutations accumulate in their mitochondrial DNA [78]. Alt-
hough there are doubts about whether by studying aging in vitro, we can 
draw right conclusions about the process of aging in vivo, the model of RS 
is the best and most accepted in vitro system for the study of cell aging [77]. 

Stress-induced Premature Senescence 
Various human proliferative cell types can undergo a cellular process, phe-
notypically and biochemically similar to RS, after the in vitro exposure to 
many types of damaging agents at subcytotoxic level. This premature RS is 
known as stress-induced premature senescence (SIPs). The onset of the bi-
omarkers of cellular senescence can be triggered by ultraviolet light and ion-
izing radiation [79, 80], oxidants (like H2O2) [81], overexpression of Ras 
tumor suppressor gene [82], inhibition of basic cellular pathways such as 
phosphatidylinositol 3-kinase (PI(3)K) pathway [83], as well as by inhibi-
tion of the proteasome [84]. The abovementioned factors induce aging in 
young cells by causing accumulation of oxidative damage, increase in SA β-
gal activity, senescent-like morphology and irreversible growth arrest 
through activation of tumor suppressor genes (such as p53) and cyclin-de-
pendent kinase inhibitors (such as p16INK4a and p21Waf1) and hypophosphor-
ylation of retinoblastoma protein [85, 86]. Moreover, the steady-state 
mRNA levels of various genes, such as fibronectin, osteonectin, apolipopro-
tein J and a1(I)-procollagen are increased both in RS and SIPs [86]. All in 
all, the two in vitro aging models have similarities [87] but also differences 
in their molecular and biochemical characteristics [81, 88]. 

Caenorhabditis elegans  
C. elegans is a free-living worm which lives in the soil. It is a small organism 
with 1mm length and it is not hazardous, infectious or parasitic. At its nat-
ural environment it survives by feeding microbes such as bacteria that grow 
in rotting vegetable matter. In the laboratory, nematodes are grown on agar 
plates seeded with a lawn of the bacterium Escherichia coli (OP50 strain) 
[89]. OP50 is a uracil auxotroph organism which means that its growth is 
limited on Nematode Growth Medium (NGM) plates thus allowing for the 
easier observation of the worms. 
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C. elegans life cycle is rapid and is completed in 3 days at 25oC (3.5 days 
in 20oC) and its lifespan is 2-3 weeks. It has two sexes: hermaphrodites and 
males. The majority of the worms are hermaphrodites with males appearing 
at a frequency of < 0.2%. Hermaphrodite C. elegans reproduces by either 
self-fertilization thus giving genetically identical offspring populations or by 
cross-fertilization after mating with a male. A single hermaphrodite has the 
ability to give 200-300 offspring, at 20oC in 3-4 days. Eggs hatch into the 
first larval stage (L1). Nematode development gradually proceeds through 
three additional larval stages (L2, L3 and L4) until worm maturation in 
adult capable of laying eggs. In adverse growth conditions such as high pop-
ulation density, food shortage or extreme temperatures, L1 larva enters an 
alternative developmental stage, called the 'dauer' larva. The dauer larvae 
have thick skin, do not feed and show various changes in their nervous sys-
tem. These physical changes allow them to be resistant to various forms of 
environmental stresses and to exhibit long-term survival. When growth con-
ditions become favorable again, dauer larvae enter the 4th larval stage (L4) 
and progress into adulthood and their normal lifespan [90] (Figure 2). 

Figure 2. C. elegans life cycle at 22 oC. C. elegans larval development proceeds through 
four larval stages (L1-L4). L4 larvae develop into reproductive adults which lay eggs. 
Under harsh environmental conditions, L1 larvae may enter an alternative develop-  
mental larval stage, namely dauer larva. When environmental conditions become favor-
able again, dauers may re-enter reproductive development by molting into L4 larvae.  
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Hermaphrodite C. elegans consists of 959 somatic cells and 2000 germ cells 
[91].  In the nucleus of somatic cells there are five pairs of autosomal chro-
mosomes and one pair of sex chromosomes (XX). Male individuals have 
only one sex chromosome (XO) due to improper chromosome separation 
[92]. This organism has a fully sequenced genome, deposited in a database. 
Its genome is 100 Mb in length and contains about 20,000 genes [93]. The 
molecular and developmental study of C. elegans began in 1974 when Dr. 
Sydney Brenner proposed C. elegans as a model for the study of various 
genetic mechanisms [94]. The worm is a simple multicellular eukaryotic or-
ganism albeit with many similarities to higher eukaryotic organisms, such 
as mouse and human. It has a nervous, reproductive and muscular and di-
gestive system that allow the study of many conserved biological processes. 
One of its basic characteristics as a model organism is that allows for many 
genetic manipulations. Researchers can conduct easily "reverse genetics" by 
genome-wide feeding RNAi experiments [95]. In addition, nematode C. el-
egans has many mutant strains and allows for the creation of new transgenic 
strains with desirable genetic characteristics in a short term, properties that 
help researchers to conclude about the role of different genes in biological 
mechanisms. 

C. elegans is also a very good model for studying aging. Aging studies 
have been greatly aided by its easy and cheap maintenance and growth, its 
short life cycle, its transparency (its skin is transparent), its small size, the 
quick generation time and by changes in behavior and appearance through-
out its life. As worms age, various changes occur in their muscle, nervous 
and reproductive tissues. In particular, worm’s cuticle becomes wrinkled 
along its length and a decrease in its mobility is observed, similar to what is 
observed in human [96]. Old worms exhibit neuronal changes that are pos-
sibly related to reduced mobility and decreased responsiveness to mechani-
cal stimuli [97] (Figure 3). A decrease in pharyngeal pumping rate (which is 
an indication of the rate of food intake) is also noticed [98]. Another change 
associated with advanced age is the accumulation of various fluorescent 
compounds; including various cellular wastes called lipofuscin and ad-
vanced glycation end-products (AGEs). These compounds are known as 
'age pigments' as they cannot be degraded thus accumulating in the post-
mitotic cells of worms [99, 100]. Because its somatic cells are post-mitotic, 
no tissue regeneration is observed that facilitates aging study. Worm death 
is usually confirmed by their inability to move, to ingest food (the pharyn-
geal muscles remain stationary) and to respond to a mild external mechan-
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ical stimulus caused by platinum wire. Taking advantage of all these bene-
fits, more and more research teams use C. elegans to contribute to the un-
derstanding of aging process. 

Figure 3. Representative pictures of young and old C. elegans. As C. elegans adults 
age, they undergo various physical morphological changes.  

Proteasome Activation as Anti-aging Strategy in C. elegans 

Genetic Proteasome Activation 
In C. elegans, 20S CP consists of PAS1-7 (α-type) and PBS1-7 (β-type) subu-
nits while 19S RP consists of RPT1-6 ATPase and RPN1-12 non-ATPase sub-
units [101]. Overexpression of various proteasome subunits is responsible for 
proteasome activation and extension of lifespan in C. elegans. glp-1 mutants, 
which lack the entire germ line, exhibit increased proteasome activity and 
prolonged lifespan. Proteasome activation in germline-missing worms is ac-
companied by increased mRNA levels of the rpn-6.1 19S proteasome subunit. 
Interestingly, rpn-6.1 overexpression increases the lifespan of wild-type (wt) 
worms at 25oC, confers resistance to oxidative and heat stress and alleviates 
polyQ aggregates toxicity in a polyglutamine disease C. elegans model. More-
over, knock down of rpn-6.1 has the opposite results [102].  Consistent with 
RPN-6.1-mediated proteasome activation, pbs-5 20S proteasome subunit 
overexpression provokes proteasome activation, extends lifespan of wt ani-
mals and increases resistance to oxidative stress. Additionally, 20S pro-
teasome core induction protects against polyQ and Aβ proteotoxicity [103].  
Furthermore, overexpression of the arsenite-inducible protein AIP-1, a 19S 
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regulatory complex-associated protein, has indicated to decrease Aβ accumu-
lation and ameliorate adaptation to proteotoxic stress in a temperature-up-
shift inducible AD nematode model. Similarly, an AIP-1 human homologue, 
AIRAPL, has a protective function against Aβ toxicity in worms [104].  

Apart from proteasome complex itself, components of the ubiquitination 
machinery, such as E2 enzymes and E3 ligases, enable the delay of aging 
process. Particularly, components of the Skp1-Cul1-F-Box (SCF) E3 ligase 
complex are necessary for the extended lifespan of the long-lived C. elegans 
insulin/insulin-like growth factor-1-signaling (IIS) mutants. This SCF com-
plex acts in post-mitotic, adult somatic tissues of daf-2 mutants to promote 
longevity through DAF-16/FOXO transcriptional activity [105]. On the 
other hand, loss of E3 ubiquitin ligase RLE-1 (regulation of longevity by 
E3), a negative regulator of DAF-16 transcription factor, confers longevity 
by elevating DAF-16 protein levels and transcriptional activity [106]. Fur-
thermore, DAF-16 is a negative regulator of a DUB, named UBH-4, in C. 
elegans. Loss of function of ubh-4 leads to increased proteasome activity 
but not abundance and slight extension of nematode lifespan [107]. More-
over, dietary restriction positively influences longevity in worms via homol-
ogous to E6AP carboxy terminus E3 ubiquitin ligase WWP-1, E2 ubiquitin 
conjugating enzyme UBC-18 and FOXA transcription factor pha-4 [108]. 
The ubiquitin-selective chaperone CDC-48 and the deubiquitylase ATX-3 
negatively regulate lifespan in nematodes. For this reason, worms deficient 
for both of them demonstrate increased lifespan via IIS pathway [109]. Fi-
nally, knock down of vhl-1 cullin E3 ubiquitin ligase (the homologous to 
mammalian von Hippel–Lindau tumor suppressor) increases lifespan and 
resistance to proteotoxic stress by modulating hypoxic response [110]. 

Various key pathways for metabolism, growth, development, mainte-
nance and longevity are also involved in proteasome activation in C. ele-
gans. In these pathways are included the IIS, the skinhead-1 (SKN-1) regu-
latory signaling and the epidermal growth factor (EGF) signaling. The first 
two are extensively analyzed below in separate sections. EGF signaling reg-
ulates longevity via the maintenance of protein homeostasis. Particularly, 
increased EGF signaling up-regulates proteasome activity and down-regu-
lates small chaperones via the Ras-Mitogen-activated protein kinase 
(MAPK) pathway and PLZF transcription factors EOR-1 and EOR-2 dur-
ing adulthood. EGF signaling results in induced UPS and longevity through 
various components of the ubiquitin fusion degradation complex such as 
E3 ubiquitin ligases and E4 polyubiquitin extension enzymes as well as 
through Skp1-like adaptor protein SKR-5 [111]. Finally, caloric restriction, 
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a lifespan-extended process, induces also proteasome activity [102] and the 
expression levels of proteasome subunits in C. elegans [112].  

Last but not least, H2O2-induced hormesis provokes increase in the 20S 
proteasome activity and expression. H2O2-related induction of proteolysis 
is SKN-1 dependent and confers oxidative stress adaptation [113]. Moreo-
ver, inhibition of the chaperone-mediated autophagy by RNAi for lmp-2 
gene (the homologue to the mammalian lamp-2a gene) impedes glucotoxi-
city in mev-1 mutants by activating proteasome degradation [114]. To con-
clude, various genetic factors have been revealed to promote proteasome 
activation and decelerate aging in C. elegans (Figure 4). 

Compound-mediated Proteasome Activation 
Gaurana hydroalcoholic extract induces proteasomal amd lysosomal deg-
radation, reduces reactive oxygen species (ROS) levels and increases lifespan 
in C. elegans. Gaurana extract antioxidant activity and effects on proteo-
stasis confer protection against AD and HD neurodegenerative diseases in 
C. elegans, in a way partially dependent on SKN-1 and DAF-16 transcrip-
tion factors [115]. In addition, Carqueja hydroalcoholic extract enhances
oxidative stress tolerance and the defense system against Αβ toxicity in
worms by elevating proteasome activity and heat shock protein expression
[116].  Compounds with protein-aggregate-binding properties such as Thi-
oflavin T (ThT) and curcumin increase lifespan and healthspan and suppress
the paralysis phenotype in C. elegans models of human neurodegenerative
diseases. ThT also improves aggregate-mediated pathology in vivo. Heat
shock transcription factor 1 (HSF-1), SKN-1 transcription factor, molecular
chaperones, autophagy and proteasome are implicated in the beneficial ef-
fects of ThT [117]. Polyphenol quercetin reduces the amount of Aβ aggre-
gated proteins and the paralysis rate of C. elegans strain CL2006. The ben-
eficial effect of quercetin on Aβ toxicity is based on its ability to activate
proteasomal and macroautophagy degradation pathways [118]. Moreover,
polyphenolic compounds such as green tea catechins [119] and quercetin
[120] block glucose-induced lifespan reduction at 37oC possibly via sir-2.1-
related proteasome activation. All in all, many dietary antioxidants increase
longevity and alleviate neurotoxicity in C. elegans through their proteasome
activating properties (Figure 4).
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Figure 4. Proteasome activation in C. elegans through either genetic means or com-
pound treatment decelerates aging and the progression of age-related pathologies.  

Insulin/Insulin-like Growth Factor 1 Signaling Pathway 
The IIS is an evolutionary conserved pathway responsible for metabolism, 
growth, development and longevity [121]. Insulin-like signaling is the first 
genetic pathway that has been defined to regulate the aging process [122]. 
Reduced levels of IIS cause major increase in lifespan of worms, flies and 
mammals. Much of the present understanding of IIS pathway stems from 
studies conducted in C. elegans [123, 124]. The IIS pathway in C. elegans 
was initially identified for its effects on the formation of the dauer larval 
stage [125, 126]. Particularly, young worms become dauer larvae when un-
favorable growth conditions lead to a decrease in IIS pathway [127]. 

The IIS pathway in C. elegans begins when numerous insulin-like pep-
tides bind to the DAF-2 receptor. DAF-2 is a transmembrane receptor with 
tyrosine kinase activity whereas daf-2 gene encodes the homolog of the 
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mammalian insulin/IGF-1 receptor family in C. elegans [127]. The down-
stream components of IIS pathway in C. elegans are also evolutionary con-
served. Following binding of the ligands to DAF-2, the kinase activity sub-
unit is phosphorylated and activates AGE-1, a PI(3)K. When this kinase is 
activated, it produces two phosphoinositides (PtdIns-3,4-P2 and PtdIns-
3,4,5-P3), which act as secondary messengers to activate other kinases. 
These are the serine/threonine PDK-1, AKT-1 and AKT-2 kinases, which in 
turn regulate the DAF-16 transcription factor. DAF-16 belongs to the 
FOXO family transcription factors and when it becomes phosphorylated by 
the upstream kinase cascade is located in the cytoplasm, where it remains 
inactive. However, upon activation DAF-16 translocates into the nucleus 
and regulates the expression of various genes [123, 128, 129]. Apart from 
DAF-16, HSF-1 and SKN-1 transcription factors are targets of the IIS path-
way [130]. Their downstream genes work cumulative to contribute to lon-
gevity. In these longevity genes are included various stress-response genes 
such as catalases, glutathione S-transferases (GST) and metallothioneins, as 
well as genes encoding antimicrobial peptides, chaperones, apolipoproteins, 
lipases and channels [123]. Interestingly, proteasome activation through 
overexpression of diverse proteasome subunits is also dependent on induc-
tion of these transcription factors [102, 103]. 

In C. elegans mutations that reduce the DAF-2 receptor activity and mu-
tations that affect the function of downstream AGE-1/AKT/PDK kinases, 
increase more than twice the lifespan of nematodes [131, 132]. Except for 
worms, insulin/IGF-1 receptor mutations extend the lifespan of Drosophila 
by 80% [133] in a FOXO dependent manner [134, 135]. Unlike inverte-
brates, in mammals there is a separate receptor for insulin and IGF-1. Inter-
estingly, mice that lack insulin receptor in adipose tissue live ~18% more 
than wt animals [136]. Similarly, mutations that inactivate the IGF-1 recep-
tor decelerate aging in mouse [124, 137]. 

It is also worth noting that several genes encoding components of the IIS 
pathway are candidates for the longevity of human populations. Suh and 
coworkers have noticed genetic variations in the human IGF-1 receptor in 
a cohort of Ashkenazi Jewish centenarians that are linked with reduced IGF-
1 signaling [138], while one haplotype of the insulin receptor gene is more 
common in a Japanese semisupercentenarians (older than 105) population 
group [139]. In accordance, many other genetic studies have revealed vari-
ous polymorphisms in genes involved in IIS pathway [140], verifying the 
potential role of this pathway in human longevity. 
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Nrf2/SKN-1 Transcription Factor 

Nrf2 Transcription Factor 
ROS and nitrogen species are constantly produced as the result of cellular 
internal metabolism (mitochondrial respiration) and exposure to harmful 
environmental agents. Uncontrolled generation of oxidants can lead to loss 
of homeostasis and impaired cellular function, therefore counterbalance of 
oxidants is necessary. Cellular response to oxidants is mediated by complex 
antioxidant defense systems [141-143]. 

Nuclear factor erythroid 2 (NRE2)-related factor 2 (Nrf2) is an essential 
regulator of cellular resistance to oxidative and electrophilic stresses. Nrf2 
is a Cap ‘n’ Collar basic-region leucine zipper (bZIP) transcription factor. 
Nrf2 regulates the transcription of numerous antioxidant and detoxification 
genes (multiple phase 2 genes) through binding to antioxidant response el-
ement (ARE; 5΄-A/GTGAC/GCNNNGCA/G-3΄) in their upstream promoter re-
gions. In ARE-depended genes encoding antioxidant proteins and Phase II 
drug-metabolizing enzymes are included heme oxygenase-1 (HO-1), 
NADPH guinone oxidoreductase, γ-glutamylcysteine synthetase (GCS), glu-
tathione peroxidase 1, GST, glutathione reductase, superoxide dismutase 
(SOD) and thioredoxin (Trx) [144]. In Nrf2 target genes  are also included 
those encoding α- and β- proteasome subunits [145], heat shock proteins, 
growth factors, growth factor receptors and varied transcription factors [146].  

Under normal homeostatic conditions, Nrf2 is sequestered in the cyto-
plasm by its specific inhibitor Kelch-like ECH-associated protein 1 (Keap1). 
Keap1 homodimeric zinc-finger metalloprotein negatively regulates Nrf2 
when it binds with its Kelch-repeat domain to the N-terminal Neh2 domain 
of the Nrf2 [147]. Keap1 is also responsible for the continuously pro-
teasome-mediated degradation of Nrf2. Specifically, Keap1 recruits Cul3-
Rbx1 E3 ubiquitin ligase complex through its bric-a-brac domain, trigger-
ing the ubiquitination and proteasomal degradation of Nrf2 [148]. 

Upon redox stress, Keap1 conformational changes destabilize 
Keap1/Nrf2 complex, allowing Nrf2 to escape proteolysis and accumulate 
in the nucleus where it activates its target genes [149, 150]. Besides modifi-
cations of reactive cysteine residues in Keap1, phosphorylation of Nrf2 by 
numerous kinases such as protein kinase C, MAPKs and PI(3)K also facili-
tate its liberation from the Keap1 and its translocation to the nucleus [146]. 
In addition, disruption of Keap1/Nrf2 interaction by the cyclin-dependent 
kinase inhibitor p21Cip/WAF1 [151] and p62 [152, 153] triggers the 
Nrf2/ARE pathway activation. Moreover, Nrf2 de novo synthesis may be 
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another mechanism for the rapid onset of the antioxidant/detoxification re-
sponse upon stimulation with oxidants [154].  

The free and newly synthesized Nrf2 translocates to the nucleus and di-
merizes with small musculo-aponeurotic fibrosarcoma (Maf) proteins. For-
mation of heterodimer Nrf2/Maf complex is necessary for the activation of 
the ARE-dependent gene expression [152]. Nrf2/Maf/ARE complex plays a 
pivotal role in cellular function because of its anti-inflammatory, antioxi-
dant, detoxification, autophagy-related and proteasome-related effects. 

SKN-1 Transcription Factor 
SKN-1 transcription factor is the functional ortholog of the mammalian Nrf 
transcription factors in the nematode C. elegans. The skn-1 locus generates 
three splice variants (SKN-1A, SKN-1B, and SKN-1C) which have different 
expression patterns and functions. SKN-1A is expressed in all tissues while 
SKN-1B and SKN-1C are expressed in two ASI chemosensory neurons and 
in the intestine, respectively. SKN-1C isoform can function analogously to 
Nrf2. SKN-1 and mammalian Nrf2 exhibit limited homology. They diverge 
considerably with respect to their mode of DNA binding. Particularly, Nrf2 
binds to DNA as obligate heterodimer through its bZip domain. On the 
other hand, SKN-1 lacks bZip domain so it binds to DNA as a monomer 
albeit with affinity resembling that of a bZip dimerization module [155].  

During the earliest stages of C. elegans embryonic development, SKN-1 
transcription factor is required for the development of its entire digestive 
system and other mesendodermal tissues [156]. Postembryonically, SKN-1 
is necessary for the longevity and oxidative/xenobiotic stress resistance in 
C. elegans. Despite its distinct DNA-binding mechanism, SKN-1 functions 
similar to Nrf2 to regulate oxidative stress response. Under normal condi-
tions, SKN-1 is continuously located in the nuclei of ASI chemosensory neu-
rons while it is diffused within the cytoplasm of intestinal cells [157]. Inter-
estingly, Bishop and Guarente have shown that diet-restriction-mediated 
SKN-1 activation in ASI neurons confers induced longevity in C. elegans 
through an endocrine mechanism [158]. Upon acute stress conditions, SKN-
1 is translocated to the intestinal cell nuclei where it orchestrates Phase II 
detoxification gene expression [157]. As would be expected, skn-1 mutants 
are highly sensitive to oxidative or xenobiotic stress compared to wt animals 
and they demonstrate shortened lifespan [157, 159, 160]. 

Although there is not a true ortholog of Keap1 in C. elegans, SKN-1 is 
also degraded by the UPS, similar to Nrf2. WD40 repeat protein WDR-23 
interacts simultaneously with SKN-1 and the CUL-4/DDB-1 ubiquitin ligase 
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targeting SKN-1 for ubiquitination and subsequent proteasome degradation 
[161]. WDR-23 inhibits also SKN-1 binding to target promoters [162]. 
SKN-1 regulatory pathways are tethered with the transcription factor phos-
phorylation that regulates its nuclear accumulation, protein stability and 
transcriptional activity. Glycogen synthase kinase-3 is a major negative reg-
ulator of SKN-1 as it prevents the constitutive nuclear accumulation of the 
transcription factor [159]. Moreover, under oxidative or xenobiotic stress, 
SKN-1 is phosphorylated by PMK-1 kinase, a p38 MAPK kinase, and it is 
accumulated in intestinal nuclei [160]. Besides PMK-1, ERK-MAPK pathway 
activates also SKN-1. On the other hand, the neuron-specific kinase MKK-4, 
the inhibitory κB kinase ortholog IKKe-1, the cell cycle kinase NEKL-2  and the 
pyruvate dehydrogenase kinase-2 down-regulate SKN-1 activity [155].  

IIS signaling and its components have an important regulatory role in 
SKN-1 levels and activity. Essentially, DAF-2 receptor signaling inhibits di-
rectly the accumulation of SKN-1 in the intestinal nuclei, thereby preventing 
the expression of the SKN-1 target genes. This inhibition occurs inde-
pendently on the DAF-16 transcription factor [130]. Notably, in a recent 
study Tullet and coworkers demonstrate that skn-1 expression can be up-
regulated by DAF-16 transcription factor binding to skn-1b/c promoter 
[163, 164]. Decreased IIS signaling allows SKN-1 translocation to the intes-
tinal nuclei thus leading to increased stress resistance and longevity. For 
these IIS-regulated phenotypes, both DAF-16 and SKN-1 activation is nec-
essary. Mutations in skn-1 locus and/or skn-1 RNAi abolish the IIS-associ-
ated stress resistance and lifespan extension [130]. However, daf-16 over-
expression usually suppresses the reduction in lifespan derived from skn-1 
mutation and RNAi. In addition, daf-16 overexpression promotes re-
sistance to oxidative stress in a SKN-1-dependent manner. However, daf-
16 overexpression failed to reduce protein oxidation in skn-1 mutants and 
skn-1 RNAi-treated animals [163]. Therefore, the IIS pathway controls the 
expression of SKN-1 in parallel to DAF-16 to increase stress resistance and 
longevity [130].  

Nrf2-mediated regulation of the proteasome synthesis in vivo is an evo-
lutionary conserved mechanism. Among SKN-1 target genes are also in-
cluded the genes encoding some proteasome subunits [165, 166]. Particu-
larly, SKN-1 appears to regulate the expression of 15 proteasome subunit 
genes (44% of the apparent total) under both normal and stress conditions 
[165]. Another study has shown that SKN-1 is found at the promoters of 
25 proteasome genes (78% of the apparent total) under normal conditions 
at embryonic L1 larval stage [167]. In addition, proteasome dysfunction in 
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nematodes results in activation of the SKN-1 transcription factor that trig-
gers a compensatory up-regulation of the proteasome subunit genes [168-
170]. This “bounce-back” response guarantees restoration of proteasome 
function in worms through the production of additional proteasome com-
plexes. Interestingly, RNAi against skn-1 reduces the total proteasome ac-
tivity in C. elegans, whereas MG132-mediated proteasome inhibition is 
more toxic for skn-1 RNAi-treated animals than for control animals [168]. 
All these suggest that SKN-1 is an essential regulator of the proteasome ex-
pression in C. elegans, even under normal conditions. 

Nrf2/SKN-1 and Aging  
As organisms age, their resistance to oxidative stress gradually is lost be-
cause they reveal attenuation in activity of antioxidant defense systems. 
Multiple lines of evidence indicate the age-dependent decline in the 
Nrf2/SKN-1 signaling from mammals to invertebrates [171-175]. A de-
crease in the Nrf2 expression levels and activity has also been observed dur-
ing replicative senescence, whereas Nrf2 silencing provokes premature se-
nescence in human fibroblasts [176]. The age-dependent decrease in antiox-
idant activity may be explained, at least in part, due to the reduction in 
Nrf2/ARE binding. Suh and coworkers have demonstrated that the age-re-
lated loss in Nrf2 levels and transcriptional activity in rats causes reduction 
in glutathione (GSH) synthesis that is associated with the decreased Nrf2 
dependent expression and activity of γ-glutamylcysteine ligase, the rate-con-
trolling enzyme in GSH synthesis [177]. On the other hand, treatment with 
sulforaphane, an Nrf2 activator, induces the expression of ARE-dependent 
genes in primary human bronchial epithelial cells derived from both young 
and older donors, although a decline of Nrf2-target gene inducibility is no-
ticed with age [178]. Similarly, SKN-1 signaling also declines during aging 
in C. elegans. Recently, Raynes and colleagues have mentioned the defect in 
SKN-1 mediated adaptation to acute oxidative stress that may be provoked 
by the decline of SKN-1-mediated transcription of proteasome genes with 
age [179]. Therefore, Nrf2/SKN-1 could function as a pro-longevity factor. 

Natural and Synthetic Nrf2/SKN-1-activating Compounds  
Innumerable diet-derived phytochemicals and synthetic compounds have 
been proposed as Nrf2/SKN-1 activators. Compound-associated Nrf2/SKN-1 
activation is linked to increased longevity, alleviation of neurodegenerative 
disease pathogenesis and amelioration of cellular/organismal response to 
oxidative stress [180, 181] as presented in Table 1. Specifically, Guarana 



38 MARIANTHI SAKELLARI   Functional analysis of the proteasome in eukaryotic organisms 

hydroalcoholic extract, which contains various methylxanthines (caffeine, 
theobromine) and polyphenols, protects C. elegans models of AD and HD 
by reducing polyQ protein aggregation and Aβ-induced toxicity. The pro-
tective effects of guarana hydroalcoholic extract are derived from activation 
of proteostasis and antioxidant defenses, partially through SKN-1 and 
DAF-16 transcription factors [115]. Moreover, flavonoid ThT-associated 
modulation of lifespan and paralysis phenotype is dependent on HSF-1 and 
SKN-1 transcription factors [117]. SH-SY5Y cells treated with hydralazine, 
an approved drug against hypertension, reveal increased protein levels of 
Nrf2, Nrf2 nuclear localization and Nrf2 pathway activation. Similarly, hy-
dralazine treatment causes activation of SKN-1 antioxidant pathway and 
extension of healthy lifespan in C. elegans. Using multiple in vitro and in 
vivo models the hydralazine-mediated neuroprotective role has also been 
confirmed [182]. Furthermore, the drug metformin [183, 184] and the pol-
yphenol curcumin found in Curcuma longa [117, 185, 186] are two well-
known Nrf2/SKN-1 activators that promote healthy aging. Various sub-
classes of flavonoids, like flavones, flavonols and flavanols activate Nrf2 
and increase longevity in diverse organisms [187, 188]. In these flavonoids 
belong the flavone fisetin, the flavonols quercetin and kaempferol [187, 
188] and the flavanol epigallocatechin gallate [189, 190]. Flavonoid-medi-
ated Nrf2 signaling pathway induction is based on their pro-oxidant action
(hormesis) that helps organisms to cope better with more severe oxidative
stress accumulating during aging, thus leading to prolonged lifespan [187].
Additionally, low doses of naphthoquinones extend lifespan in C. elegans
by engaging a SKN-1 dependent stress hormesis mechanism [191]. Toma-
tidine a compound found in unripe tomatoes increases lifespan and health-
span in C. elegans via mitophagy induction and SKN-1/Nrf2 pathway acti-
vation [192]. The bioactive components of garlic [193, 194] and sesame
seed [195] promote nematodes longevity and stress resistance dependent
upon SKN-1. Sulforaphane (a chemical of broccoli) administration en-
hances Nrf2 activity, a mean that restores redox equilibrium and age-related
decline of Th1 immunity in mice [196]. In agreement, α-lipoic acid, a disul-
fide compound, reverses the decline of Nrf2 activity in old rats a fact that
results in up-regulation of the expression of ARE-target genes and GSH syn-
thesis [177]. Other thiol-reactive compounds such as 3H-1,2-dithiole-3-thi-
one (D3T) work as possibly chemopreventive agents that elevate Phase II
response. Gene expression profile examined in mouse liver following D3T
administration detects 25 proteasome subunit genes as well as genes impli-
cated in ubiquitination between the Nrf2 dependent D3T-inducible genes
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[197]. Last but not least, triterpenoids such as 18α-glycyrrhetinic acid (18α-
GA), which is used in the present study, and oleanolic acid appear also as 
potent Nrf2 activators [176, 198]. 

Table 1. Nrf2/SKN-1 activators with anti-aging properties 
Nrf2/SKN-1 

activators 
Mode of action Species Ref. 

Guarana extract ↓ PolyQ/Aβ protein  aggregation, ↑ 
proteasome activity, ↑ antioxidant 
defenses,   ↑ lifespan 

C. elegans [115] 

Thioflavin T ↑ Lifespan, ↑ healthspan, ↓ protein 
aggregation 

C. elegans [117] 

Hydralazine ↑ Stress resistance, ↑ healthspan, 
↑ neuroprotection 

Cells,
C. elegans

[182] 

Metformin ↑ Lifespan, ↑ healthspan, diet re-
striction mimetic 

C. elegans,
Mus musculus

[183, 
184] 

Curcumin ↑ Lifespan, ↓ protein  aggregation, ↓ 
polyQ/Aβ paralysis phenotype, ↓ 
ROS, ↓ lipofuscin 

C. elegans [117, 
186] 

Flavonoids ↑ Lifespan, ↑ stress resistance, ↑ an-
tioxidant defenses, stress hormesis 
mechanism 

Hek-293 
cells, 

C. elegans

[187-
190] 

Naphthoquinones ↑ Lifespan, stress hormesis mecha-
nism 

C. elegans [191] 

Tomatidine ↑ Lifespan, ↑ healthspan, ↑ mitoph-
agy induction 

C. elegans [192] 

Garlic-derived 
compounds 

↑ Lifespan, ↑ Stress resistance, ↓ 
ROS 

C. elegans [193, 
194] 

Sesame cake 
peptides 

↑ Lifespan, ↑ healthspan, ↑ Stress re-
sistance, ↑ antioxidant defenses, ↓ 
ROS, ↓ lipofuscin 

C. elegans [195] 

Sulforaphane Restoration of redox equilibrium, ↑ 
Th1 immunity 

Mus musculus [196] 

α-lipoic acid ↑ ARE-target genes, ↑ GSH synthe-
sis 

Rattus 
norvegicus 
domestica 

[177] 

18α-GA ↑ Cellular/organismal lifespan, ↑ 
proteasome activity, ↑ Stress re-
sistance, ↓ mitomycin C-induced 
DNA damage, ↓ protein  aggrega-
tion, ↓ AD paralysis rate, ↑ differen-
tiation capability 

Human 
primary 

fibroblasts, 
hBMSCs, 
C. elegans

[176, 
199-
201]
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18α -Glycyrrhetinic Acid  
18α-GA is a natural compound derived from the herb Glycyrrhiza radix 
(Licorice). Licorice is used as sweetener in food products and as medicine. 
Glycyrrhizin, the main water-soluble component of licorice root, consists of 
hydrophilic and hydrophobic components. The hydrophobic component, 
named glycyrrhetinic acid, is an aglycone that exists in the 18α-GA and 18β-
glycyrrhetinic acid (18β-GA) stereoisomers [202, 203]. In particular, 18α-
GΑ is a pentacyclic triterpenoid considered as an important bioactive com-
pound of licorice root.  

Screening and follow up analysis have revealed that 18α-GA is an Nrf2 
activator. 18α-GA causes Nrf2-mediated proteasome activation in human 
embryonic fibroblasts leading to delayed aging process and increased cell 
survival following oxidative stress [176]. A recent study has also indicated 
that 18α-GA-mediated ERK-Nrf2 activation protects against mitomycin C-
induced DNA damage and cell death [199]. Additionally, treatment of hu-
man bone marrow stromal cells (hBMSCs) with 18α-GA postpones replica-
tive senescence and maintains the differentiation capability of hBMSCs 
through its proteasome activating properties [201].     

Apart from its proteasome-mediated anti-aging properties, a variety of 
many other interesting activities and effects have been attributed to 18α-
GA, such as anti-viral [204], anti-cancer, apoptosis-promoting but also anti-
inflammatory effects (Figure 5). 18α-GA anti-cancer properties have been 
demonstrated by using various cancer cell lines such as prostate cancer cell 
line DU-145 [205], MCF-7 and HEP-2 cells [206], HL-60 human leukemia 
cells [207], hepatic stellate cells [208] and neuroblastoma cells [209]. The 
anti-cancer activity of 18α-GA involves diverse mechanisms of action, in 
which are included the inhibition of cell proliferation, the increased cell cy-
cle arrest and the induced apoptosis and autophagy [205-209]. Conversely, 
18α-GA also exhibits pro-proliferative action in primary cells [210].  Based 
on its anti-proliferative and apoptotic properties, 18α-GA application is 
proposed as therapeutic approach against gingival fibroblast overgrowth 
[211] and liver fibrosis [208].  Essentially, 18α-GA attenuates carbon tetra-
chloride (CCl4)-induced hepatic fibrosis in rats by improving collagen I and 
III expression markedly through down-regulation of the TGF-β/Smad and 
SP-1/Smad signaling pathways [212]. Furthermore, 18α-GA elicits anti-in-
flammatory properties. In particular, 18α-GA treatment down-regulates the 
expression of pro-inflammatory cytokine/growth factor genes HMGB1, IL-
6 and IL-8 with concomitant up-regulation of non-steroidal anti-inflamma-
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tory gene-1 (NAG-1) expression levels in prostate cancer cells [205]. Im-
munomodulatory effects of 18α-GA have also been revealed in mice by in-
hibiting dendritic cells maturation and cell-mediated immunity [213]. 
Moreover, 18α-GA monoglucuronide glycyrrhizin analog exerts anti-in-
flammatory effects in the LPS-induced RAW264.7 cells through inhibition 
of NO release. Reduced NO generation is based on inhibition of the nuclear 
factor-κΒ and MAPKs, which are important inflammatory signaling path-
ways. In accordance, in vivo application of 18α-GA monoglucuronide sig-
nificantly improves the pathological phenotype of the CCl4-induced hepatic 
fibrosis [214]. To conclude, this phytochemical compound may also be a 
candidate therapeutic agent for immune-mediated diseases and transplanta-
tions.  

All in all, 18α-GA active ingredient extracted from licorice root is a very 
promising natural compound that could be used as an alternative pharma-
cological modulator against various pathological conditions. However, in 
vivo studies are required to confirm the abovementioned effects of 18α-GA 
treatment on a whole-organism level. 

Figure 5. 18α-Glycyrrhetinic acid properties and mode of action. 
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Crosstalk between Proteasome and Protein Synthesis Pathways  
As it is already mentioned, the balance between protein synthesis, chaper-
one-mediated protein folding and protein degradation is vital for the 
maintenance of protein homeostasis and normal cellular and organismal 
function. 

Several studies have displayed the crosstalk between anabolic and pro-
teasome–related catabolic processes. Proteasome inhibition causes impair-
ment of protein synthesis in primary rat neurons, indicating the contribu-
tion of proteasome inhibition to the development of age-related diseases 
[215]. Additionally, several groups have shown that proteasome inhibition 
with concomitant amino acid deprivation provokes decrease in protein syn-
thesis in diverse cancer cells. Proteasome elimination after nutrient depriva-
tion contributes to the pool of the intracellular free amino acids that is nec-
essary for sustained protein synthesis before up-regulation of the lysosomal 
pathway [216, 217]. Moreover, mTORC1-mediated increase in protein syn-
thesis exhibits elevated levels of proteasome gene expression, content and 
activity. The noticed proteasome induction is dependent on activation of 
Nrf1 transcription factor and contributes also to the maintenance of the 
intracellular free amino acid pool [218]. 

Translational protein quality control can function cooperatively with the 
proteasome machinery in order the defective proteins originated from the 
translation process to be degraded. Indeed, at least 30% of nascent proteins 
are rapidly degraded by the proteasome during and immediately after their 
synthesis, possibly due to the general inefficiency of protein synthesis and 
folding. These aberrant proteins are termed defective ribosomal proteins 
(DRiPs). DRiPs elimination is pivotal for proteostasis maintenance and pre-
vention of the toxicity derived from the accumulation of protein aggregates 
[219]. Sha and coworkers have revealed the existence of a large supercom-
plex in yeast, the translasome, which consists of the eIF3 interactome, elon-
gation factors, tRNA-synthetases, 40S and 60S ribosomal proteins, chaper-
ones, and the proteasome. The interaction of all these factors facilitates the 
efficiency of protein synthesis [220]. 

Last but not least, proteasome is involved in degradation of many com-
ponents of the translation machinery such as various translation initiation 
factors [221-223] and translation regulatory proteins [224, 225], thus reg-
ulating in that way protein synthesis. 
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Translation Initiation and eIF4E Factor  
The mechanism of mRNA translation is a universally conserved process 
which includes three key steps: the translation initiation, the translation 
elongation and the translation termination. Translation initiation is the 
most complex step and the efficiency of this step determines the protein 
synthesis rate. Translation initiation demands the coordinated action of 
many proteins known as translation initiation factors (eIFs). These factors 
are responsible for the formation of a pre-initiation complex. In particular, 
pre-initiation complex consists of the 40S ribosomal subunit bound to the 
ternary eIF2-GTP/Met-tRNA complex, the two small initiation factors eIF1 
and eIF1A as well as the eIF5 and eIF3 regulatory factors. Pre-initiation 
complex is recruited to a site near the 5΄-capped end of mRNAs with het-
erotrimeric eIF4F playing an important role in this recruitment. In turn, 
eIF4F complex consists of the eIF4E, the RNA helicase eIF4A which un-
winds secondary structure around the 5΄UTR of mRNA, the eIF4G which 
interacts with eIF3 and the poly(A)-binding protein. The initiation factor 
eIF4E binds the 7-monomethyl guanosine cap at the 5' end of all nuclear 
mRNAs and is a key regulator of protein synthesis. Subsequently, 40S ribo-
some subunit scans the mRNA until an appropriate AUG codon is found 
[226]. The start codon recognition stops the scanning and promotes the as-
sembly of the 80S complex via the large subunit joining. In elongation step, 
80S ribosome reads mRNA and tRNAs transfer to ribosomes amino acids, 
which are linked together to form a polypeptide chain. Translation step also 
requires a set of proteins named translation elongation factors (eEF). In the 
last stage (termination step) a stop codon is recognized by a release factor, 
which leads to the release of the polypeptide chain and to the separation of 
small and large ribosomal subunits from the mRNA and from each other 
[227]. 
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AIM OF THE PRESENT STUDY 
The aim of the present study was the analysis of the proteasome-mediated 
protein degradation in eukaryotic organisms. Firstly, this study aimed at 
investigating whether compound-mediated proteasome activation is feasible 
in organismal level and whether such intervention can retard aging and AD 
progression. In this respect, it was examined whether the natural compound 
18α-GA (a known proteasome activator in cells, [176]) has proteasome-ac-
tivating, anti-aging and protein anti-aggregation properties in the multicel-
lular organism, namely C. elegans. Furthermore, the mode of action of the 
18α-GA was also identified. Another purpose of this thesis was to examine 
the crosstalk between protein synthesis and proteasome-mediated protein 
degradation in eukaryotic organisms. Specifically, by using various inhibi-
tors or a mutant C. elegans strain characterized by reduced protein synthesis 
rate, the effects of protein synthesis inhibition on the proteasome-mediated 
elimination were investigated in both cellular and organismal level. Finally, 
the interplay between anabolic and catabolic processes was further deci-
phered by analyzing the effects of proteasome induction on protein biosyn-
thesis machinery in human embryonic fibroblasts and nematodes. Particu-
larly, it was evaluated whether 18α-GA treatment in both experimental sys-
tems and pbs-5 proteasome subunit overexpression (a genetic intervention 
that causes proteasome activation, [103]) in C. elegans, could affect the 
translation rate in eukaryotes. 

To summarize, the present study focused on four goals:  
 

• To determine whether 18α-GA-mediated proteasome activation is 
applicable in the multicellular eukaryotic organism C. elegans and 
whether such approach can have therapeutic potential in preventing 
aging and age-related pathologies. 

• To investigate the crosstalk between protein synthesis inhibition and 
proteasome-mediated protein elimination in human embryonic fi-
broblasts. 

• To decipher the effects that translation inhibition has on proteasome 
proteolysis in the multicellular eukaryotic organism C. elegans. 

• To reveal how interventions linked to proteasome activation could 
influence the translation rate in human embryonic fibroblasts and C. 
elegans. 
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MATERIALS AND METHODS 

Nematode Strains and Growth Conditions 
For studies I, III and IV standard procedures were followed for C. elegans 
strain growth and maintenance. All strains were maintained at 20°C, with 
the exception of CL4176, CL2331 and CL2179 that were maintained at 
16°C. N2 (wt Bristol isolate) was used in all the abovementioned studies. 
The following strains were used for study I: EU1: skn-1(zu67) IV/nT1[unc-
?(n754) let-?](IV;V), EU31: skn-1(zu135) IV/nT1[unc-?(n754) let-?](IV;V), 
EU40: skn-1(zu129) IV/nT1[unc-?(n754) let-?](IV;V), CL4176: dvIs27 
[pAF29(myo-3/A-Beta1-42/letUTR) + pRF4(rol-6(su1006))], CL2006: 
dvIs2 [pCL12(unc-54/human Abeta peptide 1-42 minigene) + pRF4], 
CL2331: dvIs37 [myo-3p::GFP::A-Beta (3-42) + rol-6(su1006)], CL2179: 
dvIs179 [myo-3p::GFP::3' UTR(long) + rol-6(su1006)], LD1: ldIs7 [skn-
1B/C::GFP + pRF4(rol-6(su1006))], polyubiquitin reporter strain: N2 
[Pvha-6::UIM2-ZsProSensor], CF1553: muIs84[pAD76(sod-3::GFP)], 
DR26: daf-16(m26)I. The following strains were used for studies III and IV 
respectively: KX15: ife-2(ok306)X and N2Ex[plet-858PBS-5] carrying ex-
trachromosomal arrays.   

Cell Lines and Culture Conditions 
In study I, the human dopaminergic neuroblastoma cell line SH-SY5Y was 
maintained in RPMI supplemented with 10% heat-inactivated fetal bovine 
serum and 2 mM glutamine. Moreover, murine neurons were isolated from 
E16.5 C87BL6 embryos, plated onto poly-D-lysine-coated 24-well dishes 
and maintained in Neurobasal medium (Invitrogen, Carlsbad, USA), con-
taining 2% B27 supplement (Invitrogen) and 0.5 mM glutamine. SH-SY5Y 
cells and murine cortical neurons were treated with CM produced by (a) the 
control cell line CHO (Chinese hamster ovary) and (b) the Aβ producing 
cell line 7PA2, derived upon stable transfection of CHO cell line with hu-
man APP751 bearing the Val717Phe familial AD mutation that leads to Aβ 
overproduction [228]. Both CHO and CHO-7PA2 cell lines were main-
tained in DMEM supplemented with 10% heat-inactivated fetal bovine se-
rum, 2 mM glutamine and 1% non-essential amino acids (complete me-
dium), with or without G418 (200 μg/ml, Invitrogen) addition. Respec-
tively, HFL-1 human embryonic fibroblasts, used in studies II and IV, and 
WI38/T (SV40 T Ag WI38 VA 13 cell line) human embryonic fibroblasts, 
used in study II, were maintained also in DMEM supplemented with 10% 
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heat-inactivated fetal bovine serum, 2 mM glutamine and 1% non-essential 
amino acids (complete medium). All cultures were maintained at 37°C in a 
5% CO2 humidified incubator. 

CM preparation: CHO and 7PA2 cells were grown to approximately 
90% confluency, washed with PBS and incubated in serum-free DMEM for 
approximately 16 hours. The CM was collected and centrifuged to get 
cleared of cell debris. 

Cell death/viability assay: Cell death/viability of SH-SY5Y cultures was 
assessed through scoring of (a) detached cells in the supernatant collected 
from the CM-treated SH-SY5Y cells (cell death analysis) and (b) attached 
CM-treated SH-SY5Y cells (cell viability) after 2 hours of incubation in trip-
licates using a Coulter Z2 counter. Cell death of cortical neurons was as-
sessed through labeling of necrotic cells. Neurons treated as described above 

for 1h were stained with 0.2 μM Ethidium homodimer (EthD-1; nuclei la-
beling of dead or dying cells), and 1 μg/ml 4΄,6-diamidino-2-phenylindole 
(DAPI; nuclei labeling of dead and alive cells; Vector Laboratories, Califor-
nia, USA) for 20 min at 37°C. Cultures were then fixed in 4% paraformal-
dehyde for 20 min and washed with PBS. Dye uptake was analyzed using 
Nikon ECLIPSE TE200 inverted fluorescent microscope (Nikon, Tokyo, Ja-
pan). Digital images were captured with an Olympus SP-510U2 camera 
(Olympus, Tokyo, Japan). Images were processed using the ImageJ (Na-
tional Institutes of Health, Bethesda MD, USA).

Survival ratio through crystal violet staining: SH-SY5Y cells treated as 
described above were fixed in 4% paraformaldehyde for 20 min and then 
stained with 0.2% crystal violet in distilled water. Cells were washed with 
water, air dried and the dye was eluted with 30% acetic acid. Viability was 
assessed by measuring dye absorbance at 595 nm using the Safire2 Multi-
detection Microplate Reader (Tecan, Grödig, Austria). 

Cell transfection: Transient transfection was performed with Lipofec-
tamine (Invitrogen) according to the manufacturer’s recommendation. 
Three GFP/YFP-based reporters were used, the Ub-R-GFP, UbG76V-GFP and 
YFP-CL1 targeted for degradation through an N-end rule signal, an ubiq-
uitin fusion degradation (UFD) signal and the C-terminal bulky hydropho-
bic motif CL1 (that resembles a misfolded domain), respectively. Those 
plasmids were kindly provided by Prof. Nico P. Dantuma [229, 230]. 

18α -GA Treatment 
18α-GA (Sigma-Aldrich, Munich, Germany, ≥95% purity) was dissolved as 
stock solution of 10 mg/ml in DMSO and stored at -20°C. Nematodes in 
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studies I and IV were exposed to 20 μg/ml 18α-GA or DMSO (control cul-
tures), unless otherwise indicated. SH-SY5Y cells and murine cortical neu-
rons used in study I were exposed to 2 μg/ml 18α-GA or DMSO (control 
cultures) in addition to the relative CM derived from 7PA2 cells (CMAβ) or 
CHO cells (CMcontrol). Similarly, in study IV, HFL-1 cells were treated with 
2 μg/ml 18α-GA or DMSO (control cultures). 

Cycloheximide (CHX) Treatment 
CHX (Duchefa Biochemie, Haarlem, The Netherland) was freshly prepared 
immediately before each experimental procedure and dissolved as interme-
diate solution of 10 mg/ml in ddH2O. In study II, HFL-1 cells were exposed 
to 20 μg/ml CHX or only DMEM (control cultures) unless otherwise indi-
cated. Additionally, in study III worms were treated with 200 or 500 μg/ml 
CHX or only ddH2O (control cultures). 

Anisomycin (ANS) Treatment 
ANS (Sigma-Aldrich) was dissolved as stock solution of 40 mM in DMSO 
and stored at -20°C. In study II, HFL-1 cells were exposed to 0.01 μΜ, 0.1 
μΜ, 10 μΜ ANS or DMSO (control cultures). 

Lifespan Assay 
Synchronized L4 or young adult animals (80-125 animals per condition) 
were transferred to fresh NGM plates and day 1 of adulthood was set as t= 
0. In study I NGM plates contained the relative concentration of 18α-GA 
or DMSO. The animals were transferred to fresh plates every 2-3 days and 
examined every day for touch-provoked movement and pharyngeal pump-
ing until death. Each survival assay was repeated at least twice. Survival 
curves were created using the product-limit method by Kaplan and Meier. 
The percentage of nematodes remaining alive is plotted against animal age. 
The log-rank (Mantel-Cox) test was used to evaluate differences between 
survival curves and to determine P values for all independent data. N in 
lifespan figures is the number of animals that died over the total number of 
animals used (the number of animals that died plus the number of censored 
animals due to internally hatched eggs, extruded gonad, or desiccation due 
to crawling off the plates). Median lifespan values are expressed as mean ± 
standard error of the mean (SEM). 
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Paralysis Assay 
For paralysis assays performed in study I, synchronized L4 larvae CL2006 
animals (100-120 animals per condition) were transferred to NGM plates 
containing either 18α-GA or DMSO at 20°C. Synchronized CL4176 (150-
300 animals per condition) were transferred to NGM plates containing ei-
ther 18α-GA or DMSO at 16oC for 48 h before transgene induction via 
temperature up-shift to 25oC. Scoring of paralyzed animals was initiated at 
day 1 of adulthood for CL2006 strain and 24 h after temperature up-shift 
for CL4176 strain. Each paralysis assay was repeated at least three times. 
Nematodes were scored as paralyzed if they exhibited ‘halos’ of cleared bac-
teria around their heads or failed to undergo a half end-body wave propa-
gation upon prodding. Animals that died were excluded. The log-rank 
(Mantel–Cox) test was used to evaluate differences between paralysis curves 
and to determine P values for all independent data. N in paralysis figures is 
the number of animals that paralyzed over the total number of animals used 
(the number of paralyzed animals plus the number of dead and censored 
animals). Median paralysis values are expressed as mean ± SEM. 

Phenotypic Analysis 
For all assays except for fecundity in study I, N2 animals were allowed to 
lay eggs for 15-20 min on NGM plates containing either 18α-GA or DMSO. 

Developmental Timing: The progeny were frequently observed to record 
the needed time to reach the L4 larval stage from egg hatching. The experi-
ment was repeated four times. 

Pharyngeal Pumping: At day 1 of adulthood, pharyngeal pumping rate 
was measured. At least 10 animals per condition were examined. 

Defecation assay: At day 1 of adulthood, defecation rate (period in sec-
onds from defecation to defecation) was measured. At least 20 animals per 
condition were examined. 

Dauer Formation: The progeny were kept at 27oC and the number of 
animals at the dauer larval stage over the total number of animals was 
scored 72 hours later. The experiment was repeated six times. 

Fecundity Assay: Single N2 L4 larvae were transferred on NGM plates 
containing either 18α-GA or DMSO. Each animal was transferred every day 
to a fresh NGM plate containing 18α-GA or DMSO. Progeny of each ani-
mal were scored at L2-L3 larval stage. At least 10 animals per condition 
were examined. 
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Oxidative Stress Resistance Assays 
In study I, synchronized L4 larvae N2 animals were exposed to 18α-GA or 
DMSO until day 5 of adulthood. They were then transferred to NGM plates 
seeded with UV-killed OP50 E. coli containing 2 mM paraquat (Sigma-Al-
drich) and survival was assessed from day 2 to day 7 of paraquat exposure. 
Synchronized N2 animals were exposed to 18α-GA or DMSO until day 1 
of adulthood and were then exposed to freshly made 80 mM juglone 
(Sigma-Aldrich) for 45 min at 20°C and survival was assessed following a 
24 h recovery. 

Superoxide Production Assay 
In study I, N2 animals were allowed to lay eggs for 2 h on NGM plates 
containing 18α-GA, DMSO or 50 µM tetracycline (used as positive control). 
After 96 h, the animals were collected into 1% Tween 20 in M9 and sub-
jected to sonication. 0.6 μM PMA and 0.6 mg/ml NBT (Sigma-Aldrich) 
were added in the suspension followed by incubation at 37°C for 30 min. 
Sample absorbance was measured at 560 nm using the Safire2 Multi-detec-
tion Microplate Reader (Tecan). The protein content was determined using 
a Bio-Rad Protein assay (Bio-Rad Laboratories, Hercules, USA). Results are 
calculated as absorbance units/mg of protein and expressed as % of control, 
i.e. the percentage of superoxide produced with respect to DMSO-treated 
wt worms. 

Catalase Activity Assay 
In study I, N2 animals were allowed to lay eggs for 15-20 min on NGM 
plates containing 18α-GA or DMSO. After 96 hours, the animals were col-
lected into M/15 phosphate buffer, pH 7.0, and subjected to sonication. The 
protein content was determined using a Bio-Rad Protein assay. H2O2 was 
diluted in M/15 phosphate buffer (pH 7.0) to a 12.5 mM final concentra-
tion. 1ml of substrate solution was added in 40μg total protein. The cuvette 
was then immediately scanned in a spectrophotometer at λ = 240 nm and 
the time interval between the optical density from 0.450 to 0.400 was meas-
ured. H2O2-free phosphate buffer was used as cuvette control. Catalase ac-
tivity was calculated based on the rate of decomposition of H2O2, which is 
proportional to the reduction of the absorbance at λ = 240 nm, using the 
equation k = 2.3/Δt x log (0.450/0.400), where k = catalase units and 2.3 = 
factor to convert from ln to log. Results are calculated as absorbance 
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units/mg of protein and expressed as fold catalase activity of control with 
respect to DMSO-treated animals. 

RNA Extraction and Real-Time PCR Analysis 
Total RNA was extracted from synchronized animals after a 72 hours ex-
posure to 18α-GA or DMSO in study I, from synchronized young adult N2 
and ife-2(ok306) animals in study III and from HFL-1 cells in study II, by 
using TRIzol (Invitrogen). In each case total RNA analyzed by standard 
methods. The used primers are summarized in Table 2. Real time PCR was 
performed in triplicates on an iCycler iQ and gene expression analysis was 
performed with Gene Expression MacroTM version 1.1 (Bio-Rad Laborato-
ries). The GAPDH and pmp-3 genes were used as normalizers for PCR ex-
periments conducted in cells and nematodes, respectively.  

 
Table 2. Primers used for real-time PCR analysis in studies I-III. 

Gene Reverse primer Forward primer 
C. elegans 
pmp-3 ACACCGTCGAGAAGCTGTAGA GTTCCCGTGTTCATCACTCAT 

gst-4 AATCACAATATCAGCCCAAGTC AAGTTGTTGAACCAGCCC 

gcs-1 TATCATCAGGACCTCCAAGT CCATCCACGTTTCAAGAATC 

pbs-1 TGTAGAGGAATTGGCGGA TGTGCCGTTCTGGATCTG 

pbs-2 TCTCGGCTTCATCTTTCGT GCCCACATCTTTATATGTGCTC 

pbs-5 GGCAAACTCGTACCACAG CCACTTATCGGGATTCTGG 

Cell culture 
GAPDH CATGGGTGGAATCATATTGGAA GAAGGTGAAGGTCGGAGT 

β5 CATCTCTGTAGGTGGCTTGGT AGGTTCTGGCTCTGTGTATGC 

α4 ATGGAAAGGCCTACACATCG  CTGTCATGAGGCGAGATCAA 

 

C. elegans RNA Interference 
The pbs-5 and skn-1 RNAi constructs are from the Ahringer library [231] 
(Source Bioscience LifeSciences, Nottingham, UK). In study I, synchronized 
young adult animals (100-120 animals per condition) were transferred to 
NGM plates containing 2 mM IPTG (Invitrogen) to induce dsRNA expres-
sion and seeded with HT115 (DE3) bacteria transformed with the RNAi-
encoding construct or the empty pL4440 vector plus 18α-GA or DMSO. 
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Size Exclusion Chromatography (SEC) 
For SEC performed in study II, HFL-1 cells treated with 20 μg/ml CHX or 
only DMEM (control cultures) for 4 hours were harvested in PBS and 
treated as described previously [232]. Briefly, cells were homogenized by 
sonication in buffer A containing 25 mM Tris-HCl, pH 7.6, 5 mM DTT, 2 
mM MgCl2, 2 mM ATP and 0.1 mM EDTA. Lysates were centrifuged, fil-
tered through a 0.45 μm filter and supplemented with glycerol to 10% final 
concentration. Samples were then injected into a Superose 6 10/300 GL col-
umn (Amersham Pharmacia), which was equilibrated with buffer B contain-
ing 25 mM Tris-HCl, pH 7.6, 5 mM DTT, 1 mM MgCl2, 0.1 mM ATP, 
100 mM NaCl, 0.1 mM EDTA and 10% glycerol. Elution was performed 
at a constant flow rate of 0.25 ml/min in buffer B and 250 μl serial fractions 
were collected. 

Proteasome Peptidase Assay 
Worms in studies I and III and cells in study II were lysed in proteasome 
activity lysis buffer (1 M Tris-HCl, pH 7.6, 100 mM ATP, 3 M KCl, 0.1 M 
EDTA, 1 M DTT, 0.2% Nonidet P-40, 10% glycerol, 10 mg/ml aprotinin 
and 10 mM PMSF). In vitro proteasome activity assays were performed as 
previously described [53]. CT-L, T-L and PGPH proteasome activities were 
assayed with the hydrolysis of Suc-LLVY-AMC, Boc-LRR-AMC and Z-
LLE-AMC fluorogenic peptides (UBPBio, Aurora, USA), respectively, for 
30 min at 37oC. Specific proteasome activity was determined as the differ-
ence between the total activity of protein extracts and the remaining activity 
in the presence of 20 μΜ lactacystin (Enzo Life Sciences, Lausen, Switzer-
land) or 20 μΜ MG132 (UBPBio). Moreover, in study II, specific 30S/26S 
or 20S CT-L activity was determined in the presence or absence of ATP and 
glycerol in the lysis buffer, respectively. Fluorescence was measured using a 
VersaFluorTM fluorescence spectrophotometer (Bio-Rad Laboratories). 

Proteasome Activity in Intestinal Polyubiquitin Reporter Animals 
For in vivo proteasome activity performed in study I, synchronized trans-
genic L4 larvae expressing polyubiquitin reporter in the intestine in wt back-
ground were exposed to 18α-GA or DMSO until day 1 of adulthood. At 
indicated time points, they were mounted on a 2% agarose pad on glass 
slides and immobilized using 0.1 mM levamisole. Imaging was performed 
using a Zeiss AxioImager.Z1 upright epifluorescence microscope (Carl 
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Zeiss Microscopy GmbH, Jena, Germany). Images of whole worms were 
acquired with 10 x 0.45 numerical aperture.  

Native Gel Electrophoresis and in-gel Proteasome Assay 
Worms in study I and cells in study II were lysed in proteasome activity 
lysis buffer. Forty micrograms of total protein were used for native gel elec-
trophoresis of proteasome complexes. CT-L activity was assayed following 
gel incubation in activity assay buffer [50 mM Tris-HCl, pH 7.4, 5 mM 
MgCl2, 10% glycerol, 1 mM ATP, 1 mM DTT and 300 μM proteasome 
substrate (Suc-LLVY-AMC)] for 30 min at 37°C. Proteasome bands were 
visualized under UV. Following proteasome activity in gel assay, proteins 
were transferred to a nitrocellulose membrane and immunoblotting was 
performed. Part of the lysates was also subjected to SDS-PAGE, and 
GAPDH or actin was used as loading control. Each blot was repeated at 
least twice. Quantification of the ratio of each detected proteasome complex 
to GAPDH or actin and normalization to control appear next to the repre-
sentative native gels.  

Immunoprecipitation of Proteasome  
In study II, HFL-1 cells were treated with 20 μg/ml CHX or only DMEM 
(control cultures) for 4 hours and then lysed in lysis buffer containing 20 
mM Tris-HCl, pH 7.5, 5 mM ATP, 10% glycerol, 0.2% Nonidet P-40, 10 
mM PMSF, and 10 μg/ml aprotinin. Protein G-agarose beads (Santa Cruz 
Biotechnology, Heidelberg, Germany, sc-2002) equilibrated in lysis buffer 
were coupled with 1–2 μg of antibody against α6 subunit at 4°C for 3 hours 
on a rotor. Meanwhile, cell extracts were pre-cleared with protein G-aga-
rose beads at 4°C for 1 hour on a rotor. The target antigen was then im-
munoprecipitated by adding the pre-cleared extracts in the pre-coupled an-
tibody against α6 proteasome subunit-protein G. Immunoprecipitation was 
performed on a rotor at 4°C overnight. Immunoprecipitated protein com-
plexes were collected, washed three times with washing buffer (50 mM Tris-
HCl, pH 7.5, 5 mM ATP, 75 mM NaCl, 10% glycerol, and 0.2% Triton 
X-100) and eluted from the agarose beads by boiling for 5 min in non-re-
ducing (NRLB) and reducing Laemmli buffer. Controls (blank samples) 
were used to demonstrate the specificity of the observed immunoprecipita-
tions. Following proteasome immunoprecipitation, the samples were pro-
cessed for SDS-PAGE.  
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Nascent Protein Synthesis Detection Assay  
For studies II and IV, HFL-1 cells were washed once with PBS and pre-
treated with methionine-free DMEM for 1 hour. Then, cells were exposed 
to methionine-free medium supplemented with 30 μΜ azidohomoalanine 
(AHA) (Invitrogen) and either 0.02, 0.2 and 20 μg/ml CHX or only DMEM 
for 4 hours or 0.01, 0.1 and 10 μM ANS or DMSO for 2 hours in study II, 
and 2 μg/ml 18α-GA or DSMO for 2 hours in study IV, at 37oC and 5% 
CO2. For measurement of nascent protein synthesis in worms synchronized 
young adult animals (200 animals per condition) were transferred to fresh 
NGM plates. In study III, NGM plates contained 0.5 mM AHA and 200 
μg/ml CHX or ddH2O (control), whereas in study IV they contained either 
only 0.5 mM AHA or 0.5 mM AHA and 20 μg/ml 18α-GA or DMSO, for 
24 hours. At the end of the incubation, cells were washed with PBS while 
worms were washed with M9 to remove AHA, harvested  in PBS/M9 and 
lysed in lysis buffer containing 1% SDS in 50 mM Tris-HCl, pH 8.0, 1 mM 
sodium orthovanadate, 10 mM sodium fluoride, 10 μg/ml aprotinin and 1 
mM PMSF. The supernatant was collected and reacted with alkyne-biotin 
(Invitrogen) according to the manufacturer’s instructions. Then, SDS-PAGE 
and immunoblotting were conducted by using the streptavidin-HRP conju-
gate against biotin.  

Immunoblot Analysis, Dot Blot Analysis and Protein Carbonyl 
Group Detection  
In study I, N2 animals were allowed to lay eggs for 2 h on NGM plates 
containing either 18α-GA or DMSO. The progeny were exposed to 18α-GA 
or DMSO until the young adult stage (for CL4176 strain) and day 6 of 
adulthood (for CL2006 strain) and were boiled in NRLB. In study III, 
young adult N2 and ife-2(ok306) animals or N2 animals exposed to 200 
μg/ml, 500 μg/ml CHX or only ddH2O at young adult stage for 24 hours 
were boiled also in NRLB. For dot blot analysis performed in study I, 5–10 
µg of protein lysates were spotted onto 0.2 μm nitrocellulose membranes 
after soaking into 80°C heated TBS. In studies I and II detection of carbonyl 
groups into proteins (oxidized proteins) was performed with the Oxyblot 
protein oxidation detection kit (Millipore Corporation, Billerica, USA), ac-
cording to the manufacturer’s instructions. In all studies, SDS-PAGE and 
immunoblotting were performed as described previously [53]. Each blot 
was repeated at least twice. Blots were developed with chemiluminescence 
by using the ClarityTM Western ECL substrate (Bio-Rad Laboratories). 
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Quantification of the ratio of each detected protein to ACTIN or GAPDH 
and normalization to control appear next to each representative blot. Anti-
bodies used in studies are summarized in Table 3. 

 
Table 3. Antibodies used in studies I-IV. 
Antibodies Company / Product code 
Proteasome Subunits  
β1 Santa Cruz (Heidelberg, Germany) / sc-

67345 
β2 Enzo Life Sciences (Lausen, Switzerland) 

/ BML-PW8145 
β5 Enzo Life Sciences / BML-PW8895 
α6 Enzo Life Sciences / BML-PW8100 
RPN-12 Enzo Life Sciences / BML-PW8815 
RPT-6 Enzo Life Sciences / BML-PW8320 
PAS-1-7 Enzo Life Sciences / BML-PW8195 
PBS-5 Home-customized antibody kindly pro-

vided by Prof. Osiewacz 
GFP Cell Signaling Technology (Leiden, the 

Netherlands) / #2555 
Amyloid beta  
6E10 BioLegend (San Diego, USA) /  SIG-

39320 
Newly synthesized proteins  
Streptavidin-HRP Invitrogen (Carlsbad, USA) / SA100-01 
Polyubiquitinated proteins  
Ub Santa Cruz/ sc-8017 
Heat shock proteins  
Hsp70 Santa Cruz / sc-1060 
Hsp90 Santa Cruz / sc-1055 
Loading control  
Actin MP Biomedicals (Santa Ana, USA) / 

0869100 clone C4 
GAPDH Santa Cruz /  sc-25778 
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Monodansylcadaverine (MDC) Staining 
For study II, HFL-1 cells were grown on cover slips in 6-well plates at 37°C. 
After 48 hours incubation, cells were exposed to 20 μg/ml CHX for 4 hours. 
Immediately after, cells were stained with 0.05 mM MDC (Sigma-Aldrich) 
in PBS at 37°C for 15 min. Cells were fixed with 4% paraformaldehyde for 
20 min at room temperature and washed three times with PBS. Leica TCS 
SPE confocal laser scanning microscope (Leica Lasertechnik GmbH, Hei-
delberg, Germany) was used to detect the changes in autophagic vacuoles 
and to capture images. The LAS AF software was used for image acquisi-
tion. At least 16 pictures per condition from at least three independent ex-
periments were processed with the ImageJ software. 

Confocal Analysis 
For study I, animals were mounted on 2% agarose pads on glass slides, 
anesthetized with 10 mM levamisole and observed at room temperature us-
ing a Leica TCS SPE confocal laser scanning microscope (Leica Lasertechnik 
GmbH). The LAS AF software was used for image acquisition. At least 20 
animals per condition in three independent experiments were processed, un-
less otherwise indicated. For skn-1B/C::GFP localization, synchronized LD1 
animals expressing the pskn1SKN-1b/c::GFP reporter fusion exposed to 18α-
GA or DMSO until day 2 of adulthood were observed. Nematodes were 
classified into three groups (nuclear, cytoplasmic, intermediate), according 
to the extent of compartmental GFP distribution in the intestinal cells. For 
Aβ3-42 deposits measurements, synchronized CL2331 (expressing human 
Aβ3-42 conjugated with GFP in body wall muscle cells) and CL2179 (control 
strain) animals exposed to 18α-GA or DMSO and grown at 20°C (to induce 
aggregation) until day 2 of adulthood were collected. Images of whole 
worms and focused images in the anterior area of nematodes were acquired 
with 10 x 0.45 and 20 x 0.70 numerical aperture, respectively. For GFP 
levels, synchronized CF1553 animals exposed to 18α-GA or DMSO until 
day 1 of adulthood were observed. 

Statistical Analysis 
Statistical analysis and graphs were produced using Prism (GraphPad Soft-
ware Inc) and Microsoft Office 2003 Excel (Microsoft Corporation, Red-
mond, USA) software packages. Data in all assays are depicted as the aver-
age of three independent experiments (unless otherwise indicated). Error 
bars denote ± SEM. Student’s t-test was used for comparisons. Asterisks 



58 
 

MARIANTHI SAKELLARI   Functional analysis of the proteasome in eukaryotic organisms 
 

denote P-values as follows: *P<0.05, **P<0.01, ***P<0.001, not signifi-
cant (NS). Quantification of the ratio of each protein to ACTIN/GAPDH 
was determined using the ImageJ software or Image Studio software Lite 
Version 4.0.21. 
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RESULTS  

Paper I - 18α -Glycyrrhetinic Acid Proteasome Activator Decelerates 
Aging and Alzheimer's Disease Progression in Caenorhabditis elegans 
and Neuronal Cultures. 
In the study I, it was examined whether 18α-GA-mediated proteasome ac-
tivation is feasible in the well-established aging model C. elegans. 18α-GA 
treatment significantly increased CT-L and T-L proteasome activities in wt 
animals (Figure 6A). Native in-gel proteasome activity assay verified the en-
hanced activity of both 20S and 26S/30S proteasome complexes (Figure 6B). 
Induced UPS activity after exposure to 18α-GA was also observed in vivo, 
by using a fluorescent in vivo polyubiquitin reporter system that allows the 
measurement of proteasome activity in live animals [107], (Figure 6C). 18α-
GA-treated animals revealed increased protein expression of PAS-1-7, PBS-
5 and RPT-6 proteasome subunits (Figure 6D), that correlates with the en-
hanced proteasome activity. Taken together, these results show that 18α-
GA confers proteasome activation in the context of a multicellular organism.  

An increasing body of evidence suggests that compound-mediated pro-
teasome activation regulates aging [1, 5]. To identify whether 18α-GA has 
anti-aging properties in C. elegans, lifespan assays were performed in ani-
mals treated with different concentrations of 18α-GA (10, 20 and 100 
μg/ml). Significant lifespan enhancement was found with the most effective 
concentration being 20 μg/ml (Figure 7). To investigate whether 18α-GA 
treatment confers any phenotypic differences, various phenotypic charac-
teristics were examined (Table 4). Pharyngeal pumping, defecation rhythm, 
fecundity and capacity to enter the stress-resistant dauer larval form re-
mained unaffected. A slightly delayed embryonic development was observed 
that has also been seen in long-lived strains [233]. These findings indicate 
that 18α-GA treatment promotes C. elegans lifespan. 
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Figure 6. 18α-GA-mediated proteasome activation. (A) (%) Percentage of CT-L, T-
L and PGPH proteasome activities in wt animals treated with 20 μg/ml 18α-GA or 
DMSO. Mean value of each activity in DMSO-treated animals set to 100%. (B) 
Native gel electrophoresis followed by in-gel proteasome activity assay and quanti-
fication (right panel; signal from 20S or 30S/26S complex in DMSO-treated animals 
set as 1) in wt animals treated with 20 μg/ml 18α-GA or DMSO. (C) Representative 
fluorescence micrographs of animals expressing the polyubiquitin reporter (Pvha-
6::UIM2-ZsPro-Sensor) in the intestine treated with 20 μg/ml 18α-GA or DMSO. 
(D) Immunoblot analysis and quantification of PAS-1-7, PBS-5 and RPT-6 pro-
teasome subunits in wt animals treated with 20 μg/ml 18α-GA or DMSO. Actin in
(B) and (D) was used as loading control. Error bars denote ± SEM. **P< 0.01,
***P< 0.001.
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Figure 7. 18α-GA promotes lifespan extension of wt C. elegans. Survival curves of 
wt C. elegans treated with (A) 10 μg/ml, (B) 20 μg/ml and (C) 100 μg/ml 18α-GA or 
DMSO. (A) DMSO: mean= 17, n = 115/138, 18α-GA: mean= 16, n = 86/108, NS. 
(B) DMSO: mean= 15.6±0.8, n = 657/866, 18α-GA: mean= 18.3±1.2, n = 575/827, 
P< 0.0001. (C) DMSO: mean= 17, n = 115/138, 18α-GA: mean= 19, n = 89/107, 
P= 0.0039. 

Table 4. Phenotypic analysis of wt animals treated with 20 μg/ml 18α-GA or DMSO.  
 A. Fecundity 

 
B. Developmental 

timing 
*** 

C. Pharyngeal 
pumping 

D. Defecation 
 

E. Dauer 
formation 

 

DMSO 255±36 55.2±0.4 62.5±1.5 45.2±6.4 0.5±0.7 
18α-GA 266±47 56.9±0.3 62.1±2 46.9±5.2 2±1.6 

All assays were performed at 20oC unless noted otherwise. 
A Number of offspring per worm 
B Duration of post-embryonic development (hours from egg hatching to L4 stage),  
*** P<0.001 
C Pumps in 15 sec, at Day 1 of adulthood  
D Duration of defecation cycle in seconds 
E Percentage of animals becoming dauer larva at 27oC 

 
 

Having shown that 18α-GA treatment activates Nrf2 in human primary fi-
broblast cells [176] and since SKN-1, the Nrf2 ortholog in C. elegans, is an 
essential regulator of longevity [130, 158] and proteasome expression [165-
167], the effects of 18α-GA on SKN-1 transcription factor were tested. Use 
of a reporter fusion of SKN-1 (skn-1B/C::GFP) showed its translocation to 
the intestinal cell nuclei of 18α-GA-treated animals (Figure 8A). Immunob-
lot analysis of the activated form of p38 MAPK revealed PMK-1 phosphor-
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ylation following 18α-GA treatment (Figure 8B), leading to SKN-1 activa-
tion [160]. 18α-GA failed to extend the lifespan of all three homozygous 
skn-1 mutants [EU1, EU31 and EU40, bearing premature stop codon mu-
tations; [130]] (Figure 8C), thus verifying the dependence of the observed 
18α-GA-mediated lifespan extension on SKN-1. Interestingly, lifetime 18α-
GA treatment of heterozygous skn-1 mutants resulted in enhanced lifespan 
suggesting that even only one normal skn-1 allele is sufficient for the 
lifespan-extending action of the compound (Figure 8D). In support, RNAi 
knock down of skn-1 or pbs-5 abolished the lifespan extension (Figure 8E, 
F). Accordingly, CT-L proteasome activity in EU1 mutants was not in-
creased following 18α-GA treatment (Figure 8G). Furthermore, 18α-GA-
related lifespan extension was DAF-16/FOXO transcription factor depend-
ent, as 18α-GA did not extend the lifespan of daf-16 mutants (Figure 8H). 
Altogether, our results indicate that 18α-GA treatment leads to a SKN-1- 
and proteasome activation-dependent lifespan extension. 

Treatment with 18α-GA for 48, 72, 96 hours caused reduction of the 
carbonylated proteins, which are known proteasome substrates [234], by 
18%, 44% and 40%, respectively (Figure 9A). Diminished oxidatively 
modified proteins may be due either to higher proteasome function or to 
the antioxidant activity of 18α-GA. SOD activity evaluation revealed that 
exposure to 18α-GA did not significantly affect the intracellular O2

- levels 
(Figure 9B) and the GFP expression pattern of the psod-3GFP reporter (data 
not shown), thus verifying the lack of sod-3 induction upon treatment with 
the compound. In contrast, catalase activity was shown increased in 18α-
GA-treated nematodes (Figure 9C). Furthermore, analysis of the expression 
of various SKN-1 target genes showed that gst-4 and gcs-1 were altered in 
opposite ways following 18α-GA treatment, while all of the tested pro-
teasome subunits were up-regulated (Figure 9D). Finally, 18α-GA-treated 
N2 worms did not display oxidative stress resistance after exposure to par-
aquat (a generator of O2

-; Figure 9E) or juglone (that produces damaging 
adducts with proteins; Figure 9F) compared to controls. These data suggest 
that the positive effects of 18α-GA may not be solely attributed to its anti-
oxidant capacity per se and may advocate for the link between the observed 
decreased levels of oxidized proteins and the enhanced proteasome activity.  
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Figure 8. 18α-GA exhibits a SKN-1- and proteasome activation-dependent exten-
sion in lifespan of wt C. elegans. (A) Percentage of cytosolic, intermediate or nuclear 
accumulation of SKN-1B/C::GFP in wt animals treated with 20 μg/ml 18α-GA or 
DMSO. (B) Immunoblot analysis and quantification of phospho-P38 protein in wt 
animals treated with 20 μg/ml 18α-GA or DMSO. Treatment with 70 mM paraquat 
or dH2O was used as positive control. Actin was used as loading control. Survival 
curves of (C) homozygous (-/-) skn-1 mutants (D) heterozygous (+/-) skn-1 mutants 
and (H) daf-16(m26) mutants treated with 20 μg/ml 18α-GA or DMSO. (C) DMSO 
EU1 (-/-): mean= 13.5±0.5, n = 86/173, 18α-GA EU1 (-/-): mean= 13.5±0.5, n = 
84/173, NS. DMSO EU40 (-/-): mean= 16.3±0.9, n = 173/293, 18α-GA EU40 (-/-): 
mean= 17±0.6, n = 180/292, NS. DMSO EU31 (-/-): mean= 19.5±5.5, n = 135/164, 
18α-GA EU31 (-/-): mean= 18±4, n = 112/161, NS. (D) DMSO EU1 (+/-): mean= 
11±1, n = 143/195, 18α-GA EU1 (+/-): mean= 16.5±0.5, n = 141/203, P< 0.0001. 
DMSO EU40 (+/-): mean= 12±1, n = 115/167, 18α-GA EU40 (+/-): mean= 18±0, n 
= 110/152, P= 0.0002. DMSO EU31 (+/-): mean= 11±1, n = 137/171, 18α-GA 
EU31 (+/-): mean=16±1, n = 142/174, P< 0.0001. (H) DMSO daf-16(m26): mean= 
16.5±0.5, n = 201/236, 18α-GA daf-16(m26): mean= 15±0, n = 186/235, P= 0.0018. 
Survival curves of wt animals subjected to RNAi for (E) skn-1 or the empty vector 
and (F) pbs-5 or the empty vector treated with 20 μg/ml 18α-GA or DMSO. DMSO 
(vector) and 18α-GA (vector) are common in (E) and (F) DMSO (vector): mean= 
22.3±0.3, n = 219/275, 18α-GA (vector): mean= 23.7±0.3, n =221/301, P < 0.0001, 
(E) DMSO (skn-1 RNAi): mean= 20±0, n = 157/185, 18α-GA (skn-1 RNAi): mean= 
20.5±0.5, n = 180/213, NS. (F) DMSO (pbs-5 RNAi): mean= 11±0.1, n = 88/107,
18α-GA (pbs-5 RNAi): mean= 11±0.1, n = 91/105, NS. (G) (%) Percentage of CT-
L proteasome activity in EU1 (-/-) animals treated with 20 μg/ml 18α-GA or DMSO. 
Mean value of each activity in DMSO-treated animals set to 100%. Error bars de-
note ± SEM. *P< 0.05, **P< 0.01.
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Figure 9. Redox status in 18α-GA-treated animals. (A) Oxyblot analysis and quantifica-
tion of carbonylated proteins in wt animals treated with 20 μg/ml 18α-GA or DMSO for 
48, 72 and 96 h. MW markers containing 1-3 DNP residues/molecule are shown on the 
left. Actin was used as loading control. (B) (%) Percentage of superoxide production (O2

-

; mean value of O2
- production in DMSO-treated animals set to 100%, tetracycline was 

used as positive control for antioxidant activity), (C) catalase activity (mean value of 
catalase activity in DMSO-treated animals set to 1) and, (D) real-time PCR analysis of 
gst-4, gcs-1, pbs-1, pbs-2 and pbs-5 genes (expression levels of each gene were arbitrarily 
set to 1 in DMSO-treated animals, pmp-3 gene expression was used as normalizer) in wt 
animals treated with 20 μg/ml 18α-GA or DMSO. Percent survival of wt animals treated 
with 20 μg/ml 18α-GA or DMSO (E) from L4 stage to day 5 of adulthood and then 
exposed to paraquat and scored from day 2 to day 7 after paraquat exposure (four in-
dependent experiments, 500 animals/condition) and, (F) from L4 stage to day 1 of adult-
hood and then exposed to juglone and counted following 24 h recovery period (four 
independent experiments, 160 animals/condition). Error bars denote ± SEM. * P<0.05, 
*** P< 0.0001. 



66 
 

MARIANTHI SAKELLARI   Functional analysis of the proteasome in eukaryotic organisms 
 

Aging is an important risk factor for the development of neurodegenerative 
diseases such as AD. Proteasome inhibition represents a characteristic of AD 
neuropathology. Interestingly, genetic- or compound-mediated proteasome 
activation is proved to be neuroprotective [1, 5]. To investigate whether 
18α-GA-mediated proteasome activation has a protective effect against AD 
progression in C. elegans, three different nematode AD models were used. 
Paralysis was significantly delayed in CL2006 strain [constitutive expres-
sion of human Aβ1-42 in body wall muscle cells with adult onset paralysis 
accompanied by β-amyloid formation; [235]; (Figure 10A)], and in CL4176 
strain [temperature-sensitive expression of human Aβ1-42 resulting in β-am-
yloid formation; [236]; (Figure 10B)] upon 18α-GA treatment. Delayed 18α-
GA-mediated paralysis was blocked by pbs-5 RNAi (Figure 10C), indicating 
that decelerated paralysis rate depends on proteasome activation. Similar to 
what was observed in wt animals, protein expression of various 19S and 
20S proteasome subunits found increased in 18α-GA-treated CL2006 ani-
mals (Figure 10D). Finally, 18α-GA treatment significantly increased the 
lifespan of CL2006 worms [where age-dependent aggregation and paralysis 
occur; (Figure 10E)]. By taking advantage the CL2331 strain (temperature-
sensitive expression of human Aβ3-42 conjugated with GFP in the body wall 
muscle cells), the reduction in Aβ deposits upon 18α-GA treatment was re-
vealed in vivo (Figure 11A; red panels and arrows and Figure 11B). Respec-
tively, the total Αβ levels were significantly reduced in CL4176 animals 
upon treatment with the compound (Figure 11C; upper and middle panel) 
while pbs-5 knock down by RNAi significantly reduced this positive effect 
(Figure 11C; compare middle and lower panel). Furthermore, 18α-GA treat-
ment was found to protect also human neuronal cells against Aβ toxicity. 
In particular, SH-SY5Y human neuroblastoma cells treated with 7PA2-CM 
(CMAβ; contains Aβ) in the presence of 18α-GA showed enhanced pro-
teasome activity (Figure 12A) and significantly reduced cell death and in-
creased cell survival compared to the control cultures (Figure 12B1, B2). 
Dot blot analysis displayed decreased levels of total Αβ upon 18α-GA treat-
ment, whereas MG132-mediated proteasome inhibition abrogated this re-
duction (Figure 12C). The protective role of 18α-GA against Aβ neurotoxi-
city was also verified in primary murine cortical neurons (Figure 12D1, D2, 
E). In conclusion, our results demonstrate the protective effects of 18α-GA 
against AD pathology by increasing proteostasis both in nematodes and 
neuronal cells. 

 



MARIANTHI SAKELLARI  Functional analysis of the proteasome in eukaryotic organisms 
 

67 
  

Figure 10. 18α-GA reduces Aβ toxicity. Paralysis curves of animals expressing hu-
man Aβ1-42 peptide (A) CL2006 strain, (B) CL4176 strain and, (C) CL4176 strain 
subjected to RNAi for pbs-5 or the empty vector treated with 20 μg/ml 18α-GA or 
DMSO. (A) DMSO: mean= 12.3±0.3, n = 163/333, 18α-GA: mean= 15.6±0.6, n = 
134/332, P< 0.0001, (B) DMSO: mean= 32.5±0.2, n = 1707/1717, 18α-GA: mean= 
33.5±0.2, n = 1691/1703, P< 0.0001, (C) DMSO (vector): mean= 33±0.2, n = 
564/575, 18α-GA (vector): mean= 35±0.2, n = 654/666, P< 0.0001, DMSO (pbs-5 
RNAi): mean= 33±0.2, n = 592/600, 18α-GA (pbs-5 RNAi): mean= 32±0.2, n = 
588/598, NS. (D) Immunoblot analysis and quantification of PAS-1-7, PBS-5, RPT-
6 and RPN-12 proteasome subunits in animals expressing human Aβ1-42 peptide 
(CL2006 strain) treated with 20 μg/ml 18α-GA or DMSO. Actin was used as loading 
control. (E) Survival curve of animals expressing human Aβ1-42 peptide (CL2006 
strain) treated with 20 μg/ml 18α-GA or DMSO. DMSO: mean= 11±1.0, n = 
203/252, 18α-GA: mean= 13±0.0, n = 186/258, P< 0.0001. Error bars denote ± 
SEM. *** P< 0.0001. 
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Figure 11. 18α-GA reduces Aβ aggregates. (A) Representative fluorescence micro-
graphs of CL2331 strain expressing the Aβ3-42 peptide conjugated with GFP treated 
with 20 μg/ml 18α-GA or DMSO for 48 hours and focused images of the same 
worms in the anterior area. Red arrows indicate amyloid deposits. (B) Total number 
of amyloid deposits in the anterior area of CL2331 worms treated with 20 μg/ml 
18α-GA (n = 18) or DMSO (n = 16), (C) Dot blot analysis and quantification of 
total Aβ in CL4176 animals expressing human Aβ1–42 peptide treated with 20 μg/ml 
18α-GA or DMSO (upper panel - OP50). CL4176 animals were subjected to RNAi 
for pbs-5 (pbs-5 RNAi) or the empty vector (vector) and were treated with 20 μg/ml 
18α-GA or DMSO. Actin was used as loading control. Error bars denote ± SEM. 
*** P< 0.0001. 
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Figure 12. 18α-GA decreases Aβ-induced neuronal death. (%) Percentage of (A) CT-
L proteasome activity (mean value of CT-L activity in DMSO-treated cells set to 
100%), (B1) cell death and survival and, (B2) survival ratio following crystal violet 
staining of SH-SY5Y neuroblastoma cells exposed to CM containing human Aβ1-42 

peptide and treated with 2 μg/ml 18α-GA or DMSO. (C, E) Dot blot analysis and 
quantification of total Aβ in (C) SH-SY5Y neuroblastoma cells and, (E) murine pri-
mary cortical neurons exposed to CM containing human Aβ1-42 peptide and treated 
with (C, E) 2 μg/ml 18α-GA or DMSO, or (C) with 2 μg/ml 18α-GA in the presence 
of 5 μM MG132 proteasome inhibitor. GAPDH was used as loading control. (D1) 
Representative fluorescence micrographs and, (D2) death ratio of murine primary 
cortical neurons stained with DAPI (dead and alive cells) and EthD-1 (dead cells) 
exposed to CM containing human Aβ1-42 peptide and treated with 2 μg/ml 18α-GA 
or DMSO. Error bars denote ± SEM. *P<0.05, **P<0.01, *** P< 0.0001. 
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Paper II - Protein Synthesis Inhibition Induces Proteasome Assembly 
and Function 
The aim of the study II was to investigate the crosstalk between protein 
synthesis and protein degradation. For this reason, CHX and ANS, two 
protein translation machinery inhibitors, were used. CHX and ANS mark-
edly inhibited translation of HFL-1 human embryonic fibroblasts in a dose-
dependent manner, by reducing the incorporation of AHA, a non-canonical 
methionine analogue amino acid [237], into nascent proteins (Figure 13A, 
B). Concerning autophagy degradation system, CHX treatment inhibited 
autophagy of HFL-1 cells by reducing fluorescent intensity of MDC stain-
ing, a fluorescent tracer for autophagic vacuoles (Figure 13C). 

To search the effects of protein synthesis inhibition on proteasome-medi-
ated protein degradation in human fibroblast cells, proteasome function 
was measured after treatment with 20 μg/ml CHX (responsible for the 
∼90% protein synthesis inhibition) for different time points as well as with 
different concentrations of ANS (Figure 14A1, Figure 15A). CHX treatment 
for 4 hours significantly increased CT-L proteasome activity in HFL-1 and 
WI38/T cells (Figure 14A1, A2). Similarly, HFL-1 cells treated with various 
concentrations of ANS showed enhanced proteasome function (Figure 
15A). In the following ANS experiments, cells were treated with 0.1 μΜ 
ANS (responsible for ∼90% protein synthesis inhibition and proteasome ac-
tivation). The increased proteasome function noticed in HFL-1 cells after 
exposure to CHX and ANS was due to induction of 30S/26S activities and 
not of the 20S activity. These data were revealed by measuring CT-L pro-
teasome activity in the presence (specific for 30S/26S activity) or absence 
(specific for 20S activity) of ATP and glycerol in CHX-treated cells (Figure 
14A3), as well as by in-gel proteasome activity assays performed after treat-
ment with both inhibitors (Figure 14B; Figure 15B). Moreover, CHX-
treated cells revealed also elevated 30S proteasome complexes assembly (the 
same tendency was noticed for 26S complexes as well) (Figure 14C). Protein 
synthesis inhibition induced also the protein expression of the proteolyti-
cally active β1, β2 and β5 proteasome subunits (Figure 14D; Figure 15C), 
without affecting the RNA expression levels of any examined subunits (Fig-
ure 14E; Figure 15D). Taken together, these results show that protein syn-
thesis inhibition results in proteasome activation. 
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Figure 13. CHX protein synthesis inhibitor decreases the levels of autophagy-medi-
ated proteolysis. Analysis and quantification of nascent protein synthesis rate in HFL-1 
cells after treatment with (A) 0.02, 0.2 and 20 μg/ml CHX for 4 hours and (B) 0.01, 0.1 
and 10 μM ANS for 2 hours. GAPDH in (A) and (B) is used as loading control. (C) 
Detection of autophagic vacuoles by MDC staining in the absence (CON) or presence 
of CHX. Quantification of MDC staining fluorescent intensity is shown in the right 
panel. Error bars denote ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001. 
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Figure 15. Protein synthesis inhibition by ANS enhances proteasome function and 
assembly. (A) (%) Percentage of CT-L proteasome activity in HFL-1 cells following 
treatment with 0.01, 0.1 and 10 μΜ ANS or DMSO (CON) for 2 hours. Activity in 
control (DMSO-treated) samples was arbitrarily set to 100%. (B) Native gel electro-
phoresis followed by in-gel proteasome activity assay on lysates isolated from HFL-
1 cells treated with 0.1 μM ANS or DMSO for 2 hours. Quantification of (B) rela-
tively to GAPDH is shown in the right panel. (C) Immunoblot analysis and quanti-
fication of β1, β2, β5, α6, Rpn12, Rpt6 proteasome subunits in HFL-1 cells treated 
with 0.01, 0.1 and 10 μΜ ANS or DMSO for 2 hours. GAPDH in (B, C) is used as 
loading control. (D) Real-time PCR analysis of β5 and α4 proteasome subunits 
mRNA expression levels in HFL-1 cells treated with 0.1 μM ANS or DMSO for 2 
hours. RNA expression levels of each gene in control cells were arbitrarily set to 1, 
GAPDH gene expression was used as normalizer. Error bars denote ± SEM. *P< 
0.05, **P< 0.01, ***P< 0.001. 

Figure 14. Protein synthesis inhibition by CHX enhances proteasome function and 
assembly. (%) Percentage of CT-L proteasome activity (A1, A3) in HFL-1 and (A2)  
in WI38/T cells after treatment with 20 μg/ml CHX or only DMEM (CON) for (A1) 
2, 4 and 6 hours (A2) 4 hours and (A3) 4 hours, lysed with lysis buffer containing 
(30S/26S) or not (20S) ATP/glycerol. Activity in control (DMEM-treated) samples 
was arbitrarily set to 100%. (B, C) Native gel electrophoresis followed by in-gel 
proteasome activity assay and immunoblot analysis with antibodies against β5 (20S 
subunit) and Rpt6 (19S subunit) on lysates isolated from HFL-1 cells treated with 
20 μg/ml CHX or DMEM for 4 hours. Quantification of (B, C) relatively to GAPDH 
is shown in the right panels. (D) Immunoblot analysis and quantification of β1, β2, 
β5, α6, Rpn12, Rpt6 proteasome subunits in HFL-1 cells treated with 20 μg/ml CHX 
or DMEM for 4 hours. GAPDH in (B, C) and (D) is used as loading control. (E) 
Real-time PCR analysis of β5 and α4 proteasome subunits mRNA expression levels 
in HFL-1 cells treated with 20 μg/ml CHX or DMEM for 4 hours. RNA expression 
levels of each gene in control cells were arbitrarily set to 1, GAPDH gene expression was 
used as normalizer. Error bars denote ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001. 
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To examine the proteasome complexes degradation selectivity upon protein 
synthesis inhibition the levels of diverse proteasome substrates were meas-
ured. CHX- and ANS-mediated protein synthesis inhibition decreased the 
levels of ubiquitinated proteins (Figure 16A; Figure 17A) and all examined 
GFP/YFP-reporters bearing different degradation signals (N-end rule signal, 
UFD signal and C-terminal bulky hydrophobic motif CL1) (Figure 16B; Fig-
ure 17B). Concomitant inhibition of autophagy (induced by bafilomycin) 
and protein synthesis did not have any further impact on the pool of the 
ubiquitinated proteins (Figure 16C). Finally, treatment with protein synthe-
sis inhibitors reduced also the levels of carbonylated proteins (Figure 16D; 
Figure 17C). Therefore, protein synthesis inhibition confers increased pro-
teasome-mediated degradation of ubiquitinated and abnormal proteasome 
substrates without any selectivity for particular substrates.  

To investigate proteasome regulators, which might be responsible for 
proteasome activation upon protein synthesis inhibition, extracts from 
HFL-1-treated and -untreated with CHX cells were fractionated by SEC to 
isolate the different molecular weight proteasome complexes and their in-
teractors. Immunoblot analysis against 20S β5 subunit and 19S Rpt6 subu-
nit revealed that the 30S/26S complexes were eluted in fractions 30-44, 
whereas the 20S complex in fractions 46-50. Enhanced 30S/26S proteasome 
complexes activity and assembly were also displayed in cells treated with 
CHX (Figure 18A, B). Given the role of Hsp70 in the dissociation and re-
association of the 26S proteasome complexes [238], immunoblotting was 
performed against Hsp70. Hsp70 co-eluted in 30S/26S proteasome contain-
ing fractions, whereas protein synthesis inhibition decreased the interaction 
between Hsp70 and 30S/26S proteasome complexes (Figure 18B). Pro-
teasome immunoprecipitation followed by immunoblotting against Hsp70 
verified the diminished interaction between proteasome complexes and 
Hsp70, following CHX treatment (Figure 18C).  Then, Hsp90 another reg-
ulator of proteasome assembly [16] appeared in fractions 46-52, where 
lower molecular weight proteasome complexes were eluted. Immunoblot-
ting against Hsp90 showed enhanced association of Hsp90 with these pro-
teasome complexes, in CHX-treated cells compared to control cultures (Fig-
ure 18B). Therefore, Hsp70 and Hsp90 contribute to proteasome assembly 
upon protein synthesis inhibition.   
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Figure 16. CHX-induced protein synthesis inhibition reduces the levels of various 
proteasome substrates. (A) Immunoblot analysis and quantification of polyubiqui-
tinated (Poly-Ub) proteins in HFL-1 cells treated with 20 μg/ml CHX or only 
DMEM (CON) for 4 hours. (B) Immunoblot analysis of lysates isolated from HFL-
1 cells transiently transfected with the Ub-R-GFP, UbG76V-GFP and YFP-CL1 plas-
mids treated with 20 μg/ml CHX or DMEM. Expression and quantification of the 
GFP/YFP chimeras were examined 16 hours post-transfection. Substrate degrada-
tion specificity of plasmids is shown in the box. (C) Quantification of polyubiqui-
tinated (Poly-Ub) proteins in HFL-1 cells treated with 20 μg/ml CHX for 4 hours or 
DMEM (CON) and 0.1 μΜ BAF for 24 hours and 20 μg/ml CHX for 4 hours or 
DMSO (CON). (D) Oxyblot analysis and quantification of carbonylated proteins 
in HFL-1 cells treated with 20 μg/ml CHX or DMEM for 4 hours. MW markers 
containing 1-3 DNP residues/molecules are shown on the left. GAPDH in (A, B, C, D) 
is used as loading control. Error bars denote ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001. 
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Figure 17. Protein synthesis inhibition by ANS leads to decreased levels of various 
proteasome substrates. (A) Immunoblot analysis and quantification of polyubiqui-
tinated (Poly-Ub) proteins in HFL-1 cells treated with 0.01, 0.1 and 10 μM ANS or 
DMSO (CON) for 2 hours. (B) Immunoblot analysis of lysates isolated from HFL-
1 cells transiently transfected with the Ub-R-GFP, UbG76V-GFP and YFP-CL1 plas-
mids treated with 0.1 μM ANS or DMSO. Expression and quantification of the 
GFP/YFP chimeras were examined 16 hours post-transfection. Substrate degrada-
tion specificity of plasmids is shown in the box. (C) Oxyblot analysis and quantifi-
cation of carbonylated proteins in HFL-1 cells treated with 0.1 μM ANS or DMSO 
for 2 hours. MW markers containing 1-3 DNP residues/molecules are shown on the 
left. GAPDH in (A, B, C) is used as loading control. Error bars denote ± SEM. *P< 
0.05, **P< 0.01, ***P< 0.001. 
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Figure 18. Increased levels of 30S/26S proteasomes following protein synthesis inhibition 
by CHX are accompanied by reduced interaction with Hsp70. (A) CT-L proteasome 
activity in SEC fractions corresponding to assembled proteasomes, derived from HFL-1 
untreated (CON) cell or treated with 20 μg/ml CHX for 4 hours. CON: mean= 100±5.05 
%, CHX: mean=127±3.24%, P= 0.014. Activity in CON samples was arbitrarily set to 
100%. (B) Fractions from (A) were immunoblotted for β5 (20S) and Rpt6 (19S) pro-
teasome subunits and Hsp70, Hsp90. T represents the total cell lysate. (C) Immunoblot 
analysis and quantification of α6 proteasome subunit and Hsp70 in total extracts and 
the relative elutions following proteasome immunoprecipitation in HFL-1 fibroblasts 
treated with 20 μg/ml CHX or only DMEM (CON) for 4 hours. GAPDH in total ex-
tracts shows the equal starting protein quantity before immunoprecipitation. Error bars 
denote ± SEM. *P< 0.05, ***P< 0.001. 
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Paper III - Study of the Effects of Protein Synthesis Inhibition on 
Proteasome-mediated Protein Degradation in Caenorhabditis  
elegans 
The findings of the study II stimulated us to examine in study III the effect 
that protein synthesis inhibition has on proteasome degradation in a multi-
cellular organism, by using C. elegans. For this reason, we took advantage 
of the ife-2 mutant strain that is characterized by loss of the IFE-2 (an eIF4E 
specific isoform) and reduced global protein synthesis by ~50% [239]. 
Firstly, the extension of lifespan of ife-2 mutants was verified (Figure 19), 
as previously reported [239].  

Figure 19. ife-2(ok306) mutant strain exhibits prolonged lifespan. Survival curves 
of wt C. elegans and ife-2(ok306) mutant strain. N2: mean= 15±0, n= 83/126, ife-
2(ok306): mean= 21±1, n= 92/137, P<0.0001. 

To identify the effects of protein synthesis inhibition on proteasome func-
tion, CT-L proteasome activity was measured in wt animals and ife-2 mu-
tants. Reduced translation initiation by loss of the IFE-2 did not change the 
proteasome function of worms (Figure 20A). By contrast, protein expres-
sion analysis of PAS-1-7, PBS-5 (20S) and RPT-6 (19S) proteasome subunits 
revealed increased protein levels of PBS-5 (the ortholog of human β5 subu-
nit) and RPT-6 subunits (Figure 20B) upon protein synthesis inhibition. In-
terestingly, we did not observe any significant alteration in the RNA expres-
sion levels of the pbs-5 proteasome subunit gene in ife-2 mutants (Figure 
20C). Therefore, our results show that genetically-mediated inhibition of 
protein synthesis initiation step increases the protein levels of PBS-5 and 
RPT-6 proteasome subunits, without affecting the proteasome activity in 
the context of a multicellular organism. 
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Figure 20. Protein synthesis reduction increases the protein levels of PBS-5 and RPT-
6 proteasome subunits without influencing the CT-L proteasome activity in ife-
2(ok306) mutants. (A) (%) Percentage of CT-L proteasome activity in wt (N2) and 
ife-2(ok306) animals. Mean value of CT-L activity in N2 animals set to 100%. (B) 
Immunoblot analysis and quantification of PBS-5, PAS-1-7 and RPT-6 proteasome 
subunits in wt animals and ife-2(ok306) mutants. Actin was used as loading control. 
(C) Real-time PCR analysis of pbs-5 gene (expression levels of pbs-5 gene was arbi-
trarily set to 1 in N2 animals, pmp-3 gene expression was used as normalizer) in wt
animals and ife-2(ok306) mutant strain. Error bars denote ± SEM.*P< 0.05. 
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To examine the effects of pharmacological protein synthesis inhibition on 
proteasome degradation pathway, wt animals were treated with CHX, 
which acts by blocking translation elongation [240]. CHX treatment im-
paired translation of nematodes, by reducing the incorporation of AHA into 
newly synthesized proteins [241] (Figure 21). Analysis of CT-L proteasome 
activity showed that treatment with various concentrations of CHX did not 
significantly affect the proteasome function (Figure 22A). Similar to ife-2 
mutants, when protein expression analysis of PAS-1-7 (20S) and RPT-6 
(19S) subunits was conducted, increased levels of RPT-6 subunit were also 
noticed (Figure 22B) in the presence of CHX. In total, pharmacological in-
hibition of protein synthesis elongation step enhances the protein levels of 
RPT-6 proteasome subunit, without influencing the proteasome activity in 
C. elegans.

Figure 21. CHX treatment reduces the protein synthesis rate in wt (N2) animals. 
Immunoblot analysis and quantification of nascent protein synthesis rate in wt ani-
mals treated with 200 μg/ml CHX or ddH2O (CON) for 24 hours, at 20 oC. Actin 
was used as loading control. Error bars denote ± SEM.  **P< 0.01. 
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Figure 22. Treatment with CHX protein synthesis inhibitor increases RPT-6 protein 
levels in wt animals, without affecting proteasome activity. (A) (%) Percentage of 
CT-L proteasome activity in wt animals treated with 200 μg/ml, 500 μg/ml CHX or 
ddH2O (CON). Mean value of CT-L activity in ddH2O-treated animals set to 100%. 
(B) Immunoblot analysis and quantification of RPT-6 and PAS-1-7 proteasome sub-
units in wt animals treated with 200 μg/ml, 500 μg/ml CHX or ddH2O (CON). Actin
was used as loading control. Error bars denote ± SEM. *P< 0.05. 
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Paper IV - Study of the Effects of Increased Proteasome- 
mediated Proteolysis on Protein Synthesis Rate 
Το decipher further the crosstalk between protein synthesis and proteasome-
mediated protein degradation the effects of proteasome activation on pro-
tein synthesis rate were determined in study IV. 

Proteasome activation is feasible in vitro and in vivo through genetic in-
terventions or compound treatment [1, 5]. To achieve proteasome enhance-
ment, 18α-GA was used as proteasome activator. HFL-1 cells were treated 
with 2 μg/ml 18α-GA for 2 hours, conditions responsible for increased pro-
teasome activity and content in this cell line [176], and protein synthesis 
rate was measured. 18α-GA-treated cells showed decrease in the incorpora-
tion of AHA into newly synthesized proteins, which reflects the reduction 
of protein synthesis rate by 41% upon proteasome induction (Figure 23). 
Next, it was evaluated whether 18α-GA-mediated proteasome activation 
could exert the same effect on protein synthesis of nematode C. elegans. 
Exposure of C. elegans to 20 μg/ml 18α-GA caused also reduction of trans-
lation by 22% (Figure 24). Wt nematodes overexpressing the pbs-5 20S 
proteasome subunit revealed increased proteasome content, assembly and 
function [103]. By taking advantage of pbs-5 overexpressors (pbs-5 OE), 
we showed that proteasome enhancement, through genetic manipulation, 
led also to diminished rate of protein synthesis in worms by 31% (Figure 
24). In conclusion, proteasome activation either through 18α-GA treatment 
in human embryonic fibroblasts and worms or through pbs-5 overexpres-
sion in wt animals results in reduced protein synthesis rate. 
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Figure 23. 18α-GA treatment reduces protein synthesis rate in HFL-1 cells. Im-
munoblot analysis and quantification of nascent protein synthesis rate in HFL-1 
cells after treatment with 2 μg/ml 18α-GA or DMSO for 2 hours. GAPDH was used 
as loading control. Error bars denote ± SEM.  **P< 0.01. 

Figure 24. Proteasome activation diminishes protein synthesis rate in C. elegans. 
Immunoblot analysis and quantification of nascent protein synthesis rate in wt con-
trol and pbs-5 OE animals and in wt animals treated with 20 μg/ml 18α-GA or 
DMSO. ACTIN was used as loading control. Error bars denote ± SEM.  **P< 0.01, 
***P< 0.001. 
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DISCUSSION 
Protein homeostasis maintenance in eukaryotes preserves cellular and or-
ganismal function. Proteasome is a key element of protein quality control 
mechanisms that enables cells to avoid proteotoxicity. Loss of proteostasis 
and accumulation of oxidized and aberrant proteins is a hallmark of aging 
[19]. Interestingly, continuously growing evidence indicates that pro-
teasome activation is a potential approach for delaying aging and age-re-
lated diseases [5]. 

Proteasome impairment has been reported during replicative senescence 
and organismal aging [1, 48, 242].  The benefits of proteasome activation 
against progression of aging process have been revealed in cells and various 
model organisms ranging from invertebrates to mammals. Proteasome acti-
vation is based on genetic approaches (through overexpression of its com-
ponents and enhancement of its assembly) or compound treatment [5]. Var-
ious compounds have been identified to promote proteasome activation in 
multicellular organisms including quercetin [120], green tea catechins [119], 
plant extracts from blackberries, hibiscus, elderberries, or jiaogulan [243] 
in nematodes and sulforaphane and D3T in mice [145, 244]. Previous stud-
ies have shown that the pentacyclic triterpenoid 18α-GA, a diet-derived 
compound, activates proteasome through Nrf2 transcription factor and ex-
tends lifespan in human fibroblast [176] and adult stem cells [201]. In the 
present thesis (study I), the proteasome activating properties of 18α-GA are 
indicated for the first time at the organismal level.  

The data, in study I, show that 18α-GA treatment causes proteasome ac-
tivation-dependent lifespan extension in wt nematodes. The possible impli-
cation of proteasome activation in the increased longevity has been demon-
strated in human cells [176, 245, 246], in yeast [247, 248] and in multicel-
lular model organisms [102, 103, 249]. Furthermore, centenarians and na-
ked-mole rats, which are exceptionally long-lived organisms, are character-
ized by increased proteasome function, highlighting the interdependence be-
tween proteasome activation and retardation of aging [53, 54, 250].  

The enhanced clearance of carbonylated proteins (widely known marker 
of aging; [1]) is associated with the anti-aging effects of 18α-GA. These de-
creased levels may be due either to the increased levels of proteasome func-
tion or to antioxidant effects of the compound. The data regarding the an-
tioxidant properties of 18α-GA reveal a complex regulation. Expression lev-
els of two SKN-1 target genes, gcs-1 [157] and gst-4 [168], are altered in 
different ways. The same tendency is noticed in the enzymatic activities of 
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SOD and catalase, which are orchestrated by the same biochemical path-
way. Those results come in accordance with recent studies that demonstrate 
the remarkable degree of complexity in the regulation of phase II detoxifi-
cation responses and stress resistance in animals that involves additional 
SKN-1 independent regulators [251, 252]. Therefore, the lack of stress re-
sistance to oxidative stress could be explained under this prism; perhaps 
only SKN-1 activation is not enough for stress resistance under severe oxi-
dative stress.  

18α-GA-mediated proteasome up-regulation in nematodes is SKN-1-de-
pendent whereas its action in fibroblast cells is accordingly Nrf2-dependent 
[176]. SKN-1 is required for longevity and oxidative stress resistance [130, 
158]. In agreement, proteasome activation in nematodes due to pbs-5 pro-
teasome subunit overexpression correlates at least partially with SKN-1-
mediated lifespan extension and increased resistance to stressors [103]. 
SKN-1 activation occurs through the evolutionarily conserved p38 MAPK 
pathway in response to oxidative stress [160] and upon inhibition of trans-
lation elongation [168]. 18α-GA activates SKN-1 also through p38 MAPK 
pathway. Nevertheless, the current study presents proteasome activation as 
the key regulator of the noticed lifespan extension, as the beneficial effects 
of 18α-GA on longevity are lost when proteasome activation is prevented 
despite SKN-1 activation. 

18α-GA-mediated increased proteasome elimination confers protection 
against AD proteotoxicity in various AD nematode models but also in cells 
of nervous origin treated with Aβ peptide. Proteasome-related clearance of 
(at least some) Aβ forms may be the involved mechanism. In support, pro-
teasome activation through genetic means has also been displayed to reduce 
polyglutamine and Aβ toxicity [102, 103, 249]. In addition, several diet-
derived compounds, such as quercetin [118], resveratrol [253, 254], 
ganoderic acid DM [255], ThT [117], gaurana [115] and carqueja hydroal-
coholic extract [116] have been demonstrated to reveal anti-amyloidogenic 
activity by modulating proteasome-dependent degradation. Analogous pos-
itive benefits have been attributed to several compounds in models for other 
neurodegenerative diseases [5], thus pinpointing their profound impact 
against aggregation-related pathologies.  

The findings, in study I, reveal that 18α-GA may adequately engage a 
hormesis mechanism for its anti-aging and neuroprotective properties. 
Compounds can be cytoprotective in low doses or can be displayed toxic in 
high doses; this mechanism refers to as hormesis and is described by an in-
verted U-shaped dose-response curve [256]. Indeed, treatment with 10, 20 
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and 100 μg/ml 18α-GA is associated with absent, significant or still signifi-
cant but less pronounced lifespan extension (as compared to the optimum 
concentration; Figure 7), respectively. Therefore, higher 18α-GA concentra-
tions could cause loss of the pro-longevity effect of the compound or even 
toxicity in worms. Under the concept of hormesis, the vitagene system has 
been suggested as a neurohormetic potential modulator for modern cyto-
protective interventions. Cytoprotective Hsp70, HO-1, Trx and sirtuins are 
encoded by vitagenes [257]. Multiple phytochemicals, like polyphenols, 
have been mentioned to exert their beneficial effects through either their 
direct antioxidant capacity or their ability to induce various hormetic redox-
sensitive transcription factors, like Nrf2 [187]. The reported 18α-GA-medi-
ated SKN-1/Nrf2 induction and its beneficial outcomes can be interpreted 
under the prism of the vitagene network while proteasome genes may con-
stitute additional members of this system. 

Given the link between proteasome activation and amelioration of aging 
and aggregation-related diseases, the importance of the equilibrium between 
protein synthesis and degradation processes is pinpointed. Nevertheless, the 
crosstalk between anabolic and catabolic processes is also vital as cells 
should adapt to rapidly changing environmental conditions in order to sur-
vive. Previous studies have demonstrated protein synthesis impairment after 
proteasome inhibition [215-217] and proteasome activation upon stimula-
tion of protein synthesis [218]. However, the effects of protein synthesis 
inhibition on the proteasome degradation machinery have never been inves-
tigated. 

In study II, the interplay between protein synthesis inhibition and degra-
dation machineries is displayed in mammalian cells. In particular, protein 
synthesis inhibition induced by CHX leads to decreased autophagy-medi-
ated proteolysis. Moreover, in study II, it is shown for the first time that 
pharmacological protein synthesis inhibition increases proteasome function 
and assembly in human embryonic fibroblasts under complete growth con-
ditions. CHX and ANS protein synthesis inhibitors cause induction of the 
protein levels of the proteolytically active β-subunits, albeit without influ-
encing their transcriptional regulation. It is hypothesized that the enhanced 
levels of the β-type “rate-limiting” subunits are enough to promote in-
creased levels of assembled proteasomes as previously shown [48, 246]. To 
conclude, CHX- and ANS-induced protein synthesis inhibition enhances the 
proteasome activity and abundance in mammalian cells.      
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Ubiquitinated, misfolded and carbonylated proteins belong to numerous 
substrates that are degraded by proteasome [1, 5, 258]. Proteasome activa-
tion (either through genetic means or through activating compounds) in-
creases the elimination of all these substrates in cells [176, 246] and organ-
isms [103, 247, 259]. Upon protein synthesis inhibition, ubiquitinated, ox-
idized and misfolded proteins are equally degraded without any preference 
for particular substrates. 

During protein quality control, UPS cooperates with Hsps in order accu-
mulation and aggregation of faulty polypeptides to be prevented [260]. In-
terestingly, Grune and colleagues [238] have also found the involvement of 
the Hsp70 in 26S proteasomes disassembly into its 20S core and 19S RPs 
under oxidative stress. In study II, it is displayed the decrease in Hsp70 
interaction with the 30S/26S proteasome complexes after treatment with 
CHX. These findings advocate that the limited presence of Hsp70 on 
30S/26S proteasome complexes is associated with the enhanced assembly of 
30S/26S complexes upon protein synthesis inhibition. Moreover, Imai and 
coworkers have reported a novel role for Hsp90 in assembly and mainte-
nance of the 26S proteasomes [16]. The reported interaction between Hsp90 
and assembled 30S/26S proteasomes was not found in the present study. 
Conversely, increased levels of Hsp90 were detected in the presence of the 
protein synthesis inhibitor, in fractions 46-52, where 20S proteasome com-
plex, free 19S regulatory complex or even lower molecular mass proteasome 
complexes were eluted. Given that the assembly of 20S proteasome complex 
is not influenced by Hsp90 [16], the increased levels of Hsp90 in fractions 
46-52 may imply an association of free 19S regulatory complexes or even
lower molecular mass proteasome complexes with Hsp90. The enhanced
levels of Rpt6 subunit in fractions 46-50 could be the evidence of the en-
hanced 19S RP assembly (Figure 18B). In addition, Imai and coworkers
have shown that under inactivation of Hsp90 the lid complex of the 19S
regulatory complex is dissociated [16]. In this regard, Hsp90 may be in-
volved in the assembly of the 19S RP and especially of the 19S lid subcom-
plex. To conclude, the results of study II demonstrate a new interplay be-
tween the proteasome degradation machinery and the molecular chaperones
upon protein synthesis inhibition in human fibroblasts.

In study III, the analysis of the interplay between proteasome degrada-
tion machinery and protein synthesis inhibition, in the multicellular organ-
ism C. elegans, indicates distinct but also overlapping mechanisms com-
pared to human fibroblast cells (study II).  
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Genetically- and pharmacologically-mediated translation initiation and 
elongation inhibition, respectively, does not influence the proteasome func-
tion of worms. The absence of proteasome induction upon protein synthesis 
inhibition has also been revealed in nematodes after impairment of transla-
tion initiation by RNAi against diverse translation initiation factors [168]. 
Surprisingly, RNAi knock down of various translation elongation factors 
causes even impairment of proteasome-mediated degradation [168].  

Reduction of protein synthesis either by taking advantage of ife-2 mu-
tants or through CHX treatment in wt C. elegans increases the protein levels 
of PBS-5 and/or RPT-6 proteasome subunits, with no alteration to be ob-
served in the RNA expression levels of the pbs-5 proteasome subunit gene 
in ife-2 mutants. Interestingly, impairment of translation initiation and 
elongation in nematodes by RNAi against various translation initiation and 
elongation factors has been found even to slightly reduce the transcriptional 
regulation of the proteasome subunits, despite the induction of SKN-1 tran-
scription factor [168]. Therefore, we can assume that, the increased protein 
levels of the proteolytically active β-subunits in HFL-1 cells (study II) and 
20S PBS-5 and/or 19S RPT-6 subunits in C. elegans (study III) upon protein 
synthesis inhibition could be due to stabilization of specific proteasome sub-
units.  Previous studies have also demonstrated the selective synthesis of 
specific proteins following treatment with CHX [261-264]. This fact could 
additionally support the idea that preferential synthesis of specific pro-
teasome subunits upon protein synthesis inhibition might also be the in-
volved mechanism. 

Our findings could advocate the remarkable degree of complexity under-
lying the interaction between protein synthesis and proteasome-mediated 
degradation for the regulation of organismal protein homeostasis. Moreo-
ver, although protein synthesis and degradation are molecularly conserved 
between nematodes and mammals, caution should be given when an at-
tempt is made to extrapolate the effects of the crosstalk between these two 
cellular processes, across species. Regardless the differences that have been 
noticed in human cells and C. elegans concerning the crosstalk between pro-
tein synthesis inhibition and proteasome-mediated protein degradation, we 
could conclude that these two processes are mechanistically coupled in both 
systems, although distinct mechanisms may be involved.  

In study IV, an additional link between protein synthesis, proteasome-
mediated protein degradation and aging process is reported. Proteasome ac-
tivation by means that decelerate aging [either through 18α-GA treatment 
in human embryonic fibroblasts [176] and worms (study I) or through pbs-
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5 overexpression in C. elegans [103]] decreases protein synthesis rate. Ac-
cumulative evidence verifies that down-regulation of protein synthesis per 
se can extend lifespan in diverse organisms ranging from yeast to mammals 
[265-267]. In C. elegans, loss-of-function of several ribosomal proteins, 
translation initiation factors and other translation regulators have also been 
demonstrated to be linked with increased longevity [239, 268-271]. The op-
posite has also been reported. Specifically, reduced IIS signaling and dietary 
restriction, two well-known strategies for lifespan extension and pro-
teasome activation [102, 107], have been reported to confer reduced trans-
lation in nematodes [112]. Thus, we could suggest that protein synthesis 
reduction upon 18α-GA treatment and pbs-5 overexpression could operate 
in parallel with the induced proteasome function for the previously noticed 
lifespan extension that reported in study I as well as by Kapeta [176], Chon-
drogianni [103] and their colleagues. 

Emerging findings support the proteasome involvement in the degrada-
tion of many translation initiation factors, like eIF4G, eIF3 and eIF4E [221-
223] and translation regulatory proteins, such as 4E-binding proteins [224, 
225]. Moreover, the control of translation factors stability by the pro-
teasome has been found to negatively regulate protein synthesis [221, 222]. 
This evidence could confer a possible explanation of the results in study IV. 
In particular, the sensitivity of various translation factors to proteasome 
degradation might be the case for the lower mRNA translation rate upon 
proteasome activation. Therefore, future studies should focus on the identi-
fication of the possible involvement of proteasome activating interventions 
in the regulation of degradation of various translation factors. 

To conclude, study I pinpoints the great health benefits that may be ob-
tained from the consumption throughout life of diet-derived compounds 
with anti-aging and anti-neurodegenerative properties. Future studies 
should focus on the identification of such nutritional compounds and the 
delineation of their dose-response relationships and their exact mechanisms 
of action. In addition, study II, III and IV highlight the existence of a com-
plex interplay between anabolic and catabolic processes under different cel-
lular conditions, across species. The interplay between the mechanisms of 
protein synthesis and turnover is additionally supported by other studies in 
yeast [220] and nematodes [168]. However, further attempt should be given 
to the elucidation of the underlying biological mechanisms.    
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CONCLUSIONS 
Functional analysis of the proteasome in eukaryotic organisms, in the pre-
sent study, reveals (a) once more the proteasome contribution to the effort 
to decelerate aging and the onset and progression of the age-related diseases 
at organismal level and (b) the complex interplay between anabolic and cat-
abolic processes under various cellular conditions. The main conclusions 
derived from the experimental data of this thesis are the following: 

• Treatment with 18α-GA, a bioactive natural compound with already
known proteasome-activating properties in cells, increases pro-
teasome activity and content and extends lifespan in a SKN-1- and
proteasome-activating dependent manner in C. elegans. Further-
more, 18α-GA treatment delays AD progression by activating pro-
teasomal degradation pathway in various AD nematode models and
in cells of nervous origin. These findings support the notion that such
nutritional interventions may be useful to retard or even reverse age-
related declines and pathologies and their negative effects on the
quality of older people’s life.

• Investigation of the crosstalk between protein biosynthesis and deg-
radation machineries, in human embryonic fibroblasts, demon-
strates an additional link between protein synthesis and proteasome-
mediated protein elimination. Essentially, protein synthesis inhibi-
tion mediated by various inhibitors enhances the proteasome func-
tion and assembly as well as the protein levels of the proteolytically
active β-subunits. The augmented proteasome activity is responsible
for the degradation of ubiquitinated, oxidized and misfolded pro-
teins without the existence of preference for specific substrates.
Hsp70 and Hsp90 are involved in the increased proteasome assem-
bly upon protein synthesis inhibition.

• Distinct but also shared biological mechanisms result from the anal-
ysis of the interplay between protein synthesis inhibition and pro-
teasome degradation pathway across species, pinpointing the inter-
connection of these two processes in vitro and in vivo.

• Protein synthesis inhibition by either genetic or pharmacological
means  in C. elegans leads to increase in the protein levels of PBS-5
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and/or RPT-6 proteasome subunits, in a manner that is likely inde-
pendent of the proteasome function. 

• Interventions related with proteasome activation and enhanced lon-
gevity such as treatment with 18α-GA in human fibroblasts and in 
C. elegans and PBS-5 proteasome subunit overexpression in worms 
reduce the protein synthesis rate. These findings clearly enlarge our 
knowledge concerning the interactions between proteasome system 
and protein synthesis machinery and their link with the aging pro-
cess.   

• To conclude, well-tuned cellular function under different intracellu-
lar and/or environmental conditions is a difficult task and involves 
the intersection of different cellular mechanisms and mediators. De-
tailed knowledge of such interactions and their underlying biological 
mechanisms is crucial for the understanding and prevention of aging 
or broad range of diseases that are triggered and established due to 
the imbalance between protein synthesis and turnover.   
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